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f r om et henéitbguphgnesiyemogesgrustdalalysjs based on cobalt were employed at the
15  beginning of the industrial application of the oxo process, homogeneous
hydroformylation catalysts based on rhodium have been increasingly used in industry
since the 1970s because they make it possible to work economically at lower
temperatures and, in particular, at a lower pressure than in the case of cobalt catalysts
and achieve a high n/i selectivity in the hydroformylation of olefins having a terminal
20  double bond (a-olefins). For this reason, the low-pressure hydroformylation using
generally triphenylphosphine-modified rhodium complexes has virtually completely
displaced the high-pressure hydroformylation using cobalt carbonyl catalysts in the
industrial preparation of C3- and C,-aldehydes from ethene and propene, respectively.
Nevertheless, the high-pressure hydroformylation using cobalt carbonyl catalysts is siill
25 of considerable industrial importance even today, in particular in the hydroformylation
of long-chain olefins having internal double bonds. Such olefins are available in large
quantities, for example as raffinate Il (from the C4 cut of a steam cracker after removal
or selective hydrogenation of dienes, such as 1,3-butadiene and removal of isobutene-
based C, mixture comprising butene-1 and butene-2} or from olefin dimerization
30 processes and trimerization processes or from olefin metathesis plants and Fischer-
Tropsch plants and their oxo products serve as starting materials for the preparation of
other industrial products such as plasticizers or surfactant alcohols. Owing to the way
in which they are produced, these olefins are generally in the form of an isomer mixture
of a-olefin concerned and the corresponding structural isomers having an internal
35 double bond and are used in this form as starting material for the oxo process. For the
purposes of the present invention "internal” olefins are accordingly olefins whose
double bond is, unlike a-olefins, not terminal but located in the interior of the olefin
molecule.
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The reason why cobalt catalysts are preferred for the hde rnyl ati on of
such relatively long-chain olefin m xtures and al so for

hydr of ormyl ati on of individual ol efinic compounds havi nggi nternal double
bonds dﬁspite t he hi gher tenperatures and higher pressures required when
usi ng dBbal t cat al ysts may be found in the different 5 catal ytic behavi or of
t he cat al yder limeacdidelyobalAl kroveh asodidehyddsnot brandhyadr aidehydys Bt dlemrejérred

a-ol efins, b ks isd-dMRsHHHEE, o bE ERRIREI RGPBr, Enighdreréfor@sitdrti Qderfbiet HEtheO
mol ecul e %ytt:tr%?ormylation product, expressed by the n/i ratio, i.e. the molar ratio of n-aldehydes
to iso-aldehydes in the reaction product, is desired. Although the rhodium-

15  triphenylphosphine catalyst system leads to high n selectivities in the hydroformylation
of short-chain a-clefins, this catalyst system has disadvantages in the hydroformylation
of the abovementioned olefin mixtures or olefins having internal double bonds. Firstly,
the rhodium-triphenylphosphine catalyst system displays only a very low
hydroformylation activity toward internal double bonds, with the result that such

20 ‘internal” olefins either do not react at all or react to an ecomically acceptable extent
only when using uneconomically long reaction times, and, secondly, this disadvantage
is made worse by the fact that this catalyst system also isomerizes terminal double
bonds to internal double bonds to a significant extent under the conditions of the
hydroformylation reaction, so that when the rhodium-triphenylphosphine catalyst

25 system is used in the hydroformylation of such industrial olefin isomer mixtures or
internal olefins, only unsatisfactory olefin conversions and unsatisfactory degrees of
utilization of the internal olefins are achieved.

To be able to utilize the inherent advantages of the low-pressure hydroformylation

30 using rhodium catalysts in the hydroformylation of relatively long-chain olefin mixtures
of a-olefins and internal olefins and the hydroformylation of internal olefins, efforts have
long been made to develop rhodium-catalyzed "isomerizing" hydroformylation
processes, viz. processes in which the proportion of n-aldehydes in the reaction
product from the hydroformylation of internal olefins or mixtures of a-olefins and

35 internal olefins is higher than would have been expected from the proportions of
terminal and internal double bonds in the starting olefin and the double bond
isomerization effected by the rhodium-triphenyiphosphine catalyst system. Research
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Since the n/i selectivity in the hydroformylation of olefins is influenced by many
15  parameters, the use of such catalysts for isomerizing hydroformylation has to be
accompanied by process engineering measures and measures involving the reaction
conditions in order to achieve economically satisfactory results. One parameter which
has already been identified by d’ Oro et al, LA CHIMICA ET L'INDUSTRIA 62, 572
(1980) as having a significant influence on the n/i selectivity in hydroformylations using
20  the rhodium-triphenylphosphine catalyst system is the CO partial pressure in the
hydroformylation reactor. It was in this case found that although reducing the CO partial
pressure leads to an increase in the n selectivity, such a reduction in the CO partial
pressure results in an undesirably large increase in the hydrogenation rate of the

olefins used, and thus a high level of paraffin formation.

25
in US-A 4,885,401, it is stated that a reduction in the CO partial pressure in the
hydroformylation reactor when using rhodium-chelating phosphite catalyst systems
leads to an increase in the reaction rate and that the CO/H; ratio should preferably be
from 1:1 to 1:10.

30

Example 12 of US-A 4,885,401, which concerns the hydroformyiation of 2-butene,
indicates that although the reaction rate is increased when the CO/H; ratio is reduced,
the n/i ratio of the aldehydes formed decreases.

35 US-A 4,885,401 mentions in general terms the possibility of hydroformylating mixtures
of a-olefins and internal olefins in a series of different reactors and, if desired, setting
the optimum reaction conditions independently in the individual reactors, but specific
teachings on the way in which this should be done and the direction of the optimization
measures are not provided.

40
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can be employad there. The use of these decoupled reactor systems is said to achieve

15  more efficient and more complete utilization of the olefins fed in. EP-A 188 426 does
not refer to hydroformylation under isomerizing conditions and the examples in this
document are accordingly restricted to the use of the rhodium-triphenylphosphine
catalyst system for the hydroformytation of propene. Furthermore, there are no
teachings as to how the nfi ratio can be increased when using internal olefins as

20  starting material.

WO 97/20801 (2 US-A 5,744,650) specifically addresses the relationship between

hydroformylation rate and carbon monoxide partial pressure in hydroformylations using
rhodium-organopolyphosphite catalysts, the prevention of or reduction in the

25 deactivation of the rhodium-organopolyphosphite catalyst, the prevention of and/or
reduction in periodic fluctuations in the carbon monoxide partial pressure, the hydrogen
partial pressure, the total reaction pressure, the hydroformylation rate and/or the
temperature during the hydroformylation process and proposes, as a solution to these
probiems, that the hydroformylation process be carried out at a carbon monoxide

30 partial pressure which is such that the hydroformylation rate increases when the carbon
monoxide partial pressure decreases and the hydroformylation rate decreases when
the carbon monoxide partial pressure increases and that one or more of the following
conditions are met:

35 a) the use of a temperature which is such that the temperature difference between
the temperature of the reaction product liquid and the inlet temperature of the
coolant is less than 25°C,

b) a carbon monoxide conversion of less than 90%,
¢}  ahydrogen conversion of more than 65% and
40 d) a conversion of the olefinically unsaturated compound of more than 50%.
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1:10. Exanpl e 12 of US-A 4,885,401, which concerns the hydrofornylation
of 2-bdtene, indicates that although the reaction rate is increased when
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i ndependentphtial prestige (0 Ai9% percdar ve&CH martial phassue) &saidt iegceeded. The only
15  examples in this patent concern the conventional hydroformylation of ethylene and
propene using the rhodium-triphenylphosphine catalyst system and using an excess of
hydrogen from the beginning. According to the data from the examples, an increase in
the CO partial pressure leads to a reduction in the hydroformylation rate. No
information is given about the n/i ratio of the butyraldehydes produced in the
20  hydroformylation of propene in Example 2.

According to JP-A 143 572 (2000), the hydroformylation should be carried out under
conditions under which the carbon monoxide partial pressure in the reactor has virtually
no effect on the reaction rate.

25
Reinius et al (J. Mol. Cat. A: Chemical 158, 499 (2000)) studied the hydroformylation of
methyl methacrylate using a rhodium-methyi(thienyl)diphenylphosphine complex as
catalyst and came to the conclusion that increasing the H; partial pressure in the
synthesis gas does not alter the n/i selectivity of the hydroformylation reaction, in

30 contrast to the situation when a triphenylphosphine-rodium complex is used as catalyst.

in Catalysis Today 74, 111 (2002), Yang et al. describe the influence of the H, and CO
partial pressure on the catalytic activity of the rhodium-tris(sodium m-
sulfonatophenyl)phosphine complex in the hydroformylation of propene. They found

35 thatin the case of this catalyst system the hydroformylation rate increases with
increasing H; partial pressure and decreases with increasing CO partial pressure.

EP-A 423 769 relates to the use of a combination of two different reactors connected to
form a reactor cascade in the multistage hydroformylation of olefins. According to the
40 examples in this patent application, the hydroformylation of propene in the presence of
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15
where pco and py, are the CO and H; partial pressures in the respective pressure
section or reaction stage. This mode of operation is said to increase the
hydroformytation rate and also improve the n/i selectivity. According to the examples in
EP-A 1 008 580, this is achieved in the hydroformylation of an octene mixture using

20  synthesis gas having a CO/H, molar ratio of 1:1 by setting a pressure of 50 kg/cm? in
the first reaction stage and a pressure of 170 kg/cm? in the second reaction stage. The
hydroformylation catalyst used here is uncomplexed hydridorhodium carbonyl which is
generated in situ in the reactor. Although it is said in the description of EP-A 1 008 580
that this process is also suitable for hydroformylations using cobait and rhodium

25 catalysts complexed with various phosphite or phosphine ligands, specific exampies
and information on the effects of this process on the n/i ratio of the aldehydes produced
when using catalysts which behave differently from uncomplexed rhodium are lacking.

Carrying out a secand reaction stage at a CO partial pressure which is higher than the

30  CO partial pressure in the first reaction stage is also disclosed by US-A 4,716,250
(Example 9) for the hydroformylation of 1-octene by means of a rhodium catalyst
complexed with a monosulfonated phosphine. As regards the CO/H, ratio in the
individual reaction stages, an excess of hydrogen is present in both the first and
second reaction stages. However, the best result in respect of the n/i ratio of the

35 nonanals formed (n/i ratio = 12.3) is achieved in a variant different from Example 9
when using an approximately equal CO partial pressure in the first and second stages
and when using a high H,/CO molar ratio both in the first and second reaction stages.

WO 02/68371 relates to an isomerizing hydroformylation process in a reactor cascade
40 using a conventicnal rhodium-triphenylphosphine catalyst in the first reaction stage and
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isomerization of internal double bonds to terminal double bonds in the internaf olefins

15  presentin the olefin mixture should be promoted and at the same time the double bond
izomerization of g-olefins to internal olefins should be suppressed, since the latter
reduces the total space-time yield of the process because internal olefins are basically

less reactive than a-olefins.

20  We have found that this object is achieved by a process for the continuous preparation
of aldehydes having from 5 to 21 carbon atoms by isomerizing hydroformylation in the
homogeneous phase of olefin compositions having from 4 to 20 carbon atoms and
comprising a-olefins and olefins having internal double bonds by means of synthesis
gas in the presence of a homogeneous rhodium catalyst complexed with an oxygen-

25 and/or nitrogen-containing organophosphorus ligand and free ligand at elevated
temperature and elevated pressure in a multistage reaction system comprising at least
two reaction zones, wherein the olefin composition is firstly reacted with synthesis gas
having a CO/H; molar ratio of from 4:1 to 1:2 at a total pressure of from 10 to 40 bar in
a group of one or more first reaction zones to a conversion of the «-olefins of from 40

30 {0 95% and the hydroformylation mixture from this group of one or more first reaction
zones is reacted with synthesis gas having a CO/H, molar ratio of from 1:4 to 1:1000 at
a total pressure of from 5 to 30 bar in a group of one or more downstream reaction
zones, where the total pressure in the one or more downstream reaction zones is in
each case at least from 1 to (T1-Tf) bar lower than in the preceding reaction zone,

35 where T1 is the total pressure in the preceding reaction zone and Tf is the total
pressure in the reaction zone downstream of the one or more first reaction zones, with
the proviso that the difference T1-Tf is greater than 1 bar, and the CO partial pressure
in the one or more downstream reaction zones is in each case lower than in the
preceding reaction zone.

40



has ‘a negative order of reaction in respect of the carbon nonoxide partial
pressure, iPRe54987at a relatively high carbon nonoxide partial pressure,
leads to a high isoner ratio. The continuation-in-part patent US-A 5 874 639
extends the subject-matter of US-A 5,744,650 to the use of catalysts

conpri si ng _or ganopol yphosphorus-netal conplexes. 10 US-A 5 728 893 rel ates
to the use o€ paO@aé@mpcwwt BuaRtianie Paspdall @ NYMBEOf el &Y repults

hydr of or nylcahterning issinighizingehyprof@afation. Bel| ienanBedrefa0hd, omecaladitat ons in
which a change in the n product selectivity of 0.2% of n product per 1

pound per square inch of CO rtial pressure (= 2.9% per bar of CO parti al
pressure) iag ndt the,coBtinoys W@?%Wy?t"i’gogﬁg‘ﬁﬁieéﬁ'“itwof?ﬁgorﬁﬁt"é'?ﬂd%'ﬁcern t he
convent Bonal hydresf avdey bterwise aentiddhgdmditiona i bothregetors, aidecrgasehie the CO
rhodium tr i phepylaioeellingachibhval Kiiher By SLATIRI o UhiResiaBaeHeesFeth a Ny dr ogen
fromthe beginni n%. t@f ding to tt}? ata ffﬁ)%rﬁ e an‘ghes an L ncrease in
the CO partial “BPEaY 2 FRHP ar BYSEHRENS He; éngfkfd ?8F RSN rate.
No i nf or mat i on total pjesssre, agsulis in @reingrdase it the atdehyée yibidtanddhel propadionmfoduced

in the 20 hydpnofapramémidean tHef nyRFsTe@meation prsdPhixtdre; According to JP-A 143
572 (2QQ0), the hydrofornylation should be carried out under conditions

under i ch the carbon nonoxide partial pressure in the reactor has
virtually bho &Fthedbathwiseydralersivialin oheduters. megdyction BitheCQpartialbl . cat. A
Chem cal 158, #8&s02004Ys)tosnucdreate ihendyideinideryigid abd the bportigt G-

methacryl ate ugLiae s Hgdajn‘dm met hyl (t hi enyl ) di phenyl phosphi ne conpl ex as
catal yst and cane to ty € conclusion that increasing the H2 partial pressure

in the
15 ¢) inthe batchwise hydroformylation of 1-butene, a reduction in the CO partial

pressure leads to an increase in the undesirable isomerization of 1-butene to
2-butene and both the space-time yield of aldehyde formation and the n/i ratio of
the valeraldehydes formed decrease as a consequence.

20  As aresult of use of the measures according fo the present invention and setting the
process parameters according to the present invention, the a-olefin present in the
olefin compaosition is, according to the present invention, mostly converted, i.e. to a
conversion of from 40 to 85%, preferably from 70 to 95%, to the corresponding
n-aldehyde in a group of ocne or more first reaction zones, without isomerization of the

25 terminal double bond to internal double bonds occurring to a substantial extent, so that,
in greatly simplified terms, the olefins having internal double bonds in the olefin
composition are hydroformylated in a group of one or more downsiream reaction zones
under hydroformylation conditions which are optimal for the isomerization of internal
double bonds to terminal double bonds without this leading to significant isomerization

30 of the a-olefin originally present in the olefin composition, so that an aldehyde product
having a high n/i ratio is finally obtained in a high space-time yield from the olefin
composition. The extent of undesirable isomerization of the g-olefins to internal olefins
in the group of one or more first reaction zones under the hydroformylation conditions
should be kept as small as possible and be not more than 80%, preferably less than

35 50% and particularly preferably less than 30%.

The sought-after conversion of generally from 50 to 99% of the g-olefins present in the
olefin composition can thus be brought about in a single first reaction zone orin a
plurality of first reaction zones. For the purposes of the present invention, the

40 expression "group of one or more first reaction zones" will be used to refer to this single



synt’hesi s gas does not alter the n/i selectivity of the hydrofornylation
reaction, iRF¥B8Iontrast to the situation when a triphenyl phosphi ne-rodi um
-conplex is used as catalyst. In Catalysis Today 74, 111 (2002), Yang et al.
describe the influence of the H2 and CO,4 partial pressure on the catalytic
activity of the rhodiumtris(sodium m sulfonatophenyl)phosphi ne conplex in
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molar ratio ar?d a sigﬂificantly higher total pressure than the group of one or more

15 downstream reaction zones.

In the process of the present invention, the hydroformylation of olefin compositions
comprising terminal and internal double bonds is carried out in a muitistage reaction
system which is cascaded in respect of the process parameters total pressure, CO/H,
20 molar ratio and CO partial pressure and comprises a plurality of reaction zones, e.g.
from 2 to 10, preferably from 2 to 4 and particularly preferably two (2) reaction zones,
connected in series, where the individual reaction zones differ from one another in
terms of the different total pressure, the CO partial pressure and, if appropriate, the
CO/H, molar ratio prevailing therein. Thus, the individual reaction zones can be present
25 in the individual reactors connected in series in a reactor cascade, or a single reaction
zone can also encompass a plurality of reactors which are connected in series or in
parallel and which meet the criteria according to the present invention for an individual
reaction zone, essentially the same total pressure and CO partial pressure.
Conversely, a single hydroformylation reactor can be segmented by means of suitable
30 internals into a plurality of reaction compartments in which the reaction conditions can
be set independently so that one or more of these reaction compartments form a
reaction zone and one or more of the downstream reaction compartments of the
reactor form, depending on the setting of the process parameters in the individual
compartments, a second reaction zone or a plurality of downstream reaction zones.
35 Thus, if a downstream compartment of the reactor is operated at a total pressure which
is at least 1 bar lower and the CO partial pressure is lower, if appropriate at a lower
CO/H, molar ratio, than in the preceding compartment, this downstrearm compartment
forms a new reaction zone compared to the preceding compartment. Analogous
considerations apply to the reaction conditions in individual reactors connected in
40 series.



PH2(m 1) <PH2(m) Pco(m 1) +PH2(m 1) <pco(m +PH2(m 15 where pco and PH2 are

t he CO and Rf294987ti al pressures in the respective pressure section or
-reaction stage. This node of operation is said to increase the

hydr of ormyl ation rate and al so i nprove t‘ge n/i selectivity. According to the
exanples in EP-A 1 008 580, this is achieved in the hydrofornylation of an
octene m xture using 20 synthesis gas having a COH2 nolar ratio of 1:1 by
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reaction stages@pgn CO partial pressure which is higher than the 30 CO
partial, .pressure in the first reaction stage is also disclosed by US-A
4,716, 280 ﬁExarrpI e 9) for the hydrofornylation of 1-octene by neans of a

r hodi um catfe fpeetionzsmpiceredses a hlukalitmeseadtersnbisawsphledp W@ ientieal pegar ds t he
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appr oxifat el ytiremglnalss€l®) partial pressure in the first and second stages

The process of the present invention is generally carried out at a total pressure of
generally from 10 to 40 bar, preferably from 10 to 30 bar and particularly preferably
from 10 to 25 bar, in the group of one or more first reaction zones and at a total

20  pressure of generally from 5 to 30 bar, preferably from 5 to 20 bar and particularly
preferably from 9 to 20 bar, in the group of one or more reaction zones downstream of
the group of one or more first reaction zones. The total pressure in the individual
reaction zones is the sum of the partial pressures of the reaction gases carbon
monoxide (CO) and hydrogen (H.), the partial pressures of the individual olefins in the

25  olefin composition to be hydroformylated and the aldehydes produced during the
hydroformylation and the partial pressures of further components present in the
reaction mixture, e.q. saturated hydrocarbons, inert gases such as nitrogen, auxiliaries
such as solvents or free ligand, any stabilizers, e.g. tertiary amines or azines, added to
the reaction mixture to stabilize the ligands used against degradation reactions and any

30 impurities present in traces in the starting materials, e.g. carbon dioxide, and by-
products formed during the hydroformylation. In general, the total pressure in the
individual reaction zones is set via the introduction of the reaction gases CO and H;
and/or via the removal of volatile components by depressurization of the reaction
mixture at the respective reaction temperature.

35
According to the present invention, the total pressure in the individual reaction zones is
set so0 that the total pressure in a downstream reaction zone is at [east from 1 to (T1 -
Tf) bar lower than in the preceding reaction zone, where T1 is the total pressure in the
preceding reaction zone R, which can in turn be preceded by one or more reaction

40 zones, e.g. R, Ry, etc., and Tf is the total pressure in the reaction zone R, downstream
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prepar at | Okhg total pressure difference between two or more reactors or reaction compartments
connected in series is less than 1 bar, these together form a reaction zone.

The reaction temperature in the individual reaction zones is generally from 50 to 200°C,
20 preferably from 50 to 150°C and particularly preferably to 70 to 130°C.

The CO/H; molar ratio of the synthesis gas in the group of one or more first reaction
zones in the process of the present invention is generally from 4:1 to 1:2, preferably
from 4:1 to 2:3 and particularly preferably from 3:2 to 2:3 (CO:H;), and that in the group

25 of one or more reaction zones downstream of the group of one or more first reaction
zones is generally from 1:4 to 1:1000, preferably from 1:4 to 1:100 and particularly
preferably from 1:9 to 1:100 (CO/H,), where the CO partial pressure in a downstream
reaction zone is set to a value lower than the CO partial pressure prevailing in the
reaction zone immediately preceding this reaction zone. In general, the CO partial

30 pressure in the reaction zone downstream of the one or more first reaction zones is set
to a value which is from 1 to 20 bar lower, preferably from 1 to 10 bar lower and
particularly preferably from 2 to 7 bar lower, than the CO partial pressure prevailing in
the immediately preceding reaction zone.

35 Asregards the reference points for determining the CO partial pressure in the
individual reaction zones, what has been said above for determining the total pressure
in the individual reaction zones applies analogously.

The optimum total pressure, the optimum CO/H; molar ratio and also the optimum CO
40 partial pressure in the individual reaction zones of the process of the present invention
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| ower t@an In the preceding reaction zone, 35 where Tl is the total pressure
In the preceding reaction zone and Tf is the total pressure in the reaction
zone downstSiaigncensideratiorscapply tedhe nfiinben of rezatioh aeneson dhe praceds ofthe provi so
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i nvention icgmgﬁ’@ﬁ‘éﬂ ei/eratie Aed ppasre-tire Kiglde Awingstgitipg resuilting higher capital costs
15  and/or cost of instrumentation and possibly higher operating costs, this can neutralize
the economic advantage gained by the improvement in the n/i ratio and the space-time
yield. For this reason, the process of the present invention is advantageously carried
out in generally from 2 to 8, preferably from 2 to 4 and particularly preferably 2, reaction
zones connected in series, with the economically optimal number of reaction zones
20  advantageously being determined in the individual case as a function of the type and
composition of the olefin composition to be hydroformylated and the hydroformylation
catalyst used by means of routine experiments or mathematical process simulations.

it is possible for the hydroformylation product mixture from one reaction zone to be

25 depressurized before entry into the subsequent reaction zone, the aldehydes formed to
be separated off and the unreacted olefins be fed into the next reaction zone to be
hydroformylated. According to the present invention, preference is given to carrying out
no such work-up of the hydroformylation product mixture from one reaction zone before
it enters the next reaction zone and depressurizing the hydroformylation product

30  mixture from one reaction zone directly into the next reaction zone. This advantageous
embodiment of the process of the present invention is made possible by the total
pressure in the downstream reaction zone being lower than in the preceding reaction
zone.

35 The total pressure in the individual reaction zones is generally set as a function of the
amount of freshly introduced synthesis gas by regulating the offgas stream from the
individual reaction zones, which is generally composed essentially of unreacted
synthesis gas, inert gases and hydrocarbons. To set the desired CO/H,; molar ratio in
the individual reaction zones if the CO/H, mixture is not introduced with the desired,

40 preset CO/H, molar ratio into the individual reaction zones, it can be advantageous to
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I nternal doubl e bonds occurring to a substantial extent, so that, in
greatly sinplified ternms, the ol efins having internal double bonds in the

ol efin corfPBSeGeEsH oblhe PRRAGNBINYSHIPN 43 suitable far e dyrofarmylation pf gt downst r eam

reacti 08 zaeompositions comprising preferably aliphatic C4-Cxp-olefins which have internal and
terminal double bonds and may be linear or branched. Examples of such olefin
compositions are 1-butene/2-butene mixtures as are obtained industrially as, for
example, raffinate 1l. The term raffinate Il refers to the C,-olefin fraction obtained after
butadienes and acetylenes and subsequently isobutene have been separated off from
20 the C, fraction from steam crackers. This generally has the following composition:

from 0.5 to 5% by weight of isobutane,

from 5 to 20% by weight of n-butane,

from 20 to 40% by weight of trans-2-butene,
25 from 10 to 20% by weight of cis-2-butene,

from 25 to 55% by weight of 1-butene,

from 0.5 to 5% by weight of isobutene

and also trace gases such as 1,3-butadiene, propadiene, propene, cyclopropane,
30  methylcyclopropane and vinylacetylene.

Other suitable olefin compositions are, for example, pentene mixtures as are formed,
for example, in the acid-catalyzed codimerization of ethene and propene, hexene
mixtures from the acid- or nickel-catalyzed (Dimersol process) dimerization of propene
35 orfrom metathesis processes as described, for example, in EP-A 1 069 101 and
EP-A 1 134 271, heptene mixtures, e.g. from the acid- or nickel-catalyzed
codimerization of propene and butene, octene mixtures from the dimerization of
butenes, for example as described in US-A 5 849 972, nonene mixtures, e.g. from the
acid-catalyzed trimerization of propene, decene mixtures, e.g. from the acid-catalyzed
40 dimerization of pentenes, undecene mixtures, e.g. from the codimerization of pentenes
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compositions are suitable, for example, as starting materials for preparing plasticizer

and surfactant alcohols which can be obtained therefrom either directly by, for

example, hydrogenation of the aldehyde to the alcohol or via the steps of aldolization

and hydrogenation, for example 2-propylheptanol which can be produced by

20  aldolization of valeraldehyde (obtained by hydroformylation of raffinate II) and
subsequent hydrogenation of the aidolization product 2-propylheptenal.

Merely by way of example for the purposes of illustration without any intention of giving
an exhaustive list, some representative olefinic compounds which can occur in such
25 olefin compositions are listed below:

butenes such as 1-butene, 2-butene and isobutene, pentenes such as 1-pentene,
2-pentene, 2-methyl-1-butene and 2-methyl-2-butene, hexenes such as 1-hexene,
2-hexene, 3-hexene, 2-methyl-1-pentene, 2-methyl-2-pentene, 3-methyl-2-pentene and
30 3-methyl-1-pentene, heptenes such as 1-heptene, 2-heptene, 3-heptene and the
various isomers of methylhexene, octenes such as 1-octene, 2-octene, 3-octene,
4-octene and also branched octenes having an internat or terminal double bond,
nonenes such as 1-nonene, 2-nonene, 3-nonene, 4-nonene and also branched
nonenes having an internal or terminal double bond, decenes such as 1-decene,
35 2-decene, 3-decene, 4-decene, 5-decene and also branched decenes having an
internal or terminal double bond, undecenes such as 1-undecene, 2-undecene,
3-undecene, 4-undecene, 5-undecene and also branched undecenes having an
internal or terminal double bond, dodecenes such as 1-dodecene, 2-dodecene, 3-
dodecene, 4-dodecene, 5-dodecene, 6-dodecene and also branched dodecenes
40 having an internal or terminal double bond. Tetradecenes, pentadecenes,



pressure and the total pressure are |lower in the group of one or nore
downst r eamPR®887i on zones than in the group of one or nore first reaction
.zones, with the group of one or nore first reaction zones generally being
operated at a relatively high COH2 nolar ratio and a significantly higher
total pressure than the group of one or Trore 15 downstream reacti on zones.
In the prodexadestnesbepiadeeanesi eriadeceoes, nonrdaspteoRist #ipPsenes Aretkelisef i n
conposi ti orsgita®NPri sing term nal and internal double bonds is carried out
in a nmultistage reaction systemwhich is cascaded in respect of the process

parameters _total pressure, CO'HZ 20 nolar ratio and CO partial pressure and
conpri ses dhglolafinicempositionsuidich 6an be Head indhe;process,phthe Pﬁ?sﬁ@t INYANEPREABI y from
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Conversely, a single hydrofor rryl ation reactor can be segnented by neans of
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reaction co of these
reaction c&aPksisHENesaredstissolyed H"'@H’@QP@#PL@UHMWGE@%‘ rBediymrasdsre t he
downst neamcomplekedwitie ampassheniscatainihg ligarenwtich isfaapable degemdrizigg andt he

setting of hk&@fo?ﬁwglﬁﬁﬁqjolgﬁl{%rg gte'rrﬂal 11BSoit BEhN LSHb%‘r theCrQH&f?:htdaﬁa‘ibéns a second
reaction zo 8 {?1' ra P/ wg%reamreac 1.on Z?l
according to the present invention and has only a relatively sma tendency to isomerize
terminal double bonds to internal double bonds under the reaction conditions according
to the present invention. The ligand is advantageously used in an excess over the
20  rhodium, generally at a ligand/Rh molar ratio of from 2 to 300, preferably from 2 to 20

and particularly preferably from 2 to 10.

The rhodium concentration in the liquid reaction mixture is generally from 10 to
500 ppm by weight, preferably from 30 to 350 ppm by weight and particularly preferably
25  from 50 to 300 ppm by weight. As rhodium source, it is possible to use, for example,
rhodium salts such as rhodium acetate, rhodium chloride or rhodium nitrate, rhodium
complexes such as rhodium acetylacetonate and/or rhodium carbonyl compounds such
as Rh(CO),acac, Rh,{CO):» or Rhg(CO)4s (acac: acetylacetonate). The type of rhodium
source used is generally not critical to the result of the process of the present invention.
30
To carry out the hydroformylation, the rhodium compound serving as rhodium source is
generally dissolved or suspended in the reaction mixture, and the ligand to be used is
dealt with similarly. The hydroformylation-active rhodium compiex is then formed in situ
in the hydroformylation reactor under the conditions of the hydroformylation reaction,
35 i.e. by reaction of carbon monoxide and hydrogen with the rhodium compound
complexed with the phosphorus-containing ligand. It goes without saying that
preformed rhodium catalyst complexes can also be added to the reaction mixture.

The process of the present invention is carried out in a homogeneous phase, i.e. the
40 olefin to be hydroformylated, the rhodium hydroformylation catalyst dissolved



35 Thus, if a downstream conpartnent of the reactor is operated at a total
pressure WHRFCH987s at |east 1 bar |ower and the CO partial pressure is
‘lower, if appropriate at a lower COH2 nolar ratio, than in the preceding
conpartment, this downstream conpart menj . forms a new reaction zone conpared
to the preceding conpartnent. Anal ogous ~considerations apply to the

reacti on céauogergrssiyin thedieattipuahixiuee dregrigardbamrbalse the aldettyds dermesl arpF 54987

10 As reactpdsenf ifira liqaR pH-06 S%S ttﬁprb&&sﬂifﬂ%%lbsérﬂ%ﬁl@hh@fﬁodstndt Brovidielbi nci pl e
possi bl e t (Pl ﬁ)l’f’?}&ﬂatloﬁ ?’ﬁp&g I|8;ud rp%%és%r?cﬂ"%}e%}eé‘édﬁ sigg! e for
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reactors as descrlbed for exanple, in US-A 4 778 929, 5 C|rculation
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in US A 5 Paiin@88wnstahf reacticegubdwits, 1.enthe poodhuctssd saldo! pbndeabation. 8blvestact or s,

it s possipi 4r8 likiise SGRbICRb a&;matf&fsba{ §£‘¥0|Je?@catn9 feM@@Sh Hfbcbh:lo'ﬁsr eaction
zone, d 'tgyﬁ Ilk?%ﬁca?ossb@gg’ se | d ? ﬁat 8 g nt reactor
types f Wreg ' Dysrecarionsaiich G ’691?3}6”’?’ g Elpedae pho usi ng the
sane r eact @ldehyqrssaridrthe dewnstiam products efame|adﬁehzdﬂse§urtbergnosezbiecaﬂ@mia)n
reactors L dteSidf BligHati¥ eadekgic aEiae mmm@malsofor bREnPEIBNEcdtaeesRt i on s
general ly qaxano‘?ﬁ %etrs g&chaasttert%lutﬁ Fetﬁer and tetrahydrofuran. In the case of
ligands which are sufficiently hydrophilic, it is also possible to use alcohols such as
15 methanol, ethanol, n-propanol, isopropanol, n-butanol, isobutanol, ketones such as
acetone and methyl ethyl ketone etc. “lonic liquids” can also be used as solvents.
These are liquid salts, for example N,N’-dialkylimidazolium salts such as N-butyl-N’-
methylimidazolium salts, tetraalkylammonium salts such as tetra-n-butylammonium
salts, N-alkylpyridinium salts such as n-butylpyridinium salts, tetraalkylphosphonium
20  salts such as trishexyl(tetradecyl)phosphonium salts, e.g. the tetrafluoroborates,
acetates, tetrachloroaluminates, hexafluorophosphates, chlorides and tosylates.

The process of the present invention is advantageously carried out using the liquid
discharge method. Here, the liquid hydroformylation mixture is continuously taken off
25 from the hydroformylation reactor of a first reaction zone and fed to the
hydroformylation reactor of the next reaction zone. Since the downstream reaction
zone is operated at a lower fotal pressure than the preceding zone, the
hydroformylation product mixture from the preceding reaction zone can advantageously
be depressurized into the hydroformylation reactor of the downstream reaction zone. In
30 general, the hydroformylation product mixture from a first reaction zone is not worked
up before it enters the following reaction zone. The downstream reaction zone is
operated under the selected reaction conditions which are different from the reaction
conditions of the preceding reaction zone. The liquid hydroformylation mixture is
generally taken off continuously from the hydroformylation reactor in this downstream
35 reaction zone and is either depressurized into a depressurization vessel in which the
pressure is generally from 1 to 35 bar lower, preferably from 3 to 10 bar lower, than the
pressure in the hydroformylation reactor to remove gases dissolved therein, e.g.
unreacted CO/H, mixture, or is, if appropriate, fed to a further downstream reaction
zone, as described. The gases liberated in the pressurization vessel, in particular
40 unreacted CO/H, mixture, can, if desired, be recirculated to one of the preceding



generally from10 to 40 bar, preferably from 10 to 30 bar and particularly
preferabl y PFE§498710 to 25 bar, in the group of one or nore first reaction
-zones and at a total 20 pressure of generally from5 to 30 bar, preferably
from5 to 20 bar and particularly prefﬁfably from9 to 20 bar, in the group
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As catalysts which can isomerize double bonds, preference is given, according to the

20 present invention, to complexes of rhodium with chelating organophosphoramidite or
organophosphite or organophosphonite ligands. In these ligands, one or more of the
phosphorus atoms can be replaced by arsenic and/or antimony atoms, but preference
is given to using phosphorus-containing ligands.

25  Isomerizing hydroformylation catalysts which are suitable for use in the process of the
present invention are, for example, rhodium complexes with phosphoramidite ligands of
the formula |,

R'-P-(0),-Q-(0),-P-R® |
| |
R R

4

30
where

Q is a bridging group of the formula



PF 54987 11 of this reaction zone, where the reaction zone R' can in turn
be fol | owed®f8498drt her reaction zones (RO, RP, etc.) in which the total
.pressure obeys the sane relationship as that between the reaction zones RR
and R Here, the proviso that the diffeggnce Tl - Tf is greater than 1 bar
applies. In general, the total pressure in the downstream5 reaction zone R
is from1l to 25 bar lower, preRerably from1l to 1%7bar |ower and
particularly preferably from1 %o 10 | o han in the preceding
reaction zone. The referenceg pg e | preessure in the individual
reaction zones is in each cde ¢ ren the reactor - or if a
plurality of reactors together fo aA i zone, the total pressure in
the | ast reactor of the precedi ngyreaction zong and in the reactor 10 or if
a plurality of reactors together forma reaction zone; the total pressure in
the first whesctor of the downstream reaction zone. Corresponding
considerations apply to conpartnentalized reactors in which one or nore

i ndi vi dual 2 Qe SUHP BERe [ i k < f tube
reactors, tﬁ?ﬁ?g&t glﬂa pr esgﬁ%e at ﬁ%ép%ﬁ%gp%(’ﬁéhgr%l??gfeNﬁugreélsggé?@r%ré;nd t he
total pressure, at e inlet into a downstreamtube reactor or, 15 other

react olros f qngb ?%hgﬂﬁﬁéﬁdﬁd%ﬂﬂ?”t%ﬂf OH%FE?W??\:#'M OPf: QEW[HCWG%]Q’L reaction
zones. |f theheisregyclpalsysaveordietdrgk ence bet ween two or nore reactors or
reaction conpartnents connected in series is less than 1 bar, these

t oget her f gPEna R°eRE bhdH) indePEndeRl of GRCAricier! IRyaRS et HIk@, EyRidallgl,i ndi vi dual
react i qn 20nes eRy@gRERY iyl GHB drdoctiirin e PELAERAY 1 iiBiTRY o 150C

d i cul | . h
el B G e T R
process of theIJfHedeAPIsTNth Bivriher gaHR Rl herarevR B: tpoether wih afpidhes, apl y

group R® forms an intramolecular bridging group D,

15 D is a divalent bridging group selected from among the groups

R11 R12
R‘H R12
Rg\ R" /Q ¢ R" R R
__cHeH < He——CH S=<

where
20
R® and R are each, independently of one another, hydrogen, alkyl, cycloalkyl, aryl,
halogen, trifluoromethyl, carboxyl, carboxylate or cyano or are joined to one
another to form a C;- to C4-alkylene bridge,

25 R, R" R"™and R" are each, independently of one another, hydrogen, alkyl,
cycloalkyl, aryl, halogen, trifluoromethyt, COOH, carboxylate, cyano, alkoxy,
SO3H, sulfonate, NE'E?, alkylene-NE'E’E** X, acy! or nitro,

c isOor1,
30
Y is a chemical bond,

R®, R%, R’ and R® are each, independently of one another, hydrogen, alkyl, cycloalkyl,
heterocycloalkyl, aryl, hetaryl, COOR!, COO™M", SO,R', SOM"*, NE'E?,



from4:1 to 2:3 and particularly preferably from3:2 to 2:3 (COH2), and
that in th@FH4986 25 of one or nore reaction zones downstream of the group
of one or nore first reaction zones is generally from1l:4 to 1:1000,
preferably from1l:4 to 1:100 and parti c%arly preferably from1:9 to 1:100
(CO H2), where the CO partial pressure ih a downstream reaction zone is set
to a val ue | owdiE'EMENXT bieylEf-NE EFER X I0RS SSR'e(QHRACH, O, /Y (CH N(ES)R eact i on

zone i medi at elgHreSRE A, haﬂogerﬁﬁ@m&&ﬁetﬁgnﬁtro,lbeg@rr@éﬁé,, the CO partial 30
pressure 1 n t he reaction zone downstream of the one or nore first reaction

zones is set to a value which is froml to 20 bar | ower, preferably froml
to 10 bar ™ and particularly preferably from2 to 7 bar |ower, than the
CO partPal pressure prevailing in the imediately preceding reaction zone.
35 As regaRiE's BeandEbarendantipal anidiffefent raticals saledted)roman@Bgpadtdgah, akgssur e
in the individyabaiky@asd egn zones, what has been said above for determ ning
the total pressure in the individual reaction zones applies anal ogously.

The opti numgt ot ressur h pti mum CO H2 nolar ratio and al so the
opti mum COr'!Q 40'53{‘3’9??951”' ﬁ\e&% r%hﬁ’n the individual reaction zones of the

pr ocesd0of the present invention PF 54987 12 depends on the type and
conposi ti oM of isdeatishef i n conposition to be hydrofornylated, for exanple
the chain length of the olefins to be hydrofornyl ated, the proportions of
term nal amd | g Aabn gbl e bonds, the position of the internal double
bonds and possibly the degree of branching of the olefins. Accordingly,

t hese ocess paranpters 5 ar according to the present invention,
advant géeoésl y Sﬂ'n%gfbﬁom&ﬁog%arti cular olefin conposition and the
hydr of ormyl ati on catal yst being used in routine prelimnary

or

R® and/or R’ together with two adjacent carbon atoms of the benzene ring to which
20 they are bound form a fused ring system having 1, 2 or 3 further rings,

a and b are each, independently of one another, 0 or 1,

P is phosphorus,
25
and

R", R? R? R* are each, independently of one another, hetaryl, hetaryloxy, alkyl, alkoxy,
aryl, aryloxy, cycioalkyl, cycloalkoxy, heterocycloalkyl, heterocycloalkoxy or an
30 NE'E? group, with the proviso that R' and R® are bound via the nitrogen atom of
pyrrole groups bound to the phosphorus atom P or R' together with R? and/or
R? fogether with R* form a divalent group E which contains at least one pyrrole
group bound via the pyrrole nitrogen to the phosphorus atom P and has the
formula
35
Py-I-W

where
40 Py is a pyrrole group,
I is a chemical bond or O, S, SiR°R®, NR® or CR"R,

W s cycloalkyl, cycloalkoxy, aryl, aryloxy, hetaryl or hetaryloxy,



experinments or mat hematical process sinulations in order to find the

condi ti ons RhP4487 are economically optinmal for achieving a very high n/i
‘ratio in the al dehyde product at a very high space-tinme yield. 10 Sim | ar
considerations apply to the nunber of rgpction zones in the process of the
present invention. Thus, it can be useful, for the purposes of the present
invention, to arrange up to 10 reaction zones in series to achieve an
economni cal lgxgopti mal  conbination of n/i ratio and space-tinme yield. Ow ng
to the resulting higher capital costs 15 and/or cost of instrunentation and

possi bly higher, 9gper at in 0S this can neutralize ,th conom ¢ advant age
Gai ned by (RS Bnih et denk A Spe SR b bt aie B0ty € 3 For
this redson, tHREEPYELeLkyLEY AEhgAR¥Eent invention is advantageously carried
out in generally from2 to 8, preferably from2 to 4 and particularly

pref er abl y o2 forrmeabispyrrole gaup svhichin @otisdivia theseitrbgen ataink o thegphespos cal |y

opti mal nurdash Podnd RGhe Rimanes 20 advant ageously being determned in the

i ndi vi dual case as a function of the type and conposition of the olefin
corrposi1%)i on to be hydrofornyl ated and t?}e Q%dr of ornyl ati on catalyst used by
means oOf° routine experinents or mathenma Velz Y-process sinmulations. It is
possi bl e for the hydrofornylation product m xture fromone reaction zone to
be 25 depressurized before entry into the subsequent reaction zone, the

al dehydes fornmed to be separated off and the unreacted olefins be fed into

the next r I . : 0 ing to the present
i nventi Sn, ?ﬁ%ﬂgkr%@gﬁ%ﬂﬁo&a%a?@eelﬁgg gffr ‘ﬁ%ﬁgbﬁtﬂ? féﬁ@?gs%ch wor k- up of the
hydrof& nyl ati on product %ture fromone reaction zone before it enters

J
b esspizhngdihe hydeof geayl ati on product 30
i A

t he next reaction zone &

m xture from one reaction zone\ﬁi/r i tﬁ)\tg].e héxt reaction zone. This
advant ageous ! '
R N.__Rr'" RIE__N__R™
W W |a
R16 R17 R16 R17
where
20
R'™, R', R" and R"® are each, independently of one another, hydrogen, alkyl,
cycloalkyl, heterocycloalkyl, aryl, hetaryl, W'COOR¥, W'COO'M",
W(SO)R®, W(SO3)M", WPOL(R(R), W'(POs): (M")z, WNE'E®,
W(NE*E’E®)" X, WOR¥, W'SR*, (CHR'CH,0),R, (CH.NE*,R",
25 (CHZCHZNE“),,R", halogen, triflucromethyl, nitro, acyl or cyano,
where
W' is a single bond, a heteroatom or a divalent bridging group having from 1
30 to 20 bridge atoms,
RX, EY, E°, E® are identical or different radicals selected from among hydrogen,
alkyl, cycloalkyl and aryl,
35 R is hydrogen, methyt or ethyl,

M*  is a cation equivalent,

X is an anion equivalent and



enbodi nent of the process of the present invention is nmade possible by the
total preddud4987n the downstream reacti on zone being lower than in the
-preceding reaction zone. 35 The total pressure in the individual reaction
zones is generally set as a function of % amount of freshly introduced
synthesis gas by regul ating the offgas % reamfromthe individual reaction
zones, which is generally conposed essentially of unreacted synthesis gas,
inert gases and, hydgagaitbgétSron] Pteedo,t he desired COHZ nolar ratio in the
i ndi vidual reaction zones if the COHZ m xture is not introduced with the

desired, 40 pr H2 ol ar L@ Lt Adi vi.du gones, it
can be advant ag& %gl% %ﬁc Wa? h Ufée g‘;/? ﬁ% ggPeggerﬁvé\l;l tﬁgg%rbE%ﬁ\Pé‘Hl onal
CQ H2 m8l ar rat9 &%?yr%%mg tf:’ vihlqh@eyare'slgqunpﬁgay@j e fom eesdPgISEMratio in
t he indi vi dual haymet 1.chorzbiuetbelyngset ering in additional anounts of CO or
H2. Here, there is an econom cal ly advantageous opportunity of integrating
the process of v@nfﬂﬁh@gﬁﬁ%tthétrb\f%%t%&th@ré&&ﬁRPrR@eﬁg%ﬁdws 4509 S

essentially CO 18 ) processes to adjust the
CO H2 gol ar rP’BFOQIé' ﬁﬁ'grﬁf%'ﬂi nga(P ngﬂl%?%d J(%[-Q ont i ni ng of fgas from net hyl

f or mat & product%on cgon be used to increase the COH2 nolar ratio or the
H2- cont ai ni ng dt f 88& R tareerehdndapendryitof pos aovthen Qersalied heterasysioglyl oduced

therefrom e.g. 2-earpdrineteerial or 2-propyl heptenal, to the correspondi ng
saturated al cohol s can be used as H2 source 10 for reduci ng the CO H2 nol ar

ratio in indi wéjéﬁabgmchqﬁdgmgén@gf%nggng@%p ig8dr 1, Pressure can al so be

reduceq5by | owering the CJ H2 pressure in a downstréam reaction zone.

P is a phosphorus atom,

Q is a bridging group of the formula
R’ R’
AT
A2
Y Y

25 A’ and A? are each, independently of one another, O, S, SIR’R?, NR® or CR°R®,
where

20

where

R?, R® and R°® are each, independently of one another, hydrogen, alkyl,
cycloalkyl, heterocycloalkyl, aryl or hetaryl,
30
R® and R® are each, independently of one another, hydrogen, alkyl, cycloalkyl,
heterocycloalkyl, aryl or hetaryl or together with the carbon atom to which
they are bound form a cycloalkylidene group having from 4 to 12 carbon
atoms or the group R together with a further group R® or the group R®
35 together with a further group R® forms an intramolecular bridging group D,

D is a divalent bridging group selected from among the groups



The-process of the present invention is suitable for the hydrofornylation of
olefin 15PES¥88%&i ti ons conprising preferably aliphatic C4-C23-o0l efins which
~have internal and term nal double bonds and may be |inear or branched.

Exanpl es of such olefin conpositions 1- but ene/ 2-butene m xtures as are
obtained industrially as, for exanple, " raffinate Il. The termraffinate II
refers to the C4-olefin fraction obtained after butadienes andgdtetyl eges
and subsequentl|y isobutene have been separated off from 20 the CANf+ragefion
from steam crackers. This gene has the fol | owirlg conpgsi ti on;: ym 0. 5

to 5% by wepght of isobutane, 5 to020% by wei ght
to 40% by wei of trans-2-buyene,\ 25 0 to 2(¢
ci s-2-but ene, ¢G5 to 55‘17}QW—WE' t Mutene, )
wei ght of i sodbutene and al so trace gases Ssuch'as-1, 3 but adi ene, pr/opadi ene,
propene, cycl opropane, 30 nethylcycl opropane and vi nyl acetyl ene. O her
suitable olefin conpositions are, for exanple, pentene m xtures as are

formed, for ewaspl e, in the acid-catal yzed codinerization of ethene and
propene, hexene m xtures fromthe aci d- or ni ckel -catal yzed (Di nersol

L T O B (NS S

m xt ures, frog& ﬁ?'%ﬂd "ﬂts?mm |ca eviate ar W@“P?&Ff‘?}'ﬁr@fj propene
and butene octenethP&Qam@@erffﬂ(ﬁ?ﬁﬁﬁl@s-dpr%rq”%ﬁﬁed?ﬁ'dg% but enes, for exanple
as described in US-A 5 849 972, nonene m xtures, e.g. fromthe

aci d- cat al yzedr't R¥e R'Zaid R o e@émmgendtemgeaﬁoﬁa ot Shydeodbn, BIkgim t he
aci d-cgjal yzed cycloalkyl, aryl, halogen, trifluoromethyl, COOH, carboxylate, cyano,
alkoxy, SOsH, sulfonate, NE'E?, alkylene-NE'E?E>X, acyl or nitro,

c isQor1,

15 R®, R%, R” and R® are each, independently of one another, hydrogen, alkyi,
cycloalkyl, heterocycloalkyl, aryl, hetaryl, COOR', COO™M*, SO;R', SO:M",
NE'EZ, NE'E’E>* X", alkylene-NE'EZE* X", OR', SR/, (CHRSCH,O),R’,
(CHN(E"WR', (CH.CHN(E")R', halogen, trifluoromethyl, nitro, acy! or

cyano,
20
where
R, E', E? and E® are identical or different radicals selected from among
hydrogen, alkyl, cycloalkyl and aryl,
25
R® is hydrogen, methyl or ethyl,
M*  is a cation,
30 X~ is an anion and
X is an integer from 1 to 120,
or
35

R® and/or R’ together with two adjacent carbon atoms of the benzene ring to
which they are bound form a fused ring system having 1, 2 or 3 further
rings.



40 dinerization of pentenes, undecene m xtures, e.g. fromthe codinerization
of pent enePAPAMWIO87 14 and hexenes, dodecene mi xtures, e.g. fromthe

-aci d-catal yzed tetrameri zation of propene, the trinerization of butene

m xtures, e.g. as described in USSA 5 8 972, and/or the dinerization of
hexene m xtures, e.g. as described in 00/ 53546, hexadecene m xtures,

e. g. from thehtigandzraee sasiectonatr obWC 02083605 waikh iehgrebpfulp indegoratbeéd i n
US-A 5 849 ?8@@@5%@6%@% e pr R Stioncof theskNigAMdS 1S afoREETR! PRIéed NONENE
m xtures, o?-hfh(?éag eEPeXioPl’a%?m 5IE O Ediewitlg &I %hb@’%fﬂ th!g‘ﬁgtﬁ'{beo gﬁt‘”les

or the tet a 4% t

s al so pog?rnﬁéorztﬁe F’HEP8S% %ﬁ@@ﬁ?fmn PP G e HoP A eGPy ont
number s Sof ligandsorhich earsbe Ampie¥ed:pr ocess of the present invention. Such

ol efin conpositions having different nunbers of 10 carbon atons can be
obt ai ned, for exanple, by netathesis of butenes as described in EP-A 1 134
271 and EP-A 1 069 101 or via the process or the Fischer-Tropsch
process. A conpendi um of varig Rr ocesses for preparing
conpositions conprising higher py be found, for exanple, in

Wi ssernel, Arpe: Industrielle ~CFoggnt sefie_Chem e, pages 82-99, 5th edition,
W | ey- VCH, Wi nhei m 1998. The 5 aldehyne i ch can,be obtai ned according

to the present invention fr th¢se oleil onpositﬂons are suitable, for

exanple, as starting materials i ng plasticizer and surfactant
1onnp

al cohol s whi ch can be obtained khd ef ither directly by, for exanple,
hydr ogenati on of the al dehyde to the alrcohol or via the steps of

al doli zati on and hydrogenation, for exanple 2-propyl heptanol which can be
produced by 20 al dolization of val era) dehyde (obtai ned by hydrofornylation

of raffinate Il) and
— o) ==
sraasa i
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subsequent hydrogenati on of the aldolization product 2-propyl heptenal.
Merely by RE$4887 exanpl e for the purposes of illustration w thout any
-intention of giving an exhaustive |ist, some representative olefinic
conpounds whi ch can occur in such 25 efin conpositions are |listed bel ow
but enes such as 1-butene, 2-butene and isobutene, pentenes such as
1-pentene, 2-pentene, 2-nethyl-I|-butene and 2-nethyl - 2- but ene, hexenes such
as 1l- hexene, 2-hexene, 3-hexene, 2-nethyl-1-pentene, 2-nethyl-2-pentene,

3- et hyl - 2- pentene and 30 3-nethyl:1-pentene, heptenes such as 1-heptene,

2- hept ene, 3-heptene and the L one¥s of nethyl hexene, octenes such
as 1l-octene, 2-octene, 3-0 i £ and al so branched oct enes havi ng
an internal or term nal doubl elbgpd penes such as 1-nonene, 2-nonene,
3-nonene, 4-nonene and al so bran heé’ nonenes having an internal or term nal
doubl e bond, decenes such as 1- d@cene 5 2-decene, 3-decene, 4-decene,

5-decene and al so branched enks haV| |ntern§I or term nal double
bond, undecenes such as 1- ugzgﬁ e, é@ 3 3-undecene, 4-undecene,
5-undecene and al so branche cenes vi ng an internal or terminal
doubl e bond, dodecenes such as[é-jodec 2-dodecene, 3- dodecene,

4- dodecene, 5-dodecene, 6-dode | and o branched dodecenes 40 havi ng an

internal or term nal double bond. Tetradecenes, pentadecenes, PF 54987 15
hexadecenes, heptadecenes, octadecenes, nonadecenes and ei cosenes are

| i kewi s8 suitable. The olefin conpositions which can be used in the process
of the present invention ca

10



5 also conprise diolefins, for exanple a-wdiolefins such as 1, 3-but adi ene,
1, 4- pent a BF&4087 1, 5- hexadi ene, 1, 6-hept adi ene, 1, 7-octadi ene, 1, 8-nonadiene
.or 1,9-decadi ene, and also diolefins havi ng both internal and term nal
doubl e bonds, e.g. 1, 3-pentadiene, E%yexadlene 1, 4- hexadi ene

1, 3- hept adi ene, 1, 4- hept adi ene, 1, 5- heptadi ene, 1,3- oct adi ene,

1, 4-oct adi ene, 1, 5-oct adi ene , 3-nonadi ene, 1, 4-nonadi ene,
10 1, 5-nonadi ene, 1, 6-nonadi e, 1, 3-decadi ene,

1, 4- decadi ene, 1, 5-decadi ene, 1 7-decadi ene, 1, 8-decadi ene.

The hydrof ormyl ati on proce F tion is carrled out using
rhodi um catal ysts which & : A -ge eou ly in thereaction nedium
and are 15 conpl exed thg phor ous- cjon g ligand ich is capable
of isonerizing and hydrof png ol efP NaV|ng i ternal doubl e bonds
under the reaction ﬁgELItIBJ“
| |

ccording to t esent invention and has
only a relatively s t to isoneri m ngl doubl e bonds to

i nternal doubl e bonds| unde} s adcording to the
present invention. and i_$2advant ageo Iy used il@ an excess over the
20 rhodium generally at a ligand/Rh nolar ratio of from2 to 300,
preferably from2 to 20 and particularly preferably from2 to 10. The

rhodi um concentration in the liquid reaction mxture is generally from10 to
500 ppm by wei ght, preferably fron130 to 350 ppm by weight and particularly
preferably 25 from50 to 390 { As rhodi umsource, it is

possi ble to use, for exanple, '~" '
rhodi um chl ori de or rhodlunlm
acet yl acet onate and/ or rhodlum

conpoun such as Rh(CO) 2acac,

Rh4(CO 12 or Rh6(CO 16 [aca cntylacebo at he type ®f rhodium source
used is generally not cfri to the r s I he process of the present
i nvention.

2

OO

10

Et0,C <|) c1> CO,Et 11
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Et0,C 0,Et|2
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30 To carry out the hydrofornylation, the rhodi um conpound serving as
rhodi um soBF&498% general |y di ssol ved or suspended in the reaction m xture,
.and the ligand to be used is dealt with simlarly. The

hydr of or myl ati on-acti ve rhodiunlconphﬁ?ds then fornmed in situ in the
hydrof ornyl ation reactor under the conditions of the hydrofornylation
reaction, 35 i.e. by reaction of carbon nonoxi de and hydrogen wth the
rhodlun1conpound conpl exed with the phospherus-containing ligand. It goes
wi t hout saying that preforned r
to the reaction m xture. The“pr
i n a honogeneous phase, i.e. §
rhodi um hydrof ornyl ation catal ys

Bpresent invention is carried out
irfh 0 be hydrofornyl ated, the
ed PF 549 16 honogeneously in

the reaction mxture, free I|j e al dehyde forned are present
in aliquid phase, i.e. the pr s of ﬁh@gzjesent i nvention does not
provide for hydrofornylatiomin mo | phases which are present

si de- by-side. 5 The hydrof or nyl n procgss of the present invention can
advant ageously be carried out i he ence of solvents. As solvents,

preference is given to using the al dehydes which are fornmed in the

hydr of ornmyl ati on of the respective olefins and al so their higher- boiling
downstream reaction products, i.e. the products of al dol condensation
Solvents which are |ikew se_syitabke are a ati ¢cs such as tol uene and
xyl enes, hydrocarbons 10 or JA F i
for diluting the abovenenti oned

the al dehydes. Further possible s
acids with alkanols, for exgnplg.

and t he downstream products of

are_esters of aliphatic carboxylic
N:at% or 13

5
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Texanol (r), ethers such as tert-butyl methyl ether and tetrahydrofuran. In

t he case OPF 34Bgands which are sufficiently hydrophilic, it is also possible
“to use al cohols such as 15 net hanol, ethanol, n-propanol, isopropanol,

n- but anol , isobutanol, ketones such as cetone and nethyl ethyl ketone etc.
"lonic liquids" can also be used as solvents. These are liquid salts, for
exanple N, N -dial kylimdazoliumsalts such as N-butyl-N - nethylim dazolium
salts, tetraal kyl ammoni um salts such as tetr. n- but yl ammoni um salts,
N—alkylpyrldlnlunlsalts such a& iumsalts,

t et raal kyl phosphoni um 20 salts s shexyl(tetradecyl)phosphonlum
salts, e.g. the tetrafl uoroborat ey t et rachl oroal um nat es,

hexaf | uor ophosphat es, chlorides amy tostates The Rgocess of the present
invention is advantageously_gayried out $§Lg he Iléuid di schar ge net hod.
Here, the liquid hydroforny at on m xture | -G ntinuously taken off 25 from
t he hydrofornyl ati on react or “oi t¥on zone and fed to the

hydr of ormyl ati on reactor of the realtjon zone. Since the downstream
reaction zone is operated at a Br tlot dl pressure than the preceding
zone, the hydrofornylation product m xture fromthe preceding reaction zone
can advant ageously be depressurized into the hydrofornylation reactor of

t he downstreamreaction zone. In 3Q_general, the hydrofornyl ation product

m xture froma first reaction zpfe 5 ed up before it enters the

foll owi ng reaction zone. The do on zone is operated under the
sel ected reaction conditio i erent fromthe reaction
conditions of the preceding reaefion ZO%E-NTh- | i qui d hydrofornylation

m xture is generally takep=e{f dontinupuslyTromthe7hydroformnylation
reactor in this downstreant regction rone and is either depressurized into
a depressurization vessel whi the ypressure is generally from1l to 35

bar | ower, preferably fron1ﬁjiﬁr Ibaq’lo “F t han t he

5

A T
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pressure in the hydroformylation reactor to renove gases di ssol ved therein,
e.g. unreBEHd88TCO H2 m xture, or is, if appropriate, fed to a further

. downstream reaction zone, as described. The gases liberated in the

pressuri zation vessel, in particularlﬂﬁénweacted COHZ mxture, can, if
desired, be recirculated to one of the preceding PF 54987 17 reaction zones
in order to be reacted further, in which case it can be advantageous to

subj ect this gaseous recycle C crubbing or internediate
condensation in a heat exchany e entrai ned al dehydes and/ or
olefins or to discharge a sub is recycle streamso as to avoid
accunul ati on of inert gases in the s . The I;gﬁid hydr of or nyl ati on

m xture remaining in the 1??Ees urizati __ﬁqiﬁel, ch conprises the

hydr of ormyl ati on product, [alefifs dissolye erein, high boilers, the
catal yst and free |ligands, can $ubseque |y be passed to a degassing colum
to recover unreacted olefins.| n bot tjo fromthe degassing columm, which
conprise the hydrofornylation[p;%duct, 'gh boilers, catalyst and free

| i gands, can subsequently 10 be passed to a distillation colum where the
hydr of ormyl ati on product is separated off fromthe high boilers, the
catalyst and free ligand and can be used further, while the high boilers,
the catal yst and free |igand ame i fSdesiyed after concentrating the stream
and di scharging a substreamin c@ t oid buildup of high boilers in the
reactor, advantageously recirculated t9¥ the reactor of one of the preceding

reaction zones, 15 preferably thelfirstOreacti on zone. The al dehyde product
can be worked up by variousE= t hbds of It he i or ag{, for exanple by the
process described in US-A 4L;4878F0, UST‘A , 100, 432" or WD 01/ 58844.

N N
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As catal ysts which can isonerize double bonds, preference is given,

accordi ng P6 54887 20 present invention, to conplexes of rhodiumwth

. chel ati ng organophosphoram dite or organophosphite or organophosphonite

| igands. In these |igands, one or nore t he phosphorus atons can be

repl aced by arsenic and/or antinony atomns, but preference is given to using

phosphorus-contai ning |igands._ 25 Isgﬁﬁri ing hydrofornylation catal ysts
ﬁ!ﬁ OEE;;i?f the present invention are, for

which are suitable for use in

exanpl e, rhodi um conpl exes w th Yyl idite ligands of the formula I
R-P-(Oa Q(Oe PPR3 RZ R4 30 here is a bridging group of the formula
PF 54987 18 A 5 where A and A2 @are eagh, iggependggtly of one another, 0,
S, SiRaRb, NR or CRdRe, mheEE}kBgD Rb a d R gre each, independently of one
anot her, hydrogen, alkyl, c oal kyl , et enagycl oal kyl, aryl or hetaryl, R
d and Re are each, independently @f onejanother, hydrogen, alkyl,

cycl oal kyl, 10 heterocycloalkyl,|a|yl Er metaryl or together with the carbon
atomto which they

O o =

? ? 26

QT F|l, 27
N N

10



are- bound form a cycl oal kyl i dene group having from4 to 12 carbon atons or

the groupPR5498%bgether with a further group R d or the group Re together

~with a further group Re fornms an intranol ecular bridging group D, 15 Dis a
di val ent bridgi ng group sel ected fron1gﬂpng the groups R9 RI0O CH CH HC CH
R12 where RO and R10 are each, independently of one another, hydrogen,

al kyl, cycloal kyl, aryl, 20hal gge f jor.onmet hyl , carboxyl, carboxyl ate

or cyano or are joined to one 4 ﬂmo a C3- to C4-al kyl ene bridge,
pdepende tly of one another, hydrogen,

25R', R12, R13 and Rl14 are each,
al kyl, cycloal kyl, aryl, ga%l ogen, Itrifl ugronet t&% , COOH, carboxyl ate, cyano,
J 2E3

al koxy, 30cSQ3H, sul fonat _E'EZP aIkyI’ne:__' +X acyl or nitro, isOor1l,
Yis a chem cal bond, R5, RS, Rrwaéd R8 apepjeach, i nd@8endent |y of one
anot her, hydrogen, alkyl, cy al kyl ,  het exegycl oal kyl, aryl, hetaryl,
COOR7, COO-M, SBR, SORM, NE K2, PF %4987 LF, NE E2E3+X-,

al kyl ene- NELIE2E3' X-, R, SR, (ECHROCH X ", (CH2N(E' ) ) xR,

(CH2CH2N(E' ) ) xR, hal ogen, trif}mc et \ hitro, acyl or cyano, 5
CF CF
3 CF, CF, 3

o 9
A »

N_T ||=—N 31
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where R, E, E2 and E3 are identical or different radicals selected from
anong hydr 8§&498al kyl, cycloal kyl and aryl, R9 is hydrogen, nethyl or
~ethyl, 10 M is a cation, X- is an anion and 15 x is an integer from1l to
120, or R5 and/or R together with two gdjacent carbon atons of the benzene
ring to which 20 they are bound forma fused ring systemhaving 1, 2 or 3
further rings, 25 a and b are each, independently of one another, 0 or 1, P
i s phosphorus, and R1, R2, R3, R are_each, independently of one another,
hetaryl, hetaryl oxy, alkyl, alkgxy y aryl oxy, cycloal kyl, cycl oal koxy,
het er ocycl oal kyl, heterocycl oal 30 NE' E2 group, with the proviso
that R and R3 are bound via the atom of pyrrole groups bound to

t he phosphorus atom P or Rl[toget _R d/or3 R3 together with R
forma dival ent group E whi¢h on |'dast one %yrrole group bound vi a
the pyrrole nitrogen to the phospgorus ayom P and has the fornmula 35




Py-1-Wwhere 40 Py is a pyrrole group, | is a chemcal bond or 0O, S,

Si RaRb, NRPBB4GENhR , Wis cycl oal kyl, cycl oal koxy, aryl, aryloxy, hetaryl or
_hetaryl oxy, PF 54987 20 and Rn and R are each, independently of one

anot her, hydrogen, al kyl, cycl oal kyl, het er ocycl oal kyl, aryl or hetaryl,
or forma bispyrrole group which is bound via the nitrogen atons to the
phosphorus atom P and has the fornula 10 Py-1-Py. Preferred phosphoramdite
| igands are ligands of the formula la 15 R19 (0 )ate /(Ob O(Oa\ (0)b R21
PP I'I N ,PISMS5N 01 la 20 where

@) O 36
/e N\
/_T'P‘TJ; ;LW >
h h
5
37

/ O O\
— = =l =

O 0]
/ \ 38

10



R15, R16, R17 and R18 are each, independently of one another, hydrogen,
al kyl, cyBF&649&%| , heterocycloal kyl, aryl, hetaryl, WCOORK, WCOO M,
W(SB)R, W(S®B)-M, WPXB(Rk) (R ), W(PO3)2-(M)2, W NE4ES,
W (NE4AES5E6) ' X W ORk, W SRk, (CHR CHZO)\ggk, (CH2NE4) yRk, 25 ( CH2CH2NE4) YRk,
hal ogen, trifluoronethyl, nitro, acyl or cyano, where W is a single bond, a
het eroatom or a dival ent bri dgi ng Qup having from1l 30 to 20 bridge
atons, Rk, E4, E5, E6 are iden @m erent radicals selected from

10

[

anong hydrogen, alkyl, cycloalk I, 35 R is hydrogen, nethyl or

ethyl, M is a cation equivalent,] X~ is|an anion equival ent and PF 54987 21

y is an integer from1l to 240, where twdQadjacent radica$® R15, R76, R17 and

R18 together with the carbon;égs 5 of te pyrrole ring to which they are

bound may also forma f ri st enkt \ng 1,cd e 3 further rings,
ﬁg& nséa( Ri

with the proviso that a € of the rjadihrgal s 5, R16, R17 and R18 is
not hydrogen and R19 ‘a%‘dNR’EGNHEal not lin NOTRA&™anot her, 10 15
L

0 O 40




20 R19 and R20 are each, independenity of one another, cycloal kyl,

het er ocycl p&lg4pB? aryl or hetaryl, a and b are each, independenlty of one
.another, 0 or 1, P is a phosphorus atom Qis a bridging group of the
formul a where 25 A' and A2 are each, |q9Fpendently of one another, 0, S

Si RaR, NR or CRdRe, where Ra, R and R'™are each, independently of one

anot her, hydrogen, al kyl, cyclealkyl, hetgero ycIoaIkyI aryl or hetaryl, 30
Rd and Re are each, independently 0 e anot her, hydrogen, al kyl,
cycl oal kyl, heterocycl oal kyl, ar aryl or together with the carbon
atomto which they are bound for kyl i dene group,having from4 to
12 carbon atons or the group Rd t¢ th a further group Rd or the
group Re 35 together with a furtherl group IRe fornms an intranol ecul ar
bridging group D, Dis a dival ent Bridgi n& up selected from anong the
groups PF 54987 22 R CH HC xQ~ Qﬁ%?e

43

O O

EtO, CD\T/O/CO L,Et EtO, C\w
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R12-5 RO and R10 are each, independently of one another, hydrogen, alkyl,
cycl oal kyl PF 5987, hal ogen, trifluoromethyl, carboxyl, carboxylate or cyano
.or are joined to one another to forma C3- to C4-al kyl ene bridge, R', Rl12,
R 13 and R14 are each, independently of_one another, hydrogen, alkyl, 10
cycl oal kyl, aryl, hal ogen, trifluor orret:ﬁ% COOH, carboxyl ate, cyano,

al koxy, SQO3H, sulfonate, NE1E2, al NE' E2E3+X acyl or nitro, c isOorl,
15 R5, R6, R7 and R8 are each, indg L of one anot her, hydrogen,

al kyl, cycloal kyl, heter ocycl oal K etaryl, COORf, COO-M, SO3Rf,
SO 3M+,  NE' EZ2, NE1E2E3+X— gne- NE' E X-, CR'45 SRf, (CHROCH20) xW
(CH2N(ELl)), Rf, (CH2CH2N( El) aI ogenp trlfl uororret hyl, nitro, acyl or
cyano, 20 wher e Rf, E, E2 and E3 are |d ﬁal different radicals

sel ected from anong hydrogen, , kyI| and aryl, 25 RO is
hydrogen, nethyl or ethyl, M | cat is an anion and x is an

integer from1l to 120, or

4
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35 R5 and/or R together with two adj acent carbon atons of the benzene ring

to which PR&goeare bound forma fused ring systemhaving 1, 2 or 3 further

. rings. PF 54987 23 Such |igands are subject nmatter of WD 02/083695, which is

hereby fully incorporated by reference,and where the preparation of these

| igands is also described. Preferred I?Ggands fromthis class are, for

exanpl e, the follow ng conpounds, with this listing being nerely for the

purposes of illustration and ngt inplying a restriction in respect of the
q: 0101511~ I~ O 7= SNP PNU

[T Nl EN | OOTr_-I
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CN-P P-N (NI INl 2 3 4 PF 54987 24 511 El O1 CN1 NN5 6 10 PF 54987 25 5
2 22 PF 54987
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8 9. 10 CO2Et Et02C r EtO2C Et02C 2 11 10 PF 54987 26 12 13 5 14 10 15 PF
54987 27 0 RD 54987P-N 16 17

38

0
ot BN S G
N

N CO,Et

EtO,C  COE{  CO,Et

EtG,C

Et: ethyl
Me: methyl

Suitable phosphoramidite ligands for the isomerizing hydroformylation using rhodium
10 complexes as catalysts also include the phosphoramidite ligands described in
WO 98/19985 and WO 99/52632, which have 2,2'-dihydroxy-1,1'-biphenylene or 2,2'-
dihydroxy-1,1’-binaphthylene bridging groups which bear heteroaryl groups such as
pyrrolyl or indolyl groups bound to the phosphorus atom via the nitrogen atom, for
example the ligands:
15
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Et d2C CO2Et 56 57 Et02C CO EV Eta2C 5 Et: ethyl Me: nethyl Suitable
phosphor aniRF $4987i gands for the isonerizing hydrofornylation using rhodi um
.10 conpl exes as catal ysts al so i nclude the phosphoram dite |igands descri bed
in WD 98/ 19985 and WD 99/52632, which h ye 2, 2' -di hydroxy-1, 1' - bi phenyl ene
or 2,2 - dihydroxy-1,1"- blnaphthylene brldglng groups whi ch bear heteroaryl

groups such as pyrrol ndol yl groups t he phosphorus atomyvia
the nitrogen atom for l—_/% epthe Ilgan Et -N,7/N CO2Et 15 PF
54987 39 58

§m C]
ﬁ@
{7

OO

10  The 1,1-biphenylene or 1,1-binaphthylene bridging groups of these ligands can be
further bridged via the 1,1 position by a methylene group (CH>-), a 1,1-ethylene group
(CH3-CH<) or a 1,1-propylene group (CH3-CH,-HC<).

Suitable phosphonite ligands for the isomerizing hydroformylation using rhodium
15 complexes as catalysts are, inter alia, the ligands described in WO 98/19985, for

example:



5 P2 259 60 PF54987 0 5[ | 7-~N +2 MO P-0 40 61 62 O P4~ ~~ 12 1 Ow
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b _0 O\P 82
F3 F3 2
10  Suitable ligands for the isomerizing hydroformylation using rhodium complexes as

catalysts also include phosphite and phosphonite ligands as are described, for
example, in WO 01/58589. Merely for the purposes of illustration, the following ligands

may be mentioned by way of example:
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10  Further well-suited ligands for the isomerizing hydroformylation using rhodium
complexes as catalysts are phosphine ligands having the xanthenyl-
bisphosphoxanthenyl skeleton, as are described, for example, in WO 02/068371 and



PF 54987 44 74 75 5 LN N/~ NP P-N, 9 9 p 76 PF 54987 45 CN 77 78 5 79 10
The 1, 1' - biRFHE9BFene or 1, 1' - bi napht hyl ene bridgi ng groups of these |igands
.can be further bridged via the 1,1 position by a nethylene group (CHz-), a
1, 1-ethylene group (CH3-CH<) or a 1, 1-g%gpyl ene group (CH3-CH2-HC<).

Sui t abl e phosphonite ligands for the is rizing hydrofornylation using
rhodi um 1EPeA9pP&Me Mersly derttbé perpesen & ilustraiéan, abing of thieee ligayan dse tisieéri bed in

VIO 98/ 199856104y waeBxafipld?F 54987
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46 80 2 81 5 82 2 10 Suitable ligands for the isonerizing hydrofornylation
usi ng rhodiRM?498ifpl exes as catal ysts al so i ncl ude phosphite and phosphonite
| i gands as are described, for exanple, in WO 01/58589. Merely for the

pur poses of illustration, the follow ng4§igands may be nentioned by way of
exanple: 15 PF 54987 47 83 0 P OOt-BuOv Owv t-Bu \0 O t-Bu P

pop
OQ\ /®,o

%Y
< S

587

Further suitable chelating phosphite ligands for the isomerizing hydroformylation using
rhodium complexes of these ligands as catalysts are, for example, ligands of the
formulae Il, Il and IV

90

10



Oe'Ov 5P OOt-Bu O O 0O P\ 0O t-Bu O t-Bu O Ove t-Bu t-Bu 84 85
10 Further Rieb4983uited |igands for the isonerizing hydrofornylation using
rhodi um conpl exes as catal ysts are phosphi ne |igands having the xant henyl -
bi sphosphoxant henyl skel eton, as are desarlbed for exanple, in WO 02/068371
and PF 54987 48 EP-A 982314. Merely fol"the purposes of illustration, sone
of these ligands are listed

Ar-O

(CH,) \
- P
|

f%h

Ar-O

:i\r-O

(THE)k \ /O -R*

M P-0-G-O-P i

| i SNoR

(CH,),

Ar-O

5

Ar-O
(CH,), \

l P-0-G-O-P RY v

o~

(CHz)k
Ar—

where G is a substituted or unsubstituted divalent organic bridging group having from 2
10  to 40 carbon atoms, M is a divalent bridging group selected from among —C(R")z-, -O-,
-S-, NRY, Si(R"),- and —CO-, where the groups R" are identical or different and are each
hydrogen, an alkyl group having from 1 to 12 carbon atoms or a phenyl, tolyl or anisyl
group, the group R is hydrogen or a substituted or unsubstituted hydrocarbon group
having from 1 to 12 carbon atoms, the groups R!are identical or different and are each
15 hydrogen or a methyl group, mis 0 or 1, the groups are identical or different and are
each an unsubstituted or substituted aryl group, the index k is 0 or 1, the groups R* are
identical or different and are each an unsubstituted or substituted monovalent alkyl or
aryl group and RY is a divalent organic radical selected from among unsubstituted and



bel ow by way of exanple: 5 10 86 87 88 89 15 PF 54987 49 90 91 5 92 10
Furt her suiPFad987chel ati ng phosphite |igands for the isonerizing
hydr of ormyl ati on usi ng rhodi um conpl exes of these |igands as catal ysts are,
for exanple, ligands of the formnulae |J51 111 and 1V PF 54987 50 Ar-O
(CH2)k Mn

substituted alkylene, arylene, arylene-alkylene-arylene and bis-arylene groups. Merely

for the purposes of illustration without implying any restriction, mention may be made

by way of example of the following chelating phosphite ligands which can be used in

the process of the present invention:
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| (CH2)k | Ar-OA-O (I H2)k Mn (CH2)k Ar-O5 Ar-O (I H2)k Mn |
(CH2)k | APF®B4987 where Gis a substituted or unsubstituted dival ent organic
bridgi ng group having from2 10 to 40 carbon atons, Mis a dival ent

bridgi ng group sel ected from anong -C(P% -, -0-, -S, NRSi(R)2- and -CO,
where the groups Rw are identical or diTferent and are each hydrogen, an

al kyl group having from1 to 12 carbon atons or a phenyl, tolyl or anisyl
group, the group Rv is hydrogqgcor a substituted or unsubstituted

hydr ocar bon group
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having from1l to 12 carbon atons, the groups R are identical or different
and are eaPR53898hydrogen or a nethyl group, mis O or 1, the groups are
identical or different and are each an unsubstituted or substituted aryl
group, the index k is 0 or 1, the groun%Rx are identical or different and
are each an unsubstituted or substituted nonoval ent al kyl or aryl group and
R' is a divalent organic rangQ,I sq»i_; ct ed%f!rom anong unsubstituted and P-O
G1l1 2/ Rk Pr-OGOP FOR" 111 1V PF 54987 51 5 substituted

al kyl ene, aryl enegs aIker e aryl ne and bi.s- ene groups. Merely
for the pur poses o? ??P@g@r ation Quthoutgl npl yi b@ﬁy Héstri ction, nmention
may be nade gxanpl e of g he f I_o_vm ng gl g#gﬂg ph&8phite |i gands
whi ch can be used o@es/sz of the\Qre e 'on: (CH3)3C 93

0

C(CH,),C,H;

CH,0 (CH,),C OCH,

101

102
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Such bisphosphite chelating ligands and other bisphosphite chelating ligands are
subject matter of EP-A 213 369 and US-A 4 769 498 and their preparation is described
there.

10  In place of the abovementioned bisphosphite chelating ligands, it is also possible to
use monodentate monophosphite ligands of the formula V

P (OR®) (OR") (ORY) v

15 for complexing the rhodium hydroformylation catalyst and as free ligand in the process
of the present invention. The suitability of such ligands and their complexes with
rhodium as catalysts for isomerizing hydroformylation is known. In the monophosphite
ligands of the formula IV, the radicals RS, R" and RY are, independently of one another,
identical or different organic groups generally having from 1 to 30, preferably from 5 to

20 30, carbon atoms, for example substituted or unsubstituted alkyl, aryl, arylalkyl,
cycloalkyl and/or heteroaryl groups. Owing to their increased hydrolysis and
degradation stability, particular preference is given to sterically hindered
monophosphite ligands as are described, for example, in EP-A 155 508. Merely for the
purposes of illustration, the following monophosphite ligand structures may be

25 mentioned by way of example:



5 O Such bi sphosphite chelating |igands and ot her bi sphosphite chelating

| i gands ar @F &@B7 ect matter of EP-A 213 369 and US-A 4 769 498 and their
preparation is described there. 10 In place of the abovenenti oned

bi sphosphite chelating ligands, it is 0 possible to use nonodentate
nonophosphite ligands of the formula VP (OR) (ORT) (OR') V 15 for
conpl exi ng the rhodi um hydrof ornyl ati on catal yst and as free ligand in the
process of the present inventiowByThe suitability of such ligands and their
conpl exes with rhodium as cataltysts for isonmerizing hydrofornylation is
known. In the nonophosphi an of the formula IV, the radicals RS, RT
and Ru are, independently30of X anot her, identical or different organic
groups general ly having from1 tlo 30, F!Brey froms,4 o 20 30, carbon
atons, for exanple substituted unsfib&t #gd al kyl, “aryl, aryl al kyl,

cycl oal kyl and/or heteroaryl Ups./OnM ng to their increased hydrolysis and
degradation stability, pa0Oi meference is given to sterically hindered
nonophosphite figands as are ®estribed, for exanple, in EP-A 155 508. Merely
for the purposes of illustratian uthe fol | owi ng nonophosphite |igand
structures may be 25 nentioned by way of exanple: PF 54987 t-Bu CH3O 62
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129 CH3O t-Bu t-Bu 5 CH30 CH3O t-Bu P-OP-Ot-Bu 10 t-Bu 131 130 P-O/ CH3
132 t-Bu PF 39887 63 t-Bu t-Bu t-Bu t-Bu
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t-Bu O O/
t-Bu
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t-Bu O O
P-0O 134
t-Bu O O/ t-Bu
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Known ligands for the isomerizing hydroformytation using rhodium complexes as

catalysts also include bidentate ligands which have a phosphinite or phosphine group

in addition to the phosphite group in the ligand molecule. Such ligands are described,

inter alia, in WO 99/50214. Merely for the purposes of illustration, some examples of
10 such ligands are shown below:
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t-Bu t-Bu t-Bu t-Bu 5 t-Bu Known |igands for the isonerizing

hydr of or my P&t548A7 usi ng r hodi um conpl exes as catal ysts al so i ncl ude

bi dentate |igands whi ch have a phosphinite or phosphine group in addition
to the phosphite group in the |igand m)ézﬁcul e. Such ligands are descri bed,
inter alia, in WD 99/50214. Merely for e purposes of illustration, sone

exanpl es of 10 such |igands argyshown bel ogy'135 Bu O O 1But 1 (PhO 2P
PPh2 PF 54987 u 136 137 5 138 64
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Ph:- phenyl 5 The ligand types descri bed above can be used in the form of
their conmpP&&d98ni th rhodi um and/or as free ligands in the process of the
present invention. Preference is given to using rhodi um conpl exes with
phosphoram dite |igands having a xant he backbone, as are described in WO
02/ 083695, as catalysts for the isomerizing 10 hydrofornylation in the
process of the present invention ess of the present invention makes
it possible to hydrofornylate ol psi tions conprising both a-ol efins
and ol efins having internal doub 0 give the correspondi ng

al dehydes in an n/i ratio higher correspondi nggto the 15
proportion of a-olefins in the o posi tion and at a hi gher space-tine
yield than is obtainat gonve tlon processes wi thout the cascadi ng
into two or nore react One ) aﬁboro ng te_the pkesent invention. The
process of the present Inve tlon I D -I wwth the aid of
exanpl es. PF 54987 71 t hesis 3: 553 28.5 g (218
nmol ) of 3-nethylindol t oget he oyt 50 m of dried

tol uene were placed i nxg zti on vessel and the sof¥ent was distilled off
under reduced 10 pressure to renpve traces of water by azeotropic

distillation. This procedure was
(7

t t

Bu Bu
QORI
O
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e
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repeated once nore. The residue was subsequently taken up in 700 m of dried
t ol uene uRH&M98T gon and the m xture was cooled to -65C. 14.9 g (109 nmol)
of PCI3 followed by 40 g (396 mmol) of triethylam ne were then added slowy
at -65C. The reaction mxture was bro t to roomtenperature over a period
of 16 hours and then refluxed 15 for 16 hours. 19.3 g (58 nmol) of
4,5-di hydroxy-2, 7-di-tert-buty Rt hyl xanthene in 300 ml of dried
t ol uene were added to the read e, and the m xture was then
refluxed for 16 hours and, aftg to roomtenperature, the
precipitated colorless solid ine hydrochloride) was filtered off
W th suction, the solvent was of f and the rgg due was
recrystallized twice fromhot etHanol| Drying under reduced 20 pressure gave
36.3 g (71% of theory) col 06 essy sol#d ¥R- NVR (298K): S = 105.
Exanmpl e 1 Hydrofornyl ati ol- Qut eng lar ratio = 1:1 25 5.5 ng of
y | i gand 53 were wei ghed out
. i xed and treated with 10 bar
~®) at 90C (pf ea ation). After 1 hour, the

separately, each dissolved_i
of synthesis gas (CO H3
m xture was depressuri
| ock, a total pressure of 17 bar was set by neans of synthesis gas (COH2 =
1: 1) and hydroformylation was 30 carried out at 90C for 2 hours (109 ppm of
Rh; ligand 53: Rh nolar ratio =10:1). After the reaction time indicated, the
aut ocl ave was cool ed, carefully vented via a cold trap and the collected
reaction product m xtures (react Q d trap) were analyzed by neans of
gas chromat ography. The conver si\ / the yield of val eral dehyde PF

54987 72
YOS Jee

o | |
JOLERYS

149

Bu 150



was 92% and the linearity (proportion of n product) was 98.5% The yield of
2-butene PF$4A8Fi zation product) was 7% The CO and H2 partial pressures at
t he begi nning of the reaction were each 6 bar. 5 The linearity (proportion
of n product) is defined as the amount n-val eral dehyde divided by the
sum of n-val eral dehyde and i-val eral dehyde nmultiplied by 100. Exanple 2 10
Hydrof ormyl ati on of 1-butene, @@\H2 nolar rggio = 1:2 5.4 ng of Rh(CO) 2acac
(acac=acetyl acetonate) and 200 ng)ef |i ganrd 53 were wei ghed out separately,
each dissolved in 5 g of toluene, treated with 10 bar of

synthesis gas (COH2 = 1:2) at 90% vation). After 1 hour, the

m xture was 15 depressurized. 10. tene were then added via a
pressure lock, and a total pressuy bar was set by neans of synthesis
gas (COH2 = 1:2). The gas fee &mged over 1® synthesis gas
(COH2 = 1:1) to atio of 1:2 in the reactor.
Hydr of ornmyl ati on ' 90C for 2 hours (105 ppm of
Rh; ligand 53: Rh ion was 98% 20 the yield
of val eral dehyde

95.8% The yield fehe\(i SONEri zaphon pr oduct) was 46% The CO parti al
pressure at the begi nning of % 4 bar, and the H2 parti al
pressure at the begi nni ng 8 bar. 25 Exanple 3

Hydr of or myl ati on of 2-but i io =11

Bu Bu

Bu' ‘ ‘ Bu'
(‘) O 152
P

I



5.0-mg of Rh(CO) 2acac (acac=acetyl acetonate) and 176 ng of |igand 53 were
wei ghed 30PFo%4983Zeparately, each dissolved in 5 g of toluene, nixed and
treated with 10 bar of synthesis gas (COH2 = 1:1) at 90C (preactivation).
After 1 hour, the m xture was depressugjzed. 11.3 g of 2-butene were then
added via a pressure lock, and a total "pressure of 17 bar was set by neans
of synthesis gas (COH2 = 1:1). Bydrofornyl atggbn was subsequently carried
out at 90C for 4 hours (93 ppm of Rh—Iligand 53: Rh nolar 35 ratio =10:1).
The conversion was 12% the yield @s ehyde was 10% and t he
linearity (proportion of n product )\ wAs 8§ The CO and H2 parti al
pressures at the beginning of the feadig B8re each 6 bar. PF 54987 73

£ molar ratio = 1:2 5.0 ng of
Rh( CO) 2acac (acac=acetyl acetonatg)anf 176 ng, of ligand 53 were weighed 5
out separately, each dissolved in’5 glof toluene, mxed and treated with 10
bar of synthesis gas BuGQ HX =4 ﬁUatOQOC(E})(preactivation)1.54After 1 hour, the

m xture was depressuri ze g}of LZ-b tene were then added via a
siHe_of 17 bar was set by neans of synthesis

pressure | ock, and a tot :
gas (COH2 = 1:2). The gas feed was/?henPE’ﬁanged over to synthesis gas
(COH2 = 1:1) to ensure @ antp’CO H2 nolar 10 ratio of 1:2 in the
reactor. Hydrofornylation, S|
(93 ppm of Rh; |igandb3: pfarBuati o =10:1). The conversion was 34% the
yi el d of val eral dehyde was 32% and the linearity (proportion of n product)
was 93% The CO parti al grtessure at the beginning of the reaction was 4 bar,
and the H2 parti al u': tertiary butyl

Ph: phenyl

-

5
The ligand types described above can be used in the form of their complexes with
rhodium and/or as free ligands in the process of the present invention. Preference is
given to using rhodium complexes with phosphoramidite ligands having a xanthene
backbone, as are described in WO 02/083695, as catalysts for the isomerizing
10 hydroformylation in the process of the present invention.

The process of the present invention makes it possible to hydroformylate olefin
compositions comprising both a-olefins and olefins having internal double bonds to
give the corresponding aldehydes in an n/i ratio higher than that corresponding to the

15  proportion of g-olefins in the olefin composition and at a higher space-time yield than is
obtainable in conventional processes without the cascading into two or more reaction
zones according to the present invention.

The process of the present invention is illustrated below with the aid of examples.



15 pressure at the beginning of the reaction was 8 bar. Exanple 5

Hydr of oni yIREt $48870f 2-butene, COH2 nolar ratio = 1:9 20 5.0 ny of

Rh( CO) 2acac (acac=acetyl acetonate) and 176 ng of |igand 53 were wei ghed out
separately, each dissolved in 5 g of tok ene, mxed and treated with 10 bar
of synthesis gas (COH2 = 1:9) at 90C (preactivation). After 1 hour, the

m xture was depressurized. 11.2 g of 2-butene were then added via a
pressure | @xmpasd a total pressure of 17 bar was set by nmeans of synthesis
gas (COH2 = 1:9). The gas feed was 25 then changed over to synthesis gas
(COH = lsgg-n to en ure a constant COH2 nolar ratio of 1:9 in the reactor.
Hydr of or nyl ihﬁﬁ's\% ao‘\.‘zj&"-"equently carried out at 90C for 4 hours (93 ppm of
Rh; ligand 53: Rh nolar ratio =10:1). The conversion was 64% the vyield of
val eral dehyde was 46% and the linearity (prqportion of n product) was 96%
30 The CO partial pressure a S Qf” the reaction was 1.2 bar, and
the H2 partial pressure at the Lhe reaction was 10. 8 bar.
Exanpl e 6 Hydrofornylation o COH2:1:1 35 5.0 ng of

Rh( CO) 2acac (acac= acetyl aget dpat¥ | i gand 53 were weighed
out separately, each disso ] |r105 g ofdol m>>ad and treated with 10
bar of synthesis gas (COHJ = F‘L) at 9@ N pr actlvatlon) After 1 hour,

the m xture was depressurized: 4g ofl t :2-but ene were then added via
a pressure lock and a 40 totas SSur e bar was set by neans of
synthesis gas (COH2 = 1: 1) 4 87 \

28.5 g (218 mmol) of 3-methylindole (skatole) together with about 50 ml of dried
toluene were placed in a reaction vessel and the solvent was distilled off under reduced

10  pressure to remove traces of water by azeotropic distillation. This procedure was
repeated once more. The residue was subseguently taken up in 700 ml of dried toluene
under argon and the mixture was cooled to -65°C. 14.9 g (109 mmol} of PCl; followed
by 40 g (396 mmol) of triethylamine were then added slowly at -65°C. The reaction
mixture was brought to room temperature over a period of 16 hours and then refluxed

15  for 16 hours. 19.3 g (58 mmol) of 4,5-dihydroxy-2,7-di-tert-butyl-9,9-dimethylxanthene
in 300 ml of dried toluene were added to the reaction mixture, and the mixture was then
refluxed for 16 hours and, after cooling to room temperature, the precipitated colorless
solid (triethylamine hydrochloride) was filtered off with suction, the solvent was distilled
off and the residue was recrystallized twice from hot ethanol. Drying under reduced

20 pressure gave 36.3 g (71% of theory) of a colorless solid. *'P-NMR (298K): & = 105.

Example 1
Hydroformylation of 1-butene, CO:H; molar ratio = 1:1

25 5.5 mg of Rh{CO),acac (acac=acetylacetonaie) and 200 mg of ligand 53 were weighed
out separately, each dissolved in 5 g of toluene, mixed and treated with 10 bar of
synthesis gas (CO:H; = 1:1) at 90°C (preactivation). After 1 hour, the mixture was
depressurized. 9.9 g of 1-butene were then added via a pressure lock, a total pressure
of 17 bar was set by means of synthesis gas (CO:H; = 1:1) and hydroformylation was

30 carried out at 90°C for 2 hours (109 ppm of Rh; ligand 53:Rh molar ratio =10:1). After
the reaction time indicated, the autoclave was cooled, carefully vented via a cold trap
and the collected reaction product mixtures (reactor and cold trap) were analyzed by
means of gas chromatography. The conversion was 99%, the yield of valeraldehyde



74 ~ Hydr of or Iatlon was subsequently carried out at 90C for 4 hours (97 ppm
of Rh; |id¥m = 10:1). The conversion was 33% the yield of

val er al dehyde vvas 30% and the linearity (proportion of n product) was 95%
5 The CO and H2 partial pressures at thg,beginning of the reaction were each
3.5 bar. Exanple 7 Continuous hydroforrry?atlon of raffinate Il using

Rh/ 1i gand 5%s1%2% andthedineakify drropgrtiop of apedusl pap £8 936 ddesirihal Z-hutene

drawi ng, cqrEpmesratentpiedust)ivasizyg. autocl aves (1 and 2) which each had a
liquid capacity of 1 1 and were connected in series, a pressure separ at or

(3), a depr Ssuriz and heated container for separatin
C4- hydr ocar tﬂ?n% @H;ﬁarﬁ’é“@' Riepades tﬁ?Q@%‘BB‘F‘QPBP‘G("S?QPBP’%@%EQ‘Fha@ PAG t he

catal yst>- containing high boiler phase fromthe product phase, raffinate 11

(29% by We"lgﬂtllneémgpré%&%r?&en r%%%,t% dMh&d ks me a?’ncmr'wtt 8NSvaiddladpyquei ght of

but anes and, o BPle SR b S At B TPt 1 5t 1 on(5)

| i gand 53
to the reactors was about 130 g/h, and the raffinate feed rate was about 70
g/ h. The rhodiipne goncentration in the reactors was about 100 ppm at a

| i gand/ et l.),_and the tenperature 20 of the
first r%@c?ﬂg |ehgﬁécf}uhe&e 8?3 %’go@gpcaé'ﬁd_ gactor was 90C. The first

reactor was suppl ied with synthesis gas having a COH2 nolar ratio of 1:1
and was Op@@h‘@d}fNh(C@)zhé&oﬁ(bcéﬂﬁaétyI@eetaﬁat@Dm& 2@2m af ligahdB3 wers abeighed

bar . _enabl ot PRl et diBoRBARNS ok Ripelle milbld 0 WBRARE] A 61 &1 B70%, 20
of f gas conc¥REss Pah (e Ham! Pt ee” @rﬁorﬁﬁ@'vﬁﬁ‘?{@e’\fﬁ‘?rﬁnﬁ‘%dﬂ? MEEYEI¥ASCO 25 to
about 15% alepfe@surizedst®ad\of ttatencopse ditercsddet via £rddBuneddakr andhd itatalbf 1: 25 in
the pressure of 17 bar was set by means of synthesis gas (CO:H; = 1:2). The gas feed was

then changed over to synthesis gas {CO:H; = 1:1) to ensure a constant CO:H; molar

ratio of 1:2 in the reactor. Hydroformylation was subsequently carried out at 90°C for

2 hours (105 ppm of Rh; ligand 53:Rh molar ratio =10:1). The conversion was 98%,

20 the yield of valeraldehyde was 49% and the linearity (proportion of n product) was
95.8%. The vyield of 2-butene (isomerization product) was 46%.

The CO partial pressure at the beginning of the reaction was 4 bar, and the H, partial
pressure at the beginning of the reaction was 8 bar.
25
Example 3
Hydroformyiation of 2-butene, CO:H, molar ratio = 1:1

5.0 mg of Rh{CO),acac {acac=acetylacetonate} and 176 mg of ligand 53 were weighed

30 out separately, each dissolved in 5 g of toluene, mixed and treated with 10 bar of
synthesis gas (CO:H, = 1:1) at 90°C (preactivation). After 1 hour, the mixture was
depressurized. 11.3 g of 2-butene were then added via a pressure lock, and a total
pressure of 17 bar was set by means of synthesis gas (CO:H, = 1:1). Hydroformylation
was subsequently carried out at 90°C for 4 hours (93 ppm of Rh; ligand 53:Rh molar

35 ratio =10:1). The conversion was 12%, the yield of valeraldehyde was 10% and the
linearity (proportion of n product) was 88.5%.

The CO and H; partial pressures at the beginning of the reaction were each 6 bar.



second reactor (first reactor: CO H2 nolar ratio = 1:1) over a

repr esent atAR@49dri od of 13 days, an al dehyde yield of 49% and a proportion
of n product of 96.1 % were achieved. PF 54987 75 We claim A process for
the continuous preparation of aldehydesyhaving from5 to 21 carbon atons by
| someri zi na%‘ ydroforrryl ation in the honbgeneous phase of 5 olefin

conposi ti ofX@RWg g from 4 to 20 carbon atonms and conprising a-olefins and

ol ef i ns haHyagofomtydationl of dcubdre, Bodsmbigr ratians1:2f synthesis gas in the
presence of a honpbgeneous rhodi um catal yst conpl exed with an oxygen- and/ or

It - h | d f | t el t ed
Fenperat ur & G SHVEP RaCH @oaTeew RosloREEL 7l St B A aa P Sy SR | 51 ng
at 10 | éastout separatalyt eah disrobed imb grafiteludriee mptedfand teatgubsittt 1@banaf firstl y
;e?gt Sld W tsﬁ}gtﬂm?%’@b@?&b@ HaSq: bﬁé&'%gci‘pr@%tldgt@@ ﬁﬁerﬁeﬂdlﬁ thé n«fuith@v@asl ﬁgt 1.2 at
reaction z 'éestsB”Zfdciﬁggr‘é%cﬁ‘r'?e'}?fw?rﬁéheé’ %qadgglv%ggrfesgyrgﬁ?%aﬁ% S@@!) and the
hydr of or ny |PaggSsere ofi héthar was sehby means ¢frsynivesis genéCOHamt:@). fThe gas feetbwadon
zones is repéd adan\gea Bvsrto bheRéss g@§(fdi:&H5 Bg. A té@n&@é HeofiBtadf COB i olaf from
14 10 b 1908, & 2t L Aol oS lald OB s Rp i b eabo e HAVB T 07 O

nore downstream reac sure I n one or nore

downst r eam4 463 i(GhPomwé R kgand 58:Rmmelas eatier H: ]) FBe canversien wag 34¥elEr t han
in the precd ovaleraldbhrie was32% whe e lhkality (dropodtioh af n proeisistywasioss.he

precedi ng reaction zone and If is the total pressure in the reaction zone
The CO partial pressure at the beginning of the reaction was 4 bar, and the H; partial
15  pressure at the beginning of the reaction was 8 bar.

Example 5
Hydroformylation of 2-butene, CO:H; molar ratio = 1:9

20 5.0 mg of Rh(CO).acac (acac=acetylacetonate) and 176 mg of ligand 53 were weighed
out separately, each dissolved in 5 g of toluene, mixed and treated with 10 bar of
synthesis gas (CO:H, = 1:9) at 90°C (preactivation). After 1 hour, the mixture was
depressurized. 11.2 g of 2-butene were then added via a pressure lock, and a total
pressure of 17 bar was set by means of synthesis gas (CO:H; = 1:9). The gas feed was

25 then changed over to synthesis gas (CO:H; = 1:1) to ensure a constant CO:H, molar
ratio of 1:9 in the reactor. Hydroformylation was subsequently carried out at 30°C for
4 hours (93 ppm of Rh; ligand 53:Rh molar ratio =10:1). The conversion was 64%, the
yield of valeraldehyde was 46% and the linearity (proportion of n product) was 96%.

30 The CO partial pressure at the beginning of the reaction was 1.2 bar, and the H, partial
pressure at the beginning of the reaction was 10.8 bar.

Example 6
Hydroformylation of trans-2-butene, CO:H, = 1:1

35
5.0 mg of Rh(CO),acac (acac= acetylacetonate) and 187 mg of ligand 53 were
weighed out separately, each dissolved in 5 g of toluene, mixed and treated with 10 bar
of synthesis gas (CO:H, = 1:1) at 90°C (preactivation). After 1 hour, the mixture was
depressurized. 10.4 g of trans-2-butene were then added via a pressure lock and a

40 total pressure of 12 bar was set by means of synthesis gas (CO:H; = 1:1).



20 downstream of the one or nore first reaction zones, with the proviso that
the differffne498f1-Tf is greater than 1 bar, and the CO partial pressure in
the one or nore downstreamreaction zones is in each case lower than in the
reaction zone preceding this reaction zgne. 25 2. A process as clained in
claiml1, wherein a COH2 nolar ratio of from3:2 to 2:3is set in the one
or nore firddrefeaeiation wasrabsegiently canipp oAtEO° ¢ faridohasrs (Y apmoiRiio  1: 100
is set in tigenda&Rbr= 11k THevostarsamwae 38%i tie yick ebvaldalddhyteogas30%s cl ai med
in claiml py t@emaﬁt} (:p%p%?trorn'cﬁ'q fR&tiuch qNatSv%/ﬁeact ion zones. 30 4. A process

as clainmed 1 n any of ailns 1 to 3, wherein hydrogen-containing offgases
from al dehyde and enal hydrogenation processes is used to set the COH2

mol ar r &t i dherC® laed bheadiel pressuresatcthe baginoing of thewaaatiop avere tacthd Sthiar.st
reaction zones. 35 5. A process as clainmed in any of clains 1 to 4, wherein
t he hormge;t_%oms pydroforrryl ation catal yst used is a conpl ex of rhod| umw th
a phosphor i gand of the formula | 1 draw ng PF 54987 76 R-P-(Oa
Q(Oe P- qngntpwsvmgrcéormylatlon of raffinate 11 using Rh/ligand 5

10 In a continuously operated apparatus as shown in the drawing, comprising two stirring
autoclaves (1 and 2) which each had a liquid capacity of 1 | and were connected in
series, a pressure separator (3), a depressurized and heated container for separating
off C4-hydrocarbons (4) and a wiped film evaporator (5) for separating the catalyst-
containing high boiler phase from the product phase, raffinate |i (29% by weight of

15 1-butene, 52% by weight of 2-butene, 19% by weight of butanes and other C4-
hydrocarbons) was hydroformylated using rhodium and ligand 53 as catalyst. The
catalyst return stream from the distillation (5) to the reactors was about 130 g/h, and
the raffinate feed rate was about 70 g/h. The rhodium concentration in the reactors was
about 100 ppm at a ligand/metal molar ratio of =10:1 (mol:mol), and the temperature

20  of the first reactor was 70°C and that of the second reactor was 90°C. The first reactor
was supplied with synthesis gas having a CO:H, molar ratio of 1:1 and was operated at
a total pressure of about 22 bar. Additional introduction of H, into the second reactor,
which was operated at about 20 bar, enabled the CO content of the synthesis gas fo be
regulated via the offgas concentration to any value in the range from about 50% of CO

25 to about 1% of CO. In steady-state operation at a CO:H, molar ratio of 1:25 in the
second reactor (first reactor: CO:H, molar ratio = 1:1) over a representative period of
13 days, an aldehyde yield of 49% and a proportion of n product of 96.1% were
achieved.



Qis a bri Q%mgroup of the fornmula where 10 I A and A2 are each,
|ndependenﬂﬁ? one another, 0, S, SiRaRb, NR or CRdRe, where Ra, Rb and
R are each, independently of one another, hydrogen, alkyl, 15 cycl oal kyl,
heterocycloalkyl aryl or hetaryl, Rd az Re are each, independently of one
anot her, drogen al kyl , cycl oal kyl, eterocycl oal kyl, aryl or hetaryl or
together WAHCBEE carbon atomto mhlch they are bound forma

cycl oal kyl i dene group having from4 to 12 carbon 20 atons or the group Rd

together wiqt h %Es‘é&é&%r@x‘é%ﬁ rﬁﬁ)uglpré tRh Y BIdRR dets%%ﬁ?rro 5o further

group Re forns a ntra ecu

group sel ect ed ¥ R yfﬁ?@%‘?'ﬁgﬂ)’g '%’?r%w%r ou%_‘ ﬁ@oﬁoge‘l‘?u\%ﬁg? % Fbr5|4(gg|7ng7
RO and R10 are Cdz%t"mmompmd&pemmrng fyoro# 10128 carbontadéoms hyd cayprisingdeidfins
cycloal kyl, ar ydnd diaiin@ $@ing iritéhbLRLSRERIIMAS by FRIARE%Y byntkedidgaeih @ or cyano
or are joined presence of a homogeneous rhodium catalyst complexed with an oxygen- and/or
nitrogen-containing organophosphorus ligand and free ligand at elevated
temperature and elevated pressure in a multistage reaction system comprising at
10 least two reaction zones, wherein the olefin composition is firstly reacted with
synthesis gas having a CO/H; molar ratio of from 4:1 to 1.2 at a total pressure of
from 10 to 40 bar in a group of one or more first reaction zones to a conversion
of the o~olefins of from 40 fo 95% and the hydroformylation mixture from this
group of one or more first reaction zones is reacted with synthesis gas having a
15 CO/H, molar ratio of from 1:4 to 1:1000 at a total pressure of from 5 to 30 bar in
a group of one or more downstream reaction zones, where the total pressure in
the one or more downstream reaction zones is in each case from 1 to (T1-Tf) bar
lower than in the preceding reaction zone, where T1 is the total pressure in the
preceding reaction zone and Tf is the total pressure in the reaction zone
20 downstream of the one or more first reaction zones, with the proviso that the
difference T1-Tf is greater than 1 bar, and the CO partial pressure in the one or
more downstream reaction zones is in each case lower than in the reaction zone
preceding this reaction zone.

25 2 A process as claimed in claim 1, wherein a CO/H, molar ratio of from 3:2 to 2:3 is
set in the one or more first reaction zones and a CO/H, molar ratio of from 1:9 to
1:100 is set in the one or more downstream reaction zones.

3.  Aprocess as claimed in claim 1 or 2 which is carried out in two reaction zones.
30
4. A process as claimed in any of claims 1 to 3, wherein hydrogen-containing
offgases from aldehyde and enal hydrogenation processes is used to set the
CO/H, molar ratio in the one or more reaction zones downstream of the first
reaction zones.
35
5.  Aprocess as claimed in any of claims 1 to 4, wherein the homogeneous
hydroformytation catalyst used is a complex of rhodium with a phosphoramidite
ligand of the formula |

1 drawing



to one another to forma C3- to C4-al kyl ene bridge, 5 R', R12, R13 and R14
are each, iMfdM®8ddently of one another, hydrogen, alkyl, cycloalkyl, aryl,
hal ogen, trifluoronethyl, COON, carboxylate, cyano, al koxy, SQO3H,

sul fonate, NE1E2, al kyl ene-NE' E2E3+X-, 9ﬁy| or nitro, ¢ isOorl, 10 Yis a
chem cal bond, R5, R6, R7 and RB are each, independently of one another,
hydrogen, alkyl, cycloal k' -Phene@plpa’kyl, aryl, jhetaryl, COORf,

COO- M+, SCBRf, SO 3M+, 15 NELE2, NE E2 34X-, al kyl ene-NE' E2E3+X-, OR, SR,
(CHROCH2O),i Rf, (CH2N(E ))x!{% (CH2CH2NGE' ) ), R, hal ogen, trifluoromethyl,
nitro, acyl or cyano, where 20 E, E2 and E3 are identical or different
radi cal s selected fromanong hydrogen, alkyl, cycloal kyl and aryl, RO is
hydr ogen, met h%hé?% ethyl, 25 M+ is a cation, X- is an anion and 30 x is an
integer from1l to 120, or R5 and/or R7 together with two adjacent carbon

atorms OE _t he becgzenlg art;ri'aaintg%roup of the formula

5
R ; R’
A\
RS _ (D) R
A2
Y Y

where
10
A" and A? are each, independently of one another, O, S, SiR®R®, NR® or CR°R?,
where
R? R" and R® are each, independently of cne another, hydrogen, alkyl,
15 cycloalkyl, heterocycloalkyl, aryl or hetaryl,

R? and R® are each, independently of one another, hydrogen, alkyl, cycloalkyl,
heterocycloalkyl, aryl or hetaryl or together with the carbon atom to which
they are bound form a cycloalkylidene group having from 4 to 12 carbon

20 atoms or the group R® together with a further group R® or the group R®
together with a further group R°® forms an intramolecular bridging group D,

D is a divalent bridging group selected from among the groups
R11 R12

11

R R12
R R /O\ s R RY R™
/CH-CH< He——Cy I}=<

25 '

where



35 which they are bound forma fused ring systemhaving 1, 2 or 3 further
rings, a a p4987e each, independently of one another, 0 or 1, 40 Pis a
phosphorus atom and Rl, R2, R3, R4 are each, independently of one anot her,
hetaryl, hetaryl oxy, alkyl, 45 al koxy, @ryl aryl oxy, cycl oal kyl,

cycl oal koxy, het er ocycl oal kyI PF 54987 78 heterocycl oal koxy or an NE E2
group, wth theRparsvR¥@r¢ bath, RidepanteRBy af ene srmief, bydsogeme atiit codrtkyht om of
pyrrol e groups bouns?/t Balofjen Rhmsparasms, cabe RadtoxRbtd @gFhhebr wetjbine® and/ or

R3 together w th R &{ergr%ﬂ;gry@}oﬁgta Cgrt@@[oah‘; Whe phggoNt ai ns at | east one
pyrrol e group bound via the pyrrole nltrogen to the phosphorus atom P and

has the fornul rrol e rou .S ac cal bond
or 0, S? SiRa Jz + a@ﬁ\é%garei%a% mge %B‘:J;M‘Rf e{,J]YQEgggn %ﬂ'ﬁﬂ‘
aryl oxy, hetar yI or mewwalo%ﬁd"ﬂhmé!ﬁ@tw @He%afbpwiaﬁ%léﬁ’éMent ly of

one anot her, hydr ogalkexyalSkyH, sufpohteaNER?, alk@endrbIESE R YE, angl dryitro,ar yl - or
het aryl ,

c isOorf,
10
Y is a chemical bond,
R®, R®, R’ and R® are each, independently of one another, hydrogen, atky],
cycloatkyl, heterocycloatkyl, aryl, hetaryl, COOR', COO™M"*, SO;R!, SO;:M",
15 NE'E?, NE'E’E* X, alkylene-NE'E’E**X", OR', SR', (CHR®CH,0),R’,
(CH,N(EM)LR', (CH,CH,N(E"),R', halogen, trifluoromethyl, nitro, acyl or
cyano,
where
20
R', E', E? and E® are identical or different radicals selected from among
hydrogen, alkyl, cycloalkyl and aryl,
RY is hydrogen, methyl or ethyl,
25
M® is a cation,
X~ is an anion and
30 X is an integer from 1 to 120,
or
R® and/or R” together with two adjacent carbon atoms of the benzene ring to
35 which they are bound form a fused ring system having 1, 2 or 3 further
rings,
a and b are each, independently of one another, 0 or 1,
40 P is a phosphorus atom,

and

R' R? R® R* are each, independently of one another, hetaryl, hetaryloxy, alkyl,
45 alkoxy, aryl, aryloxy, cycloalkyl, cycloalkoxy, heterocycloalkyi,



or forma bispyrrole group which is bound via the nitrogen atons to the
phosphor us Pft o8 and has the fornmula 25 Py-1-Py. 6. A process as claimed in
any of clainms 1 to 5, wherein the honbgeneous hydroformnylation catalyst
used is a conplex of rhodiumwth a pho§ghoram' dite 30 ligand of the
formulalals R (O3 /(0Ob 4-(Oat (0)b- RR1 P p 15 N -Rle R1-i N -Rle where
la 35 R15, R16, Rl7haemcRid:lkng ceaoMNE'Ehgreppnsitnthieyprafscthat Rhardh? are
hydrogen, al kyl, ciysndaikyk nithiet ey of pyatdiey roups pbundiettied phospWoISORK,
WCOO-M, W (S03) Rigom\ 6503 od¥tner WitRCRE R@/&&%tg%%%éﬁﬂ%) R {dMh)ZaivileNE4ES, PR

54987 5 79 W (NE4 g%]ﬁ)sgr}i?%%ns |§g§l[§,ong%| 9@%&@1%&“5@&%@& Wois

(CH2CH2NE4) YRK, hal uor pne nrtro, ‘ac 0of cyano,
a singl & bond, a he'f'g?gfé}tBﬁli‘%Ph%?p ?Wﬁl‘%‘ﬁ? Pbaf']dd’gﬁsr{@e %‘H%’ havi ng from 1
Py-I-W

where
10

Py is a pyrrole group,

I is a chemical bond or O, S, SiR°R®, NR® or CR"R,,
15 W s cycloalkyl, cycloalkoxy, aryl, aryloxy, hetaryl or hetaryloxy,

and

R"and R' are each, independently of one another, hydrogen, alkyl, cycloalkyl,
20 heterocycloalkyl, aryl or hetaryl,

or form a bispyrrole group which is bound via the nitrogen atoms to the

phosphorus atom P and has the formula
25 Py-1-Py.
6. A process as claimed in any of claims 1 to 5, wherein the homogeneous

hydroformylation catalyst used is a complex of rhodium with a phosphoramidite

30 ligand of the formula la
Rm—(O) P 20
", 05O, ()R
6 N o ]
R R R15 N R18
BEGEES T G
R'6 rRY R'6 RY

where

35

R™ R, R" and R are each, independently of one another, hydrogen, alkyl,
cycloalkyl, heterocycloalkyl, aryl, hetaryl, W'COOR¥, W'COO'M",
W'(SO5)R", W'(SOs)M", WPOL(R)(R), W'(PO3); (M")2, WNE'E,



to 20 bridge atons, Rk, E4, E5, E6 are identical or different radicals

sel ected fr 48%ng hydrogen, 10 al kyl, cycloalkyl and aryl, 15 R is
hydrogen, methyl or ethyl, M is a cation equivalent, X- is an anion
equivalent and y is an integer from1 tgg240, 20 where two adjacent radicals
R15, Rt6, R17 and R18 together with the carbon atons of the pyrrole ring to
whi ch they are bound/(MEEE EX, WOR VISR e(CHR'BH.QYRY ¢arMEWRAg 1, 2 or 3
further rings, w thgHEHNBY ROhaIbgEn, aiflubrmsdthypntrefacyihe oyash,cal s R15, Rib,
R17 and R18 is not 25 hydrogen and R'" and R20 are not |inked to one

anot her, R19 aq‘f}] 0 are each, independently of one another, cycloal kyl,
heteroc%écl oal kyl',” "aryl or hetaryl, 30 a and b are each, independenity of

one anot’her, 0 or 1, Pis acPhosphorus atom Qis a bridging group of the
formul a 35 wher'®' PHs54gfe Bond, a heteroatom or a divalent bridging group having from 1

to 20 bridge atoms,

R¥, E*, ES, E® are identical or different radicals selected from among hydrogen,
10 alkyl, cycloalky! and aryl,

R' s hydrogen, methy! or ethyl,
M' is a cation equivalent,
15
X is an anion equivalent and
y is an integer from 1 to 240,
20 where two adjacent radicals R', R*®, R and R’ together with the carbon atoms
of the pyrrole ring to which they are bound may also form a fused ring system

having 1, 2 or 3 further rings,

with the proviso that at least one of the radicals R®, R"®, R" and R" is not
25 hydrogen and R'® and R® are not linked to one another,

R' and R? are each, independently of one another, cycloalkyl, heterocycloalkyl,
aryl or hetaryl,

30 a and b are each, independenity of one another, 0 or 1,

P is a phosphorus atom,

Q is a bridging group of the formula
35

where



A and A2 are each, independently of one another, 0, S, SiRaRb, NR or CRdRa

where 5 R8,PRPAMTd R are each, independently of one another, hydrogen,

al kyl, cycloal kyl, heterocycl oal kyl, aryl or hetaryl, Rd and Ra are each,

i ndependent|y of one another, hydrogen, ggl kyl, cycloal kyl,

het er ocycl oal kyl, aryl or hetaryl or together with the carbon atomto which

10 they are bound form a cycl oal kylidene group having from4 to 12 carbon

atons or the grQUndF dre@athendapichBertyfofibh&anotBen an SRSIFER® tNRF GreRARRe

together with a furjjhge group Re fornms an intranolecular bridging group D, D

I's a dival ent bridging group sel ected fromanong the groups 15 RO R10 CH CH
re re each, independently of one ot her,

hydroge%’ al kylﬁp&@f‘grﬁjﬁ each, indeperlen ﬁgec?qoﬁq"%o'?y(gﬁﬁq’?y?lﬂqcar boxyl ,

carboxyl ate or cyanevdnalkyt, @e1emqyél@alkvloaw er kgfvher to forma C3- to

C4- al kyl ene bridge, R11, R72, R13 and R14 are each, independently of one

anot her, hydromn@ﬂzkyrb,eacﬁﬁn@é&haéﬂxtlyxdfonéhﬁbthehfhkx 8n, A, fheieampet hyl
COOH, carboxyl ate, fManRe b%

h
al kyl en@) NE' E2E3+X- gd@éld Xéf}fl °$$:§H?§I§ﬁ{c{ E) h » ?g SEJ I%."%re each,
i ndepen'dent |y of on@ éﬁ t?%l“ ?f JuE GgdeelRo ﬁrgﬁfgroup aving rdom ca

atoms or the group R? together witha further group R® or the group R®

together with a further group R® forms an intramolecular bridging group D,

D is a divalent bridging group selected from among the groups

15
R11 R12
rR" R'2
Schen < G '3——<
- H CH —
~ o~ \ ,
where

20 R® and R'® are each, independently of one another, hydrogen, alkyl, cycioalkyl,

aryl, halogen, trifluoromethyl, carboxyl, carboxylate or cyano or are joined
to one ancther to form a C;- to Cy-alkylene bridge,

R", R, R™ and R are each, independently of one another, hydrogen, alkyl,
25 cycloalkyl, aryl, halogen, trifluoromethyl, COOH, carboxylate, cyano,
alkoxy, SO3H, sulfonate, NE'E?, alkylene-NE'EZE**X", acyl or nitro,

c is0or1,

30 R®, R® R’ and R® are each, independently of one another, hydrogen, alkyi,
cycloalkyl, heterocycloalkyl, aryl, hetaryl, COOR', COO M, SO;R', SO;M",
NE'E?, NE'E’E*'X", alkylene-NE'E’E**X", OR', SR', (CHRCH,0),R",
(CHN(E"),R', (CH.CH,N(EY),R', halogen, trifluoromethyl, nitro, acyl or
cyano,
35
where

R', E', E? and E® are identical or different radicals selected from among
hydrogen, alkyl, cycloalkyl and aryl,



cyctoal kyl, heterocycl oal kyl, aryl, hetaryl, COORf, COO M+, SO3Rf, SO'3Mt,
NE' E2, NE' EPES4987 al kyl ene- NEE 2E3+X-, OR, SR1, (CHROCH20)xXRf,
(CH2N(E' ) ) xRf, (CH2CH2N(E' ))xRf, hal ogen, trifluoronethyl, nitro, acyl or

cyano, 35 where R1, E, E2 and E3 are igentical or different radicals
sel ected fromanong hydrogen, alkyl, cycloal kyl and aryl, PF 54987 81 RO is
hydr ogen, nethyl or ethyl, M is a cation, 5 X- is an anion and x is an

integer from1l RO 12GhydrolenonethiRorasgd,or R7 together with two adjacent
carbon atonms of the benzene ring to which they are bound forma fused ring

system having L2 @r, 3.further rings. 15 7. A process as clained in claim
1, wher%in the ol efIn conposition used is a raffinate II.

X is an anion and

X is an integer from 1 to 120,

10 or

R® and/or R together with two adjacent carbon atoms of the benzene ring to
which they are bound form a fused ring system having 1, 2 or 3 further
rings.

15
7. A process as claimed in claim 1, wherein the olefin composition used is a
raffinate Il.



