
CATALYTIC PROCESS FOR THE OLIGOMERIZATION OF OLEFINIC
MONOMERS Field of the Invention The present invention
relates to a process for the oligomerization of
olefinic monomers. Background of the Invention The
efficient catalytic trimerization or tetramerization
of olefinic monomers, such as the trimerization and
tetramerization of ethylene to 1-hexene and 1-octene,
is an area of great interest for the production of
olefinic trimers and tetramers of varying degrees of
commercial value. In particular, 1-hexene is a
valuable comonomer for linear low-density polyethylene
(LLDPE) and 1-octene is valuable as a chemical
intermediate in the production of plasticizer
alcohols, fatty acids, detergent alcohol and
lubrication oil additives as well as a valuable
comonomer in the production of polymers such as
polyethylene. 1-Hexene and 1-octene can be produced by
a conventional transition metal oligomerization
process, although the trimerization and
tetramerization routes are preferred. Several
different catalytic systems have been disclosed in the
art for the trimerization of ethylene to 1-hexene. A
number of these catalysts are based on chromium.
US-A-5198563 (Phillips) discloses chromium-based
catalysts containing monodentate amine ligands useful
for trimerizing olefins.US-A-5968866 (Phillips)
discloses an ethylene oligomerization/trimerization
process which uses a catalyst comprising a chromium
complex which contains a coordinating asymmetric
tridentate phosphane, arsane or stibane ligand and an
aluminoxane to produce alphaolefins which are enriched
in 1-hexene. US5523507 (Phillips) discloses a catalyst
based on a chromium source, a 2 ,5-dimethylpyrrole
ligand and an alkyl aluminium activator for use in the
trimerization of ethylene to 1-hexene. Chem. Commun.,
2002, 8 , 858-859 (BP), discloses chromium complexes
of ligands of the type A PN (Me) PAr2 (Ar =
ortho-methoxy-substituted aryl group) as catalysts for
the trimerization of ethylene. WO 02/04119 (BP)
discloses a catalyst for the trimerization of olefins
comprising a source of chromium, molybdenum or
tungsten, a ligand containing at least one phosphorus,
arsenic or antimony atom bound to at least one
hydrocarbyl or heterohydrocarbyl group having a polar
substituent, but excluding the case where all such
polar substituents are phosphane, arsane or stibane
groups, and optionally an activator. The ligand used
in most of the examples is (2-methoxyphenyl) 2PN (Me)
P (2-methoxyphenyl) 2 Although the catalysts disclosed
in the BP documents mentioned above have good
selectivity for 1-hexene within the C g fraction, a
relatively high level of by-product formation (e.g.
C]_ by-products) is typically observed. WO 2005/039758
(Shell) discloses a trimerization catalyst composition
and a process for the trimerization of olefinic
monomers using said catalyst composition.Catalytic
systems for the tetramerization of ethylene to
1-octene have recently been described. A number of
these catalysts are based on chromium. WO 2004/056478
and WO 2004/056479 (Sasol) disclose catalyst
compositions and processes for the tetramerization of
olefins. The catalyst compositions disclosed in WO
2004/056478 comprise a transition metal and a
heteroatomic ligand having the general formula (R) n
A-B-C(R) 1n where A and C are independently selected
from a group which comprises phosphorus, arsenic,
antimony, oxygen, bismuth, sulphur, selenium, and
nitrogen, and B is a linking group between A and C ,
and R is independently selected from any homo or
heterohydrocarbyl group of which at least one R group
is substituted with a polar substituent and n and m
are determined by the respective valence and oxidation
state of A and/or C . The catalyst compositions
disclosed in WO 2004/056479 comprise a transition
metal and a heteroatomic ligand having the general
formula (R') n A-BC( R' )m where A , B , C , n and m
are as defined above, and R ' is independently
selected from any homo or heterohydrocarbyl group.
Example 16 of WO 2004/056478 discloses an ethylene
tetramerization reaction using Cr (III)
acetylacetonoate, (phenyl) 2 N (isopropyl) P
(2-methoxyphenyl) 2 in a ratio of 1:2 mol/mol, and
MAO, with an Al :Cr atomic ratio of 136:1, at 45 0C
and 45 barg. However, the reaction produced a product
composition with over 2 4 wt% of the products having
greater than 11 carbon atoms, based on the weight of
all products (9.00 wt% C]_]_+ liquids and 15. 11 wt%
solids) .WO 2004/056480 (Sasol) discloses the tandem
tetramerization and polymerisation of ethylene.
Specifically, WO 2004/056480 discloses a process for
polymerising olefins to produce branched polyolefins
in the presence of a distinct polymerization catalyst
and a distinct tetramerization catalyst, wherein the
tetramerization catalyst produces 1-octene in a
selectivity greater than 30% and the 1-octene produced
is at least partially incorporated into the polyolefin
chain. Although the tetramerization catalysts
disclosed in the Sasol documents mentioned above have
good selectivity for 1-octene within the C fraction,
again, a relatively high level of by-product formation
is observed. Typically, the by-product consists of Cg
compositions; however, only about 70 to 80 %wt . of
the C by-product composition is 1-hexene, with the
remaining Cg by-product comprising compounds such as
methylcyclopentane and methylenecyclopentane . The
presence of these remaining Cg by-product
compositions, which have very little commercial use or
value, is highly undesirable from both an economic
point of view as well as from a product separation
point of view. It has now been surprisingly found that
the process of the present invention provides an
efficient route for the trimerization and
tetramerization of olefinic monomers, in particular
the selective production of 1- hexene and 1-octene
from ethylene while reducing the level of by-product
formation, especially C]_g byproducts, solids (i.e.
heavy waxes and/or polyethylene) and Cg
compositions/isomers other than 1-hexene.Summary of
the Invention The present invention relates to a
process for the simultaneous trimerization and
tetramerization of olefinic monomers, wherein the
process comprises contacting at least one olefinic
monomer with a catalyst system comprising: a ) a
source of chromium, molybdenum or tungsten; b ) a
ligand having the general formula (I); (R 1 )2 P-X-P(R
1 )m (R 2 )n ( wherein: X is a bridging group of the
formula -N(R3 )-, wherein R is selected from hydrogen,
a hydrocarbyl group, a substituted hydrocarbyl group,
a 



heterohydrocarbyl group, a substituted
heterohydrocarbyl group, a silyl group or derivative
thereof; the R groups are independently selected from
an optionally substituted aromatic group bearing a
polar substituent on at least one of the
ortho-positions; and the R groups are independently
selected from hydrocarbyl, substituted hydrocarbyl,
heterohydrocarbyl and substituted heterohydrocarbyl
groups with the proviso that when the group is
aromatic it does not contain a polar substituent at
any of the ortho-positions; with the proviso that m is
0 or 1 , n is 1 or 2 and the total of m + n is 2 ;
optionally, any of the R and R groups may
independently be linked to one or more of each other
or to the bridging group X to form a cyclic structure;
and c ) a cocatalyst,at a pressure in the range of
from below atmospheric to about 40 barg and at a
temperature in the range of from about 0 0C to about
120 0C . The present invention also relates to a
process for the simultaneous trimerization and
tetramerization of ethylene to 1-hexene and 1-octene
with said catalyst system comprising (a) , (b) and (c)
, and at the pressure and temperature defined above.
Detailed Description of the Invention A s used herein,
the term "trimerization" means the catalytic
trimerization of an olefinic monomer to give a product
composition enriched in the compound derived from the
reaction of three of said olefinic monomers. The term
trimerization includes the cases wherein all the
olefinic monomers in the feed stream are identical as
well as the cases wherein the feed stream contains two
or more different olefinic monomers. In particularly,
the term "trimerization" when used in relation to the
trimerization of ethylene means the trimerization of
ethylene to form a Cg alkene, especially 1-hexene .
The term "trimerization selectivity" when used in
relation to the trimerization of ethylene means the
amount of C g fraction formed within the product
composition. The term "1-hexene selectivity" when used
in relation to the trimerization of ethylene means the
amount of 1-hexene formed within the C g fraction of
the product composition. The overall yield of 1-hexene
in the trimerization of ethylene is the product of the
"trimerization selectivity" multiplied by the
"1-hexene selectivity" .The term "tetramerization"
means the catalytic tetramerization of an olefinic
monomer to give a product composition enriched in the
compound derived from the reaction of four of said
olefinic monomers. The term tetramerization includes
the cases wherein all the olefinic monomers in the
feed stream are identical as well as the cases wherein
the feed stream contains two or more different
olefinic monomers. In particularly, the term
"tetramerization" when used in relation to the
tetramerization of ethylene means the tetramerization
of ethylene to form a C alkene, especially 1-octene.
The term "tetramerization selectivity" when used in
relation to the tetramerization of ethylene means the
amount of C fraction formed within the product
composition. The term "1-octene selectivity" when used
in relation to the tetramerization of ethylene means
the amount of 1-octene formed within the C g fraction
of the product composition. The overall yield of
1-octene in the tetramerization of ethylene is the
product of the "tetramerization selectivity"
multiplied by the "1-octene selectivity" . The source
of chromium, molybdenum or tungsten, component (a) ,
for the catalyst system of the process of the present
invention can include simple inorganic and organic
salts of chromium, molybdenum or tungsten. Examples of
simple inorganic and organic salts are halides,
acetylacetonates, carboxylates, oxides, nitrates,
sulfates and the like. Further sources of chromium,
molybdenum or tungsten can also include co ordination
and organometallic complexes, for examplechromium
trichloride tris-tetrahydrofuran complex, (benzene)
tricarbonylchromium, chromium hexacarbonyl, and the
like. Preferably, the source of chromium, molybdenum
or tungsten, component (a) , for the catalyst system
are selected from simple inorganic and organic salts
of chromium, molybdenum or tungsten. In one embodiment
of the present invention, the source of chromium,
molybdenum or tungsten, component (a) , for the
catalyst system is a simple inorganic or organic salt
of chromium, molybdenum or tungsten, which is soluble
in a solvent such as those disclosed in WO 02/04119.
The source of chromium, molybdenum or tungsten can
also include a mixture of any combination of simple
inorganic salts, simple organic salts, co-ordination
complexes and organometallic complexes. In a preferred
embodiment herein, component (a) is a source of
chromium, particularly chromium (III) . Preferred
sources of chromium for use herein are simple
inorganic and organic salts of chromium and co
ordination or organometallic complexes of chromium.
More preferred sources of chromium for use herein are
the simple inorganic and organic salts of chromium,
such as salts of carboxylic acids, preferably salts of
alkanoic acids containing 1 to 30 carbon atoms, salts
of aliphatic- b-diketones and salts of b-ketoesters
(e.g. chromium (III) 2-ethylhexanoate, chromium (III)
octanoate and chromium (III) acetylacetonate) , and
halide salts of chromium, such as chromium
trichloride, chromium trichloride tris-tetrahydrofuran
complex, chromium tribromide, chromium trifluoride,
and chromium triiodide. Specific examples of preferred
sources ofchromium for use herein are chromium (III)
acetylacetonate, also called chromium tris(2,4-
pentanedionate) , Cr(acac)3, chromium trichloride,
CrCl3, and chromium trichloride tris-tetrahydrofuran
complex, CrCl3(THF)3. The ligand of the catalyst
system of the process of the present invention,
component (b) , is of the general formula (I ) ; (Rl)
2 P-X-P (R1 ) m (R2 ) n ( ) wherein: X is a bridging
group of the formula -N(R^)-, wherein R is selected
from hydrogen, a hydrocarbyl group, a substituted
hydrocarbyl group, a heterohydrocarbyl group, a
substituted heterohydrocarbyl group, a silyl group or
derivative thereof; the R groups are independently
selected from an 



optionally substituted aromatic group bearing a polar
substituent on at least one of the ortho-positions;
and the R groups are independently selected from
hydrocarbyl, substituted hydrocarbyl,
heterohydrocarbyl and substituted heterohydrocarbyl
groups with the proviso that when the group is
aromatic it does not contain a polar substituent at
any of the ortho-positions; with the proviso that m is
0 or 1 , n is 1 or 2 and the total of m + n is 2 ; and
optionally, any of the R and R groups may
independently be linked to one or more of each other
or to the bridging group X to form a cyclic structure.
The bridging group X is of the formula -N(R-^)-,
wherein R is preferably a hydrocarbyl group,
asubstituted hydrocarbyl group, a heterohydrocarbyl
group, a substituted heterohydrocarbyl group, a silyl
group or derivative thereof. Typically, R3 is selected
from hydrogen or the groups consisting of alkyl,
substituted alkyl, aryl, substituted aryl, aryloxy,
substituted aryloxy, alkenyl, substituted alkenyl,
cycloalkyl, substituted cycloalkyl, alkoxycarbonyl,
carbonyloxy, alkoxy, aminocarbonyl, carbonylamino,
dialkylamino, silyl groups or derivatives thereof, and
alkyl or aryl groups substituted with any of these
substituents or halogen or a nitro group. More
preferably R is an alkyl, substituted alkyl (including
heterocyclic substituted alkyl with at least one
heteroatom, such as N or 0 , and alkyl groups
substituted with a heteroatom or heteroatomic group) ,
cycloalkyl, substituted cycloalkyl, substituted cyclic
aryl, substituted aryl, aryloxy or substituted aryloxy
group. Examples of suitable R groups include C]_-C ]_5
alkyl groups, substituted C -C 5 alkyl groups, C2~C]_5
alkenyl groups, substituted C2-C15 alkenyl groups,
C3-C15 cycloalkyl groups, substituted C3- C ]_5
cycloalkyl groups, C5-C15 aromatic groups, substituted
C5-C15 aromatic groups, C]_-C]_5 alkoxy groups and
substituted C -C]_5 alkoxy groups. Most preferred R
groups are the C]_-C ]_5 alkyl groups, which include
both linear and branched alkyl groups; suitable
examples include methyl, ethyl, propyl, isopropyl,
butyl, isobutyl, t-butyl, pentyl, alkyl branched
pentyl groups, hexyl, alkyl branched hexyl groups,
heptyl, alkyl branched heptyl groups, octyl and alkyl
branched octyl groups .Examples of suitable bridging
groups include - N (methyl)-, -N (ethyl)-, -N
(propyl)-, -N (isopropyl) - , - N(butyl)-, -N(t-butyl)
- , -N(pentyl)-, -N(hexyl)-, -N(2- ethylhexyl) - , -N
(cyclohexyl) - , -N (1-cyclohexylethyl) - , - N
(2-methylcyclohexyl) - , -N (benzyl)-, -N (phenyl)-,
-N(2- octyl)-, -N (p-methoxyphenyl) - , -N (p-
t-butylphenyl) - , - N ((CH2 )3-N-morpholine) - , -N
(Si (CH 3 )3 ) - , - N(CH CH2 CH2 Si(OMe) ))-,
-N(decyl)- and -N(allyl)-. The term "hydrocarbyl" as
used herein refers to a group only containing carbon
and hydrogen atoms . The hydrocarbyl group may be a
saturated or unsaturated, linear or branched alkyl, a
non-aromatic ring or an aromatic ring. Unless
otherwise stated, the preferred hydrocarbyl groups for
use herein are those containing from 1 to 20 carbon
atoms. The term "substituted hydrocarbyl" as used
herein refers to hydrocarbyl groups which contain one
or more inert heteroatom containing functional groups.
By "inert heteroatom containing functional groups" is
meant that the functional groups do not interfere to
any substantial degree with the trimerization and
tetramerization process . The term "heterohydrocarbyl"
as used herein refers to a hydrocarbyl group wherein
one or more of the carbon atoms is replaced by a
heteroatom, such as S , N or 0 . The carbon atom of
the hydrocarbyl group which is replaced by a
heteroatom can be either an internal carbon atom of
the hydrocarbyl group or the carbon atom through which
the heterohydrocarbyl group is attached, e.g. the atom
which is attached to the nitrogen atom in the case of
the bridging group, e.g. -N(OMe)-. The term
"substituted heterohydrocarbyl" as used herein refers
toheterohydrocarbyl groups which contain one or more
inert heteroatom containing functional groups. The
term "aromatic" as used herein, refers to a monocyclic
or polycyclic, aromatic or heteroaromatic ring having
from 5 to 14 ring atoms, optionally containing from 1
to 3 heteroatoms selected from N , O and S .
Preferably, the aromatic groups are monocyclic or
polycyclic aromatic rings, such as cyclopentadienyl
(which can also include ferrocenyl groups), phenyl,
naphthyl or anthracenyl . Unless otherwise stated, the
preferred aromatic groups are monocyclic or polycyclic
aromatic rings having from 5 to 10 ring atoms, more
preferred aromatic groups are monocyclic aromatic
rings containing from 5 to 6 carbon atoms, such as
phenyl and cyclopentadienyl, and a most preferred
aromatic group is a phenyl group. The term
"substituted aromatic" as used herein means that the
aromatic group may be substituted with one or more
substituents . By the term "ortho-position" when used
in relation to substituents on aromatic R and/or R
groups, it is meant that the substituent is in the
ortho position relative to the atom bonded to the
phosphorus atom. The substituents on the R and/or R
groups can contain carbon atoms and/or heteroatoms.
The substituents may be either polar or non-polar.
Suitable substituents include hydrocarbyl groups which
may be straight-chain or branched, saturated or
unsaturated, aromatic or non-aromatic. The hydrocarbyl
substituents may optionally contain heteroatoms such
as Si, S , N or 0 . Suitable aromatic hydrocarbyl
substituents include monocyclic and polycyclic
aromatic groups, preferably having from 5 to 10 carbon
atoms in the ring, such asphenyl and C1-C4 alkyl
phenyl groups. Suitable nonaromatic hydrocarbyl
substituents include linear or branched alkyl or
cycloalkyl groups, preferably having from 1 to 10
carbon atoms, more preferably 1 to 4 carbon atoms .
Other suitable substituents on the R1 and/or R2 groups
include halides such as chloride, bromide and iodide,
thiol, -OH, A1 -O - , -S-A 1 , -CO-A 1 , -NH2, -NHA 1
, - NA1A2 , -CO-NA 1A2 , -NO2, =0, in which A 1 and A2
, independently, are non-aromatic groups preferably
having from 1 to 10 carbon atoms, more preferably 1 to
4 carbon atoms, e.g. methyl, ethyl, propyl and
isopropyl. When the R1 and/or R2 groups of the ligand
are substituted, preferred substituents are
hydrocarbyl groups. Particularly preferred hydrocarbyl
substituents are C1-C4 alkyl groups, preferably
methyl, ethyl, propyl, isopropyl, butyl, isobutyl,
most preferably methyl. In one embodiment of the
ligand of the catalyst system of the process of the
present invention, component (b) , m is 1 and n is 1 .
In another embodiment of the ligand of the catalyst
system of the process of the present invention,
component (b) , m is 0 and n is 2 . Typically, in the
ligand of the catalyst system of the process of the
present invention, component (b) , m is 0 and n is 2 .



The R1 groups of the ligand of the catalyst system of
the process of the present invention, component (b) ,
are independently selected from optionally substituted
aromatic groups, each bearing a polar substituent on
at least one of the ortho-positions. For the avoidance
of doubt, the phrase "bearing a polar substituent on
atleast one of the ortho-positions" means that, in the
same ligand, the R1 group is substituted with a polar
substituent on one or both of its ortho positions. The
term "optionally substituted" in relation to the R
groups of the ligand of the catalyst system of the
process of the present invention, component (b) ,
which are independently selected from optionally
substituted aromatic groups, each bearing a polar
substituent on at least one of the ortho-positions,
means that, in addition to the polar substituent on at
least one of the orthopositions, the same R group may
contain one or more other substituents . Polar is
defined by IUPAC as an entity with a permanent
electric dipole moment. Therefore, as used herein, the
term "polar substituents" means a substituent which
incorporates a permanent electric dipole moment.
Suitable polar substituents for use herein include but
are not necessarily limited to, optionally branched c
l c 20 alkoxy groups, i.e. the R1 and/or R2 groups are
substituted with a hydrocarbyl group connected through
an oxygen bridging atom; optionally substituted C5-C14
aryloxy groups, i.e. the R and/or R groups are
substituted with an optionally substituted aromatic
group connected through an oxygen bridging atom;
optionally branched C1-C20 alkoxy (C -C2 q)alkyl
groups, i.e. the R1 and/or R groups are substituted
with a C -C20 hydrocarbyl group bearing a C]_-C20
alkoxy group; hydroxyl; amino; (di-)C]_-Cg alkylamino;
nitro; C]_-Cg alkylsulphonyl; C]_-Cg alkylthio (Ci-Cg)
alkyl groups;sulphate; heterocyclic groups, especially
with at least one N and/or O ring atom; and tosyl
groups. Examples of suitable polar substituents
include methoxy, ethoxy, isopropoxy, phenoxy,
decyloxy, dodecyloxy, tetradecyloxy, hexadecyloxy,
octadecyloxy, eicosanoxy, pentaf luorophenoxy,
trimethylsiloxy, dimethylamino, methylsulphonyl,
tosyl, methoxymethyl, methylthiomethyl, 1 ,3-oxazolyl,
hydroxyl, amino, methoxymethyl, phosphino, arsino,
stibino, sulphate, nitro and the like. Preferably, the
polar substituents in the R groups are independently
selected from optionally branched C]_- C20 alkoxy
groups, optionally substituted C 5 C ]_4 aryloxy
groups, and optionally branched C]_-C20 alkyl (C]_-
C2q )a lkoxy groups. More preferably, the polar
substituents are independently selected from
optionally branched C]_-C20 alkoxy groups, especially
optionally branched C]_-Cg alkoxy groups such as, for
example, methoxy, ethoxy or isopropoxy of which
methoxy is a particularly preferred polar substituent;
alternatively, longer optionally branched C]_-C20
alkoxy groups such as optionally branched Cg-C20
alkoxy groups, for example decyloxy, dodecyloxy,
tetradecyloxy, hexadecyloxy, octadecyloxy or
eicosanoxy groups, of which eicosanoxy is preferred,
may be preferred as the polar substituents in order to
increase the solubility of the ligand in organic media
. In one embodiment, the R1 group is independently
selected from substituted or unsubstituted aromatic
groups bearing an optionally branched C4-C20 alkoxy
groupon at least one of the ortho-positions, such as
an oanisyl group. It is preferred that the R groups of
the ligand of the catalyst system of the process of
the present invention, component (b) , are the same
and bear the same number and type of polar substituent
(s) . It is particularly preferred that each of said R
groups bears a polar substituent on only one of the
two available ortho-positions . The R groups of the
ligand of the catalyst system of the process of the
present invention, component (b) , are independently
selected from hydrocarbyl, substituted hydrocarbyl,
heterohydrocarbyl and substituted heterohydrocarbyl
groups with the proviso that when the group is
aromatic it does not contain a polar substituent at
any of the ortho-positions, it is preferred that each
of said R2 groups are independently selected from
substituted or unsubstituted aromatic groups,
including substituted or unsubstituted heteroaromatic
groups, which do not contain a polar substituent at
any of the orthopositions . In one embodiment of the
ligand of the catalyst system of the process of the
present invention, component (b) , the R groups are
independently selected from hydrocarbyl, substituted
hydrocarbyl, heterohydrocarbyl and substituted
heterohydrocarbyl groups with the proviso that when
the group is aromatic it does not contain a polar
substituent at any of the ortho-positions, said R
groups may be independently selected from a group
comprising optionally substituted benzyl, phenyl,
tolyl, xylyl, mesityl, biphenyl, naphthyl,
anthracenyl, methoxy,ethoxy, phenoxy, tolyloxy,
dimethylamino, diethylamino, methylethylamino,
thiophenyl, pyridyl, thioethyl, thiophenoxy,
trimethylsilyl, dimethylhydrazyl, methyl, ethyl,
ethenyl, propyl, butyl, propenyl, propynyl,
cyclopentyl, cyclohexyl, ferrocenyl and tetrahydrof
uranyl groups. In another embodiment of the ligand,
said R groups may be independently selected from a
group comprising optionally substituted phenyl, tolyl,
biphenyl, naphthyl, thiophenyl and ethyl groups. In a
further embodiment of the ligand of the catalyst
system of the process of the present invention,
component (b) , the R groups are independently
selected from hydrocarbyl, substituted hydrocarbyl,
heterohydrocarbyl and substituted heterohydrocarbyl
groups with the proviso that when the group is
aromatic it does not contain a polar substituent at
any of the ortho-positions; said R groups are
independently selected from optionally substituted
phenyl groups which do not contain a polar substituent
at any of the orthopositions, or alternatively, do not
contain any polar substituents at all. Any polar
substituent present in said R groups may be electron
donating. Said R groups may optionally contain
non-polar substituent. IUPAC defines non-polar as an
entity without a permanent electric dipole moment.
Suitable non-polar substituents may be a methyl,
ethyl, propyl, butyl, isopropyl, isobutyl, tert-butyl,
pentyl, hexyl, cyclopentyl, 2-methylcyclohexyl,
cyclohexyl, cylopentadienyl, phenyl, bi-phenyl,
naphthyl, tolyl, xylyl, mesityl, ethenyl, propenyl and
benzylgroup, or the like. Preferably, the non-polar
substituent is not electron donating. In one specific
embodiment of the ligand of the catalyst system of the
process of the present invention, component (b) , said
R2 group is an unsubstituted phenyl group .
Optionally, any of the R1 and R2 groups may
independently be linked to one or more of each other
or 



to the bridging group X to form a cyclic structure. In
particular, when n is 2 then the two R2 groups may
optionally be linked together to form a cyclic
structure incorporating the phosphorus atom. In
another embodiment of the present invention, one or
both of the phosphorus atoms of the ligand of the
catalyst system of the process of the present
invention may be independently oxidised by S , Se, N
or O . Typically, neither of the phosphorus atoms of
the second ligand are oxidised by S , Se, N or 0 . In
a further embodiment of the present invention, the
ligand of the catalyst system of the process of the
present invention may also optionally contain multiple
(R 1 )2P-X-P (R 1 )m (R 2 )n units. Non-limiting
examples of such ligands include ligands where the
individual units are coupled either via one or more of
the R or R groups or via the bridging group X .
Typically, the ligand does not contain multiple (R 1
)2P-X-P (R 1 )m R 2 )n units. The ligands according to
formula (I) can be prepared using procedures known to
one skilled in the art or disclosed in published
literature. Examples of such compounds include:
(2-methoxyphenyl) 2PN (methyl) P (2- methoxyphenyl)
(phenyl) (2-methoxyphenyl) 2PN (methyl) P (phenyl) 2
(2- ethoxyphenyl) 2PN (methyl) P (2-ethoxyphenyl)
(phenyl) (2- ethoxyphenyl) 2 PN (methyl) P (phenyl) 2
(2-methoxyphenyl) (2- ethoxyphenyl) PN (methyl) P
(2-methoxyphenyl) (phenyl) (2- methoxyphenyl )
(2-ethoxyphenyl) PN (methyl) P (phenyl) 2 (2-
isopropoxyphenyl) 2PN (methyl) P (2- isopropoxyphenyl)
(phenyl) (2- isopropoxyphenyl) 2PN (methyl) P (phenyl)
2 (2- methoxyphenyl) 2PN (methyl) P (2-methoxyphenyl)
(3- methoxyphenyl) (2-methoxyphenyl) 2PN (methyl) P
(3- methoxyphenyl) 2 (2-methoxyphenyl) 2PN (methyl) P
(2- methoxyphenyl) (4-methoxyphenyl) (2-
methoxyphenyl) 2PN (methyl) P (4-methoxyphenyl) 2 (2-
methoxyphenyl )2PN (methyl) P (2-methoxyphenyl) (4-
fluorophenyl) (2-methoxyphenyl) 2PN (methyl) P (4-
fluorophenyl) 2 (2-methoxyphenyl) 2PN (methyl) P (2-
ethoxyphenyl) (4-fluorophenyl) (2- methoxyphenyl) 2PN
(methyl) P (2-methoxyphenyl) (4- dimethylamino-phenyl)
(2-methoxyphenyl) 2PN (methyl) P (4-
dimethylamino-phenyl) 2 (2-methoxyphenyl) 2PN (methyl)
P (2- methoxyphenyl) (4- (4-methoxyphenyl) -phenyl)
(2- methoxyphenyl) 2 N (methyl) P (4-
(4-methoxyphenyl) -phenyl) 2 (2-methoxyphenyl) 2PN
(methyl) P (2-methoxyphenyl) (4- dimethylamino-phenyl)
(2-methoxyphenyl) 2PN (methyl) P (4-
dimethylamino-phenyl) 2 (2-methoxyphenyl) 2PN (methyl)
P (2- methoxyphenyl) (4- (4-methoxyphenyl) -phenyl)
(2- methoxyphenyl) 2 N (methyl) P (4-
(4-methoxyphenyl) -phenyl) 2 , (2-methoxyphenyl) 2PN
(methyl) P (2-methoxyphenyl) (ethyl)(2-methoxyphenyl)
2PN (methyl) P (ethyl) 2 , (2- methoxyphenyl) 2PN
(methyl) P (2-methoxyphenyl) (oethylphenyl)
(2-methoxyphenyl) 2PN (methyl) P (oethylphenyl) 2 ,
(2-methoxyphenyl) 2PN (methyl) P (2- methoxyphenyl)
(2-naphthyl) (2- methoxyphenyl) 2PN (methyl) P
(2-naphthyl) 2 , (2- methoxyphenyl) 2PN (methyl) P
(2-methoxyphenyl) (p-biphenyl) (2-methoxyphenyl) 2PN
(methyl) P (p-biphenyl) 2 , (2 methoxyphenyl) 2PN
(methyl) P (2-methoxyphenyl) (pmethylphenyl)
(2-methoxyphenyl) 2PN (methyl) P (pmethylphenyl) 2
(2-methoxyphenyl) 2PN (methyl) P (2- methoxyphenyl)
(2-thiophenyl) (2- methoxyphenyl) 2PN (methyl) P
(2-thiophenyl) 2 (2- methoxyphenyl) 2PN (methyl) P
(2-methoxyphenyl) (mmethylphenyl) (2-methoxyphenyl)
2PN (methyl) P (mmethylphenyl) 2 , (2-methoxyphenyl)
2PN (ethyl) P (2- methoxyphenyl) (phenyl) (2-
methoxyphenyl) 2PN (ethyl) P (phenyl) 2
(2-methoxyphenyl) 2 PN (propyl) P (2-methoxyphenyl)
(phenyl) (2-methoxyphenyl) 2 PN (propyl) P (phenyl) 2
, (2- methoxyphenyl) 2PN (isopropyl) P
(2-methoxyphenyl) (phenyl) (2-methoxyphenyl) 2PN
(isopropyl) P (phenyl) 2 (2- methoxyphenyl) 2PN
(butyl) P (2-methoxyphenyl) (phenyl) (2-
methoxyphenyl) 2PN (butyl) P (phenyl) 2 , (2-
methoxyphenyl) 2PN (t-butyl) P (2-methoxyphenyl)
(phenyl) (2- methoxyphenyl) 2PN (t-butyl) P (phenyl) 2
, (2 methoxyphenyl) 2PN (phenyl) P (2-methoxyphenyl)
(phenyl) (2- methoxyphenyl) 2PN (phenyl) P (phenyl) 2
, (2-methoxyphenyl) 2PN (cyclohexyl) P
(2-methoxyphenyl) (phenyl) (2-methoxyphenyl) 2PN
(cyclohexyl) P (phenyl) 2 (2- methoxyphenyl) 2PN
(1-cyclohexylethyl) P (2- methoxyphenyl) (phenyl) r
(2-methoxyphenyl) 2PN (1- cyclohexylethyl) P (phenyl)
2 (2-methoxyphenyl) 2PN (2- methylcyclohexyl) P
(2-methoxyphenyl) (phenyl) (2- methoxyphenyl) 2PN
(2-methylcyclohexyl) P (phenyl) 2 (2- methoxyphenyl)
2PN (decyl) P (2-methoxyphenyl) (phenyl) (2-
methoxyphenyl) 2PN (decyl) P (phenyl) 2 (2-
methoxyphenyl) 2PN (allyl) P (2-methoxyphenyl)
(phenyl) (2- methoxyphenyl) 2PN (allyl) P (phenyl) 2
(2- methoxyphenyl) 2PN (p-methoxyphenyl) P (2-
methoxyphenyl) (phenyl) (2-methoxyphenyl) 2PN
(pmethoxyphenyl) P (phenyl) 2 , (2-methoxyphenyl) 2PN
(p-tbutylphenyl) P (2-methoxyphenyl) (phenyl) (2-
methoxyphenyl) 2PN (p- t-butylphenyl) P (phenyl) 2 (2-
methoxyphenyl) 2PN ((CH2 )3-N-morpholine) P (2-
methoxyphenyl) (phenyl) (2-methoxyphenyl) 2PN ((CH2
)3-Nmorpholine) P (phenyl) 2 , (2-methoxyphenyl) 2PN
(Si (CH3) 3 )P (2- methoxyphenyl) (phenyl) (2-
methoxyphenyl) 2PN (Si (CH3) 3 )P (phenyl) 2 , (2-
methoxyphenyl) 2P (=Se) N (isopropyl) P (2-
methoxyphenyl) (phenyl) (2- methoxyphenyl) 2 (=Se) N
(isopropyl) P (phenyl) 2 (2- methoxyphenyl) 2PN
(benzyl) P (2-methoxyphenyl) (phenyl) (2-
methoxyphenyl) 2PN (benzyl) P (phenyl) 2 (2-
methoxyphenyl) 2PN (1-cyclohexyl-ethyl) P (2-
methoxyphenyl) (phenyl) (2-methoxyphenyl) 2?N
(1-cyclohexyl-ethyl) P (phenyl) 2 (2- methoxyphenyl)
2PN[CH 2 CH2 CH2 Si (OMe )]P (2- methoxyphenyl)
(phenyl) (2- methoxyphenyl) 2 PN [CH2 CH2 CH2 Si
(0Me3) ]P (phenyl) 2 (2- methoxyphenyl) 2 PN
(2-methylcyclohexyl) P (2- methoxyphenyl) (phenyl)
(2-methoxyphenyl) 2 PN (2- methylcyclohexyl) P
(phenyl) 2 (2- methoxyphenyl) 2 P (=S) N (isopropyl) P
(2- methoxyphenyl) (phenyl) (2- methoxyphenyl) 2 P
(=S) N (isopropyl) P (phenyl) 2 (2- eicosanoxyphenyl)
2 PN (methyl) P (2- eicosanoxyphenyl) (phenyl) , (2-
eicosanoxyphenyl) 2 PN (methyl) P (phenyl) 2 , (2-
methoxyphenyl) ( 2-eicosanoxyphenyl) PN (methyl) P
(phenyl) 2 , (2-methoxyphenyl) ( 2-eicosanoxyphenyl)
PN (methyl) P (2- eicosanoxyphenyl) (phenyl), (2-
eicosanoxyphenyl) 2 PN (methyl) P (4-
eicosanoxyphenyl) (phenyl), (2-methoxyphenyl) ( 2-
eicosanoxyphenyl) PN (methyl) P (4-eicosanoxyphenyl)
(phenyl) , (2-eicosanoxyphenyl) 2 PN (methyl) P
(4-eicosanoxyphenyl) 2 , (2-methoxyphenyl) (
2-eicosanoxyphenyl) PN (methyl) P (4-
eicosanoxyphenyl) 2 , (2-eicosanoxyphenyl) 2 PN
(methyl) P (2- eicosanoxyphenyl) (4-eicosanoxyphenyl),
(2-methoxyphenyl) ( 2-eicosanoxyphenyl) PN (methyl) P
(2-eicosanoxyphenyl) (4- eicosanoxyphenyl) , and the
like. The cocatalyst, component (c) , may in principle
be 



any compound or mixture of compounds that generates an
active catalyst system with the source of chromium,
molybdenum or tungsten, component (a) , and the
ligand, component (b) .Compounds which are suitable
for use as a cocatalyst include organoaluminium
compounds, organoboron compounds, organic salts, such
as methyllithium and methylmagnesium bromide and
inorganic acids and salts, such as tetraf luoroboric
acid etherate, silver tetraf luoroborate, sodium
hexafluoroantimonate and the like. Particularly
preferred cocatalysts are organoaluminium compounds.
Suitable organoaluminium compounds for use herein are
those having the formula A1R 3 , wherein each R4 group
is independently selected from C1-C30 alkyl
(preferably C]_-C]_2 alkyl) , oxygen containing
moieties or halides, and compounds such as LiAlH4 and
the like. Non-limiting examples of suitable
organoaluminium compounds include trimethylaluminium
(TMA) , triethylaluminium (TEA) , tri-n-butyl
aluminium, tri-isobutylaluminium (TIBA) ,
tri-n-octylaluminium, methylaluminium dichloride,
ethylaluminium dichloride, dimethylaluminium chloride,
diethylaluminium chloride and aluminoxanes (also
called alumoxanes) . Mixtures of organoaluminium
compounds are also suitable for use herein . In a
preferred embodiment herein, the cocatalyst is an
aluminoxane cocatalyst. These aluminoxane cocatalysts
may comprise any aluminoxane compound or a mixture of
aluminoxane compounds. Aluminoxanes may be prepared by
the controlled addition of water to an alkylaluminium
compound, such as those mentioned above, or are
available commercially. Non-limiting examples of
suitable aluminoxanes include methyl aluminoxane (MAO)
, modified methyl aluminoxane (MMAO) , tetraisobutyl
dialuminoxane (TIBAO) , tetra-n-butyl dialuminoxane
and tetra-n-octyldialuminoxane . In this context it
should be noted that the term "aluminoxane" as used
within this specification includes commercially
available aluminoxanes, which are derived from the
corresponding trialkylaluminium by addition of water
and which may contain from 2 to 15 %wt ., typically
about 5 %wt., but optionally about 10 %wt ., of
aluminium. Other suitable co-catalysts include those
mentioned in WO 02/04119, WO 2004/056478 and WO
2004/056479, the disclosures of which are incorporated
herein in their entirety by reference. The quantity of
cocatalyst in the catalyst system the present
invention is typically enough to provide a ratio in
the range from 0.1 to 20,000, preferably from 1 to
2000, more preferably 1 to 1000, most preferably 1 to
500, aluminium or boron atoms per atom of chromium,
molybdenum or tungsten. In one specific embodiment of
the present invention the catalyst system of the
process of the present invention comprises: a ) a
source of chromium, molybdenum or tungsten; b ) a
ligand having the general formula (I); (R 1 )2 P-X-P(R
2 )2 ( wherein X , R1 and R2 are as defined above; and
c ) a cocatalyst. In another specific embodiment of
the present invention the catalyst system of the
process of the present invention comprises: a ) a
source of chromium, molybdenum or tungsten; b ) a
ligand having the general formula (I); (R 1 2 P-X-P(R1
)(R 2 ) (Dwherein X , R1 and R2 are as defined above;
and c ) a cocatalyst. The catalyst system of the
process of the present invention may independently
comprise more than one ligand as defined above. The
amount of chromium, molybdenum or tungsten, namely
component (a) , and the amount of ligand, component
(b) , can be present in the system in a molar ratio in
the range of from 100:1 to 1:100, preferably from 10:1
to 1:10. More preferably, the chromium, molybdenum or
tungsten, component (a) , and the ligand, component
(b) , are present in a molar ratio in the range of
from 3:1 to 1:3. Most preferably the amount of
component (a) and the amount of component (b) are
present in a molar ratio of from 1:0.9 to 1:1.1. The
three catalyst components of the catalyst system, (a)
, (b) and (c) , may be added together simultaneously
or sequentially in any order so as to provide an
active catalyst. The three catalyst components of the
catalyst system, (a), (b) and (c) , may be contacted
in the presence of any suitable solvent. Suitable
solvents are known to those skilled in the art,
suitable solvents may include any inert solvent that
does not react with the co-catalyst component, such as
saturated aliphatic, unsaturated aliphatic, aromatic,
halogenated hydrocarbons and ionic liquids. Typical
solvents include, but are not limited to, benzene,
toluene, xylene, ethylbenzene, cumene, propane,
butane, pentane, heptane, decane, dodecane,
tetradecane, methylcyclohexane, methylcycopentane,
cyclohexane, 1- hexene, 1-octene and the like. Other
examples of suitable solvents are those disclosed in
WO 02/04119,such as hydrocarbon solvents and polar
solvents such as diethyl ether, tetrahydrof uran,
acetonitrile and the like. In one embodiment of the
present invention, the catalyst system of the process
of the present invention is formed by adding the
co-catalyst component, (c) , to a catalyst precursor
composition comprising components (a) and (b) . The
catalyst system of the present invention may be
prepared either in the presence (i.e. "in-situ") or
absence of the olefinic monomer. The three catalyst
components of the catalyst system, (a) , (b) and (c) ,
may be combined fully in the absence of the olefinic
monomer, or the olefinic monomer may be included prior
to contacting the components of the catalyst system,
simultaneously with the components of the catalyst
system or at any point in the process of contacting
the components of the catalyst. The three components
of the catalyst system, (a) , (b) and (c) , may be
combined at a temperature in the range of from -100 to
200 0C , preferably 0 to 150 0C , more preferably 20
to 100 0C . The catalyst system of the process of the
present invention may be unsupported or supported on a
support material. Examples of suitable support
materials can be found in WO 02/04119, WO 2004/056478
and WO 2004/056479. The olefinic monomers suitable for
use in the trimerization and tetramerization process
of the present invention can be any olefinic monomers,
which can be converted into a trimer or tetramer.
Suitable olefinic monomers include, but are not
necessarily limited to, ethylene, propylene,
optionally branched C4-C24,preferably C4-C2O'
a-olefins, optionally branched C4-C24, preferably
C4-C20 internal olefins, optionally branched C4-C24,
preferably C4-C20 vinylidene olefins, optionally 



branched C4-C24, preferably C4-C20 cyclic olefins and
optionally branched C4-C24, preferably C4-C20 dienes,
as well as optionally branched C4-C24, preferably
C4-C2O' functionalized olefins. Examples of suitable
olefinic monomers include, but are not necessarily
limited to, linear a-olefins, such as ethylene,
propylene, 1-butene, 1-pentene, 1-hexene, 1-heptene,
1-octene, 1-nonene, 1- decene, 1-undecene, 1-dodecene,
1-tridecene, 1- tetradecene, 1-pentadecene,
1-hexadecene, 1-heptadecene, 1-octadecene,
1-nonadecene and 1-eicosene; branched a- olefins such
as 4-methylpent-l-ene and 2-ethyl-l-hexene; linear and
branched internal-olef ins such as 2-butene; styrene;
cyclohexene; norbornene and the like. Mixtures of
olefinic monomers can also be used in the process of
the present invention. Preferred olefinic monomers for
use in the trimerization and tetramerization process
of the present invention are propylene and ethylene.
Especially preferred is ethylene. The catalyst system
and process of the present invention are particularly
useful for the simultaneous trimerization and
tetramerization of ethylene to 1-hexene and 1-octene.
The simultaneous trimerization and tetramerization
reaction can be performed in solution phase, slurry
phase, gas phase or bulk phase. When the simultaneous
trimerization and tetramerization is performed in
solution or slurry phase,a diluent or solvent, which
is substantially inert under trimerization and
tetramerization conditions may be employed. Suitable
diluents or solvents are aliphatic and aromatic
hydrocarbons, halogenated hydrocarbons and olefins
which are substantially inert under trimerization and
tetramerization conditions may be employed, such as
those disclosed in WO 02/04119, WO2004/056478 and
WO2004/056479. The trimerization and tetramerization
process of the present invention may be performed in
any one of a number of suitable reactors, which are
well known to one skilled in the art. Typically the
trimerization and tetramerization process of the
present invention is carried out in a batch,
semi-batch or continuous mode. The simultaneous
trimerization and tetramerization process of the
present invention may be carried out under the
following range of reaction conditions. Typically, the
temperature will be in the range from about 0 C to
about 120 C, preferably from about 10 C to about 110
C, more preferably from about 20 0C to about 100 C,
even more preferably from about 40 0C to about 100 0C
. The process of present invention may also
conveniently be performed at temperature range of from
about 20 0C to about 70 C. However, it may be
commercially desirable to perform the process of the
present invention at an elevated temperature,
therefore, the process of the present invention is
highly suitable to be applied at a temperature in the
range of from about 70 0C to about 90 0C . The
pressure range under which the process of the present
invention may be performed is typically in the range
of from below atmospheric pressure to about 40 barg.
Preferably, the pressure will be in the range
fromabout 0.1 to about 40 barg, more preferably from
about 0.5 to about 38 barg, especially in the range of
from about 1 to about 35 barg. Temperatures and
pressures outside those stated above may also be
employed, however, the reaction product will either
have an excess of heavy and/or solid by-products or an
insignificant amount of the trimer or tetramer. By
varying the temperature and pressure it is possible
for the ratio of trimers and tetramers produced in the
process of the present invention to be varied. The
amount of trimers produced in the process of the
present invention typically increases with increasing
temperature. The amount of tetramers produced in the
process of the present invention typically increases
with increasing pressure. The amount of heavy (C]_2 +)
and/or solid by-products also appears to increase with
increasing pressure in the process for the
simultaneous trimerization and tetramerization of
ethylene to 1-hexene and 1-octene. The amount of
by-products appears to decrease with increasing
temperature, although the amount of the tetramer
produced also appears to decrease with increasing
temperature. Therefore, the process of the present
invention can be used as a tuneable process for the
trimerization and tetramerization of olefinic
monomers. By the term "tuneable" as used herein, it is
meant that by varying the reaction conditions of the
process of the present invention, the amount of
trimers and tetramers in the product composition
produced by the process of the present invention may
be varied. This may be useful for a tuneable,
continuous or semi-continuous, process for the
trimerization and tetramerization of olefinicmonomers,
wherein the product composition can be changed (e.g.
from producing a higher proportion of trimers to a
higher proportion of tetramers, or vice-versa, ) by
changing the reactor conditions without having to
interrupt the olefinic monomer feed or the
trimerization and tetramerization product flow. In
particular, this may be especially useful for a
tuneable, continuous or semi-continuous, process for
the trimerization and tetramerization of ethylene,
wherein the product composition can be changed (e.g.
from producing a higher proportion of 1-hexene to a
higher proportion of 1- octene, or vice-versa) by
changing the reactor conditions without having to
interrupt the olefinic monomer feed or the
trimerization and tetramerization product flow. In one
embodiment of the present invention, there is a
process for the trimerization and tetramerization of
olefinic monomers, wherein the process comprises
contacting at least one olefinic monomer under
trimerization and tetramerization reaction conditions
with a catalyst system of the process of the present
invention, wherein the process is a continuous or
semicontinuous process and the reaction conditions are
varied during the process. Variation of the reaction
conditions can be performed to make continual
adjustments to a process to ensure a consistent
product slate or can be performed to a process to
change the product slate produced. A preferred version
of this embodiment is a process for the trimerization
and tetramerization of ethylene, wherein the process
comprises contacting ethylene with a catalyst system
of the process of the present invention, wherein the
process is a continuous orsemi-continuous process and
the reaction conditions are varied during the process.
Separation of the products, reactant and catalyst can
be performed by any technique known to one skilled in
the art, such as distillation, filtration, centrif
ugation, liquid/liquid separation, extraction, etc.
Further details regarding reactors, solvents,
separation techniques, and the like, can be found in
WO 02/04119. 



The use of the process of the present invention for
the catalytic trimerization and tetramerization of
olefinic monomers provides a simplified method of
producing trimers and tetramers of the olefinic
monomer with reduced formation of by-products compared
with equivalent trimerization and tetramerization
processes. In particular, the use of the process of
the present invention for the catalytic trimerization
and tetramerization of ethylene to 1-hexene and
1-octene provides a process with very high selectivity
for 1- hexene and 1-octene over all the other products
formed in the Cg and Cg fractions respectively and
with reduced formation of by-products compared with
equivalent trimerization and tetramerization
processes. The overall yield of 1-hexene and 1-octene
in the process for the trimerization and
tetramerization of ethylene of the present invention
depends upon the reaction conditions employed.
Typically, the trimerization and tetramerization
selectivity (i.e. the amount of trimers and tetramers
of the olefinic monomers in the overall product
compo3ition) of the process of the present invention
is at least 65%wt, preferably at least 70 %wt, more
preferably at least 75 %wt, of the overall product
composition. The trimerization and tetramerization
selectivity for the trimerization and tetramerization
of ethylene (i.e. the amount of C g and C fraction in
the overall product composition) using the process of
the present invention is at least 65 %wt, preferably
at least 70 %wt, more preferably at least 75 %wt, of
the overall product composition . The amount of
1-hexene produced by the trimerization and
tetramerization of ethylene using the process of the
present invention is typically in the range of from 10
%wt to 90 %wt, preferably from 11 %wt to 85 %wt, more
preferably from 12 %wt to 80 %wt, of the overall
product composition. The amount of 1-octene produced
by the trimerization and tetramerization of ethylene
using the process of the present invention is
typically in the range of from 10 %wt to 90 %wt,
preferably from 11 %wt to 85 %wt, more preferably from
12 %wt to 80 %wt, of the overall product composition.
The 1-hexene selectivity (i.e. the amount of 1- hexene
present in the Cg fraction of the product composition)
in the trimerization and tetramerization of ethylene
using the process of the present invention is
preferably at least 85 %wt, more preferably at least
90 %wt, most preferably at least 92 %wt of the C
fraction of the product composition. The 1-octene
selectivity (i.e. the amount of 1- octene present in
the C g fraction of the product composition) in the
trimerization and tetramerization of ethylene using
the process of the present invention ispreferably at
least 85%wt, more preferably at least 90 %wt, most
preferably at least 92 %wt of the Cg fraction of the
product composition. The amount of solids produced in
the trimerization and tetramerization of ethylene
using the process of the present invention is
typically at most about 5 %wt . Lower levels of solid
olefin waxes and polyethylene produced in the
trimerization and tetramerization of ethylene are
desirable in commercial operations as this can reduce
the amount of fouling of the reactor equipment, reduce
the amount of waste by-products and reduce the amount
of operational "downtime" due to maintenance and
cleaning of the reactor equipment . The amount of C]_g
produced in the trimerization and tetramerization of
ethylene using the process of the present invention is
typically at most about 10 %wt . In one embodiment of
the present invention, the olefinic product
composition of the trimerization and tetramerization
of ethylene using the process of the present invention
typically comprises a combined total content of
1-hexene and 1-octene of at least 70 %wt of the
overall product composition, wherein the 1-hexene
content is at least 10 %wt of the overall product
composition, the 1-hexene selectivity is at least 90
%wt of the C fraction of the product composition, the
1- octene content is at least 10 %wt of the overall
product composition, the 1-octene selectivity is at
least 90 %wt of the C g fraction of the product
composition, and the amount of solids produced is at
most about 5 %wt of the overall product composition.In
another embodiment of the present invention, the
olefinic product composition of the trimerization and
tetramerization of ethylene using the process of the
present invention comprises a total content of
compounds other than 1-hexene and 1-octene of at most
35 %wt of the overall product composition, preferably
at most 30 %wt and more preferably at most 27 %wt,
wherein the 1-hexene content is at least 10 %wt of the
overall product composition, the 1-hexene selectivity
is at least 90 %wt of the C fraction of the product
composition, the 1- octene content is at least 10 %wt
of the overall product composition, the 1-octene
selectivity is at least 90 %wt of the C fraction of
the product composition, and the amount of solids
produced is at most about 5 %wt of the overall product
composition. The process of the present invention is
illustrated by the following non-limiting examples.
Examples General Procedures and Characterisation All
chemicals used in preparations were purchased from
Aldrich and used without further purification unless
mentioned otherwise. All the operations with the
catalyst systems were carried out under nitrogen
atmosphere. All solvents used were dried using
standard procedures. Anhydrous toluene (99.8% purity)
was dried over 4A molecular sieves (final water
content of about 3 ppm) . Anhydrous heptane (99.8%
purity) was dried by passage over 4A molecular sieves
(final water content of about 1 ppm) . Ethylene (99.5%
purity) was purified over a column containing 4A
molecular sieves and BTS catalyst (BASF) in order to
reduce water and oxygen content to <1 ppm.The
oligomers obtained were characterised by Gas
Chromatography (GC) , in order to evaluate oligomer
distribution using a HP 5890 series II apparatus and
the following chromatographic conditions: Column: HP-I
(cross-linked methyl siloxane) , film thickness =
0.25mm , internal diameter = 0.25 mm, length 60 m (by
Hewlett Packard); injection temperature: 325C;
detection temperature: 325C; initial temperature: 40
0C for 10 minutes; temperature programme rate: 10.
0C/minute; final temperature: 325 0C for 41.5 minutes;
internal standard: n-hexylbenzene . The yields of the
C4- C30 olefins were obtained from the GC analysis.
The term "trimerization selectivity" when used in
relation to the trimerization of ethylene means the
amount of Cg-fraction formed within the product
composition, as determined by GC. The term
"tetramerization selectivity" when used in relation to
the tetramerization of ethylene means the 



amount of Cg-fraction formed within the product
composition, as determined by GC. The term "1-hexene
selectivity" when used in relation to the
trimerization of ethylene means the amount of 1-hexene
formed within the Cg-fraction of the product
composition, as determined by GC. The overall yield of
1-hexene in the trimerization of ethylene is the
product of the "trimerization selectivity" multiplied
by the "1-hexene selectivity". The term "1-octene
selectivity" when used in relation to the
tetramerization of ethylene means the amount of
1-octene formed within the Cg-fraction of the product
composition, as determined by GC. The overallyield of
1-octene in the tetramerization of ethylene is the
product of the "tetramerization selectivity"
multiplied by the "1-octene selectivity". The amount
of "solids", mainly consisting of heavy wax and
polyethylene, has been determined by weighing, after
its isolation from the reactor wall and appendages,
followed by washing with toluene on a glass filter
(P3) and by vacuum drying. The amount of "total
product" is the sum of the amount of largely olefinic
product derived from GC analysis and the amount of
solids. The NMR data was obtained at room temperature
with a Varian 300 MHz or 400 MHz apparatus. Catalyst
systems The catalyst compositions of the present
invention were prepared from catalyst precursor
compositions containing ligands A , B , C , and D and
a chromium source, these components are described
below. Chromium source Chromium trichloride tris
(tetrahydrofuran) complex, i.e. CrCl3(THF)3, and
chromium tris (2, 4-pentanedionate) , also called
chromium tris (acetylacetonate) , i.e. Cr(acac)3, have
been used as the chromium sources in the simultaneous
tri- and tetramerization reactions of ethylene Ligand
component A (comparative) The (2-methoxyphenyl)
(phenyl) PN (CH3) P (2- methoxyphenyl) (phenyl) ligand
was prepared by first forming a suspension of 0.42 g
lithium (60 mmol) in 80 m l of THF, to which was added
9.66 g of (2- methoxyphenyl) 2P (phenyl) (30 mmol) at
0 0C under an argon atmosphere. The mixture was
stirred for 4 hours, afterwhich time a 5 m l aliquot
of methanol was added. 60 m l of toluene was added to
the mixture, after which the solution was extracted
with two 40 m l portions of water. The extracted
toluene solution was then concentrated to a volume of
approximately 20 ml, which resulted in formation of a
suspension. The concentrated toluene solution was
filtered, and 4.6 g of C2Clg was added to the toluene
filtrate, which was then stirred for 2 hours at 90 C.
The HCl gas which evolved from the reaction was
"trapped" in an alkali bath. The mixture was then
cooled to room temperature and purged with nitrogen to
remove all of the remaining HCl present in the
solution. At room temperature, a 5 m l aliquot of
triethylamine was added to the concentrated toluene
solution and left for a few minutes, after which 6 m l
of 2 M H2NMe (12 mraol) was added a few drops at a
time. The suspension was filtered and washed with 20 m
l of toluene. The toluene filtrate and the toluene
wash fraction were combined. The combined toluene
fractions were evaporated to dryness and 30 m l of
methanol was added. The methanol solution was left
overnight at -35 0C wherein a white (2- methoxyphenyl)
(phenyl) PN (CH3) P (2-methoxyphenyl) (phenyl)
precipitate was formed in the solution. The
precipitated ligand was then isolated. The
precipitated ligand consisted of two isomers, a
racemic isomer (the RR and/or the SS enantiomers of
the ligand) and a meso isomer (the RS enantiomer of
the ligand) ; the proportions of these two isomers
were determined by 31P NMR with peaks at 63.18 and
64.8 ppm corresponding to the two different isomers
respectively. The sample consisted of a mixture of
both the racemic and the meso isomers having weight
ratios of 92/8.Composition A ' (2-methoxyphenyl)
(phenyl) PN (CH3) P (2- methoxyphenyl) (phenyl) in a
1:1 molar ratio with CrCl3(THF)3 was prepared by
stirring an equimolar mixture of CrCl (THF) 3 and
ligand component A in toluene for 1 hour at 5O 0C ,
followed by evaporation of the solvent in vacuum and
washing of the residue with pentane . Ligand component
B (comparative) The (2-methoxyphenyl) 2PN (CH3) P
(2-methoxyphenyl) 2 ligand was prepared by first
forming a solution of 1.59 g (5 mmol)
(2-methoxyphenyl) 2PNEt2 in 20 m l diethyl ether. To
this solution 10 m l of a 1 M HCl solution in diethyl
ether (10 mmol HCl) was added under an inert
atmosphere at room temperature. The suspension thus
formed was stirred overnight. The diethyl ether was
removed from the product under vacuum and 20 m l of
dry toluene was added. The resulting solution was
filtered and the toluene was removed from the filtrate
under vacuum to yield a white solid (2-methoxyphenyl)
2PCI product. A solution of 0.51 g (5 mmol) of
triethylamine in 20 m l of dry dichloromethane was
added to the (2- methoxyphenyl) 2PCI product. To the
resulting mixture, 1.25 m l of a 2 M H2 NMe solution
in THF (2.5 mmol) was added and allowed to stir
overnight. The solvents were removed from the
resulting solution in vacuo and 20 m l of dry toluene
was added. The mixture was then filtered. The toluene
was removed from the filtrate under vacuum, and 10 m l
of methanol was added to the residue to produce a
suspension, which was filtered once more, to leave
thesolid white (2-methoxyphenyl) 2PN (CH3) P
(2-methoxyphenyl) 2 product which was isolated.
Composition B ' (2-methoxyphenyl )2PN (CH3 )P
(2-methoxyphenyl) 2 in a 1:1 molar ratio with CrCl3
(THF) 3 was prepared similarly to Composition A ' .
Ligand component C (comparative) The (phenyl) 2PN
(isopropyl) P (phenyl) 2 ligand was prepared by the
following method. At 0 0C , under a nitrogen
atmosphere, 15 m l triethylamine was added to 6.3 g
(phenyl) 2PCI in 80 m l of dry dichloromethane . To
the resulting mixture, 0.844 g isopropylamine was
added and allowed to stir overnight at room
temperature. The solvents were removed from the
resulting solution invacuo and 50 m l of dry toluene
was added. The mixture was then filtered over a small
layer of silica. The toluene was removed from the
filtrate under vacuum. The (phenyl) 2 N (isopropyl) P
(phenyl) 2 product was isolated as a white solid.
Crystallization from ethanol yielded (phenyl) 2PN
(isopropyl) P (phenyl) 2 as white crystals. Ligand
component D The (phenyl) 2PN (isopropyl) P
(2-methoxyphenyl) 2 ligand was prepared by the
following method. Under a nitrogen atmosphere, 12 m l
triethylamine was added to 3.39 g isopropylamine in 10
m l dry toluene. To the resulting mixture, 5.15 m l
(phenyl) 2PCI was slowly 



added and allowed to stir overnight at room
temperature. The precipitate was removed by
filtration. The solvents were removed from the
resulting solution in vacuo. To the evaporation
residue pentane was added and subsequently the solvent
was removed in vacuo from thepentane solution,
yielding (phenyl) 2PNH (isopropyl) as a colourless
oil, which crystallized on standing at room
temperature . Under a nitrogen atmosphere, 3 ml
triethyl amine was added to 0.9 g of the isolated
(phenyl) 2PNH (isopropyl) in 5 m l of dry
dichloromethane . To the resulting mixture, 1.1 g
(2-methoxyphenyl) 2PCI was added and allowed to stir
for a week at room temperature. To the resulting
reaction mixture 5-10 ml of dry toluene was added. The
precipitate was removed by centrifugation. The
solvents were removed from the resulting solution in
vacuo. The resulting mixture was first washed with
pentane and thereupon stirred with methanol yielding a
white solid. The white solid was washed with pentane
and dried in vacuo. Yield 0.7 g of (phenyl) 2PN
(isopropyl) P (2- methoxyphenyl )2 Co-catalyst The
co-catalyst used in the experiments below was selected
from: methyl aluminoxane (MAO) in toluene, [Al] =
5.20%wt, supplied by Crompton GmbH, Bergkamen,
Germany; tetraisobutyl dialuminoxane (TIBAO) 30%wt in
cyclohexane, [Al] = 5.44%wt, supplied by Witco Polymer
Chemicals, Witco GmbH, Bergkamen, Germany. Examples 1
- 11 Catalyst system preparation for simultaneous
trimerization and tetramerization in a batch autoclave
In a Braun MB 200-G dry box the CrCl3 1:1 complexes of
ligands A or B (i.e. Compositions A ' or B', indicated
in Table 1 ) were placed in a glass bottle. The
catalyst precursor composition was converted into the
catalystsolution by adding 3 or 1.5 mmol of MAO
solution in toluene (ca. 1.6 g or 0.8 g MAO solution),
followed by typically 4 g of dry toluene. Finally the
bottle was sealed by a septum cap. These catalyst
solutions, or part of these solutions, were used in
the simultaneous tri- and tetramerization reaction of
ethylene. Alternatively, chromium tris
(acetylacetonate) (typically 30 mmol) and the amount
of ligand component C or D , as indicated in Table 1 ,
were placed in a glass bottle, to which dry toluene
(typically 4 g ) was added to obtain the catalyst
precursor solution. Finally the bottle was sealed with
a septum cap. These catalyst precursor solutions, or
part of these solutions, were introduced to the
autoclave as catalyst precursor solutions and
activated by the pre-dosed MAO or TIBAO in-situ and
subsequently used in the simultaneous tri- and
tetramerization reaction of ethylene. Simultaneous
trimerization and tetramerization reactions of
ethylene in a 1.0-litre batch autoclave Simultaneous
tri- and tetramerization experiments were performed in
a 1.0-litre steel autoclave equipped with jacket
cooling with a heating/cooling bath (ex. Julabo, model
ATS-2) and a turbine/gas stirrer and baffles. The
reactor was scavenged by introducing 250 ml toluene,
MAO (0.6 g solution) or a similar amount of a
TIBAO-solution, and subsequent stirring at 70 0C under
nitrogen pressure of 0.4-0.5 MPa for 30 min. The
reactor contents were discharged via a tap in the base
of the autoclave. The reactor was evacuated to about
0.4 kPa and loaded with approximately 250 ml toluene,
heated to40 C and pressurised with ethylene to 15 barg
or as indicated in Table 1 . Whilst stirring, a
MAO-solution (typically an intake of 3.12 g , 6 mmol
Al) or a TIBAO-solution as indicated in Table 1 , was
added to the reactor with the aid of toluene to attain
an Al/Cr atomic ratio of 200 (typically, the total
volume injected was about 25 ml: the MAO-solution
diluted with toluene to 8 m l was injected and the
injector system was rinsed twice with about 8 ml
toluene) and the stirring at 800 rpm was continued for
30 minutes. The Cr-catalyst precursor system
(typically 30 mmol on Cr intake) , prepared as
described above, was introduced into the stirred
reactor using an injection system with the aid of
toluene (the total volume injected was about 25 ml:
the catalyst solution diluted with toluene to 8 ml was
injected and the injector system was rinsed twice with
about 8 m l toluene) . The initial loading of the
reactor was about 300 ml of largely toluene . The
addition of the catalyst system resulted, after an
induction period of some 5 minutes, in an exotherm
(generally some 5-10 0C), which generally reached a
maximum within 1 minute and was followed by
establishment of the temperature of 40 0C and the
pressure of 15 barg, unless indicated differently in
Table 1 . After consuming the desired volume of
ethylene, the simultaneous tri- and tetramerization
was stopped by rapid cooling to room temperature (in
about 5 minutes), followed by venting of the ethylene,
decanting the product mixture into a collection bottle
using a tap in the base of the autoclave. Exposure of
the mixture to air resulted in rapid deactivation of
the catalyst.After addition of n-hexylbenzene (0.5-3.5
g ) as internal standard to the crude product, the
amount of the C4-C30 olefins and purity of Cg, C g and
C]_Q olefins was determined by gas chromatography. The
experimental data is reported in Table 1 . In the case
of experiments under 30 barg of ethylene pressure a
similarly equipped 0.5-litre steel autoclave has been
used, loaded (similarly to the above-described
procedure for the 1.0-litre autoclave) with 150 ml of
toluene, a MAO-solution or a TIBAO-solution and a
Crcatalyst system. The amounts of the Cr-catalyst
system, MAO-, TIBAO-solution, solvent and ethylene
consumption were typically half of those used in the
corresponding 1.0-litre experiments to maintain the
same Al/Cr atomic ratio (of about 200) and final alpha
olefin concentration as much as practicable. The
experimental data is provided in Table 1
below.Carbonylation of Ethylenically Unsaturated
Compounds The present invention relates to the
carbonylation of ethylenically unsaturated compounds.
The carbonylation of ethylenically unsaturated
compounds using carbon monoxide in the presence of an
alcohol or water and a catalyst system comprising a
group 6, 8, 9 or 10 metal, for example, palladium, and
a phosphine ligand, for example an alkyl phosphine,
cycloalkyl phosphine, aryl phosphine, pyridyl
phosphine or bidentate phosphine, has been described
in numerous European patents and patent applications,
for example EP-A-0055875, EP-A- 04489472,
EP-A-0106379, EP-A-0235864, EP-A-0274795,
EP-A-0499329, EP-A-0386833, EP-A-0441447,
EP-A-0489472, EP-A-0282142, EP-A-0227160, EP-A-0495547
and EP-A- 0495548. In particular, EP-A-0227160,
EP-A-0495547 and EP-A-0495548 disclose that bidentate
phosphine ligands provide catalyst systems which
enable high reaction rates to be achieved. C3 alkyl
bridges between the phosphorous atoms are exemplified
in EP0495548 together with tertiary butyl substituents
on the phosphorous. WO96/19434 subsequently disclosed
that a particular group of bidentate phosphine
compounds having a substituted aryl bridge could
provide remarkably stable catalysts which require
little or no replenishment; that use of such bidentate
catalysts leads to reaction rates which are
significantly higher than those previously disclosed;
and that little or no impurities 



are produced at high conversions. WO 01/68583
discloses rates for the same process as WO 96/19434
when used for higher alkenes and when in the presence
of an externally added aprotic solvent. EP0495548B1
gives an example of vinyl acetate carbonylation
employing the C3 bridged phosphine 1,3bis
(di-tert-butylphosphino) propane. The rates quoted are
200 moles product per mole of Pd per hour and the
result is the production of 1 and 2 - acetoxy methyl
propanoate in a ratio of 40:60 (linea branched). WO
98/42717 discloses a modification to the bidentate
phosphines used in EP0495548 wherein one or both
phosphorous atoms are incorporated into an optionally
substituted 2- phospha-tricyclo[3 3.1.i {3,7}]decyl
group or a derivative thereof in which one or more of
the carbon atoms are replaced by heteroatoms("2-PA"
group). The examples include a number of
alkoxycarbonylations of ethene, propene and some
higher terminal and mteitial olefins. Jnaddition,
hydroformylation of vinyl acetate giving a branched:
linear product ratio of 10:1 is also disclosed.
Notably, no alkoxy or hydroxy-carbonylation of vinyl
acetate is disclosed. WO 03/070370 extends the
teaching of WO 98/42717 to bidentate phosphines having
1, 2 substituted aryl bridges of the type disclosed in
WO96/19434. The suitable olefin substrates disclosed
include several types having various substituents.
Notably, vinyl esters are not mentioned either
generally or specifically. WO 04/103948 describes both
the above types of ligand bridges as useful for
butadiene carbonylation and WO 05/082830 describes a
selection of WO 04/103948 where the tertiary carbon
substituents are different on the respective
phosphorous atoms. According to a first aspect of the
present invention there is provided a process for the
carbonylation of ethylenically unsaturated compounds
comprising reacting said compound with carbon monoxide
in the presence of a source of hydroxyl groups and of
a catalyst system, the catalyst system obtainable by
combining: (a) a metal of Group 8, 9 or 10 or a
compound thereof: and (b) a bidentate ligand of
general formula (I) (I) X1(X2)- Q2 - A - R- B - Q1 -
X3(X4) wherein: A and B each independently represent
lower alkylene; R represents a cyclic hydrocarbyl
structure having at least one non-aromatic ring to
which the Q1 and Q2 atoms are linked on available
adjacent cyclic atoms of the at least one ring and
which is substituted with at least one substituent on
at least one further non-adjacent cyclic atom of the
at least one ring; wherein each adjacent cyclic atom
to the said available adjacent cyclic atom is not
substituted so as to form a further 3-8 atom ring
structure via the other adjacent cyclic atom to the
saidavailable adjacent cyclic atoms in the at least
one ring or via an atom adjacent to the said other
adjacent atom but outside the at least one ring; the
groups X1, X2, X3 and X4 independently represent
univalent radicals up to 30 atoms having at least one
tertiary carbon atom or X1 and X2 and/or X3 and X4
together form a bivalent radical of up to 40 atoms
having at least two tertiary carbon atoms wherein each
said univalent or bivalent radical is joined via said
at least one or two tertiary carbon atoms respectively
to the appropriate atom Q1 or Q2; and Q1 and Q2 each
independently represent phosphorous, arsenic or
antimony. By the term one further non-adjacent cyclic
atom is meant any further cyclic atom in the ring
which is not adjacent to any one of said available
adjacent cyclic atoms to which the Q1 and Q2 atoms are
linked. For the avoidance of doubt, references to
Group 8, 9 or 10 metals herein should be taken to
include Groups 8, 9 and 10 in the modern periodic
table nomenclature. By the term "Group 8, 9 or 10" we
preferably select metals such as Ru, Rh, Os, Ir, Pt
and Pd. Preferably, the metals are selected from Ru,
Pt and Pd. More preferably, the metal is Pd.
Advantageously, the ring structure of the R group in
the present invention prevents undue rigidity by
avoiding ring structures or bridges involving the
cyclic atoms immediately adjacent to the said
available adjacent cyclic atoms or a non-ring atom
adjacent to such adjacent atoms. Surprisingly, the
inventors have discovered that introducing rigidity
into the ring structure so close to the active site is
disadvantageous and that beneficial effects are
observed through more flexible steric influences
(supplied by appropriate ring substitution) than
through further proximate rigidity in the ring. This
may be due to the relatively flexible constraints
supplied by steric influences compared with inflexible
ring rigidity. Such flexible steric constraints may
allow the incoming metal atom to adopt the most
favourable interaction position which would be denied
by further ring rigidity close to the said available
adjacent cyclic atoms. Accordingly, excluded from this
aspect of the invention are norbornyl type bridges at
the ring atoms adjacent to the available adjacent ring
atoms or the like such as 1,8 Cineolyl. These
structures introduce too much rigidity into the ring
close to the active site.Accordingly, the cyclic atoms
adjacent to the said available adjacent cyclic atoms
may be themselves substituted as long as they do not
form part of further adjacent ring structures as
defined herein. Suitable substituents may otherwise be
selected from those defined for the said at least one
further non-adjacent cyclic atom(s) defined herein.
For the avoidance of doubt, references to the cyclic
atoms adjacent to the said available adjacent cyclic
atoms or the like is not intended to refer to one of
the said two available adjacent cyclic atoms
themselves. As an example, a cyclohexyl ring joined to
a Q1 atom via position 1 on the ring and joined to a
Q2 atom via position 2 on the ring has two said
further non adjacent cyclic atoms as defined at ring
position 4 and 5 and two adjacent cyclic atoms to the
said available adjacent cyclic atoms at positions 3
and 6. The term a non-aromatic ring means that the at
least one ring to which the Q1 and Q2 atom are linked
via B & A respectively is non-aromatic, and aromatic
should be interpreted broadly to include not only a
phenyl type structure but other rings with aromaticity
such as that found in the cyclopentadienyl ring of
ferrocenyl, but, in any case, does not exclude
aromatic substituents on this non-aromatic at least
one ring. Advantageously, use of the catalyst system
of the present invention in the carbonylation of
ethylenically unsaturated compounds such as ethylene,
propylene, butadiene, pentenenitrile, octene, etc
gives high rates of reaction for both alkoxy- and
hydroxycarbonylation but especially with
hydroxycarbonylation. A further advantage of the
carbonylation reactions of the present invention is
the greatly increased TON with both alkoxy- and
hydroxycarbonylation but especially with
alkoxycarbonylation. Advantageously, use of the
catalyst system of the present invention in the
carbonylation of ethylenically unsaturated compounds
which can provide linear or branched products such as
pentene nitriles or vinyl esters gives predominantly
linear product for both alkoxy- and
hydroxycarbonylation but especially with
hydroxycarbonylation. This is surprising because
hydroformylation of vinyl acetate using a 2
-phospha-adamantyl ligand with a propane bridge gave
predominantly branched product in WO 98/42717. A
further advantage of the carbonylation reactions of
the present invention is the greatly increased
reaction rates and TON with both alkoxy- and
hydroxycarbonylation but especially with
alkoxycarbonylation.References to ethylenically
unsaturated compounds herein should be taken to
include any one or more unsaturated C-C bond(s) such
as those found in alkenes, alkynes, conjugated and
unconjugated dienes, functional alkenes etc. The
substituents on the said at least one further non
adjacent cyclic atom may be selected to encourage
greater stability but not rigidity of conformation in
the cyclic hydrocarbyl structure. The substituents
are, therefore, selected to be of the appropriate size
to discourage or lower the rate of non-aromatic ring
conformation changes. Such groups may be independently
selected from lower alkyl, aryl, het, hetero, halo,
cyano, nitro, -OR19, -OC(O)R20, -C(O)R2 1, -C(O)OR22,
-N(R23)R24, -C(O)N(R25)R26, -SR29, -C(O)SR30 , -
C(S)N(R27)R2S or -CF3, more preferably, lower alkyl,
or hetero most preferably, Cr C6 alkyl. Where there
are two or more said further non-adjacent cyclic atoms
in the at least one ring they may each be
independently substituted as detailed herein.
Accordingly, where two such further non adjacent
cyclic atoms are substituted, the substituents may
combine to form a further ring structure such as a
3-20 atom ring structure. Such a further ring
structure may be saturated or unsaturated,
unsubstituted or substituted by one or more
substituents selected from halo, cyano, nitro, OR19,
OC(O)R20, C(O)R2 1, C(O)OR22, NR23R24, C(O)NR25R26,
SR29, C(O)SR30, C(S)NR27R28, unsubstituted or
substituted aryl, lower alkyl (which alkyl group may
itself be unsubstituted or substituted or terminated
as defined herein) or unsubstituted or substituted
Het, wherein R19 to R30 each independently represent
hydrogen, unsubstituted or substituted aryl or
unsubstituted or substituted lower alkyl, and/or be
interrupted by one or more (preferably less than a
total of 4) oxygen, nitrogen, sulphur, silicon atoms
or by silano or dialkyl silicon groups or mixtures
thereof. Particularly preferred further non-adjacent
cyclic atom substituents are methyl, ethyl, propyl,
isopropyl, phenyl, oxo, hydroxy, mercapto, amino,
cyano and carboxy. Particularly preferred substituents
when two or more further non adjacent cyclic atoms are
substituted are x,ydimethyl, x,y-diethyl,
x,y-dipropyl, x,y-di-isopropyl, x,y-diphenyl,
x,y-methyl/ethyl, x,ymethyl/ phenyl, saturated or
unsaturated cyclopentyl, saturated or unsaturated
cyclohexyl, 1,3 substituted or unsubstituted
l,3H-furyl, un-substituted cyclohexyl, x,y-oxo/ethyl,
x,yoxo/ methyl, disubstitution at a single ring atom
is also envisaged, typically, x,x-lower dialkyl. More
typical substituents are methyl, ethyl, n-propyl,
iso-propyl, n-butyl, isobutyl, t-butyl, or oxo, most
typically methyl or ethyl, or oxo most typically,
methyl; wherein x and y stand for atom positions in
the at least one ring.Typically, the maximum rate
(moles of product/moles of group 8, 9 or 10
metal/hour) for the carbonylation reaction,
especially, hydroxy - or alkoxy-carbonylation of the
first aspect is close to or greater than that for 1,
3-bis (di-^-butylphosphino)propane reacted under the
same conditions. Typically, the group 8, 9 or 10 metal
is palladium. Preferably, further substitution of said
cyclic hydrocarbyl structure is not on said available
adjacent carbon atoms to which said Q1 and Q2 atoms
are linked. The cyclic hydrocarbyl structure may be
substituted at one or more said further cyclic atoms
of the at least one ring but 



is preferably substituted at 1, 2, 3 or 4 such cyclic
atoms, more preferably 1, 2 or 3, most preferably at 1
or 2 such cyclic atoms of the at least one ring. The
substituted cyclic atoms may be carbon or hetero but
are preferably carbon. For instance, in a ring of
cyclic atoms wherein the Q1 and Q2 atoms are linked to
cyclic atoms 1 and 2 respectively, substitution is
preferably at one or more positions 4 to n-1 ie.
positions 4 and/or 5 in a 6 membered ring (position 6
being n), positions 4, 5 and/or 6 in a seven membered
ring and position 4 only in a 5 membered ring etc.
When there are two or more substituents on the said at
least one ring they may meet to form a further ring
structure unless excluded herein. However, it is
preferred that substituents attached to said adjacent
cyclic atoms to the said available adjacent cyclic
atoms do not meet with substituents on the other said
adjacent cyclic atoms to form further ring structures
at all as these may render the active site too rigid.
Preferably, the cyclic hydrocarbyl structure which is
substituted by A and B at available adjacent positions
on the at least one ring has a cis- conformation with
respect to the relevant cyclic bond and the A and B
substituents. Preferably, the cyclic hydrocarbyl
structure has from 5 up to 30 cyclic atoms, more
preferably from 4 up to 18 cyclic atoms, most
preferably from 4 up to 12 cyclic atoms and when
monocyclic, especially 5 to 8 cyclic atoms and, in any
case, may be monocyclic or polycyclic. The cyclic
atoms may be carbon or hetero, wherein references to
hetero herein are references to sulphur, oxygen and/or
nitrogen. Typically, the cyclic hydrocarbyl structure
has from 2 up to 30 cyclic carbon atoms, more
preferably from 3 up to 18 cyclic carbon atoms, most
preferably from 3 up to 12 cyclic carbon atoms and,
when monocyclic, especially 3 to 8 cyclic carbon atoms
and in any case, may be monocyclic or polycyclic and
may or may not be interrupted by one or more hetero
atoms. Typically, when the cyclic hydrocarbyl
structure is polycylic it is preferably bicyclic or
tricyclic. The cyclic hydrocarbyl structure as
definedherein may include unsaturated bonds insofar as
the said available adjacent cyclic atoms to which the
Q1 and Q2 atoms are linked are saturated and
references to unsaturated cyclic hydrocarbyl
structures should be understood accordingly. By cyclic
atom is meant an atom which forms part of a cyclic
skeleton. The cyclic hydrocarbyl structure, apart from
that it may be interrupted with hetero atoms and,
subject to the definitions herein, may be saturated or
unsaturated. The cyclic hydrocarbyl structure may be
selected from 4 and/or 5 lower alkylcyclohexane- 1,2-
diyl, 4 lower alkylcyclopentane- 1,2-diyl, 4, 5 and/or
6 lower alkylcycloheptane- 1,2-diyl, 4, 5 , 6 and/or 7
lower alkylcyclooctane- 1,2-diyl, 4, 5, 6, 7 and/or 8
lower alkylcyclononane- 1,2-diyl, 5 and/or 6 lower
alkyl piperidinane- 2,3-diyl, 5 and/or 6 lower alkyl
morpholinane- 2,3-diyl,
O-2,3-isopropylidene-2,3-dihydroxy-ethane- 2,3-diyl,
cyclopentan-one -3,4-diyl , cyclohexanone-3,4-diyl,
6-lower alkyl cyclohexanone-3,4-diyl, 1-lower alkyl
cyclopentene- 3,4-diyl, 1 and/or 6 lower alkyl
cyclohexene- 3,4-diyl, 2 and/or 3 lower alkyl
cyclohexadiene- 5,6-diyl, 5 lower alkyl
cyclohexen-4-one- 1,2-diyl, adamantyl-l-2-diyl, 5
and/or 6 lower alkyl tetrahydropyran-2,3 diyl, 6-lower
alkyl dihydropyran-2,3 diyl, 2-lower alkyl 1,3 dioxane
-5,6-diyl, 5 and/or 6 lower alkyl-1,4 dioxane
-2,3-diyl, 2-lower alkyl pentamethylene sulphide
4,5-diyl, 2-lower alkyl-1,3 dithiane- 5,6- diyl, 2
and/or 3-lower alkyl 1,4 dithiane -5,6-diyl,
tetrahydro-furan-2-one -4,5-diyl, delta-valero lactone
4,5-diyl, gamma-butyrolactone 3,4-diyl,
2H-dihydropyrone 5,6-diyl, glutaric anhydride
3,4-diyl, 1-lower alkyl pyrollidine -3,4-diyl , 2,3
di-lower alkyl piperazine -5,6-diyl, 2-lower alkyl
dihydro imidazole -4,5-diyl, 2,3,5 and/or 6 lower
alkyl-1,4,7 triazacyclononane -8,9-diyl, 2,3,4 and/or
10 lower alkyl- 1,5,9 triazacyclodecane 6,7-diyl, 2,3-
di-lower alkyl thiomorpholine -5,6 -diyl, 2-lower
alkylthiazolidine -4,5-diyl, 4,5-diphenyl-cyclohexane
-1,2-diyl, 4 and/or 5-phenyl-cyclohexane-l,2- diyl,
4,5-dimethyl-cyclohexane- 1,2-diyl, 4 or
5-methylcyclohexane- 1,2-diyl, 2, 3, 4 and/or 5 lower
alkyl-decahydronaphthalene 8,9-diyl, bicyclo[4.3.0]
nonane-3,4 diyl, 3a,4,5,6,7,7ahexahydro-
lH-inden-5,6-diyl, 1, 2 and/or 3 methyl-3a, 4,5,6,7,7a
hexahydro-lH-inden-5, 6- diyl, Octahydro -4,7 methano
- indene -1,2-diyl, 3a,
4,7,7a-tetrahydro-lH-inden-5,6-diyl, 1, 2 and/or
3-dimethyl -3a, 4,5,6,7,7a-hexahydro-lH-inden
5,6-diyls, l,3-bis(trimethylsilyl)-
3a,4,5,6,7,7a-hexahydro-3H-isobenzofuran - 5,6-diyl.
Alternatively, the substituents on the said at least
one further non adjacent cyclic atom may be a group Y
where Y represents a group which is at least as
sterically hindering as phenyl and when there are two
or more substituents Y they are each as sterically
hindering as phenyl and/or combine to form a group
which is more sterically hindering than phenyl;Steric
hindrance in the context of the invention herein is
discussed on page 14 et seq of "Homogenous Transition
Metal Catalysis - A Gentle Art" by C. Masters,
published by Chapman and Hall 1981 . Preferably, Y
represents -SR40R4 1R42 wherein S represents Si, C, N,
S, O or aryl and R40R4 1R42 are as defined herein.
Preferably each Y and/or combination of two or more Y
groups is at least as sterically hindering as t-butyl.
More preferably, when there is only one substituent Y,
it is at least as sterically hindering as tbutyl
whereas where there are two or more substituents Y,
they are each at least as sterically hindering as
phenyl and at least as sterically hindering as t-butyl
if combined into a single group. Preferably, when S is
aryl, R40, R4 1 and R42 are independently hydrogen,
alkyl, -BQ3-X3(X4) (wherein B, X3 and X4 are as
defined herein and Q3 is defined as Q1 or Q2 above),
phosphorous, aryl, arylene, alkaryl, arylenalkyl,
alkenyl, alkynyl, het, hetero, halo, cyano, nitro,
-OR19, -OC(O)R 20, -C(O)R2 1, -C(O)OR22, -N(R23)R24,
-C(O)N(R25)R26, -SR29, - C(O)SR30, -C(S)N(R 27)R28,
-CF3, -SiR71R72R73 or alkylphosphorous. Preferably,
when S is Si, C, N, S or O, R40, R4 1 and R42 are
independently hydrogen, alkyl, phosphorous, aryl,
arylene, alkaryl, aralkyl, arylenalkyl, alkenyl,
alkynyl, het, hetero, halo, cyano, nitro, -OR19,
-OC(O)R20, -C(O)R2 1, -C(O)OR22, -N(R23)R24,
-C(O)N(R25)R26, -SR29, - C(O)SR30, -C(S)N(R 27)R28,
-CF 3 , -SiR7 1R72R73, or alkylphosphorous wherein at
least one of R40-R42 is not hydrogen and wherein
R19-R30 are as defined herein,; and R7 1-R73 are
defined as R40-R42 but are preferably C1-C4 alkyl or
phenyl. Preferably, S is Si, C or aryl. However, N, S
or O may also be preferred as one or more of the Y
groups in combined groups. For the avoidance of doubt,
as oxygen or sulphur can be bivalent, R40 - R42 can
also be lone pairs. Preferably, in addition to group
Y, the aromatic structure may be unsubstituted or
further substituted with groups selected from Y,
alkyl, aryl, arylene, alkaryl, aralkyl, arylenalkyl,
alkenyl, alkynyl, het, hetero, halo, cyano, nitro,
-OR19, -OC(O)R20, -C(O)R2 1, -C(O)OR22, - N(R23)R24,
-C(O)N(R25)R26, -SR29, -C(O)SR30, -C(S)N(R27)R28, -CF
3 , -SiR7 1R72R73 , oralkylphosphorous wherein R19-R30
are as defined herein; and R7 1-R73 are defined as
R40-R42 but are preferably Ci-C4 alkyl or phenyl. In
addition, when S is aryl, the aryl may be substituted
with in addition to R40, R4 1, R42 any of the further
substituents defined for the aromatic structure above.
More preferred Y substituents may be selected from
t-alkyl or t-alkyl,aryl such as -t-butyl, - SiMe3, or
2-phenylprop-2-yl , -phenyl, alkylphenyl-,
phenylalkyl- or phosphinoalkyl- such as
phosphinomethyl. Preferably, when S is Si or C and one
or more of R40-R42 are hydrogen, at least one of R40 -
R42 should be sufficiently bulky to give the required
steric hindrance and such groups are preferably
phosphorous, phosphinoalkyl-, a tertiary carbon
bearing group such as -t-butyl, - aryl, -alkaryl,
-aralkyl or tertiary silyl. In some embodiments, there
may be two or more said Y substituents on further
aromatic cyclic atoms of the aromatic structure.
Optionally, the said two or more substituents may
combine to form a further ring structure such as a
cycloaliphatic ring structure. Some typical structures
are shown below wherein R', R", R'", R"" etc are
defined in the same way as the substituent on the at
least one further non-adjacent cyclic atom above but
may also be hydrogen, or represent the hetero atom
being non substituted if linked directly to a hetero
atom and may be the same or different and wherein at
least one R' atom is not hydrogen or representing the
hetero atom being non substituted if linked directly
to a hetero atom. The diyl methylene linkages to the
phosphorous (not shown) are shown in each case.and/or
5 substituted cyclohexyl 4 substituted cyclopentyl , 5
and/or 6 substituted cycloheptyl 4, 5, 6 and/or 7
substituted cyclooctyl ,5,6,7 and/or 8 substituted
cyclononyl 2,3,4 and/or 5 substituted
decahydronaphthalene and/or 6 substituted piperidines
5 and/or 6 substituted morpholines1- substituted
fiirans 5 and/or 6 substituted 1,4 dioxane substituted
DIOP 2 - substituted 1,3 dioxane cyclopentanone 6-
substituted cyclohexanone 1 - substituted
cyclopentenyl 1 and/or 6 - substituted
cyclohexenyland/or 3 substituted cyclohexadienyl 2
and/or 3 substituted 1,4 dithiane - substituted
pyrones 2 - substituted 1,3 dithiane 1, 2, 3 , 4
substituted piperizine 1 substituted pyrrolidine 1, 2,
3 substituted thiomorphiline 5 substituted
cyclohexen-4-onebicyclo[4.2.0] octane bicyclo [4.3
.Ojnonane Adamantyl -1,2-diyl substituted
tetrahydropyran Substituted dihydropyran substituted
pentamethylene sulphide (substituted
tetrahydro-thiopyran tetrahydro-furan-2-one
delta-valero lactone 4,5-diylgamma-butyrolactone
glutaric anhydride substituted dihydro imidazole
Substituted 1,4,7 triazacyclononane substituted 1,5,9
triazacyclodecane substituted
thiazolidine3a,4,5,6,7,7a-hexahydro-lH-indene
substituted 3a, 4,5,6,7,7a hexahydro-lH-indene
Octahydro -4,7 methano-indene 3a,
4,7,7a-tetrahydro-lH-indene Substituted 3a,
4,5,6,7,7a-hexahydro-lH-indene In the structures
herein , where there is more than one stereisomeric
form possible, all such stereoisomers are intended.
However, it is preferable that the at least one
substituent on at least one further non-adjacent
cyclic atom of the at least one ring extends in a
trans direction with respect to the A and or B atom ie
extends outwardly on the opposite side of the
ring.Preferably, the cyclic hydrocarbyl structure is
associated with A and B as the cis-1 , 2-cyclic
hydrocarbyl structure or, in any case, cis with
respect to the bond between the two available adjacent
cyclic atoms to which A and B are respectively
attached. Typically, the group X1represents CR1 R
2XR3), X2 represents CR4(R5)(R6), X3 represents
CR7(R8)(R9) and X4 represents CR10(Rn )(R12), wherein
R1 to R12 represent lower alkyl, aryl or het. 



Particularly preferred is when the organic groups R1-
R3, R4-R6, R7- R9 and /or R10- R12 or, alternatively,
R1-R6 and/or R7-R12 when associated with their
respective tertiary carbon atom(s) form composite
groups which are at least as sterically hindering as
t-butyl(s). Steric hindrance in this context is as
discussed at page 14 et seq of "Homogenous Transition
Metal Catalysis - A Gentle Art", by C Masters,
published by Chapman and Hall 1981. These steric
groups may be cyclic, part-cyclic or acyclic. When
cyclic or part cyclic, the group may be substituted or
unsubstituted or saturated or unsaturated. The cyclic
or part cyclic groups- may preferably contain,
including the tertiary carbon atom(s), from C4-C34,
more preferably C8-C24, most preferably Cio-C2o carbon
atoms in the cyclic structure. The cyclic structure
may be substituted by one or more substituents
selected from halo, cyano, nitro, OR19 , OC(O)R20,
C(O)R2 1, C(O)OR22, NR23R24, C(O)NR25R26, SR29,
C(O)SR30, C(S)NR27R28, aryl or Het, wherein R19 to R30
each independently represent hydrogen, aryl or lower
alkyl, and/or be interrupted by one or more oxygen or
sulphur atoms, or by silano or dialkylsilcon groups.
In particular, when cyclic, X1, X2, X3 and/or X4may
represent congressyl, norbornyl , 1- norbornadienyl or
adamantyl, or X1 and X2 together with Q2 to which they
are attached form an optionally substituted
2-Q2-tricyclo[3 .3 .1.1{3,7}]decyl group or derivative
thereof, or X1 and X2 together with Q2 to which they
are attached form a ring system of formula I
aSimilarly, X3 and X4 together with Q1 to which they
are attached may form an optionally substituted
2-Ql-tricyclo[3.3.1.1 {3,7}]decyl group or derivative
thereof, or X3 and X4 together with Q1 to which they
are attached may form a ring system of formula Ib
Alternatively, one or more of the groups X1, X2,X3
and/or X4 may represent a solid phase to which the
ligand is attached. Particularly preferred is when X1,
X2, X3and X4 or X1 and X2 together with its respective
Q2 atom and X3 and X4 together with its respective
Q1atom are the same or when X1 and X3 are the same
whilst X2 and X4 are different but the same as each
other. R1to R12 each independently represent hydrogen,
lower alkyl, aryl, halo or Het; preferably, lower
alkyl, aryl, halo or Het. R19 to R30 each
independently represent hydrogen, lower alkyl, aryl or
Het and may be interrupted by one or more oxygen,
sulphur, silicon atoms, or by silano or dialkylsilcon
groups or mixtures thereof; R49, R54 and R55, when
present, each independently represent hydrogen, lower
alkyl or aryl; R50 to R53, when present, each
independently represent hydrogen, lower alkyl, aryl or
Het; Y1, Y2, Y3, Y4 and Y5, when present, each
independently represent oxygen, sulfur or N-R55 ,
wherein R55 represents hydrogen, lower alkyl or aryl.
Preferably, R1 to R12 each independently represent
lower alkyl or aryl. More preferably, R1 to R12 each
independently represent Ci to C6 alkyl, C1-C6 alkyl
phenyl (wherein the phenyl group is optionally
substituted as defined herein) or phenyl (wherein the
phenyl group is optionally substituted as defined
herein). Even more preferably, R1 to R12 each
independentlyrepresent Ci to C alkyl, which is
optionally substituted as defined herein. Most
preferably, R1 to R12 each represent non-substituted
Ci to C alkyl such as methyl, ethyl, n-propyl,
isopropyl, n-butyl, iso-butyl, tert-butyl, pentyl,
hexyl and cyclohexyl, especially methyl. In a
particularly preferred embodiment of the present
invention R1, R4, R7 and R10 each represent the same
lower alkyl, aryl or Het moiety as defined herein, R2,
R5, R8 and Rp each represent the same lower alkyl,
aryl or Het moiety as defined herein, and R3, R6, R9
and R12 each represent the same lower alkyl, aryl or
Het moiety as defined herein. More preferably R1, R4,
R7 and R10 each represent the same Q-C alkyl,
particularly non-substituted C -C alkyl, such as
methyl, ethyl, n-propyl, iso-propyl, n-butyl,
iso-butyl, tert-butyl, pentyl, hexyl or cyclohexyl;
R2, R5, R8 and R1 1 each independently represent the
same Ci-C6 alkyl as defined above; and R3, R6, R9 and
R12 each independently represent the same Ci-C6 alkyl
as defined above. For example: R1, R4, R7 and R10 each
represent methyl; R2, R5, R8 and R1 1 each represent
ethyl; and, R3, R6, R9 and R12 each represent n-butyl
or n-pentyl. In an especially preferred embodiment of
the present invention each R1 to R12 group represents
the same lower alkyl, aryl, or Het moiety as defined
herein. Preferably, when alkyl groups, each R1 to R12
represents the same to C alkyl group, particularly
non-substituted CpC 6 alkyl, such as methyl, ethyl,
n-propyl, iso-propyl, n-butyl, iso-butyl, tert-butyl,
pentyl, hexyl and cyclohexyl. More preferably, each R1
to R12 represents methyl or tert-butyl, most
preferably, methyl. The term "lower alkylene" which A
and B represent in a compound of formula I, when used
herein, includes C to o groups which can be bonded at
two places on the group to thereby connect the group
Q1 or Q2 to the R group, and is otherwise defined in
the same way as "lower alkyl" below. Nevertheless,
methylene is most preferred. The term "lower alkyl"
when used herein, means Ci to Ci0 alkyl and includes
methyl, ethyi, ethenyl, propyl, propenyl butyl,
butenyl, pentyl, pentenyl, hexyl, hexenyl and heptyl
groups. Unless otherwise specified, alkyl including
lower alkyl groups may, when there is a sufficient
number of carbon atoms, be linear or branched, be
saturated or unsaturated, be cyclic, acyclic or part
cyclic/acyclic, be unsubstituted, substituted or
terminated by one or more substituents selected from
halo, cyano, nitro, OR19, OC(O)R20, C(O)R2 1,
C(O)OR22, NR23R24, C(O)NR25R26, SR29, C(O)SR30,
C(S)NR27R28, unsubstituted or substituted aryl, or
unsubstituted or substituted Het, wherein R to R30
each independently represent hydrogen, unsubstituted
or substituted aryl or unsubstituted or substituted
lower alkyl, and/or be interrupted by one ormore
(preferably less than 4) oxygen, sulphur, silicon
atoms, or by silano or dialkylsilcon groups, or
mixtures thereof. The term "alkenyl" when used herein,
means C to d oalkenyl and includes ethenyl, propenyl,
butenyl, pentenyl, and hexenyl groups. Unless
otherwise specified, alkenyl groups may, when there is
a sufficient number of carbon atoms, be linear or
branched, be saturated or unsaturated, be cyclic,
acyclic or part cyclic/acyclic, be unsubstituted,
substituted or terminated by one or more substituents
selected from halo, cyano, nitro, OR19, OC(O)R20,
C(O)R2 1, C(O)OR22, NR23R24, C(O)NR25R26, SR29,
C(O)SR30, C(S)NR27R28, unsubstituted or substituted
aryl, or unsubstituted or substituted Het, wherein R19
to R30 each independently represent hydrogen,
unsubstituted or substituted aryl or unsubstituted or
substituted lower alkyl, and/or be interrupted by one
or more (preferably less than 4) oxygen, sulphur,
silicon atoms, or by silano or dialkylsilcon groups,
or mixtures thereof. The term "alkynyl" when used
herein, means C2 to Cio alkynyl and includes ethynyl,
propynyl, butynyl, pentynyl, and hexynyl groups.
Unless otherwise specified, alkynyl groups may, when
there is a sufficient number of carbon atoms, be
linear or branched, be saturated or unsaturated, be
cyclic, acyclic or part cyclic/acyclic, be
unsubstituted, substituted or terminated by one or
more substituents selected from halo, cyano, nitro,
OR19, OC(O)R20, C(O)R2 1, C(O)OR22, NR23R24,
C(O)NR25R26, SR29, C(O)SR30, C(S)NR27R28,
unsubstituted or substituted aryl, or unsubstituted or
substituted Het, wherein R19 to R30 each independently
represent hydrogen, unsubstituted or substituted aryl
or unsubstituted or substituted lower alkyl, and/or be
interrupted by one or more (preferably less than 4)
oxygen, sulphur, silicon atoms, or by silano or
dialkylsilcon groups, or mixtures thereof. The terms
"alkyl", "aralkyl", "alkaryl", "arylenealkyl" or the
like should, in the absence of information to the
contrary, be taken to be in accordance with the above
definition of "lower alkyl" as far as the alkyl or alk
portion of the group is concerned. The term "Ar" or
"aryl" when used herein, includes
five-to-ten-membered, preferably six to ten membered,
carbocyclic aromatic or pseudo aromatic groups, such
as phenyl, ferrocenyl and naphthyl, which groups may
be unsubstituted or substituted with one or more
substituents selected from unsubstituted or
substituted aryl, lower alkyl (which group may itself
be unsubstituted or substituted or terminated as
defined herein), Het (which group may itself
beunsubstituted or substituted or terminated as
defined herein), halo, cyano, nitro, OR19, OC(O)R20,
C(O)R2 1, C(O)OR22, NR23R24, C(O)NR25R26, SR29,
C(O)SR30 or C(S)NR27R28 wherein R19 to R30 each
independently represent hydrogen, unsubstituted or
substituted aryl or lower alkyl (which alkyl group may
itself be unsubstituted or substituted or terminated
as defined herein). The above Ar or aryl groups may be
attached by one or more covalent bonds but references
to arylene or arylenealkyl or the like herein should
be understood as two covalent bond attachment but
otherwise be defined as Ar or aryl above as far as the
arylene portion of the group is concerned. References
to alkaryl, aralkyl or the like should be taken as
references to Ar or aryl above as far as the Ar or
aryl portion of the group is concerned. Halo groups
with which the above-mentioned groups may be
substituted or terminated include fluoro, chloro,
bromo and iodo. The term "Het", when used herein,
includes four- to twelve-membered, preferably four- to
tenmembered ring systems, which rings contain one or
more heteroatoms selected from nitrogen, oxygen,
sulfur and mixtures thereof, and which rings contain
no, one or more double bonds or may be non-aromatic,
partly aromatic or wholly aromatic in character. The
ring systems may be monocyclic, bicyclic or fused.
Each "Het" group identified herein may be
unsubstituted or substituted by one or more
substituents selected from halo, cyano, nitro, oxo,
lower alkyl (which alkyl group may itself be
unsubstituted or substituted or terminated as defined
herein) - OR19 , -OC(O)R20, -C(O)R2 1, -C(O)OR22,
-N(R23)R24, -C(O)N(R25)R25, -SR29, -C(O)SR30 or
-C(S)N(R27)R28 wherein R19 to R30 each independently
represent hydrogen, unsubstituted or substituted aryl
or lower alkyl (which alkyl group itself may be
unsubstituted or substituted or terminated as defined
herein). The term "Het" thus includes groups such as
optionally substituted azetidinyl, pyrrolidinyl,
imidazolyl, indolyl, furanyl, oxazolyl, isoxazolyl,
oxadiazolyl, thiazolyl, thiadiazolyl, triazolyl,
oxatriazolyl, thiatriazolyl, pyridazinyl, morpholinyl,
pyrimidinyl, pyrazinyl, quinolinyl, isoquinolinyl,
piperidinyl, pyrazolyl and piperazinyl. Substitution
at Het may be at a carbon atom of the Het ring or,
where appropriate, at one or more of the heteroatoms.
"Het" groups may also be in the form of an N oxide.
The term hetero as mentioned herein means nitrogen,
oxygen, sulfur or mixtures thereof.The adamantyl,
congressyl, norbomyl or 1-norboradienyl group may
optionally comprise, besides hydrogen atoms, one or
more substituents selected from lower alkyl, -OR 19, -



OC(O)R 20, halo, nitro, -C(O)R 2 1, -C(O)OR 22, cyano,
aryl, -N(R23)R24, -C(O)N(R 25)R26, - C(S)(R 27)R28,
-SR29, -C(O)SR 30 ,-CF3, -P(R56)R57, -PO(R 58)(R59),
-PO3H2, -PO(OR 60)(OR 6 1), or -SO3R62 , wherein R19-R
0, lower alkyl, halo, cyano and aryl are as defined
herein and R56 to R62 each independently represent
hydrogen, lower alkyl, aryl or Het. Suitably, when the
adamantyl, congressyl, norbomyl or 1-norborndienyl
group is substituted with one or more substituents as
defined above, highly preferred substituents include
unsubstituted C, to C8 alkyl, -OR 19 , -OC(O)R 20,
phenyl, -C(O)OR 22, fluoro, -SO3H, - N(R 23)R24, -P(R
56)R57, -C(O)N(R 25)R26 and -PO(R58)(R59), -CF3,
wherein R19 represents hydrogen, unsubstituted Cr C8
alkyl or phenyl, R20, R22, R23, R24, R25, R26 each
independently represent hydrogen or unsubstituted C C
alkyl, R56 to R59 each independently represent
unsubstituted Ci-C alkyl or phenyl. In a particularly
preferred embodiment the substituents are C1 to C8
alkyl, more preferably, methyl such as found in 1,3
dimethyl adamantyl. Suitably, the adamantyl,
congressyl, norbomyl or 1-norborndienyl group may
comprise, besides hydrogen atoms, up to 10
substituents as defined above, preferably up to 5
substituents as defined above, more preferably up to 3
substituents as defined above. Suitably, when the
adamantyl, congressyl, norbomyl or 1-norborndienyl
group comprises, besides hydrogen atoms, one or more
substituents as defined herein, preferably each
substituent is identical. Preferred substituents are
unsubstituted CpC 8 alkyl and trifluoromethyl,
particularly unsubstituted CpC 8 alkyl such as methyl.
A highly preferred adamantyl, congressyl, norbomyl or
1-norborndienyl group comprises hydrogen atoms only
i.e. the adamantyl congressyl, norbomyl or
1-norborndienyl group is not substituted. Preferably,
when more than one adamantyl, congressyl, norbomyl or
1-norborndienyl group is present in a compound of
formula I, each such group is identical. The 2-Q2(or
QVtricyclop.S.l.l. decyl group (referred to
hereinafter as a 2-metaadamantyl group for convenience
wherein 2-meta-adamantyl is a reference to Q1 or Q2
being an arsenic, antimony or phosphorous atom i.e.
2-arsa-adamantyl and/or 2-stiba-adamantyl and/or
2-phospha-adamantyl, preferably, 2-phospha-adamantyl)
may optionally comprise, beside hydrogen atoms, one or
more substituents. Suitable substituents include those
substituents as defined herein in respect of the
adamantyl group. Highly preferred substituents include
lower alkyl, particularly unsubstituted Q-C 8 alkyl,
especially methyl, trifluoromethyl,-OR19 wherein R19
is as defined herein particularly unsubstituted Ci-Cg
alkyl or aryl, and 4- dodecylphenyl. When the
2-meta-adamantyl group includes more than one
substituent, preferably each substituent is identical.
Preferably, the 2-meta-adamantyl group is substituted
on one or more of the 1, 3, 5 or 7 positions with a
substituent as defined herein. More preferably, the
2-meta-adamantyl group is substituted on each of the
1, 3 and 5 positions. Suitably, such an arrangement
means the Q atom of the 2-meta-adamantyl group is
bonded to carbon atoms in the adamantyl skeleton
having no hydrogen atoms. Most preferably, the
2-meta-adamantyl group is substituted on each of the
1, 3, 5 and 7 positions. When the 2-meta-adamantyl
group includes more than 1 substituent preferably each
substituent is identical. Especially preferred
substituents are unsubstituted Ci-Cg alkyl and
haloakyls, particularly unsubstituted Ci-Cg alkyl such
as methyl and fluorinated C1-C8 alkyl such as
trifluoromethyl. Preferably, 2-meta-adamantyl
represents unsubstituted 2-meta-adamantyl or
2-meta-adamantyl substituted with one or more
unsubstituted C1-C8 alkyl substituents, or a
combination thereof. Preferably, the 2-meta-adamantyl
group includes additional heteroatoms, other than the
2-Q atom, in the 2-meta-adamantyl skeleton. Suitable
additional heteroatoms include oxygen and sulphur
atoms, especially oxygen atoms. More preferably, the
2-meta-adamantyl group includes one or more additional
heteroatoms in the 6, 9 and 10 positions. Even more
preferably, the 2-meta-adamantyl group includes an
additional heteroatom in each of the 6, 9 and 10
positions. Most preferably, when the 2-meta-adamantyl
group includes two or more additional heteroatoms in
the 2-meta-adamantyl skeleton, each of the additional
heteroatoms are identical. An especially preferred
2-meta-adamantyl group, which may optionally be
substituted with one or more substituents as defined
herein, includes an oxygen atom in each of the 6, 9
and 10 positions of the 2-meta-adamantyl skeleton.
Preferably, the 2-meta-adamantyl includes one or more
oxygen atoms in the 2-meta-adamantyl skeleton. Highly
preferred 2-meta-adamantyl groups as defined herein
include 2-phospha-l, 3,5,7-
tetramethyl-6,9,10-trioxadamantyl,
2-phospha-l,3,5-trimethyl-6,9,10-trioxadamantyl, 2-
phospha-l,3,5,7-tetra(trifluoromethyl)-6,9,10-trioxada
mantyl group, and 2-phospha-l,3,5-
tri(trifluoromethyl)-6,9,10-trioxadamantyl group. Most
preferably, the 2-phospha-adamantyl isselected from
2-phospha-l,3,5,7-tetramethyl-6,9,10-trioxadamantyl
group or 2-phospha-l,3,5,-
trimethyl-6,9,10-trioxadamantyl group. Preferably,
when more than one 2-meta-adamantyl group is present
in a compound of formula I, each 2-meta-adamantyl
group is identical. The 2-meta-adamantyl group may be
prepared by methods well known to those skilled in the
art. Suitably, certain 2-phospha-adamantyl compounds
are obtainable from Cytec Canada Inc, Canada. Likewise
corresponding 2-meta-adamantyl compounds of formula I
etc may be obtained from the same supplier or prepared
by analogous methods. Preferred embodiments of the
present invention include those wherein: X3 represents
CR7(R8)(R9), X4 represents CR10(Rn )(R12), X1
represents CR'(R 2)(R3) and X2 represents CR4(R5)(R6);
X3 represents CR7(R8)(R9), X4 represents CR10(Rn
)(R12), and X1 and X2 together with Q2 to which they
are attached form a 2-phospha-adamantyl group; X3
represents CR7(R8)(R9), X4 represents CR10 R 11XR12);
and X1 and X2 together with Q2 to which they are
attached form a ring system of formula 1a; X3
represents CR7(R8)(R9), X4 represents adamantyl, and
X1 and X2 together with Q2 to which they are attached
form a 2-phospha-adamantyl group; X3 represents
CR7(R8)(R9), X4 represents adamantyl and X1and X2
together with Q2 to which they are attached form a
ring system of formula 1a;X3 represents CR7(R8)(R9),
X4 represents adamantyl, X1 represents CR1 R 2XR3) and
X2 represents CR4(R5)(R6); X3 represents CR7(R8)(R9),
X4 represents congressyl, and X1 and X2 together with
Q2 to which they are attached form a
2-phospha-adamantyl group; X3 represents CR7(R8)(R9),
X4 represents congressyl, X1 represents CR1(R2)(R3)
and X2 represents CR4(R5)(R6); X3 and X4 independently
represent adamantyl, and X1 and X2 together with Q2 to
which they are attached form a 2-phospha-adamantyl
group; X3 and X4 independently represent adamantyl,
and X1 and X2 together with Q2 to which they are
attached form a ring system of formula Ia; X3 and X4
independently represent adamantyl, X1 represents CR'(R
2)(R3) and X2 represents CR4(R5)(R6); X1, X2, X3 and
X4 represent adamantyl;X3 and X4 together with Q1 to
which they are attached may form a ring system of
formula Ib and X and X together with Q to which they
are attached form a ring system of formula Ia; X3 and
X4 independently represent congressyl, and X1 and X2
together with Q2 to which they are attached form a
2-phospha-adamantyl group; X3 and X4 together with Q1
to which they are attached may form a ring system of
formula Ib and X and X together with Q , to which they
are attached form a 2-phospha-adamantyl group;X3 and
X4 independently represent congressyl, and X1
represents CR'(R2)(R3) and X2 represents CR4(R5)(R6);
X3 and X4 together with Q1 to which they are attached
may form a ring system of formula Ib X1 represents CR
(R2)(R3) and X2 represents CR4(R5)(R6); X3 and X4
together with Q1 to which they are attached form a
2-phospha-adamantyl group, and X1and X2 together with
Q2 to which they are attached form a
2-phospha-adamantyl group Highly preferred embodiments
of the present invention include those wherein: X3
represents CR7(RS)(R9), X4 represents CR (R1 )(R12),
X1 represents CR1(R2)(R3) and X2 represents
CR4(R5)(R6); especially where R1-R12 are methyl.
Preferably in a compound of formula I, X3 is identical
to X4 and/or X1 is identical to X2. Particularly
preferred combinations in the present invention
include those wherein:- (1) X3 represents CR7(R8)(R9)
, X4 represents CR10(Rn )(R12), X1 represents CR'(R
2)(R3) and X2 represents CR4(R5)(R6); A and B are the
same and represent -CH 2-; Q1 and Q2 both represent
phosphorus linked to the R group at ring positions 1
and 2; R represents 1,2 cis-5,6-dimethyl cyclohexyl.
(2) X3 represents CR7(R8)(R9) , X4 represents CR10(Rp
)(R12), X1 represents CR'(R2)(R3) and X2 represents
CR4(R5)(R6); A and B are the same and represent -CH
2-;Q1 and Q2 both represent phosphorus linked to the R
group at ring positions 1 and 2; R represents 1,2-
cis- 5 -methyl cyclopentyl. (3) X3 and X4 together
with Q1 to which they are attached form a
2-phospha-adamantyl group, and, X1 and X2 together
with Q2 to which they are attached form a 2-
phospha-adamantyl group; A and B are the same and
represent -CH 2-; Q1 and Q2 both represent phosphorus
linked to the R group at ring positions 1 and 2; R
represents 1,2 cis- 5,6 -dimethyl cyclohexyl. (4) X1,
X2, X3 and X4 represent adamantyl; A and B are the
same and represent -CH 2 ; Q1 and Q2 both represent
phosphorus linked to the R group at ring positions 1
and 2; R represents 1,2 cis-5,6 -dimethyl cyclohexyl.
Preferably, in the compound of formula I, A and B each
independently represents Ci to C alkylene which is
optionally substituted as defined herein, for example
with lower alkyl groups. Preferably, the lower
alkylene groups which A and B represent are
non-substituted. Particularly preferred lower alkylene
which A and B may independently represent are -CH 2-
or -C2H4-. Most preferably, each of A and B represent
the same lower alkylene as defined 



herein, particularly -CH 2- . Still further preferred
compounds of formula I include those wherein: R1 to
R12 are alkyl and are the same and preferably, each
represents Ci to C6 alkyl, particularly methyl.
Especially preferred specific compounds of formula I
include those wherein: each R1to R12 is the same and
represents methyl; A and B are the same and represent
-CH2-; R represents 4,5
dimethyl-cis-l,2-cyclohexyl.Examples of suitable
bidentate ligands are
cis-1,2-bis(di-t-butylphosphinomethyl)-4,5- dimethyl
cyclohexane; cis-l,2-bis(di-t-butylphosphinomethyl)-5-
methylcyclopentane; cisl,
2-bis(2-phosphinomethyl-l,3,5,7-tetramethyl-6,9,10-tri
oxa-adamantyl)-4,5- dimethylcyclohexane; cis-1
,2-bis(2-phosphinomethyl-l ,3,5,7-tetramethyl-6,9,
10-trioxaadamantyl) 5-methylcyclopentane;
cis-1,2-bis(di-adamantylphosphinomethyl)-4,5
dimethylcyclohexane;
cis-1,2-bis(di-adamantylphosphinomethyl)-5-methyl
cyclopentane; cis- 1- (P,P adamantyl, t-butyl
phosphinomethyl)-2-(di-t-butylphosphinomethyl)-4,5-
dimethylcyclohexane; cis-1- (P,P adamantyl, t-butyl
phosphinomethyl)-2-(di-tbutylphosphinomethyl)- 5
-methylcyclopentane; cis-1- (2-phosphinomethyl-
1,3,5,7- tetramethyl-6,9,10-trioxa-adamantyl) - 2 -
(di-t-butylphosphinomethyl)4,5- dimethylcyclohexane;
cis-1-
(2-phosphinomethyl-l,3,5,7-tetramethyl-6,9,10-trioxa-a
damantyl) - 2 - (di-t-butylphosphinomethyl)-5-methyl
cyclopentane; cis-1 -(2-phosphinomethyl- 1,3,5,7-
tetramethyl-6,9,10-trioxa-adamantyl) -2-
(diadamantylphosphinomethyl)-5-methyl cyclohexane;
cis-1 -(2-phosrhinomethyl- 1,3,5,7-tetramethyl-6,9,
10-trioxa-adamantyl)-2-
(diadamantylphosphinomethyl)-5-methyl cyclopentane;
cis-l-(2-phosphinomethyl-l,3,5,7- tetramethyl-6,9,
10-trioxa-adamantyl) -2-
(diadamantylphosphinomethyl)cyclobutane; cis-1 -
(di-t-butylphosphinomethyl)-2-
(diadamantylphosphinomethyl)-4,5-dimethyl cyclohexane;
cis-1 -(di-t-butylphosphinomethyl)-2-
(diadamantylphosphinomethyl)-5 -methyl cyclopentane;
cis- 1,2-bis(2-phosphinomethyl-l ,3,5-trimethyl-6,9,
10-trioxatricyclo- {3 .3.1.1[3.7]}decyl)-4,5- dimethyl
cyclohexane;
cis-l,2-bis(2-phosphinomethyl-l,3,5-trimethyl-6,9,10-t
rioxatricyclo- {3.3.1.1 [3.7] }decyl)-5-methyl
cyclopentane; cis-1 -(2-phosphinomethyl-
1,3,5-trimethyl- 6,9,1 0-trioxatricyclo- {3 .3 .1.1[3
.7] }decyl)-2-(di-t-butylphosphinomethyl)-4,5-dimethyl
cyclohexane; cis-1
-(2-phosphinomethyl-l,3,5-trimethyl-6,9,10-trioxatricy
clo- {3.3.1.1
[3.7]}decyl)-2-(di-t-butylphosphinomethyl)-5-methyl
cyclopentane; cis-l-(2- phosphinomethyl-1
,3,5-trimethyl-6,9, 10-trioxatricyclo- {3 .3. 1.1[3.7]
}decyl)-2- (diadamantylphosphinomethyl)-4,5-dimethyl
cyclohexane; cis-l-(2-phosphinomethyl-l,3,5-
trimethyl-6,9, 10-trioxatricyclo- {3 .3 .1.1[3 .7]
}decyl)-2-(diadamantylphosphinomethyl)-5- methyl
cyclopentane; cis-1,2-bis-perfluoro(2
-phosphinomethyl-1, 3,5,7-tetramethyl-6,9, 10-
trioxatricyclo {3 .3.1.1[3 .7]}-decyl)-4,5-dimethyl
cyclohexane; cis-1 ,2-bis-perfluoro(2-
phosphinomethyl-1 ,3,5,7-tetramethyl-6,9,
10-trioxatricyclo {3 .3. 1.1[3.7] }decyl)-5-methyl
cyclopentane; cis-1 ,2-bis- (2-phosphinomethyl-
1,3,5,7-tetra(trifluoro-methyl)-6,9, 10-
trioxatricyclo{3.3.1.1[3.7]}decyl)-4,5-dimethyl
cyclohexane; cis-l,2-bis- (2-
phosphinomethyl-l,3,5,7-tetra(trifluoro-methyl)-6,9,10
-trioxatricyclo{3.3.1.1[3.7]}decyl)-5- methyl
cyclopentane; and including all cis enantiomers of the
foregoing where such enantiomers are possible.Examples
of substituted ligands include:- cis-1, 2-bis
(di-tert-butylphosphinomethyl), 4, 5
dimethylcyclohexane cis-1, 2-bis
(di-tert-butylphosphinomethyl), 1, 2, 4, 5
tetramethylcyclohexanecis-1, 2-bis
(di-tert-butylphosphinomethyl), 3, 6, diphenyl-4,5
dimethyl-cyclohexane cis- 1, 2-bis
(di-ter^-butylphosphinomethyl) 5-methyIcyclohexane
cis-1,2 bis(di-tert-butyl(phosphinomethyl)-4,5
diphenyl cyclohexane
cis-5,6-bis(di-tert-butylphosphinomethyl)-l,3-bis(trim
ethylsilyl)-3a,4,5,6,7,7ahexahydro-
1,3H-isobenzofuran.Preferably, Q2 is phosphorous and
preferably, Q1 is independently, phosphorous.
Preferably, the bidentate ligand is a bidentate
phosphine, arsine or stibine ligand, preferably, a
phosphine ligand. Suitable Group 8, 9 or 10 metals or
a compound thereof which may be combined with compound
of formula (I) or (V) include cobalt, nickel,
palladium, rhodium and platinum. Preferably, the Group
8, 9 or 10 metal is palladium or a compound thereof.
Suitable compounds of such Group 8, 9 or 10 metals
include salts of such metals with, or compounds
comprising weakly coordinated anions derived from,
nitric acid; sulphuric acid; lower alkanoic (up to
C12) acids such as acetic acid and propionic acid;
sulphonic acids such as methane sulphonic acid,
chlorosulphonic acid, fluorosulphonic acid,
trifluoromethane sulphonic acid, benzene sulphonic
acid, naphthalene sulphonic acid, toluene sulphonic
acid, e.g. p-toluene sulphonic acid, t-butyl sulphonic
acid, and 2-hydroxypropane sulphonic acid; sulphonated
ion exchange resins (including low acid level
sulphonic resins) perhalic acid such as perchloric
acid; halogenated carboxylic acids such as
trichloroacetic acid and trifluoroacetic acid;
orthophosphoric acid; phosphonic acids such as
benzenephosphonic acid; and acids derived from
interactions between Lewis acids and Broensted acids.
Other sources which may provide suitable anions
include the optionally halogenated tetraphenyl borate
derivatives, e.g. perfluorotetraphenyl borate.
Additionally, zero valent palladium complexes
particularly those with labile ligands, e.g.
triphenylphosphine or alkenes such as
dibenzylideneacetone or styrene or
tri(dibenzylideneacetone)dipalladium may be used. In
an alkoxycarbonylation reaction, the anion may be
derived from or introduced as one or more of an acid
having a pKa measured in aqueous solution at 18C of
less than 4, more preferably, less than 3, a salt with
a cation that does not interfere with the reaction,
e.g. metal salts or largely organic salts such as
alkyl ammonium, and a precursor, such as an ester,
that can break down under reaction conditions to
generate the anion in situ. Suitable acids and salts
include the acids and salts, other than unsubstituted
carboxylates, listed supra In an hydroxycarbonylation
reaction, the anion may be derived from or introduced
as one or more of an acid having a pKa measured in
aqueous solution at 18C of less than 6, more
preferably, less than 5, a salt with a cation that
does not interfere with the reaction, e.g. metal salts
or largely organic salts such as alkyl ammonium, and a
precursor, such as an ester, that can break down under
reaction conditions to generate the anion in situ.
Suitable acids and salts include the acids and salts
listed supra.In one particular preferred embodiment,
the anion in the hydroxycarbonylation reaction may be
derived from a carboxylic acid. The carboxylic acid is
preferably any optionally substituted C1-C30 organic
compound having at least one carboxylic acid group,
more preferably any Cl to C16 organic compound having
at least one carboxylic acid group.. The pKa of the
acid is preferably greater than about 2 measured in an
aqueous solution at 18C. The pKa is preferably less
than about 5.0 measured in an aqueous solution at 18C.
The organic compound may be substituted with one or
more of the following: hydroxy groups, Ci-C4 alkoxy
groups such as, for example, methoxy; amine or
halogenide groups such as, for example Cl, I and Br.
Examples of suitable carboxylic acids include but are
not restricted to benzoic acid, substituted benzoic
acids, acetic acid, propionic acid, valeric acid,
butanoic acid cyclohexylpropionic acid or nonanoic
acid. Examples of suitable sterically hindered
carboxylic acids which may be used in the
hydroxycarbonylation reaction include but are not
restricted to sterically hindered benzoic acids,
including, for example, C1-C4 alkyl substituted
benzoic acids such as for example, 2,6-
dimethylbenzoic acid or 2,4,6-trimethyl benzoic acid.
These also include hydroxy substituted benzoic acids
such as, for example, meta- and parahydroxybenzoic
acid and other substituted benzoic acids such as, for
example, 2,6-difluorobenzoic acid or
2,4,6-tribromobenzoic acid. Particularly preferred
acid promoters for an alkoxycarbonylation are the
sulfonic acids and sulfonated ion exchange resins
listed supra. The low level acid ion exchange resins
that may be used preferably provide a level of SO3H/Pd
ratio in the reaction of less than 35 mol/mol, more
preferably less than 25 mol/mol, most preferably less
than 15 mol/mol. Typical ranges for the SO3H
concentration provided by the resin are in the range
1-40 mol/mol Pd, more typically, 2-30 mol/mol Pd, most
typically 3-20 mol/mol Pd. Preferably, in an
hydroxycarbonylation reaction, the solvent may be an
acid having a pKa less than 5, more preferably, having
a pKa greater than 3 and less than 5. Suitable acid
solvents may be selected from the acids listed supra,
more preferably, the lower alkanoic (up to C12) acids
such as acetic and propanoic, most preferably acetic
acid. In an alkoxycarbonylation reaction, the quantity
of anion present is not critical to the catalytic
behaviour of the catalyst system. The molar ratio of
anion to Group 8, 9 or 10 metal or compound may be
from 1:1 to 500: 1, preferably from 2:1 to 100: 1 and
particularly from 3:1 to 30:1. Where the anion is
provided by an acid and salt, the relative proportion
of the acid andsalt is not critical. However, where an
anion is provided by acid or partially provided by
acid the ratio of acid to group 8, 9 or 10 metal is
preferably, at least 1:1 mol (H+)/mol(C2+) and
preferably, less than at least 5:1 mol (H+)/mol(C2+),
more preferably, the ratio is at least 2:1 and
preferably, less than at least 3:1; most preferably,
around a 2:1 ratio is preferred. By H+ is meant the
amount of active acidic sites so that a mole of
monobasic acid would have 1 mole of H+ whereas a mole
of dibasic acid would have 2 moles OfH+ and tribasic
acids etc should be interpreted accordingly.
Similarly, by C + is meant moles of metal having a 2+
cationic charge so that for M+ ions the ratio of the
metal cation should be adjusted accordingly. For
example, an M+ cation should be taken as having 0.5
moles of C2+ per mole ofM+. In an hydroxycarbonylation
reaction, the quantity of anion present is not
critical to the catalytic behaviour of the catalyst
system. The molar ratio of anion to Group 8, 9 or 10
metal/compound may be from 1:1 to 10000:1, preferably
from 2:1 to 1000:1 and particularly from 3:1 to 100:1.
Where the anion is provided by an acid and salt, the
relative proportion of the acid and salt is not
critical. In an alkoxycarbonylation reaction,
preferably, the ratio of bidentate ligand to acid is
at least 1:2 mol/mo^Hf1 ) and preferably, the ratio of
bidentate ligand to group 8, 9 or 10 metal is at least
1:1 mol/mol(C 2+) . Preferably, the ligand is in
excess of metal mol/mol(C2+)and preferably in excess
of a ratio of 1:2 mol/mo^H 1 ) with the acid. Excess
ligand is advantageous as the ligand itself may act as
a base to buffer the acid levels in the reaction and
prevent degradation of substrate. On the other hand
the presence of acid activates the reaction mix and
improves the overall rate of reaction. 



In an hydroxycarbonylation reaction, preferably, the
ratio of bidentate ligand to acid is at least 1:2
mol/mol(H +) and preferably, the ratio of bidentate
ligand to group 8, 9 or 10 metal is at least 1:1
mol/mol(C 2+) . Preferably, the ligand is in excess of
metal mol/mol(C2+) . Excess ligand may be advantageous
as the ligand itself may act as a base to buffer the
acid levels in the reaction and prevent degradation of
substrate. On the other hand the presence of acid
activates the reaction mix and improves the overall
rate of reaction. As mentioned, the catalyst system of
the present invention may be used homogeneously or
heterogeneously. Preferably, the catalyst system is
used homogeneously. As mentioned above, where
appropriate to the substrate, the process of the
invention is particularly efficacious for the
production of linear product.Therefore, the invention
also relates specifically to the carbonylation of an
unsaturated ester, specifically vinyl ester and, in
particular but not exclusively, the use of the
carbonylation to provide a first step in the
production of methyl lactate and 3-hydroxymethyl
propanoate or 3- hydroxy propionic acid. Currently
methyl lactate is produced by esterification of lactic
acid, which is produced either by synthetic methods or
fermentation. The main synthetic routes are based on
the reactions of acetaldehyde. In one method,
acetaldehyde is reacted with hydrogen cyanide to
produce a lactonitrile, which is then hydrolysed.
Alternatively, acetaldehyde can be reacted with carbon
monoxide and water in the presence of a nickel (II)
iodide or sulphuric acid catalyst. Synthetic routes
produce racemic mixtures of lactic acid, and so
racemic mixtures of methyl lactate result. In recent
years, improvements in fermentation methods have made
this a preferred route to lactic acid and its
derivatives. Optically pure lactic acid can be
produced by the fermentation of sugars with carefully
chosen bacteria. Lactobacilli tend to be heat
resistant, so fermentation at temperatures of around
5O0C suppresses secondary reactions. The procedure is
slow, and requires careful monitoring of pH,
temperature and oxygen levels, but by selecting an
appropriate bacteria culture, optically pure lactic
acid, of both R and S forms can be produced. Methyl
lactate is used as a high boiling point solvent, and
is present in a variety of materials such as
detergents, degreasing agents, cosmetics and food
flavourings. It is biodegradable, and so
environmentally friendly. A route to 1, 3-propanediol
would be industrially favourable. Existing routes
include the hydroformylation of ethylene oxide with
syngas followed by hydrogenation; and the fermentation
of corn sugar. In the 1980s, Davy Process Technology
found a route to 1, 4- butanediol, by forming diethyl
maleate from butanes over a solid acid catalyst, and
then dehydrogenating it to the diol. 1, 4-butanediol
is now widely used as a polymer component and also in
fibre production and as a high boiling solvent.
Polyhydric alcohols are often used in reactions with
isocyanates to produce urethanes, and in reactions
with acids and acid anhydrides to produce (poly)
esters. 1, 3-propanediol is thought to have uses as a
polymer component and as a high boiling point
solvent.Vinyl esters are known to hydrolyse easily
into the corresponding acid or aldehyde. Accordingly,
exposure of vinyl ester to acid should be avoided.
Hydroxy- or alkoxycarbonylation reactions with
bidentate phosphines may proceed in the presence of
Group 6, 8, 9 or 10 metals but such metals are
generally utilised in the presence of a source of
anions derived from acids, for example, having a pKa
of less than 5. Accordingly, hydroxy- or
alkoxycarbonylation would be deemed unsuitable for
carbonylation of vinyl ester due to acid degradation
of the latter in the presence of such acids. According
to a still further aspect of the present invention
there is provided a process for the carbonylation of a
vinyl ester comprising reacting a vinyl ester with
carbon monoxide in the presence of a source of
hydroxyl groups and of a catalyst system, the catalyst
system obtainable by combining: (a) a metal of Group
8, 9 or 10 or a compound thereof: and (b) a bidentate
ligand of general formula (V) (V) X (X2)- Q2 - A - R-
B - Q1 - X3(X4) wherein: A and B each independently
represent lower alkylene; R represents an optionally
substituted cycloalkyl moiety to which the Q1 and Q2
atoms are linked on available adjacent cyclic carbon
atoms; the groups X1, X2, X3 and X4 independently
represent univalent radicals up to 30 atoms having at
least one tertiary carbon atom or X! and X2 and/or X3
and X4 together form a bivalent radical of up to 40
atoms having at least two tertiary carbon atoms
wherein each said univalent or bivalent radical is
joined via said at least one or two tertiary carbon
atoms respectively to the appropriate atom Q1 or Q2;
and Q1 and Q2 each independently represent
phosphorous, arsenic or antimony. In the above formula
(V) unless indicated otherwise, the groups X1, X2, X3
and X4 ; A and B; and Q1 or Q2 are as already defined
herein.Accordingly, in a second aspect of the present
invention there is provided a process for the
production of 3-hydroxy propanoate ester or acid of
formula (II) CH2 (OH)CH2 C(O) OR 3 1 (II) comprising
the steps of : carbonylating vinyl acetate with carbon
monoxide in the presence of a source of hydroxyl
groups and a catalyst system, the catalyst system
obtainable by combining: (a) a metal of Group 8, 9 or
10 or a compound thereof: and (b) a bidentate ligand
of general formula (I) or (V) as defined herein
wherein R3! is selected from H, or a C -C3Oalkyl or
aryl moiety which may be substituted or unsubstituted
and either branched or linear and carrying out a
treatment step on the said linear (n) product
1-acyloxy CH2-CH2C(O)OR3 1 to produce the 3-hydroxy
propanoate ester or acid of formula (II). The linear
(n) and branched (iso) products of the carbonylation
may be separated either before or after the treatment
step. Preferably, the said products are separated from
the reaction products by distillation. According to a
third aspect of the present invention there is
provided the use of the catalyst system as defined in
any of the aspects of the present invention for the
production, preferably industrial product, of a
3-hydroxy propanoate ester of formula (II) the said
production comprising the steps of carbonylation of a
vinyl ester followed by treatment of the linear (n)
product of the carbonylation. Despite the foregoing,
the invention does not exclude the possibility of
utilising the branched product of the reaction.
Therefore, according to a fourth aspect of the present
invention there is provided a process for the
production of a lactate ester or acid of formula
Elcomprising the steps of carbonylating vinyl ester
with carbon monoxide in the presence of a source of
hydroxyl groups and a catalyst system, the catalyst
system obtainable by combining: (a) a metal of Group
8, 9 or 10 or a compound thereof: and (b) a bidentate
ligand, preferably phosphine ligand, of general
formula (I) or (V) as defined herein to produce a
product comprising a branched (iso) product 2-acyloxy
(CH3). CBLC(O)OR,3 1 wherein R3 1 is selected from H,
or a C -C30 alkyl or aryl moiety which may be
substituted or unsubstituted and either branched or
linear and treatment of the said branched (iso)
product to produce the corresponding lactate or acid
of formula III. By treating or treatment herein is
meant carrying out routine chemical treatment such as
hydrolysis or transesterification reactions on the
acyloxy product of the carbonylation suitable to
cleave the acyloxy group to produce the hydroxy acid
or ester. The linear (n) and branched (iso) products
of the carbonylation may be separated either before or
after the treatment step. Preferably, the products of
the reaction are separated by distillation. The
branched and linear products often have widely
differing boiling points which makes distillation an
effective separation technique for the products of the
reaction. Preferably, the ratio of lineapbranched
product from the carbonylation process is greater than
0.5:1, more preferably, greater than 0.9:1, more
preferably, greater than 1:1, more preferably, greater
than 1.5:1, more preferably, greater than 2:1, most
preferably greater than 2.5:1. According to a fifth
aspect of the present invention there is provided the
use of the catalyst system as defined in any of the
aspects of the present invention for the production,
preferably, industrial production, of a lactate ester
or acid of formula (III) the said production
comprising the steps of carbonylation of a vinyl ester
followed by treatment of the branched (iso) product of
the carbonylation to produce the ester or
acid.Advantageously, the lactate or 3-hydroxy
propanoate esters or acids of the present invention
may be hydrogenated to produce the 1,2 and 1,3 diols
respectively. By acyloxy is meant the group R32 - C(O)
O- as will be hereinafter defined with respect to
formula (IV) Preferably, the treatment as mentioned
above is hydrolysis or transesterification and is
carried out by any suitable technique known to those
skilled in the art. Such techniques are detailed in
for example - "Kirkothmer Encyclopaedia of Chemical
Technology", volume 9, 4th edition page 783 -
"Hydrolysis of Organic Esters". Such methods include
base hydrolysis, acid hydrolysis, steam hydrolysis and
enzymic hydrolysis. Preferably, the hydrolysis is base
hydrolysis, more preferably, the hydrolysis is carried
out in excess base and then acidified to produce the
acid product. Hydrogenation of the hydrolysis product
may be carried out by any suitable process known to
those skilled in the art. Preferably, vapour phase
hydrogenation of the hydroxy alkanoate ester is
carried out. A suitable technique has been exemplified
in WO 01/70659 by Crabtree et al. Suitable
experimental details are set out in examples 1-9 of
the published application and illustrate the route to
1, 3 propanediol from 3-hydroxy propanoic acid esters.
Preferably, the hydrogenation is carried out in a
hydrogenation zone containing a heterogenous
hydrogenation catalyst. Suitable conditions and
catalysts are set out in WO 01/70659, the contents of
which are incorporated herein by reference insofar as
they relate to the hydrogenation of 3-hydroxy
propanoic acid esters. However, for the purposes of
the present application such hydrogenation reactions
are also deemed applicable to hydrogenation 



of the lactate ester to produce 1,2 propane diol.
Preferably, the transesterification is carried out
with the alkanol corresponding to the alkyl group of
the alkyl ester product required for example methanol
for converting acyloxy alkyl esters into hydroxy
methyl esters and ethanol for converting acyloxy alkyl
esters into hydroxy ethyl esters etc. Advantageously,
this cleaves the acyloxy group but does not alter the
hydroxy alkyl alkanoate . Preferably, the
transesterification takes place in the presence of a
suitable catalyst such as for example methane
sulphonic acid or p-toluene sulphonic acid. For ease
of reference, any one or more of the aspects of the
invention may be referred to herein as the process of
the invention. It has also been found that the acid
counterparts to the vinyl ester by-products of the
present invention may be used as the source of anions
in the hydroxycarbonylation reaction. The use of such
acids is advantageous because they are readily
obtainable by hydrolysis of the ester byproducts.
Examples of such acid hydrolysis products include but
are not restricted to acetic acid, propionic acid,
butyric acid, benzoic acid, methacrylic acid and
crotonic acid. These acids may be derived from the
hydrolysis of the corresponding vinyl esters and the
hydrolysis of the carbonylation products eg. Vinyl
acetate, vinyl propionate, vinyl butyrate, vinyl
benzoate, vinyl methacrylate and vinyl crotonate.
Suitably, the process of the invention may be used to
catalyse the carbonylation of ethylenically
unsaturated compounds such as a vinyl ester or
ethylene in the presence of carbon monoxide and a
hydroxyl group containing compound eg. the process of
the invention may catalyse the conversion of a vinyl
ester to the corresponding acyloxy carboxylic ester.
Conveniently, the process of the invention may utilise
highly stable compounds under typical carbonylation
reaction conditions such that they require little or
no replenishment. Conveniently, the process of the
invention may have a high rate for the carbonylation
reaction of an ethylenically unsaturated compound such
as ethylene or a vinyl ester. Conveniently, the
process of the invention may promote high conversion
rates of the ethylenically unsaturated compound such
as ethylene or a vinyl ester, thereby yielding the
desired product in high yield with little or no
impurities. Consequently, the commercial viability of
a carbonylation process, such as the carbonylation of
ethylene or a vinyl ester, may be increased by
employing the process of the invention. Suitable
ethylenically unsaturated compounds for the
non-ethylenically specific aspects of the invention
are ethylenically unsaturated compounds having from 2
to 50 carbon atoms per molecule, or mixtures thereof.
Suitable ethylenically unsaturated compounds may have
one or more isolated or conjugated unsaturated bonds
per molecule. Preferred are compounds having from 2 to
20 carbon atoms, or mixtures thereof, yet more
preferred are compounds having at most 18 carbon
atoms, yet more at most 16 carbon atoms, again more
preferred compounds have at most 10 carbon atoms. The
ethylenically unsaturated compound may further
comprise functional groups or heteroatoms, such as
nitrogen, sulphur or oxide. Examples include
carboxylic acids, esters or nitriles as functional
groups. In a preferred embodiment, the ethylenically
unsaturated compound is an olefin or a mixture of
olefins. Such olefins can be converted by reaction
with carbon monoxide and a co-reactant with a high
regioselectivity, where appropriate, towards the
linear carbonylation product. Suitable ethylenically
unsaturated compounds include acetylene, methyl
acetylene, propyl acetylene, butadiene, ethylene,
propylene, butylene, isobutylene, pentene, pentene
nitriles, alkyl pentenoates such as methyl
3-pentenoates, pentene acids (such as 2-and
3-pentenoic acid), vinyl acetate, octenes.Particularly
preferred ethylenically unsaturated compounds are
ethylene, vinyl acetate, butadiene, alkyl pentenoates,
pentenenitriles, pentene acids (such as 3 pentenoic
acid), acetylene and propylene. Especially preferred
are ethylene, vinyl acetate, butadiene and pentene
nitriles. References to vinyl ester herein include
references to substituted or unsubstituted vinyl ester
of formula (IV): R32 - C(O) O CR33 = CR34 R35 wherein
R32 may be selected from hydrogen, lower alkyl, aryl,
Het, halo, cyano, nitro, OR19, OC(O)R20, C(O)R2 1,
C(O)OR22, NR23R24, C(O)NR25R26 , C(S) R27R28, SR29,
C(O) SR30 wherein R19-R30 are as defined herein.
Preferably, R32 is selected from hydrogen, lower
alkyl, phenyl or lower alkylphenyl, more preferably,
hydrogen, phenyl, Ci-C alkylphenyl or C1-C6 alkyl,
such as methyl, ethyl, propyl, butyl, pentyl and
hexyl, even more preferably, Cr C6 alkyl, especially
methyl. Preferably, R33-R35 each independently
represents hydrogen, lower alkyl, aryl or Het as
defined herein. Most preferably, R33-R35 independently
represents hydrogen. As mentioned above, R3 1 may be
optionally substituted, preferably, with one or more
substituents selected from lower alkyl, aryl, Het,
halo, cyano, nitro, OR19, OC(O)R20, C(O)R2 1,
C(O)OR22, NR23R24, C(O)NR25R26, C(S)R27R28, SR29 or
C(O)SR30 as defined herein. R3 1 is most preferably
the H radical derived from water or the alkyl/aryl
group derived from a Ci-C8 alkanol such as methanol,
ethanol, propanol, iso-rropanol, iso-butanol, t-butyl
alcohol, n-butanol, phenol and chlorocapryl alcohol.
The most preferred groups are H, methyl and ethyl, the
most especially preferred group is hydrogen.
Preferably, R3 1 represents hydrogen, lower alkyl or
aryl. More preferably, R3 1 represents hydrogen, Ci to
C6 alkyl, C1-C6 alkyl phenyl (wherein the phenyl group
is optionally substituted as defined herein) or phenyl
(wherein the phenyl group is optionally substituted as
defined herein). Even more preferably, R3 1 represents
hydrogen, C1 to C6 alkyl, which is optionally
substituted as defined herein. Most preferably, R3 1
represents hydrogen or nonsubstituted C1 to C6 alkyl
such as methyl, ethyl, n-propyl, iso-propyl, n-butyl,
iso-butyl, tertbutyl, pentyl, hexyl and cyclohexyl,
especially hydrogen or methyl, most especially
hydrogen. Where a compound of a formula herein (e.g.
formulas I-IV) contains an alkenyl group or a
cycloalkyl moiety as defined, cis (E) and trans (Z)
isomerism may also occur. However, the cycloalkyl
moiety R when associated with the A and B groups is
preferably a cis (E) isomer. The present invention
includes the individual stereoisomers of the compounds
of any of the formulas defined herein and, where
appropriate, the individual tautomeric forms thereof,
together with mixtures thereof. Separation of
diastereoisomers or cis and trans isomers may be
achieved by conventional techniques, e.g. by
fractional crystallisation, chromatography or H.P.L.C.
of a stereoisomers mixture of a compound one of the
formulas or a suitable salt or derivative thereof. An
individual enantiomer of a compound of one of the
formulas may also be prepared from a corresponding
optically pure intermediate or by resolution, such as
by H.P.L.C. of the corresponding racemate using a
suitable chiral support or by fractional
crystallisation of the diastereoisomeric salts formed
by reaction of the corresponding racemate with a
suitable optically active acid or base, as
appropriate. All stereoisomers are included within the
scope of the process of the invention. Preferably, for
vinyl ester carbonylation, the cycloalkyl moiety which
is substituted by A and B at adjacent positions on the
ring has a cis- conformation with respect to the A and
B substituents. Preferably, the cycloalkyl moiety has
from 3 up to 20 cyclic atoms, more preferably from 4
up to 18 cyclic atoms, most preferably from 4 up to 12
cyclic atoms and especially 5 to 8 cyclic atoms and
may be monocyclic or polycyclic. The cyclic atoms may
be carbon or hetero, wherein references to hetero
herein are references to sulphur, oxygen and/or
nitrogen. Typically, the cycloalkyl moiety has from 2
up to 20 cyclic carbon atoms, more preferably from 3
up to 18 cyclic carbon atoms, most preferably from 3
up to 12 cyclic carbon atoms and especially 3 to 8
cyclic carbon atoms, may be monocyclic or polycyclic
and may or may not be interrupted by one or more
hetero atoms. Typically, when the cycloalkyl moiety is
polycylic it is preferably bicyclic or tricyclic. The
cycloalkyl moieties as defined herein may include
unsaturated bonds insofar as the said adjacent cyclic
carbon atoms are saturated and references to
unsaturated cycloalkyl moieties should be understood
accordingly. By cyclic atom is meant an atom which
forms part of the cyclic skeleton.The cycloalkyl
moiety, apart from that it may be interrupted with
hetero atoms may be unsubstituted or substituted with
one or more further substiruents selected from aryl,
lower alkyl (which alkyl group may itself be
optionally substituted or terminated as defined
below), hetero (preferably oxygen), Het, halo, cyano,
nitro, -OR19, -OC(O)R20, -C(O)R2 1, -C(O)OR22,
-N(R23)R24, -C(O)N(R25)R26, -SR29, -C(O)SR30 ,
-C(S)N(R27)R28 or -CF3 wherein R19 - R28 are as
already defined herein. For vinyl ester carbonylation
the cycloalkyl moiety may be selected from cyclohexyl,
cyclopentyl, cyclobutyl, cyclopropyl, cycloheptyl,
cyclooctyl, cyclononyl, tricyclodecyl, piperidinyl,
morpholinyl, norbornyl, isonorbornyl, norbornenyl,
isonorbornenyl, bicyclo[2,2,2]octyl, tetrahydrofuryl,
dioxanyl, O-2,3-isopropylidene-2,3-dihydroxy-ethyl,
cyclopentanonyl , cyclohexanonyl, cyclopentenyl,
cyclohexenyl, cyclohexadienyl, cyclobutenyl ,
cyclopentenonyl, cyclohexenonyl, adamantyl, furans,
pyrans, 1,3 dioxane, 1,4 dioxane, oxocene,
7-oxabicyclo[2.2.1]heptane, pentamethylene sulphide,
1,3 dithiane, 1,4 dithiane, furanone, lactone,
butyrolactone, pyrone, succinic anhydride, cis and
trans 1,2- cyclohexanedicarboxylic anhydride, glutaric
anhydride, pyroUidine, piperazine, imidazole^ 1,4,7
triazacyclononane, 1,5,9 triazacyclodecane, thiomof
holine, thiazolidine, 4,5-diphenylcyclohexyl, 4 or
5-phenyl-cyclohexyl, 4,5-dimethyl-cyclohexyl, 4 or
5-methylcyclohexyl, 1,2- decalinyl,
2,3,3a,4,5,6,7,7a-octahydro-lH-inden-5,6-yl,
3a,4,5,6,7,7a-hexahydro-lH-inden- 5,6-yl, 1, 2 or 3
methyl-3a, 4,5,6,7,7a hexahydro-lH-inden-5,6-yl,
trimethylene norbornanyl, 3a,
4,7,7a-tetrahydro-lH-inden-5,6-yl, 1, 2 or 3-dimethyl
-3a, 4,5,6,7,7a-hexahydro-lH-inden 5,6-yls,
l,3-bis(trimethylsilyl)-3a,4,5,6,7,7a-hexahydro-3H-iso
benzofuran. Particularly preferred combinations in the
present invention for vinyl ester carbonylation
include those wherein:- (1) X3 represents CR7(R8)(R9)
, X4 represents CR10(Rn )(R12), X1 represents CR
(R2)(R3) and X2 represents CR4(R5)(R6) ; A and B are
the same and represent -CH 2-; Q1 and Q2 both
represent phosphorus; R represents cis-cyclohexyl.(2)
X3 represents CR7(R8)(R9) , X4 represents CR10(Rn
)(R12), X1 represents CR'(R 2)(R3) and X2 represents
CR4(R5)(R6); 



A and B are the same and represent -CH 2-; Q1 and Q2
both represent phosphorus; R represents
cis-cyclopentyl. (3) X3 and X4 together with Q1 to
which they are attached form a 2-phospha-adamantyl
group, and, X1 and X2 together with Q2 to which they
are attached form a 2- phospha-adamantyl group; A and
B are the same and represent -CH 2-; Q1 and Q2 both
represent phosphorus; R represents cis-cyclohexyl. (4)
X1, X2, X3 and X4 represent adamantyl; A and B are the
same and represent -CH -; Q1 and Q2 both represent
phosphorus; R represents cis-cyclohexyl. Still further
preferred compounds of formula I or V for vinyl ester
carbonylation include those wherein: R1 to R12 are
alkyl and are the same and preferably, each represents
C1 to C6 alkyl, particularly methyl. Especially
preferred specific compounds of formula I or V for
vinyl ester carbonylation include those wherein: each
R! to R12 is the same and represents methyl; A and B
are the same and represent -CH 2-; R represents 4,5
dimethyl-cis-l,2-cyclohexyl.Examples of suitable
bidentate ligands are
cis-1,2-bis(di-t-butylphosphmomethyl)cyclohexane; cis-
1,2-bis(di-t-butylphosp inomethyl)cyclopentane,
cis-1,2-bis(di-tbutylphosphinomethyl) cyclobutane;
cis-1,2-bis(2-phosphinomethyl- 1,3,5,7-tetramethyl-
6,9,10-trioxa-adamantyl)cyclohexane;
cis-l,2-bis(2-phosphinomethyl-l,3,5,7-tetramethyl-
6,9, 10-trioxa-adamantyl)cyclopentane; cis-1
,2-bis(2-phosphinomethyl-l ,3,5,7-tetramethyl- 6,9,
10-trioxa-adamantyl)cyclobutane; cis-1
,2-bis(di-adamantylphos rbinoniethyl)cyclohexane;
cis-l,2-bis(di-adamantylphosphinomethyl)cyclopentane;
cis-1,2-bis(diadamantylphosphinomethyl) cyclobutane;
cis-1- (P,P-adamantyl, t-butyl-phosphinomethyl)-2-
(di-t-butylphosphinomethyl)cyclohexane; cis-1-
(P,P-adamantyl, t-butyl-phosphinomethyl)-2-
(di-t-butylphosphinomethyl)cyclopentane; cis-1-
(P,P-adamantyl, t-butyl-phosphinomethyl)-2-
(di-t-butylphosphinomethyl)cyclobutane; cis-1-
(2-phosphinomethyl-l,3,5,7-tetramethyl-
6,9,10-trioxa-adamantyl) - 2 -
(di-t-butylphosrhinomethyl) cyclohexane; cis-1- (2-
phosphinomethyl-l,3,5,7-tetramethyl-6,9,10-trioxa-adam
antyl) - 2 - (di-tbutylphosphinomethy^ cyclopentane;
cis-1- (2-phosphinomethyl-l,3,5,7-tetramethyl-6,9,10-
trioxa-adamantyl) - 2 - (di-t-butylphosphinomethyl)
cyclobutane; cis-l-(2-phosphinomethyll,
3,5,7-tetramethyl-6,9,10-trioxa-adamantyl) -2-
(diadamantylphosphinomethy^cyclohexane; cis-
1-(2-phosphinomethyl- 1,3,5,7-tetramethyl-6,9,
10-trioxa-adamantyl)-2-
(diadamantylphosphinomethyl)cyclopentane; cis-1
-(2-phosphinomethyl-l,3,5,7-tetramethyl- 6,9,
10-trioxa-adamantyl) -2-
(diadamantylphosphinomethy^cyclobutane; cis-1
-(di-tbutylphosphinomethyl)^-
(diadamantylphosphinomethytycyclohexane; cis-1
-(di-tbutylphosphinomethyl)^-
(diadamantylphosphinomethy^cyclopentane;
cis-l-(di-tbutylphosphinomethyl)- 2-
(diadamantylphosphinomethy^cyclobutane; cis-1
,2-bis(2-
phosphinomethyl-l,3,5-trimethyl-6,9,10-trioxatricyclo-
{3.3.1.1[3.7]}decyl)cyclohexane; cisl,
2-bis(2-phosphinomethyl-l,3,5-trimethyl-6,9,10-trioxat
ricyclo- {3.3.1.1 [3.7]} decyl)cyclopentane; cis-1
,2-bis(2-phosphinomethyl-l ,3,5-trimethyl-6,9, 10-
trioxatricyclo-{3.3. 1.1[3.7]}decyl)cyclobutanej cis-1
-(2-phosphinomethyl-l ,3,5-trimethyl- 6,9,1
0-trioxatricyclo- {3 .3 .1.1[3 .7]
}decyl)-2-(di-t-butylphosphinomethyl)cyclohexane; cis-
1- (2-phosphinomethyl-l ,3,5 -trimethyl-6,9,
10-trioxatricyclo- {3
.3.1.1[3.7]}decyl)-2-(di-tbutylphosphinomethytycyclope
ntane; cis-1 -(2-phosphinomethyl-l ,3,5-trimethyl-6,9,
10- trioxatricyclo-{3.3.1 .
1[3.7]}decyl)-2-(di-t-butylphosphinomethyl)cyclobutane
; cis-l-(2- phosphinomethyl-1 ,3,5-trimethyl-6,9,
10-trioxatricyclo- {3 .3.1.1[3 .7]}decyl)-2-
(diadamantylphosphinomethyl)cyclohexane;
cis-l-(2-phosphinomethyl-l,3,5-trimethyl-6,9,10-
trioxatricyclo- {3 .3 .1.1[3
.7]}decyl)-2-(diadamantylphosphinomethyl)cyclopentane;
cis-1 -(2- phosphinomethyl-1 ,3,5-trimethyl-6,9,
10-trioxatricyclo-{3.3 .1.1[3 .7]} decyl)-2-
(diadamantylphosphinomethyl)cyclobutane;
cis-1,2-bis-perfluoro(2-phosphinomethyl1,3 ,5
,7-tetramethyl-6,9, 10-trioxatricyclo {3 .3.1.1[3 .7]
}-decyl)cyclohexane; cis-1 ,2-bisperfluoro(
2-phosphinomethyl-l,3,5,7-tetramethyl-6,9,10-
trioxatricyclo {3 .3 .1.1[3.7]}decyl)cyclopentane;
cis-1 ,2-bis-perfluoro(2-phosphinomethyl- 1,3,5
,7-tetramethyl-6,9,l O-trioxatricyclo {3 .3 .1.1[3.7]
}decyl)cyclobutane; cis-1,2-bis- (2- phosphinomethyl-1
,3,5,7-tetra(trifluoro-methyl)-6,9, 10- trioxatricyclo
{3 .3 .1.1[3.7]}decyl)cyclohexane; cis- 1,2-bis-
(2-phosphinomethyl-1 ,3,5,7-
tetra(trifluoro-methyl)-6,9, 10-trioxatricyclo {3
.3.1.1[3 .7] }decyl)cyclopentane; and cis-l,2-bis-
(2-phosphinomethyl-l,3,5,7-tetra(trifluoro-methyl)-6,9
,10- trioxatricyclo{3.3.1.1[3.7]}decyl)cyclobutane and
including all cis enantiomers of the foregoing where
such enantiomers are possible. Examples of norbornyl
bridged ligands for vinyl ester carbonylation include:
- (2-exo,
3-exo)-bicyclo[2.2.1]heptane-2,3-bis(di-tert-butylphos
phinomethyI) (2-endo,
3-endo)-bicycIo[2.2.1]heptane-2,3-bis(di-tert-butylpho
sphinomethyl) Examples of substituted ligands
include:-cis-1, 2-bis (di-tert-butylphospbinomethyl),
4, 5 dimethylcyclohexane cis-1, 2-bis
(di-tert-butylphosphinomethyl), 1, 2, 4, 5
tetramethylcyclohexanecis-1, 2-bis
(di-tert-butylphosphinomethyl), 3, 6,
diphenylcyclohexane cis- 1, 2-bis
(di-tert-butylphosphinomethyl) cyclohexane cis-l,2
bis(di-tert-butyl(phosphinomethyl)-4,5 diphenyl
cyclohexane
cis-5,6-bis(di-tert-butylphosphinomethyl)-l,3-bis(trim
ethylsilyl)-3a,4,5,6,7,7ahexahydro- 1
,3H-isobenzofuran.It will be appreciated by those
skilled in the art that the compounds of formula (I)
or (V) may function as ligands that coordinate with
the Group 8, 9 or 10 metal or compound thereof to form
the compounds for use in the invention. Typically, the
Group 8, 9 or 10 metal or compound thereof coordinates
to the one or more phosphorous, arsenic and/or
antimony atoms of the compound of formula (I) or (V).
The present invention provides a process for the
carbonylation of ethylenically unsaturated compound
such as a vinyl ester or ethylene comprising
contacting an ethylenically unsaturated compound with
carbon monoxide and a source of hydroxyl groups such
as water or an alkanol in the presence of a catalyst
compound as defined in the present invention.
Suitably, the source of hydroxyl groups includes an
organic molecule having an hydroxyl functional group.
Preferably, the organic molecule having a hydroxyl
functional group may be branched or linear, and
comprises an alkanol, particularly a C1-C30 alkanol,
including aryl alkanols, which may be optionally
substituted with one or more substituents selected
from lower alkyl, aryl, Het, halo, cyano, nitro, OR19,
OC(O)R20, C(O)R2 1, C(O)OR22, NR23R24, C(O)NR 25R26,
C(S)R27R28, SR29 or C(O)SR30 as defined herein. Highly
preferred alkanols are Ci-C 8 alkanols such as
methanol, ethanol, propanol, iso-propanol,
iso-butanol, t-butyl alcohol, n-butanol, phenol and
chlorocapryl alcohol. Although the monoalkanols are
most preferred, poly-alkanols, preferably, selected
from di-octa ols such as diols, triols, tetra-ols and
sugars may also be utilised. Typically, such
polyalkanols are selected from 1, 2-ethanediol, 1,3-
propanediol, glycerol, 1,2,4 butanetriol,
2-(hydroxymethyl)-l,3-propanediol, 1,2,6
trihydroxyhexane, pentaerythritol, 1,1,1
tri(hydroxymethyl)ethane, nannose, sorbase, galactose
and other sugars. Preferred sugars include sucrose,
fructose and glucose. Especially preferred alkanols
are methanol and ethanol. The most preferred alkanol
is methanol. The amount of alcohol is not critical.
Generally, amounts are used in excess of the amount of
vinyl ester compound to be carbonylated. Thus the
alcohol may serve as the reaction solvent as well,
although, if desired, separate solvents may also be
used. It will be appreciated that the end product of
the reaction is determined at least in part by the
source of alkanol used. For instance, use of methanol
produces the corresponding methyl ester, for example,
with vinyl ester, methanol produces the 2-acetoxy
methyl propanoate or 3- acetoxymethyl propanoate.
Conversely, use of water produces the corresponding
acids.Accordingly, the invention provides a convenient
way of adding the group -C(O)OR 3 1 or - C(O)OH across
the ethylenically unsaturated bond. In the process
according to the present invention, the carbon
monoxide may be used in pure form or diluted with an
inert gas such as nitrogen, carbon dioxide or a noble
gas such as argon. Small amounts of hydrogen,
typically less than 5% by volume, may also be present.
The ratio (volume/volume) of ethylenically unsaturated
compounds to hydroxyl group source may vary between
wide limits and suitably lies in the range of 1:0.1 to
1:10, preferably from between 2:1 to 1:2 and up to a
large excess of alkanol or water when the latter is
also the reaction solvent such as up to a 50:1 excess
of alkanol or water. The amount of the catalyst of the
invention used in the carbonylation process of the
vinyl ester is not critical. Good results may be
obtained when, preferably, the amount of Group 8, 9 or
10 metal is in the range 10 7 to 10 1 moles per mole
of vinyl ester, more preferably, 10 6 to 10 2 moles,
most preferably 10 5 to 10 2 moles per mole of ester.
Preferably, the amount of bidentate compound of
formula I or V to unsaturated compound is in the range
10 7 to 10 1, more preferably, 10 6 to 10 2 , most
preferably, 10 5 to 10 2 moles per mole of
ethylenically unsaturated compound. Suitably, although
non-essential to the invention, the carbonylation of
ethylenically unsaturated compound as defined herein
may be performed in one or more aprotic solvents.
Suitable solvents include ketones, such as for example
methylbutylketone; ethers, such as for example anisole
(methyl phenyl ether), 2,5,8-trioxanonane (diglyme),
diethyl ether, dimethyl ether, tetrahydrofuran,
diphenylether, diisopropylether and the dimethylether
of di-ethyleneglycol; esters, such as for example
methylacetate, dimethyladipate methyl benzoate,
dimethyl phthalate and butyrolactone; amides, such as
for example dimethylacetamide, Nmethylpyrrolidone and
dimethyl formamide; sulfoxides and sulphones, such as
for example dimethylsulphoxide, di-isopropylsulphone,
sulfolane (tetrahydrothiophene-2,2-dioxide), 2-
methylsulfolane, diethyl sulphone, tetrahydrothiophene
1,1 -dioxide and 2-methyl-4- ethylsulfolane; aromatic
compounds, including halo variants of such compounds
e.g. benzene, 



toluene, ethyl benzene o-xylene, m-xylene, p-xylene,
chlorobenzene, o-dichlorobenzene, mdichlorobenzene:
alkanes, including halo variants of such compounds
egg, hexane, heptane, 2,2,3-trimethylpentane,
methylene chloride and carbon tetrachloride; nitriles
e.g. benzonitrile and acetonitrile.Very suitable are
aprotic solvents having a dielectric constant that is
below a value of 50, more preferably in the range of 3
to 8, at 298.15 K and 1 x 105Nm 2 . In the present
context, the dielectric constant for a given solvent
is used in its normal meaning of representing the
ratio of the capacity of a condenser with that
substance as dielectric to the capacity of the same
condenser with a vacuum for dielectric. Values for the
dielectric constants of common organic liquids can be
found in general reference books, such as the Handbook
of Chemistry and Physics, 76th edition, edited by
David R. Lide et al, and published by CRC press in
1995, and are usually quoted for a temperature of
about 200C or 25C, i.e. about 293.15k or 298.15 K, and
atmospheric pressure, i.e. about 1 x 105Nm 2 , or can
readily be converted to that temperature and pressure
using the conversion factors quoted. If no literature
data for a particular compound is available, the
dielectric constant may be readily measured using
established physico-chemical methods. For example, the
dielectric constant of anisole is 4.3 (at 294.2 K), of
diethyl ether is 4.3 (at 293.2 K), of sulfolane is
43.4 (at 303.2 K), of methylpentanoate is 5.0 (at
293.2 K), of diphenylether is 3.7 (at 283.2 K), of
dimethyladipate is 6.8 (at 293.2 K), of
tetrahydrofuran is 7.5 (at 295.2 K), of
methylnonanoate is 3.9 (at 293.2 K). A preferred
aprotic solvent is anisole. In the presence of an
alkanol, an aprotic solvent will be generated by the
reaction as the ester carbonylation product of the
ethylenically unsaturated compound, carbon monoxide
and the alkanol is an aprotic solvent. The process may
be carried out in an excess of aprotic solvent, i.e.
at a ratio (v/v) of aprotic solvent to alkanol of at
least 1:1. Preferably, this ratio ranges from 1:1 to
10:1 and more preferably from 1:1 to 5:1. Most
preferably the ratio (v/v) ranges from 1.5 :1 to 3:1.
Despite the foregoing it is preferred that the
reaction is carried out in the absence of any external
added aprotic solvent i.e. in the absence of an
aprotic solvent not generated by the reaction itself.
During hydroxycarbonylation, the presence of a protic
solvent is also preferred. The protic solvent may
include a carboxylic acid or an alcohol. In the case
of vinyl esters, a particularly suitable protic
solvent is the acid complement of the vinyl ester.
Mixtures of the aprotic and protic solvents may also
be employed.Hydrogen may be added to the carbonylation
reaction to improve reaction rate. Suitable levels of
hydrogen when utilised may be in the ratio of between
0.1 and 20% vol/vol of the carbon monoxide, more
preferably, 1-20% vol/vol of the carbon monoxide, more
preferably, 2-15% vol/vol of the carbon monoxide, most
preferably 3-10% vol/vol of carbon monoxide. The
catalyst compounds of the present invention may act as
a "heterogeneous" catalyst or a "homogeneous"
catalyst, preferably, a homogenous catalyst. By the
term "homogeneous" catalyst we mean a catalyst, i.e. a
compound of the invention, which is not supported but
is simply admixed or formed in-situ with the reactants
of the carbonylation reaction (e.g. the ethylenically
unsaturated compound, the hydroxyl containing compound
and carbon monoxide), preferably in a suitable solvent
as described herein. By the term "heterogeneous"
catalyst we mean a catalyst, i.e. the compound of the
invention, which is carried on a support. Thus
according to a further aspect, the present invention
provides a process for the carbonylation of
ethylenically unsaturated compounds as defined herein
wherein the process is carried out with the catalyst
comprising a support, preferably an insoluble support.
Preferably, the support comprises a polymer such as a
polyolefm, polystyrene or polystyrene copolymer such
as a divinylbenzene copolymer or other suitable
polymers or copolymers known to those skilled in the
art; a silicon derivative such as a functionalised
silica, a silicone or a silicone rubber; or other
porous particulate material such as for example
inorganic oxides and inorganic chlorides. Preferably
the support material is porous silica which has a
surface area in the range of from 10 to 700 m2/g, a
total pore volume in the range of from 0.1 to 4.0 cc/g
and an average particle size in the range of from 10
to 500 m. More preferably, the surface area is in the
range of from 50 to 500 m2/g, the pore volume is in
the range of from 0.5 to 2.5 cc/g and the average
particle size is in the range of from 20 to 200 mm.
Most desirably the surface area is in the range of
from 100 to 400 m2/g, the pore volume is in the range
of from 0.8 to 3.0 cc/g and the average particle size
is in the range of from 30 to 100 mm. The average pore
size of typical porous support materials is in the
range of from 10 to 1000 A. Preferably, a support
material is used that has an average pore diameter of
from 50 to 500 A, and most desirably from 75 to 350 A.
Itmay be particularly desirable to dehydrate the
silica at a temperature of from 1000C to 8000C
anywhere from 3 to 24 hours. Suitably, the support may
be flexible or a rigid support, the insoluble support
is coated and/or impregnated with the compounds of the
process of the invention by techniques well known to
those skilled in the art. Alternatively, the compounds
of the process of the invention are fixed to the
surface of an insoluble support, optionally via a
covalent bond, and the arrangement optionally includes
a bifunctional spacer molecule to space the compound
from the insoluble support. The compounds of the
invention may be fixed to the surface of the insoluble
support by promoting reaction of a functional group
present in the compound of formula I or V, for example
a substituent of the cycloalkyl moiety, with a
complimentary reactive group present on or previously
inserted into the support. The combination of the
reactive group of the support with a complimentary
substituent of the compound of the invention provides
a heterogeneous catalyst where the compound of the
invention and the support are linked via a linkage
such as an ether, ester, amide, amine, urea, keto
group. The choice of reaction conditions to link a
compound of the process of the present invention to
the support depends upon the ethylenically unsaturated
compound and the groups of the support. For example,
reagents such as carbodiimides, 1,1
-carbonyldiimidazole, and processes such as the use of
mixed anhydrides, reductive amination may be employed.
According to a further aspect, the present invention
provides the use of the process or catalyst of any
aspect of the invention wherein the catalyst is
attached to a support. Additionally, the bidentate
phosphine may be bonded to a suitable polymeric
substrate via at least one of the bridge substituents
(including the cyclic atoms) the bridging group R, the
linking group A or the linking group B e.g. cis-1,
2-bis (di-t-butylphosphinomethyl) cyclohexane may be
bonded, preferably, via the 3, 4, 5 or 6 cyclic
carbons of the cyclohexane group to polystyrene to
give an immobile heterogeneous catalyst. The amount of
bidentate ligand used can vary within wide limits.
Preferably, the bidentate ligand is present in an
amount such that the ratio of the number of moles of
the bidentate ligand present to the number of moles of
the Group 8, 9 or 10 metal present is from 1 to 50
e.g.1 to 10 and particularly from 1 to 5 mol per mol
of metal. More preferably, the mol: mol range of
compounds of formula I or V to Group 8, 9 or 10 metal
is in the range of 1:1 to 3:1, most preferably in the
range of 1:1 to 1.5:1. Conveniently, the possibility
of applying these low molar ratios is advantageous, as
it avoids the use of an excess of the compound of
formula I or V and hence minimises the consumption of
these usually expensive compounds. Suitably, the
catalysts of the invention are prepared in a separate
step preceding their use in-situ in the carbonylation
reaction. Conveniently, the process of the invention
may be carried out by dissolving the Group 8, 9 or 10
metal or compound thereof as defined herein in a
suitable solvent such as one of the alkanols or
aprotic solvents previously described (a particularly
preferred solvent would be the ester or acid product
of the specific carbonylation reaction e.g. Methyl
lactate for vinyl acetate carbonylation) and
subsequently admixing with a compound of formula I or
V as defined herein. The carbon monoxide may be used
in the presence of other gases which are inert in the
reaction. Examples of such gases include hydrogen,
nitrogen, carbon dioxide and the noble gases such as
argon. The molar ratio of the amount of ethylenically
unsaturated compound such as vinyl ester or ethylene
used in the reaction to the amount of alkanol is not
critical and may vary between wide limits, e.g. from
0.001:1 to 100:1 mol/mol. The product of the reaction
may be separated from the other components by any
suitable means. However, it is an advantage of the
present process that significantly fewer by-products
are formed thereby reducing the need for further
purification after the initial separation of the
product as may be evidenced by the generally
significantly higher selectivity. A further advantage
is that the other components which contain the
catalyst system which may be recycled and/or reused in
further reactions with minimal supplementation of
fresh catalyst. Preferably, the carbonylation is
carried out at temperatures of between -30 to 17O0C,
more preferably -1O0C to 16O0C, most preferably 2O0C
to 15O0C. An especially preferred temperature is one
chosen between 4O0C to 15O0C. Advantageously, the
carbonylation can be carried out at moderate
temperatures, it is particularly advantageous to be
able to carry out the reaction at room temperature
(2O0C).Preferably, when operating a low temperature
carbonylation, the carbonylation is carried out
between -3O0C to 490C, more preferably, -100C to 450C,
still more preferably O0C to 450C, most preferably
1O0C to 450C. Especially preferred is a range of 10 to
350C. Preferably, the carbonylation is carried out at
a CO partial pressure of between 0.80 x 105 N.m 2-90 x
105N.rn 2, more preferably 1 x 105N.m 2-65 x 105N.m 2
, most preferably 1-50 x 105 N.m 2. Especially
preferred is a CO partial pressure of 5 to 45 x 105N.m
2 . Preferably, a low pressure carbonylation is also
envisaged. Preferably, when operating a low pressure
carbonylation the carbonylation is carried out at a CO
partial pressure of between 0.1 to 5 x 105N.m 2 , more
preferably 0.2 to 2 x 105N.m 2 , most preferably 0.5
to 1.5 x 105N.rn 2. There is no particular restriction
on the duration of the carbonylation except that
carbonylation in a timescale which is commercially
acceptable is obviously preferred. Carbonylation in a
batch reaction may take place in up to 48 hours, more
typically, in up to 24 hours and most typically in up
to 12 hours. Typically, carbonylation is for at least
5 minutes, more typically, at 



least 30 minutes, most typically, at least 1 hour. In
a continuous reaction such time scales are obviously
irrelevant and a continuous reaction can continue as
long as the TON is commercially acceptable before
catalyst requires replenishment. The catalyst system
of the present invention is preferably constituted in
the liquid phase which may be formed by one or more of
the reactants or by the use of a suitable solvent. As
mentioned above, when the ethylenically unsaturated
compound is vinyl ester, the vinyl ester can be
substituted or non-substituted. However, it is
preferred that the vinyl ester is unsubstituted.
Suitable vinyl esters are vinyl acetate, vinyl
propanoate, vinyl-formate, Vinylchloroformate,
Vinyl-chloroacetate, Vinyl-trifluroacetate,
Vinyl-propionate, Vinyl-acrylate, Vinyl-methacryate,
Vinyl-crotonate, Vinyl-butyrate, Vinyl-pivalate,
Vinyl-2-ethyl hexanoate, Vinyl-decanoate,
Vinyl-neodecanoate, Vinyl-dodecanoate, Vinyl-benzoate,
Vinyl-4-tertbutylbenzoate and Vinyl-salicylate. The
use of stabilising compounds with the catalyst system
may also be beneficial in improving recovery of metal
which has been lost from the catalyst system. When the
catalyst system is utilized in a liquid reaction
medium such stabilizing compounds may assist recovery
of the group 8, 9 or 10 metal.Preferably, therefore,
the catalyst system includes in a liquid reaction
medium a polymeric dispersant dissolved in a liquid
carrier, said polymeric dispersant being capable of
stabilising a colloidal suspension of particles of the
group 8, 9 or 10 metal or metal compound of the
catalyst system within the liquid carrier. The liquid
reaction medium may be a solvent for the reaction or
may comprise one or more of the reactants or reaction
products themselves. The reactants and reaction
products in liquid form may be miscible with or
dissolved in a solvent or liquid diluent. The
polymeric dispersant is soluble in the liquid reaction
medium, but should not significantly increase the
viscosity of the reaction medium in a way which would
be detrimental to reaction kinetics or heat transfer.
The solubility of the dispersant in the liquid medium
under the reaction conditions of temperature and
pressure should not be so great as to deter
significantly the adsorption of the dispersant
molecules onto the metal particles. The polymeric
dispersant is capable of stabilising a colloidal
suspension of particles of said group 8, 9 or 10 metal
or metal compound within the liquid reaction medium
such that the metal particles formed as a result of
catalyst degradation are held in suspension in the
liquid reaction medium and are discharged from the
reactor along with the liquid for reclamation and
optionally for re-use in making further quantities of
catalyst. The metal particles are normally of
colloidal dimensions, e.g. in the range 5 - 100 nm
average particle size although larger particles may
form in some cases. Portions of the polymeric
dispersant are adsorbed onto the surface of the metal
particles whilst the remainder of the dispersant
molecules remain at least partially solvated by the
liquid reaction medium and in this way the dispersed
group 8, 9 or 10 metal particles are stabilised
against settling on the walls of the reactor or in
reactor dead spaces and against forming agglomerates
of metal particles which may grow by collision of
particles and eventually coagulate. Some agglomeration
of particles may occur even in the presence of a
suitable dispersant but when the dispersant type and
concentration is optimised then such agglomeration
should be at a relatively low level and the
agglomerates may form only loosely so that they may be
broken up and the particles redispersed by agitation.
The polymeric dispersant may include homopolymers or
copolymers including polymers such as graft copolymers
and star polymers.Preferably, the polymeric dispersant
has sufficiently acidic or basic functionality to
substantially stabilise the colloidal suspension of
said group 8, 9 or 10 metal or metal compound. By
substantially stabilise is meant that the
precipitation of the group 8, 9 or 10 metal from the
solution phase is substantially avoided. Particularly
preferred dispersants for this purpose include acidic
or basic polymers including carboxylic acids,
sulphonic acids, amines and amides such as
polyacrylates or heterocycle, particularly nitrogen
heterocycle, substituted polyvinyl polymers such as
polyvinyl pyrrolidone or copolymers of the aforesaid.
Examples of such polymeric dispersants may be selected
from polyvinylpyrrolidone, polyacrylamide,
polyacrylonitrile, polyethylenimine, polyglycine,
polyacrylic acid, polymethacrylic acid,
poly(3-hydroxybutyricacid), poly-L-leucine,
poly-L-methionine, poly-Lproline, poly-L-serine,
poly-L-tyrosine, poly(vinylbenzenesulphonic acid) and
poly(vinylsulrhonic acid), acylated polyethylenimine.
Suitable acylated polyethylenimines are described in
BASF patent publication EP1330309 Al and US 6,723,882.
Preferably, the polymeric dispersant incorporates
acidic or basic moieties either pendant or within the
polymer backbone. Preferably, the acidic moieties have
a dissociation constant (pKa) of less than 6.0, more
preferably, less than 5.0, most preferably less than
4.5. Preferably, the basic moieties have a base
dissociation constant (pKb) being of less than 6.0,
more preferably less than 5.0 and most preferably less
than 4.5, pKa and pKb being measured in dilute aqueous
solution at 250C. Suitable polymeric dispersants, in
addition to being soluble in the reaction medium at
reaction conditions, contain at least one acidic or
basic moiety, either within the polymer backbone or as
a pendant group. We have found that polymers
incorporating acid and amide moieties such as
polyvinylpyrollidone (PVP) and polyacrylates such as
polyacrylic acid (PAA) are particularly suitable. The
molecular weight of the polymer which is suitable for
use in the invention depends upon the nature of the
reaction medium and the solubility of the polymer
therein. We have found that normally the average
molecular weight is less than 100,000. Preferably, the
average molecular weight is in the range 1,000 -
200,000, more preferably, 5,000 - 100,000, most
preferably, 10,000 - 40,000 e.g. Mw is preferably in
the range 10,000 -80,000, more preferably 20,000 -
60,000 when PVP is used and of the order of 1,000 -
10,000 in the case of PAA. The effective concentration
of the dispersant within the reaction medium should be
determined for each reaction/catalyst system which is
to be used. The dispersed group 8, 9 or 10 metal may
be recovered from the liquid stream removed from the
reactor e.g. by filtration and then either disposed of
or processed for re-use as a catalyst or other
applications. In a continuous process the liquid
stream may be circulated through an external
heat-exchanger and in such cases it may be convenient
to locate filters for the palladium particles in these
circulation apparatus. Preferably, the polymepmetal
mass ratio in g/g is between 1:1 and 1000:1, more
preferably, between 1:1 and 400:1, most preferably,
between 1:1 and 200:1. Preferably, the polymer :metal
mass ratio in g/g is up to 1000, more preferably, up
to 400, most preferably, up to 200. It will be
appreciated that any of the features set forth in the
first aspect of the invention may be regarded as
preferred features of the second, third, fourth, fifth
or other aspect of the present invention and vice
versa. The invention also extends to novel bidentate
ligands of formula (I) or (V) and novel complexes of
such ligands with the metal of Group 8, 9 or 10 or a
compound thereof. The invention will now be described
and illustrated by way of the following non-limiting
examples and comparative examples. Comparative and
Preparative Example 1 Preparation of cis- 1, 2-bis
(di-tertbutylphosphinomethyl) cyclohexane1. a)
Preparation of cis-(l,2dibromomethyl) cyclohexane The
cis-cyclohexanedimethanol (30.Og, 210mmol) was
partially dissolved in HBr (48%, 55ml, 486mmol) and to
this was added H2SO4 (98%, 88ml, 1618mmol) slowly. The
resultant brown suspension was then heated to 1000C
for five hours. The brown suspension was allowed to
cool to room temperature and diluted with water
(100ml) and diethyl ether (2*200ml). The organic layer
was collected by separation and washed with water
(200ml) and 10% sodium carbonate solution (100ml) and
water (2* 150ml). The organic layer was then dried
over sodium sulphate and filtered. The filtrate was
then dried under vacuum to give brown oil. Yield =
47.Og, 83%. 99% pure by 1H NMR. FW 270.00. 1. b)
Preparation of cis- 1, 2-bis
(di-ft-butylphosphinomethyl) cyclohexane Bu^PH-BH 3
(19.6g, 122mmol) was dissolved in THF (100ml) to this
was slowly added Bu11Li (2.5M in hexanes, 48.9ml,
122mmol). The resultant solution was then stirred at
room temperature for two hours. This was then added to
a solution of cis-(l,2- dibromomethyl)cyclohexane from
example Ia) (15.Og, 55.6mmol) in THF (100ml) dropwise.
The resultant solution was then stirred for four hours
before being stood for 16 hours. The reaction was
quenched with methanol (50ml) and the volume was
removed under vacuum. The resultant orange oily solid
was suspended in diethyl ether (200ml) and to this was
added tetrafluoroboric acid (54% in diethyl ether,
367mmol, 50.5ml). This gave rapid gas evolution and
the solution was heated to reflux for two hours before
being stood for 16 hours open to nitrogen. The solvent
was then removed under vacuum and the residue
suspended in methanol (100ml) and the suspension
stirred for two hours. Some gas evolution was
observed. The methanol was then removed under vacuum,
hi a separate Schlenk flask was added potassium
hydroxide (30.0g, 454mmol), this was dissolved in
water (100ml) and the subsequent solution degassed
with nitrogen for 30 minutes. The KOH solution was
then added dropwise to the phosphine residue. This
gave heat evolution and a white suspension. Pentane
(2* 100ml) was added. The organic extracts were
removed by cannula to a separate Schlenk. The organic
extracts were dried over sodium sulphate and filtered.
The filtrate was then dried under vacuum to give
colourless oil. Yield = 11.8g, 53%. 3 1P ( 1H) NMR: d
= 25 ppm, >95 %pure. Comparative and Preparative
Example 2 Preparation of trans- 1, 2-bis
(i-tertbutylphosphinomethyl) cyclohexane2. a)
Preparation of trans-cyclohexanedimethanol The
trans-l,2-cyclohexanecarboxylic acid (25.Og, 145mmol)
was placed in a schlenk flask and LiAlHLt (IM in THF,
290mmol, 290ml) was added slowly. The resultant
colourless solution was then heated to 75C for sixteen
hours. The solution was then cooled to room
temperature and quenched with water (200ml),
exothermic addition. This gave a large volume of white
solid. The THF layer was collected by filtration and
the white precipitate washed with diethyl ether
(2*200ml). The combined organic extracts were dried
over sodium sulphate and filtered. 



The filtrate was then dried under vacuum to give a
colourless oil. Yield = 16.8g, 81%. 2. b) Preparation
of trans-(l,2dibromomethyl) cyclohexane The diol from
Example 2a (16.8g, 117.6mmol) was diluted with HBr
(48%, 30.8ml, 272mmol) and to this was slowly added
H2SO4 (98%, 49ml, 906mmol). This gave an orange
suspension, this was then heated to 1000C for five
hours to give a dark brown/black liquid. The
suspension was then allowed to cool to room
temperature and was diluted with water (100ml). The
product was extracted into diethyl ether (2*200ml).
The combined organic extracts were washed with water
(2*200ml), 10% sodium carbonate solution (250ml) and
water (250ml). The organic extract was then dried over
sodium sulphate and filtered. The filtrate was then
dried under vacuum to give a brown oil. Yield = 23.Og,
72%. 2. c) Preparation of trans- 1, 2-bis
(di-tenf-butylphosphinomethyl) cyclohexane The
Bu^PH-BH 3 (13.0g, 81.5mmol) was dissolved in THF
(50ml) and n-butyl lithium added (2.5M in hexanes,
32.6ml, 81.5mmol) added. The resultant yellow solution
was then stirred at room temperature for one hour. The
dibromide from example 2.b) (10.0g, 37mmol) was
dissolved in THF (50ml) and the lithium phosphide
solution added dropwise. The resultant solution was
then heated for 30 minutes at 500C. The orange/red
solution was then cooled to room temperature. The
solution was then quenched with methanol (50ml) and
stirred for 30 minutes. The solvent was then removed
under vacuum. The phosphine was then suspended in
diethyl ether (200ml) and HBF4 (54% in diethyl ether,
30.5ml, 222mmol) was added slowly.This gave gas and
heat evolution. The resultant suspension was then
heated to reflux for sixteen hours. The excess solvent
was then removed under vacuum and the residue
suspended in methanol (50ml). The methanol suspension
was then stirred for 30 minutes. The methanol was then
removed under vacuum and a solution of KOH (13g,
231.7mmol) in water (75ml, degassed with nitrogen gas
for 30 minutes) added slowly. This gave heat evolution
and a white suspension. This was then washed with
pentane (2*250ml) and the combined pentane washings
dried over sodium sulphate. The pentane washings were
then transferred by cannula into a clean schlenk flask
and then dried under vacuum. This was extracted into
pentane (50ml) and some insoluble white material was
observed. The pentane soluble material was cannula
transferred into a clean schlenk flask and the solvent
removed under vacuum. This gave a yellow oily solid.
Yield = 5.35g, 36%. 3 1P ( 1H NMR: d = 22.3 ppm, >95
%pure. Comparative and Preparative Example 3
Preparation of (2-exo, 3-exo)-
bicyclo[2.2.1]heptane-2,3-bis(di-tert-butylphosphinome
thyl) 3. a) Preparation of (2-exo,
3-exo)-bicyclo[2.2.1]heptane-2,3-bis(p-toluenesulfonyl
methyl) The equivalent (2-exo-, 3-exo)
bicyclo[2.2.1]heptane dimethanol (commercially
available) (21g, 134.6mmol) was diluted with pyridine
(50ml) and cooled to 00C. To this was added p -
toluene sulfonyl chloride (TsCl, 56.46g, 296mmol) in
pyridine (100ml) over five minutes. The resultant
suspension was allowed to warm to room temperature and
diluted with a further 50ml of pyridine. The
suspension was then stirred at room temperature
overnight. The suspension was then poured into a
beaker containing HCl (concentrated, 100ml) and water
(500ml). This gave a white solid which floated on the
top of the solution. This solid was isolated on a frit
and washed with water (4*250ml). The white solid was
then dried under vacuum. Yield = 24.0g, 41%. 3. b)
Preparation of (2-exo,
3-exo)-bicyclo[2.2.1]heptane-2,3-bis(di-tertbutylphosp
hinomethyl) diboraneThe BuVPH-BH3 (19.2g, 120mmol) was
dissolved in THF (150ml) and n-butyl lithium (2.5M in
hexanes, 52.8ml, 120mmol) added. The resultant yellow
solution was then stirred at room temperature for one
hour. The ditosylate (3a) (24.Og, 54.54mmol) was
suspended in THF (100ml) and the lithium phosphide
solution added dropwise. This gave a grey suspension.
This was stirred for one hour and then stood
overnight. The suspension was quenched with water
(100ml) and the product extracted into diethyl ether
(2*200ml). The combined ether extracts were washed
with water (4*25OmI) and dried over sodium sulphate.
The ether extract was then filtered and dried under
vacuum. This gave a pale yellow solid. Yield = 16.4g,
73%. 3. c) Preparation of (2-exo,
3-exo)-bicyclo[2.2.1]heptane-2,3-bis(di-tertbutylphosp
hinomethyl) The boronated phosphine (3b) (16.4g,
39.8mmol) was dissolved in diethyl ether (200ml, and
HBF4 (54%in diethyl ether, 44ml, 318mmol) added
slowly. This gave gas and heat evolution. The solution
was then heated to reflux for three days. This gave a
large amount of white precipitate formation. The
suspension was then cooled to room temperature and the
ether solution removed by cannula. The residue was
dried under vacuum and then suspended in methanol
(50ml). The methanol suspension was then stirred for
thirty minutes before the methanol was removed under
vacuum. To the residue was added a solution of
potassium hydroxide (1Og, 178.2mmol) in water (100ml,
degassed with nitrogen gas for thirty minutes). This
gave heat evolution and the formation of a white
precipitate. This was washed with pentane (2*250ml).
The combined pentane washings were dried with sodium
sulphate and then transferred into a clean schlenk
flask by cannula. The pentane was then removed under
vacuum to give a white solid. Yield = 8.4g, 51%. 3 1P
(1H) NMR: 5 = 26.4 ppm, >95 % pure. Comparative and
Preparative Example 4 Preparation of (2-endo, 3-endo)-
bicyclo[2.2.1]heptane-2,3-bis(di-tert-butylphosphmomet
hyl) 4. a) Preparation of (2-endo,
3-endo)-bicyclo[2.2.1]heptane-2,3-bis(hydroxymethyl)Th
e equivalent anhydride
(cis-5-Norbornene-endo-2,3-dicarboxylic anhydride)
(22.2g, 133.33mmol) was dissolved in THF (100ml) and
LiAlH4 (IM in THF, 200mmol, 200ml) was added slowly.
The resultant colourless solution was then heated to
7O0C for sixteen hours. The solution was then cooled
to room temperature and quenched with water (100ml),
exothermic addition. This gave a large volume of white
solid. The THF layer was collected by filtration and
the white precipitate washed with diethyl ether (2*
150ml). The combined organic extracts were dried over
sodium sulphate and filtered. The filtrate was then
dried under vacuum to give a colourless oil. Yield =
18.9g, 91%. 4. b) Preparation of (2-endo,
3-endo)-bicyclo[2.2.1]heptane-2,3-bis(p-toluenesulfony
lmethyl) The diol (4a, 18.9g, 120.8mmol) was diluted
with pyridine (100ml) and cooled in a cold water bath.
To this was added p-tohienb sulfonyl chloride (TsCl,
50.7g, 266mmol) in pyridine (100ml) over five minutes.
The resultant suspension was allowed to warm to room
temperature and stirred at room temperature overnight.
The suspension was then poured into a beaker
containing HCl (concentrated, 100ml) and water
(500ml). The organic product was extracted with
diethyl ether (2*200ml). The combined ether extracts
were washed with water (4*250ml) and dried over sodium
sulphate. The ether extract was then filtered and the
filtrate dried under vacuum. This gave a yellow oily
solid. Yield = 23.4g, 48%. 4. c) Preparation of
(2-endo,
3-endo)-bicyclo[2.2.1]heptane-2,3-bis(di-tertbutylphos
phinomethyl) diborane The Bu'2PH.BH3 (18.7g, 117mmol)
was dissolved in THF (100ml) and n-butyl lithium (2.5M
in hexanes, 46.8ml, 117mmol) added. The resultant
yellow solution was then stirred at room temperature
for one hour. The ditosylate (4b) (23 .4g, 53.24mmol)
was dissolved in THF (100ml) and the lithium phosphide
solution added dropwise. This gave a bright yellow
suspension. This was stirred for two hours and then
stood overnight. The suspension was quenched with
water (100ml) and the product extracted into diethyl
ether (2*300ml). The combined ether extracts were
washed with water (5*250ml) and dried over sodium
sulphate. The ether extract was then filtered and
dried under vacuum. This gave a yellow oil. Yield =
13.1g, 60%.4. d) Preparation of (2-endo,
3-endo)-bicyclo[2.2.1]heptane-2,3-bis(di-tertbutylphos
phinomethyl) The boronated phosphine (4.c) (13. Ig,
31.8mmol) was dissolved in diethyl ether (200ml, and
HBF4 (54% in diethyl ether, 35ml, 254mmol) added
slowly. This gave gas and heat evolution. The solution
was then heated to reflux for three days. This gave a
large amount of white precipitate formation. The
suspension was then cooled to room temperature and the
ether solution removed by cannula. The residue was
dried under vacuum and then suspended in methanol
(50ml). The methanol suspension was then stirred for
thirty minutes before the methanol was removed under
vacuum. To the residue was added a solution of
potassium hydroxide (1Og, 178.2mmol) in water (100ml,
degassed with nitrogen gas for thirty minutes). This
gave heat evolution and the formation of a white
precipitate. This was washed with pentane (2*250ml).
The combined pentane washings were dried with sodium
sulphate and then transferred into a clean schlenk
flask by cannula. The pentane was then removed under
vacuum to give a colourless oil. Yield = 3.8g, 29%. 3
1P {H } NMR: d = 24.6, 24.4, 22.4 ppm, >95 % pure.
Preparative Example 5 Preparation of cis-1, 2-bis
(di-tert-butylphosphinomethyl), 4, 5
dimethylcyclohexane 5. a) Preparation cis-1, 2-bis
(hydroxymethyl), 4, 5 dimethylcyclohexane The
anhydride
(4,5-dimethyl-cis-l,2-cyclohexanedicarboxylic
anhydride) (20. Ig, llOmmol) was diluted with THF
(50ml) and cooled to 00C. To this was added LiAlH4 (IM
in THF, 220mmol, 220ml) slowly. This gave gas and heat
evolution. The resultant grey/yellow solution was then
heated to 770C for sixteen hours. The solution was
then cooled to room temperature and quenched with a
solution of HCl (25ml, concentrated) in water (100ml),
exothermic addition. This gave a large volume of white
solid. Diethyl ether (200ml) was then added. The
organic layer was collected by filtration and the
white precipitate washed with diethyl ether(2* 100ml).
The combined organic extracts were dried over sodium
sulphate and filtered. The filtrate was then dried
under vacuum to give a colourless oil. Yield = 15.Og,
79%. 5. b) Preparation of cis-1, 2-bis
(p-toluenesulfonyl-methyl), 4, 5 dimethylcyclohexane
The diol (5a, 15.Og, 87mmol) was placed into a schlenk
flask and cooled to 00C. To this was added />-toluene
sulfonyl chloride (TsCl, 36.6g, 192mmol) in pyridine
(100ml) over five minutes. The resultant suspension
was allowed to warm to room temperature diluted with
pyridine (50ml). The suspension was then stirred at
room temperature overnight. The suspension was then
poured into a beaker containing HCl (concentrated,
100ml) and water (500ml). The organic product was
extracted with diethyl ether (3*400ml). The combined
ether extracts were washed with water (3*600ml) and
dried over sodium sulphate. The ether extract was then
filtered and the filtrate dried under vacuum. This
gave a sticky white/yellow solid. Yield= 18.1g, 43%.
5. c) Preparation of cis-1, 2-bis
(di-tert-butylphosphinomethyl)diborane, 4, 5
dimethylcyclohexane 



The Bu'2PH.BH3 (13.3g, 83mmol) was dissolved in THF
(50ml) and n-butyl lithium (2.5M in hexanes, 33.2ml,
83mmol) added. The resultant yellow solution was then
stirred at room temperature for one hour. The
ditosylate (5b) (18. Ig, 38mmol) was dissolved in THF
(100ml) and the lithium phosphide solution added
dropwise. This gave a bright yellow suspension. This
was stirred for one hour and then stood overnight. The
suspension was quenched with water (100ml) and the
product extracted into diethyl ether (2*250ml). The
combined ether extracts were washed with water
(3*250ml) and dried over sodium sulphate. The ether
extract was then filtered and dried under vacuum. This
gave a colourless oil. Yield = 12.2g, 75%. 5. d)
Preparation of cis-1, 2-bis
(di-tert-butylphosphinomethyl), 4, 5
dimethylcyclohexane The boronated phosphine (5c)
(12.2g, 28.5mmol) was dissolved in diethyl ether
(200ml, and HBF4 (54% in diethyl ether, 31.3ml,
228mmol) added slowly. This gave gas and heat
evolution. The solution was then heated to reflux for
three days. This gave a large amount of white
precipitate formation. The suspension was then cooled
to room temperature and the ether solution removed by
cannula. The residue was dried under vacuum and then
suspended in methanol (50ml). The methanol suspension
was then stirred for thirty minutes before the
methanol was removed under vacuum. To the residue was
added a solution of potassiumhydroxide (1Og,
178.2mmol) in water (100ml, degassed with nitrogen gas
for thirty minutes). This gave heat evolution and the
formation of a white precipitate. This was washed with
pentane (2*250ml). The combined pentane washings were
dried with sodium sulphate and then transferred into a
clean schlenk flask by cannula. The pentane was then
removed under vacuum to give a colourless oil. Yield =
4.2g, 34%. 3 1P ( 1H) NMR: d = 26.9, 25.4, 24.4 ppm,
>95 % pure.Comparative and Preparative Example 6
Preparation of cis-1, 2-bis
(di-tertbutylphosphinomethyl), 3, 6,
diphenylcyclohexane 6. a) Preparation of cis-1, 2-bis
(hydroxymethyl), 3, 6, diphenylcyclohexane The
anhydride
(3,6-diphenyl-cis-l,2-cyclohexanedicarboxylic
anhydride) (22.2g, 133.33mmol) was dissolved in THF
(100ml) and LiAlH4 (IM in THF, 200mmol, 200ml) was
added slowly. The resultant colourless solution was
then heated to 700C for sixteen hours. The solution
was then cooled to room temperature and quenched with
water (100ml), exothermic addition. This gave a large
volume of white solid. The THF layer was collected by
filtration and the white precipitate washed with
diethyl ether (2*150ml). The combined organic extracts
were dried over sodium sulphate and filtered. The
filtrate was then dried under vacuum to give a
colourless oil. Yield = 18.9g, 91%. 6. b) Preparation
of cis-1, 2-bis (p-toluenesulfonyl-methyl), 3, 6,
diphenylcyclohexane The diol (7a)(l 8.9g, 120.8mmol)
was diluted with pyridine (100ml) and cooled in a cold
water bath. To this was added p-toluene sulfonyl
chloride (TsCl, 50.7g, 266mmol) in pyridine (100ml)
over five minutes. The resultant suspension was
allowed to warm to room temperature and stirred at
room temperature overnight. The suspension was then
poured into a beaker containing HCl (concentrated,
100ml) and water (500ml). The organic product was
extractedwith diethyl ether (2*200ml). The combined
ether extracts were washed with water (4*250ml) and
dried over sodium sulphate. The ether extract was then
filtered and the filtrate dried under vacuum. This
gave a yellow oily solid. Yield = 23.4g, 48%. 6. c)
Preparation of cis-1, 2-bis
(di-tert-butylphosphinomethyl)diborane, 3, 6,
diphenylcyclohexane The Bu^PH-BH3 (18.7g, 117mmol) was
dissolved in THF (100ml) and n-butyl lithium (2.5M in
hexanes. 46.8ml, 117mmol) added. The resultant yellow
solution was then stirred at room temperature for one
hour. The ditosylate (7b) (23 Ag, 53.24mmol) was
dissolved in THF (100ml) and the lithium phosphide
solution added dropwise. This gave a bright yellow
suspension. This was stirred for two hours and then
stood overnight. The suspension was quenched with
water (100ml) and the product extracted into diethyl
ether (2*300ml). The combined ether extracts were
washed with water (5*250ml) and dried over sodium
sulphate. The ether extract was then filtered and
dried under vacuum. This gave a yellow oil. Yield =
5.7g, 9%. 6. d) Preparation of cis-1, 2-bis
(di-tert-butylphosphinomethyl), 3, 6,
diphenylcyclohexane The boronated phosphine (7. c)
(5.7g, lOJmmol) was dissolved in diethyl ether (200ml,
and HBF4 (54% in diethyl ether, 11.4ml, 82.6mmol)
added slowly. This gave gas and heat evolution. The
solution was then heated to reflux (52C) for sixteen
hours. This gave a large amount of white precipitate
formation. The suspension was then cooled to room
temperature and the ether solution removed by cannula.
The residue was dried under vacuum and then suspended
in methanol (50ml). The methanol suspension was then
stirred for thirty minutes before the methanol was
removed under vacuum. To the residue was added a
solution of potassium hydroxide (5g, 89.1mmol) in
water (100ml, degassed with nitrogen gas for thirty
minutes). This gave heat evolution and the formation
of a white precipitate. This was washed with pentane
(2*250ml). The combined pentane washings were dried
with sodium sulphate and then transferred into a clean
schlenk flask by cannula. The pentane was then removed
under vacuum to give a pale yellow oil. Yield = 0.9g,
. 3 1P {1H} NMR: d = 22.3 ppm, >90 %
pure.Carbonylation Experimental procedure - Example 1
and Comparative Example 1-5 Reaction solutions where
prepared using standard Schlenk line techniques. Using
a nitrogen purge glove box, 134.4 mg (0.000598 moles)
OfPd(OAc) and 3 equivalents of ligand where weighed
into a 500ml round bottom flask. The flask was then
transferred onto a Schlenk line. The palladium and
ligand was then dissolved in 180 ml degassed methyl
propionate, followed by 120ml of degassed methanol.
This gave an overall solvent composition of 63.4 %
methyl propionate and 36.6% methanol. Finally lOOml
(2.5 equivalents) of methane sulfonic acid was added
to the mixture completing the preparation of the
reaction solution, which was then sampled for GC
analysis. The reaction solution was weighed and then
charged to the pre-evacuated 2 litre autoclave, which
was then pressured in sequence first with 5 bar of
hydrogen, 20 bar of ethene and then 40 bar of carbon
monoxide. The autoclave was then sealed. This gave an
overall pressure of approximately 65 bars. Next the
autoclave stirrer drive was switched on, resulting in
a drop in the overall pressure, due to the dissolving
of gas into solution. This lower pressure was
recorded. The autoclave was then heated to 100C,
resulting in a rise in pressure. A pressure reading
was taken at 1000C. The reaction was then allowed to
proceed for 3 hours, resulting in a drop in overall
pressure, as gas from the headspace was converted to
methoxycarbonylation products. After the 3hour
reaction period, the pressure of the vessel was again
recorded. The reactor was then cooled. When the
temperature of the reactor had returned to the
original ambient temperature, a final pressure reading
was taken. Next the autoclave was vented and
discharged, with the products weighed and sampled for
GC. A portion of the reaction solution was also
collected for visual inspection. In all 4 pressure
readings where recorded:- 1) The pressure of the
autoclave before the reaction at ambient temperature
2) The pressure of the autoclave at the 100C reaction
temperature 3) The pressure of the autoclave at 1000C
after the reaction period 4) The pressure of the
autoclave at ambient temperature, after coolingTaking
pressure readings in this way, allows gas uptake both
at ambient and reaction temperature, to be calculated.
Table 1 Methoxycarbonylation ConditionsTable 2 -
Results for cycloalkyl ligands Ligand -4 O c
cFUNCTIONAL FLUID AND A PROCESS FOR THE PREPARATION O
F THE FUNCTIONAL FLUID The present invention relates
to a functional fluid and particularly to a functional
fluid for use in, for example, the treatment and
removal of acids, sour components (e.g. H2S), and CO2,
CO, NOx and SOx gases from fluid streams (e.g. a
hydrocarbon based fluid stream) or post combusted
fuels or gases. The invention also relates to a
process for the preparation of the functional fluid.
BACKGROUND OF THE INVENTION In the extraction,
processing and refining, storage and combustion of
hydrocarbon and carbon based compositions (e.g. crude
oil, synthetic crudes, natural gas, coal and coke)
significant quantities of toxic substances are
encountered and/or produced. These substances include,
for example, hydrogen sulphide gas, mercaptans, SOx
gases (e.g SO2 and SO3) and NOx gases (e.g NO, NO2 and
N2O). Hydrogen sulphide and mercaptans are often
extracted with crude oil. Carbon dioxide, carbon
monoxide and SOx gases can be produced during crude
oil processing and refining. NOx gases can be produced
upon combustion of hydrocarbon based fuels.
Furthermore, post combustion fumes from coal fired
power stations, coking plants and steel production
plants generally contain one or more of these gases.
There is therefore a continuing need for the
development of compositions and processes which permit
the removal of these gases from hydrocarbon based
streams, chimneys and exhausts. H2S scavenging
compounds typically comprise amine adducts and the
preparatory methods thereof often require the use of
complex reaction protocols and environmentally toxic
reaction materials. For example, GB 2409859 describes
an oilsoluble sulfur scavenger including substantially
monomeric aldehyde-amine adducts from the reaction of
at least one sterically hindered primary or secondary
amine and a molar excess of at least one aldehyde, or
a donor thereof. US Patent Application No.
2005/0214199 describes a large surface area manganese
oxide compound used for removing pollutants such as
NOx , SOx , and CO by adsorption and oxidation. The
manganese oxide is prepared by the reaction of
abivalent manganese salt with alkali metal
permanganate and hydroxide solutions in the presence
of ion-exchanged water under specific reaction
conditions. Removal rates of up to 35% are reported
with respect to carbon monoxide. 



Thus, there is a need for further compositions for use
in the removal of toxic substances. There is also a
need for compositions which can be prepared via
relatively straight forward and economical reaction
protocols. There is also a need for the preparation
and isolation of compositions which have
multifunctional use in a number of applications, such
as those described above. SUMMARY OF THE INVENTION
According to a first aspect of the present invention
there is provided a process for the preparation of a
functional fluid comprising reacting silicon, alkali
metal hydroxide and a solution comprising water and
chlorine in a reaction vessel at a temperature no
greater than about 2000F (930C). Optional features of
the first aspect of the invention are the subject of
the dependent claims. Thus, the process provides for
the preparation and isolation of a new functional
fluid via an economical and relatively straightforward
process. The functional fluid has been found to have
utility in a number of applications as an electron
donor, reducing agent or antioxidant. Advantageously,
the process provides a scavenging functional fluid
without the need to include expensive organic
chemicals which can result in the formation of
reaction by-products. Such by-products can be
difficult and expensive to dispose of, due to
environmental concerns. A further advantage is that
the functional fluid can be prepared under atmospheric
or pressured conditions. According to a second aspect
of the invention there is provided a functional fluid
having a specific gravity of about 1.25 to 5, and a pH
of from about 9 to about 13, obtainable by the process
of the first aspect of the invention. Another
advantage of the invention lies in the preparation and
isolation of a functional fluid, which has
multifunctional use. For example, in the oil and gas
productionindustry the functional fluid can be used as
an H2S scavenger in crude oil pumping pipes and as a
corrosion inhibitor in the pipes. The fluid can
further be used in the treatment of CO2 and NO2 which
is produced during refining of the crude oil, and/or
upon combustion of the crude product. The functional
fluid of the second aspect of the invention may be
used as a CO, CO2 or H2S scavenger. The functional
fluid may be used as a H2S scavenger in wet oil and
gas production systems. The functional fluid may be
used in the treatment of NOc (e.g. NO and NO2) and SOc
(e.g. SO2 and SO3) gases. The functional fluid may be
used in sour gas treatment systems. The functional
fluid may be used as a corrosion inhibitor. The
functional fluid may be used as a pacifier of carbon
steel in order to reduce corrosion rates associated
with acid gases. The functional fluid may be used as
an antifoaming agent. The functional fluid may be used
in the removal of contaminants from waste water or
boiler feed water. The functional fluid may be used as
a store for hydrogen gas. In accordance with a third
aspect of the invention, there is provided a process
for the desulfurisation of a gaseous hydrocarbon
feedstock comprising: (i) contacting the gaseous
hydrocarbon feedstock with a functional fluid as
specified in the first and second embodiments under
conditions suitable to form a sulfur-enriched
functional fluid; and(ii) recovering a desulfurised
gaseous hydrocarbon feedstock from the sulfurenriched
functional fluid. The process of the third aspect of
the invention may optionally further comprise, the
steps of: (iii) contacting the sulfur-enriched
functional fluid with a flocculating agent under
conditions sufficient to allow precipitation of sulfur
from the sulfurenriched functional fluid; and (iv)
separating the precipitated sulfur from the fluid to
recover a functional fluid as specified in the first
or second aspect of the invention. In accordance with
a fourth aspect of the invention, there is provided a
process for the removal of CO2 from a gaseous
hydrocarbon feedstock, having a CO2 component,
comprising the steps of: (i) contacting the functional
fluid and the gaseous hydrocarbon feedstock under
conditions sufficient to dissolve the CO2 in the
functional fluid; (ii) separating the gaseous
hydrocarbon feedstock from the functional fluid; and
(iii) depressurising the functional fluid to cause the
evolution of CO2 gas from the functional fluid. BRIEF
DESCRIPTION OF THE DRAWINGS For a better understanding
of the present invention, and to show more clearly how
it may be carried into effect, reference will now be
made, by way of example, to the following drawings, in
which: Figure 1 is a schematic representation of an
atmospheric process for the manufacture of the
functional fluid of the invention; Figure 2 is a
schematic representation of an above or below
atmospheric pressure closed system for the manufacture
of functional fluid of the invention; Figure 3 is a
schematic representation of a process for the removal
of H2S from a methane gas feed;Figure 4 is a schematic
representation of an example of a desulfurisation
process applied to an existing desulfurisation process
as a retrofit; and Figure 5 is a schematic
representation of a process for the removal of CO2
from a methane gas feed. DETAILED DESCRIPTION OF THE
INVENTION The functional fluid is formed by the
reaction of an alkali metal or derivative thereof and
silicon. The reactants used in the reaction process
will first be described. Silicon Silicon used in the
process of the invention can be elemental silicon, or
silicon metal. Silicon metal exits in a number of
purity grades. Examples of silicon metal which can be
used in the process are silicon metal grade 551 (98.5%
Si, 0.5% Fe maximum content, 0.10 % Ca maximum
content), silicon metal grade 553 (98.5% Si, 0.5% Fe
maximum content, 0.30 % Ca maximum content), silicon
metal grade 441 (99% Si, 0.5% Fe maximum content, 0.10
% Ca maximum content), silicon metal grade 442 (99%
Si, 0.4% Fe maximum content, 0.20 % Ca maximum
content), silicon metal grade 4406 (99.3% Si, 0.4% Fe
maximum content, 0.06 % Ca maximum content), silicon
metal grade 4403 (98.5% Si, 0.4% Fe maximum content,
0.03 % Ca maximum content), silicon metal grade 331
(99.3% Si, 0.3% Fe maximum content, 0.10 % Ca maximum
content), silicon metal grade 3305 (99.4% Si, 0.3% Fe
maximum content, 0.05 % Ca maximum content), silicon
metal grade 3303 (99.4% Si, 0.3% Fe maximum content,
0.03 % Ca maximum content), silicon metal grade 2204
(99.5% Si, 0.2% Fe maximum content, 0.04 % Ca maximum
content), silicon metal grade 2202 (99.5% Si, 0.2% Fe
maximum content, 0.02 % Ca maximum content) or silicon
metal grade 1501 (99.5% Si, 0.15% Fe maximum content,
0.01 % Ca maximum content). Silicon metal grade 441 is
the preferred grade of silicon metal used in the
process for preparing the functional fluid of the
invention.The silicon or silicon metal can comprise a
range of particle sizes. These particles can be in the
form of large chunks or ingots (e.g. having a mean
diameter up to about 150 mm), or in powder form. In
one embodiment, the silicon or silicon metal comprises
particles with a mean particle diameter of between
about 1 mm and about 150 mm. In another embodiment,
the silicon or silicon metal comprises particles with
a mean particle diameter of between about 24 mm and
150 mm. In a further embodiment, the mean particle
diameter is greater than about 10mm, such as greater
than 100mm, for example greater than 500mm. The mean
particle diameter may also be less than 10mm, for
example less than 5 mm, such as less than 2 mm or less
than 1mm. Where the particles are non-spherical, the
term "diameter" refers to the largest dimension of the
particle. Some individual particles may have a
diameter outside the specified values. However,
preferably at least 50%, for example at least 95%,
such as 99% of the particles have a diameter within
the specified values. In an embodiment, substantially
all of the particles have a diameter within the
specified range. Alkali metal hydroxide The alkali
metal hydroxide used in the process can comprise
lithium hydroxide, sodium hydroxide or potassium
hydroxide. In one embodiment sodium hydroxide is used.
Combinations of lithium hydroxide, sodium hydroxide
and potassium hydroxide can also be used in the
process. The alkali metal hydroxide (e.g. sodium
hydroxide) can be used in solid form or in the form of
a prepared aqueous solution of the alkali metal
hydroxide. In solid form the alkali metal hydroxide
can be in the form of flakes, pellets or powder.
Alternatively, the alkali metal hydroxide can be
replaced by other alkali and alkaline earth metal
hydroxide such as rubidium hydroxide, beryllium
hydroxide, magnesium hydroxide, calcium hydroxide,
strontium hydroxide or barium hydroxide.Water and
chlorine solution The water and chlorine solution used
in the process comprises water, preferably distilled
water, and a source of chlorine. The chlorine source
may be chlorine gas which is then dissolved in water.
In a preferred embodiment, the chlorine source is
liquid chlorine, also known as 



sodium hypochlorite (NaOCI). The water (preferably
distilled) and liquid chlorine are combined in a ratio
of between about 10:1 to about 30:1 by volume
(watepliquid chlorine), for example between about 15:1
and about 25: 1. In one embodiment, the ratio of water
to chlorine is about 20:1. The water and liquid
chlorine can be combined prior to addition to the
reaction vessel comprising the silicon and alkali
metal hydroxide, or the water and chlorine can be
added separately, in situ. The process and resultant
functional fluid As discussed below, the duration of
the process of the first aspect of the invention will
depend on factors such as reaction temperature and
reactant particle size (due to the effect of particle
size on the surface area considerations). The duration
of the reaction will be shorter when smaller particles
are used and longer when larger particles are used. In
most embodiments, the reaction duration will be longer
than about an hour, for example longer than about 3
hours such as longer than about 6 hours. The reaction
duration may also be less than about 3 days for
example less than about 2 days such as less than about
1 day or less than about 12 hours. Since the reaction
is exothermic, control of the reactant particle size
provides a means of controlling to some extent the
rate of reaction and hence the degree to which the
reaction vessel requires cooling during the process of
the first aspect. The reaction vessel is maintained at
a temperature below about 930C. Subject to this
constraint, in some embodiments, the reaction
temperature may be maintained at atemperature of
greater than about 6O0C, for example greater than
about 7O0C. In an embodiment, the reaction temperature
is maintained at a value of about 8O0C. The following
discussion is limited to a process comprising silicon
metal grade 441 and sodium hydroxide, by way of
example. References to Figure 1 and 2 of the drawings
are also included to assist in the understanding of
the process of the invention. However, these are
non-limiting, and the skilled person will be aware
that the following discussion will be typical for a
number of alternative systems as described above.
Typically, silicon metal grade 441 and alkali metal
hydroxide are combined in a reactor vessel. Figure 1
shows an atmospheric batch process for the manufacture
of the functional fluid of the invention. An open
reactor 1, preferably manufactured from stainless
steel, is loaded with silicon (silicon metal grade
441) 2 of a size distribution in the range of 24mm to
150mm mean diameter. The silicon 2 is loaded to a
height equivalent to 30% of the reactor's volume
including the voidage of the silicon particles 2.
Sodium hydroxide 3 (in flake form) is added to the
silicon 2 in reactor 1, to a level approximately
equivalent to the voidage available in the silicon 2,
such that the level of solids in the reactor is
substantially unchanged. This is achieved by
thoroughly mixing the silicon 2 and the sodium
hydroxide 3. The amount of silicon to sodium hydroxide
is typically about 1:1 by volume. It will be clear to
the skilled person that the size of the silicon
particles used will affect the rate of reaction (i.e.
upon addition of the water-chlorine solution)
depending on the surface area of the silicon
particles. Distilled water 4 is dosed with liquid
chlorine 5, for example in a ratio of water to liquid
chlorine of about 20:1 by volume, prior to introducing
the same into reactor 1, and the reaction between the
components begins. The water-chlorine solution is
added to a level (level 6 in Figure 1) at least equal
to or greater than the level of the silicon/sodium
hydroxide mix, such that the silicon/sodium hydroxide
is completely immersed in water-chlorine solution.
Typically, there will be a time lag before any
noticeable reaction occurs. This time lag will depend
on the amount of reactants used (i.e. the volume ratio
of the silicon tosodium hydroxide), and the particle
size of the silicon 2 and sodium hydroxide 3. The
resulting exothermic reaction begins to effervesce
with the release of hydrogen gas 7 and steam 8.
Therefore, suitable safety measures are to be
employed. The reaction temperature is maintained such
that it does not exceed about 2000F (930C), and is
preferably maintained below about 1750F (8O0C). The
temperature of the reaction is maintained using an
external heating/cooling means 10, for example, by the
use of a heating/cooling jacket. Additional water
and/or water-chlorine solution is added as the
reaction proceeds to maintain the level of the
solution above the silicon/sodium hydroxide (i.e. to
match the losses attributable to the hydrogen gas and
steam losses). Under the conditions described above,
the reaction typically takes up to six hours, after
which the degree of effervescence starts to diminish,
and the resultant functional fluid is ready for
decanting through outlet 9 via a suitable filtration
medium to remove any unwanted particulate, which may
continue to react. The finished chemical is then
stored in sealed drums ready for utilisation. Figure 2
shows an example of a closed or pressurised system
apparatus, which can be operated at above or below
atmospheric pressure. A hopper 33 is loaded with the
same quantities and qualities as described for Fig 1,
of silicon 2 1 and sodium hydroxide 20, for a given
batch size. However it has been found in practice that
in a closed system, such as that shown in Fig 2,
silicon of a considerably smaller particle size
distribution as low as 1mm can be used, thus enabling
the surface area of silicon available for contact to
be increased substantially. This, together with the
ability to control the pressure within the vessel by a
pressure control means 29 allows the reaction to be
more controlled, and hence reduces the time required
for reaction of the silicon to produce the required
chemical. The silicon 2 1 and the sodium hydroxide 20,
are fed from the hopper 33, controlled by a valve
means 28, into the reaction pressure vessel 27. The
valve means 28 then closes, and a pump 24 starts,
which is fed by a water 23 and chlorine 22 mixture.
This mixture reports via valve means 25 to a vortex
generator 31, situated within the pressure vessel 27.
The reaction then begins and is further accelerated by
the constant inter-mixing of the particles 20 and 2 1
and liquid 22 and 23, by the centrifugal forces within
the vortex.The hydrogen gas and steam generated by
this reaction are collected in the upper portion of
pressure vessel 27, and the pressure inside the
pressure vessel 27, is controlled to the required set
point by a pressure sensor, controller and a pressure
control valve 29. The gases removed from the pressure
vessel 27 can be routed to a flame arrestor 30, and or
a scrubber/condenser 37, which in turn, if required,
can re route the hydrogen back into the pressure
reactor 27 without the associated water vapour caused
by the reaction. Thus the hydrogen can be reabsorbed
to further enrich the chemical, or if not required can
be stored or led to a disposal flare. It is a further
requirement of the process, that the liquid level in
the pressure reactor 27 stays within required level
limits. Therefore the level indicator 26 has the
ability to run the pump 24 and to actuate valve means
25 to add makeup water as required. When pump 24 is
not in operation and it is required to maintain the
vortex within pressure reactor 27, then a pump 40
starts and re-circulates the chemical product through
the vortex generator 3 1 as required to keep the
solids 20 and 2 1 in suspension. A cooling jacket 4 1
can be fed with a cooling medium in order to regulate
the process temperature to within the required limits
by interaction with the temperature controller 32. If
required, a vacuum may be employed on the vapour
outlet 29, which in some conditions will enhance the
production of chemical. When the chemical reaction is
complete, the pump 40 stops and valve means 39 closes.
The valve means 34 opens and the product chemical
reports to the filter 35, and on to storage vessel 36.
The role of the liquid chlorine in the reaction is not
fully understood, but without wishing to be bound by
theory it is believed that the chlorine acts as an
electron sink to the reaction. If liquid chlorine is
not used, then sodium silicate salts will form instead
of the functional fluid. If an aqueous sodium
hydroxide solution is used, then the time lag will be
much shorter due to the presence of liquid water prior
to the addition of the water-chlorine solution. In
these circumstances, the liquid chlorine should be
added prior to effervescence to minimise silicate
formation. The functional fluid prepared by the
reaction described above is a typically clear and
transparent, viscous liquid having a specific gravity
of about 1.25 to 5, for example about 5, and a pH in
the range of from about 9 to about 13, for example
from about 9to about 12. The functional fluid,
however, can sometimes appear translucent. The
functional fluid may be used as prepared, or can be
used in a diluted form; for example, the functional
fluid may be diluted to a specific gravity of about
1.25 prior to use. Characterisation of functional
fluid of the invention The precise composition and
form of the functional fluid is not fully understood,
but it is believed that silicon and alkali metal ions
form a water soluble monomeric inorganic complex upon
reaction with the water chloride solution. It is not
clear if the chlorine, probably present as chloride
ions, forms part of the inorganic complex. The
resulting functional fluid comprising the
silicon-alkali metal complex is found to be electron
rich (possibly comprising free electrons), and readily
acts as a reducing agent in the presence of other
chemicals with the conversion of these chemicals to
water soluble salts, or even elemental compounds. For
example, upon reaction between the functional fluid
and H2S, elemental sulfur can be formed. Thus, the
functional fluid of the present invention has the
ability to selectively remove targeted contaminates
from any carbon based fluid stream. Utility of the
functional fluids of the present invention The
functional fluid of the invention has utility in a
number of applications, for example: 



as a CO2 Scavenger  as a H2S Scavenger  in the
treatment of NOx (e.g. NO and NO2) & SOx (e.g. SO2 and
SO3) gases  as a Corrosion inhibitor  in the
enhancement of existing sour gas treatment systems
such as Amine plants  in the removal of contaminates
from water e.g. pre-treatment of boiler feed water and
waste water treatment for Volatile Organic Compounds
(VOC) and Methyl Tertiary Butyl Ether (MTBE)
anddestruction of many forms of bacteria such as feta
coli forms, Cryptosporidium and legionnaires
rejection of Hydrocarbons from oil wetted solids, for
example, in tight rock formations through which oil is
flowing, the functional fluid wets the production zone
and is attracted to the rock formation, thus forcing
the oil off the rock, reducing drag and improving oil
flow  in the removal of all types of sulphur
containing substances, in particular carbonyl sulphide
(COS) which is know to hydrolyse with water to form
H2S, S, and CO2  as an anti foaming agent  as a flame
retardant  as an antioxidant corrosion inhibitor, for
example, when the chemical is injected into a pipeline
or vessel made from carbon steel, it has the ability
to protect the pipeline or vessel from corrosion  as a
medicament or in the manufacture of a medicament, for
example, for the treatment of an insect bite, a virus
and/or blood condition. Process for desulfurisation of
gaseous hydrocarbon feedstocks In the third aspect of
the invention, the gaseous hydrocarbon feedstock
(which may be, for example, natural methane gas) may
be contacted with the functional fluid of the
invention using any suitable apparatus known in the
art for that purpose. For example, an inline
mixer/contactor or a counter current flow stripping
tower may be used. By contrast with prior art
desulfurisation units such as amine systems, the
process of the third aspect does not require boilers,
heaters, acid stripping or re-injection process units.
The process of the third aspect may therefore be
carried out at ambient temperature, for example
greater than about 50C, such as greater than 100C or
greater than about 150C. The process temperature may
be less than about 6O0C, for example less than about
4O0C, such as less than 3O0C. This process is
thereforeparticularly useful in e.g. pretreating
natural methane gas prior to processing in Liquified
Natural Gas (LNG) plants offshore, where close
proximity of heat sources to the cryogenic units and
cool boxes would present a hazardous operation. The
process of the third aspect of the invention may
optionally further comprise, the steps of: (iii)
contacting the sulfur-enriched functional fluid with a
flocculating agent under conditions sufficient to
allow precipitation of sulfur from the sulfur-enriched
functional fluid; and (iv) separating the precipitated
sulfur from the fluid to recover the functional fluid
of the first or second aspect of the invention. The
flocculating agent may be any known flocculating agent
capable of inducing sulfur precipitation in the
alkaline environment of the functional fluid. For
example, the flocculating agent may be an alkali metal
halide, preferable sodium chloride. The precipitated
sulfur may be separated by any suitable separation
process. For example a plate filter press may be used.
Use of a plate filter press has been found to give a
reasonably dry solid suitable for skip disposal from
site. Tests to date have shown that the solids
generated by this process are suitable for land
farming and result in minimal environmental impact.
The process in accordance with the third aspect of the
invention has been found to be capable of reducing the
level of hydrogen sulphide in natural methane gas from
a level in the region of 10,000 ppm to a level of less
than 1 ppm. The process may further comprise the step
of recycling the recovered functional fluid for use in
step (i) of the third aspect of the invention. Prior
to recycling, the pH of the recovered functional fluid
may be modified to be greater than about 12, for
example to a pH of about 13. This may be achieved by
adding an alkali metal hydroxide, for example sodium
hydroxide.The gaseous hydrocarbon feedstock may be any
gaseous hydrocarbon feedstock but would most typically
be a feedstock comprising predominantly methane such
as natural gas. The third aspect of the invention will
now be illustrated by reference to a process for the
removal of H2S from a methane feedstock. References to
Figures 3 and 4 of the drawings are also included to
assist in the understanding of the process of the
invention. However, these are non-limiting, and the
skilled person will be aware that the following
discussion will be typical for a number of alternative
systems as described above. Fig 3 shows a three stage
process exemplifying the third aspect of the
invention. The gas to be treated is fed to the stage
one contactor in which the functional fluid
(designated MonoChem) and the sour gas are caused to
contact each other. The functional fluid strips out
the H2S and rejects the methane gas. The on spec
sweetened gas then exits the stage one contactor and
is directed towards either a tertiary polishing system
or, if the gas condition is acceptable, to an export
gas pipeline for use. The functional fluid enriched
with H2S from the stage one contactor is then
directed, under level control in the case of a
contacting tower, to stage two, to a secondary smaller
mixer/contactor, with enough residence time to act as
a development tank. Flocculent is added to the
MonoChem stream on the inlet to this tank to allow the
sulfur to flocculate and develop as a solid. The
liquid and solids mixture from stage two, is then
directed towards stage three, which can be any form of
liquids/solids filtration or clarification. In
practice, a plate filter press has proven to be
adequate for this purpose, giving a reasonably dry
solid suitable for skip disposal from site. Tests to
date have shown that the solids generated by this
process are suitable for land farming with minimal
environmental concerns. The liquid filtrate from stage
three is recycled to stage one, for reuse in the
process. Depending on the pH of the recycled
functional fluid and its specific gravity, a
pHcorrection chemical may be added to maintain the pH
of the functional fluid at about 13. In Fig 3 the
functional fluid of the invention is re-circulated in
the system at a flowrate determined by the amount of
H2S to be removed from the gas stream. In one example
10 US gallons per minute (37.85 litres per minute)
(was sufficient to remove up to 10,000 ppm of H2S from
700,000 standard cubic feet per day (SCFD) (19,822
cubic metres per day) of natural gas. The above
mentioned process has also proved to be of use in
removing CO2. The CO2 can be witnessed flashing off to
a gas phase again once the MonoChem pressure is
dropped. To date, CO2 levels of up to 10,000 ppm
together with 10,000 ppm of H2S in a methane gas
stream have been removed simultaneously. The retrofit
application of the process of the third aspect In
practice, existing gas treatment process plants, such
as Amine and Glaus units can be a bottleneck in
systems where the inlet conditions have changed for
whatever reason, for example:  Volume of gas increases
Pressure drops  Volume of H2S increases  Variations in
Inlet Temperature Changes of this type, to the inlet
of Amine systems can upset the operation and require
system changes, which in most cases set up and cause
chain reactions in plant operation leading to major
upsets. Due to the simplicity of the MonoChem
functional fluid system it is now possible to offer a
process stage to be applied upstream of existing gas
sweetening plants to effectively debottleneck the
process, or to substantially reduce maintenance cost
where the existing system is of the absorption type,
which requires spent material to be removed and
replaced. Fig 4 shows such a system.In Fig 4, a
functional fluid compact contactor system is
positioned in front of an existing gas treatment
plant. The functional fluid compact contactor can
optionally be bypassed or can be used to treat a
proportion of the total flow of gas to be treated. The
proportion of gas treated can be sufficiently large
such that when re-combined with the untreated gas, the
resultant ppm of H2S left in the system is manageable
by the existing gas treatment plant. In Figure 4,
several inline mixer/contactors are used in series
with each unit having MonoChem injected into it. Each
unit is capable of removing up to 50% of the bulk H2S
in the gas inlet as described in Table 1 below. This
is an example illustrating the process. The removal
efficiency of each stage is dependant on factors such
as the 



condition of the functional fluid at each stage and
the levels of contaminate present in the feed at that
stage: Table 1 Generally, it can be said that the more
units that are employed, then the better the H2S
removal will be, although there will be a point at
which the benefit gained from extra units is minimal.
The retrofit system is normally designed to achieve an
overall removal level of up to 95% leaving the final
H2S to be removed in the existing equipment. Such a
retrofit system offers several advantages to the
process plant operators, such as: By use of hot
tapping into the existing plants inlet piping, the
modifications need not necessarily cause a plant shut
down. If required the existing Amine tower can be
converted quickly to a system using MonoChem with the
MonoChem reporting to the development tank and filter
units used to recover the MonoChem from the pipeline
contactors.In this way, the Amine plants downstream
units are rendered redundant, thus substantially
reducing emissions from the site. No liquid acid is
formed thus there is no need to remove a liquid acid
from site. - The possibility of conversion of sulphur
solids into fertiliser, for commercial use. Selective
removal of CO? from a gaseous hydrocarbon feedstock
comprising CO? and sulphur components In accordance
with a fourth aspect of the invention, there is
provided a process for the removal of CO2 from a
gaseous hydrocarbon feedstock, having a CO2 component,
comprising the steps of: (i) contacting the functional
fluid and the gaseous hydrocarbon feedstock under
conditions sufficient to dissolve the CO2 in the
functional fluid; (ii) separating the gaseous
hydrocarbon feedstock from the functional fluid; and
(iii) depressurising the functional fluid to cause the
evolution of CO2 gas from the functional fluid. In
this aspect of the invention, the gaseous hydrocarbon
feedstock (which may be, for example, natural methane
gas) may be contacted with the functional fluid of the
invention using any suitable apparatus known in the
art for that purpose. For example, an inline
mixer/contactor or a counter current flow stripping
tower may be used. The pressure at which the
functional fluid and gaseous hydrocarbon feedstock are
contacted will depend on the degree of CO2 removal
from the feedstock required. Under conditions of
higher pressure, more CO2 will dissolve in the
functional fluid. Typically, the pressure of the
system will be greater than 1 atm, for example greater
than 5 atm such as greater than 10 atm. The pressure
may also typically be less than 30 atm, for example
less than 20 atm.In an alternative embodiment, the
functional fluid and gaseous hydrocarbon feedstock may
be contacted under conditions of ambient or even below
ambient pressure, provided that, following step (ii)
above (the separation of the gaseous hydrocarbon
feedstock from the functional fluid), the pressure is
further lowered to cause evolution of CO2 from the
functional fluid. The solubility of CO2 in the
functional fluid is believed to be inversely
proportional to the fluid temperature. Therefore, in
order to increase the solubility of CO2 in the
functional fluid, the functional fluid may be provided
at a reduced temperature. The fluid may in principle
be provided at any temperature above its freezing
point, with the highest CO2 solubility being exhibited
at the lowest temperatures. However, there is an
economic consideration associated with cooling the
functional fluid and so in some embodiments, the fluid
will be provided at higher temperatures. In some
embodiments, the fluid is provided at a temperature of
below about 5O0C, for example below about 4O0C or
below about 3O0C. The fluid may also be provided at a
temperature below about 2O0C for example below about
1O0C. In a preferred embodiment, the fluid is provided
at a temperature below about 50C, such as in the range
from about 1-30C, for example about 20C. The process
may further comprise the step of liquefying the
separated CO2 gas obtained in step (iii) of the
process. This process is therefore advantageous in
that it allows the collection of CO2 for commercial
applications, not least to prevent it escaping to the
environment. Liquidised CO2 has a well advanced market
in the following areas: (a) Downhole fractionation
(CO2 fracs). (b) Secondary or Enhanced Oil Recovery
(EOR) formation flooding. (c) PLM and NGL treatment
for stranded gas. (d) Many other Commercial and
Industrial uses of CO2. In an alternative embodiment,
which is presently less preferred, following
dissolution of the CO2 in the functional fluid it is
possible to break the bond between the CO2 and the
functional fluid and filter out the carbon content as
a solid, typically bicarbonate of soda, with O2 being
released into the system. In this embodiment, the
functional fluid is sacrificed as a scavenger and so
results in depletion of the functional fluid.In an
embodiment of the fourth aspect of the invention, the
hydrocarbon feed comprises sulfur-containing compounds
(such as H2S) in addition to the CO2 component
specified. It has surprisingly been found that by
providing the functional fluid at a reduced
temperature, it is possible to selectively separate
CO2 from the hydrocarbon feedstock, without removal of
the H2S component. In this embodiment of the
invention, the functional fluid may be provided at a
temperature below about 50C, preferably in the range
from about 1-30C, for example at a temperature of
about 20C. The process may also further comprise the
removal of the sulfur compounds of the separated
gaseous feedstock using the process of the third
aspect of the invention. The fourth aspect of the
invention will now be illustrated by reference to a
process for the removal of CO2 from a methane
feedstock containing CO2 and H2S. Reference to Figure
5 of the drawings is included to assist in the
understanding of the process of the invention.
However, reference to this figure is non-limiting, and
the skilled person will be aware that the following
discussion will be typical for a number of alternative
systems as described above. Fig 5 below shows a
typical system for use when CO2 and H2S coexist in a
methane gas stream and it is required that CO2 be
selectively removed for the gas stream. For the
removal of CO2from a natural methane gas stream,
pressurised methane gas and associated CO2 is directed
into contactor T101 where a stream of the functional
fluid of the invention (M), at a temperature around 1
to 2C, is distributed above typically a random packing
inside a counter-current stripping tower. The gas
contacts the functional fluid, where the CO2
associated with the gas preferentially dissolves in
the functional fluid. The functional fluid rejects the
methane gas which then exits the contactor. A level
control valve (L) allows the functional fluid with the
CO2 in solution to exit the contactor where it is
directed to the CO2 extraction vessel T102, via an
array of spray nozzles. A drop in pressure in vessel
T102 together with the agitation caused by the spray
nozzles drives the CO2 out of the solution. The CO2
exits the top of T102 via a mist eliminator. Depending
on the process and local environmentalregulations, the
CO2 can then be flared or liquidised for use in
flooding or used in other applications. The functional
fluid free of CO2 exits the bottom of T102 and is
pumped through a refrigerated heat exchanger to cool
it back to the required 1 to 2C. The functional fluid
leaves the heat exchanger and is directed to contactor
T101 through the spray nozzle which soaks the
contactor packing and the process is repeated. Little
or no MonoChem is consumed in the process; any losses
are replenished by a MonoChem make up system. EXAMPLES
OF USE A functional fluid was prepared and tested as
follows: The functional fluid was tested on exhaust
gases from a gas turbine fueled with natural gas,
running at about 720 rpm. NOx, CO, O2 and CO2 levels
were monitored over a period of 1 hour. The results
are shown in Table 1A and 1B. In experiments C-1A,
C-2A and C-3A, the levels of gases in the exhaust were
measured over 1 hour. In experiments C-1 B, C-2B and
C-3B the exhaust gases were passed through the
functional fluid in a contacting vessel, and the
levels of gases in the exhaust after passing through
the functional fluid were measured for 1 hour.Table 1A
Table 1BCLAIMS 1. A process for the preparation of a
functional fluid comprising: reacting silicon, alkali
metal hydroxide and a solution comprising water and a
chlorine source in a reactor vessel at a temperature
of no greater than about 2000F (950C). 2. A process
according to claim 1, wherein the silicon and alkali
metal hydroxide are added to the reaction vessel prior
to the addition of the solution comprising water and
chlorine. 3. A process according to claim 1 or 2,
wherein the chlorine source is chlorine gas or liquid
chlorine. 4 . A process according to claim 3, wherein
the chlorine source is liquid chlorine. 5. A process
according to claim 4, wherein the water and liquid
chlorine are in a ratio of from about 10:1 to about
30:1 by volume. 6. A process according to claim 5,
wherein the water and liquid chlorine are in a ratio
of about 20:1 by volume 



7. A process according to any preceding claim, wherein
the amount of silicon to alkali metal hydroxide is in
a ratio of from about 1:5 to about 5:1 by volume. 8. A
process according to claim 6, wherein the amount of
silicon to alkali metal hydroxide is about 1:1 by
volume. 9. A process according to any preceding claim,
wherein additional solution comprising water and
liquid chlorine is added at a rate sufficient to
maintain the reaction until one or more of the metal
silicon or sodium hydroxide is spent. 10. A process
according to any preceding claim, where the reaction
temperature is no greater than about 1750F (80 0C).11.
A process according to any preceding claim, wherein
the metal of the alkali metal hydroxide is lithium,
sodium or potassium. 12. A process according to claim
11, wherein the metal is sodium. 13. A process
according to claim 12, wherein the sodium hydroxide is
in solid form. 14. A process according to claim 12,
wherein the sodium hydroxide is in the form of an
aqueous solution. 15. A process according to any
preceding claim, wherein the silicon is silicon metal
grade 441. 16. A process according any preceding
claim, wherein the silicon comprises particles having
a mean particle diameter ranging from about 1 mm to
about 150 mm. 17. A process according to claim 16,
wherein the silicon comprises particles having a mean
particle diameter ranging from about 24 mm to about
150 mm. 18. A process according to any preceding
claim, wherein the water is distilled water. 19. A
process according to any preceding claim, wherein the
reactor vessel is open to the atmosphere. 20. A
process according to any one of claims 1-18, wherein
the reactor vessel is closed to the atmosphere. 2 1. A
process according to any preceding claim, wherein the
silicon and sodium hydroxide in solid form are loaded
to a height equivalent of about 30% of the reactor
vessel's volume, prior to addition of the solution
comprising water and liquid chlorine.22. A functional
fluid having a specific gravity of about 1.25 to 5,
and a pH of from about 9 to about 13, obtainable by a
process according to any of claims 1-21. 23. A
functional fluid according to claim 22 having a
specific gravity of about 5, and a pH of from about 9
to about 12, obtainable by a process according to any
of claims 1-21 . 24. A functional fluid according to
claim 22 or 23, wherein the alkali metal hydroxide is
sodium hydroxide. 25. A functional fluid according to
any of claims 22-24, wherein the silicon is silicon
metal grade 441. 26. Use of the functional fluid of
any of claims 22-25 as a CO, CO2 or H2S scavenger. 27.
Use of the functional fluid of any of claim 22-25 as
an H2S scavenger in wet oil and gas production
systems. 28. Use of the functional fluid of any of
claims 22-25 in the treatment of NOx and SOx gases.
29. Use of the functional fluid of any of claims 22-25
in sour gas treatment systems. 30. Use of the
functional fluid of any of claims 22-25 as a corrosion
inhibitor 3 1. Use of the functional fluid of any of
claims 22-25 as a pacifier of carbon steel in order to
reduce corrosion rates associated with acid gases. 32.
Use of the functional fluid of any of claims 22-25 as
an antifoaming agent. 33. Use of the functional fluid
of any of claims 22-25 in the removal of contaminants
from waste water or boiler feed water.34. A process
for the desulfurisation of a gaseous hydrocarbon
feedstock comprising: (i) contacting the gaseous
hydrocarbon feedstock with a functional fluid as
claimed in any one of claims 1-24 under conditions
suitable to form a sulfurenriched functional fluid;
and (j) recovering a desulfurised gaseous hydrocarbon
feedstock from the sulfurenriched functional fluid.
35. A process as claimed in claim 34 further
comprising, the steps of: (iii) contacting the
sulfur-enriched functional fluid with a flocculating
agent under conditions sufficient to allow
precipitation of sulphur from the sulfurenriched
functional fluid; and (iv) separating the precipitated
sulfur from the fluid to recover a functional fluid as
claimed in any one of claims 1-24. 36. A process as
claimed in claim 35, further comprising the step of
recycling the functional fluid for use in step (i) of
claim 34. 37. A process as claimed in claim 36,
wherein the pH of the recycled functional fluid is
modified to be greater than about 12. 38. A process as
claimed in claim 37, wherein the pH of the recycled
functional fluid is modified to about 13. 39. A
process as claimed in claim 34, wherein the gaseous
hydrocarbon feedstock is predominantly natural methane
gas. 40. A process as claimed in claim 34, where the
process conditions are such that CO2 is also removed
from the hydrocarbon feedstock. 4 1. A process for the
removal of CO2 from a gaseous hydrocarbon feedstock
having a CO2 component, comprising the steps of:(i)
contacting the functional fluid and the gaseous
hydrocarbon feedstock under conditions of elevated
pressure to dissolve the CO2 in the functional fluid;
(ii) separating the gaseous hydrocarbon feedstock from
the functional fluid; (iii) depressurising the
functional fluid to cause the evolution of CO2 gas
from the functional fluid. 42. A process as claimed in
claim 41, wherein the gaseous hydrocarbon feedstock
also comprises sulfur-containing compounds. 43. A
process as claimed in claim 4 1 or claim 42, where the
functional fluid is provided at a temperature of less
than 50C 44. A process as claimed in claim 43, where
the functional fluid is provided at a temperature in
the range from about 10C to about 30C. 45. A process
as claimed in claim 44, wherein the functional fluid
is provided at a temperature of about 20C. 46. A
process as claimed in claim 4 1, further comprising
the step of liquefying the separated CO2 gas. 47. A
process as claimed in claim 4 1, further comprising
the step of desulfurising the gaseous hydrocarbon
feedstock obtained in step (ii) of claim 4 1, using
the process of claim 34. 48. Apparatus for use in the
process of any one of claims 34 to 40 comprising a
first contactor, a second contactor positioned
downstream of the first contactor, and a separator
positioned downstream of the second contactor for
substantially separating a solid from a liquid. 49.
Apparatus as claimed in claim 48, wherein the
separator is a plate filter press.50. Apparatus as
claimed in claim 48 or claim 49, when retrofitted to a
gas treatment plant for use in partially treating a
gas feedstock. 5 1. Apparatus for use in the process
of any one of claims 4 1 to 47 comprising a contactor
and a depressurisation vessel, positioned downstream
of the contactor. 52. A functional fluid as claimed in
any one of claims 22 to 25 for use as a medicament.
53. Use of a functional fluid as claimed in any one of
claims 22 to 25 in the treatment of or in the
manufacture of a medicament for the treatment of
insect bites. 54. Use of a functional fluid as claimed
in any one of claims 22 to 25 as a biocide or in the
manufacture of a biocide. 55. Use of a functional
fluid as claimed in any one of claims 22 to 25 in the
treatment of or in the manufacture of a medicament for
the treatment of a virus and/or blood condition. 56. A
method of treatment of an insect bite comprising the
step of administering a medicament including the
functional fluid as claimed in any one of claims 22 to
25. 57. A method of treatment of a virus and/or blood
condition comprising the step of administering a
medicament including the functional fluid as claimed
in any one of claims 22 to 25. 58. A pharmaceutical
composition comprising a functional fluid as claimed
in any one of claims 22 to 25. 


