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PROCESS TO PREPARE A TERMINAL ALDEHYDE 

The invention relates to a process for the 
preparation of a terminal aldehyde by hydroformylation 
by reacting an ethylenically unsaturated organic 
compound with carbon monoxide and hydroqen in the 

10 presence of a catalyst system comprising iridium or 
rhodium and a bidentate organic phosphite ligand. 

15 

Background of the Invention: 

Bidentate organic phosphite ligands are 
characterized in that two phosphorus atoms are present 
in tbe molecule and in that one organic group (the 
bridging group) is bonded with both phosphorus atoms. 
The bidentate phosphite ligand is furthermore 

20 characterized in that each trivalent phosphorus atom is 
further bonded with two other monovalent organic groups 
or with one divalent organic group. 

US-A-5,235,113 describes a hydroformylation 
process in which a bidentate organic phosphite ligand 

25 is used in a homogeneous hydroformylation catalyst 
system also comprising rhodium. This patent describes a 
process for preparing aldehydes by hydroformylation of 
alkenically unsaturated oxganic compounds, for example 
1-octene or dimerized butene, usinq the above catalyst 

30 system. A disadvantage of the process according to US­
A-5, 235, 113 is that the selectivity to terminal organic 
aldehyde compounds when starting from internally 
ethylenically unsaturated functional organic compounds 
is generally too low for a commercially attractive 

35 process. However with some of the disclosed 
multidentate pbosphites of US-A-5,235,113, such as 
tetrakis{di-(2,4-di-tert-butylphenyl)phosphito)-
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pentaerythritol, reasonable selectivities to terminal 
aldehydes are achieved. A drawback of the use of these 
ffhigh selectivityM ligands is that the hydroformylation 
activity of the catalyst system is too low for a 

5 commercially attractive process. Increasinq the 
catalyst activity of these catalyst systems by 
increasing the temperature is not possible because the 
ligands are thermally unstable at higher temperatures. 
In addition, selectivity decreases at higher 

10 temperature, because the rate of competing olefin 
hydrogenation reactions increases with temperature more 
rapidly than the rate of the hydroformylation reaction. 

Hydroformylation processes involving organic 
bidentate ligands containing two trivalent phosphorus 

15 atoms, in which the two phosphorus atoms are linked 
with a 2,2'-dihydroxyl-1,l'-binaphthalene bridqing 
group, are described in the above mentioned · 
US-A-5,235,113 and in EP-B-214622, EP-A-353770, 
WO-A-9303839 and EP-A-556681. EP-B-213639 describes on 

20 page 38 a compound with methyl substituents on both the 
3 and 3' positions of a 2,2'-dihydroxyl-l,l'­
binaphthalene bridqing group. However, no indication is 
given that the use of this class of ligands having such 
a bridging group would give favorable results in terms 

25 of terminal aldehyde selectivity and catalyst activity 
when starting from unsaturated or9anic compounds and 
especially when starting from internally unsaturated 
organic compounds. 

wo-A-9518089 describes a process for 
30 preparinq 5-formylvalerate ester startinq from an 

internally unsaturated 3-pentenoate ester using a 
catalyst system comprising rhodium and a bidentate 
phosphite ligand, for example tetrakis{di-(2,4-di-tert­
butylphenyl)phosphito)pentaerythritol. 

35 
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Summary of the Invention: 

This invention provides a process for the 
preparation of a terminal aldehyde by hydroformylation 

5 by reacting an ethylenically unsaturated organic 
compound with carbon monoxide and hydrogen in the 
presence of a catalyst system comprising iridium or 
rhodium and a bidentate orqanic phosphite ligand having 
the structure: 

10 

\ 
O-R3 

I 
P-O-P 

I \ 
(1) 

15 R'-O O-R4 

characterized in that the two phosphorus atOtl\S of the 
phosphite ligand are linked with a 2,2'-dihydroxyl­
l,l'-binapthalene bridging group having the following 

20 structure (Q): 

Q= or 
25 

{2) 

in which R1 and R2 are substituents other than hydrogen 
30 and in which R3 and R4 are the same or different 

substituted monovalent aryl groups and/or any one of 
OR3 and OR4 connected to one phosphorus atom forms an 
-O-R5-0-qroup, where R5 is a divalent organic qroup 
containing one or two aryl groups. 

35 
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Detailed Description of the Invention: 

The aim of this invention is to provide a 
process for the preparation of terminal aldehydes with 

5 high catalyst performance (selectivity and/or 
activity). When the process according the invention is 
used, high selectivities to terminal aldehyde compounds 
are achieved, combined with a relatively high catalyst 
activity. Furthermore the catalyst used in the process 

10 according to the invention can be used for a prolonged 
period of time. The advantages of this novel process 
are even more pronounced when starting from internally 
unsaturated organic compounds. Preparing terminal 
aldehydes starting from internally unsaturated 

15 compounds using previously known hydroformylation 
processes generally results in lower selectivity to 
terminal aldehydes, more hydrogenation of the olefinic 
double bond and/or lower catalytic ~ctivity. An 
additional advantage of the ptocess according to this 

20 invention is that the linearity (linear 
aldehydes/(linear +branched aldehydes)) is hiqh. This 
is advantageous because it facilitates the isolation of 
the desired terminal aldehyde from a mixture of 
terminal and branched aldehydes. A further advantage of 

25 the invention is that the preparation of an alkyl 5-
formylvalerate by hydroformylation starting from an 
alkyl 3-pentenoate can be carried out in the presence 
of alkyl 2-pentenoate~ without loss of catalyst 
activity. 

30 This aim is achieved by using a ligand having the 
structure: 

R3-0 O-R3 

\ I 
35 P-O-P (3) 

I \ 
R4-0 o-R4 
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characterized in that the two phosphorus atoms of the 
phopshite ligand are linked with a 2,2'-dihydroxyl­
-l,l'-binapthalene bridging qroup having the following 

5 structure (0): 

10 

15 

Q= or (4) 

which R1 and R2 are substituents other than hydrogen and 
in which R3 and R4 are the same or different substituted 
monovalent aryl groups and/or any one of OR3 and OR4 

connected to one phosphorus atom forms an 

20 -O-R5-0-group, where R5 is a divalent organic group 
containing one or two aryl groups. 

25 

The substituents R1 and R2 are preferably 
organic groups containing.at least one carbon atom, and 
more preferably containing l-20 carbon atoms. 

Preferably a1 and R2 are individually selected 
from the group of alkyl, aryl, triarylsilyl, 
trialkylsilyl, carboalkoxy, carboaryloxy, aryloxy, 
alkoxy, alkylcarbonyl, arylcarbonyl, oxazole, amide, 
amine or a nitrile. 

30 For Rl and R2 , the alkyl group is preferably a 
C1-C10 alkyl group, for example methyl, ethyl, propyl, 

isopropyl, butyl, tert-butyl, isobutyl, pentyl or 
hexyl. An example of a suitable triarylsilyl group is 
triphenylsilyl and examples of a suitable trialkylsilyl 

35 group are trimethylsilyl and triethylsilyl. Preferred 
aryl groups have 6 to 20 carbon atoms, for example 
phenyl, benzyl, tolyl, naphthyl, anthranyl or 
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phenantbryl. Preferred aryloxy groups have 6 to 12 
carbon atoms, for example phenoxy. Preferred alkoxy 
groups have l to 20 ca.rbon atoms, for example methoxy, 
ethyoxy, tert-butoxy or isopropoxy. Preferred 

5 alkylcarbonylgroups have 2 to 12 carbon atoms, for 
example methylcarbonyl, tert-butylcarbonyl. Preferred 
arylcarbonyl groups have 7 to 13 carbon atoms, for 
example phenylcarbonyl. Preferred amide groups contain 
a C1-C4 alkyl group and preferred amide groups contain 

10 two Ci-Cs alkyl groups. 
Most preferably, R1 and R2 are individually a 

carboalkoxyl or a carboaryloxy group,-COzR, in which R 
is a Ci-C20 alkyl group or a C6-C12 aryl group and 
preferably a Ci-Ce alkyl group. Examples of suitable 

15 R-groups are methyl, ethyl, propyl, isopropyl, n-butyl, 
tert-butyl, isobutyl, phenyl and tolyl. Even more 
preferably both R1 and R2 are the same carboaryloxy and 
more preferably the same carboalkoxyl group because the 
resulting ligands are more easily obtainable. 

20 The 2,2'-dihydroxyl-l,l'-binaphthalene 
bridging group can optionally be further substituted 
with other groups, for example halogen, for example Cl 
or F or one of the substituents R1 which may be present 
on the bridging group g as described above. 

25 R3 and R4 are the same or different monovalent 
aryl groups, preferably groups with 6 to 20 carbon 
atoms. It is to be understood that all four R3 and R' 
groups can be different. Preferably all four groups are 
the same because the resulting ligands are more readily 

30 available. Alternatively OR3 and OR4 (connected to the 
same P-atom) can form an -O-R5-0-group where R5 is a 
divalent group of 6 to 40 carbon atoms containing one 
or two aryl groups. Preferably R3 and R4 are monovalent 
aryl groups, for example phenyl, containing at least 

35 one group, R', other than hydrogen in an ortho position 
relative to the oxygen atom, where R6 is a Ci to C20 

alkyl or c 6-C20 aryl group and preferably a C1-C6 alkyl 
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qroup. Other preferred monovalent aryl groups foe R3 

and R4 are monovalent fused aromatic rinq systems with 
2 or more rings having 10-20 carbon atoms. R3 and R' can 
optionally be further substituted with for example C1 -

5 C10 alkyl, c6-C20 aryl, C1-C10 akoxy or c,-c20 aryloxy 
groups or halogen groups, for example F, Cl or Br or 
amine groups. 

When the aryl groups R3 and R4 are substituted 
with at least one R6-qroup in the ortho-position 

10 relative to the phenolic oxygen atom, higher linear 
selectivity is observed using these ligands in a 
hydroformylation process. Examples of these R' groups 
are methyl, ethyl, propyl, isopropyl, isobutyl, 
tert-butyl or n-butyl. For R' preferably only one bulky 

15 group, having a steric hinderance of isopropyl or 
greater, is ortho-substituted on the aryl group. When 
less bulky substituents are used preferably both ortho 
positions are substituted with these groups. The 
pref erred R6-substituted aryl qroup for R3 and R' is 

20 2-isopropylphenyl or 2~tert-butylphenyl group. 
Another preferred class of aryl groups for R3 

and R4 are fused aromatic ring systems with 2 or more 
rings having 10 to 20 carbon atoms which do not 
necessarily have to be substituted at the ortho 

25 position (on the carbon atom adjacent to the carbon 
atom which is bonded to the oxygen atom in formula (1)) 
with groups other than hydrogen. It has been found that 
when R3 and/or R' is such an unsubstituted aromatic ring 
system, high catalyst activity, a high selectivity to 

30 terminal aldehyde and a hiqh linearity can be achieved. 
Examples of such fused aromatic ring systems are 
phenanthryl, anthryl and naphthyl groups. Preferably 
9-phenanthryl or 1-naphthyl groups are used. The 
aromatic ring systems can optionally be substituted 

35 with for example the earlier mentioned substituents, 
for example on the other positions of the ring systems, 
not being the above described ortho position. 
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Examples where R3 and R4 are linked to form 
divalent groups R5 are C6-C25 diaryl groups, for example 
a binaphthol or biphenol group, according to the 
following formulas: 

8 (5) 

(6) 

in which preferably R7 and R8 are H or alkyl groups. 
Examples of R7 and R8 are H, isopropyl, isobutyl, 
tert-butyl, or one of the substituents R1 which may be 
present on the bridging group Q described above. R9 and 

25 R10 may be hydrogen, hydrocarbyl, or alkoxy groups. 
Examples of phosphite ligands which can be 

used in the process according to this invention are 
shown below. The ligand number as shown below 
corresponds with the references to the ligands used in 

30 the examples. In the formula's shown below the 
following fragments correspond to: 

= methyl, 

_/ = ethyl, 
Ph = phenyl, 

35 -< = isopropyl, 
Me = methyl, 
+ = tert-butyl. 
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These ligands may be prepared by a variety of 
methods known in the art, for example, see descriptions 
in US-A-4,769,498; US-A-4,688,651 and J. Amer. Chem. 
Soc., 1993, 115, 2066. The organic bidentate phosphite 

5 compounds according to the invention can be prepared 
with the 3- or 3,3'-substituted 2,2'-dihydroxyl-l,l'­
binaphthalene bridging compounds. The binaphthol 
bridging compounds can be prepared by procedures as 
described in Tetrahedron Lett. 1990, 31(3), 413-416 or 

10 in J. Am. Chem. Soc. 1954, 76, 296 and Org. Proc. Prep. 
International, 1991, 23, 200. The phosphite compounds 

can be prepared by using the process as described in 
the earlier mentioned US-A-5,235,113 to couple these 
binaphthol bridging compounds with phosphoro-

15 chloridites, (R30)(R•o)PCl, prepared by treating R30R 
and/or R40H with PC1 3 • 

A more preferred and novel method to prepare 
the bidentate phosphite liqands which can be used in 
the process according to the invention is described 

20 below. 
The phosphoroehloridite compound may be 

prepared by a variety of methods known in the art, for 

example, see descriptions in Polymer, 1992, 33, 161: 
Inorganic syntheses, 1966, 8, 68; US-A-5,210,260; z. 

25 Anorq. Allg. Chem., 1986, 535, 221. With bulky 
ortho-substituted phenols (e.9., 2-tert-butylphenol), 
phosphorochloridites can be prepared in situ from PC1 3 

and the corresponding phenol. When preparing bidentate 
phosphite ligands having terminal R3 or R4 groups which 

30 impart a minor steric hinderance, for example when R3 

or R' is an unsubstituted phenanthryl (with no 

substituent on the ortho-position described above), it 
has been found that the synthetic route described in 
the above literature is unsatisfactory. The 

35 intermediate (R30)(R40)PC1 compound is difficult to 
obtain by this route in a high yield and in a pure form 
or cannot be obtained at all. 
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An improved process for preparing the 
phosphorochloridite compound comprises treatment of 

N,N-dialkyl diarylphosphoramidite with HCl. It has been 
found that the ligand can be prepared in a high yield 

5 when starting from a N,N-dialkyldiatylphosphoramidite, 
(R11 )zNP(R30) (R40), where :au is an c1-c, alkyl group, for 
example methyl, ethyl, propyl, iso-propyl, butyl, 

sec-butyl ot tert-butyl. The (R11 ) 2NP(RJO)(R'O> compound 
can be obtained by reacting R30R, R'OH with (R11 ) 2NPC1 2 • 

10 Reacting the (lt11 ) 2NP(R30) (R'O) with RCl dissolved in an 
apolar solvent, for example diethylether, dioxane, or 
toluene, or with HCl gas gives (R,O)(R40)PCl. 

N,N-dialkyl diarylphosphoramidites may be 
prepared by methods known in the art, for example, see 

15 descriptions in Tetrahedron Letters, 1993, 34, 64511 

Synthesis, 1988, 2, 142-144 and Aust. J. Chem., 1991, 
44, 233. 

By contactinq the thus obtained (R30)(R'O)PC1 

with a 3- or 3,3'-substituted, 2,2'-dihydroxy-1,l'-
20 binaphthalene bridqing compound, for example by the 

method described in the earlier mentioned US-A-

25 

S ,235, 113, a bidentate phosphite ligand is obtained 
which can be used in the process according to the 

invention. 

The catalyst system used in the process 
according to this invention can be prepared by mixing a 
suitable rhodium or iridium compound with the phosphite 
ligand, optionally in a suitable solvent, in accordance 
with well-known complex-forminq methods. The solvent 

30 will generally be the solvent used in the 
hydrotormylation. Suitable rhodium and iridium 
compounds are for example hydrides, halides, organic 
acid salts, acetylacetonates, inorganic acid salts, 

oxides, carbonyl compounds and amine compounds of these 
35 metals. Examples of suitable catalyst precursors are, 

for example, Ir(COh(acac), Ir 4 (CO)i2 , RhC1 3 ,Rh(N03 ) 3 , 

Rh(OAC)3, Rh2031 Rh(acac}(C0)2, Rh(C0)2(DPM), 
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[Rh(OAc) (COD) 121 Rh4 (C0) 12 , Rh6 (CO)u, RhH(CO) (Ph31?)), 

[Jlh(OAc)(CO)zh, and [JlhCl(COD}]z, (wherein 11 acac 11 is an 
acetylacetonate group; "Ac" is an acetyl groupr "COD" 
is 1,5-cyclooctadiener and "Ph" is a phenyl group, DPM 

5 is 2,2,6,6-tetramethyl-3,S-heptanedionate group). 

10 

However, it should be noted that the rhodium and 
iridium compounds are not necessarily limited to the 
above listed compounds. 

The metal is preferably rhodium. 
The ethylenically unsaturated organic 

compound has at least one "C=C" bond in the molecule 
and preferably 2 to 20 carbon atoms. Examples of 
suitable ethylenically unsaturated organic compound are 
linear terminal olefinic hydrocarbons, for example 

15 ethylene, propylene, 1-butene, 1-pentene, 1-hexene, 
1-octene, 1-nonene, 1-decene, l-tetradecene, 
1-hexadecene, l-octadecene, 1-eicosene and l-dodecene1 
branched terminal olefinic hydrocarbons, for example 
isobutene and 2-methyl-l-butene1 linear internal 

20 olefinic hydrocarbons, for example cis- and 
trans-2-butene, cis- and trans-2-hexene, cis- and 
trans-3-hexene, cis- and trans-2-octene and cis- and 
trans-3-octenei branched internal olef inic 
hydrocarbons, for example 2,3-dimethyl-2-butene# 

25 2-methyl-2-butene and 2-methyl-2-pentene; terminal 

olefinic hydrocarbon-internal olefinic hydrocarbon 
mixtures, for example octenes prepared by dimerization 
of butenes, olefin oligomer isomer mixtures from dimer 
to tetramer of lower olefins including propylene, 

30 n-butene, isobutene or the like; and cycloaliphatic 
olefinic hydrocarbons for example cyclopentene, 
cyclohexene, 1-methylcyclohexene, cyclooctene and 
limonene. 

Examples of suitable olefinic compounds 
35 include olef inic compounds containing an aromatic 

substituent such as styrene, alpha-methylstyrene and 
allylbenzene; and diene compounds such as l,3-
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butadiene, 1,5-hexadiene, 1,7-octadiene and 
norbornadiene. It has been found that with the process 
according to this invention it is possible to prepare 
3-pentenal in moderate yield starting from 1,3-

5 butadiene. 
The ethylenically unsaturated organic 

compound can be substututed with one or more functional 
groups containing a heteroatom, for example oxygen, 
sulfur, nitrogen or phosphorus. Examples of heteroatom 

10 substituted ethylenically unsaturated or9anic compounds 
include vinyl methyl ether, methyl oleate, oleyl 
alcohol, methyl 2-pentenoate, methyl 3-pentenoate, 
methyl 4-pentenoate, 3-pentenoic acid, 4-pentenoic 
acid, 3-pentenenitrile, 4-pentenenitrile, 2-pentenal, 

15 3-pentenal, 4-pentenal, 4-hydroxy-1,7-octadiene, 
l-hydroxy-3,7-octadiene, l-methoxy-3,7-octadiene, 
7-octen-l-al, acrylonitrile, acrylic acid esters, 
methylacrylate, methacrylic acid esters, 
methylmethacrylate, vinyl acetate and 

20 l-acetoxy-3,7-octadiene. 
The invention is especially directed to 

hydroformylation processes in which a terminal aldehyde 
com.pound is prepared starting from internally 

unsaturated organic compound having 4 to 20 carbon 
25 atoms. Example of these compounds are described above. 

30 

Especially internally unsaturated compound.a according 
to: 

(7) 

are used as starting compound, in which R12 and R13 is 
an organic group or pteferably hydrogen and R14 is a c1-

C17 organic group optionally substituted with one or 
more functional qroups containing a heteroatom, for 

35 example oxygen, sulfur, nitrogen or phosphorus. The 

invention is especially directed at functional 
compounds with 6 to 20 carbon atoms according to . 



----- --------------==~---=======-........ -======~------ -----

W0'1/33854 PCTINI.97/00114 

- 18 -

formula (7) in which R12 and R13 are hydrogen. 
A special class of internally unsaturated 

organic compounds according to formula (7} are 
3-pentenenitrile, 3-pentenoic acid and c1-c, alkyl 

5 3-pentenoate ester compounds. The terminal aldehydes 
compound prepared by this process startinq from these 
compounds can advantageously be used in the preparation 
of E-caprolactam or adipic acid, which are precursors 
for respectively Nylon-6 and Nylon-6,6. Examples of 

10 c1-c, alkyl 3-pentenoates are methyl-, ethyl-,propyl-, 
isopropyl-, tert-butyl-, pentyl- and 
cyclohexyl-3-pentenoate. Methyl and ethyl 3-pentenoate 
esters are preferred because they are more readily 
available. The 3-pentenenitcile, 3-pentenoic acid and 

15 C1-C, alkyl 3-pentenoate ester compounds may be present 
in mixtures containing respectively; 2- and 
4-pentenenitrile; 2- and 4-pentenoic acid; and C1-C6 

alkyl 2- and 4-pentenoate ester compounds. 
An additional advantage of this invention is 

20 that the selectivity to the linear 5-formylvalerate is 

not adversely influenced when next to alkyl 3-
pentenoate also some alkyl 2-pentenoate is present. 
This feature is especially apparent when performing the 
hydroformylation as a continuous process in which 

25 unreacted alkyl pentenoates are recirculated to the 
hydroformylation reactor. This was not expected in view 
of the low selectivity to alkyl 5-formylvalerate 
illustrated in Example 16 of EP-A-556681. This example 
described a batch experiment starting from methyl 2-

30 pentenoate. It is advantageous that alkyl 2-pentenoate 

can be present during hydroformylation because these 
compounds are qenerally a by-product of processes for 
preparing alkyl 3-pentenoate. Therefore alkyl 3-
pentenoate does not have to be isolated prior to 

35 hydroformylation. 
The hydroformylation process according to the 

invention can be performed as described below. The 
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reaction conditions of the hydroformylation process 
according to this invention are in general the same as 
used in a conventional process, described for example 
in us-A-4,769,498, and will be dependent on the 

5 particular startinq ethylenically unsaturated orqanic 
compound. For example, the temperature can be from room 
temperature to 200°c, preferably from about so to 

1S0°c. 

The pressure may vary from atmospheric 
10 pressure (0.1 MPa) to 20 MPa, preferably from 0.15 to 

10 MPa and more preferably from 0.2 to l MFa. The 
pressure is generally equal to the combined hydrogen 
and carbon monoxide partial pressure. Extra inert 
gasses may however be present. The molar ratio hydrogen 

15 : carbon monoxide is generally between 10:1 and 1:10 
and preferably between 6:1 and 1:2. 

The amount of rhodium or iridium (compound) 
is not specially limited, but is optionally selected so 
that favorable results can be obtained with respect to 

20 catalyst activity and process economics. In general,. 

the concentration of rhodium or iridium in the reacti~n 
medium is between 10 and 10,000 ppm and more preferably 
between 50-1000 ppm, calculated as free metal. 

The molar ratio of bidentate phosphite ligand 
25 to rhodium or iridium is not specially limited, but is 

optionally selected so that favorable results can be 

obtained with respect to catalyst activity and aldehyde 
selectivity. This ratio generally is from about o.s to 
100 and preferably from 1 to 10 {mol liqand/mol metal}, 

30 preferably less than 1.2 {mol liqand/mol metal). 
Preferably the ratio is higher than 1.05. small 
deviations in ligand or rhodium concentration will then 
not automatically result in a lower yield to the 
aldehyde compound. It has been found that by performing 

35 the process according to the invention with such a 

slight molar excess of ligand to rhodium the ligand 
degradation rate is decreased. When performinq the 



WO !17/338S4 PCT/NL97/00114 

- 20 -

process with a slight excess of ligand to rhodium (or 
iridium} it will be preferred to monitor the 
concentration and degradation of the ligand during the 
course of the continuous process and add fresh ligand 

5 in order to remain in the preferred ranges of 
operation. 

The choice of solvent is not critical 
provided the solvent is not detrimental to catalyst, 
reactant, and/or product. The solvent may be the 

10 mixture of reactants, such as the starting unsaturated 
compound, the aldehyde product and/or by-products. 
Suitable solvents include saturated hydrocarbons, for 
example kerosene, mineral oil or cyclohexane, ethers, 
for example diphenyl ether tetrahydrofuran or a 

15 polyethyleneglycol, for example Carbowax™-400, ketones, 
for example methyl ethyl ketone or cyclohexanone, 
nitriles, for example 2-methylglutaronitrile or 
benzonitrile, aromatics, for example toluene, benzene 
or xylene, esters, for example methyl valerate or 

20 caprolactone, Texanol• (Union Carbide), or 
dimethylfotmamide, sulfones (for example 
tetramethylenesulfone). 

The reaction according to the invention can 
be carried out in a gas liquid contactor known to a 

25 person skilled in the art. Examples of suitable 
reactors are bubble column, screen-plate column or qas-
1 iquid agitated reactor. 

The process according to the invention can be 
carried out batchwise or, preferably, in a continuous 

30 process. In a commercial process the reaction is 
preferably carried out in a continuous mode. The 
continuous process can be started by for example dosing 
the rhodium or iridium compound and the multidentate 
phosphite ligand to a reactor in one operation and, 

35 after the temperature has risen, adding the unsaturated 
organic compound, carbon monoxide and hydrogen to the 
reaction mixture in continuous mode or with 
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interruptions. The reactor effluent contains the 
aldehyde product, the rhodium or iridium compound, the 
multidentate phosphite ligand, carbon monoxide, 
hydrogen and the solvent optionally used. Carbon 

5 monoxide and hydrogen can be separated from the 
reaction mixture, by reducing in the pressure to, fot 
example, about atmospheric pressure. The aldehyde can 
be removed from the resulting mixture in one or more 
separation steps. The rhodium or iridium compound and 

10 the multidentate phosphite, are preferably recycled to 
the reactor and reused in the process according to the 
invention. The separation steps are preferably carried 
out through distillation at a pressure of 0.001-1 MPa, 
most preferably through vacuum distillation at a 

15 pressure of 0.01-0.1 !!Pa, for example in a film 

evaporator. 
The aldehyde product can be separated from 

this reaction mixture using any separation technique 
known to a person skilled in the art. Examples of 

20 suitable separation techniques are (vacuum) 
distillation, crystallisation and extraction using a 
suitable extraction agent. 

The concentrations of the phosphite liqand is 
preferably measured continuously or regularly. If the 

25 concentration drops below the desired value, as a 
result of for example degradation of this compound, 

fresh compound is added to the recirculating reaction 
mixture. 

Preferably, the recirculating catalyst system 
30 is contacted with a Lewis base as described in EP-A-

285136. Most preferably the Lewis base is an ion 
exchanger with basic groups, for example a packed bed 
of a polystyrene matrix containing basic groups (for 
example Amberlist A21•). 

35 The invention is also directed to a catalyst 
composition comprising the bidentate phopshite 
described above and rhodium or iridium and its use as 
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hydroformylation catalyst. 
The invention shall be illustrated with the 

following non-limiting examples. 

5 Example 1: Preparation of Ligand 1 

a. Esterification of 3-hydroxy-2-naphthoic acid from J. 
Am. Chem. Soc. 76 (1954> 296 

633.65 g (3.34 mol) 3-hydroxy-2-naphthoic 
10 acid (Aldrich) and 38 ml H2S04 were refluxed in 1200 ml 

methanol for 7 hours. The reaction mixture was cooled 
overnight. The precipitated yellow crystals were 
filtered of, dissolved in diethyl ether, washed with a 
NaHC03 solution in water and then washed with water. 

15 After drying with MgS04 and filtration the diethyl 
ether was removed under vacuo. The residue was 
recrystallized from methanol yielding 460 g (68'} 
product. A second crop can be obtained by concentrating 
the mother liquor. 

20 

b. Synthesis of dimethyl 2.2 1-dihydroxy-
1.1~binaphthalene-3,3-d1carboxylate from OPPI Briefs, 

_23 (1991) 200 

The reaction was performed under N2 
25 atmosphere. To a vigorously stirred solution of methyl 

3-hydroxy-2-naphthoate {100 q) and copper(II)chloride 
(anhydrous) (133 g) in 3000 ml methanol, 289.1 q tert­
butylamine was added over a period of 5 min. After the 
addition was complete the green brown suspension was 

30 heated to 50°C for 20 hours. Then the reaction mixture 
as cooled to l0°C and decomposed with 1000 ml 6N HCl. 
When recooled to 10°C a lemon-yellow precipitate was 
formed, which was collected by filtration. After 
washing with water and a saturated NaHC03 solution and 

35 then dt:ied over Mgso,. Evaporation of the solvent gave 
a dirty yellow solid which over boiling in methanol for 
5 min was cooled to 0°C and collected. Yield 77 gram 
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(77%}. 

c. Preparation of diC2-isopropylphenvll­
phosphoroghloridite: 

5 The followinq reaction and product isolation 
was performed under a dry nitrogen atmosphe~e. 
Phosphorus trichloride was distilled prior to use and 

triethylamine was dried by distillation from calcium 
hydride. 2-Isopropylphenol(30 q) was dissolved in dry 

10 toluene (50 mL) and added dropwise over a one hour 
period to a vigorously stirred solution of phosphorus 
trichloride (15.0 g} and triethylamine (24 g) in dry 
toluene (200 mL) at ambient temperature. The resulting 
mixture was stirred for another hour and the 

15 triethylammoniumcbloride salt was removed by 

filtration. After removing the solvent under vacuum, 
the residue was distilled to give 70~ 
di(2-isopropylphenyl)-phosphorochlorodite (bp: 166°C, 

0.5 mm Hg) with a purity of 90% by 31P NMR. 
20 

d. Preparation of the final pnosphite: 
A solution of 4.02 g 

dimethyl-2,2'-dihydroxy-1,1'-binaphthalene-3,3'-dicarbo 
xylate (as prepared above) in 100 ml toluene was dried 

25 by azeotropic distillation. To this solution was added 
7.65 g of the di(2-isopropylphenyl)phosphorochloridite 
from above, 3.6 g triethylamine in 50 mL of toluene. 

After stirring for one hour at 40°C, the mixture was 
filtered and the solvent removed in vacuo. The residue 

30 was crystallized from n-hexane. Yields of 50-75% of 
Ligand 1 were obtained. 

Example 2: 
Preparation of Ligand 2 

35 A solution of N,N-diethyl 

di(9-phenanthryl)phosphoroamidite {31P NM.R:138.7 ppm) 
was prepared by adding 2.3 g of triethylamine and 1.74 
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g (10 mmol)of Et2NPC1 2 at 20°C to 3.88 g (20 mmol) of 
9-phenanthrol in 250 mL of toluene (dried by azeotropic 
distillation) (Et = ethyl). This solution was reacted 

with 11 mL of lM HCl in diethyl ether to give the 
5 di(9-phenanthryl)phosphorochloridite ( 3ip NMR:l6l.4 

ppm). The mixture was filtered then 3 q (30 mmol) of 
triethylamine and 1.98 q of dimethyl 
2,2'-dihydroxy-l,lt-binaphthalene-3,3'-dicarboxylate 
were added. The mixture was stirred for 10 minutes, 

10 filtered, solvent evaporated, and the product 
crystallized from acetonitrile/toluene (31p NMR: 126.6 

ppm). A yield of 90\ of Ligand 2 was obtained. 

Comparative Experiment 3: 
15 Attempt at Preparing Ligand 2 according to 

the route exemplified in Example i. An attempt at 
preparing di{9-phenanthryl)phosphorochloridite from the 
direct reaction between phosphorus tcichloride, two 
equivalents of 9-phenanthranol and two equivalents of 

20 trietbylamine failed following a similar procedure 

described in Example 1. Tri(9-phenanthryl)phosphite was 
the major product and only about 5% of the desired 
di(9-phenanthryl)phosphorochloridite was obtained. 

25 Example 4: Hydroformylation.with Ligand l 
A 25 mL glass lined pressure vessel was 

charged with 5 mL of a solution containing 11.4 g (100 
mmol) methyl-3-pentenoate, 0.068 g (0.2 mmol) of 

dicarbonyl(2,2,6,6-tetramethyl-3,5-heptanedionato)-
30 rhodium, 1.0 q (l.O mmol) of Ligand 1 and 1.00 g of 

tetradecane (internal GC standard) in 100 mL toluene. 
The ratio of ligand to Rh was s. The pressure vessel 
was freed from air by purging first with nitrogen 

(twice) and then with 1:1 CO/H2 (twice). The vessel was 

35 then pressurized to 0.5 MPa 1/1 CO/H2 and heated to 
100°C with agitation for 2 hours. The heat was shut off 

and the pressure vessel was allowed to cool to room 
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temperature. The excess gases were vented and the 
products were analyzed by qas chromatography on a 30 M 

DB-Waxn capillary GC column. The results are shown in 
Table 1: 

'l'able 1 

M3P Conversion ( nconv 11 )
1 

\Selectivity to MSFV ("Sel 11
)

2 

10 ~Selectivity to Methylvalerate 
%Selectivity to M2P (wisom") 3 

!\Linearity ("Lin11
)• 

(
11Redn 11

) 

66.4 

82.3 
4.0 

7.6 

93.2 % 

1: M3P and M4P are methyl 3- or 4-pentenoate 
15 respectively; Percent H3P and M4P reacted. 

2: MSFV ~ methyl-5-formylvalerate; selectivity is (mole 
MSFV/(mole M3P + M•P converted). The conversion of M3P 
to M4P is not regarded as conversion of starting 
compound because M4P is considered an equivalent 

20 starting compound. 

25 

30 

3: M2P = Methyl-2-pentenoate~ "isom" = moles M2P 
formed/moles(M3P +M4P) converted. 
4: Calculated as 100* MSFV/(MSFV + branched 
formylvalerates). 

The example illustrates the very high selectivity to 
linear aldehyde ftom an internal functionalized olefin 
that may be obtained with the catalyst of this 
invention. 

Example 5: Hydroformyalation using Ligand 2 
A 150 mL Rastelloy-c autoclave (Parr) was 

filled under nitrogen with 5.8 mq 
dicarbonyl(2,2,6,6-tetramethyl-3,5-heptanedionato)-

35 rhodium (4.8 x io-s mol), 14.0 x io-5 mol Liqand 2 

(ligand/rhodium ration (L/Rh} = 2.9 mol/mol} and 60 mL 
of toluene. The autoclave was closed and purqed with 
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nitrogen. The autoclave was brought to l .MPa of carbon 
monoxide/hydrogen (l:l) and heated to 90°C over a ca. 

30 min. period. At 90°C and l MPa, a solution of 7.44 g 

(65 mmol) freshly distilled methyl 3-pentenoate and 1.2 

5 gram nonane diluted to 15 mL with toluene was then 

injected into the autoclave. The reaction was run for 7 
hours, after which the reaction was cooled and 
analyzed. GC analyses showed 90.l\ Conv.~ 75.1' Sel.J 
5.7% Redn.; 90.3% Lin. 

10 
Examples 6-9 and Comparative Expetiment 10 

Hydroformylation using Ligands 3-6 

Example 4 was repeated (100°C, O.S MPa 1:1 

CO/H2 pressure, a ligand/Rhodium ratio of 5/1 

15 (mole/mole), 200 ppm Rh as dicarbonyl(2,2,6,6-
tetramethyl-3,5-heptanedionato)rhodium, and l molar M3P 

in toluene) at a reaction time of 2 hours in which the 

ligand had the following general formula: 

20 

(8) 

25 

30 

The results are summarized in Table 2. 
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Table 2 

Exam- Ligand R.1 R2 Conv Red Sel Lin 
ple n 

6 3 C02i-Pr C02i- 53 4 85 94 
Pr 

7 4 CH3 CH3 36 5 75 93 

8 s C2Rs C2H5 36 5 75 92 

9 6 C2Hs H 23 4 74 88 -

Comp. H H 70 9 66 82 

10 

Comparative Experiment 10 shows that the ligand without 
substituents on the 3,3' position of the bisnaphthol 
bridge gives significantly lower selectivity to the 

15 linear aldehyde 

Examples ll-14: Hydroformvlation using Ligands a-11 

The hydxoformylation conditions for Example 4 
was used with ligands according to the following 

20 general formula: 

25 

(9) 

30 
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The results are presented in Table 3: 

Table 3 

Exam- Ligand Rl 'R.2 Conv Redn Sel Lin 
ple 

11 8 C02Et C02Et 99 11 64 77 

12 9 SiPh3 SiPh3 73 23 64 97 

13 10 C02i-Pr C02i- 91 8 63 78 

Pr 

14 ll C02Me C02Me 98 9 61 72 

Example 15a and lSb: Hydroformylation with Ligands 12 
and 13 

Hydroformylation reactions were performed 
15 using the procedure of Example 4 with Li9ands 12 and 

13. The results are shown in Table 4. 

Table 4 

Example Ligand Conv Redn Sel Lin 

20 15a 12 82.2 6.7 55.0 70.0 

15b 13 16.0 2.0 51.7 69.3 

Example 16 and 17 and Comparative Experiment l7b: 
25 Hydroformylation of Hexene-1 and Hexene-2 with Ligand l 

and with Ligand C 

The experiment in Example 4 was repeated 
except that the methyl-3-pentenoate was replaced by an 
equivalent amount of hexene-1 or hexene-2 and the CO/H2 

30 pressure at temperature (100°C} was 0.68 MPa and the 
reaction was allowed to run for 4 hours. Ligand 1 was 
used and for comparison 
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tetrakis(di-(2,4-di-tert-butylphenyl)phosphito)­
pentaerytbritol (Ligand C) was used. Analysis of the 
products gave the results shown in Table S. 

S Table S 

10 

Example Ligand Substrate Conv. to Lin. 

al dehydes ' 1 > 

16 1 Hexene-1 73.4 98.7 

17 1 Rexene-2 50.4 97.3 

Comp. 17a c Hexene-2 10.3 9S.8 

(1) Moles of linear and branched aldehydes formed per 
mole hexene charged to the reactor; unreacted hexenes 
were not measured. The results demonstrate that very 

15 high linea~ selectivity can be obtained with 
unfunctionalized terminal and internal olef ins. 

20 

The prior att phosphite (Ligand C} shows much lower 
activity when starting from internal olef ins. 

Examples 1§ and 19: Hvdroformylation of 
3-Pentenenitrile with Ligands 1 and 14 

Example 18 

25 The experiment in Example 4 was repeated 

except that the methyl-3-pentenoate was replaced by an 
equivalent amount of 3-pentenenitrile and the ligand 
was Ligand l. Analysis of the products showed a mixture 
of 3-, 4-, and-formylvaleronitriles (hydroformylation 

30 products) and valeronitrile (VN; reduction product). 

The results are summarized in Table 6. 

Example 19 

The experiment in Example 4 was repeated 
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except that the methyl-3-pentenoate was replaced by an 
equivalent amount of 3-pentenenitrile and the ligand 
was the Ligand 14. Analysis of the producs gave the 
results shown in Table 6. 

Table § 

Example Ligand Conv Redn• se1•• 

18 1 85.2 21.0 42.7 

19 14 37.4 16.3 44.6 

• The reduction product was valeronitrile 
•• Selectivity to 5-formylvaleronitrile 

Lin 

54.4 

55.6 

The results show that moderately high selectivity to 
15 the linear 5-formylvaleronitrile (SFVN; a caprolactam 

precursor) can be obtained with the catalysts of this 
invention. 

Examples 20. 21: Hydroformylation of Butadiene with 
20 Ligands 8 and 10 

The experiment in example 4 was repeated 
except that the methyl-3-pentenoate was replaced by an 
equivalent amount of 1,3-butadiene, the solvent was 
tetrahydrofuran, the temperature was 90°C, the COJH2 

25 total pressure at 90°C was 6.B MPa and the ligand was 
either Ligand 8 or 10 and the ligand/Rh ratio was 3. 
Analysis of the products showed a mixture of pentenals 
(primarily trans-3-pentenal), pentanal (reduction 
product) and dialdehydes (primarily l,4-butanedial). 

30 The results are summarized in Table 7. 
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Table 7 

Example Ligand Conv Pentanal 3-Pentanals Dials 

20 8 76.7 2.8 45.2 7.1 

21 10 66. 7 2 .. 1 29.2 s.o 

Examples 22-27: Hydroformylation of Methvl 3-pentenoate 

using Ligands 15-19 and 7 

A 150 mL Rastelloy-C autoclave (Parr) was 

10 filled under nitrogen with 5.8 mg dicarbonyl(2,2,6,6-
tetramethyl-3,5-heptanedionato)-rhodiwn (4.8 x 10-5 

mol), 60 mL of toluene, and a ligand selected from 
Ligands 15-19 and 7 (ligand/rhodiwn molar ratio {L/Rh) 

varied from 2.2 to 3.1). The autoclave was closed and 
15 purged with nitrogen. The autoclave was brought to l 

.MPa of carbon monoxide/hydrogen (1:1) and heated to 

.,o0 c over a ca. 30 min. period. At 90°C and l MPa, a 
solution of 7.44 g (65 nunol) freshly distilled methyl 
3-pentenoate and 1.2 gram nonane diluted to 15 mL with 

20 toluene was then injected into the autoclave. The 

reaction times are listed in Table 7. Productanalyses 
were done by GC and the results are summarized in Table 
8. 
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Table 8 

Exam- Ligand L/Rh1 Time Conv Sel 'Redn Lin 
ple (hrs) (Its) ( 9e) ( 9<.) (%) 

22 15 3.l 7 81.8 84.6 3.9 94.9 

5 23 16 3.1 6 77.1 12.·9 2.6 79.6 

24 17 2.2 8 84.2 79.2 4.0 93.2 

25 18 2.9 6 87.3 81.2 4.7 92.3 

26 19 2.2 21 69.5 82.0 3.6 94.6 

27 7 2.2 18.S 84.0 81.0 4.4 94.5 

10 
1 Ligand/rhodium molar ratio. 

Example 28 
Example 22 was repeated using Liqand 15 and a 

15 ligand/rhodium ratio of 3. As substrate cis 2-butene 
was used. The total pressure was 2 MPa. After 4 hours a 
conversion of 66.2 9e with 98% selectivity for pentanal 
and a linearity of 989<. were obtained. 

20 
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Examples 29-37 
Example 4 was repeated except that a 

different ligand was used. See Table 9 for ligand 

choice and results. 

Table 9 

Ex .. Ligand No. Conv .. Sel. Lin .. 

29 20 73.0 84.9 96.0 

30 21 53.1 84.S 93.6 

31 22 88.1 83.4 95.8 

32 23 88.0 83.4 94.5 

33 24 91.S 83.3 93.6 

34 25 94.8 83.2 97.9 

35 26 97.5 82.2 97.4 

36 27 53.4 80.8 91.3 

37 28 56.3 80.1 89.8 
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Example 38-44 

Example 18 was repeated except that a 
different ligand was used. See Table 10 for ligand 
choice and results. 

Table 10 

Ex. Ligand No. Conv. Sel. 

38 15 99 65.6 

39* 15 59 67.3 

40 25 99 73.7 

41•• 25 94 69.7 

42 26 99 72.1 

43** 26 91 73.9 

44 20 82 53.l 

• The feed gas was 35~ CO and 65% H2 

•• The feed gas was 65~ co and 35% H2 

Example 45 

Lin. 

78.1 

87.9 

83.8 

79.6 

85.8 

82.6 

64.3 

20 A Hastalloy B autoclave with a volume of 1 l 
was loaded with a 200 g catalyst solution. The catalyst 
solution consisted of : 568 g m-xylene, l.105 9 {4.3 
mmol) rhodium dicarbonyl acetylacetonate 
(Rh(acac)(C0) 2 ), 20.0 g (65.8 mmol) tri-(ortho-

25 tolyl)phosphine and 14.0 g (12.8 mmol) of a bidentate 
phosphite ligand (mw = 1090) with formula (10) 

30 ~ 
(10) 

( ~-· ·--E-g). 
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To the autoclave (the reactor) was also added 300 g of 
methyl-3-pentenoate (M3P). The reactor was heated under 

1 MPa CO/H1 pressure (1:1 mol/mol CO/H1 ) to 95°C. The 
CO/B2 was constantly fed to the reactor in such a way 

s that there was always an off-gas stream from the 
reactor. The reactor could contain approximately 500 ml 
liquid. As soon as the reactor contained more than 
approximately 500 ml, it overflowed via a dip tube and 
the excess of reaction mixture was continuously removed 

10 from the reactor. The reactor effluent stream existing 
of-liquid in excess of 500 ml and unreacted gasses was 
let down to atmospheric pressure via a back pressure 
regulator and fed into a gas/liquid separator. The gas 
was -after passing through a condensor to remove 

15 condensables- vented to 1 bar. The stream collected in 
the bottom of the gas/liquid separator was fed throuqh 
a control valve to a first short path rolled film 
evaporator. In this evaporator most of the unreacted 
M3P, light by-products and a small part of the aldehyde 

20 products were evaporated under vacuum (600 mm Hq at 

90°C wall temperature). The liquid residue (bottom 
stream) was passed through a column filled with an 
amount of 7 g of a weakly basic Amberlist A21 resin. 
From there it was pumped to a second short path rolled 

25 film evaporator. In this evaporator the remainder of 
the unreacted MJP and a part of the MFV products were 
evaporated under a higher vacuum (100 nun Hg at 90°C 
heatinq temperature). The residue of the second 
evaporator was pumped back into the reactor thereby 

30 closing the loop. The temperature and pressure of both 

evaporators were adjusted such that at a stable running 
situation: a constant total liquid inventory in the set 
up, was maintained. (Approx. 1200 ml if calculated back 

to reactor liquid prior to distillation.) 

35 After 2 hours of reaction at 95°C fresh M3P was pumped 
into the reactor at a rate of 90 g/h and also more 

catalyst solution was pumped in at a rate of 80 g/h. CO 
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and H2 are fed at a flow-rate of 30 Nl/b. The pressure 
was set at 0,5 MPa. In approx. 4 hours all the 
distillations and pumps were operating and the catalyst 
feed is stopped. After another 16 hours the set-up 

5 reached a steady state. At the stable point the Rh 

concentration in the reactor was approximately 300 ppm. 
The Rh/phosphite molar ratio was 1/3 and the 
phosphine/phosphite molar ratio was 5/l. 
Once every 24 h a liquid sample taken from the gas-

10 liquid separator. This was done very carefully 
excluding contact with oxygen and moisture using a 

sample taker which was carefully opened in a dry-box 
making up the the samples for all kinds of analysis. 
The samples were analysed for organic and inorqanic 

15 components using qaschromatography GC, hiqh pressure 
liquid chromatography (HPLC), nuclear maqnetic 

resonance (NMR) and Elemental analysis. 210 hours into 
the experiment the composition of the liquid in the 
reactor was determined as: 0.39 wt.% methyl-4-

20 pentenoate, 0.06 wt.% methyl-cis-2-pentenoate, l.82 

wt.% methyl valerate, 9.17 wt.% methyl-trans-3-
pentenoate, 2.61 wt.% methyl-cis-3-pentenoate, 4.48 
~.% methyl-trans-2-pentenoate, 0.04 wt.% xylene, 0.48 
wt.% methyl-2-formylvalerate, 1.06 wt.% methyl-3-

25 formylvalerate, 1.61 wt.% methyl-4-formylvalerate, 
71.89 wt.\ methyl-5-formylvalerate (MSFV), 0.23 wt.% 

monomethyladipate, 0.48 wt., aldol condensation 

products, 0.64 wt.% tri(ortho-tolyl)phosphine, o.44 
wt.% tri{ortho-tolyl)phosphine-oxide and 4.6 wt.~ of 

30 heavies and catalyst components. 
To ensure that the substrate is free of hydroperoxides 

the M3P is batch distilled at atmospheric pressure over 
tri-phenylpbosphine and fed over a column filled with 
alumina-oxide prior to feeding it to the reactor. 

35 The distillates were continuousely collected and 
analysed for product composition. 
The reaction could be run for 250 h without siqnificant 
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phosphite degradation by oxidation. Selectivity to 

methyl 5-formylvalerate during the run chanqed from 84 
to 82%. The conversion of methyl 3-pentenoate changed a 
little because of sampling from the set-up going from 

5 79 to 77\. The selectivity to methyl-5-formylvalerate 

(MSFV) is calculated as the amount (in mol/h) of M3P 
which has been converted to MSFV divided by the amount 
{in mol/h) of M3P which has reacted. 

10 Example 46 

Example 45 was repeated, except that the feed 

metbyl-3-pentenoate (M3P) was replaced by a mixture 
consisting of 91.8 w% methyl-3-pentenoate and 8.2 w% 

methyl-trans-2-pentenoate. In this experiment the 
15 reaction could be run for 190 hours at a degree of M3P 

conversion of 77% at a selectivity of 85.2% to metbyl-
5-formyl-valerate (MSFV). The selectivity was 
calculated {based on M3P) as in Example 42. 

This high selectivity is surprisingly as 
20 batch experiments starting with M2P as feed indicated a 

much lower selectivity to MSFV (about 7%) as was 
described in patent EP-A-556681, Example 16. 
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CLAIMS 

Process for the preparation of a terminal aldehyde 
by hydroformylation by reacting an ethylenically 
unsaturated organic compound with carbon monoxide 
and hydrogen in the presence of a catalyst system 
comprising iridium or rhodium and a bidentate 
organic phosphite ligand having the structure: 

R3-0 O-R3 

\ I 
P-O-P (1) 

I \ 
R'-o O-R4 

characterized in that the two phosphorus atoms of 
the phosphite ligand are linked with a 
2,2'-dihydroxyl-l,l'-binapthalene bridging group 

20 having the following structure (0): 

25 

30 

35 

2. 

O= or (2) 

in which R1 and R2 are substituents other than 
hydrogen and in which R3 and R' are the same or 
different substituted monovalent aryl groups 
and/o~ any one of OR3 and OR4 connected to one 
phosphorus atom forms an -O-R5-0-group, where R5 is 
a divalent organic group containing one or two 
aryl groups. . 

Process according to claim 1, characterized in 
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that R1 and R2 are individually selected from the 
group of alkyl, aryl, tria:cylsilyl, t:cialkylsilyl, 
carboalkoxy, carboaryloxy, aryloxy, alkoxy, 
alkylcarbonyl, arylcarbonyl, oxazole, amide, amine 
or a nitrile. 
Process according to claim 2, characterized in 
that R3 and R' are the same or different 
substituted monovalent C6-C20 aryl groups 
containing at least one R' group in the ortho 
position relative to the oxygen atom, where R6 is 
C1-C20 alkyl or c,-c20 aryl or Rs and R4 are 
monovalent C10-C20 aromatic fused rinq systems with 
2 or more rings. 
Process according to any one of claims l-3, 
characterized in that R1 and R2 are carboalkoxyl 
groups, having the formula -C02R, in which R is a 
C1-C20 alkyl or a C6-C12 aryl group. 
Process according to claim 3 or 4, characterized 
in that R3 and R' are phenyl groups, in which R' is 
a c1 -c, alkyl group. 

6. Process according to claim 3 or 4, characterized 
in that as and R4 are 9-phenanthryl or 1-naphthyl 

7. 

8. 

9. 

groups. 
Process according to any one of claims 1-6, 
characterized in that the ethylenically 
unsaturated organic compound has 2 to 20 carbon 

atoms. 
Process according to claim 7, characterized in 

that the ethylenically unsaturated organic 
compound is 1,3-butadiene and R1 and R2 are carbo 
alkoxyqroups, -C02R, in which R is a C1-C8 alkyl 
group. 
Process according to claim 7, characterized in 
that the etbylenically unsaturated organic 

compound is an internally ethylenically 

unsaturated organic compound with 4 to 20 carbon 
atoms. 
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10. Process according to claim 9, characterized in 

that the internally ethylenically unsaturated 
organic compound is a 3-pentenenitrile, 
3-pentenoic acid, or a c1-c, alkyl 3-pentenoate 

5 ester compound. 

11. Process according to claim 10, characterized in 

that the unsaturated compound is a mixture 

comprising a C1-C6 alkyl 3-pentenoate and a c 1-c, 
alkyl 2-pentenoate and in which the process is 

10 carried out continuously. 
12. Process according to claim 10 of 11, characterized 

in that the alkyl 3-pentenoate ester compound is 

methyl 3-pentenoate or ethyl 3-pentenoate. 

13. Process according to any one of claims 1-12, 

15 characterized in that rhodium is used. 

20 

14. Process according to any one of claims 1-13, 

characterized in that the metal is rhodium at a 

concentration of between 50 to 1000 parts per 

million, the ligand to rhodium. ratio is between l 
to 10, the temperature is between so·c to 1so·c, 
the total ptessure is between O.l to 20 MPa, and 

the CO/H2 ratio is between 0.1 to 10. 
15. Process according to claim 14, characterized in 

that the molar ratio of ligand and rhodium is 

25 between 1 and 1.2 and that the process is 
performed continuously. 

30 

35 

16. A hydroformylation catalyst composition comprising 

rhodium and a bidentate organic phosphite ligand 

having the structure: 

R3-0 O-R3 

\ I 
P-O-P (l) 

I \ 
R'-0 O-R' 
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in which the two phosphorus atoms of the phopshite 

ligand are linked with a 
2,2'-dihydroxyl-l,l'-binapthalene bridging group 
having the following sttucture (0): 

o= (2) 

or 

in which R1 and R2 are substituents other than 
15 hydrogen and in which R3 and R' are the same or 

different substituted monovalent aryl groups 
and/or any one of OR3 and OR' connected to one 
phosphorus atom forms an -O-R5-0-group, where R5 is 
a divalent orqanic qroup containing one or two 

20 aryl groups. 
l7. A hydroformylation catalyst composition according 

to claim 16, characterized in that R1 and R2 are 
individually selected from the group of alkyl, 
aryl, triarylsilyl, trialkylsilyl, carboalkoxy, 

25 carboaryloxy, aryloxy, alkoxy, alkylcarbonyl, 
arylcarbonyl, oxazole, amide, amine or a nitrile. 

18. A hydroformylation catalyst composition according 

to claim 17, characterized in that R1 and R2 are 
carboalkoxyl groups, having the formula -C02R~ in 

30 which R is a C1 -C20 alkyl or a c,-c12 aryl group. 

35 

19. A hydroformylation catalyst composition according 
to any one of claims 16-18, characterized in that 
in which R3 and R' are the same or different 
substituted monovalent C6-C20 aryl groups 
containing at least one R5 group in the ortho 
position relative to the oxygen atom, where R' is 
c 1-c20 alkyl o.c C6-C20 aryl or R3 and R' are 
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monovalent C10-C20 aromatic fused ting systems with 
2 ot mote tinqs. 

20. A hydroformylation catalyst composition according 
to claim 19, characterized in that R3 and R4 are 

5 phenyl groups, in which R6 is a C1-C6 alkyl group. 

21. A hydroformylation catalyst composition according 

to claim 19, characterized in that R3 and R• are 
9-phenanthryl or 1-naphthyl groups. 

22. A hydroformylation catalyst composition accordin9 
10 to any one of claims 16-21, characterized in that 

the molar ratio of liqand and rhodium is between 1 
and 1.2. 


