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hydr of ornyl ation. Formation of these materials effectively represents a
yield DESCRIPTION OF THE PRIOR ART
15 It is known to react allyl alcohol with a carbon monoxide and hydrogen

mixture to form hydroxybutyraldehyde; various catalyst formulations have
been employed, most notably a rhodium complex together with a phosphine
ligand. Commonly employed phosphine ligands are trisubstituted phosphines
such as triphenyl phosphine. Patents which are illustrative of such

20 technologies include U.S. Patents 4,567,305, 4,215,077, 4,238,419 and the
like.

The hydroformylation of allyl alcohol to hydroxybutyraldehyde using
rhodium complex catalysts and DIOP ligand is shown in the art, notably in
Japan Kokai 06-279345 and 06-279344.

25 Butanediol is produced commercially by a process which involves
hydroformylation of allyl alcohol to 4-hydroxybutyraldehyde and hydrogenation
of the 4-hydroxybutraldehyde to 1,4 - butanediol (herein BDO). Usually some
methyl propanediol (herein MPD), itself a useful material, is formed from
methyl hydroxypropionaldehyde (HMPA) also formed in the hydroformylation.

30 A severe disadvantage of prior processes has been the formation of Cs
products such as normal propanol, propionaldehyde, and the like during the
hydroformylation. Formation of these materials effectively répresénts a yield
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BRIEF DESCRIPTION OF THE DRAWING
15 The attached drawings are graphical representations showing various
process results as a function of the concentration of CO in the reaction liquid.
Figure 1 shows the effect of increasing CO concentration on the undesirable
make of C3 by-products, Figure 2 shows the effect of CO concentration on
reaction selectivity to 4-hydroxybutyraldehyde, and Figure 3 shows the effect
20 of CO concentration on the ratio of normal (HBA) to branched products
(HMPA) formed during the reaction. In each case DIOP was the bidendate
ligand. ‘
DETAILED DESCRIPTION
The present invention provides an improved process for the
25 hydroformylation of allyl alcohol to 4-hydroxybutyraldehyde. In accordance
with known procedures, a rhodium complex catalyst is employed. See, for
example, U.S. Patents 4,238,419, 4,678,857, 4,215,077, 5,290,743 and the
like. | |
_ Essential to the process of the invention is the use of a bidendate
30 diphosphine ligand having a bite angle of 100-120 degrees, such as DIOP
ligand, in conjunction with the rhodium cdmplex catalyst. DIOP is 2,3-O-
Isopropylidene- 2,3-dihydroxy-1,4-bis (diphenylphosphino)-butane and has a
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156 through a reaction liquid comprised of allyl alcohol and the catalyst system at
reaction conditions. Usually a solvent is used, such as an aromatic
hydrocarbon. Benzene, toluene and xylenes are preferred. Generally allyl
alcohol concentrations in the range of about 5-40% by weight in the solvent
are useful, it has been found that the lower concentrations in the range of 5-

20 10% favor higher normal to iso product ratios. Generally gas mixtures having
H2/CO mol ratios in the range 10/1 to about 1/2 can be employed. The use of
lower relative amounts of hydrogen, eg 5/1 to about 1/1 mols H2/CO are
espécially useful; at the higher levels of hydrogen some by-product formation
tends to occur.

25 The dramatic effect of concentration of CO in the reaction liquid on the
undesirable make of Cs by-products is illustrated in the attached Figure 1. it
can been seen from the graphical representation of Figure 1 that the make of

~ undesirable Cs products rises very sharply at the lower concentrations of CO
in the reaction liquid.

30 Figure 2 is a similar plot of the reaction selectivity to 4-
hydroxybutyraldehyde as a function of CO concéntrati_on in the liquid and it

can be seen that 4-hydroxybutyraldehyde selectivity increases rapidly until
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15 entire reaction zone in which the hydroformylation reaction proceeds:

4 2
(1) [COliq = (31.49-0.179T+3.309x10 T )Peo- o, (H) 0.5 (')
T Ky

wherein T is the reaction temperature (°K.) and is selected to be within the
range of 323° K. to 353° K. (absolute temperature), Pc, is the logarithmic
20 mean (in atmospheres, absolute) between the partial pressure of carbon
monoxide in the feed gas entering the reactor in which the hydroformyiation
reaction is conducted and the partial pressure of carbon monoxide in the
effluent gas leaving said reactor and is within the range of 0.01 to 3.0 absolute
atmosphere, ¢ is 3,500 for the cases in which mechanical stirring is performéd
25  within the reactor and 1,200 for all other cases, p is the viscosity (centipoises,
cp) of the reaction mixture at the reaction temperature and is selected to be
within the range of 0.1 to 4.0 cp, re is the rate (moles/liter-hour) of
consumption of carbon monoxide in the hydroformylation reaction and is
selected to be within the range of from 0.001 to 10 moles/liter-hour, and Kv is
30 therate (miIIimoIes/Iifer-hour) of absorption of oxygen in water as determined

separately from and independently of the hydroformylation reaction by



reaction is conducted and the partial pressure of carbon nonoxide in the
effluent gas leaving said reactor and is within the range of 0.01 to 3.0
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of carbon nnnbydrd;&yblstyﬁai@emﬁmad aoyighly seetectibe fasthornbove forrrul a (1) can be
determ ned easily {bfﬁ mgiugir}% the rate of flow of the feed gas enterlng
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that int uent gas val ue o IS rw et erm ned
the feed gas entering the hydroformylation reactor and that of the effluent gas

leaving said reactor, as well as the carbon monoxide concentration in the feed
gas and that in the effluent gas. The value of this re, can élso be determined
from the rate of feeding allyl alcohol into the hydroformylation reactor, the
20 concentration of unreacted allyl alcohol in the reaction mixture and the
selectivity of the hydroformylation reaction (total selectivity toward HBA and
HMPA). »
The value of Kv is determined by measuring, independently of and
separately from the hydroformylation reaction, the rate of oxidation of an
25  aqueous sodium sulfite solution with air at 25°C in the same reactor that is to
be used for said hydroformylation reaction or in a reactor of the same type.
The method of measurement for this purpose has already been established
and the details thereof can be found, for instance in Industrial and Engineering
Chemistry, Vol. 48, No. 12, pages 2209-2122 (1956). This Kv value depends
30 on the method of supplying - the feed gas and the shape of the
hydroformylation reactor and also is subject to the influence of the stirring
power of the reactor, the shape of the impeller, the method of distribution of



fromthe rate of feeding allyl alcohol into the hydrofornylation reactor,
the 20 concentration of unreacted allyl alcohol in the reaction m xture and
the sel avoovidey3 of the hydrofornylation reaction (total BeT/@stiositey
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m xed gas, at the sane’lin€ar velocity as under the hydrofornylation
reaction condbtlﬁ @frmnauensm mal ntaining the inside tenperature at 25 C,
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The value of p which is the viscosity of the reaction mixture at the

reaction temperaiure, can be determined by conventional methods.
| In the present invention, it is required to select the values of T, Peo. .,
1, feo and Kv interrelatedly within the respective ranges specified hereinabove
20 so that the value of [CO};q defined by formula (I) can be maintained above 4.5
mg. mols/liter and preferably above about 5.0 mg. mols/liter in substantially
the entire zone in which the hydroformylation reaction proceeds. By taking the
above measures, markedly improved effects, such as those méntioned above,
can be produced. If the value of [COJiq is smaller than 4.5 mg. mols/liter, the
25 rate of formation of undesirable by-products tends to increase and the rate of
the desired reaction tends to decrease, hence the yield of 4-
hydroxybutyraldehyde tends to decrease. In that case, the life of the rhodium
complex catalyst may also be shortened.
In prior art procedures where the rhodium complex and DIOP ligand
30 condensation was used, eg. Japan Kokai 06-279344 and 06-279345,
maximum values of [COJiq of about 4.3 mg. ‘mols/liter were used. Higher'

concentrations of CO are used in accordance with the present invention.



15 instance, in the case of a bubble colum. The value of which is the
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accor dancg w ion: [H2]liq =
(-2. 79+9°§°2x154§é%‘*“§"'%‘?§'*1®mgﬁ*§eﬁ% N 2 05PHR ., TK 5 where [H]liqis
concentration in nmByl wayl efl |!|uatratldh i a sarieegofeatlyKellcohnl Rydrofamylaignmean

average parti al ressures of ogen: ysing inlet and outlet gas
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in chP 1 is the r@%%?ét'ébﬂhtfo??é‘dmﬂ"serdaéﬁhb&uﬁpbﬁé/dIOPeIfg"dhdaﬁ@olﬁené$vafshe
rate of oxygen absorption in water as independently neasured by a standard

sodi um sul fi t eontiruausiyt fedh tana twelbmixed Bgitated/ teactar- along with allyl alcohol,
15  carbon monoxide and hydrogen. Rhodium and DIOP concentration in the
catalyst solution can be independently varied to achieve the desired reaction
rate, but a minimum DIOP/Rh concentration of between 1 and 1.5 mole ratio
should be targeted. Other ligands such as triphenyl phosphine (TPP) and
diphenyl phosphine (DPB) may be present. Rhodium and DIOP
20  concentrations were measured in the catalyst solution feeding the reactor.
Other bidentate phosphine ligands with certain "bite-angle" considerations
(greater than 100°), such as Xantphos were also shown to be an effective
substitute for DIOP.
Carbon monoxide, hydrogen and an inert gas was independently fed to
25 the reactor, to achieve independent control of their respective concentrations.
This flow control, along with total reaction pressure, determined the reSpective
feed gas partial pressures. ,
The reaction may be carried out over a wide range of temperatures to
achieve the desired reaction rate. For this work, temperature was kept at 145
30 degrees Fahrenheit. Liquid product was continuously removed from the
reactor to determine reaction rate and product selectivity, and gas sampling

was used to determine exit gas composition,



By way of illustration, a series of allyl al cohol hydrofornylation
experinments were conducted as follows: Catalyst solution conprised of
rhodi um anao¥%e®3 | i gand in toluene was continuously fed poT/asemiol46m xed
agitated reactor along with allyl alcohol, 15 carbon nonoxi de and
hydrogen. Rhodi um I %ﬁ% atd j I tio be
i ndependently varie td(:))tg%ﬁ;eve (%' tg'gés}lgardég ttreggré@?%% \)@{fﬁ Z_f,% guto geﬁ”lg@)lpmjm
DI OP/ Rh concenorratations betveesmdissoliedigds tompuositienrarid prodsibbselectivity ffar thet ed.
O her |igands ch as triphenyl phosphjine (TPP) and di phenyl phosphine
(DPB) nay be Bﬁ\g?é‘?ﬂ .°Ihﬁg%??fﬁ¥yé?f ”GP&E'% concentrations were measured in
the catal yst sol utiraBid epdétisivd NRSURACHG: exPbffenty daiidd eol.ﬁh% Ris
| igands with certain "bite-angle” considerations (greater than 100), such
as Xant phd® wexeeriineotas praeduce Bad analysisdechnigue.substitute for DI OP. Carbon
nonoxi de, hydrogen and an inert gas was independently fed to 25 the
reactor, to achieve i ndependent control of their respective concentrations.
This flow control, along w th tofgileneRiOPEXpRFiafsHis e, determ ned the
respective feed gas partial pressures. The reaction may be carried out
over a wde r tores tq acii eve (e gesr e reactr om-rage.
For this work| Ptenperat ufdraas kept |d€OI5 30| dddhiees FaljrRmheit. Liquid
product was clpsiajuous! y |r(psmayed frgnmrhel/ly eac{ ¢mmad/l)det er{r{ppm)r eacti ¢n
rate and prodfct Selectiyitly, %nd 0ds sanplingl was yused 1[0 deter ne |exit
gas conpositifpn. 7 Y0 01/]496432PCT/ Us01/ 00146 | Usi nqg-ﬁhese anal ¥&%s,
st andard techi ques gwer e Jused devel op §c§re atio bet een dj|f§0| vgd gas
e a

conposi tion dproduct gelectivity for ¢ Lyl al.Coholl hydrotornmylfati on
reaction. Table 1 sigows fesultggfrom expergnmeni{s cargged qut usigs this 5

experi nment al m*oteﬂg-e—amd allaiz)éai S tcuhlll6f,|5uc. TFabt c7.%. BHEP D\%,Sc(.). et s
11 14 6.5 3.5 160
17 21 10 5.5 ' 172
27 44 15 11 190
28 120 15 31 190
52 92 30 24 200
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Pco PH2 [COiiq [H2]lig Rh (psia) (psia) (mol/1) (mmol/1) (ppm 3 27 1
6.5 142 8 30 3.8 7.2 115 8 26 4 6.3 145 12 29 6.5 7.3 160 11 14 6.5 3.5
160 17 ANO204%4H 172 27 44 15 11 190 28 120 15 31 190 p6RUS@/@®624 200
10 15 20 8 WD 01/49643 PCT/ US01/ 00146 Table 1: DI OP Experinents
continued DIOP k n/i HBA C3 %@0. I ' éél@’-‘ﬁg g’i@%?o 21 6.5 2.8 64 10
0.09 6.5 4.4 77 3 02155Té . GjoF ¢ tge 5 0.21 1.8 6.0 83

0.3 0.26 1.9 6.2 84 0.3 0.21 2.6 6.4 84 0.2 0.18 4.0 6.3 83 1.5 0.16

3\A ?hGldgt 24f ?o @éﬁalr g;c :Jébr Sln;e:lnd'tl!)/ﬁ\éea?{ ;c{:é‘fﬁbﬁc\?:laﬁregl igclfil ZI early °

il lustrate the(edlant ageshod (mol%) (mol%)
0.21 6.5 2.8 ' 64 10
0.09 6.5 v 4.4 77 3
0.21 55 40 76 2
0.21 3.5 5.8 82 0.5
0.21 1.8 6.0 83 0.3
0.26 1.9 6.2 84 0.3
0.21 26 6.4 84 0.2
0.18 4.0 6.3 83 1.5
0.16 2.3 6.4 84 0.2

The results given above are presented graphically along with data from
5 analogous runs in the attached Figures and clearly illustrate the advantages of
the invention. In the above table, the first three runs are at CO concentrations
well below the 4.5 mmol/i lower limit of the present invention and thus are
comparative.
Additional hydroformylation experiments were carned out with other
10  bidendate diphosphine ligands having a bite angle of 100 120 degrees. The
experiment in each case was a batch run carried out with toluene solvent and
was run at 65°C to completion. The rhodium concentration was 200 ppm in
all runs. In Runs 2-1, 2-3, 2-4 and 2-5, the mol ratio of. ligand to rhodium was
4:1, in the other runs the ratio was 2:1. Total pressure was 300 psig except
15 for runs 2-2, 2-6 and 2-11 (200 psig) and run 2-12 (120 psig). Feed
concentration of allyl alcohol in toluene was 17.8 wt % for Runs 2-1, 2-2, 2-4,
2-8, 2-11 and 2-12, 6.3 wt % for Runs 2-3, 2-5, 2-6 and 2-10, 23 wt % for Run
2.7 and 9.8 wt % for Run 2-9. In all cases CO concentration in the liquid
phase was above 4.5 mg. molsl/liter.
20 The following table shows the results obtained.



the invention. In the above table, the first three runs are at CO
concentrations well belowthe 4.5 mol/I lower Iimt of the present

i nventi ow@ant4delis are conparative. Additional hydrof or npCBUS@IM0146
experinments were carried out with other 10 bi dendate di phosphi ne |igands
having a bite angle of 100-120 degrees.g!aﬁégexperi ment in each case was a
batch run carried out with tol uene solv d was run at 65Cto

conpl etion. The rhodi um concentration was 200 ppmin all runs. In Runs
2-1, 2-3, 2-4_and 2.5_ tho npl rafio of ligand to rhodiumwas 41 in t he

other runs the ratiggpwas 2: 1.| Tot g|qapgeEgSure was 3C0 psi g:@x%pt 15
runs 2-2, 2-6[and 2-11 (200 pS|g) @%u%?rm 2'1€p psig eed
concentrati on tede was R Wt 04 Dlan 2=1 2-2,
2-4, 2-8, 2-[l1 an@-P-12, 6.3 wt %)famr Runs 2-43 2-(5, 2-6|4@nd 2-10, 23 wt %
for Run 2-7 pmd— 98 w9 forr Rum2=9—tm—att——casegsCO—~concentratt+or] in t he
liquid phase|was &dve 4.5 ng. moPdA itler. 2093he [f ol | owPdg tabl e ghows
the results o t ai nﬁﬂi 9 V\D oL/ 4966% [US017 4q  Tabl e3 Run Li gand Pco
PH2 (Wt % (p.m ia) 2-1 030983 43 o 5 93 943 2.3 0.3q 143
143 2-4 0.58] 143 2-5 0.58 14551343 2-6 O144 93 93 w37 0.22 143 143
2-8 0.22 143 [H43—2-90—22—143—143——2 14022143143

2-5 0.58 143 143

2-6 0.14 93 93

2-7 0.22 143 143

2-8 : 0.22 143 143

2-9 : 0.22 143 143

2-10 0.22 143 143

2-11 0.22 93 93

2-12 0.22 53 53
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2-11 0.22 93 93 2-12 0.22 53 53 5 10 15 20 10 WO 01/49643

PCT/ US01/ 00146 Table 2 continued Run n/i Ratio % HBA C3 (nol% 2-1 10
88.4 2.8wWQoR4%45 87.1 2.7 2-3 16.7 91.0 3.5 2-4 8.8 87P6T/BS@ /002465 13. 4
89.9 3.4 2-6 7.7 87.41.2 2-76.786.30.9 2-87.187.20.5 2-97.6
87.8 0.7 2-10 8.2 88.4 0.8 2-11 6.8 86.7 0.5 2-12 6.6 86.4 0.6 5 1In

runs 2-1 through 2-3, the |ligand used V\ﬁ.—z! Eé\% Di!met h!yl -4,6
bi s(di phenyl phosphi no) xant hene ( Xant pho can angl e of 112 degrees).
In runs 2-4 and 2-5, the |ligand used was
2, 7-di - t ert - bp=yF—8—8—ehrreq 4 s e =
bite angl e offf Ronut 112 d'egnB(RiatloI n" run Z%G-IB/Ne Ilgand us@gl was
Bi s(2-(di phenﬁ/l phosphl no) phenyl )ether 10 (DPEphos with a (rnhcm%)angl e @gf 102
degrees. |n rpms—2=7ttmrough—2=12the—tTgandused—was DHOP:

2-1 10 88.4 2.8

2-2 8.5 87.1 27

2-3 16.7 91.0 3.5

24 8.8 87.5 2.6

2-5 13.4 89.9 3.4

2-6 7.7 87.4 1.2

2-7 6.7 86.3 0.9

2-8 7.1 872 0.5

2-9 7.6 87.8 0.7

2-10 8.2 88.4 0.8

2-11 6.8 86.7 0.5

2-12 6.6 86.4 0.6

5 In runs 2-1 through 2-3, the ligand used was 9,9-Dimethyl-4,6-

bis(diphenylphosphino)xanthene (Xantphos with a bite angle of 112 degrees).
In runs 2-4 and 2-5, the ligand used was 2,7-di-tert-butyl-9,9-dimethyl-4,6-
bis(diphenylphosphino)xanthene with a bite angle of about 112 degrees. In
run 2-6 the ligand used was Bis(2-(diphenylphosphino)phenyl)ether
10 (DPEphos, with a bite angle of 102 degrees. In runs 2-7 through 2-12 the
ligand used was DIOP.
From the data given above, the exceedingly high normalfiso product
ratios obtainable are demonstrated. The catalyst systems employed in Runs
2-1 through 2-6 are believed to be a novel for the hydroformylation of allyl
15 alcohol.
| _ Comparative Examples ‘
Referring to Japan Kokai 06-279344, Table 1, the liquid CO

concentration was calculated using the inlet CO concentration rather then the

11



From the data given above, the exceedingly high normal/iso product ratios
obt ai nabl e are denonstrated. The catal yst systens enployed in Runs 2-1
t hrough avéorsw4dbel i eved to be a novel for the hydrof or nypariuee/miseal | y)
15 al cohol . Conparative Exanples Referring to Japan Kokai 06-279344, Table

Soncent g onSoTEERERBEARRANI R A AR OB BE i biles T igher

concentr at i onvaloet foe @0oliguid gcariceatratidiottbamn Hae bglsmgnvaxumnhagber Thalue
for COliquid concen tion than the lo concentration. Th

cal cul at ed- CPGHEEH [ Porcantitonder each 534 3G madnarll. el Pelayefayames
lover 1imt ﬁﬂﬁ?ge'cﬁféd'lﬂ 6 aﬂ@a%tm@ .té%@gprrﬁéﬁmnl 'ﬂV@d?\t b&Reeh!fré@n be

seen from5 t ta presente that the re uctibility of the runs

det eri or atfed thfet dataopriegenteddhatiet Ietnr@dmtlbm(y ofithe rms delerigated afteyonly

01/ 49643 PCT/ SOl/ 0%46 W claim 1. In a process for the hydrofornylation
of allyl alco 'B3R¥tion with a nixture of CO and hydrogen in the

| i qui d phase |n the presence of a catalyst 5 conprised of a rhodium
conpl ex and a bi dendate di phosphine |igand, said |igand having a bite angle
of 100-120 degrees, the inprovenent which conprises maintaining the
concentration of COin the liquid phase above about 4.5 ng nols/liter
during the hydrofornylation. 2. The process of claim1l wherein the
concentratg on of COin the liquid
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10 phase is . maintai ned above about 5.0 ng.nols/liter during the

hydr of ornmyl ation. 3. The process of claim1l wherein the bidendate

di phosphiweol/isgand is (isopropylindene - 2,3 - di hydr oxyPeT/US@1/00146

di phenyl phosphi ne) butane. 4. The process of claim1l wherein the bidendate
di phosphine ligand is 15 9,9 - Dinethyl - 4,6 -

bi s(di phenyl phosphi no) xant hene=Xant phos. 5. The process of claim 1 wherein
t he bi dendat ews glaimaphine ligand is 2, 7 - Di-tert-butyl - 9,9 - dinethyl -
4,6 - bis(diphenyl hosphlno)xanthene The process of claim1l. wherein

t he bidendate di ph s rf%fOP?%fﬁdt"?%hycﬂpfqrﬂl)’{aiioﬁﬁgrﬁuykﬁi@%ﬁmMd?ﬁﬁféqm”}tht her .
20 7. A proceg g? toP@d’éR&"ﬁ&&ﬂo%@P% thAt? rl%lﬂ&@ﬁ&@é'rese?@g é"@f&t&g alyﬁt

conprises hydr I"at’ i on a cat
conpri sed 5of a:dm)dnsm:l ohc Ehd&iuﬂn -cdpnpiex larid a Mdéndate dlphosphlne ligand, sa|d

pr oduct i on’ of ISATRy GPYIgh & DIF GRIRCOWADEH 228 egessy  bBo TTRaVeRerhy N on

2 art bt B g e B D P Red 2!
A process forabog 405mulmqlsjmeodumnmwm)dyommalaﬂehyde whi ch conpri ses

of Fhodi U and . bfs {25 RIPRRGHD DL piecs BrER PRSP i the faa’ *°

10 phase is maintained above about 5.0 mg.mols/fiter during the
hydroformylation. '

3. The process of claim 1 wherein the bidendate diphosphine ligand is
(isopropylindene - 2,3 - dihydroxy - 1,4 - diphenylphosphine) butane.
4. The process of claim 1 wherein the bidendate diphosphine ligand is

15 9,9 - Dimethyl - 4,6 - bis(diphenylphosphino)xanthene=Xantphos.

5. The process of claim 1 wherein the bidendate diphosphine ligand is
2,7 - Di-tert-butyl - 9,9 - dimethyl - 4,6 - bis(diphenylphosphino)xanthene.
- 6. The process of claim 1 wherein the bidendate diphosphine ligand is
bis(2-(diphenylphosphino)phenyl)ether.

20 7. A process for the production of 4-hydroxybutyaldehyde which
comprises hydroformylation allyl alcohol in the presence of a catalyst
comprised of rhodium and a 99 - Dimethyl - 46 -
bis(diphenylphosphino)xanthene=Xantphos ligand.

8. A process for the production of 4-hydroxybutyaldehyde which

25 comprises hydroformylation allyl alcohol in the presence of a catalyst
comprised of rhodium and a 2,7 - Di-tert-butyl-9,9-dimethyl-4,6-
bis(diphenylphosphino)xanthene ligand. |

9. A proceés for the production of 4-hydroxybutyaldehyde which
comprises hydroformylation allyl alcohol in the presence of a catalyst

30 comprised of rhodium and a bis(2-(diphenylphosphino)phenyl)ether ligand.
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