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FIELD OF THE INVENTION
This invention relates to an improvéd method for the
production of 2-{4’-isobutylphenyl)propionic acid, more coﬁmonly
known as ibuprofen. The invention includes the recovery and
recycling of noble metal catalyst complexes useful in the

production method.

GROU OF THE I : 9]

Ibuprofen is a well-known nonsteroidal ahti-inflammatory
drug which has Been converted from ethical, i.e., prescription,
to ovér-the-counter status. Various processes.are known for the

., production of ibuprofen starting with 4-isobutylacetophenone.
Thus, for example, British Patent No. 971,700 and corresponding
U.S. Patent No. 3,385,886, both assigned to Boots Company, PLC,
show the production of arenealkane derivatives such as ibuprofen
in which the first step of the process-is the reaction of a
arenealkane with acetyl chloride in the presence of aluminum
chloride to produce an alkylacetophenone which is then subjected

.to any of various series of subsequent reactions to produce the

desired derivative.



U.S. Patent No. 3,385,886, both assigned to Boots Conmpany, PLC, show the
producti on of areneal kane derivatives such as ibuprofen in which the first
'step of the process is the reaction of a areneal kane with acetyl chloride
in the presence of alum numchloride to proguce an al kyl acet ophenone whi ch
IS then subjected to any of various series of subsequent reactions to

produce the desired derd-¥ayipM@pionid &dihsar ¥l ReapiLNi %aagiﬁfen ifgrzg&r%r al,
Yy a

have been formed by the carbonylation of the respective arylethy céhol .
For exanpl e, J&panesduRatieatatnthlorespleckr 5% [2k9861h A7 B4Zoheuubl Eshed

February 27, 1%§9m8{19, %%%Iagggg )éoQaM £§é’g?1lts po':) Ps%or ggth'Bcoail-z'lcl?d'i , published

February 27, 1980 and assigned to Mitsubishi Petrochemical co.,
discloses the formation of ibuprofen by reacting
1-(4’~isobutylphenyl)ethanol with carbon monoxide and water in
the presence of a hydrogen fluoride catalyst. Japanese Kokai
Patent No. SHO 59 (1984)-95238, published June 1, 1984 and
assigned to Mitsubishi Petrochemical Co., teaches the formation
of alpha-aryl-sutstituted propionic acids, where the aryl group
may be a phenyl group containing at least one alkoxy, aryloxy,
hydroxy, or amino group as an electron-donor substituent, by '
reacting a benzyl alcohol derivative, which may be an x-aryl
substituted ethanol wherein the aryl group is the same as in the
phenylacetic acid derivative product, with carbon monoxide and
water, alcohol, or phencl, in the presence of a palladium
catalyst. An acidic compound such as hydrogen chloride may be
added as an auxiliary catalyst and a solvent such as'benzene may
also be used. The disclosure includes a comparative example in
which ibuprofen (not included within the invention) is obtained
- . in very low yield, i.e., 17.1%, when made utilizing the described
process. Japanese Kokai Patent No. SHO 59 (1984)-95239,
published June 1, 1984 and assigned to Mitsubishi Petrochemical
Co., discloses the formation of «-(&-methoxy-2-naphthyl)-
propionic acid by reacting «-(6-methoxy-2-naphthyl)ethyl alcohol
with carbon monoxide and water in the presence of a palladium
catalyst and an acidic compound, e.g., hydrocgen chloride. The
patent pubiica;ion also states that if a non-halogen-containing
acidic compound is used, it is desirable to add an ionizable
metal halide to the.reaction.
Japanese Kokuku Patent No. SHO 56 (1981]1-35659,
published September 4, 1978 and assigned to Ferrel International

Societe Annonim, discloses an anhydrous method of producing a



di scl oses the formation of ibuprofen by reacting

| -(4'-isobutyl phenyl)ethanol w th carbon nonoxi de and water in the presence
of a hydrogen fluoride catal yst. Japanese Kokai Patent No. SHO 59

[ 1984] -95238, published June 1, 1984 and assigned to M tsubish
Petrochem cal Co., teaches the formation of al pha-aryl-sutstituted

propi oni ¢ aci 4s, 4 WhelRuk PepR W1 )FBHRNRY R§a2.LOBNY| gLOUR gont ai ni ng at
| east one al koxy, aryl oxy, hydroxy, or am no group as$ an e ect r on- donor
substituent, By (Réabidbngyarbhemz)lethhoohot IabEni vath warbvhimdhokaye ben an

[err]-aryl substituyted ethanpl mherﬁin the aryl grﬁgp is the same as in the
phenyl acetic &CrYSHEY iSPREAORIYT SHLAL X2 0P RCaPbBRTHBITSxFUe afdPahtadiun

al cool , -or phaBeLridkrt/IBnoSANGC 8tnPoRtAlkaf il Cahdl ¥otue 80 A8} diSo
conpound such as hydrogen chloride may be added as an auxiliary ca §Iyst
and a sol vent ®oanthiasrbérzant 9fhye mineral ‘acid such as hydrogen chloride.
British Patent 1,565,235, assigned to Mitsubishi
Petrochemical Co. discloses a process for producing alpha-aryl-
propionic acids which have an anti-inflammatory, analgesic or
antipyretic effect. The process comprises reacting an
arylethylene with carbon monoxide under pressure in the presence
of a carbonylation catalyst and in the presence of water and/or a
lower alcohol to carbonylate the arylethylene to produce the
alﬁha-aryl propionic acid. The starting materials for the
arylethylenes can be prepared such as by the dehydration of
arylethyl alcohols or by the dehydrohalogenation of arylethyl
halides. The arylethylenes can be purified by means of a single
distillation or recrystallization to obtain the products with a
sufficiently high purity to be used as the startiﬁg'material for
the subsequent carbonylation step.
Baddely et al., Journal of the Chemical Society,
4943-4945 {1956), discloses on page 4945 the preparation of
4~isobutylacetophenone by the Friedel-Crafts acetylation of
isobutylbenzene with acetyl chloride using aluminum chloride as
catalyst. .
Japanese Patent Publication (Early Disclosure)
No. 60 [1985])-188,643, discloses the preparaélon of .
p-isobutylaéetophenone by the acetylation of isobutylbenzene
using as an acetylating agent acetyl fluoride prepared by
reactiﬁq acgtic anhydride with hydrogen fluoride as a catalyst,
or a combination of hydrogen fluoride and boron trifluoride as a
catalyst.

Methods of preparing ibuprofen are also disclosed in

EP-A-284,310 and EP-A-337,803.



al so be used. The disclosure includes a conparative exampie inmwhich—

i buprofen (not included within the invention) is obtaifHg&hdeH¥Bedh Refited
yield, i.e

.e., 17.1% when nade utilizing the described p se
Kokai Patent No. SHO 59 [1984]-95239, published June 1,merﬂﬁmgned
to Mtsubishi Petrochenical Co., discloses the formatio -
[err]-(6-nethoxy-2-naphthyl)- propionic acid by reacting

[ err]-(6-methoxy-2-napht hyl) et N BRAHLWIMENERDON nonoxi de and water in

the presence of a pal l,adiy.ealRl vsdn @RM aRvaGiidh C CPMQUAH.ye- 9. . hydrogen
chloride. The patent publication also states that if a
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| nt er nati onal w®onoxide while in contact with an acidic aqueous medium at a
temperature of at least about 10°C and a carbon monoxide pressure

of at least about 500 psig, and in the presence of 1) a catalyst

s
-

consisting essentially of a palladium compound in which the
palladium has a valence of zero to 2 and is complexed with at
least one acid stable, monodentate phosphine ligand freely
miscible with the organic phase of the reaction medium, the
phosphorus/ palladium mole ratio in said palladium compound and
ligand being at least about 2:1 when the mole ratio of palladium
to IBPE is such that palladium=l and IBPE=10,000 or more; 2)
dissociated hydrogen ions from an acid which is substantially.
completely ionizable in a dilute aqueous solution, e.g., of 0.2N
concentration, such that the mole ratio of hydrogen ions to IBPE
added to the reaction zone (H'/IBPE) is at least about_o.ls;'s)
dissociated halide ions such that the mole ratio of halide ions
to IBPE added to the reaction zone (X°/IBPE) is at least about
0.15. Although lower hydrogen ion: water ratios could be
used, the praeferred mole ratio of hydrogen ions to water
(H30°/H0) , corrasponding with the K*/IBPE mole. ratio of at least
about 0.15, is at least about 0.026. l

The term "monodentate"” is intended to mean a single
phosphine phosphorus atom present in the ligand molecule before
it is complexed with palladium. The phrase "freely miscible with
the organic phase of the reaction medium™ means that the ligand
is not complexed with an insoluble substrate such as a polyner
which prevents it from being freely mixed in the organic phase.

The carbonylation reaction proceeds in accordance with

equation (I):

CH CH CH CH o]
3 |3 Pd cat. |3 P2
CH_CHCH CH~OH + CO-———————3 CH_CHCH CH - C - OH {1)
3 + - 3 2
H , hal.
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Soci ete Annonim di scloses an anhydrous net hod of producing a

2-(4' -isobutyl phenyl)propionic acid ester by treating

| - (4" -isobutyl phenyl)ethanol (I1BPE) with carbon nonoxide in a solution
contai ning an al kanol and a catal yst suchSas pal |l adi um

bi s(tri phenyl phosphi ne) dichloro conplex. The solution may al so contain up
to 10% of a mineral aci"d“86ThH s HydrgEATRMIGATIRY WActi¥h Bateht™eY b
1,565, 235, asgignad 10 M bssbishicoPelraehen alanche b 26! o6@S Brpracess for
produci ng al pha-aryl - propionic acids which have an anti-inflamuatory,

anal gesi c or #RYTpY? etd ¢CBF f RASCITAR ProotBiF cHfplfPReS ik Ihgrafent:
arylethyl ene wd ReGAL AR B0HPXI LR cU0H &layPEES SEE ek BndNE RACSRNGEnge of

about 10 to 225°C, preférably about 70 to 175°C:; the carbon
monoxide pressure may be, for example, in the ranée of about 500 to
5000 psig, preferably about 700 to 3000 psig:; and the total
reaction time may-be, for examplé, in the range of abqut 0.1 to 24
hours, preferably about 1 to 6 hours.

Some palladium catalysts which may be used wﬁerein the
palladium is complexed with an appropriate ligand are as follows:
bis(triphenylphosphine) dichloroc complex, bis(tributylphoquine)
dichloro complex, bis(tricyclohexylphosphine) dichloro complex,
pi-allyltriphenylphosphine dichloro complex, triphenylphosphine
piperidine dichloro complex, bis(triphenylphosphine) dicarbonyl
complex, bis(triphenylphosphine)'diacetate complex, bis(triphenyl-
phosphine) dinitrate complex, bis(triphenylphosphine) sulfate
compléx, tetrakis(triphenylphosphine) comﬁlex, and éomplexes in
which some of the ligands are carbon monoxide such as
chlorocarbonyl bis(triphenylbhosphine) complex, all complexes of
palladiuﬁ. Also suitable as a catalyst is palladium metal on a
suitable catalyst support such as carbon, alumina, silica, or an
inert polymer which can tolerate the conditions of reaction,
complexed with one or more of these foregoing ligands.

‘ The palladium salts and phosphine ligands making up the
foreqgoing catalyst complexes Qay algo be added separately to the
reaction zone. 1In this case, thq amount of ligand added is
preferably sufficient to complex with the palladium'ptesent such
that the P:Pd mole ratio is equal to at least about 1l:1 wvhen the
Pd:IBPE mole ratio is at least about 1:5,000. However, when the
latter ratio is such that Pd=l and IBPE~10,000 or more (;:10,000 or
greater than 10,000), it is necessary to use an excess o% phosphine

ligand such that the P:Pd ratio is at least about 2:1.



of a carbonylation catalyst and in the presence of water and/or a |ower

al cohol to carbonylate the arylethylene to produce the al pha-aryl propionic
acid. The starting materials for the aryl ethyl enes can be prepared such as
by the dehydration of arylethyl alcohols of6by the dehydrohal ogenation of
aryl ethyl halides. The arylethyl enes can be purified by neans of a single
distillation or recrystallization to obtain the products with a
sufficiently high Boei cptedyisd @omblex thy sbarpregentit éni ah fppunkesuch

subsequent Ca{ﬁQEYtﬁE'RBl%t%Btﬂ%ﬂBkﬂﬂhfiaé&um é@uiﬁﬁb ok EhetﬁBeEhBGE
Soci ety, 4943-4945 gﬁ956 di scl oses on pa e 4945 t he preparation of

4-i sobut yl acefBphexoRBLBy Ofe aRqWdet 135 aFPs aE%t9?9t|SﬁPSFlPééﬁuﬁypﬂénzene
with acetyl chteside mssngo&lwmpmméﬁ‘&mydeba&tcm abysto 1:30,000, and

5 most preferably about 1:1000 to 1:15,000. In certain
preferred embodiments, the mole ratio of palladium to IBPE
is such that Pd = 1 and IBPE = more thafi 25,000, to about
60,000. It is surprising that such low ratios can be
employed successfully; moreover, such ratios give rise to

10 savings in catalyst costs and hence may obviate the need
to recycle the catalyst complex.

The dissociated hydrogen ions and halide ions may be
conveniently added to the reaction as hydrogen chloride,
hydrogen bromide, or hydrogen iodide. However, it is also

15 possible to add the hydrogen ions and halide ions from
separate sources. For example, other acids completely
'ionizable in dilute aqueous solution, e.g., inorganic’
acids, such as sulfuric acid, phosphoric acid or
polyphosphoric acid, or organic acids, e.g. sulfbnic acids

20 such as p-toluenesulfonic acid, methanesulfonic acid, or
trifluorcacetic acid, may be used as the soufce of
hydrogen ions. Similarly, other water-soluble and
ionizable halide compounds, as for example, halide salts
wherein the cation does not interfere with the reaction,

25 e.g., alkali metal halides such as potassium, sodiﬁm, and
lithium chlorides, bromides, and iodides may be used as
the source of halide ions. The mole ratio of hydrogen
ions and halide ions to IBPE (H'/IBPE and X /IBPE) each
may be in the range, for example, of aSout 0.15 to 5,

30 preferably about 0.3 to 2.0. _ |

' Although not necessary for the operability of the
process, in some instances, it may be'advantageous to
utilize an organic solvent for the reaction. Organic
‘solvents which can be used are, for example, ketones such

35 '§s methyl ethyl ketone, acetone, 2-pentanone, 3-pentanone,
and acetophenone, aromatic hydrocarbons such as benzene
énd toluene, and cyclic ethers such as tetrahydrofuran and

dioxane. Ketones and ethers are preferred if a solvent is



Japanese Patent Publication (Early Di sclosure) No. 60 [1985]-188, 643,

di scl 6ses the preparation of p-isobutylacetophenone by the acetyl ati on of

i sobutyl benzene using as an acetylating agent acetyl fluoride prepared by

reacting acetic anhydride with hydrogen-6&doride as a catalyst, or a

conbi nati on of hydrogen fluoride and boron trifluoride as a catalyst.

Met hods of preparing ibuprofen are al so disclosed in EP-A-284,310 and

EP- A- 337, 808sed. SUGM&RE ©fa tEHE tiNVEN 12\ 1um s cadident et ovi the tdyStem

invention, 33(4y thQPHHPNAY I dPTAHS VA Afld stafe  (BEUPT Witk 45y
solvent used should be non-hydrocarbon. The solvent may

be present in a weight ratio of solvent to IBPE in the

5 range, for example, of about 0 to 1000:1, preferably about
0 to 10:1.



prepared by carbonylating 1-(4'-isobutyl phenyl)ethanol (IBPE) wi th carbon
nonoxi de 5 while in contact with an acidi c aqueous nedium at a tenperature
of at |east about 10[err]C and a carbon nonoxi de pressure of at |east about
500 psig, and in the presence of 1) a catalyst consisting essentially of a
pal | adi um conpound in which the palladium has a val ence of zero to 2 and is
conpl exed with at |east one acid stable, monodentate phosphine |igand

freely mscible wth 4hgngrgafic sAhaseaola1khed §RELLAN dIBdid Bret hEe
phosphorus/pal I adium 10 nole ratio in said palladium conpound and I|igand
bei ng at | ea&t2c&BBEnt XrPrghpic t49d thoYeiqhampy o Ysab| @k .ufet ceXaBBEei s such

t hat pal | adi BPEZ10,.00Q. .9k . 0D{ & | SSQGI hydr ogen i ons from
an aci d whi c% |sie 23%15c%1ar'#tzialé??y cgn%ret{e o%?ngéhbﬁq‘g ?‘Elletg’rdi %?ﬁ%%é’(ﬁﬁ%bus

sol ution, e.fQuniabnd.dNsdancems riziciloding uticht hatortshas Npldogahéwl mfcehydr ogen
lons to | BPE added to the reaction zone (H+/IBPE) is at |east about O0.15;

and 3) di ssoRAeEEd£ate hATTHE PRARPIAGEN RITAPNPARBNGRA -c 2t ERina e PmlSiddcatoms
At hough | v R aRbrt ein 88, AT Jpbtilatbe, CoflonBEthr BOMe Rl ony ol e
ratio of hyd{Qasn easid wwatrrdddd abt] idddeers |¥)tn €Rs nasRensh e y.th the
ammonium or alkylammonium such as tetrabutylammonium. Other
inorganic salts such as calcium chloride may also be added. The
inorganic salt, if used, will generally be present at a
concentration of, for example, about 0.1 to 50%, preferably about 1
to 20% by weight of total charge.

In addition to those mentioned previously, other
additives and ligands may be added to the reaction, e.q.,
acetophenone and substituted acetophenones such as
p~-mercaptoacetophenona.

In some instances, an undesirable heavy'énds fraction may
form during the reaction, possibly due to a polymerization
mechanism of unknown naturs. In view of this, it may be beneficial
to incorporate a polymerization inhibitor in the reaction mass.
Inhibitors which may be used for this purpose include, for example,
t-butyl;atechol, hydroquinone, m-dinitrobenzene,
N-nitrosodiphenylamine, picric acid, sodium sulfite, hydroquinone
and the like. If an inhibitor is utilized, it wmay be incorporated
in an amount, for example, of about 0.0l to 15%, preferably about
0.1 to 5% by weight based on the weight of IBPE.

The IBPE used to produce ibuprofen in accordance with the
method ot‘this invention may be made by any of various means.
Preferably, however, the carbonylation'reaction to produce
ibuprofen is integrated with a method of producing IBPE from

isobutylbenzene whereiln the latter compound is subjected to

eet Has Been Re(ilaced
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H+/1 BPE nol e ratio of at |east about 0.15, is at |east-about 0.026. Also, a
pal I adi um containing catalyst conplex is recovered Ry qiEhisHelAlepRgdsai d
conpl ex froman organic 20 phase forned during said c he said
organi ¢ phase nmay contain ibuprofen proguct. An organ{ﬂﬁ be used
as part of the carbonylation reaction nedi um The ter S

I ntended to nean a single phosphi ne phosphorus aton1present |n the | i gand
nol ecul e bef airgedd)-icya eOpleg¥erbari/g b Pl badi ik sdh et ase o Lagal y mscible
with the organi c phase of the reaction nediunt neans that the i gand is not
conpl exed wi t4714PPYYSF EisARE oS HLALR SBARN ol 4PpRIvateFediich prdrwents it

from being frigeky, nosedndd otfh§ deaaé&tﬁaﬂssmlmtC%&b9n¥' ation Lgaction

reducin
proceeds in accordance wth equati
agent containing available hydrogen, to obtain IBPE.

The Friedel-Crafts écetylation'of isobutylbenzene to

produce 4-isobutylacetophenone proceeds in accordance with equation

(IX):

3 T“: ?“3

Catalysat
C]-{..’CHCH2 + CHJCOX ’rCHaCHCHz—-@— C=0 + HX (II)

where X is the residue minus an acetyl group of compounds which

are known acetylating agents. X may be, for example, hydroxy,

acetoxy, or halide including chloride, fluoride, or bromide.
Acetylating agents which may be used are for example acetic acid
acetic anhydride, acetyl fluoride{ acetyl chloride, acetyl
bromide,-;nd Xetene, which results from the abstraction of HX
from-the foregoing acétylating agents prior to the acetylation
reaction. The acetylating agent may be used in an amount, for
exanmple, of about 1 to 4 moles, preferably about 1.1 to 2.0 moles
cer mole of isobutylkenzens employed. '

The Friedel-Crafts catalyst may be hydrogen f;ﬁoride or
any other catalyst xnown in the art to be effective for the
Friedel-Crafts reaction, e.é.,'aluminum chloride, zinc chloride,
or boron trifluoride. In carrying out the reaction,
isobutylbenzene, acetylating agent, and catalyst, may be charged.
to a corrosion-resistant reactor and the mixture maintained at a
temperature, for example, of about 0 to about 120°'C, for a
period, for example, of about .0.5 to about 5 hours. The pressure
is not critical and atmospheric or autogenous pressure may be
utilized. If HF is used as the catalyst, it may be charged as a
liquid or a gas using technologies of handling well-known to
those skilled in the art. 1In carrying out the reaction, an inert

gas such as nitrogen may be used to keep sufficient HF in contact



In carrying out the carbonyl ation reaction, water nmaybsh Been Repia

anmount, for exanple, of about 10 to 600% preferably %

based on the weight of IBPE initially present; the te t | [§#acti on
r

may be, for exanple, in the range ofqabout 10 to 225 ef erabl y "about 70
to 175[err] C. the carbon nonoxi de pressure may be, for exanple, in the

range of about (00403000 B3k, MECLELAl Y ApoUL 709.1p 3000, p3Lg: and the

total reaction tine may be, for exanple, in the range of "about O. 0 24
hours, preéermilley iyouwt 14 40 160 ues, Sorferpalyl adewm26atalapsts 2shi ch may be
used wherein the pall.adi yum. onpl exed wi.th an appropriate |igand are as
fol l ows: bieY%T PH e‘?1°>}lepﬁos]bsl$|gﬁg {%néﬁP%rlﬁlébﬁ%yefggiﬁn§(t“?i'%'ﬂt yl phosphi ne)

reaction zone.

The hydrogenation or reduction of IBAP to form IBPE
proceeds in accordance with equation (III) where "{H)" represents
the available hydrogen in hydrogen gas in the presence of a

hydrogenation catalyst or in a hydrogen~containing reducing agent

such as sodium borohydride or lithium aluminum hydride:

CH CH CH CH
3 3
| | (K] | |
CH ,CHCH, C=0 — > CH,CHCH,, O CH-OH  (III)

The hydrogenation or reduction as shown in equation

(III) may be accomplished, for example, by contacting IBAP as is
or dissolved in an-appropriate solvent with a hydrogenation
catalyst in ‘the presence of hydrogen. The solvent may be, for
example, methanol, ethanol, t-butanol, aqueous alcohol, toluene,
diethyl ether, tetrahydrofuran, or 1,4~diqxa;e, and the IBPE:
solvent weight ratio may be in the range, for ekample of about
1:1 to 1:100, preferably about 1:2 to 1:20. The hydrogenation
catalyst may be, for example, a transition metal on a suitable
_support. Preferred transition metals are nickel, e.g., Rahey
nickel, and other Group VIIXI B noble metals, e.qg., palladium;
platinum, rhodium, iridium, and ruthenium, and some suitable
supports are, for example, carbon, alumina, silica, and polymeric
-resins. The metal concentration on the suppoft in weight ratio
of metal:support may be in the range, for example, of about 1:100
to 1:2, preferably .about 1:50 to 1:10, and the weight ratio of
catalyst system:IBAP i3, for example, in the range of about 1:500
to 1:2, preferably about 1:30 to 1:5. In carrying out the
reaction, the hydrogen preésure may be in the range, for example,
of about 10 to 1200 psig, preferably about 75 to 300 psig:; the

reaction temperature may be in the range, for example, of about



di chl oro conpl ex, bis(tricycl ohexyl phosphi ne) dichloro conpl ex,

pi -al lyl tri phenyl phosphi ne di chl oro conpl ex, triphenyl phosphi ne piperidine
di chl oro conpl ex, bis(triphenyl phosphi ne) diggrbonyl conpl ex,

bi s(tri phenyl phosphi ne) di acetate conpl ex, bis(triphenyl- phosphine)
dinitrate conplex, bis(triphenyl phosphine) sulfate conpl ex,

tetrakis(triphenyl phasphidre) serplany apshCcoaplexes: BnaMthe Nr S@BE0 Ok ; fhe
| i gands are carbon nonoxi de such as chlorocarbgggl bi s(tri phenyl phosphi ne)
conpl ex, all conpl BXeL 0" FAFI ZdPEmM (9K 82 PArt aB) AP 2-thital V&0 heurs,

pal I adi um metal onpfe @wbbBLhBoAhAb Y& «SHHRREL. SWaBe AS08arIdIAR; ¢ i@nYM 1R,
silica, or an inert polynmer which can tolerate the conditions of reaction,
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and phosphine |i gapdsicakidig £9 grl@e{0hogRifIdoeRdsal yst conpl exes may al so
be added separately to the

Alternative to the hydrogenation reaction as described,
the reduction reaction shown in equa;ion (III) may be
accomplished,'ror example, by slowly adding to a cooled solution
of IBAP in an alcohol, e.g., methanol, ethanol, or t-butanol, cr
an ether such as tetrahydrofuran or diethyl ether, a reducing
agent containing available hydrogen, e.g., sodium or potassiun
borohydride or lithium alumipum hydride. The solution may then
be warmed to room temperature and heated at reflux, e.g., for a
period of about 0.5 to 3.0 hours.

In the carbonylation of IBPE to ibuprofen, it would ke
worthwhile to recover and recycle the palladium catalyst compléx
in relatively pure form from the ibuproteh reaction products, in

. view §f the cost of the carbonylation catalyst. similarly, it
would be highly advantageous to maintain high Eonversibn, high
selectivities and high yields . even after recycling the catalyst
several times: "It would also be useful to recover the catalyst
by means which does not degrade or decompose the catalyst.
Recovery and recycle of a sufficiently pure palladium catalyst

__has.been attempted in other chemical industry processes with
limited success; the recovery being dependent on the particular
variables of the process involved. Typically, a sufficient
amount of a catalyst sludge is eventually formed and is returned
to the reactor, see U.S. 3,455,989. As disclosed in U.S.
4,013,583, a palladium complex c;talyst used in_the
carbonylation, hydrorofmylation and hydrogenation of olefins was
recovered and regenerated. Recovery of the palladium
éarbonylation catalyst was achieved by dispersing thé ligand-
stabilized palladium halide catalyﬁt in quaternary ammonium,

phosphonium or arsonium salts of trihalostannate or
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ratio is equal to at |east about 1:1 when the Pd: | is at
| east about 1:5,000. However, when the lLaijter rati Pd=3 and
| BPE=10, 000 or nore (1:10,000 or greater than 10,000), it is necessary to
use an excess of phosphine ligand such that the P:Pd ratio is at |east

reaction zone. In this case, the anmount of Ilgand added i efe bly
sufficient to conplex with the palladium present Tbmm a. Pd nol e

about 2:1. b:ﬁhaﬂﬂfemahatg/st Hgmmlrexﬂrmymbbaqipesmalvﬂt arecaneuer tsegh
that the nole ratlo of N | adi umto | BPE 1S, i ot Qg rtange for exanple, of
about 1:25 to 19760 b, 55%?6’ "agstt ponen

It has now been dlscovered that in the carbonylation of
1;(4_isobuty1phenyl)ethanol (IBPE) to 2-(4’-isobutylphenyl)-
propionic acid, i.e., ibuprofen, in an acidic aqueous medium, the
carbonylation catalyst consisting essentially of palladium
halide, complexed with a triorganophosphine ligand, can be
precipitated from the reaction products in substantially pure
form and recycled directly to the carbonylation reactor.
Precipitation of the catalyst is not induced by the addition of
extraneous agents as in U.S. 4,013,583, which agents may
adversely effect catalysis and the nature of the product formed.

In accordance with the present invention, the palladium
complex catalyst used in the carbonylation of IBPE to ibuprofen
according to equation (I) is precipitated in substantially pure
form and can be collected for recycle to the carbonylation
reaction. It is believed that the unique mixture of carboxylic
acids including ibuprofen in the product, and the remaining
organic medium such as solvent allows for the formation and
ultimate precipitation of .the phosphine 1igand—étabilized
palladium complex catalyst without the addition of a separate
complexing agent which may alter in a significant way the
chemical composition of the catalyst complex.

Upon completion of the carbonylation reaction such as
by equation (I), a reaction product is formed which contains two
separate liquid ‘phases. The heavier aqueous phase contains the
dissociated hydrogen and halide ions while the lighter organic
phase contains the ibuprofen product, ofqanic by-products, any
solvent and the soluble palladihm complex catalyst. To recover
the catalyst, the aqueous and organic phases must be separated.
Separation of the phases can be done by well-known techniques
such as by decantation from a separatory funnel and the like.

If the phases are not well defimed on completion of the

carbonylation reaction, an organic solvent can be added to



1: 25 to 1:50,000, preferably about 1:150 to 1:30, 000, @iskheet fisBeeRlacddabl y

about 1:1000 to 1:15,000. In certain preferred enbodlne atlo
of palladiumto IBPE is such that Pd = 1 and |IBPE = no l'!“

about 60,000. It is surprising that stch Tow ratios can
successful ly; noreover, such ratios give rise to 10 savings in catalyst

costs and henge, By gp_y; e the nerth £ 0sLecyele the.catal conmpl ex. The
di ssoci at ed hygfogen |onrg;t and hg l'i de |orlls néy be Jg‘oﬁ%g}n\%e%ﬁy added to the

reaction as kydraben acmmedeolmdrﬂg@nabrWMe ey Lhyetrapgentheodi de
However, it |%da 89 %5 g&sgl ttg ﬁadsd btegg Lth;d gen and hal i i ons

from separ at 6 “Sdurces. exarrp , ot her "acl ds corﬁ:’ffzepg QmFB?ﬁezéBTe in
di | ute aqueoyhasel sHpa®Atich GetwdemOLP@rigieous and organic phases. The
amount of phasing organic solvent added to enhance phase
separation can vary widely but, will typically range from about
0.1 to 10 parts volume per part volume of liquid reaction medium.
The aqueous phase once separated can be returned directly to the
carbonylation reactor, any suspended metallic Pd° remaining in
the aqueous phase after precipitation of the palladium catalyst
conplex can be recovered by filtration of the aqueous phase.

If a solvent has not been used in the carbonylation
reaction, the phosphine iigand-stabilized palladium catalyst w?ll
precipitate out of the organic phase in essentially pure form.
This precipitate can be collected and recycled directly to the
carbonylation reactor. No treatment of the catalyst precipitate
is needed pri;r to recycle.

If a solvent has been used in the carbonylation
reaction, the solvent must be removed before precipitation takes
place. Removal of solvent from the organic phgse can be done in
various ways such as by extraction or by distillation. Further,
certain solvents useful in the carbonylation are good
coordinating solvents and serve as ligands which form a'tightly
bound complex with the palladium catalyst. Ketones are examples
of good coordinating solvents. Thus, if a coordinating solvent
has Seen used; a noncoordinating solvent can be added to
disengage the coordinating solvent from the palladium phosphine
complex catalyst. Upon addition of the noncoordinating solvent,
the palladium phosphine complex Eatalyst precipitates from the
organic phase. Tﬁe amount of noncoordinating solvent added to
precipitate the palladium complex will also vary widely depending
on the solvents used during the carbonylation. 1In general, about
0.1 to 10 parts volume of noncoordinating solvent per part volume

of organic phase will disengage the solvent ligand and provide



acids, such as sulfuric acid, phosphoric acid or polyph ar' c acid, or
organic acids, e.g. sulfonic acids 20 such as p-tolue Y .

met hanesul fonic acid, or trifluoroacetic acid, my be H ch of
hydrogen ions. Simlarly, other water-sétBuble and i oni

compounds, as for exanple, halide salts wherein the cation does not
interfere with the reaction, 25 e.g.,.. alkali netal halides such as

pot assi um sodiTufy °&ifd "FFiH h B g??hﬁ%‘,‘mbﬁ”b"rﬁpﬂég‘? A78 o dcdesYtay be used
as the sourceapfexbpidderi HNSerdNadI0bA: MALER orBYAHQEED; ipRsand hal i de
ions to | BPE (H+/ 1 BPE and X-/1BPE) each may be in the range, for exanple,
of about 0. 15P3d28iumGoppks*e cabt \¥sibbtitneth3l t ¢-hy1oketnehoukempdes neEcessary

for the 0pera¢8dé0%¥dfﬂkt&h§ solvents include esters such as ethyl acetate:

nonaromatic hydrocarbons such as hexane and heptane; and aromatic

hydrocarbons such as benzene and toluene. The addition of ethyl

acetate to the organic phase containing the methyl ethyl ketone

initiates precipitatibn of the'bﬁosphine ligand stabilized

palladium halide complex catalyst at about 70°C to 80°'C. In each
case, whether or not a coordinating solvent is present or whether
the solvent is removed or a noncoordinating solvent is added, the
palladium halide complex catalyst typically can be precipitated
over a temperaturé range of about 0°C to 100°C with a preferred
temperature range of 25°C to 90°C and thus, some cooling may be

' required. _

Carbonylation of IBPE to ibuprofen with the recycled
aqueous phase and palladium catalyst does not require any éhange
in process conditions. It is only necessary to add make-up
hydrogen and halide ions to the aqueous phase and provide for
maXke-up catalyst. It has been found that about 90% of the
palladium catalyst will precipitate and can be recovered for
recycle. |

Thus, in accordance with the present inventioh,
ibuprofen is prepared by carbonylating 1-(4’-isobutylphenyl)-
ethanol with carbon monoxide under the process conditions set
forth above, in which the carbonylation catalyst is palladium
halide complexed with triorganophosphine. The carbonylation
reaction takes place at a temperature of at least about 10°C and
a carbon monoxide pressure of at least about 500 psig and in the
presence of 1) the palladium complex catalyst; 2) dissociated
hydrogen ions such that the molar ratio of hydrogen ions to IBPE
added to the reaction zone is at least about 0.15; 3) dissociated
halide ions such that the molar ratio of halide ions to IBPE

present in the reaction zone is at least about 0.15 and 4)



-

process, in sone instances, it nmay be advantageous to Tis $het®la

RG]
sol vent for the reaction. Organic solvents which can be o
exanpl e, ketones such 35 as nethyl ethyl ketone, aceton L
3- pent anone, and acet ophenone, aronmatic hydrocarbons such as nd

tol uene, and cyclic ethers such as tetrahydrofuran and di oxane. Ketones and
ethers are preferred if a solvent is used. If the catalytic palladium as
added to the sysptdmnasly @ant fegamptatdivendl 2RI0A YahmRERostodt end Rdakrid-en

any sol vent used shoul d be non-hydrocarbon. The solvent may be present in a
wei ght ratio of S¥QRPAATS 35| BPEePn 3h@aueous phase containing the

dissociated hydrogen and halide jions and an organic phase
containing the ibuprofen, byproducts and solvent, if used. The
aqueous phase is removed by known separatory techniques and
returned to the reactor. Upon rémoval of any solvent from the
organic phase, the palladium halide complex catalyst precipitates

from the organic phase in substantially pure form and can be

collected and recycled directly to the carbonylation reactor.

DESCRIPTION OF PREFERRED EMBODIMENTS OF THE INVENTION

Examples 1 to 105, which foilow, illustrate the method
of the invention related to the overall improved method for
production of ibuprofen. Comparativa'txamples A to L illustrate
conditions and results wherein at least one condition is outside
the scope. of the invention.

Example 1 illustrates the production of IBAP by the
Friedel-Crafts acetylation of isobutylbenzena with acetic
anhydride as acetylating agent in accordance‘with equation (II),
wherein X is acetoxy.

Example 1

Isobutylbenzeng (254 g, 1.9 mol) and acetic anhydride
(385 g, 3.8 mol) were added to a H§stelloy C autoclave which was
then cooled to 5°C and évacuated (150 mm HgA). Anhydrous
hydrogen fluoride (1877 g, 94 mol) was added and the contents of
the autoclave were warmed to 80°'C for 3 h. The hydrogen fluoride
was vented through a caustic scrubber using a nitrogén sparge.
The contents of the autoclave were poured onto ice, neutralized
to a pH of 7 with potassium hydroxide, and extracted with ethyl
acetate. The ethyl acetate solution was dried over anhydrous
magnesium sulfate and concentrated under reduced pressure to give
the crude product. The reaction was determined by gas-liquid

chromatography (GLC) to have proceeded with 85% conversion of

isobutylbenzene and 81% selectivity to IBAP.
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5 range, for exanple, of about O to 1000:1, preferably

-8- An inorganic salt nay al so be present during the re ﬂﬂqum FIC
salts which nay be used are, for exanple, those yieldin si ng
oxygen, and sul fur, phosphorus, alum num ot3silicon, including such anions

as hydrogensul fate, pyrosul fate, ortho-phosphate, pyrophosphate, alum nate,
or silicate and cations suct™3desbdiltin] - PoeasErum?Car BBufRf FPEngiE&i um

or another cationppai&endotsh RRt 1dAY GLILS §a W daiud NRPEEAC QR co8L&h 1as a
ammoni um or al kyl ammoni um such as tetrabutyl anmoni um er

hydrogenation catalyst in accordance with equation (III), and

employing methanol as a solvent.

Example 2
- A 300 cc stainless steel autoclave was charged with
4-isobutylacetophenone (IBAP) (35.2 g, 0.2 mole), 100 ml of
methanol, and 5 g of 5% palladium/carbon catalysti The contents
of the autoclave were warmed to 30°C under 100 psig of hydrogen

for 1 h. The resulting mixture was filtered and the methanol was

‘removed on a rotary evaporator. The reaction was determined by

GC to have proceeded with 99.5% conversion of IBAP and 96.6%
selectivity to IBPE.
Example 3 shows the production of IBPE by the

nydrogenation of IBAP using a procedure similar to Example 2
except that no solvent was employed.
Example .3

-A S00 cc reactor was charged with IBAP (225 g, 1.26
mol), 5% P4a/C (16 g, 4.7 mmol), and 2N NaOH {0.2 ml). The
autoclave was purged three times with N, (100 psig) and twice
vith 100 psig ‘H;. It was pressured to 125 psig with H, and the
contents were stirred at room temperature until H, absorption
ceased. The catalyst was filtered using a small column of
celite. GLC analysis of the crude mixture showed 92% IBPE and
6.2% 1-{4’~isobutylphenyl)ethane. The mixture was purified by
distillation under reduced pressure (bp> 85-88°'C at 0.5 mm HgA)
to give 96-97% pure IBPE.

Example 3A illustrates the production of IBPE by the
hydrogenation of IBAP in accorﬁ&nce with equation (III), using
Raney nickel.as hydrogenation catalyst, and in the absence of a
solvent.

Example” A
A S00 cc stainless stecl?hutoclave was charged with

IBAP (225 g, 1.26 mol) and Raney nickel (22.5 3 0.38 mol). The
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i norgani c salts such as calciumchloride nmay al so be ad

salt, if used, wll ‘generally be present at a concentrat

Ll

exanpl e, about 0.1 to 50% preferably abt)(yi 1 to 20% by

charge. In addition to those nentioned previously, othe

| i gands may be _added to the rdeagtiorl,. e.g.... ace odphen.on
eagtor was purged three tlimgs With N, [100

acet ophenones §8tH as”p: Mer E&pt oacet ophenone. 4
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to a polynerization nechanism of unkpnown nature. In view of this
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t - butyl catechol, hydroqui none, mdinitrobenzene,
selectivities of 98% and 1.5% to IBPE and 1-(4'-

isobutylphenyl)ethane respectively.

Examples 4 to 98 illustrate the inventive method for

to L are outside the scope of the invention.

am 4 and S

1-(4‘-Isobutylphenyl)ethancl (IBPE) (10.0 g,

producing ibuprofen by the carbonylation of IBPE while Examples A

56.0

mmol), PdCl,{PPh;); (260 mg. 0.37 mmol), 10% HCl (25 g, 68 mmol

HC1l, Hy0°/H,0=0.055) and benzene (27 ml) were charged to a 300 cc

Hastelloy C autoclave which was sealed and purged twice with ﬁz

and CO. The autoclave was pressured to 800 psig with CO and the

contents were heated to 125-129°C for 16 h (Example 4), or 6 h

(Example 5), with stirring. The autoclave was cooled to room

temperature, vented of CO, and the sample was collected. The

organic layer was separated from the aqueocus layer which was

washed with ethyl acetate (75 ml). The organic fractions were

combined, dried over anhydrous sodium sulfate, and concentrated

under reduced pressure to give a greenish oily p

Examples 6 to 10

roduct.

The procedure of Examples 4 and S was followed except

that 11 mmol each of fused potassium hydrogen sulfate (Examplé

6), sulfuric acid (Example 7), polyphosphoric acid (Example 8},

11 mmol of potassium'hydroqen sulfate and 0.6 mmol of

tetrabutylammoniun hydregen sulfate (Example 9), or 8 mmol of

calcium chloride (Exanmple 10), were also charged to the autoclave

and 27 ml of methyl ethyl ketonae in place of benzene in Example

10. In addition, 2.8 mmol of acetophencne were also added in

Exanples 7, 8 and 9, and 0.3 mmol of t~butylcatechol in Example

9. The reaction time was 19 h in Examples 6, 7

Examples 9 and 10.

and 8, and 6 h in
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N-ni trosodi phenyl am ne, picric acid, sodiumsulfite, hydﬂ wmm
' for

like. If an inhibitor is utilized, it may be incorporated m,
exanpl e, of about 0.01 to 15% preferably tabout 0.1 to 59

on the weight of |IBPE. The |BPE used to produce ibuprofen in accordance
with the nethod of this invention ma% be made by any of various neans.
Preferably, however, theTB&r"ffé’ﬁyf%ﬁl A2 tugct? cﬁ’f“'t"b‘eﬁr bdiwcd®idfrof en is

i ntegrated with sarpt&odyotLpreduciigot BREf romitanhyh yldonzang vher ei n the
l'att er conpound is subjected to -9- Friedel-Crafts reaction with an
acetylenl ng agerﬂcho %ﬁ&ub% a linear isomer of ibuprofen (3-IPPA),

4-isobutylstyrene (IBS), and a heavy ends component (HE) which is

believed to comprise polymers of 4-isobutylstyrene as well as
other high boiling compounds. The results are shown in Table I
wherein "Conv." indicates percent convgrsion of IBPE and the
numbers under the product component designations are percent
selecﬁivities to those components, with the symbol ﬁtr“

indicating a trace of that component.

Table I
Percent Selectivity
ample Conv. % Ibuprofen 3-1PPA 1BsS HE
4 ‘98 T s 26 tr 4
s 99 . 56 21 tr 7
6 99 69 18 0 6
7 : 98 69 15 tr s
! 8 . 99 70 16 o 4
9 | 100 67 21 tr 4
10 99 78 23 tr 4
ativ a

Theﬁe exanmples illustrate the effect of not having the
required cuantity of both dissociated hydrogen ions and halide
ions under the invention (Examples A and B), not having
sufficient hydrogen ions (Exémples C and D}, not having
sufficient hydrogen ions obtained from an acid which is
substantially cdmpletely ionized in dilute aqueous solution
(éxample E) or not having sufficient halide ions (Example F).

The procedure of Examble 6 was followed except that
water (25 g) (Examples A to E) or 29& H,S0; (27 ml) (;xamplé F),
was used in place of 10% HCl. In addition, no potassium hydrogen
sulfate was u;ed in Example F; 27 ml of acetic acid was used in
place of benzene in Example E: 10 mmol of lithium chloride in

Example C, 24 mmol of lithium chloride in Example D and 69 mmol



4-1 sobut yl acet ophenone (I BAP) which is then reduced v?n?hs h epaced he
presence of a hydrogenation catalyst, or with a reduci Hi I ni ng
avai |l abl e hydrogen, to obtain IBPE. The Frl' edel -Crafts f

I sobutyl benzene to produce 4-isobutyl acefophenone proceeds in accordance
wi th equation (11): L{(err\l \Mp1 re X s the residue mnus A0 atq‘etxlllwlgrlgyé) of
conpounds whi ch®ar®Ridhn acety1%t tng*ageht & "X may*bEe Far - éxanpl e

hydr oxy, acetoxys Orschaté der cArdide Nghachl Odd @e) ddoost deputrl cht edtodein
Acetyl ating agents which may be used are for exanple acetic acid, acetic

anhydri de, acet yFPEATSr ' de® Pactt PPOEH OAFEREPRERETS P LTSRS Bandf Pet 20tk

whi ch results fromiddia absihactdabaodtedghehsunihhexadnglegni tgraaGetylaatibdg
agents prior to the acetyl ation - .
The reaction times Were 6 h in Examples A, E and F, 8 h in

_Example B, 7 h in Example C, and 48 h in Example D. The results

are shown in Table II1:

Table IX
. Percent Selectivity
Example _conv. 3 Ibuprofen ___3-IPPA____IBS _ HE
A 33 o o 8 7
B 19 tr 0 2 4
c 64 0 0 7 19
D 68 3 tr 6 37
E 99 23 54 2 7
F 97 5 "3 12 69

The results of Table IIX indicaté that a mininum
quantity of both dissociated hydrogen ions obtained from an acid.
which is substantially completely fonized in dilute aqueous
solution, and halide ions are necessary for substantial yields of
ibuprofen, and that reaction times of more than 15 to 20 h will
probably not serve to increase the yield.

Examples 11 to 13

These’ exanples illustrate the usa of sulfuric acid as
the source of dissociated hydrogen lons instead ot HCL.

The procedure of Example 6 was followed except that the
10t HCl was replaced ﬁy 40% sulfuric acid (25 g, 102 mmol,'
H;0°/H,0=0.123) in Example 11, or 28.4% sulfuric acid (25 g, 71
mmol, Hy0°/H,0=0.073) in Exasples 12 and 13, and no potassiun
hyd;oqen sulfate vas added in Exanples 11. In addition, 70 nrol
of sodiunm chloride were added in Example 11, 69 mmol of potassium
chloride wvere added in Examples 12, and 69 mmol of potassium
bromide vere added in Exa&ﬁle 13 as sources of halide ions: 25 ml

of acetonitrile were used in Exanmple 12 and 2% ml of methyl ethyl
¥



reaction. The acetylating agent may be used in an anount, for exanple, of
about 1 to 4 noles, preferably about 1.1 to 2.0 noles per nole of

i sobutyl benzene enpl oyed. The Friedel-Crafts catal yst may be hydrogen
fluoride or any other catalyst known in the art to be effective for the
Friedel-Crafts reaction, e.g., alumnuwm<hloride, zinc chloride, or boron
trifluoride. xeRofdrinyERthpaUl 13 he EEARLE Ofkp 1l SORHIY! PENZENS. nACELY! /LI NY
agent, and catalyst, may be charged to a corrosion-resistant reactor and
the mi xture maPhtaf felvbticatedderaturdded dn Bxamleel2 ofanaboist mBot @ cabout
120[err]C, faqr q0d,  faor of . abqut 0,5_to about 5 hours. The
pressure i's not @%ﬁiwogglwegﬁdag%e%on‘géﬁzexra MRS qgu?'bcbéﬁwsmﬁr B8V e may be

utilized. |f tilmessversetl as ihhexaoatalystndid My HAnehad 480 58 8.1 igd d or a

gas using techno‘llosgi es of handling well-known to
results are shown in Table II1I:

Tables IXX
— Percent Selectivity
Example _ Conv., ¥ Ibuprofen 3=1PPA IBS_ HE
11 99 70 16 4] 4
12 96 42 é tr 34
13 99 69 '9 tr 10

The results of Table III indicate that sulfuric acid is
a satisfactory source of hydrogen iéns, that halide salts are an
effective source of halide ions and that acetonitrile is a le;s
desirable solvent than others because of its tendency to form
heavy ends at the expense of ibuprofen.

- Examples 14 to 17

Thesa examples illustrate ;hé use of HBr as a source of
dissociated hydrogen ions and halide ions.

The procesdurs of Example 6 was followed except that a
16.2% HBr (25-g, 50 mmol, Hy0°/H,0~0.044) was used in Examples 14,
15 and 16 and a 22.7% HBr (25 g, 70 mmol, H30*/H0=0.065) was used
in Example 17 in place of 10% HCl as a source of hydrogen ions
and halide ions; methyl ethyl ketone (27 ml) was used as solvent
in Examples 16 and 17; 3.0 mmol of t-butylcatechol was added in
Example 14 and 3.2 mmol of p—mercéptoacetophenone in Example 15:
and the reaction times were 6 h in Examéles 14, 15 and 17, and

5.3 h in Example 16. The results are given in Table IV:

TTrt—
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those skilled in the art. In carrying out the reaction, an inert gas such
as nitrogen may be used to keep sufficient HF in contact -10- with the
reacting liquid. An excess of HF is generally used, for exanple, about 10
to 100 nol es, preferably about 25 to about 75 noles per nole of

| sobutyl benzene initially present in the reaction zone. The hydrogenati on
or reduction of IBAP to form | BPE proceeds in accordance with equation
(111) where "[H )" represents the avaitabbe hydrogen in hydrogen gas in the

presence of a hydrogenation catalyst or in a hydrogen-containing reducing
agent ab v

Percent Selectijvity

ample Conv. % Ibuprofen I-1PPA 1BS: HE
14 100 85 8 tr 5
15 99 59 3 13 10
16 100 62 14 o 6
17 100 69 8 tr 12

The results of Table IV indicate that HBr is a
satisfactory source of hydrogen ions and halide ions for purposes
of this invention.

Example 18

The procedure of Example 17 was followed except th#t
34 g of 24% methanesulfonic acid (H;0°/H,0=0.059) was utilized as
the source of dissociated hydrogen ions in place of the HBr
solution and 69 mmol of sodium bromide was added as a source of
halide ions. The conversion of IBPE was 99% and fhe
selectivities of the éroduct componehts were ibuprofen 71%,
3-IPPA 13%, IBS "tr", and HE 8%.

The fesuifs_of this example.indicate that
methanesulfonic acid is,a'satistactory source of dissociated
hydrogen ions for purposes of this invention.

ample to

These examples'illustfate the use of various additives
to the reaction'sgstem, as discussed previously.

The procedure of Example 6 was followed except that
0.3 mmol of t-butylcatechol was added in Examples 1%, 20, 21, and
22, 2.8 mmol of acetophenone in Examples 20, 21, and 22, and 1.2
mmol of p-mercaptoacetophenone in Example 22; and the reaction
times were 15 h in Example 19, 26 h in Examples 20 and 21, and

19 h in Example 22. The results are shown in Table V:

/ :
—— jaced
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such as sodi um borohydride or Iithium alum num hydride: [err] The
hydrogenation or reduction as shown in equation (111) may be acconplished,
for exanple, by contacting 1BAP as is or dissolved in an appropriate
solvent with a hydrogenation catalyst in the presence of hydrogen. The
solvent may be, for exanple , nethanal ,2wthanol, t-butanol, aqueous

al cohol , tol uene, diethyl ether, tetrahgdrofuran, or 1, 4-dioxane, and the

| BPE: sol vent weight ratio may be in t ge, for exanple of about 1:1 to
1: 100, preferably about 1:2 to 1:20. The hyd

¥ fgggnggiggg Lﬁlyst may be, for
exanple, a transition netal on a suitable suppor re erre ransition

nmetals are ni

e.g., paIIadlun}.pIatlnun] gpodlun] |r|gglun and ruthenlun1 an% somne ’
sui tabl e

20 98 74 7 0 4

21 a8 69 5 0 3

22 100 82 4 tr 8
am e

These examples illustrate the use of different solvents
in the method of this invention.

The procedure of Example 6 was followed except that the
benzene solvent was replaced by 27 ml each of other solvents as
‘follows: toluene (Example 23), tetrahydrofuran (Example 24),
dioxane (Examples 25 and 26), acetone (Example 27), methyl ethyl
ketone (Example 28), and acetonitrile (Examples 29 and 30), and
36 g of 10% HCl was used in Example 25. In addition, 0.3 mmol of
t-butylcatechol were added in Examples 23 to 25, 29 and 30, 2.8
mmol of acetophenone were added in Examples 23 to 25 and 30, and
3.2 mmol of p-mercaptoacetophenone were added in Examples 26 and
27:; and the reaction times were 6 h in Examples 23 to 29 and 19 h

in Example 30: The results are shown. in Table VI:

Tahle VI
t Selectivi
Xam conv. bu n 3-IPPA 1BS HE
23 99 43 16 tr 20
24 99 56 14 tr 9
25 29 76 12 0 11
26 99 | 65 13 1l 18
27 99 75 . 21 tr 4
28 99 72 18 tr 6
29 97 48 7 tr 40
30 95 26 9 tr 47

e
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supports are, for exanple, carbon, alum na, silica, and polyneric resins.
The nmetal concentration on the support in weight ratio of netal:support may
be in the range, for exanple, -of about 1:100 to 1:2, preferably about 1:50
to 1:10, and the weight ratio of catalyst systemIBAP is, for exanple, in
the range of about 1:500 to 1:2, preferably about 1:30 to 1:5. In carrying
out the reaction, the hydrogen pressuré‘%ﬁy“be I n the range, for exanple,

of about 10 to 1200 Pshg. cdabeterdAhys ADY! ; 15 L0 30Q.PE s L1 Jeact i on
tenperature nmay be in the range, for exanple, of about 9% °fo to

150[ err] C, prefeenlif Fanberutused irp t86[ eetihpC; o arvdh i s himvieegidn . ONKdvevar,
ketones and cyclic ethers appear to result in higher yields of
ibuprofen than acetonitrile which tends to cause the formation of

a larger amount of heavy-ends than the other solvents.

Comparative Example G

This example illustrates the effect of reducing
reaction pressure below the minimuﬁ required by this invention.

The procedure of Example 6 was followed except that the
reaction was charged with 400 psig of CO at room temperature. 1In
addition 3.2 mmol of p-mercaptoacetophenone was added and the
reaction time was 6 h. The conversion of IBPE was 97% and the
selectivities of the product component were ibuprofen 20%, 3-IPPA
3%, IBS 24% and HE 19%. These results indicate that using a
pressure below 500 psig results in a substantial reduction in the
vield of ibuprofen and an increase in the formation of

4-isobutylstyrene.

Examples 31 and 32 and
iv am

These examples illﬁstrate the effects of varying the
composition of the catalyst. .

The"pfocedure of Example 16 was followed except that
the reaction time was 6 h in Examples 31, 32, I, and J,.and 4.5 h
in Example H; the catalyst was 0.44 mmol of PdCl, and 1.9 mmol of
triphenyl phospﬁine (PPh3) added separately in Example 31, 0.37
mmol of the complex of Example 4 and 0.7 mmol of PPh3 addéd
separately in Example 32, 1 g of 5% palladium supported on carbon
without any phosphine ligand in Example J, and 8.4 mmol of PdcCl,
without any phosphine ligand in.Example YX. No catalyst at all
was used in Example H. 1In place of HBr, 25 g of 10% HCl was the
acid used in Example J, and the solvent was 27 ml of benzene in
Examples I and J. " In Example I, 0.6 mmol of t-butylcatechol was

added while 3.2 mmol of p-mercaptoacetophenone were added in

Example J. The results are shown in Table VII.
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may be in the range,
about 1.0 to 4.0 hours.
passivation of the reactor with base,
hydr ogenol ysi s.

exanpl e,
met hanol
di et hyl

, et hanol

et her,

a reduci ng agent contai Aehle &Vai | abl e hydr ogen,

for exanpl e,

of about 0.25 to 10.0 hours,
Under sone conditions, the additiommgﬁwafggggnﬁglmmd
may be desirable to p
Alternative to the hydrogenation reaction a
reduction reaction shown in equation (I11) may be acconplis
by slowy adding to a cool ed sopBti on of
or t-butanol,

preferabty

L

| BAP i n an al cohol,

Hi

he

e.g.,

or an ether such as tetrahydrofuran or
e.g.,

or potassi um borohydride or lithiumalumn g]Qeride.

then be warnmed to room tenperature an

of about 0.5 t @x3mfldiours.cdnv.t ke car pemdostihon af1pBPE t gpd bulpﬁ@fe
woul d be
31 99 62 19 tr 11
32 99 51 20 tr 10
H 72 0 o 44 38
1 96 tr 0 86 13
J 94 25 2 14 17

_Ihe sol ution

n—nea?ieﬁc—&t—ia%g—f—o

sodi um

may
r a period

n,

The results of Table VII indicate that the phosphine

ligand may be added separately with the palladium compound to

obtain a satisfactory yield of ibuprofen, but that a palladium

it

catalyst with an appropriate ligand other than CoO is required in

order to obtain satisfactory yields of ibuprofen.

This is

illustrated by the results of Examples 31 and 32 as compared with

those of Comparative Examples H, I, and J wherein no catalyst at

all was utilized in Example H, and no phosphine ligand was

employed in Examples I and J.

Examples 33 and 34 illustrate the employment of higher

and lower reaction temperatures than was employed in the previous

examples.

The procedure of Example 16 was followed except that

Examples 33 and 34

the reaction time was 6 h and the reaction temperature was 150°C

in Example 33 and 100°C in Example 34.

Table VIII.
Conv.
33 99
34 99

Table VIII

— . Pexcent Selectivity

75

69

The results are shown in

18

11

B

tr

tr

6

8

Examples 35 to 38 illustrate the employment of operable

CO pressures higher and lower than that employed in the previous

examples.



worthwhile to recover and recycle the paIIad|un1catalyshhggﬁgh%éB&gkchww
relatively pure formfromthe i buprofen reaction products

cost of the carbonylation catalyst. Simlarly, it would bH
advant ageous to mai ntain high conversionihigh selectivit
yi el ds even after recycling the catal yst several tines. It mould also be
useful to recover the catal yst by € S not degrade or deconpose

the catalyst. Recovery and tecycke & s@a,@%f1&u§9téox18wdee9@i;ltaféhw
catal yst has been attenpted I n other chem cal industry processes wth

| i mited successthet peessEEDepYyVIARAGiIEpEhdEmrlon tThe pegssuces ampYeayddabl es
of the process jRvely equuﬂ;xpw@lm ﬁesMJﬁcxﬁ%me of a catalyst

sludge is eventually fornmed and 1s returned to the reactor, see U. S.
3,455,989. As disclosed in U S. 4,013, SQQuLaKpalladlun1conplex cat al yst

used in the
Ee:gegt Se 1 ect ] V;t!

Example  Pressure, psig___Conv., ¥  Ibuprofen 3-IPPA IBS HE
35 1200 99 71 12 0 9
36 1000 99 69 16 o 4
37 700 89 74 12 tr 11
3s 600 99 58 16 tr 13

Examples 39 to 41 illustrate the recharging of
additional quantities of IBPE after the initial reaction is
connenced.

xa 39 ¢

The procedure of Example 16 was followed except that in
Example 39, 27 ml of acetone rather than methyl etﬂyl ketone was
used as solvent, and after the addition of the initial 56 mmol of
IBPE, 196.8 mmol of additional IBPE were added over a 30 min.
period, and the total.reactibn tiﬁe was 4.3 h. In Example 40 an
additional 56 mmol of IBPE were added over a 1 h period after the
introduction of the initial 56 mmol, and the total reaction tinme
was 6.5 h. Example 41 was similar to Example 40 except that the
solvent was 27 g of acetone and the total reac@ion time was 7 h.

The results are shown in Table X.

Table X
e tivit
a \'4 u . - S
39 99 4é 16 18 9
40 99 80 19 tr s
41 99 73 : 20 2 13

The results of Examples 39 to 41 indicate that after the
initial charging of IBPE, an additional quantity of IBPE may be
added to the reaction, without reducing the yield of ibuprofen to

an undesirably low level.



car bonyl ati on, hydrofornylation and hydrogenati on of ol efins was recovered
and regenerated. Recovery of the palladi um carbonyl ation catal yst was

achi eved by dispersing the Iigand- stabilized palladiumhalide catalyst in
guat er nary anmoni um phosphoni um or arsonium salts of trihal ostannate or
-12- trihal ogermanate. However, the palladium catal yst recovered then
.contained the stannate or gernmanate col@enent. |t has now been discovered
that in the carbonylation of 1-(4]s mlp@ )ethanol (IBPE) to

2-(4' -isobutyl phenyl)- propionic aci e, profen, in an acidic
aqueous nedium the These examples illustrate the production of ibuprofen by

the carbonylation of IBPE with different loadings of PdCl,(PPh,),
as catalyst relative to IBPE, and with varying CO pressures.

The examples were carried out using a 300 ml autoclave
to which were added 112 mmol of IBPE, 54 ml of methyl ethyl
ketone (MEK) as added organic solvent, 50 g of 101 aqueous HCl
{resulting in constant mole ratios of H'/IPBE=1.22 and
Hy0°/H,0=0.055), and varying amounts of catalyst. The éutoclave
was pressured with CO to a level sufficient to result in the
targeted reaction pressure at the temperatﬁre of reaction. The
contents were then heated to such temperature which in these
examples was 125°C and CO was fed to the reactor to maintain the
desired pressure as the CO was absorbed during the reaction. The
reaction temperature was maintained for the desired reaction time
with vigorous stirring. The amount of catalyst in millimoles
{(Cat.), the resulting mole ratios of palladium to IBPE (Pd:IBPE)
and qeaction'times and pressures as well as the results of the
reaction in terms of percent IBPE conversion (Conv.) and percent
selectivities to ibuprofen (IBU), 3-(4’-isobutylphenyl)propionic
acid (3-IPPA), 4-isobutylstyrene (IBS) and heavy ends (HE), are
shown in Table XI. These results and those of subsequent
examples were determined by GLC which are-susceptible to errors
of about +5%. This explains why some individual selectivities

and/or the sums of selectivities in some examples are above 100%.
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" carbonyl ation catal yst consisting essentially of palladiumhalide,
conplexed with a triorganophosphine |igand, can be precipitated fromthe
reaction products in substantially pure formand recycled directly to the
carbonyl ation reactor. Precipitation of Zt@e catalyst is not induced by the

addi tion of extraneous agents as in U 'S© 4,013,583, which agents may

adversely effect catalysis and the nature of the product fornmed. In
accordance with the present i

i nyention, the palladium conplex catal yst used
in the carbonylation of |BP Q) rbugr okentacgoreli mg to €quation (1) is
precipitated in substantial fy pure form and tarrbe cal |l ected for recycle to
the carbonyl ation reaction. {It}is believed that the uni que m xture of
carboxylic acids including buprof en ig the product, @nd the remai ni ng
organi ¢ nmedi um such as sol v@ni ald ows for st hg f&r it idneand
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ultimate precipitation of.the phosphine |igand-stabilized palladi um conpl ex
catal yst without the addition of a separate conpl exi ng agent which may
alter in a significant way the chem cal conposition of the catal yst

conpl ex. Upon conpl etion of the carbonylation reaction such as by equation
(I'), a reaction product is forned which contains two separate {iquid
phases. The heavi er aqueous phase contai ns- thre. di ssoci at ed hydrogen and

halide ions while the |ighter organic_phase contains the ibuprofen product
organi ¢ by-products, any sol vent and F%émyﬁﬁugFéébé#ladlun1conp|ex

catal yst. To recover the C!arteahy@tampuhe :aqueausceaaﬁie Un@abiferRNas 8 JUSf be
separ at ed. Separatlon of ases _can. be wel | - known techni ques

such as by decant 51%°6% ro%géggee'bdlpﬁt%ﬂ/ p]“ﬂlﬁ?fb‘i“ma\ﬁ/ﬂ IBRE L7 Kkde produssigrhages
are not well definafproes BFPkRE i N¥bohyidt8on of 1BPE.

The general procedure of Examples 42 to 50 was followed
using 54 mL of MEK as added organic solvent and varying amounts
of IBPE and catalyst, either 25 g of 20% HCl {H3;0°/H,0=0.124) or
50 g of 10% HCl UﬁOUﬂQO-0.0SS), and varying pressures and

reaction times. Reaction conditions and results are shown in

Table XIIX.

e
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carbonyl ati on reaction, an organi c solvent can be added to -13- inprove
phasi ng. For exanple, in a reaction medi umwhich contains a ketone sol vent
such as nethyl ethyl ketone, the addition of ethyl acetate has been found
to greatly inprove the phase separation between the aqueous and organic
phases. The amount of phasi ng organi c sol vent added to enhance phase
separation can vary wi-.dely but, will typiZ&ky range fromabout 0.1 to 10
parts vol unme per part vol ynme of liquid reaction medium The aqueous phase

once separated can be ret rrgd'glrechy to thé d&rbbny1aﬁaoﬂ reactor, any
i ~
suspended netallic Pd rengi nifjng in < a o o
_>m":NH--«mNN'\o.-|a\v
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t he agueous phase after precipitation of the palladium catal yst conplex can
be recovered by filtration of the aqueous phase. |f a solvent has not been
used in the carbonylation reaction, the phosphine |igand-stabilized

pal | adium catal yst will precipitate out gof the organic phase in essentially
pure form This precipitate can be col | ed%ed and recycled directly to the

carbonyl ation reactor. No treatnegt Qfeghe catalyst precipitate i s needed
prior to recycle. If a solvent ha Rhesute St he carbonyl ati on reacti on,

the solvent nust be remusdekaipaee nactpideathoprbakesiopl acabuRasmyual of
solvent fromthe organi c phase can be done in various ways such as b

: C y
extraction or PHyCRA SEFPIMIREFOP BOr 13FEr Yithautarhe saPYRMeStLRerOY 3diethe

carbonyl ati on arg, QoQd) ¢aprdi nating sol vents and serve as |igands which
forma tightly

The procedure of Examples 42 to 61 was followed using
336.0 mmol of IBPE, either 25 g of 20% HCl (H'/IBPE=0.41,
H;0°/H,0=0.124) or 14 g of 36% HCl (H°/IBPE=0.41, H;0°/H,0=0.278),
0.260 mmol_of catalyst (Pd:IBPE=1:1292), and no added organic
solvent. The reaction temperature was 125°C and the reaction

time was 2 hours. Other reaction conditions and results are

shown in Table XIII.

Table XIIX
HCl, Press., Conv. Percent Selectivity i
Example  %/g _psig 3 IBU _ 3-IPPA  IBS HE
62 20425 2000 98 41.1 1.7 1.4 38.2
63 éO/zs 2000 99 94.8 3.1 0.2 1.2
64 20/25 3000 99 '62.8 1.8 1.1 25.1
65 36/14 2000 99 52.2 2.1 2.1 20.2
66 36/14 2000 99 77.9 2.9 1.4 9.2

Examples 67 to 70

These are additional examples illustrating the
suitability of hydrobromic acid as a source of hydrogeﬁ and
halide ions both in the presence and absence of added organic
solvent in the preparation of ibuprofen by the carbonylation of
IBPE.

The general procedure of Examples 42 to 66 was followed
using varying amounts IBPE and MEK solvent (including none),
16.2% HBr (H;O‘/H20=0-.043) or 20% HBr (H;0°/H,0=0.056) and
catalyst. The reaction temperature was 125°C. The conditions of

reaction and results are shown in Table XIV.

This Sheet Has Been Reﬂlaced

AN




bound conpglex with the palladium catal yst. Ketones are exanples of good
coordi nating solvents. Thus, if a coordinating solvent has been used, a
noncoor di nati ng sol vent can be added to di sengage the coordinating sol vent
fromthe pall adi um phosphi ne conpl ex catal yst. Upon addition of the
noncoordi nati ng sol vent, the palladi um phosphi ne conpl ex cat al yst
precipitates fromthe organi c phase. The _anmount of noncoordinating sol vent
added to precipitate the paIIadiun1conﬁIé?TMll al so vary wi dely dependi ng
on the solvents used during the carbonylation. In general, about 0.1 to 10
parts vol ume of noncoordi nating olvent oer_ part vol une of or gani ¢ phase

w || di sengage the solvent |igan de prGV|de
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-14- for precipitation of the palladi um phosphi ne conpl ex catal yst An
exanpl e of a useful solvent which coordinates with the pall adi um conpl ex
catalyst is nethyl ethyl ketone. Exanples of noncoordinating solvents

i nclude esters such as ethyl acetate; nonaromatic hydrocarbons such as
hexane and heptane; and aromati c hydecar bons such as benzene and tol uene.
The addition of ethyl acetate to the organic phase containing the nethyl
et hyl ketone initiates precipEgatnles df toh@s phosphine |igand stabilized

pal | adi um hal_j de_ c | ex al ys t. about 70[err]C to 80[err]C In each
case, whet herﬂljhgf'e n'%trZEB EF%sog?tij‘fsn%taittﬁgthseofnsg}hd ?’égﬁrret §nf""c?l"kﬂ‘l\?fét er the

sol vent i ga¥ia0¥Bubroten HYOREO (atbbafiatgos b aBbE ivsiagddad 1chbe dpal | adi um
hal i de conpl ex cat al yst txlgi cally can be ‘gr ecipitated over a tenperature

range of ERRUHTIE] BIPEIRD “ReBH e PERshhak diffiesrey itdgn those shown

in Examples 42 to 70 including a reaction temperature of 140°C
(Examples 71 and 72) an amount of hydrogen nearer the lower limit
of the invention (Examples 73, 74 and 75), the use of 11% HCl
Uhoﬂﬂb°’0;°51) and the use of dioxane (DIOX) as a solvent
{Examples 74 and 75).

The general procedure of Examples 42 to 70 was followed using
specific conditions including those described in the preceding
paragraph. Such conditions and the results are shown in Table

Xv.

I
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tenperature range of 25[err]C to 90[err]C and thus, sone cooling nmay be
requi red. Carbonylation of IBPE to i buprofen with the recycl ed aqueous
phase and pal | adi um cat al yst does not require any change in process
conditions. It is only necessary to add make-up hydsegen and halide ions to
the aqueous phase and provide fgor ~make~up~catal yst. It has been found that

about 90% of the palladiumc yst MM preécipitate and can be recovered
for recycle. Thus, in accordgncg with the present

i nvention, ibuprofen is
prepared by carbonylating 1- (4 |§pbgtj]p5eqyl) et hanol with carbon
nonoxi de under the process c@ndi'tions set forth above, in which the
carbonyl ation catalyst is pa |un1QaL1dg conpl exed with

triorganophosphi ne. The carb aQ;on

»
H H ~

69
95
85
82
42

3
99
99

97
99
94

Press., Conv.,

psig
2000
2000
2000
1000

500

Temp., Time,
'c
140 2
140 2
125 2
125 (3
125 6

Pad
IBRE
1:1292
1:1292
1:1292
1:704
1:704

o.zéo
0.260
0.188
0.188

Cat.,
_RRol
0,260

H+/
1BPE
0.41
41
.16
20

.20

0
0.
0

HCL
q
20/25
20/25
20/10
11/9
11/9

Solvent
1
MEK/54
MEK/54
MEK/54
DIOX/93
DIdX/§3

IBPE

336.0
336.0
336.0
132.4
132.4
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reaction takes place at a tenperature of at |east about 10[err]C and a

carbon nonoxi de pressure of at |east about 500 psig and in the presence of
1) the palladium conpl ex catal yst; 2) dissociated hydrogen ions such that
the molar ratio of hydrogen ions to I BPE added to the reaction zone is at

| east about 0.15; 3) dissociated halide ipns such that the nolar ratio of
hal i de ions to | BPE present in the reacfi zone is at | east about 0.15 and
4) optionally an organic solvent. Upon conpletlon of the reaction, two

phases are forned, an aqueous pha&5¥rR2daEal%itAe2% he di ssoci at ed hydrogen and
halide ions and an or gaeke dapee£ QR avraRd i nbbURY Qf &Ry ;RYPr oduct s and

solvent, if used. The
ibuprofen by the carbonylation if IBPE under the invention using
a 4 liter autoclave and varying conditions of reaction including
highef mole ratios of Pd to phosphine ligand and concentrations
of HCl as low as 5% (H;0°/H,0=0.026).

The general procedure of Examples 42 to 70 was followed
in a 4 liter autoclave using HCl as the acid and MEK as solvent
or no solvent, except that the catalyst was added as separate
quantities of palladium dichloride, PdCl, and triphenylphosphine,
PPh;, such that the Pd:P ratio was varied within the disélcsed
limits. The specific conditions of reaction, including the mole
ratios of palladium to phosphine to IBPE (Pd:P:IBPE), are shown
in Table XVI. -
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wherein X is acetoxy. Exanple 1 |Isobutyl benzene (254 g, 1.9 nol) and acetic
anhydride (385 g, 3.8 nol) were added to a Hastell oy C autoclave which was
then cooled to 5[err]C and evacuated (150 nm HgA). Anhydrous hydrogen
fluoride (1877 g, 94 nol) was added and the contents of the autoclave were
warnmed to 80[err]C for 3 h. The hydrogen fi%ueri de was vented through a
caustic scrubber using a nitrogen sparge. The contents of the autocl ave

were poured onto ice, neutralized ti<amppes 99 %o yiASh pot assi um hydr oxi de,
and extracted wth et hyligeetahter Iha ehiwl. aCEiAl .80l Mt Lofyas dried over

anhydr ous magnesi um sul fate and concentrated under reduced pressure to give
t he crude productnveFhésnscand i idwpvagerdsebedtivetidy cgaseée it dhazhiem® ogr aphy
(GQ to have p;raé)rctei%g?adrlvy\j &Dw 8P§SO:/$C§nQiV [i%ilgpns (r)n]:ale ratios.
The general procedure was similar to that of Examples

76 to 98 using the following specific conditions: the 4 liter

autoclave was charged with 8;43 mole of IBPE and 775 ml of 26%

HC1l (H;0*/H,0 = 0.173) for a H'/IBPE mole ratio of 0.75. No

solvent was used. The temperature of the reaction was 130°C.

Process conditions which were varied and the results of the

examples are shown in Table XVII.

—
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| sobutyl benzene and 81% sel ectivity to | BAP. -16- Exanple 2 illustrates
t he production of |BPE by the hydrogenation of |BAP using palladi um
supported on carbon as a hydrogenati on catal yst in accordance with equation
(1), and enploying nmethanol as a solvent. A 300 cc stainless steel

aut ocl ave was charged with 4-isobutyl acet ophenone (I1BAP) (35.2 g, 0.2
nole), 100 m of nmethanol, and 5 g of 5% p#4l-adi unf carbon catal yst. The
contents of the autoclave were warned to 30[err] C under 100 psig of

hydrogen for 1 h. The resulting mxture was filtered and the nethanol was
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renoved on a rotary evaporator. The reaction was detern1ned
proceeded with 99.5% conversion of |BAP and 96. 6% sel egf; ket
Exanpl e 3 shows the production of |IBPE by the hydrogenat

procedure simlar to Exanple 2 except that no sol vent ma

‘cc reactor was charged with | BAP (225 g, 3126 mol ), 5% P (10 g,
and 2N NaOH (Ozxanipiks Hheaaptaclave, yas B Gedef .a8:diJIRs W t h

(100 psig) and twice with 100 psig Herr].

psig w th H2samglahé&ocHimsents ‘er §°'smqfrartedea1ixarmebmltlenpeﬁraatau¢ﬁee akal H2

absorption c h I t NG I colu of
SRR AV e S SR R R R

1- (4' -isobutyl phenyl)ethane. The m xtExaerple X purlfled by

nmol ) ,
N err]

celite.

0

The procedure of Examples 42 to 75 using the 300
mL autoclave was followed except that the starting material
was 84.3 mmol of IBPE, the acid was 8% HCl (4.0 g, 8.8
mmol), for a H'/IBPE mole ratio of 0.10, 0.471 mmol of
catalyst was used, the éolvent was 61 g of dioxane, the CO
pressure was 1700 psig, the reaction temperature was 110°C,
and the reaction time was 5.5 h. The IBPE conversion was
60% and the product selectivities were ibuprofen 38.6%,
3~-IPPA 1.4%, IBS 2.4%, and HE 59.3%.

ample _

The procedure of Example K was followed except that 112
mmol of IBPE, 6 g of 8% HCl (H*/IPBE=0.10) and 82 g of dicxane
were utilized. The IBPE conversion was 68% and the selectivities
ﬁere ibuprofen 42.0%, 3-IPPA 0.1%, IBS 2.1% and HE 423.5%.

The results of Examples K and L confirm that the
conditions of the Japanese pate£t, which include the presence of
dissociated hydrogen and halide ions in amounts considerably

below the minimums required in the method of this invention,

* result in comparatively very low yields of ibuprofen,

Example 106 which follows, relates particularly to the
recovery and recycling of nobel metal catalyst complexes useful
in the production method.

Example 106

The following ingredients were added to a 4 liter
autoclave: 300 g (1.69 mole) 1;(4'-isobutylpheny1)ethanol, 840
ml methylethylketone, 2 g (0.0113 mole) palladium (II) chloride,
9 g (0.0344 mole) triphenyl phosphine, 38 g (0.34 mole) calcium
chloride, 203 ml 36% HCl, 547 ml water. After flushing with
nitrogen and carbon monoxide, the autoclave was pressured to

approximately 700 psig of carbon monoxide. The reactor was

ng a

A 500

It was pressured to 125



distillation under reduced pressure (bp= 85-88[err]C at 0.5 nm HgA) to give
96-97% pure | BPE. Exanple 3A.illustrates the production of |BPE by the

hydr ogenati on of IBAP in accordance with equation (I11), using Raney nickel
as hydrogenation catalyst, and in the absence of a solvent. A 500 cc

stai nl ess steel autoclave was charged with IBAP (225 g, 1.26 nol) and Ranoy
‘nickel (22.5 g 0.38 nmol). The react®® -was purged three tines with

Nlerr] (100 @%ug)cem%tms@ew&hﬁ&(} Bl o LRId «idd MRS PILSSHrgd uLth

Herr] at 70[err]Cuntil Herr] absorption ceased (about 3 hours). The

resul ting mi xther eeaesorf iihteedstd € Gpproximately 1000 psig and was '
subsequently maintained at this pressure during the 2 hour
reaction time. After the carbon monoxide uptake was complete the
reacfor was cooled to room temperature and vented. The contents
of the reactor were removed and the two phases were separated in
a separatory funnel. The aqueous phase was extracted with 500 ml
ethyl acetate and the organic fractions were combined and the
solvents removed on a rotary evaporator under reduced pressure.
During evaporation:6.4 g (81% of theoretical) yellow crystalline
PdACl, ( PPH;) shitabie for reuse, precipitated and was recovered.
0.2 g (16% of theoretical) of palladium metal was recovered by
filtration of the aqueous phase. The organic product obtaineq

was 348 g and contained 57% ibuprofen.
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Rep\aced
anal ysis of the crude mxture |1qgr5mt BPE conversion with
selectivities of 98% and 1.5%'t | sobutyl p
respectively. Exanples 4 to 98 i I | nvent ive net
produci ng i buprofen by the carbon tion of I BPE whi |l e Exa ,{”m"mﬂ'n
outside the scope of the invention. Exanples 4 and 5 mm
1-(4' -1sobutyl phenyl)ethanol (IBPE) (10 0 g, 56.0 nmol)

PdCl [err] (PPh[err])[err] (260 ng. O. :?‘?l 10% HC1 (25 g, 68 mol HA ,
H err] 0/ H err YO=3238%5) and benzene (27 were charged to a 300 cc

Hastel | oy C autocl ave I ghonas, edtvmce wi.th Nferr] and CO
The autocl ave was presiémurgd to §0§@ rﬁq E%’ror "the rcontehts were
heat ed to 125cd2Nranat Gid QF(iﬁ-lhO§EX)al‘ﬁmleey¥1))gth®ﬁo]6 (haéﬁxaﬁpheca&)apnvm th

stirring. The autocl a aye vas gé)ol ed to room
monoxide in an acidic aqueous medium, at a temperature of at

least about 10°'C and a carbon monoxida pressure of at least about
500 psig, and in the presence of (1) a catalyst consisting
essentially of a palladium compound in which the palladium has a
valence of zero to 2 and is complexed with at least one acid
stable, monodentate phosphine ligand miscible with the organic
phase of the reaction medium, the phosphorus/palladium mole ratio
in said palladium compound and ligand being at least about 2:1
when the mole ratio of palladium to IBPE is such that paladium=1
and IBPE=10,000 or more: (2) dissociated hydrogen ions from an
acid which is substantially completely ionizable in a dilute
aqueous solution such that the mole ratio of hydrogen-ions to
IBPE added to the reaction zone is at least about 0.15, and; (3)
dissociated halide ions such that the mole ratio of halide ions
to I?PE added to the reaction zone is at least about 0.15.

2. The method of Claim 1 wherein said ligand is a
tri(organo) phosphine.

3. The method of Claim 2 wherein said ligand is
triphenyl phosphine.

4. The method of Claim 3 wherein said catalyst is a
palladium bis(triphenyl phosphine) dichloro complex.

5. The method of claim 1 wheréin the source of said
hydrogen ions and halide ions is a hydrogen halide.

6. The method of Claim 5 wherein said hydrogen halide
is hydrogen chlorida.

7. The methed of_claim 5 whaerain said hydrogen halide
is hydrogen bromide.

8. The method of claim 1 wherein an organic solvent is
present during said carbonylation, said solvent being a non-
hydrocarbon if said palladium is added to the system in a zero

valence state.



cedsmgE

tenperature, vented of CO and the sanple was collected. The o ' r

was separated fromthe aqueous | ayer which was washed™wth et hyl acet
(75 m). The organic fractions were conbi ned, dried ov ﬁm
sul fate, and concentrated under reduced pressure to g| %‘“‘ i

product. Exanples 6 to 10 The procedure ofgiFExanpl es and 5 wds fol I I owed
except that 11 mml each of fused potassium hydrogen sulfate (Exanpl e 6),
sul furic acid (Exanple 7), pol yphosphoric. acid (Exanple 8), 11 nmol of

pot assi um hydr ogen sud.f atkee anedthOd 6 dnnd ol BO#hHrennainndybammm salygrdr ogen

sul fate (Exanpl e;9)a )&rtogemml of calciumchloride (Exanple 10), were al so

charged to the aut oc gg %]l gdoto hy |, ELPy Lops dda place of
benzene in Exanpl e 10 addi ti o éggﬁ Ih ace?ogli"]lenone were al so
added in methyl ethyl ketone.
5 11. The method of claim 1 wherein the mole ratio of
palladium to IBPE is from about 1:25 to 1:60,000.
12. The method of claim 11 wherein said mole ratio of
palladium to IBPE is from about 1:10,000 to 1:40,000.
13. A method of producing ibuprofen comprising
10 reacting isobutylbenzene with an acetylating agent in the
presence of a Friedel-Crafts catalyst to produce
4'-isobutylacetophenone {(IBAP), reducing said IBAP with
hydrogen in the presence of a hydrogenation catalyst, or
with a reducing agent containing available hydrogen, to
15 obtain 1-(4'-isobutylphenyl)ethanol (IBPE), carbonylating
said IBPE by a method as defined in any of claims 1 to 12.
14. A method of preparing ibuprofen comprising
carbonylating 1-(4-isobutylphenyl)ethanol (IBPE) with
carbon monoxide in an acidic aqueous medium, at a
20 temperature of at least about 10°C and a carbon monoxide
pressure of at least about 500 psig, and in the presence
of a’ catalyst consisting essentially of a palladium
bis(triphenylphosphine) dichloro complex, dissociated
hydrogen .and chloride ions from hydrogen chloride such
25 that the mole ratio of each of said hydrogen and chloride
ions to IBPE added is at least about 0.2, and an organic
solvent in an amount such that the weight ratio of solvent
to IBPE is at least about 1.5.
15. The method of claim 1, 13, or 14, wherein a
30 palladium-containing catalyst complex is recovered by
precipitating said complex from an organic phase formed
during said carbonylation, wherein said organic phase
contains ibuprofen product.
16. The method of claim 1 or 13 wherein an organic
35 solvent is used as part of the.reaction medium and wherein
a palladium-containing catalyst complex is recovered by
precipitating said complex from an organic phase formed
during said carbonylation.

————
—————
E ——————
—
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Exanples 7, 8 and 9, and 0.3 mmol of t-butylcatechol in: ;
reaction tinme was 19 h in Exanples 6, 7 and 8, and 6 h in :
10. -18- The products obtained in Exanples 4 to 10 V\Bfi?@ “Fmﬁmﬁn
for ibuprofen, 3-(4'-isobutyl phenyl)propionic acid, which s

i somer of ibuprofen (3-1PPA), 4-isobutyl Sfyrene (1 BS) and a heavy ends
conmponent (HE) which is believed to conpri'se polyners of 4-isobutylstyrene
as wel |l as other high boiling compgunds: The results are shown in Table |
wherein "Conv." indi &at erep@ethet %oﬁ%@*“sﬂénmbflﬁl BPEr edimd s fik organic

phase is separated from sald aqueous medium prior to
precipitation of said catalyst complex, and wherein said
aqueous medium contains dissociated hydrogen and halide
5 ions.
18. The method of claim 15, 16 or 17 wherein an
organic agent is added to said reactioh medium to improve
the phase separation between said organic and said aqueous

phases.

10 19. The method of claim 18 wherein said organic agent
is removed to facilitate precipitation of said catalyst
complex.
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nunmbers under the product conponent designations are percent selectivities
to thoSe conponents, with the synmbol ""tr"™ indicating a trace of that

conponent. Table | Percent Selectivity Exanple Conv. % | buor of en
3- 1 PPA | BS HE 4 98 56 26 tr

45 99 56 il z tr 7 6 99
69 18 0 6 FRIEAGD ItE RS 69 15
g_rOO 5.8 67 A ggthoczz-j]i_s prov:[{:,l?:?q!o‘i- r.rhe f6epa]r§tion of ngéprcfer‘xIr b%

78 2Zarbonylating 1-(4°Cbrgrangl phemybxanphes (ABPD) Fwvith carbon

monoxide in an acidic agueous ﬁedium,-e.g. containing at least
10% Sf water based on the weight of IBPE initially added, at a
temperature of at least about 10°C and a carbon monoxide pressure
of at least abouﬁ 500 psig, and in the presence of (1) a catalyst
complex consistihq essentially of a palladium compound in which
the palladium has a valence of zeroc to 2 and is complexed with at
least one monodentate phosphine ligand misciblg with the organic
phase of the reaction medium, the phosphorus/palladium mole ratio
in said palladium compound and ligand being at least about 2:1
when the palladium/IBPE mole ratio is such that palladium=1 and
IBPE=10,000 or more; (2) dissociated hydrogen ions from an acid
which is substantially completely ionizable in dilute aqueous
solution such thﬁt-the mole ratio of hydrogen ions to IBPE added
to the reaction zone is at least about 0.15; and, (3) dissociated
halide ions such tﬂaﬁ the mole ratio of halide ions to IBPE added
to tpe reaction zone is at least about 0.15. Advantageously, a
hydrogen halide is the source of hydrogen ions and halide ions.
The carbonylation is preferably integrated wi;h a method of
producing IBPE from isobutylbenzene wherein the latter compound
is subjected to Friledel-Crafts reaction with an acetylating agent
to produce 4-isobutylacetophencne, which is then reduced with
hydrogen in the presence of a hydrogenation catalyst, or with a
reducing agent contalning available hydrogen, to obtain IBPE.
The palladium catalyst complex can be precipitated from
an organic phase of the carbonylation reaction thch typically
includes the ibuprofen product. The precipitated catalyst

complex can be recycled without further treétment;

This Sheet Has Been Reﬂlaced




These exanples illustrate the effect of not having the required quaatitsr’ of
bot h di ssoci ated hydrogen ions and halide ions under the invention
(Exanmpl es A and B), not having sufficient hydrogen ions (Exanples C and D),
not having sufficient hydrogen ions obtained froman acid which is
substantially conpletely ionized in dilute agqueous sol ution (Exanple E) or
not having sufficient halide ions (Exanple F). The procedure of Exanple 6
was followed except that water (25 g) (Exanples Ato E) or 29%
Herr]SJerr] (27 mM) (Exanple F), was used in place of 10%HC . In

addi tion, no potassi um hydrogen sulfate was used in Exanple F;, 27 m of

acetic aci dusas.usgd ighdl ene Lh Exanple E 10 nmmol of Iithium
chlori de inigx%gpk%ep 24 nnDIﬂ%¥9$?é%?ﬁ%#%ﬁ?o??dédﬂﬁdE%anpbe Bystdm69 nmol

metallic or zero valence state (Pa’y, then any
The solvent may

solvent used should be non-hydrocarbon.
be present in a weight ratio of solvent to IBPE in the
5 range, for example, of about
0 to 1000:1 ref
oo T r P erably about

et paged e,
e 0 paged 0

o paged ...,

g
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-19- of potassiumchloride in Exanple E were charged to thg
source of chloride ions; and 0.3 mml of t-butylcatechol ip
D, 28 mmol of acetophenone in Exanples B and D, and 3.2 mmp
p- mer capt oacet ophenone in Exanple E, were al so added. The feaction tines

were 6 h in Exanples A, E abd F, 8hi‘r§‘ExarrpIeB 7 _h i rExampte—€—and-

48 h in Exanple D. e inesgdiisc al’aetSrhﬂMﬂle dal@sbhe ddeiagndneSel ectivity
Exanpl e Conv. % .| buprof en; 3-1 PPA | BS HE A
33 reactiono Inorganic ﬁ?lts whlqy may be;qud are, for exqmyle,

tr thosg yiéldin% anions‘%omprising oxygen, and sulfur, phosphorus,

aluminum, or silicon, including such anions as hydrogensulfate,
pyrosulfate, ortho-phosphate, pyrophosphate, alumihate, or silicate
and cations such as sodium, potassium, calcium, or magnesium, or
another cation which does not interfere with the reaction, e.qg.,
ammonium or alkylammonium such as tetrabutylammonium. Other
inorganic salts such as calcium chloride may also be added. The
inorganic salt, if used, will generally be present at a
concentration of, for example, about 0.1 to 50%, preferably about 1
to 20% by weight of total charge.

| In addition to those mentioned previously, other
additives and ligands may be added to the reaction, e.q.,
acetophenone and substituted acetophenones such as
p-mercaptoacetophenone.

In some instances, an undesirable heavy'énds fraction may
form during the reaction, possibly due to a polymerization
mechanism of unknown nature. In view of this, it may be beneficial
to incorporate a polymerization inhibitor in the reaction mass.
Inhibitors which may be used for this purpose include, for example,
t-butylcatachol, hydroquinone, m-dinitrobenzene,
N-nitrosodiphenylamine, picric acid, sodium sulfite, hydroquinone .-
and the like. If an inhibitor is utilized, it may be incorporated
in an amount, for example, of about 0.01 to 15%, preferably about
0.1 to 5% by weight based on the weight of IBPE.

The IBPE used to produce ibuprofen in accordance with the
method of ihis invention may be made by any of various means.
Preferably, however, the carbonylation reaction to produce
1bupr6ten {s integrated with a method of producing IBPE from

isobutylbenzene wherein the latter compound is subjected to



, { Sl
C 64 0 0 7 19 D
68 3 tr 6 37 E 99 2 3 AUG 1996
23 54 2 7F 97 5
3 12 69 The results of Tabled- indicate that a mninu tant Tty
of both dissociated hydrogen ions obtained froman acid which ijfs

subst ant i aldxi eao1U@k €4 Yrda@Bided it sh lddle@y BEHISRUSg SR Wbi Pdbavand nal | de
ions are necessary for substantial yields of ibuprofen, and that reaction
times of rro‘r’ésf’h'éwlfS‘zf?P'?WﬂeV\ﬁIIBIA%r‘Hb‘éEBI ¥s nidtens spdueedov | fic hedsw@enhe
yield. Exang @fielrds@ndd &SRy freRURkEfor Lhistyat eot ha isg glausulduric acid
as the source o?l%ﬁ ssgci a?( ed ﬁ{/drogen I ons ins‘{ eadoof I—t|CI. %ﬁé’ pch(()cedure of
Exanpl e 6 vesnkotérowddiexceptlatie hyfieogen, to obtain IBPE.
The Friedél-Crafts'acetylation-of isobutyibenzene to

produce 4-isobutylacetophenone proceeds in accordance with equation

(IX):

CHJ CH CH

] Catalyst | 3 ] 3
cx{3cacn2@ + CH,COX rcu3cucu2_©_c-o + HX (II)

where X is the residue minus an acetyl group of compounds which

are known acetylating agents. X may be, for example, hyaroxy,
acetoxy, or halide including chloride, fluoride, or bromide.
Acetylating agents which may be used are for example acetic acid,
acetic anhydride, acetyl fluoride, acetyl chloride, acetyl
bromide;.énd Xetene, which results from the ébstraction of HX
fron-the foregoing acetylating agents prior to the acetylation
reaction. The acetylating agaent may be used in an amount, for
example, of about 1 to 4 moles, preferably about 1.1 to 2.0 moles
per mole of isobutylbenzene employed.

The Friedel-Crafts catélyst may be hydrogen flﬁoride or
any other catalyst known in the art to be effective for the
Friedel-Crafts reaction, e.é., aluminum chloride, zinc chloride, -
or boron trifluoride. 1In carrying out the reaction,
isobutylbenzene, acetylating agent, and catalyst, may be charged
to a corrosion~resistant reactor and the mixture maintained at a
temperature, for example, of about 0 to about 120°C, for a
period, for example, of about .0.5 to about S5 hours. The pressure
is not critical and atmospheric or autogenous pressure may be
utilized. If HF is used as the catalyst, it may be charged as a
liquid or a gas using technologies of handling well-known to

those skilled in the art. In carrying out the reaction, an inert

gas such as nitrogen may be used to keep sufficient HF in contact
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10% HC1 was replaced by 40% sul furic acid (25 g, 102 mol
Herr]OHerr]0=0.123) in Exanple 11, or 28.4%sul furic afif 06ZHAUG 192
mol, Herr]O/Herr]0=0.073) in Exanples 12 and 13, and hoj potassium .‘
hydrogen sul fate was added in Exanpl egqell. In addition, 70 | ram |
chloride were added in Exanple 11, 69 nmmol of potassium chloride were_added;
i n Exanpl esthl 2he archfiIngmmilquod . pehassids® BF o de yera.adgadea foranpl e 13

as sources of halide ions; 25 m of acetonitrile were used in Exanple 12

and 25 ni e¥¥PREEr h3OUSt AYITO 100 JtR)eR ot RfTfd e AR K ARPEE 263 tas2R9YF vt

repl acenept fed PerbeNZene; i ABAeHrInTORL Oficka bt Bhealaehql ciere added in
Exanpl e 12, and 2.8 mmol of

reaction zone. :

The hydrogenaéion or reduction of IBAP to form IBPE
proceeds in accordance with equation (IXI) where "{H)" represents
the available hydrogen in hydrogen gas in the presence of a
hydrogenation catalyst or in a hydrogen-containing reducing agent
such as sodium borohydride or lithium aluminum hydride:

CH3 CH

CH CH
3
| | S 3
CH,CHCH, c=0 ~~ CH,CHCH, O CH-OH  (III)

The hydrogenation or reduction as shown in equation

(III) may be accomplished, for example, by contacting IBAP as is

or dissolved in an appropriate solvent with a hydrogenation

catalyst in the presence of hydrogen. The solvent may be, for

example., methanol, ethanol, t-butanol, aquéous alcohdl, toluene,
diethyl ether, tetrahydrofuran, or 1,4-dioxane, and the IBPE:
solvent welght ratio may be in the range, for ekample of about

1:1 to 1:100, preferably about 1:2 to 1:20. The hydrogenation
catalyst may be, for example, a transition metal on a suitable
_support. Preferred transition metals are nickel, e.g., Raney
nickel, and other Group VIII B noble metals, e.qg., palladium;
platinum, rhodium, iridium, and ruthenium, and some suitable
supports are, for example, carbon, alumina, silica, and polymeric
-resins. The metal concentration on the support in weight ratio
of metal:support may be in the range, for example, of about 1:100
to 1:2, preferably.about 1:50 to 1:10, and the weight ratio of
catalyst system:IBAP is, for example, in the range of about 1:500
to 1:2, preferably about 1:30 to 1:5. 1In carrying out the
reaction, the hydrogen preésure may be in the range, for example,
of about 10 to 1200 psig, preferably about 7S to 300 psig: the

reaction temperature may be in the range, for example, of about
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acet ophenone were added in Exanples 11 and 13. The reactlidn tines were 19!h
in Exanple 9, and 6 h in Exanples 12 and 13. The resul tjs jare3gugveosn

Table I'll: Table Il Percent Selectivity Exanple donfv. % ;
| bupr of en 3- 1 PPA | BS HE 11 99 ~6

16 0 4 12 96 11~ 42 6 tr ‘
34 13 99 69 9 tr 10 The results
of Table I'll indioate isbat, pubfdhably abodei o doSabicSf afd QRY SQUEEE Qfire

hydr ogen ions, that hallde salts are an effective source of halide ions and
that acetonitril &¥sP% Peld J289%-allPE KEMPILht AhaRCWt et tBetPshowfs.it s
tendency to for mpkeayyavepdsocat 1 e cexpanseupd. | BHPLOBR conditions,

addition of a base or passivation of the reactor with base

the

may
be desirable to prevent hydrogenolysis.

Alternative to the hydrogenation reaction as described,
the reduction reaction shown in equa;ion {II1) may be
accopplished, for example, by slowly adding to a cooled solution
of IBAP in an alcohol, e.g., methanol, ethanol, or t-butanol, or
an ether such as tetrahydrofuran or diethyl ether, a reducing
agent containing available hydrogen, e.g., sodium or potassium

borohydride or lithium aluminum hydride. The solution may then

be warmed to room temperature and heated at reflux, e.g., for a

period of about 0.5 to 3.0 hours.

In the carbonylation of IBPE to ibuprofen, it would te

worthwhile to recover and recycle the palladium catalyst complex

in relatively pure form from the ibuprofen reaction products, in

view of the cost of the carbonylation catalyst. Similarly, it
would be highly adyantageous to maintain high-conversion, high
selectivities apd high yields.even after recytcling the catalyst
several times: ‘It would also be useful to recover the catalyst
by means which does not degrade or decompose the catalyst.
Recovery and recycle of a sufficiently pure palladium catalyst

_has been attempted in other chemical industry processes with
limited success; the recovery being dependent on the particular
variables of the process involved. Typically, a sufficient
amount of a catalyst sludge is eventually formed and is returned
to the reactor, see U.S. 3,455,989. As disclosed in U.S.
4,013,583, a palladium complex c;talyst used in the
c;rboqyiation, hydroformylation and hydrogenation of olefins was
récovered and regenerated. Recovery of the palladium
carbonylation catalyst was achieved by dispersing the ligand-
stabilized palladium halide catalyst in quaternary ammonium,

phosphonium or arsonium salts of trihalostannate or
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Exanples 14 to 17 These exanples illustrate the use of
di ssoci ated hydrogen ions and halide ions. The procedur
foll oned except that a 16.2% HBr (25 g, 50 nmol, Herr]
used in Exanples 14, 15 and 16 and a_22. 7% HBr (25 g, 7 mml,

Herr]Q H err] O=0. 065) was used in Exanple 17 in place 09 HC as a
source of hydrigangeonrsaged [tavederi ahs; parmbhydm ebhylysketreoterqr2d ttgn Was

used as solvent in E_Xﬁgp es 16 and 17; of t-butyl catechol was
added in Exaffe&ifg S NS °6fge§hﬁ5?% 6?'&%&‘é"f‘Bphenone in Exanpl e 15;

and the reaction tinmes Wasené. beeh doeabpéam ihat k5 @Rl chibomhtiod & in
Exanpl e 16. The results are 9i ven in Table |V:
1-{4-isobutylphenyl)ethanol (IBPE) to 2-(4’~-isobutylphenyl) -

£

propionic acid, i.e., ibuprofen, in an acidic aqﬁéous medium, the
carbonylation catalyst consisting essentially of palladiun
halide, complexed with a triorganophosphine ligand, can be
precipitated from the reaction products in substantially pure
form and recycled directly to the carbonylation reactor.
Precipitation of the catalyst is not induced by the addition of
extraneous agents as in U.S. 4,013,583, which agents may
adversely effect catalysis and the nature of the product formed.

In accordance with the present invention, the palladium
complex catalyst used in the carbonylation of IBPE to ibuprofen
according to equation (I) is precipitated in substantially pure
form and can be collected for recycle to the carbonylation
reaction. It is believeé that the unique mixture of carboxylic
acids including ibuprofen in the product, and the remaining
organic medium such as solvent allows for the formation and
ultimate precipitation of .the phosphine ligand-stabilized
palladium complex catalyst without the addition of a separate
complexing agent which may alter in a significant way the
chemical composition of the catalyst complex.

Upon completion of the carbonylation reaction such as i
by equation (I), a reaction product is formed which contains two
separate liquid phases. The heavier aqueous phase contains the
dissociated hydrogen and halide ions while the lighter organic
phase contains the ibuprofen product, organic by-products, any
solvent and the soluble palladiﬁm conmplex catalyst. To recover
the catalyst, the aqueous and organic phases must be'separated.
Separation of the phases can be done by well-known techniques
such as by decantation from a separatory funnel and the like.

If the phases are not well defimed on completion of the

carbonylation reaction, an organic solvent can be added to
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-21- Table IV Percent Selectivity Exanple Conv. % ﬁ1{%ﬁt.ahfiwf4‘w'--'
3-1 PPA | BS HE 14 100 85 \
5 15 99 59 : 3 13 !
100 62 14 0-13- 6 17 i
69 impr%ve phastiﬂg . Forlgxani'ﬁe': esH lat §eaq;'c 1-£Fbr!1 %i.lu\n{ -.!rhr}.d hC t

Is a satisfactory source of hydrogen ions and halide ions for

t hi s i nventfOY2 1B feEcas sPhdeny Geeturs nethEx @yl e Ketonas thel Towed except
t hat

addition of ethyl acetate has been found to greatly improve the
phase separation between the aqueous and organic phases. The

amount of phasing organic solvent added to enhance phase
separation can vary widely but, will typically range from about
0.1 to 10 parts volume per part volume of liquid reaction medium.
The aqueous phase once separated can be returned directly to the
carbonylation reactor, any suspended metallic Pd' remaining in
the aqueocus phase after precipitation of the palladium catalyst
complex can be recovered by filtration of the aqueous phase.

If a solvent has not been used in the carbonylation
reaction, the phosphine liigand-stabilized palladium catalyst will
precipitate out of the organic phase in essentially pure form.
This precipitate can be collected and recycled directly to the
carbonylation reactor. No treatment of the catalyst precipitate
is needed pri;r to recycle.

If a solvent has been used in the carbonylation
reaction, the solvent must be removed before precipitation takes
place. Removal of solvent from the organic phése can be done in
various ways such as by extraction or by distillation. Further,
certain solvents useful in the carbonylation are good
coordinating solvents and serve as ligands which form a tightly
bound complex with the palladium catalyst. Ketones are examples
of good coordinating solvents. Thus, if a coordinating solvent
has Seen used, a noncoordinating solvent can be added to
disengage the coordinating solvent from the palladium phosphine
complex catalyst. Upon addition of the noncoordinating solvent,
the palladium phosphine complex éatalyst precipitates from the
organic phase. Tﬁe amount of noncoordinating solvent added to
precipitate the palladium complex will also vary widely depending
on the solvents used during the carbonylation. 1In general; about
0.1 to 10 parts volume of noncoordinating solvent per part volume

of organic phase will disengage the solvent ligand and provide



34 g of 24% et hanesul fonic acid (Herr]O Herr] 0=0.059) was uti |ikzed*
the source of dissociated hydrogen ions in place of the HBr sol uti

mmol of sodium bromi de was added as a source of halide ions. Theconmpsé
of I BPE was 99% and the selectivities ofgthe product conmponents

e i
i buprofen 71% 3-1PPA 13% IBS."tr".. and HE 8% .The results of tHi s—exanple
: nggocate théf’%n‘é'ieﬁéﬁétsauﬁxf n?giz}a‘c?i Bali1§%éu'§?ﬁ%°§f’?éﬁeorcﬁm§i%’f G ratYHilssoci a{rp

hydrogen i ons édmpndl PO asOfull Bosvérdty Rl ¢0RooEX Bt Ye@Swibh tthe2?
exanples illustrate the use of various additives to the reaction system as

di scussed pPaYIHUSEY SOMMEXpFRRAYSF et DPeERBIATEYE ¥riereol | Bra@@lex ot t hat
0.3 mmol of f7busdinat 66 ab1¥a s2dHethdeNe EXAILESH 1 o2y 2berdld,;

nonaromatic hydrocarbons such as hexane and heptane; and aromatic

hydrocarbons such as benzene and toluene. The addition of ethyl

acetate to the organic phase containing the methyl ethyl ketone
initiates precipitatibn of the’ﬁﬂospbine ligand stabilized -
palladium halide complex catalyst at about 70°C to 80°C. In each
case, whether or not a coordinating sclvent is present or whether
the solvent is removed or a noncoordinating solvent is added, the
palladium halide complex catalyst typically can be precipitated
over a temperature range of about 0°C to 100°C with a preferred
temperature range of 25°C to 90°C and thus, some'cooling may be
required.

Cagbonylation of IBPE to ibuprofen with the recycled
aqueous phase and palladium catalyst does not require any éhange
in process conditions. It is only necessary to add make-up
hydrogen and halide ions to the aqueous phase and provide for
make-up catalyst. It has been found that about 90% of the
palladium catalyst will precipitate and can be recovéred for
recycle.

Thus, in accordance with the present invention,
ibuprofen is prepared by carbonylating 1-(47-isobutylphenyl)-
ethanol with carbon monoxide under the process conditions set
forth above, in which the carbonylation catalyst is palladium
halide complexed with triorganophosphine. The carbonylation
reaction takes place at a temperature of at least about 10°C and
a carbon monoxide pressure of at-least about 500 psig and in the
presence of 1) the palladium complex catalyst; 2) dissociated
hydrogen ions such that the molar ratio of hydrogen ions to IBPE
added to the reaction zone is at least about 0.15; 3) dissociated
halide ions such that the molar ratio of halide ions to IBPE

present in the reaction zone is at least about 0.15 and 4)



22, 2.8 mml of acetophenone in Exanples 20, 21, and 2 a,ng éﬁ I]

p- mercapt oacet ophenone in Exanple 22; and the reactlo EI AES W qu !h I N
Exanple 19, 20 h in Exanples 20 and 21, and 19 h in atm.L.emz‘Z.,_ ts

are shown in Table V: -22- Table V-Bgrrcent Selectivyity Exanple
Conv. % | bunr of en 3-1 PPRA 1 BS HE 19 98 y
49 20 optionall® an orgbnd solvent. Uponbmpletion of the/4eaction, 7
0 4 21 98 L 0 3
two phases are formed, an aqueous phase containing the

dissociated hydrogen and halide ions and an organic phase

containing the ibuprofen, byproducts and solvent,

-

if used. The

aqueous phase is removed by known separatory Eéchniques and

returned to the reactor. . Upon removal of any solvent from the

organic phase, the palladium halide complex catalyst precipitates
from the organic phase in substantially pure form and can be

collected and recycled directly to the carbonylation reactor.

DESCRIPTION OF PREFERRED EMBODIMENTS OF THE INVENTION

Examplaes 1 to 105, which foilow, illustrate the method
of the invention related to the overall improved method for )
production of jibuprofen. Comparative Exaﬁples AtoL illust;ate
conditions and results wherein at least one condition is outside
the scope of the invention.

Example 1 illustrates the production of IBAP by the
Friedel-céafts acetylation of isobutylbenzene with acetic
anhydride as acetylating agent in accordance.with equation (II);
wherein X is acetoxy.

Example 1

Isobutylbenzene (254 g, 1.9 mol) and acetic anhydride
{385 g, 3.8 mol) were added to a Hastelloy C autoclave which was
then cooled to 5°C and evacuated (150 mm HgA). Anhydrous i
hydrogen fluoride (1877 g, 94 mol) was added and the contents of
the autoclave were warmed to 80°C for 3 h. The hydrogen fluoride
was vented through a caustic scrubber using a nitroqén sparge.
The contents of the autoclave were poured onto ice, neutralized
to a pK of 7 with potassium hydroxide, and extracted with ethyl
acetate. fﬁe ethyl acetate solution was dried over anhydrous
magnesium sulfate and concentrated under reduced pressure to give
the crude product. The reaction was determined by gas-liquid

chromatography (GLC) to have proceeded with 85% conversion of

isobutylbenzene and 81% selectivity to IBAP.



22 100 82 4
30 These exanples illustrate the use of differen
this invention. The procedure of Exanple 6 was f
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| lowed _ex a
t ol uene (Exanple 23), tetrahydrof urae- (Exanple 2

and 26), acetone (Exanpl ep.afhyeMPtilylseihul ket g@&&ﬁxmfe@&) oy 3k
acetonitrile (Exanples 29 and 30), and 36 g of 10% HCl1 was used I n Exanple

25. I'n addition, h@d3aeARF il of - b%ft%/lueao‘eo%éla%ﬁ‘ew'&ééeq IPRERHHTReds 23 to
:2),(5) 29 and 30, 2h§aFGH%|na9onﬁQ:§Tc9 NQRE, YR8, Added REXa) ??11%3 §Qa 25 and

and 3.2 mmol of p-nercaptoacetophenone were added in Exanples 26 and

27; and the reactrphotingesethenel 6as ai poBxeantpl es 23 to 29 and 19 h
Example 2
- A 300 cc stainless steel autoclave was charged with

4~isobutylacetophenone (IBAP) (35.2 g, 0.2 mole), 100 ml of
methanol,"and 5 g of 5% palladium/carbon catalyst. The contents
of the autoclave were warmed to 30°C under 100 psig of hydrogen
for ¥ h. The resulting mixture was filtered and the methanol was
removed on a rotary evaporator. The reaction was determined by
GC to havg proceeded with 99.5% conversion of IBAP and 96.6%
selectivity go IBPE.

Example 3 shows the production of IBPE by the
hydrogenation of IBAP using a procedure similar to Example 2
except that no solvent was employed.

Example 3

. A 500 cc reactor was charged with IBAP (225 g, 1.26
mol), 5% Pd/C (10 g, 4.7 mmol), and 2N NaOH (0.2 ml). The
autoclave was purged three times with N, (100 psig) and twice
with 100 psiqg -H,. It was pressured to 125 psig with H, and the
contents were stirred at room temperature until H, absorption
ceased. The catalyst was filtered using a small column of
celite. GLC analysis of the crude mixture showed Qi% IBPE and
§.2% l-(4’-isobutylphenyl)ethane. The mixture was purified by
distillation under reduced pressure (bp= 85-88°C at 0.5 mm HgA)
to give 96-97% pure IBPE.

Example 3A illustrates the production of IBPE by the
hydrogenation of IBAP in accordance with equation (IXII), using
Raney n}ckel as hydrogenation catalyst, and in the absence of a
solvent.

Example 3A
A 500 cc stainless steel autoclave was charged with

IBAP (225 g, 1.26 mol) and Raney nickel (22.5 g 0.38 mol). The



in Exanpl e 30. The results are shown.in Table VI: Tabl e}Vl 2B AblGt 1996

Sel ectivity Exanple Conv. % | bupr of en 3-|1 RPA | BS ___HE
23 99 43 16 tr 20724 1‘
99 56 14 117~ 9 25 99
76 12 0 11 26 _ 99 _ 65

13 1 ri%csff was purged thﬁ§§ times with Nz(?go psig) and t¥yqe with
4 28 108%sig H,. It was/Bressured with #Bat 70°cliintil H, aBs@Drion

97 48 : 7 tr 40 30 .

26 geased (fPout 3 havrs). The resulting mixture was filtered. GLC

analysis of the crude mixture indicated >99% IBPE conversion with
selectivities of 98% and 1.5% to IBPE and 1-(4"-
isobutylphenyl)ethane respectively.

Examples 4 to 98 illustrate the inventive method for
producing ibuprofen by the carbonylation of IBPE while Exampies A
to L are outside the scope of the invention.

a es ang s

1-{4’-Iscbutylphenyl)ethanol (IBPE) (10.0 g, 56.0
mmol), PAC1,(PPhy}, (260 mg. 0.37 mmol), 10% HCl (25 g, 68 mmol
HCl, H;0°/H;0=0.055) and benzene (27 ml) wera charged to a 300 cc
Hastelloy C autoclave which was sealed and purged twice with N,
and CO. The autoclave was pressured to 800 psig with CO and the
contents were heated to 125-129°C for 16 h (Example 4), or 6 h
(Example 5), with stirring. The autoclave was cocled to room
temperature, vented of CO, and the sample was collected. The
organic layer was separated from the aqueous layer which was
washed with ethyl acetate (75 ml). The organic fractions were
combined, dried over anhydrous sodium sulfate, and concentrated
under reduced pressure to give a greenish oily product.

Examglgg § ;Q IQ

The procedure of Examples 4 and S was followed except
that 11 mmol each of fused potassium hydrogen sulfate (Example
6), sulfuric acid (Example 7), polyphosphoric acid (Example 8),
11 mmol of potassium hydrogen sulfate and 0.6 mmol of
tetrabutylammonium hydrogen sulfate (Example 9), or 8 mmol of
calcium chloride (Example 10}, ;ere also charged to the autoclave
and 27 ml of methyl ethyl ketone in place of benzene in Example
10. In addition, 2.8 mmol of acetophenone were also added in
Examples 7, 8 and 9, and 0.3 mmol ot't—butylcatechol in Example

9. The reaction time was 19 h in Examples 6, 7 and 8, and 6 h in

Examples 9 and 10.
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The results of Table VI indicate that a variety of solvents can
the nmethod of this invention. However, ketones and cyclic ether
result in higher yields of ibuprofen than acetonitrile which tend

Conparati ve Exanple G This exanpl e idiBdstrates the effect of reduc

reaction pressure bel owshpe, H0kiiMukesld o HXapfis .l DyaRtian
procedure of Exanple 6 was foll owed except that e reaction was charged

Wi th 400 psig ofhedpret bYobhs ttempePunr@ren. >n (addispPeny18honyinptogdfonic

p- mer capt oacet oph@noRg; ass aldede ANd sbher rgastid8eld B-Yas,6 h. The

conversion of |BPE was 97% and the selectivities of the product conponent

wer e ilauprofen P0%pbatylSPArene (IBS), and a heavy ends component (HE) which is
believed to comprise polymers of 4-isobutylstyrene as well as
"other high boiling compounds. The results are shown in Table I
wherein "Conv." indicates percent conversion of IBPE and the
numbers under the product component designations are percent

selectivities to those components, with the symbol “tr®

indicating a trace of that component.

Table X
Percent Selectivity
Example Conv. % Ibuprofen 3-IPPA IBS HE
4 98 56 26 tr 4
S 99 56 21 tr 7
6 99 69 18 (v} &
7 : 98 69 15 tr s
8‘ . 99 70 16 0 4
9 100 67 21 tr 4
10 . 99 78 23 tr 4
Comparxative Examples A to T

These examples illustrate the effect of not having the
required quantity of both dissociated hydrogen ions and halide
ions under the invention (Examples A and B), not having
sufficient hydrogen ions (Examples C and D), not having
sufficient hydrogen ions obtained from an acid which is
substantially completely ionized in dilute aqueous solution
(Example E) or not having sufticient halide ions (Example F).

The procedure of Examﬁle's was followed except that
water (25 g) (Examples A to E) or 29% H,50, (27 ml) (ﬁxample ).,
was used in place of 10% HCl. In addition, no potassium hydrogen
sulfate was used in Example F; 27 ml of acetic acid was used in
place of benzene in Example E; 10 mmol of lithium chloride in

Example C, 24 mmol of lithium chloride in Example D and 69 mmol
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3% |1BS 24%and HE 19% These results indicate that using & pAEESTre bkl pw
500 psig results in a substantial reduction in the yielfdiof ibuprofen pn
an increase in the formation of 4-isobutylstyrene. Exappl€s 3T and 32 an

Conparative Exanples Hto J These exanpdes illustrate tthe effects of
varying the compesiddaQDi@f chige LAl | VSbhnp 106 RLPERIU,§e Pl EXAMLEAE YaS
fol | owed except trs#attat h:a recactfon ti n‘%}av“\‘/gs gehe?n Exér%ﬁfets? 31, 32? I, and

J, and 4.5 h in2ExampnecH ot hblewdal yuts :wasd @.-44mmaip e € of -oRU Tl fagerfoland 1. 9
mrol of triphen ghhinge o( P d r | Yid B B80!l e .33.,0.3
mol of the con%%zﬁh%f Exangﬁeﬁgigﬁg‘%?gcﬁﬁgﬁm%%gﬁﬁﬁégﬁ de §£6§raﬁbf?zln
Exanpl e 32, 1 g3e? "5%lpaf |raccur seppordrd@none car Bosmple E, were also added.

The reaction times wvere 6 h in Examples A, E and F, 8 h in

.Example B, 7 h in Example C, and 48 h in Example D. The results

are shown in Table II:

Table XX
Percent, Selectivity
Example Conv. % Ibuprofen _ 3-IPPA IBS HE
A 33 0 o 8 7
B 19 tr 0 2 4
C 64 | Q 0 7 19
D 68 3 tr 6 37
E 99 23 S4 2 7
F 97 S 3 12 69

The results of Table II indicate that a minimum
quéntity of both dissociated hydrogen ions obtained from an acid
which is substantially completely ionized in dilute aqueous
solution, and halide ions are necessary for substantial yields of
ibuprofen, and that reaction times of more than 15 to 20 h will
probably not serve to increase the yield.

Examples 11 _to 1)

Thesg'examples illustrate the use of sulfuric acid as
the source of dissociated hydrogen ions instead of HCl.

The procedure of Example 6 was followed except that the
103 HCl was replaced Qy 40% sulfuric acid (25 g, 102 mmol,
H30°/H,0~0.123) in Example 11, or 28.4%3 sulfuric acid (25 g, 71
mmol, H;0°/H,0=0.073) in Examples 12 and 13, and no potassium
hydroggn sulfate was added in Examples ll. In addition, 70 mmol
ot_sédium chloride were added in Example 11, 69 mmol of potassium
chloride were added in Examples 12, and 69 mmol of potassium
bromide were added in Example 13 as sources of halide ions: 25 ml

of acetonitrile were used in Example 12 and 25 ml of methyl ethyl



wi t hout any phosphine ligand in Exanple J, and 8.4 mmol of PdCd [err]

w t hout any phosphine ligand in Exanple |I. No catalyst at all was used in
Exanple H. In place of HBr, 25 g of 10% HCl was the acid used in Exanple J,
and the solvent was 27 ml of benzene ipgExanples | and J. In Exanple I, 0.6
mol of t-buegbrat 2 Eeinpias 1addedoWinker 12 cBBOA e Ofr o p-vENz@aPF Q@b ophenone
were added in Exanple J. The results are shown in Table VII. -24- Table
VI Percent ™&Leff i PEyY FSaLfphet vere addpdy irgFxanmple ppy@nGf @n8 mmod. pppa

| BS HE

acetophenone were added in Examples 11 and 13. The reaction

times were 19 h in Example 9, and 6 h in Examples 12 and 13. The

results are shown in Table III:

Table IXIX
Pexrcent Selectivity
v u -
11 99 70 16 0 4
12 96 42 6 tr 34
13 99 69 '9 tx 10

The results of Table III indicate that sulfuric acid is
a satisfactory source of hydrogen ions, that halide salts are an
effective source of halide ions and that acetonitrile is a less
desirable solvent than others because of its tendency to form
heavy ends at the expense of ibuprofen.

- Examples 14 to 17

These examples illustrate the use of HBr as a source of
dissociated hydrogen ions and halide ions.

The procedurs of Example 6 was followed except that a
16.2% HBr (25-g, 50 mmol, H;0°/H,0=0.044) was used in Examples 14,
15 and 16 and 2 22.7% HBr (25 g, 70 mmol, Hy0°/H;0=0.065) was used
in Exampls 17 in place of 10% HCl as a sourca of hydrogen ions
and halide ions; methyl ethyl katone (27 ml) was used as solvent
in Examples 16 and 17; 3.0 mmol of t-butylcatechol was added in
Example 14 and 3.2 mmol of p-mercaptoacetophenone in Example 15:
and the reaction times were 6 h in Examples 14, 15 and 17, and

5.3 h in Example 16. The results are given in Table IV:




31 99 62 19 tr 11 32 99

51 20 tr 10 H 72 0 0
44 38 | 96 tr 0 86 13 J
94 25 2 14 _21-17 The results of Table VI

I ndi cate that the phosphine Iigand nmay be added separately with the

pal | adi um conpound to obtain a satisfactory yield of ibuprofen, but that a
pal | adi um catal yst with an appropriate ligand other than COis required in
order to obtain satisfactory yieldsyebyd wprofen. This is illustrated by
the results of Exanples 31 and 32 as conpared with those of Conparative

Exanples H |, and J wherein no ca € n Exanpl e H,
and no phosghipge | 1 gandoy@s yenpl oygdupfo franpl fSpbaand ds  up

14 100 8s 8 tx 5

15 99 59 3 13 10

16 100 62 14 ] 6

17 100 69 8 tr 12

The results of Table IV indicate that HBr is a
satisfactory source of hydrogen ions and halide jons for purposes
of tﬁis invention.

Example 18

The procedure of Example 17 was followed except that
34 g of 24% methanesulfonic acid (H;OUﬂho=6.059) was utilized as
the source of dissociated hydrogen ions in place of the HBr
solution and 69 mmol of sodium bromide was added as a source of
halide ions. The conversion of IBPE was 993 and fhe
selectivities of the broduct components were ibuprofen 71%,
3-IPPA 13%, IBS "tr", and HE 8%.

The fesuiﬁs_of this example.indicate that
methanesulfonic acid is_a'satisfactory source of dissociated
hydrogeﬁ_ions for purposes of this invention.

ample S_to

These examples'illustfate the use of various additives
to the reaction-sjstem, as discussed previously.

The procedure of Example 6 was followed except that
0.3 mmol of t—butylcatechol was added in Examples 19, 20, 21, and
22, 2.8 mmol of acetophenone in Examples 20, 21, and 22, and 3.2
mmol of b~mercaptoace£ophenone in Example 22; and the reaction
times were 15 h in Example 19, 26 h in Examples 20 and 21, and

19 h in Example 22. The results are shown in Table V:




Exanples 33 and 34 illustrate the enpl oynent of higher and | ower reaction
tenperatures than was enployed in the previous exanples. Exanples 33 and 34
The procedure of Exanple 16 was foll owed except that the reaction tinme was

6 h and the reaction tenperature was 1%[err] Cin Exanple 33 and 100[err]C
in Exanple 34. The results are shown i

able VIII. Table VIII Percent

Sel ectivity Exanple Conv. . % Tablg Nupr of en 3- 1 PPA | BS HE
33 99 75 1 N cctivi 34
99 69 _ 11 T illustrate
t he enpl oynemkawsleoper abitamv. 3 Ibuprofen 3-IPPA 1BS HE

19 98 49 20 0 6

20 98 74 7 ‘o 4

21 98 - 69 5 0 3

22 100 82 4 tr 8

Examples 23 %o 30

These examples illustrate the use of different solvents
in the method of this invention.

The procedure of Example 6 was followed except that the
benzene solvent was replaced by 27 ml each of other solvents as
follows: toluene (Example 23), tetrahydrofuran (Example 24),
dioxane (Examples 25 and 26), acetone (Example 27), methyl ethyl
ketone (Example 28), and acetonitrile (Examples 29 and 30), and
36 g of 10% HCl was used in Example 25. In addition, 0.3 mmol of
t-butylcatechol were added in Examples 23 to 25, 29 and 30, 2.8
mmol of acetophenone were added in Examples 23 to 25 and 30, and
3.2 mmol of p—mercaétoacetophenone ware added in Examples 26 and
27; and the reaction times were 6 h in Examples 23 to 29 and 1% h

in Example 30. The results are shown. in Table VI:

Table VI
e t Selectijivi
am ] cony. bu 3- B H -
23 99 43 16 tr 20
24 99 56 14 tr 9
25 99 76 12 o) 11
26 99 65 13 1 18
27 99 75 . 21 tr 4
28 99 72 18 tr 6
29 97 48 7 tr 40

30 95 26




CO pressures higher and | ower than that enployed in the previous ey
-25- Exanples 35 to 38 The procedure of Exanple 16 was foll owed exd
the pressure was varied in each exanple. The pressures enpl oyed anc

results obtained are shown in Table I X Percent Selectivity Exanpl g BAUG 199
Pressure. psig Conv.. % |buorofen "% PPA IBS HE 35 1
gg 121 OThe l%sults OQ Tablge §§ indicate thatlgo\’oariety of %

solvents can be used in the method of this

invention. However,

ketones and cyclic ethers appear to result in higher Qields of

ibuprofen than acetonitrile which tends to cause the formation of

.~

a larger amount of heavy-ends than the other solvents.

Comparative Example G
This example illustrates the effect of reducing
reaction pressure below the minimum required by this invention.
The procedure of Example 6 was followed except that the
reaction was charged with 400 psig of CO at room temperature. In
addition 3.2 mmol of p-mercaptoacetophenone was added and the
reaction time was 6 h. The conversion of IBPE was 97% and the
selectivities of the product component were ibuprofen 20%, 3-IPPA
3%, IBS 24% and HE 19%. These results indicate that using a .
pressure below S00 psig results in a substantial reduction in the
yield of ibuprofen and an increase in the formation of
4-isobutylstyrene.
Examples 31 and 32 and
Comparative Examples H to J
These examples illustrate the effects of varying the
composition of the catalyst. .
The"pfoceAure of Example 16 was followed except that
the reaction time was 6 h in Examples 31, 32, I, and J, and 4.5 h
in Example H; the catalyst was 0.44 mmol of PdCl, and 1.9 mmol of
triphenyl phospﬁine {PPh3) added séparately in Example 31, 0.37
- mmol of the complex of Example 4 and 0.7 mmol of PPh3 addéd
separately in Example 32, 1 g of 5% palladium supported on carbon
without any phosphine ligand in Example J, and 8.4 mmol of PdCl,
without any phosphine ligand in.Example I. WNo catalyst at all
was used in Example H. In place of HBr, 25 g of 10% HC1 was the
acid used in Example J, and the solvent was 27 ml of benzene in
Examples I and J. 1In Examp;e I, 0.6 mmol of t-butylcatechol was
added while 3.2 mmol of p-mercaptoacetophenone were added in

Example J. The results are shown in Table VII.



37 700 99 74 12 tr 11 38

600 99 58 16 tr 13 Exanples 39 to 41
illustrate the recharging of additional quantities of |IBPE after the
initial reaction is conmmenced. Exanple 39 to 41 The procedure of Exanple 16
was followed except that in Exanple 39,,27 m of acetone rather than nethyl
et hyl ketone was used as sol vent, and g#ter the addition of the initial 56
mrol of |BPE, 196.8 mol of additloneibﬂdBPExwere added over a 30 mn.

period, and the total.reaction time was 4.3 h. In Exanple 40 an addi ti onal
56mmol of | BPE were added over a 1

ion of the
initial 56 Wnd theohot & reacidyiokile VG ST K0 h. ;gexanpge 41 was
simlar to Exanpl'e 40 except that the
31 99 62 19 xr 11
32 99 s 20 tr 10
H 72 0 ' o 44 38
1 96 tr o 86 13
J 94 25 2 14 17

The results of Table VIXI indicate that the phosphine
ligand may be added separately with the palladium compound to
Sbtain a satiéfactory yield of ibuprofen, but that a palladium
catalyst with an appropriate ligand other than CO is required in
order to obtain satisfactory yields of ibuprofen. This is
illustrated by the results of Examples 31 and 32 as compared with
those of Comparative Examples H, I, and J wherein no catalyst at
all was utilized in Example H, and no phosphine ligand was
employed in Examples I and J.

Examples 33 and 34 illustrate the employment of higher
and lower reaction temperatures than was employed in the previous
examples.

Examples 33 and 34

The procedure of Example 16 was followed except that

the reaction time was 6 h and the reaction temperature was 150°C

in Example 33 and 100°C in Example 34. The results are shown in

Table VIII.
Table VIII
P £ Selectivil
Example Conv., % Ibuprofen 3-XPPA IBS HE
33 99 75 18 tr 6
34 99 69 11 tr 8

Examples 35 to 38 illustrate the employment of operable
CO pressures higher and lower than that employed in the previous

examples.




]
solvent was 27 g of acetone and the total reaction tine
results are shown in Table X Table X Percent Selectivit

Conv.. % | bupr of en - 3-1 PPA | BS HE 39
48 16 18 9 40 ~&- 99
19 tr 5 41 ExamfI@s 35 to 38 73

13 The results of Exanp | es §C9e Qe 4l i nd i Gate that fterc'lthe I nitial
charging of IBPE, an adhcf" FFREl T GuaNtT TV Sf °ha £FFER" tB2Ehe
reacti on, w t hougtpresduce ngst hier igielnd epfh |eb:tappné.enm@ p@Bstlrdeséedkm@blya | ow

level . and the results cobtained are shown in Table IX.

Table IX
Ee:gen£ Selectivity
a su sig Conv., % Ibuprofen 3-IPPA IBS HE
35 1200 99 71 12 o 9
36 1000 29 69 16 0 4
37 700 99 74 12 tr 11
38 600 99 58 16 tr 13

Examples 39 to 41 illustrate the recharging of

additional quantities of IBPE after the initial reaction is

commenced.

am 39 to

The procedure of Example 16 was followed except that in
Example 39, 27 ml of acetone rather than methyl etﬁyl ketonre was
used as solvent, and after the addition of the initial 56 mmol of
IBPE, 196.8 mmol of additional IBPE were added over a 30 min.

period, and the total.reaction time was 4.3 h. In Example 40 an

additional 56 mmol of IBPE were added over a 1 h period after the

introduction of the initial 56 mmol, and the total reaction time

was 6.5 h. Example 41 was similar to Example 40 except that the
solvent was 27 g of acetone and the total reaction time was 7 h.

The results are shown in Table X.

Table X
Percent Selectjvity
a v u n 3=1PPA_ 18S HE
39 99 . 48. 16 18 9
40 99 80 19 er s
41 99 73 : 20 2 13

The results of Examples 39 to 41 indicate that after the
initial charging of IBPE, an additional quantity of IBPE may be
added to the reaction, without reducing the yield of ibuprofen to

an undesirably low level.



-26- Exanples 42 to 50 These exanples illustrate the production of

| buprofen by the carbonylation of IBPE with different | oadings of

PdCl , (PPh[err])[err] as catalyst relative to IBPE, and with varying CO
pressures. The exanples were carried out using a 300 nl autoclave to which
were added 112 nmmol of IBPE, 54 m of uoxg-hyl ethyl ketone (MEK) as added

organi c solvent, 50 g of 10% aqueqQus Lresultiing in constant nole ratios
of H+/ 1 PBE=1. 22 and H[err]qerr]lkgﬁﬁg‘gg%?"})—g‘a%% varyi ng amounts of

catal yst. The autocl avesaragapsiessil bisuath €@ pooaudensdl of Ufbubes & b} 0
result in the tarq_eted reaction pressure at the tenperature of reaction.

The cont ent s “Here PRBA HERP R t1EFEUEH T EAPES RN Loadings PhH RITAe@Ph):

as catalyst relative to IBPE, and with varying CO, pressures.

The examples were carried out using a 300 ml autoclave
to which were added 112 mmol of IBPE, 54 ml of methyl ethyl
ketone (MEK) as added organic solvent,- 50 g of 10 agueous HCl
(resulting in constant mole ratios of H'/IPBE=1.22 and
Hy0*/H,0=0.055), and varying amounts of catalyst. The autoclave
was pressured with CO to a level sufficient to result in the
targeted reaction pressure at the temperatﬁre of reaction. The
contents were then heated to such temperature which in these
examples was 125°C and CO was fed to the reactor to maintain the
desired pressure as the CO was absorbed during the reaction. The
reaction temperature was maintained for the desired reaction time
with vigorous stirring. The amount of catalyst in millimoles
(Cat.}, the resulting mole ratios of palladium to IBPE (Pd:IBPE)
and qeaction'times and pressures as well as the results of the
reaction in terms of percent IBPE conversion (Conv.) and percent
selectivities to ibuprofen (IBU), 3-(4’-isobutylphenyl)propionic
acid (3-IPPA), 4i-isobutylstyrene (IBS) and heavy ends (HE), Are
shown in Table XI. These results and those of subsequent
examples were determined by GLC which are susceptible to errors
of about +5%. This explains why some individual selectivities

and/or the sums of selectivities in some examples are above 100%.




exanples was 125[err]C and COwas fed to the reactor to nmaintain the
desired pressure as the CO was absorbed during the reaction. The reaction
tenperature was mai ntained for the desired reaction tinme wth vigorous
stirring. The anount of catalyst in mlhpooles (Cat.), the resulting nole
ratios of palladiumto IBPE (Pd:1BPE) and reaction tines and pressures as
well as the results of the reagtion in terns of percent |BPE conversion
(Conv.) and percent selectiyi Aestt® i buprofen @I BY),~ o

3-(4' -isobutyl phenyl ) propi offi c|aci d (31 PPA) » 4= sebutylstyrene (1BS) and
heavy ends (HE), are shown iin Table XI. These results and those of
subsequent exanpl es were dalier i ned by GO Wai ch age gusgeptible to errors
of about [err]5% This expli \M"ly.-some lndigvi guals sglegtivities and/ or
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-27- [err] -28- Exanples 51 to 61 These exanples illustrate the
enpl oynent of varying ratios of hydrogen ion and palladiumto IBPE in the
production of ibuprofen by the carbonyl ation of IBPE. The general procedure

of Exanples 42 to 50 was followed using 54 nL of MEK as added organic
sol vent and varyi ng anounts

-28-
a 5 o

These examples illustrate the employment of varying
ratios of hydfogen ion and palladium to IBPE in the production of
ibuprofen by the carbonylation of IBPE. .

The general procedure of Examples 42 to 50 was followed
using 54 mL of MEK as added organic solvent and varying amounts
of IBPE and catalyst, either 25 g of 20% HCl (H;0'/H,0=0.124) or
50 g of 10% HC1l (H30*/H,0=0.055), and varying pressures and
reaction times. Feaction conditions and results are shown in

Table XIIX.




and varying pressures and
in Table XII.

Reaction conditions and results are shown

- 30-

either 25 g of 20% HO (Herr]Jerr]/Herr]O0=0.124)
-20-

Exanples 62 to 66

[err]

| BPE and cat al yst,
or 50 g of 10% HC (Herr]derr]/Herr]OO0.055),
reaction tines. '

of
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These exanples illustrate the production of ibuprofen by the carbonylation
of I BPE without the enploynent of any added organic solvent. The procedure

of Exanples 42 to 61 was followed using 336.0 mmol of |IBPE, either 25 g of
20% HA (Herr]/1BPE=0.41, Herr]Qerrhgterr] 0=0.124) or 14 g of 36% HC

(H err]/1BPE=0. 41, H[err]C{err]/H[err]CﬁO 278), 0.260 mmol of catalyst

(Pd: | BPE=1: 1292), and no added oFﬁ%#R%%ﬁﬂﬁhéénéﬁ The reaction tenperature

was 125[err] C and therye8aCtiap1E4 A 118 24 N OML sroﬁLé@ronr @@%bBFb&‘Rnd' tions

and results are shown in Table XI11. Table X111 Press., Conv.
Percent Sel ey itpet gaEbemyppeion of gIBPE withqus the empweyment of By aRleHPPA
5582 HESSEQnic s 2. 2000 98 41. 1 1.7 1.4

The procedure of Examples 42 to 61 was followed using
336.0 mmol of IBPE, either 25 g of 20% HCl (H'/IBPE=0.41,
H30*/H,0=0.124) or 14 g of 36% HC1l (H'/IBPE=0.41, H;0°/H,0=0.278),
0.260 mmol of catalyst (Pd:IBPE=1:1292), and nc added organic
solvent. The reaction temperature was 125°'C and the reaction

time was 2 hours. Other reaction conditions and results are

shown in Table XIII.

Table XIIX
HCl, Press., Conv. Percent Selectivity

Example _ 3/g psig 1 IBU __3-IPPA__ IBS HE
62 20/25 2000 98 41.1 1.7 1.4 38.2
63 20/25 2000 99 94.8 3.1 0.2 1.2
64 20/25 3000 99 62.8 1.8 1.1 25.1
65 36/14 2000 99 52.2 2.1 2.1 20.2
66 36/14 2000 99 77.9 2.9 1.4 9.2

Examples 67 to 70

These ars additional examples illustrating the
suitability of hydrobromic acid as a source of hydrogen and
halide ions both in the presence and absence of added organic
solvent in ;he preparation of ibuprofen by the carbonylation of
IBPE.

The genefal procedure of Examples 42 to 66 was followed
using varying amounts IBPE and MEK solvent (including none),
16.2% HBr (H;0°/H,0=0.043) or 20% HBr (H;0°/H,0=0.056) and
catalyst. The reaction temperature was 125°C. The conditions of

reaction and results are shown in Table XIV.




63 20/ 25 2000 99 94.8 3.1 0.2 1.2 64

20/ 25 3000 99 62. 8 1.8 1.1 25.1 65 36/ 14

2000 99 52.2 2.1 2.1 20.2 66 36/ 14 . 2000 99
77.9 2.9 1.4 9.2 Exanples 67 to 70 These are additional
exanples illustrating the suitability of_hydrobrom c acid as a source of

hydr ogen and halide ions both in the pr“é%énce and absence of added organic
solvent in the preparation of ibuprofen by the carbonylation of |IBPE The
general procedure of Exanples 4P to &6 qas.fq@llowed using varying anounts
| BPE and MEX sol vent (includin ngne.):, 6. 2% HBr
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reaction and results are shown in Table X V. -31- [err] -32- Exanpl es
71 to 75 These exanples illustrate the nmethod under the invention of making
i buprofen by the carbonylation of IBPE using at | east one specific
condition which is somewhat different than those shown

-32-
71 to 7

These examples illustrate the method under the invention of
making ibuprofen by the carbonylation of IBPE using at least one
speciftic condition which is somewhat different than those shown
in Examples 42 to 70 including a reaction temperature.ot 140°C
{(Examples 71 and 72) an amount of hydrogen nearer the lower limit
of the invention (Examples 73, 74 and 75), the use of 113 HCl
0&03&&0-0;051) and the use of dioxane (DIOX) as a solvent
(Examples 74 and 75).

The general procedure of Examples 42 to 70 was followed using

specific conditions including those described in the preceding’

paragraph. Such conditions and the results are shown in Table

XV.

REPLACEVENT SHERT
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in Exanples 42 to 70 including a reaction tenperature of 140[err]C
(Exanples 71 and 72) an anount of hydrogen nearer the lower Iimt of the
i nvention (Exanples 73, 74 and 75), the use of 11% HC
(Herr]derr]/Herr]0=0.061) and the use of dioxane (DI OX) as a sol vent
(Exanpl es 74 and 75). The general procedure of Exanples 42 to 70 was
fol l owed using specific conditions imBuding those described in the
precedi ng paragraph. Such conditions and the results are shown in Table XV.
-33- [err] s e N ot on

- [«] vy o (=]

0.7
2,5

9
95.
85.0
82,8
42

1
97
99
99
99

94

Press., Conv.,

psig
2000
2000
2000
1000

500

Tine,
h
2
2
2
6
3

Temp.,
°c
140
140
125
12
12%

Pd
IBPE
1:1292
1:1292
1:1292

1:704
1:704

0.260

cat.,

-nRQl
0.360
0.260
0.188
0.188

41
+20

H+/
1BPE
.4

0.
1
0.20

HCl
q
20/25
20/25
20/10
11/9
11/9

Solvent
HEK/54
MEK/54
DIOX/93
DIOX/93

-
MEK/54

IBPE
ol
336.0
336.0
336.0
132.4
132.4

71
72
73

4
75



-34- Exanples 76 to 98 These exanples illustrate the nmethod of naking

i buprofen by the carbonylation if |BPE under the invention using a 4 liter
aut ocl ave and varying conditions of reaction including higher nole ratios
of Pd to phosphine |igand and concentrations of HClL as | ow as 5%
(Herr]Oerr]/Herr] 0=0.026). The generd- procedure of Exanples 42 to 70
was followed in a 4 liter autoclave using HOJ as the acid and MEX as

sol vent or no solvent, except tHa@npkes J&t5 ¢t was added as separate

quantities of palladiydieglh el der SAELLEhE AGOhT S PRERYAPNOSPNI ne,

ibuprofen by the carbonylation if IBPE under the invention using

a 4 liter autoclave and varying conditions of reaction including

highef mole ratios of Pd to phosphine ligand and concentrations
~of HC1l as low as 53 (H;0°/H,0=0.026).

The general procedure of Examples 42 to 70 was followed
in a 4 liter autoclave using HCl as the acid and MEK as solvent
or no solvent, except that the catalyst was added as separate
quantities of palladium dichloride, PdCl, and triphenylphosphine,
PPh;y, such that the Pd:P ratio was varied within the diselosed
limits. The specific conditions of reaction, including the mole

ratios of palladium to phosphine to IBPE {(Pd:P:IBPE), are shown
in Table XVI.

REPLACEN
2.3 AUG 1996
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- 36

| BPE

§

dl s@pAbE Ak 13

ati os of pallad

nt

I ncl udi ng the nol e
in Table XVI.

are shown

such that the Pd:P ratio was varied within the
reaction,

Exanpl es 99_to 105 These exanples illuggrate that excel

PPh[err],
The specific conditions of

to phosphine to | BPE (Pd: P: 1 BPE)
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conversions and ibuprofen selectivities can be obtained using particularly
| ow Pd: P and Pd: | BPE nol e ratios. The general procedure was simlar to that
of Exanples 76 to 98 using the follow ng specific conditions: the 4 liter
aut ocl ave was charged with 8.43 nole of _§BPE and 775 m of 26% HC
(Herr]derr]/Herr]0=0.173) for a H[err? | BPE nole ratio of 0.75. No

sol vent was used. The tenperature gkaiddlesrefdid apswas 130[err] C. Process
conditions which were varied and the results of the exanples _are shown in
Tabl e XVI | -37- [er?ﬁese examples illustrate that excellent IBPE

conversions and ibuprofen selectivities can be obtained using
particularly low Pd:P and Pd:IBPE mole ratios.

The general procedure was similar to that of Examples
76 to 98 using the following specific conditions: the 4 liter
autoclave was charged with 8.43 mole of IBPE and 775 ml of 26%
HCl (H30*/H,0 = 0.173) for a H'/IBPE mole ratio of 0.75. No
solvent was used. The temperature of the reaction was 130°C.
Process conditions which were varied and the results of the

examples are shown in Table XVII.
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-38- Exanples Kand L were carried out under conditions simlar to those of
t he Conparative Exanple 11 of Japanese Kokai Patent No. SHO 59

[ 1984] - 95238, involving ibuprofen as a product. Exanple K The procedure of
Exanpl es 42 .to 75 using the 300 nL autocl ave was foll owed except that the
starting material was 84.3 mmol of IBPE_ the acid was 8% HCO (4.0 g, 8.8
mmol ), for a Herr]/IBPE nole ratio of 8710, 0.471 mmol of catal yst was

used, the solvent was 61 g of dioxane, the CO pressure was 1700 psig, the
reaction tenperature was 110[err]

y Oh «© 0 [ © ~N «©
L] - - . L * .
(=] o (=) o - -t O
[~} o o o ~ o~ Q
. * . . . . - -
- (=) o o Q Q Q -
)
B4 -} o © - ~N o o
[« 0 . . . . . . -
ITI Q ~ Q -t - - o
¥
[ [7y) -, 'y}
pas, . 3 . . .
o un 0 2 ©y - - ]
L [} =)} [
.
Fd
[~ - O <)) o (=) -\ -]
Q o -, -, )] -} -}
Q
u
] o) (=} o [~ (= o o Q
[ -t o o =) [~} o o o
34 ul - < < -2 'y '4) -
<% o o ~N o~ ™~ () —t (4]
9 o O
> -] (=] L] o L= (=] Q [~
d . L 2 " e (1] (1] ..
] v w
o (=} [ =4 [=] Q Q
N v n n vy o
o (=] Q < (] [~ ] vt
n L'y Tad (5] L'2] 0 o
~ ~ -4 7q] ~t ~t (]
.. . .. ™~ . ve IS
~N o~ o Lle [y ] - -
~ -t - O L] o~ o
.o .o .. e . e o
—t ~t ~ A - ~t -t
~ a o & o o © o
= . . . . . - .
Q4 0 © 0 0 O ™ L]
=¥
~
~ o 0 o O e -
Q [Ty} 't} [Te] L] 4] 'y ] o~
Lol . . . L3 . . .
R4 (=] Q o ~t Q o L=
4 e - s T - B - T G
O - < < v w O O
Z 1 [} 1 1 1 1 ]
@ @ (-] © <« Qo o
- 4] (<4 (-3 [+)) [+ o~ ™~
o (3] ™~ o~ o~ [y ) [} (]
boe 0 0 O L] L] 0 W
<> [} (0] [} « [} [ ] [}
Q|
® 8 o o s & 9
iMENT SHE
2282 3% [REPLACEMENT SHEET

2 3 AUG 1994




and the reaction tine was 5.5 h. The | BPE conversion was 60% and t he
product selectivities were ibuprofen 38.6% 3-1PPA 1.4% I1BS 2.4% and HE
59. 3% Exanple L The procedure of Exanple K was foll owed except that 112
mmol of IBPE, 6 g of 8% HC (Herr]/1PBBg. 10) and 82 g of di oxane were
utilized. The |IBPE canversion was 68% and the selectivities were ibuprofen
42.0% 3-1PPA 0.1% IB8"8 1% and" HE “£3°588° 758 PRSUNEE P EGEMFes K and L
conf i rm t hat simia acordlithiosase Dftht heonlapanese Pahend ,11Whi laphAcdlidgxs he

presence of di ssociNat eq[ohgdr ol%%g ggnd hal i de ions | n anpbunts consi der-ably
bel ow t he mi REHANs Redlifr 28 1475 he® HePnodm ¥ ‘PRSI RURY_ATD 38, 2 rRFSdrEt | n

conparatively very low yields of ibupkgfgie gExanpl e 106 which foll ows,
relates particularly to the

The procedure of Examples 42 to 75 using:the 300
mL autoclave was followed except that the starting material
was 84.3 mmol of IBPE, the acid was 8% HCl (4.0 g, 8.8
mmol), for a H'/IBPE mole ratio of 0.10, 0.471 mmol of
catalyst was used, the éolvent was 61 g of dioxane, the CO
pressure was 1700 psig, the reaction tenmperature was 110°'C,
and the reaction time was 5.5 h. The IBPE conversion was
60% and the product selectivities were ibuprofen 38.6%,
3-IPPA 1.4%, IBS 2.4%, and HE 59.3%.

ample

The procedure of Example K was followed except that 112
mmol of IBPE, 6 g of 8% HCl (H*/IPBE=0.10) and 82 g of dioxane
were utilized. The IBPE conversion was 68% and the selectivities
were ibuprofen 42.0%, 3-IPPA 0.1%, IBS 2.1% and HE 43.5%.

The results of Examples K and L confirm that the
conditions of the Japanese patth, which include the presence of
dissociated hydrogen and halide ions in amounts considerably
below the minimums required in the method of this inveﬁtion,

* result in comparatively very low yields of ibuprofen.

Example 106 which follows, relates particularly to the
recovery and recycling of nobel metal catalyst complexes useful
in the production method.

Example 106

The following ingredients were added to a 4 liter
autoclave: 300 g (1.69 molel.1;(4'-isobutylphenyl)ethanol, 840
ml methylethylketone, 2 g (0.0113 mole) palladiunm (I1) chloride,
9 g {0.0344 mole) triphenyl phosphine, 38 g (0.34 mole) calcium
chloride, 203 ml 36% HCl, 547 ml water. After flﬁshinq with
nitrogen and carbon monoxide, the autoclave was pressured to

approximately 700 psig of carbon monoxide. The reactor was
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recovery and recycling of nobel netal catal yst conpl exes useful in the
production-net hod. Exanple 106 The following ingredients were added to a 4
liter autoclave: 300 g (1.69 nole) 1-(4'-isobutylphenyl)ethanol, 840 n

met hyl et hyl ketone, 2 g (0.0113 nole) palladium (l11) chloride, 9 g (0.0344
nol e) triphenyl phosphine, 38 g (0.34 mgle) calciumchloride, 203 m 36%

HCl, 547 ml water. After flushing with nitrogen and carbon nmonoxi de, the
aut ocl ave way prédsthiedeeseappt &)%Prfatdéfwnqid’g’qﬁgirg‘m@f the RIS SRERGOPERS The _

react or Was the r3%9ctor increased to approximately 1000 psig and was
subsequently maintained at this préssbre during the 2 hour
reaction time. After the carbon monoxide uptake ?as complete the
reacfor was cooled to room temperature and vented. The contents
of the reactor were removed and the tw& phases were separated in
a separatory funnel. The agueous phase waé extracféd with 500 ml
ethyl acetate and the organic fractions were combined and the
solvents removed on a rotary evaporator under reduced pressure.
During evaporation:6.4 g (81% of theoretical) yellow crystalline
PdCl, (PPHj) suitabie'for reuse, precipitated and was recovered.
0.2 g (16% of theoretical) of palladium metal was recovered by
filtration of the aqueous phase. The organic product obtained.

was 348 g and contained 57% ibuprofen.
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stirred and heated to 130[err]C during which tine the pres n}ﬁ{ﬂ AP
reactor increased to approxi mately ' subse gttt
mai ntai ned at this pressure duri n%; ﬂ@HﬂﬁLﬂllﬂMon tinmg.{After th
carbon nonoxi de upt ake was conpl etle & hee r sactor swas cool ed|tp 2aHAUE 1996
tenperature and vented. The contents of the reactor were rénbved and the
two phases were separated in a separ atTd‘Py funnel . The aquegus—phase was
extracted w tWwe 80811 et hyl acetate and the organic fracti ¢ns_were conhined
and the solvents renpyed on ahrgt a{é evapor ator under reduced pressure.
During evaporation 6.4°g ¢ 8 ThEEFRYT G FPYREPF & ¥ YEL 8119 ne

PdCl [ err] ( PPHabbhy1 Siiingabl @ Fas088488hef 196t PAdAL eob@)dwaSs dagegyered. 0.2
g (16% of theoretical) of palladiumnetal was recovered by filtration of

the aqueous pIWRSEIdaHE 3PRFHIAUPI DR BrtldPncdt atemrgraguanPcent ai ned 57%
I bupr of en.

least about 10°C and a carbon monoxide pressure of at least about
500 psig, and in the presence of (1) a catalyst con;isting
essentially of a palladium compound in which the palladium has a
valence of zero to 2 and is complexed with at least one acid
stable, monodentate phosphine ligand miscible with the organic
phase of the reaction medium, the phosphorus/palladium mole ratio
in said palladium compound and ligand being at least about 2:1
when the mole ratio of palladium to IBPE is such that paladium=1
and IBPE=10,000 or more; (2) dissociated hydrogen ions from an
acid which is substantially completely jonizable in a dilute
aqueous solution such that the mole ratio of hydrogen-ions to
IBPE added to the reaction zone is at least about 0.15, and: (3)
dissociated halide ions such that the mole ratio of halide ions
to I?PE added to the reaction zone is at least about 0.15.

2. The method of Claim 1 wherein said ligand is a
tri(organo) phosphine.

3. The method of Claim 2 whereln said ligand is
triphenyl phosphine.

4. The method of Claim 3 wherein said catalyst is a
palladium bis{triphenyl phosphine) dichloro complex.

S. The method of claim 1 wherein the source of said
hydrogen ions and halide ions is a hydrogen halide.

6. The method of Claim 5 wherein said hydrogen halide .

is hydrogen chloride.

7. The nmethod of claim 5 wherein said hydrogen halide
is hydrogen bromide.

8. The method of claim 1 wherein an organic solvent is
present during said carbonylation, said solvent being a non-

hydrocarbon if said palladium is added to the system in a zero

valence state.
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40 CLAI M5 1. A et hod prof en corrprig 3g"
carbonylating 1-(4'- isobut ﬂmmmnmlﬂm !ﬂ(l BPE) with can bo&n nonoxi de i ni
an aci di ¢ aqueous medium at & 5°tenperasurt of at |east abqut] IDBAUY ﬁ%ndi
a carbon nonoxi de pressure of at |east about 500 psig, and ijni{the presence i

of (1) a catalyst consisting essential-#¥-of a palladi um congound T n which
the palladium has a val ence of zero to 2 and is conpl exed wifth at |east one

aci d stable, nonodentateh@hesphdneldinganheredai sS4 wirhhnidiscavgani c phase
of the reaction;ymgdikdgpndhe phosphorus/ pal I adiumnole ratio in said

pal | adi um corrpound d b ast aboyt when the nol e
rati o of palladium ?\g éﬁ% q;hggc tetclr’]1 tmpam 'r‘n:?lgng BISE2°10, 000 or

more; (2) di sso‘l‘ﬁtd’tyédeﬁ*m’f dgfd®neons from an aC| d which s

5 11. The method of claim 1 wherein the mole ratio of
palladium to IBPE is from about 1:25 to 1:60,000.
12. The method of claim 11 wherein said mole ratio of
palladium to IBPE is from about 1:10,000 to 1:40,000.
13. A method of producing ibuprofen comprising
10 reacting isobutylbenzene with an acetylating agent in the
presence of a Friedel-Crafts catalyst to produce
4'~isobutylacetophencne (IBAP), reducing said IBAP with
hydrogen in the presence of a hydrogenation catalyst, or
with a reducing agent containing available hydrogen, to
15 obtain 1-(4'-isobutylphenyl)ethanol (IBPE), carbonylating
said IBPE by a method as defined in any of claims 1 to 12.
14. A method of preparing ibuprofen comprising
carbonylating 1-(4-isobutylphenyl)ethanol (IBPE) with
carbon monoxide in an acidic aqueous medium, at a
20 temperature of at least about 10°C and a carbon monoxide
pressure of at least about 500 psig, and in the presence
of a’ catalyst consisting essentially of a palladium
bis(triphenylphosphine) dichloroc complex, dissociated
hydrogen .and chloride ions from hydrogen chloride such
25 that the mole ratio of each of said hydrogen and chloride
ions to IBPE added is at least about 0.2, and an organic
solvent in an amount such that the weight ratio of solvent
to IBPE is at least about 1.5.
15. The method of claim 1, 13, or 14, wherein a
30 palladium-containing catalyst complex is recovered by
precipitating said complex from an organic phase formed
during said carbonylation, wherein said organic phase
contains ibuprofen product.
16. The method of claim 1 or 13 wherein an organic
35 solvent is used as part of the.reaction medium and wherein
a palladium-containing catalyst complex is recovered by
precipitating said complex from an organic phase formed
during said carbonylation. ‘

e
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substantially conpletely ionizable in a dilute aqueous solutienr—sueh—that
the nole ratio of hydrogen ions to |IBPE added to the reaction zomi ﬂi at
l u I:atio

| east about 0.15; and (3) dissociated halide ions suimn“ﬁﬂ“!w

of halide ions to | BPE added to the reaction zone is '

0.15, and wherein a pal |l adi um cont ai ni-48-cat al yst conplex i s recovered by
precipitating said conplex froman organi c phase forned during said
carbonyl ation. 2. 17Fh@heedidddopf céiEim 15 whedéi vhexsiin 2 ghrdgpriq

tri (o_rgfra]mo)I phﬁgpme_nq.s 20pdkatea Thém r&tihod?@émﬁ;! ﬁécgiu?n pheseive said |i ?and
is triphenyl p : [ A cat al yst
is a palladium §?§ﬂ$ﬁ6ﬁgﬁn|“ %ggﬁﬂﬁe q’&? ﬁfﬂlﬁgméoanﬁgqgéa%%%gd The
met hod of cl ai mPFIGPRR é?ﬁ%‘he‘&?&ﬂ%% Ss§&§ﬂt‘fﬂ/&mﬁ%ﬁr‘i 82 Bd9al i de i ons
i s a hydrogers habnsle. 6. The met hod of claim5 wheretn said hydrogen
hal i de i s hydrogen cid.orhdenetidd/ of cldiie 18Pt 10@roi7 GineiraiH adherein said

hydrogen hal i deoi:éaxbi’éjraggﬁ@ P§ %@8 to said reaction medium to improve
the phase separation between said organic and said aqueous
phases. _
10 19. The method of claim 18 wherein said organic agent
is removed to facilitate precipitation of said catalyst
complex.
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41 8. The nethod of claim 1 wherein an organic sol vent i
during said carbonyl ation, said solvent being a non-hydroca

S present

{ Y
palladiumis added to the systemin a zero val ence state. 55_ JAC Tg“

met hod claim8 wherein said organic solvent is a ketone. 10
of claim9 wherein said ketone is nethyf3-ethyl ketone. 11
claim1 wherein the nole ratio of palladiumto IBPE is fron

to 1:60,000. 12.  The §pirgod Mdfruth FoR BRoDOBANG: ITBUFHDFEN ND! €

palladiumto IBPE is fromabout 1:10,000 to 1:40,000. 15 183.

The nefnoa;“tf
he 3RUBAdoR
out 10 q??@&

I 'at-t+-o—af

A net hod of

produci ng i buprofen conprising reac

29 b bt ¥l haBege W t

9,

an acetyrarrng

agent in the presence of a Fri edel -trarri—caral yst- 10 produce 4'-
A method is provxded for the preparation of ibuprofen by

.

carbonylhting 1-(4’~1sobutylphenyl}ethanocl (IBPE) with carbon

monoxide in an acidic aqueous medium, e.g. containing at least

102 of water based on the weight of IBPE initially added, at a

temperature of at least about 10°C and a carbon monoxide pressure

of at least about 500 psig, and in the presence of (1) a catalyst

complex consisting essentially of a palladium compound in which

the palladium has a valence of z2aro to 2 and {s complexed with at

least one monodentate phosphine ligand miscible with the organic

phase of the reaction medium, the bhqsphorus/palladium mole ratio

in said palladium compound and ligand being at least about 2:1

- when the palladium/IBPE mole ratio is such that palladium=1 and

I1BPE=10,000 or more; (2) dissociated hydrogen ions from an acid

which is substantially completely ionizable in dilute aqueous

solution such that the mole ratio of hydrogen fions to IBPE added

to the reaction zone is at least about 0.15; and, (3) dissociated

halide ions such that the mole ratio of halide ions

to IBPE added

to the reaction zone is at least about 0.15. Advantageously, a

hydrogen halide is the solrce of hydrogen ions and halide ions.

The carbonylation is preferably integrated with a method of

producing IBPE from lsobutylbenzane wherein the latter compound

is subjected to Friedel-Crafts resaction with an acetylating agent

to produce 4-isobuty1acetophepone, which is then reduced with

hydregen in the presence of a hydrogenation catalyst, or with a

reducing agent contalning availabla hydrogenm, to obtain IBPE.

The palladium catalyst complex can be precipitated from

an organic phase of the carbonylation reaction thch typically

includes the ibuprofen product. The precipitated catalyst

complex can be recycled without further treatment.
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carbonyl at i ogbnsisting essentially of a palladium compound in which the palladium has a valence of
zero to 2 and is complexed with at least one acid stable, monodentate phosphine ligand

freely miscible with the organic phase of the reaction medium, the phosphorus/palladium

10 mole ratio in said palladium compound and ligand being at least about 2:1 when the mole

ratio of palladium to IBPE is such that palladium=1 and IBPE~10,000 or more; 2)

% dissociated hydrogen ions from an acid which is substantially completely ionizable in a
dilute aqueous solution, e.g., of 0.IN concentration, such that the mole ratio of hydrogen

ions to IBPE added to the reaction zone (H'/IBPE) is at least about 0.15; and 3) dissociated

15 halide ions such that the mole ratio of halide ions to IBPE added to the reaction zone (X

/IBPE) is at least about 0.15. Although lower hydrogen ion: water ratios could be used, the

preferred mole ratio of hydrogen ions to water (H;O'/H,0), corresponding with the

H'/IBPE mole ratio of at least about 0.15, is at least about 0.026. Also, a palladium-

containing catalyst' complex is recovered by pr_e‘cipitating said complex from an organic ~

20 phase formed during said carbonylation. The said organic phase may contain ibuprofen

product. An organic solvent may be used as part of the carbonylation reaction medium.

The term "monodentate” is intended to mean.a single
phosphine phosphorus atom present in the ligand molecule before _
it is complexed with palladium. The phrase "freely miscible with
the organic phase of the reaction medium™ means that the ligand
is not complexed .with an insoluble substrate such as a polynmer
which prevent; it from being treély mixed in the organic phase.

The carbonylation reaétion proceeds in accordance with

equation (I):

Cﬂs - CH; 0
Pd cat. { |
CHCHCH Cﬂ‘OH'I-CO'——-—'bCH CHCH CH - C - 0OH .(I)
ut « hal. 3 ?_.

Q é8oca\k® ~6
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¥5. V¥The method of |1§19§)p£{?"a’*'pﬁ dAiwherein sai d organi c phase from which
pal | adi um cont ai ni ng ‘srs*t“““C“O‘I’Tp'r" xlis recoveredm
product. 16. The rreth d QN 1 ot 13 wherein a

tised as part of the 5 r at ‘(I) e dnd 3therein a @ m“t Eml ng
catal yst conplex is rkc I gitating said cenptexctrromsan*organi c
phase for nedCH&M®g shid carbonylation.] 17.  The nethod of claim 1713,

14, 15 or 16 wherei n Sard-orgam Tt phase from whi ch pal | adi um cont ai ni ng
catal yst conplex is recovered is separated fromsaid aqueous 10 medi um
prior to pretipitAti esetedd saufd prafingt ibaprpfeax, caﬁﬂnsihgretbaﬁbdt@ﬂaimgquequs
medi um cont aj ns dj ssocj at ed, hydrogen and hal i de i ¢ns. The met hod of

claim1, 13,1sebutylphenyljsthanol Maibncaghon pgagide agémacridsc #nseus medum, pt a
reaction nedidihelfuds 910 st Houb 18&E a&&&%ﬁﬂ:%h%o&%ﬁd%@ssﬁﬁé & 41820 6o ¥bo

sai d

psig, and in the presence of (1) a catalyst consisting essentially of a palladium compound

in which the palladium has a valence of zero to 2 and is complexed with at least one acid
stable, monodentate phosphine ligand miscible with the organic phase of the reaction

- medium, the phosphorus/palladium mole ratio in said palladium compound and ligand
10 being at least about 2:1 when the mole ratio of palladium to IBPE is such that palladium=1
and IBPE=10,000 or more; (2) dissociated hydrogen ions from an acid which is
substaﬁtially compietely ionizable in a-dilute -aqueous solution such that the mole ratio of
hydrogen ions to IBPE added to the reaction zone is at least about 0.15; and (3) dissociated
halide ions such that the mole ratio of halide ions to IBPE added to the reaction zone is at

15 least about 0.15, and wherein a palladium-containing catalyst cdmplex is recovered by

precipitating said complex from an organic phase formed during said carbonylation.

2. The method of claim 1 wherein said ligand is a tri(organo) phosphine.
20 3. The method of claim 2 wherein said ligand is triphenyl phosphine.

4, The method of claim 3 wherein said catalyst is a palladium bis(triphenyl
phosphine) dichloro complex.

25 S The method of claim 1 wherein the source of said hydrogen ions and halide ions is
a hydrogen halide.

6. The method of claim 5 wherein said hydrogen halide is hydrogen chloride.

30 7. The method of claim 5 wherein said hydrogen halide is hydrogen bromide.
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~15 acfueous phases of claim 18 V\A"E:]“EI’*ﬂ -Sat-ad--or.gani agent
Ts renmoved to faci I, m' ﬂ”@‘ i on of said catlal’ 'y~st\?‘ f@@hﬁl“exf’ic? 20.
alrns:

“The net hod of any of* c

3to 18 wher ei n r ecoltgh {ddtpat al y§t

eonpl ex is recycled to a carbonyl atlon redion as defimedTrm—ctarm 1 or

14.

10

15

20

25

30

8. The method of claim 1 wherein an organic solvent is present during said
carbonylation, said solvent being a non-hydrocarbon if said palladium is added to the

system in a zero valence state.
9. The method claim 8 wherein said organic solvent is a ketone.
10.  The method of claim 9 wherein said ketone is methyl ethyl ketone.

11.  The method of claim 1 wherein the mole ratio of palladium to IBPE is from about
1:25 to 1:60,000.

12.  The method of claim 11 wherein said mole ratio of palladium to IBPE is from
about 1:10,000 to 1:40,000.

13. A method of producing ibuprofen comprising reacting isobutylbenzene with an
acetylating agent in the presence of a Friedel-Crafts catalyst to produce 4’-
isobutylacetophenone (IBAP), reducing said IBAP with hydrogen in the present of a

" hydrogenation catalyst, or with a reducing agent containing available hydrogen, to obtain

1-(4"-isobutylpheri&l)ethanol (IBPE), and carbon:}‘llaxing said IBPE by a method as defined

in any of claims 1 to 12.

14, A method of preparing ibuprofen comprising carbonylating 1-(4’-

isobutylphenyl)ethanol (IBPE) with carbon monoxide in an acidic aqueous medium, at a

temperature of at least about 10°C and a carbon monoxide pressure of at least about 500
psig, and in the presence of a catalyst consisting essentially of a palladium
bis(triphenylphosphine) dichloro complex, dissociated hydrogen and chloride ions from
hydrogen chloride such that the mole ratio of each of said hydrogen and chloride ions to
IBPE added is at least about 0.2, and an organic solvent in an amount such that the weight

ratio of solvent to IBPE is at least about 1.5, and wherein a palladium-containing catalyst

complex is recovered by precipitating said complex from an organic phase formed during

carbonylation.
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15.  The method of ¢laim 1, 13 or 14 wherein said organic phase from which palladium-

41

containing catalyst complex is recovered contains ibuprofen product.
16.  The method of claim 1 or 13 wherein an organic solvent is used as part of the
reaction medium and wherein a palladium-containing catalyst complex is recovered by

precipitating said complex from an organic phase formed during said carbonylation.

17.  The method of claim 1, 13, 14, 15 or 16 wherein said organic phase from which

~ palladium-containing catalyst complex is recovered is separated from said aqueous

medium prior to precipitation of said catalyst complex, and wherein said aqueous medium
contains dissociated hydrogen and halide ions.

18.  The method of claim 1, 13, 14, 15, 16 or 17 wherein an organic agent is added to
said reaction medium to improve the phase separation between said organic and said

aqueous phases.

19. The method of claim 18 wherein said organic agent is removed to facilitate

precipitation of said catalyst complex.
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1. A method of preparing ibuprofen comprising carbonylating 1-(4’-
isobutylphenyi)ethanol (IBPE) with carbon monoxide in an acidic aqueous medium, at a
temperature of at least about 10°C and a carbon monoxide pressure of at least about 500
psig, and in the presence of (1) a catalyst consisting essentially of a palladium compound
in which the palladium has a valence of zero to 2 and is complexed with at least one acid
stable, monodentate phosphine ligand miscible with the organic phase of the reaction
medium, the phospborus/palladium mole ratio in said palladium compound and ligand
being at least about 2:1 when the mole ratio of palladium to IBPE is such that palladium=1
and IBPE=10,000 or more; (2) dissociated hydrogen ions from an acid which is
substantially completely ionizable in a dilute aqueous solution such that the mole ratio of
hydrogen ions to IBPE added to the reaction zone is at least about 0.15; and (3) dissociated
halide ions such that the mole ratio of halide ions to IBPE added to the reaction zone is at
least about 0.15, and wherein a palladium-containing catalyst complex is recovered by

precipitatiﬁg said complex from an organic phase formed during said carbonylation.
2. The method of claim 1 wherein said ligand is a tri(organo) phosphine.
3. The method of claim 2 wherein said ligand is triphenyl phosphine.

4, The method of claim 3 wherein said catalyst is a palladium bis(triphenyl
phosphine) dichloro complex.

5. The methdd of claim 1 wherein the source of said hydrogen ions and halide ions is
a hydrogen halide.

6. The method of claim 5 wherein said hydrogen halide is hydrogen chloride.

7. The method of claim 5 wherein said hydrogen halide is hydrogen bromide.
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8. The method of claim 1 wherein an organic solvent is present dun'ﬁg said
carbonylation, said solvent being a non-hydrocarbon if said palladium is added to the

system in a zero valence state.

9. The method claim 8 wherein said organic solvent is a ketone.

10.  The method of claim 9 wherein said ketone is methyl ethyl ketone.

11.  The method of claim 1 wherein the mole ratio of palladium to IBPE is from about
1:25 to0 1:60,000.

12.  The method of claim 11 wherein said mole ratio of palladium to IBPE is from
about 1:10,000 to 1:40,000.

13. A method of producing ibuprofen comprising reacting isobutylbenzene with an
acetylating agent in the presence of a Friedel-Crafis catalyst to produce 4’-
isobutylacetophenone (IBAi’), reducing said IBAP with hydrogen in the present of a
hydrogenation catalyst, or with a reducing agent containing available hydrogen, to obtain
1-(4’-isobutylphenyi)ethanol (IBPE), and carbonylating said IBPE by a method as defined

in any of claims 1 to 12.

14. A method of preparing ibuprofen comprising carbonylating 1-(4’-
isobutylphenyl)ethanol (IBPE) with carbon monoxide in an acidic aqueous medium, at a
temperature of at least about 10°C and a carbon monoxide pressure of at least about 500
psig, and in the presence of a catalyst consisting essentially of a palladium
bis(triphenylphosphine) dichloro complex, dissociated hydrogen and chloride ions from
hydrogen chloride such that the mole ratio of each of said hydrogen and chloride ions to
IBPE added is at least about 0.2, and an organic solvent in an amount such that the weight
ratio of solvent to IBPE is at least about 1.5, and wherein a palladium-containing catalyst
complex is recovered by precipitating said complex from an organic phase formed during

carbonylation.
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15.  The method of claim 1, 13 or 14 wherein said organi¢ phase from which palladium-

42

containing catalyst complex is recovered contains ibuprofen product.

-

16.  The method of claim 1 or 13 wherein an organic solvent is used as part of the
reaction medium and wherein a palladium-containing catalyst complex is recovered by

precipitating said complex from an organic phase formed during said carbonylation.

17.  The method of claim 1, 13, 14, 15 or 16 ‘Wherein said organic phase from which
palladium-containing catalyst complex is recovered is separated from said aqueous
medium prior to precipitation of said catalyst complex, and wherein said aqueous medium

contains dissociated hydrogen and halide ions.

18.  The method of claim 1, 13, 14, 15, 16 or 17 wherein an organic agent is added to
said reaction medium to improve the phase separation between said organic and said

aqueous phases.

19.  The method of claim 18 wherein said organic agent is removed to facilitate

precipitation of said catalyst complex.

20.  The methed of any of claims 1 and 13 to 18 wherein recovered catalyst complex is

recycled to a carbonylation reaction as defined in claim 1 or 14.
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