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HYDROFORMYLATION PROCESS USING CHLOROPHOSPHITE-METAL CATALYST SYSTEM

. This invention pertains to c_ertain novel catalyst systems comprising
at least one chlorophosphite ligand compound in combination with a
transition metal and the use of the catalyst system in the hydroformylation
of various a-olefins to produce aldehydes.

The hydroformylation reaction, also known as the oxo reaction, is
used extensively in commercial processes for the preparation of aldehydes
by the reaction of one mole of an olefin with one mole each of hydrogen
and. carbon monoxide. The most extensive use of the reaction is in the
preparation of normal- and iso-butyraldehyde from propylene. The ratio of -
the amount of the normial aldehyde produiﬁt to the amount of the iso
aldéhyde. product tybically 1s referred to as the normal to.iso (N:i) or the
normal to branched (N:B) ratio. In the case of propylené. The normal- and
iso-butyréldehydes obtained from propylene are in turn converted into '
many commercially-valuable chemical products such as, for example,
n-butanol, 2-ethylhexanol, n-butyri:c acid, iso-butanol, neo-pentyl glycol,
2,2,4-trimethyl:-1 ,3-pentanediol, the mono-isobutyrate and di-isobutyrate
esters of 2,2,4-trimethyl-1,3-pentanediol. The hydroformylation of higher -
olefins such as 1-octene, 1-hexene and 1-decene yield aldehyde products
which are useful feedstocks for the preparation of detergent alcohols and
plasticizer alcohols. The hydroformylation of substituted olefins such as
allyl alcohol is useful for the production of other commercially valuable
products such as 1,4-butanediol, _

U.S. Patent 3.239,566, issued March 8, 1966, to Slaugh and
Mullineaux, discloses a low pressure hydroformylation process using
trialkylphosphines in combination with rhodium catalysts for the preparation
of aldehydes. Trialkylphosphines have seen much use in industrial
hydroformylation processes but they typically produce a limited range of
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products and, furthermore, frequently are very oxygen sensitive. U S.

* Patent 3,527,809, issued September 8, 1970 to Pruett and Smith, discloses
 a low pressure hydroformylatlon process which utlllzes triarylphosphine or

tnarylphosphrte llgands in comblnatlon with rhodlum catalysts The ligands
dlsclosed by Pruett and Smlth although used in many commerclal

‘applications, have llmltatrons due to oxrdatlve and hydrolytrc stability

problems. Since these early disclosures, numero_us improvements have
been made to increase the catalyst stability, catalyst activity and the
product ratio with a heavy emphasis on yielding linear aldehyde product. A
wide variety of monodentate phosphite and phosphine ligands, bidentate
ligands stich as bisphosphites and blsphosphines as well as tridentate and
polydentate: I|gands have been prepared and dlsclosed in the llterature
Notwithstanding the substantlal progress whtch has been made in the area
of hydroformylatlon catalyst systems and chemlstry ‘thefe still exlsts a need
to develop, more stable, less expensrve and more selectrve
hydroformylation catalysts. '

We have discovered that Chloropho'sphite diester compo'unds are
useful as llgands in catalyst systems for the conversron of olefins to
aldehydes. The chlorophosphlte llgands of the present rnventron can be
substituted for, or used in combination with, known phosphrte and/or
phosphme lxgands in a wide variety of catalyst systems utilizing a transition

" metal as the pnmary catalyst component Thus one embodlment of the

present invention i |s a novel catalyst system compnsmg a combmatlon of

- one or more transttlon metals selected from the Group Vit metals and

rhenium and one or more chlorophosphlte compounds (also known as
chlorophosphomtes) having the general formula
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wherein R' and R? are aromatic hydrocarbyl radicals which contain a total
of up to about 40 carbon atoms and wherein the ratio of gram moles
chlorophosphite ligand to gram atoms transition metal is at least 1:1. The
novel catalyst systems may be used in a wide variety of fransition metal-
catalyzed processes such as, for example, hydroformyiation, hydrogena-
tion, isomerization, hydrocyanation, hydrosilation, carbonylations,
oxidations, acetoxylations, epoxidations, hydroamination, dihydroxylation,
cyclopropanation, telori]erizafons, carbonwhydrbgen bond activation, olefin
metathesis, olefin dimerizations, oligomerizations, olefin ipolymén‘zations-,
oleﬁn-carbon monoxide copolymerizations, butadiene dimerization and. o
oligomerization, butadiene polymerization, and other carbon-carbon bond

forming reactions such as the Heck reaction and arene coupling reactions.

The catalyst systems comprising rhodium as the transition metai are
especially useful for the hydroformylation of olefins to produce aldehydes
and, therefore, are preferred.

A second embodiment of our invention concerns a novel catalyst
solution comprising (1) one or more of the chlorophosphite ligands of
formula (1), (2) rhodium and (3) a hydroformylation solvent. This
embodiment comprises a solution of the active catalyst in which a
carbonyiation process such as the hydroformylation of an ethylenically-
unsaturated compound may be carried out. .

A third embodiment of the present invention pertains to a
hydroformylation process utilizing the above-described catalyst systems
and solutions.  The process of the present invention therefore inciudes a
process for preparing an aldehyde which comprises contacting an olefin,
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hydrogen and carbon monoxide wnth a solutlon of a catalyst system

-compnsmg rhodlum and a chlorophosphlte ligand of formula (1) wherein the

mole ratio of phosphine ligand:rhodiumis at least 1:1.
It is generally recognized in the art that the presence of halogens in
hydroformylatlon catalysts normally reduces substantxally the activity of the

' catalyst The. Ilterature contains numerous references and cltatnons in

which halogens are identified at ponsons in the rhodlum catalyzed
hydroformylatlon process For example, Falbe ("New Syntheses with

' Carbon Monomde“ edlted by J. Falbe, 1980 Spnnger—Verlag) on page 73
~ lists halogens as pmsons for hydroformiylation catalysts u.Ss. Patents

5,059, 710, 4,595,753, 4,605,781 and 4,642,395 teach that halogen atoms
generally are detnmental to the activity of: hydroforrnylatlon catalyst
systems. U.S. Patent 4 871 878 discloses that halogens may be present i in
the orgamc structure of a Ilgand but these halogen—contalmng substituents

typlcally have the halogen Iocated ina stable non—hydrolyzable group,
'away from the phosphorus center and suft' clently far removed from the

rhodium atom t_hat no interactions can occur._ For example, U.S. Patent
4,871,878 teaches the use of halogen substituted tribenzylphosphine
ligands except tho;_se' cases where the chlorine, bromine or iodine are in the
positions adjacent to the benzylic group. ' -

Reactions of halophosphorus compounds with hydroxylic materials
or water are well known in the chemical literature. Cotton and Wilkinson
(“Advanced Inorg'anic' Chemistry", 3rd Edition; 1972, Wiley and Sons,
pages 374-375) descnbe the phosphorus halides as materials which are

- hydrolyzed, sometlmes violently, in the presence of water. Kosolapofl _
' reported many years ago ("Organophosphorus Compounds" 1850, Wiley

and Sons, pages 180 to 199) that the halophosphltes are unstable to heat,

"and react with water, alcohols, and phenols Chlorophosphltes have been

characterized as "Rapidly hydrolyzed" and "Reacts violently with water"
("Dictionary Of Organophosphorus Compounds”, edited by Edmundson,
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1988, Chapman and Hall, pages 144 and 149, entries C-00063 and
C-00092). The reactions with the hydroxylic materials generate phosphoric
acid esters as the initial product and hydrogen halides. Hydrogen halides
have been described as poisons to many transition metal-catalyzed
processes such as the hydrofonnylation reaction. Therefore, the presence
of any phosphorus halide species in a hydroformylation reaction usually is
deemed undesirable. _

Contrary to the teachings of the prior art, we have found that the
chlorophosphite ester compounds having the formula

o—R!
Ci-l{ . ()]
O\R;

function as effective ligands when used in combination v?vith transition
metals to form catalyst systems for the processes described hereinabove.
The hydrocarbyl groups represented by R' and R? may be the same or
different, separate or combined, and are selected from unsubstituted and
substituted aryl groups containing a total of up to about 40 carbon atoms.
The total carbon content of substituents R' and R? preferably is in the range.
of about 12 to 35 carbon atoms. | |

Examples of the aryl groups which R* and/or R? individually can
represent include carbocyclic aryl such as phenyl, naphthyl, anthracenyl
and substituted deri_vatives thereof. Examples of the carbocyclic aryl

groups which R' and/or R? individually can represent are the radicals
having the formulas
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wh_erein R’l_a.rid_Rf‘ may _repre_se_h_t.one or ___niore substituents: independently
} selected from alkyl, alkoxy, halogen, cycloalkoxy, formyl, alkanoyl,

cycloalkyl, é'ryl aryloxy, aroyl, carboxyl, carboxylate salts, alkoxycarbonyl,
alkanoyloxy, cyano, sulfonic acid, sulfonate salts and the like. The alkyl
moiety of the aforesald alkyl, alkoxy, alkanoyl alkoxycarbonyl and
alkanoyloxy groups typlcally contam up to about 8 carbon atoms. Although
it is possxble formto represent OtoSandfornto represent 0 to 7, the
value of each of m and n usually will not exceed 2. R*and R“ preferably
represent halogens and/or lower alkyl groups, lLe., stralght-cham and
branched-chain alkyl of up to about 4 carbon atoms, and m and n each
represent 0, 1 or 2. '
Alternatively, R' and R? in combination or collectively may represent
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a divalent arylene group. The divalent groups which R' and R? coliectively
may represent include radicals having the formula

Al

X
N
wherein

each of A' and A? is an arylene radical, e.g., a divalent, carbocyclic
aromatic group containing 6 to 10 ring carbon atoms, wherein each ester
oxygen atom of chlorq'j_phosphite is bonded to a ring carbon atom of A"
and AZ% '

X is an oxygen atom, a group having the formul:; -(CH,),- wherein y

- is 2 to 4 or a group having the formula

RS
I
—C—

I
Re

wherein R® is hydrogen, alkyl or aryl, e.g., the aiyl groups illustrated by
formulas (i), (lll) and (IV), and R®is hydrogen or alkyl. The total carbon
content of the group -C(R%)(R®)- normally will not exceed 20 and, preferably,
is in the range of 1 to 8 carbon atoms. Normally, when R and R?
coIIectivély represent a divalent hydrocarbylene group, the phosphite ester
oxygen atoms, i.e. the oxygén atoms depicted in formula (i), are separated
by a chain of atoms containing at least 3 carbon atoms.

- Examples of the arylene groups represented by each of A" and A*
include the divalent radicals represented by the formulas (V), (V1) and (VII).
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wherein R® and R‘ mai‘_' represent one or-?nore substituents independently
~ selected from alkyl; alkoxy, halogen, cycloalkoxy, formyl, alkanbyl,

cycloalkyl,. aryl,"arylow;-= aroyl, carboxyl, carboxylate salts, alkoxycarbonyl,.

alkanoyloxy, cyano, sulfonic acid, sulfonate salts and the like. The alkyl
10  moiety of such alkyl, alkoxy, alkanoyl, alkoxycarbonyl and alkanoyloxy
groups typically contains up to about 8 carbon atoms. - Although it is
possible for p to represent 0 to 4 and for q to represent 0 to 6, the value of

each of p and q usually will not exceed 2. R® and R* preferably representa

halogen such as chlorine, a lower alkyl group, i.e., straight-chain and
15 b'ranched-chain alkyl of up'to about 4 carbon atoms, or lower alkoxy; and p
and q each represent 0, 1 or 2. | |
‘We have found that better results are obtained from those ligands
which are unsubstituted or prefer_ably,' substituted with an electron
withdrawing group in the position' that i's'para fo t_h'e oxygen on the aromatic
20 ring. The presence of the electron withdrawing Qroups on the aromatic ring
 stabilizes the catalyst prebared from the chloroﬁhpsphite ligands.
 The ch_lorophosphite esters which are particularly preferred,
e.g., those which exhibit the best stability, are those of formula (Vill)
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Cl—P X (Vi
A\ /
0—A?

wherein A', A% and X are defined above and wherein the ring carbon atoms
of arylene radicals A' and A% which are in a position ortho to the ring carbon
atoms bonded to the chlorophosphite ester oxygen atom are substituted
with a halogen atom, preferably chioro, or an alkyl group such as a
branched chain alkyl group such as isopropyil, tert-butyl, tert-octyl and the
like.

The most preferred chlorophosphite esters have the general formula:

(Ra)r . X @ (Re)r
LOX)

wherein R’ represents hydrogen, halogen such as chloro or C, to C,,,
preferably C, to C,, alkyl; R® represent halogen such as chloro, C, to C,,,
preferably _C, to C,, alkyl or C, to C,,, preferably C, to C,, alkoxy; ris 0, 1 or
2; and X is a group having the formuila

R5

_0C —

RS
wherein R® is hydrogen, alkyl or aryl, e.g., the aryl groups illustrated by
formulas (I1), (11f) and (IV), and R® is hydrogen or alkyl.
“The chlorophosphite diester which is particularly preferred is
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2 2’-methyleneb|s(3 4,6 tnchlorophenyl)chlorophosphlte which has the
structure:

(X) -

Tﬁe chlorophosphite esters of formula () may be prepared by
published procedures or by techniques analogous thereto. See, for
example, the prpeedures d'es”cribed in the exambles of U.S. Patent
5,059,710, U. s. Pater'ft4 912,155 and V‘\}hite etal., J. Am. Chem Soc.,
92, 7125 (1970). The organic moiety of the chlorophosphlte compounds
i.e., the residue(s) represented by R' and R?i in formula (1) can be derived

~ from chiral or optically active compounds. Chlorophosphlte ligands derived

from chiral glycols or phenols will generate chiral ligands. Ligands
consisting of the chiral chlorophosphltes can be used in many transition
metal-catalyzed processes mcludmg. but not llmlted to, hydroformylatlon
hydrogenation, hydrocyanatlon hydrosnlatlon carbonylatuons oxndatlons
acetoxylatlons epoxndatlons hydroamination, dlhydroxy|atson cyclo-
propanation, carbon hydrogen bond activation, olefin metathesis, olefin
dimerizations, olefin oligomerizations, olefin polymerizations, olefin-carbon
monoxide copolymerizations, butadiene dimerization and oligomerization,
butadiene polymerization, ari_d other carbon-carbon bond forming reactions
such as the Heck reaction to yield enantioselective product mixtures.

The novel catalyst systems provided by the present invention

_comprise a combination of one or more transition metals selected from the

Group VIl metals and rhenium and one or more of the chiorophosphite
compounds described in detail hereinabove. The transition metal may be
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provided in the form of various metal compounds such as carboxylate salts
of the transition metal. Rhodium compounds that may be used as a source
of rhodium for the active catalyst include rhodium il or rhodium Hi salts of
carboxylic acids of which examples such as di-rhodium tetraacetate
dihydrate, rhodium(ll) acetate, rhodium(ll) isobutyrate, rhodium(il)
2-ethylhexanoate, rhodium(ll) benzoate and rhodium(il) octanoate exist-
Also, rhodium carbonyl species such as Rhs(CO)s2, Rhg(CO)46 and
rhodium(l) acetylacetonate dicarbonyl may be suitable rhodium feeds.
Additionally, rhodium organophosphine complexes such as tris(triphenyl-

_phosphine) rhodium carbonyl hydride may be used when the organo-

phosphine moieties of the complex fed are easily displaced by the
chlorophosphite ligands of the present iryention. We have found rhodium
2-ethylhexanoate to be a particularly preferred source of rhodium from
which to prepare the catalyst system of the invention because 'it isa
convenient source of soluble rhodium and can be efficiently prepared from
inorganic rhodium salts such as rhodium halides.

The relative amounts of chlorophosphite ligand and transition metal
can vary over a wide range, e.g., amounts which give phosphorus:transition
metal atomic'ratios of about 1:1 to 100:1. For the rhodium-containing .
catalyst systems, the ratio of atoms of phosphorus (provided by the
chiorophosphite) to atoms of rhodium preferably is in the range of about
10:1 up to 70:1 with ratios in the range of about 15:1 to 50:1 being
particularly preferred. _

A second embodiment of our invention concerns a novel catalyst
solution 6omprising (1) one or more of the chlorophosphite ligands of
formula (1), (2) rhodium and (3) a hydroformylation solvent. This
embodiment comprises a solution of the active catalyst in which a
carbonylation process such as the hydroformylation of an ethylenically-
unsaturated compound may be carried out.

The hydroformylation reaction solvent may be selected from a wide
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* variety of compounds, mixture of compounds, or materials which are liquid
- at the pressure at which the process.is-being operated. - Such compounds

and materials include various alkanes, cycloalkanes, alkenes,
cycloalkenes, carbocyclic aromatic compounds, alcohols, esters, ketones,
acetals, and ethers.- -Speclﬁc examples of such solvents include alkanes
and cycloalkanes such ‘as dodecane, decalin, octane, iso-octane mixtures,
cyclohexane, cyclooctane, cyclododecarie, methylcyclohexane; aromatic

- hydrocarbons such as benzene, toluene, xylene isomers, tetralin, cumene,

alkyl-substituted aromatic com'po'unds such as the isomers of diisopropyl-

‘benzene, tmsopropylbenzene and tert-butylbenzene alkenes and cyclo-

alkenes such as’ 1 7-octad|ene dlcyclopentadlene 1 5-cyclooctadrane
octene-1 octene—2 4—vmylcyclohexene cyclohexene 1 5,9~ cyclododeca-

_trrene 1-pentene crude hydrocarbon mixtures such as naphtha mineral
_ oils and kerosene, hlgh-borlmg esters such as 2,2, 4-tnm"ethyl-1 3-pentane-

diol monorsobutyrate The aldehyde product of the hydroformylatlon
process also may be used. In practice, the preferred solvent is the higher
boiling by-prod_ucts that are naturally formed during the process of the
hydroformylation' réaction and the 'subs'equ'ent'-step's e.g., distillations, that

are required for aldehyde product isolation. The main criteria for the

solvent is that it drssolves the catalyst-and olefin substrate and does not act
asa porson to the catalyst. Preferred solvents--for the production of volatile

-aldehydes, e.g.; propionaldehyde and the butyra'ldehyd_es, are those which

are sufficiently high boiling to remain, for the most part,ina gas sparged
reactor. - Solvents and solvent combinations WhICh are preferred for use in
the production of less volatile and non-volatlle aldehyde products include
1-methyl-2-pyrrolidinone, dlmethylformamlde, perﬂuonnated solvents such
as perflucrokerosene, sulfolane, dioctyl phthalate; dibutyl phthalate, butyl

" benzyl phthalate and high boiling hydrocarbon liquids such as Norpar 15°

(a paraffinic hydrocarbon solvent rmarketed by Exxon Chemlcal) as well as
combinations of these solvents. We have found that non-hydroxyhc
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compounds, in general, and hydrocarbons, in particular, may be used
advahtageously as the hydroformylation solvent since their use can
minimize decomposition of the chlorophosphite ester ligands.

The concentration of the rhodium and ligand in the hydroformyiation
solvent or reaction mixture is not critical for the successful operation of our
invention. As mentioned hereinabove, a phosphorus:rhodium atomic ratio
of at least 1:1 normally is maintained in the reaction mixture. The absolute
concentration of rhodium in the reaction mixture or solution may vary from 1 -
mg/liter up to 5000 mg/liter or more. When the process is operated within
the practical conditions of this invention, the concentration of rhodium in the

~ reaction solution normally is in the range of about 30 and 300 mg/liter. -

Concentrations of rhodium lower than this'range generally do not yield
acceptable reaction ratés with most olefin reactants and/or require reactor -
operating temperatures that are éo_'high as to be detrimeiital to catalyst. -
stability. Higher rhodium concentrations are not preferred because of the
high cost of rhodium.

No special or unusual techniques are required for the preparation of
the catalyst systems and solutions of the present invention, although itis . ..
preferred, to obtain a catalyst of high activity, that all manipulations of the
rhodium and chlorophosphite ligand components be carried out under an
inert atmosphere, e.g., nitrogen, argon and the like. The desired guantities
of a suitable rhodium compound and ligand are charged to the reactorin a
suitable solvent. The sequence in which the various catalyst components
or reactants are charged to the reactor is not critical.

The third embodiment of the present invention pertains to a
hydroformylation process utilizing the above-described catalyst systems
and solutions. The process of the present invention therefore is a process
for preparing an aldehyde which comprises contacting an olefin, hydrogen
and carbon monoxide with a solution of a catalyst system comprising

rhodium and a chlorophosphite ligand of formula (1) wherein the ratio of
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gram moles ligand:gram atom rhodium is at least 1:1. The olefins which
may be hydroformylated by means of our novel process comprise aliphatic,
including ethylenically-unsaturated, low molecular weight polymers,
- alicyclic, aromatié and heterocyclic mono-, di- and tri-olefins containing up
5 toabout 40 carbon atoms. Examples of the- allphatlc olefins which may be
' utilized in the process include straight- and branched-cham unsubstxtuted
- and substituted, aliphatic mono-a-olefins containing up to about 20 carbon
atoms. Examp_l_es,_. of the groups which may be present on the substituted
mono-c-olefins include hydroxy; alkoxy includiﬁg'e.thérs and acetals;
10 alkanoyloxy such as acetoxy;. amino mcludmg substituted amino; carboxy.

alkoxycarbonyt; carboxamldo keto. cyano; and the like. Preferred aliphatic
mono-c.-olefins ha_ve the general formulas:

L j " _R9 :
H

._ .\f*\w/m |

R®is hydrogen or stralght- or branched-cham alky! of up to.about 8
carbon atoms;

R' is straight- or branched-chain alkylene of up to about 18 carbon
20  atoms; and S

R"is hydroxy, alkoxy of up to about 4 carbon atoms, alkanoyloxy of
up to about 4 carbon atoms, carboxyl or alkoxycarbonyl of 2 to about
10 carbon atoms.

and

15
" wherein

Specific examples of the :aliphatic mono-a-olefins include ethylene,
25  propylene, 1-butene, 1-octene, allyl alcohol and 3-acetoxy-1-propene.
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The aliphatic, di-olefins may contain up to about 40 carbon atoms.
Preferred aliphatic, di-olefins have the general formula:
H H H

Z 12

wherein R is straight- or branched-chain alkylene having 1 to about 18
carbon atoms.

The cyclic olefins which may be used in the hydroformylation
process of the present invention may be cycloalkenes, e.g., cyclohexene,
1,5-cyclooctadiene, and cyclodecatriene, and from various vinyl-substituted -
cycloalkanes, cycloalkenes, heterocyclic and-aromatic compounds.
Examples of such cyclic olefins include 4-vinylcyclohexene, 1 ,3-cyclo-
hexadiene, 4-cyclohexene-carboxylic acid, methyl 4—cyciohexene-
carboxylic acid, 1,4-cyclooctadiene and 1,5,9-cyclododecatriene. The
olefin reactants which are patrticularly preferred compﬁse mono-a-olefins of
2 to 10 carbon atdms, especially propylene.

Mixtures of olefins can also be used in the practice of this invention.
The mixtures may be of the same carbon number such as mixtures of
n-octenes of it may represent refinery distillation cuts which will contain a
mixture of olefins over a range of several carbon numbers.

The reaction conditions used are not critical for'thé operation of the
process and conventional hydroformylation conditions normally are used.
The procesé requires that an olefin is contacted with hydrogen and carbon
monoxide in the presence of the novel catalyst system described
hereinabove. While the process may be carried out at temperatures in the
range of about 20 to 200°C, the preferred hydroformylation reaction
temperatures are from 50 to 135°C with the most favored reaction

temperatures ranging from 75 to 125°C. Higher reactor temperatures are
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not favored because of increased rates of catalyst decomposition while
lower reactor temperatures result in relatively slow reaction rates. The total
reaction pressure rnay range from about ambient or atmospheric up to 70
bars absolute (bara - about 1000 pslg) preferably from about 8 to 28 bara
(about 100 to 400 psig). _

The hydrogen:carbon monoxide rnOIe ratio in the reactor likewise '
may vary consrderably ranglng from 10:1 to 10 and the sum of the
absolute partlal pressures of hydrogen and carbon monoxrde may range
from 0.3 to 36 bara. The partlal pressures of the ratro of the hydrogen to

carbon monoxrde |n the feed i is selected accordmg to the Irnear branched
' _ isomer rafio desired. Generally, the partral pressure of hydrogen and

carbon monoxrde in the reactor is maintained wrthm the range of about 1.4

to 13.8 bara (about 20 to 200 psra) for each gas The partral pressure of

carbon monoxrde |n the reactor ls mamtamed wrthm the range of about 1.4
t013.8 bara (about 20 to 200 psra) and rs varred mdependently of the
hydrogen partlal pressure The molar ratro of hydrogen to carbon

" monoxide can be vaned wrdely within these partral pressure ranges for the
' hydrogen and carbon monoxide. The ratios of the hydrogen to carbon

monoxide and the partlal pressure of each in the synthesus gas (syngas -
carbon monoxrde and hydrogen) can be readrly changed by the addition of
either hydrogen or carbon monoxide to the syngas stream. We have found
that with the chlorophosphlte llgands described herern the ratio of linear to
branched products can be varied W|dely by changmg the reaction
parameters such as the carbon monoxrde partral pressure or the reactor
temperature.

The amount of olefin present in the reaction mixture also is ot
critical. For example, 'relatively'hlg'h'-bolling'ole'f ns such as 1-octene may
function both as the oleﬁn reactant and the process solvent. In the
hydroformylatlon of a gaseous olefin feedstock such as propylene the

' partlal pressures in the vapor space in the reactor typlcally are in the range
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- of about 0.07 to 35 bara. In practice the rate of reaction is favored by high

concéntrations of olefin in the reactor. In the hydroformylation of
propylene, the partial pressure of propylene préferably is greater than 1.4
baré, ‘e.g., from about 1.4 to 10 bara. In the case of ethylene
hydroformylation, the preferred partial pressure of ethylene in the reactor is
greater than 0.14 bara. ' '
Any of the known hydroformylation reactor designs or configurations
may be used in carrying out the b‘rocess provided by the present invention.
Thus, a gas-sparged, vapor take-off reactor design as disclosed in the *
examples set forth herein may be used. In this mode of operation the
catalyst which is dissolved in a high boiling organic solvent under pressure
does not leave the reaction zone with the aldehyde product which is taken - -

- overhead by the unreacted gases. The overhead gases then are chilled in

a vaporfliquid sepatator to liquify the aldehyde product arid the gases can '
be recycled to the reactor. The liquid product is et down to atmospheric

pressure for separation and puriﬂcaﬁon by conventional technique. The

process also may be practiced in a batchwise manner by contacting the -
olefin, hydrogen and carbon monoxide with the present catalyst in an
autoclave.

A reactor design where catalyst and feedstock are pumped into a

- reactor and allowed to overflow with product aldehyde, i.e. liquid overflow

reactor design, is also suitable. For example, high boiling aldehyde
products such as nonyl aldehydes may be prepared in a continuous
manner with the aldehyde product being removed from the reactor zone as
a liquid in combination with the catalyst. The aldehyde product may be
separated from the catalyst by conventional means such as by distillation or
extraction and the catalyst then recycled back to the reactor. Water soluble
aldehyde products, such as hydroxy butyraldehyde products obtained by
the hydroformylation of allyl alcohol, can be separated from the catalyst by
extraction techniques. A trickle-bed reactor design also is suitable for this
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process. It will be apparent to those skilled in the art that other reactor
schemes may be used with this invention.

The various-embodiments of the present invention are further
illustrated by the following examples. The hydrofo_rmylaticn process in
which propylene is -hydroformylated to produce butyraldehydes is carried’

. out in a vapor take-off reactor consisting of a vertically arranged stainless
. steel pipe having a 2.5 cm inside diameter and. a. Iength of 1.2 meters. The -
- reactor has a ﬁlter element welded into the side down near the bottom of
X0

the reactor for the inlet.of gaseous reactants The:reactor contains a
thermowell which is-arranged axially with the reactor in its center for
accurate. measurement of the temperature of the: hydroformylation reaction
mixture. The bottom of the reactor has a high pressure tubing connection

that i is, connected to a cross. One.of the connections to the-cross. perrnlts
.the add|t|on of: non-gaseous: reactants:such as octene-‘l or make-up-

soly_ent, another leads to the high-pressure connection of a differential

. pressure (D/P) cell that is used to measure catalyst level in the reactor and

the bottom connection is used for draining the catalyst solution atthe end - -

- of the run.

“In the hydroformylatlon of propylene in a: vapor take-off mode of

. operatlon the hydroformylatlon reaction mlxture or solution containing the
- catalyst is sparged under pressure with the i incoming reactants of . . .

propylene, hydrogen and carbon monoxide as well as any inert feed such
as nitrogen. As butyraldehyde.is formed in the catalyst solution, it and
unreacted rea_ctant_gaées are rernoved as a vapor from the top of the
reactor by a .sid_.e'-_port. The vapor remcved is chilled in a high-pressure
separator where the butyraldehyde product is condensed along with some

-of the unr_eacted propylene. The uncondensed gases are let down to

atmospheric pressure via the pressure control valve. These gases pass
through a series of dry-ice traps where any other aldehyde product is
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collected. The product from the high-pressure separator is combined with
that of the traps, and is subsequently weighed and analyzed by standard
gasl/liquid phase chromatography (GLC) techniques for the net weight and
normal/iso ratio of the butyraldehyde product.

The gaseous feeds to the reactor are fed to the reactor via twin
cylinder manifolds and high-pressure regulators. The hydrogen passes
through a mass flow controller _a\nd then through a commercially available
"Deoxo" (registered trademark of Engelhard inc.) catalyst bed to remove
any oxygen contamination. The carbon monoxide passes through an iron
carbonyl removal bed (as disclosed in U.S. Patent 4,608,239), a similar
"Deoxo" bed heated to 125°C, and then a mass flow contoller. Nitrogen
can be added to the feed mixture as an inert gas. Nitrogen, when added, is -
metered in and then m%ked with the hydrogen feed prior to the hydrogen

- Deoxo bed. Propylene is fed to the reactor from feed tanks that are

pressurized with hydrogen and is controlled using a liquid mass flow meter.
Ali gases and propylene are passed through a preheater to insure
complete vaporization of the liquid propylene prior to entering the reactor.
Higher-boiling, liquid olefins such as 1-octene, are subjected to
hydroformylation in a high pressure autoclave. The olefin, catalyst, and
solvent are sealed in the autoclave under nitrogen. The reaction mixture:
then is pressurized with hydrogen and carbon monoxide and heated to the
desired reaction temperature. The autoclave is maintained at reaction
temperature and pressure selected for a predetermined amount of time or
until gas uptake ceases. The autoclave then is cooled to ambient
temperature and vented. The contents of the autoclave are recovered and

analyzed for olefin and aldehyde content by conventional gas
chromatography.
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A catalyst solution was prepared under nitrogen using a charge of 15
mg of rhodium charged as a rhodium (lf) dicarbonylacetonyl acetate (0.145
mmole, 0.0375 'g)_; ohIorobis(4-chloro-2-methylphenyl)phoSphite (4.37
mmole, 1.53 g, [P}[Rh]=30) and 190 mL of Norpar 15° solvent. This
catalyst solution_ vrras-charged to the reactor under an argon blanket and the
reactor sealed. .- The reactor was pressured to '-18_.9 bara (260 psig) with
hydrogen, carbon monoxide and nitrogen and heated to 115°C. Propylene
feed then was started and the flows were adjusted to the following reported
as Ilterslmmute at standard temperature and. pressure (STP): hydrogen =
3.70; carbon monoxide = 3. 70 nrtrogen 1.12 and propylene = 2.08. This
is equrvalent to havmg the followrng partial pressures in the feed to the
reactor reported as bara (psra) hydrogen = 6.6 (96) .carbon monoxrde =

6.6 (96); nrtrogen 2 (29) and propylene = 3 7 (54) Fe

- The reactron was camed out under the above ﬂows for 5 hours. The
butyraldehyde productron rate for the last 3 hours of operation averaged
88.3 glhour for a catalyst actrvrty of 5.88 krlograms butyraldehydelgram of
rhodrum—hour “The produot N: Iso ratio was 2.1: 1

-A.c_atalyst solution was prepared under nitrogen using a charge of 15

‘mg of rhodium charged as a rhodium (1) dicarbonylacetonyl acetate (0.145

mmole, 0.0375 g), 2,2"-methylenebis(3,4,6, trichlorophenyl)chlorophosphite
(4.35 mmole, 2.04 g, . [P];[Rh]}=30) and 190 mL of dioctyl 'phthalate solvent.
This catalyst solution was charged to the reactor under an argon blanket
and the reactorssealed. The reactor was pressured to 18.9 bara (260 psig)
with hydrogen, carbon monoxide and nitrogen and heated to 115°C.
Propylene feed then was started and the flows were adjusted to the
following report_ed as liters/minute at standard temperature and pressure
(STP): hydroge_n_= 3.70; carbon monoxide = 3.70; nitrogen = 1.12 and
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propylene = 2.08. This is equivalent to having the following partial
preséures in the feed to the reactor reported as bara (psia): hydrogen = 6.6
(96); carbon monoxide = 6.6 (96); nitrogen = 2 (29); and

-propylene = 3.7 (54).

The reaction was carried out under the above flows for 5 hours. The
butyraldehyde production rate for the last 3 hours of operation avéraged '
31.9 g/hour for a catalyst activity of 2.13 kilograms butyraldehyde/gram of
rhodium-hour. The product N:iso ratio was 5.86:1.

EXAMPLE 3

This example illustrates the effect of using a lower carbon monoxide
partiat pressure in the hydroformylation of-propylene. A catalyst solution
was prepared under nit"i'ogen using a charge of 15 mg of rhodium charged
as a rhodium (li) dicarbonylacetonyl acetate (0.145 mmoié, 0.0375 g),
2,2'-n{ethylidenebis(3,4,6—trichlorophenyl) chlorophosphite (4.35 mmole;, ~ -
2.06 g, [P]:[Rh}=30) and 180 mL of dioctyl phthalate solvent. The mixture -
was charged to the reactor under an argon blanket and the reactor sealed.

- The reactor was pressured to 18.9 bara (260 psig) with hydrogen, carbon
- monoxide and nitrogen and heated to 115°C. Propylene feed then was

started and the flows were adjusted to the following values reported as
liters/minute at standard temperature and pressure (STP): hydrogen =
3.80; carbon monoxide = 1.90; nitrogen = 1.93 and propylene = 1.87. This
is equivalent to having the following partial pressures in the feed to the
reactor reported as bara (psia): hydrogen = 7.6 (110); carbon monoxide =
3.8 (55); nitrogen = 3.9 (66); and propylene = 3.7 (54).

The process was operated for 5 hours usirig the above flows. The

- butyraldehyde production rate for the last 3 hours' of operation averaged

24.5 g/hour for a catalyst activity of 1.63 kilograms butyraldehyde/gram of
rhodium-hour. The product N:lso ratio was 7.17:1.
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' This exarnpl_e__ill'ustrate_s the effect of using a higher carbon monoxide
partial pressure in the hydroformylation of propylene. A catalyst solution
was prepared under' nitrogen using a charge of 15 mg of rhodium charged
as a rhodium (1) dicarbonylacetonyl acetate-(0.145 mmole, 0.0375 g),
2,2'_-rnethyl_idenepis(3,4;6ftrichloroph_eny_l)chlorophosphite (4.37 mmole,
2._(_)6' g,-[P];[Bh],%3_O)._and 190 mL :of-d:i_ootyl-p_hth_a__!_ate.solvent_. The catalyst
soiution was charged _to the reactor under an a_rgp.n blanket and the reactor
sealed. The _reactor was pressured to 18.9 bara (260 psig) with hydrogen,
carbon monoxide_;and;nitrogeh and heated to 115°C. Propylene feed then

- wasstarted' and the flows Were adjusted to the following values reported as

hterslmmute at standard temperature and.pressure (STP): hydrogen =

- 1.90; carbon monoxrde 3.80; nitrogen = 1.93 and propylene =.1.87. This

.15 |
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25

30

_.rs equwalent to havmg the followmg partial pressures in the feed to the
_reactor reported as. bara (psia) hydrogen 3.8 (55) carbon monoxide =

7.6 (1 10); mtrogen 3.9 (56) and propylene:= 3.7:(54). - _
The process was operated for-5 hours using the: above flows. The

'_butyraldehyde productron rate for the last 3 hours of operation averaged

21 5 ‘g/hour for a catalyst actlvrty of 1.43 kllograms butyraldehyde/gram of
rhodrum-hour The product N Iso rafio was 4.52:1.

A catalyst solution was prepared under nitrogen using a charge of 15
mg of rhodlum charged asa rhodlum (1) dicarbonylacetonyl acetate (0.145
mmole 0. 0375 g, d|(4-chloro-2-methylphenyI) chlorophosphlte (4.35
mmole, 1.52 g).a__nd 90 mL of Norpar 157 solvent.. This catalyst solution

| ahd 10 mL of pu_riﬂed-1eoctene were charged to a 300 mL, high pressure
 autoclave under an nitrogen blanket. The reactor was sealed and then

pressuriied to 27.6.bara (400 psig) with a 1:1 mixture of hydrogen and
carbon monoxide. The reactor was heated to 110°C and maintained at
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400 psig (28.6 bara) by the addition of a 1:1 mixture of hydrogen and

‘carbon monoxide. When the uptake of gas ceased, the reactor was
‘cooled, vented, and the contents analyzed. Gas chromatography of the

recovered liquid revealed that 95% of the 1-octene reactant had been
converted to a mixture of nonyl aldehydes. The nonyl aldehyde fraction
had a normal to branched isomer ratio of 1.99:1. '

EXAMPLE 6 |

A catalyst solution was prepared under nitrogen using a charge of 15
mg of rhodium charged as a rhodium (Il) dicarbonylacstonyl acetate (0.145
mmole, 0.0375 g), di(4-chloro-2-methylphenyl) chlorophosphite (2.46
mmole, 0.86 g) and 90 mL of 2,2,4-trimethyl-1,3-pentanediol monoiso-
butyrate solvent. This!:catalyst solution and 10 mL of purified 1-octene were
charged to a 300 mL, high pressure autoclave under an nitrogen blanket.

The reactor was sealed and then pressurized to 28.6 bara (400 psig) witha = .-

1:1 mixture of hydrogen and carbon monoxide. The reactor was heated to -
110°C and maintained at 400 psig (28.6 bara) by the addition of a 1:1
mixture of hydrogen and carbon monoxide. When the uptake of gas
ceased, the reactor was cooled, vented, and the contents analyzed. Gas
chromatography of the recovered liquid revealed that 98% of the 1-octene
reactant had been converted to a mixture of nonyl aldehydes. The nonyi
aldehyde fraction had a normal to branched isomer ratio of 1.96:1.

EXAMPLE 7

A catalyst solution was prepared under nitrogen using a charge of 15
mg of rhodium charged as a rhodium (1() dicarbonylacetony! acetate (0.145
mmoele, 0.0375 g), di(4-acetyl-2-methylphenyl) chlorophosphite (2.46
mmole, 0.90 g) and a hydroformylation solvent consisting of 90 mL of
Norpar 15® and 10 mL of dioctyl phthalate. This catalyst solution and 20 mL
of purified 1-octene were charged to a 300 mL, high pressure autoclave
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“under an nitrogen blanket. The reactor was sealed and then pressurized to
..__28.6'__bara (400 psig) with a 1:1 mixture of hydrogen and carbon monoxide.
The reactor was heated to 110°C and maintained at 400 psig (28.6 bara)

by the éddition ofa 1:1 -m_ixtdre of hydrogen and carbon monoxide. When

the uptake of gas ceased, the reactor was cooled, vented, and the contents

analyzed. Gas cbromatography of the recovered liquid revealed that 97%
of the 1-octene reactant had been converted to a mixture of nonyl
aldehydes. “The nonyl aldehyde fraction had a normal to branched isomer

- ratio of 1.84:1. .
10 T R

~ Acatalyst solution was prepared under nitrogen using a charge of 15
mg_ of rhodium cﬁarge_&--as a rhodium (Il) dicarbonylacetonyl acetate (0.145

‘mmbole, 0.0375 "g)_',_idi(Zeméthylphenyl)' chlorophpsphite (2.46 mmole, 0.69 g)
. -~‘and 90 'm_L fof;No_r_par 152 solvent. This catalyst solution and 20 mL of
-purified: 1-octene.were'charged to a 300 mL;, high pressure autoclave under

an nitrogen blanke_t._. The reactor_was-sealed and then pressurized to 28.6

~ bara (400 psig) wnth -é 1:1 mixture -6f-hyd_rogen,.-and carbon monoxide. The
---re'éctor‘ was-héated-'to_-__1 10°C and maintained at- 400 psig (28.6 bara) by the
-addition ‘of a1:1 mixture of hydrogen and carbon monoxide. When the
- ‘uptake of gas g:ea_s’:ed,; the reactor was cooled, v’er_ited. and the contents

analyzed.l__ Gas c_I'_lromatog'raphy of the recovered liquid revealed that 97%
of the 1-octene reactant had been converted to a mixture of nonyl
aldehydes. The nonyl aldehyde fraction had a normal to branched isomer

- ratio of 1.80:1.

EXAMPLE 9

A catalyst solution was .p_r_epared under nitrogen using a charge of 15
mg of rhodium charged as a _rhodium (1) d_icarbo_nyl_acetonyl acetate (0.145
mmole, 0.0375 g), di(2-methy|phgnyl) chlorophdsphite_ (2.46 mmole, 0.69 g)
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and 90 mL of Norpar 15® solvent. This catalyst solution and 20 mL of 2-
trané-octene were charged to a 300 mL, high pressure autoclave under an
nitrogen blanket. The reactor was sealed and then pressurized to 28.6
bara (400 psig) with a 1:1 mixture of hydrogen and carbon monoxide. The
reactor was heated to 110°C and maintained at 400 psig (28.6 bara) by
the addition of a 1:1 mixture of hydrogen and carbon monoxide. When the
uptake of gas ceased, the reactor was cooled, vented, and the contents
analyzed. Gas chromatography of the recovered liquid revealed that
99.3% of the octene reactant had been cohverted to a mixture of nonyl

“aldehydes. The nonyl aldehyde fraction had a normal to branched isomer:

ratio of 0.15:1. GC-MS analysis revealed that the branched isomers
consisted of 57% 2-methyl-1-octanal, 29% 2-ethyl-1-heptanal and 14%
2-propyl-1-hexanal. - '

EXAMPLE 10

A catalyst solution was prepared under nitrogen using a charge of 15

- mg of rhodium charged as a rhodium (1) dicarbonylacetonyl acetate (0.145

mmole, 0.0375 g), di(2-methylphenyl) chlorophosphite (4.35 mmole, 1.22 g)
and 90 mL of Norpar 15° solvent. This catalyst solution and 20 mL of 1,7-
octadiene were charged to a 300 mL, high pressure autoclave under an
nitrogen blanket. The reactor was sealed and then pressurized to 28.6
bara (400 psig) with a 1:1 mixture of hydrogen and carbon monoxide. The
reactor was heated to 110°C and maintained at 400 psig (28.6 bara) by
the addition of a 1:1 mixture of hydrogen and carbon monoxide. When the
uptake of gas ceased, the reactor was cooled, vented, and the contents
analyzed. Gas chromatography of the recovered liquid revealed that
99.3% of the 1,7-octadiene reactant had been converted to a mixture of
aldehydes. The aldehyde fraction consisted of 4 dialdehyde isomers as
determined by gas chromatography-mass spectroscopy utilizing chemical
ionization techniques (MS and Cl). No monoaldehydes were visible by the
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Cl technique. The percentages of the dialdehydes in the order of their

: elutibn_ were 4.8%, 3.9%, 50.9% and 40.4%. The 40.4% fraction is
- 1,10-decanedialdehyde.

E LE 11 .

A ca_talys_t solution was prepared under nitrogen using a .chérge of 156
mg of rhodium (;harge_d as.a rhodium (1) dicarbdnylacet_onyl acetate (0.145
mmole, 0.0375 g), 2,2'-methylidenebis(3,4,8-trichlorophenyl) chloro-
phosphite (4.35 mmole. 2059, [P]:_[Rh]=30) and 90 mL of 2,2_,4~trimethyl-
1,3-pentanediol monoisobutyrate solvent. This catalyst solution and 20.mL

- of purified 1-octene were charged to a 300 mL, high pressure autoclave -

under an n;trogen blanket. - The reactor was sealed and then pressurized to
28.6 bara (400' psfg) w%ih- a 1:1 mixture of hydrogen and carbon monoxide.
The reactor was: Heat'ed to 110°C and maintained at- 400 psig (28.6 bara)
by the addition of a 1:1 mixture of hydroge'n'and carbon monoxide. When

.- the uptake. of gas ceased, the reactor was cooled, vented, and the contents

analyzed. Gas __c_hrqmatography of the recovered liquid.revealed that

73.2% of the 1-octene reactant had been. converted to a mixture of nonyl”

aldehydes.: Th_e.nonyl_ aldehyde fraction had a normal to branched isomer
ratio of 17.32:1. -

- EXAMPLE 12

A catalyst' solution was prepared under nitrogen using a charge of 15

mg of rhodium charged as a rhodium (ll) dicarbonylacetonyl acetate (0.145

mmole, 0.0375 g). bis(3-methoxyphenyl) chlorophosphite (4.35 mmole,
1.35 g, [PL[Rh]=30) and 90 mL of Norpar 15° solvent. This catalyst
solution and 20 mL of purified 1-o¢tene_were charged to a 300 mL, high
pressure autoclave under an_ nitrogen blanket. The reactor was sealed and
then pressurized to 28.6 bara (400 psig) with a 1:1 mixture of hydrogen and
carbon monoxide. .Thé reactor was heated to 115°C and maintained at
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400 psig (28.6 bara) by the addition of a 1:1 mixture of hydrogen and
carbon monoxide. When the uptake of gas ceased, the reactor was
cooled, vented, and the contents analyzed. Gas chromatography of the

‘recovered liquid revealed that 44% of the 1-octene reactant had been

converted to a mixture of nonyl aldehydes. The nonyl aldehyde fraction
had d normal to branched isomer ratio of 2.97:1. '

EXAMPLE 13

A catalyst solution was prepared under nitrogen using a charge of 15
mg of rhodium charged as a rhodium (Il) dicarbonylacetonyl acetate (0.145 -
mmole, 0.0375 g), bis(3-trifluoromethyiphenyl) chloi'ophosphite (4.37
mmole, 1.59 g, [P]:[RQ]=30) and 90 mL of Norpar 15® solvent. This catalyst
solution and 20 mL of buﬁﬁed 1-octene were charged to a 300 mL, high
pressure autoclave under an nitrogen blanket. The reactor was sealed and
then pressurized to 28.6 bara (400 psig) with a 1:1 mixture of hydrogen and
carbon monoxide. The reactor was heated to 115°C and maintained at -

* 400 psig (28.6 bara) by the addition of a 1:1 mixture of hydrogen and -

carbon monoxide. When the uptake of gas ceased, the reactor was
cooled, vented, and the contents analyzed. Gas chromatography ofthe - -
recovered liquid revealed that 20% of the 1-octene reactant had been

converted to a mixture of nonyl aldehydes. The nonyl aldehyde fraction
had a normal to branched isomer ratio of 1.33:1.

EXAMPLE 14

A catalyst solution was prepared under nitrogen using a charge of 15
mg of rhodium charged as a rhodium (ll) dicarbonylacetonyl acetate (0.145
mmole, 0.0375 g), bis(4-methoxycarbonylphenyl) chlorophosphite (4.37
mmole, 1.61 g, [P]:[Rh]}=30) and 90 mL of diocty| phthalate solvent. This
catalyst solution and 20 mL of purified 1-octene were charged to a 300 mL,
high pressure autoclave under an nitrogén blanket. The reactor was
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“sealed and then pressurized to 28.6 bara (400 psig) with-a 1:1 mixture of
hydrogen and carbon monoxide. The reactor was heated to 115°C and
maintained at 400 _péig (28.6 bara) by the addition of a 1:1-mixture of
hydrogen and carbon monoxide. When the Uptak'e of gas ceased, the
reactor was cooled, vénted,-and the contents analyzed. Gas
chromatography of the recovered liquid revealed that 81% of the 1-octene
reactant had been converted to a mixture of nonyl aldehydes. The nonyl
aldehyde fraction had a normal to branched isomer ratio of 4.82:1.

The invention has been described in detail with particular reference
to preferred embodiments thareof, but it will be understood that variationis- -
~and miodifications will be effected within {hie spirit and-scope of the

- invention. . 0

E
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from the Group VIl metals and rhenium and one or more chlorophosphite
compounds having the general formula

/
CI—F 0
O—r,

wherein R' and R® are aromatic hydrocarby! radicals which contain a total
of up to about 40 carbon atoms and wherein the ratio of gram moles
chlorophosphite ligand to gram atoms transition metal is:at least 1:1.

2. A catalyst system according to Claim 1 wherein the transition metal
is rhodium and the total carbon atom content of the aromatic hydrocarbyi
radicals represented by R' and R?is about 12 to 35.

3. A catalyst system comprising rhodium and one or more
chlorophosphite compounds having the general formula

Cl—P 0
O—pe

- wherein R and R? individually are independently selected from aryl groups
having the formula:
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w)

. wherein R® and R* are independently selected from alkyl, alkoxy, halogen,
.. éyclqalkc_ojcy, férmYl,_“a_'ll{énoyl, ._cyd,l'ga_lkYI:,._a_ryl',. aryioxy, aroyl, carboxyl,
. carboxylate sa!'fts.'_a_lkqucarbo'_r.\.yl. a_lkanoyldxy, cyano, sulfonic acid and
~ sulfonate salts |n Which:t'he aikyl moiety of_éuch alkyl, atkoxy, alkanoyl,
alkoxycarbonyi 'and_ atkaﬁoqu_xy groups contains up to about 8 carbon
~ atoms; m and n éach is0,1or 2; and'thg total c_arboh atom content of the
hydrdcérbyl radicals_ represented by R' and R?is about 12 to 35 and
wherein the ré_tio of gram moles chl_oropho_sphite ligand to gram atoms
rhodium is about 10:1 to 70:1. |

4. A catalyst system comprising rhodium and one or more chlorophosphite
compounds having the general formula
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,O/ R1
Cl—FR ()

O~k

wherein R' and R? collectively represent an arylene group having the
formula

% @O vy

or a radical having the formula

A—
/

X
\
AZ—

wherein

each of A' and A? is-an arylene radical having formula (V), (V1) or
(Vil) above wherein each ester oxygen atom of chlorophosphite (1) is
bonded to a ring carbon atom of A! and A%

X is an oxygen atom, a group having the formula -(CH,),- wherein y
is 2 to 4 or a group having the formula
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| 7
5 ' R®

wherein R® i is hydrogen alkyl or aryl; R® is hydrogen or alkyl; and the group
-C(R)(R%)- contains.up to about 8 carbon atoms; and-
whereln R? and R? are independently selected from alkyl, alkoxy,
halogen, cycloalkoxy, formyl, alkanoyl, cycioalkyl, aryt, aryloxy, aroyl,
10 carboxyl, carboxylate salts, al_koxyc‘arbonyi, alkanqyloxy, cyano, sulfonic
 acid and sulfonate salts in which the alkyl moiety of such alkyl, alkoxy,
~ alkanoyl, alkoxycarbonyl and. alkanoyloxy groupé contains up td about 8
- carbon atoms; p and q eachis 0, 1 or 2 and wherem the ratio of gram

_ _' moles chlorophosphlté ligand to gram atoms. transition metal is at least 1:1.
15

. 4 A catalyst system accordihg to Claim.4.v:\'lher_ein the chlorophosphite
~ ligand has the formula (VIII)

26 wherein R7 fepresents hydrogen, Halogen or C, to C,,alkyl; R® represents
halogen, C, to C,, alkyl or C, to C12 alkoxy; ris 0, 1 or 2; and X is a group
_ havmg the formula
RS
—_C —

RS
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wherein RS is hydrogen, alkyl or aryl; and R6 is hydrogen or alkyl and the

ratio of gram moles chlorophosphite ligand to gram atoms rhodium is about
16:1 to 50:1

5 6. A catalyst system according to Claim 5 wherein the chlorophosphite
ligand is 2,2'-methylidenebis(3,4,6-trichlorophenyl) chlorophosphite.

7. A catalyst solution comprising
(1)  one or more chiorophosphite compounds having the general formula

o— R

CI—-F{ . ()]
O—
10 " R? |
wherein R' and R? are aromatic hydrocarbyl radicals which contain a
total of up to about 40 carbon atoms;
(2)  rhodium; and _
(3) a hydroformylation solvent; o
15  wherein the ratio of gram moles chlorophosphite ligand to gram atoms
rhodium is at least 1:1.

g

8. A catalyst solution according to Claim 7 wherein the chiorophosphite
compounds have the general formula

ci—p (1)

O—
20 R?

wherein R' and R? individually are independently selected ary! groups
having the formula: '
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R[]

R%

&
R,

™ !.
wherein R* and R* are independently se_lécted from alkyl,: alkoxy, halogen,
cycloalkoxy, fdrmyl, alkanoyl, cycloalkyl, aryl, aryloxy, aroyl, carbdxy),

5 - carboxylate salts,-alkoxycarbonyl, alkanoyloxy, byano; sulfonic acid and
' sulfonate salts in which the alkyl moiety of such alkyl, alkoxy, alkanoy,

alkoxycarbonyl and alkanoyloxy groups contains up to about 8 carbon
atoms; m and n each is 0, 1 or 2; and the total carbon atom content of the
hydrocarbyl radicals represented by R* and'R? is about 12 to 35 and

10  wherein the ratio of gram moles chlorophosphite ligand to gram atoms
thodium is about 10:1 to 70:1.

9. A catalyst solution according to Claim 8 wherein the ratio of gram
moles chlorophosphite ligand to gram atoms rhodium is about 15:1 to 50:1
15 andthe hydrofotmylation solvent is selected from alkanes, cycloalkanes,
alkenes, cycloalkehes, carbocyclic aromatic compounds, esters, ketones,
acetals and ethers and water which are liquid at the pressure at which the
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process is being operated.

10. A catalyst solution according to Claim 8 wherein the chlorophosphite
compounds have the general formula

’O/ R1
CI—P\ )
- O—p,

wherein R' and R? collectively represent an arylene group having the
formula '

(RY) p—-@: L)
(R4)q v

M)

wherein

each of A' and A% is an arylene radical having formula V), (W) or
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(Vi) above wherem each ester oxygen atom of chlorophosphite (1) is
bonded to a ring carbon atom of A'and A%
Xis an oxygen atom, a group, having the formula -(CH,),- wherein y
is 210 4, ora group having the .fqrniuia o ”
_ Re
|
—C—
| Re
wherein R® is h"ydrogen', aIky] or aryl; R® is hydrogen or alkyl; and the group
-C(R%)(R®)- contains up to about 8 ¢arbon atoms; and
wherein R®and R* are indepéndenﬂy selected from alkyl, alkoxy,
halogen, cycloalkoxy, formyl, alkanoyl cycloalkyl aryl, aryloxy, aroyl,
carboxyl, carboxylate éalts aIkoxycarbonyl alkanoyloxy, cyano, sulfonic
acid and sulfonate salts in which the alkyl moiety of such alkyl, alkoxy,
alkanoyl, alkoxycarbonyl and alkanoyloxy groups c_ontaihs up to about 8
carbon atoms; 'p and g eachis 0, 1 or 2.

11. A catalyst solution according to Claim 10 wherein the ratio of gram
moles chlorophosphite ligand to gram atoms rhodium is about 15:1 to 50:1
and the hydroformylation 50|veﬁt is selected from alkanes, cycloalkanes,
alkenes, cycioalkenes, carbocyclic aromatic compounds, esters, ketones,
acetals and ethers which are liquid at the pressure at which the process is
being operated. |

12. A process for preparing an aldehyde which comprises contacting an
olefin, hydrogen and carbon monoxide with a solution of a catalyét system
comprising rhodium; one or more chlorophosphité compounds having the
formula
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wherein R* and R? are aromatic hydrocarbyl radicals which contain a
total of up to about 40 carbon atoms;
and a hydroformylation solvent; wherein the ratio of gram moles
5  chlorophosphite ligand to gram atoms rhodium is at least 1:1.

13. Process according to Claim 12 wherein the concentration of rhodium

in the solution is in the range of about 30 to 300 mg per liter and the

process is carried out at a temperature of‘about 50 to 135°C at a pressure -
10 in the range of ambient to about 36 bars absolute (bara)..

14.  Process according to Claim 13 wherein the concentration of rhodium
in the solution is in the range of about 50 to 300 mg per liter; the process is
carried out at a temperature of about 50 to 135°C at a pressure in the range:

15 of ambient to about 36 bara; and the chlorophosphite compounds have the
general formula

/
ci—p )

O~

wherein R' and R? individually are independently selected aryl groups
having the formula: -
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(R*)

()]

RY%
' av)

“wherein R* and R* are independently selected from alkyl, alkoxy, halogen,
-cycidalkoxy. formyl, alkanoyl, cycloalkyl, aryl, aryloxy, aroyl, carboxyl, |

carboxylate salts, alkoxycarbonyl, alkanoyloxy, cyano, sulfonic acid and
sulfonate salts in which.the alkyl moiety of such alkyl, alkoxy, alkanoyl,
alkoxycarbonyl and alkanoyloxy groups contains up to about 8 carbon
atoms; m and n each is 0, 1 or 2; and the total carbon atom content of the
hydrocarbyl radicals represented by R' and R* is about 2 to 35 and wherein
the ratio of gram moles chlorophdsphite ligand to gram atoms rhodium is
about 10:1 to 70:1.

15.  Process according to Claim 12 wherein the olefin is a mono-a-olefin
of 2 to 10 carbon atoms.

16. | Prdcess according to Claim 14 wherein the olefin is a mono-a-olefin
of 2 to 10 carbon atoms.
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17.  Process according to Claim 13 wherein the concentration of rhodium
in the solution is in the range of about 30 to 300 mg per liter; the process is
carried out at a temperature of about 50 to 135°C at a pressure in the range
of ambient to about 36 bara; and the chlorophosphite compound has the
general formula . '

O -— R1

{

Cl—P ()

O— R2
wherein R and R? collectively represent a divalent aromatic hydrocarbylene
group containing about 12 to 36 carbon atoms.

18.  Process according to Claim 17 wherein the ratio of gram moles

chlorophosphite ligand to gram atoms rhodium is about 10:1 to 70:1 and R' -

and R? collectively represent an arylene group having the formula
formula '

€L
(R4)q v
@) -

or a radical having the formuia
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wherein _
each of A’ and A’ is an arylene radical having fb}rnula V), (VD) or
(Vil) above wherei_h each es.tér oxygen atom of chlorophosphite (his
bonded to a ring carbon atom of A' and A%
X is an oxygen atom, a group having the formula -(CH,),- wherein y
is 2 to 4, or a group having th'e formula
B RS -
L
—C—
ke

wherein R5 is hydrogen alkyl or aryl R’is hydrogen or alkyl and the group

-C(R"’)(R‘)— contams up to about 8 carbon atoms; and

wherem R®and R* are independently selected from alkyl alkoxy,
halogen, cycloalkoxy, formyl, alkanoyl, cycloalkyl, aryl, aryloxy, aroyl,
carboxyl, carbdxylate salts, alkoxycarbonyl, alkahoyloxy, cyano, sulfonic
acid and sulfonate saits in which the élkyl moiety of $uch alkyl, alkoxy,
alkanoyl, alkoxycarbonyl and alkanoyloxy groups contains up to about 8
carbon atoms; p and q each is 0, 1 or 2.

19. Process according to Claim 18 wherein ch[orophosphite compound
has the formula -
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(R9) R®),

(VilY)

R7 +° R?
¢l

“wherein R represents hydrogen, halogen or C, to C,,alkyl; R? representé
halogen, C, to C,, alkyl or C, to C,, alkoxy; ris 0, 1 or 2; and X is a group
having the formula

R5

|

—_—C

r

! RS
5 ' .

wherein R5 is hydrogen, alkyl or aryl; and R6 is hydrogéh or alkyl.

20. A process for preparing an aldehyde which comprises contacting an
10 olefin, hydrogen and carbon monoxide with a solution of a catalyst system
comprising rhddium, a chlorophosphite compound of the formula
(R8), (R8),

(VI
R? P L R?
d
wherein R represents hydrogen, chloro or C, to C, atky}; R® represents

chioro, C, to C, alkyl or C, to C, alkoxy; ris 0, 1 or 2; and X is a group
15  having the formula
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wherein R® is hydrogen, alkyl or aryl; and R* is hydrogen or alkyl; and the
. olefin is a mono-a-olefin of 3 to 8 carbon atoms; and wherein the ratio of

grams moles of chiorophosphite ligand to gram atoms rhodium is at least
1:1; and the process is carried out at a temperature of 50 to 135° and the

‘normal to iso ratio of the aldehyde product is controlled by varying the .
. partial pressure of carbon monoxide in the reactor gas between 3 and 8

bafa. o Lo ;?

21.  Process according to Claim 20 wherein the concentration of rhodium
in the solution is in the range of about 30 to 300-mg per liter; the

. cl;\lorophqsphité .Iigand__is. 2-,2‘_-methylidenebi§(3,4'.6etrich lorophenyl)

chlorophb_sphite; the ratio of gram moles chlorophosphite ligand to gram.
atoms rhodium is about 15:1 to 50:1; the olefin is a mono-a-olefin of 2 to 10
carbdn atoms; and th'e' process is carﬁed out at a temperature of about 50
to 135°C at a" pressuﬁ in the range of ambient to about 36 bars absolute.



