HYDROFORMYLATI ON PROCESS FI ELD OF THE | NVENTI ON This invention
relates to a process for hydrofornylating allyl alcohol to produce

4- hydr oxybut yral dehyde. BACKGROUND OF THE | NVENTI ON The

hydr of ormyl ati on of allyl alcohol is a well known and commercially
practiced process. See, for exanple, U S. Pat. Nos. 4,064, 145, 4,215,077,
4,238,419, 4,678,857, and 5, 290,743. In the hydrofornylation reaction,

ally' alcohol is reacted with a COH2 gas m xture in the presence of a
catalyst to form 4- hydroxybutyral dehyde (HBA). The HBA nay then be
separated fromthe cat al y5YDROGORMYLAHON PRQAGESSi on, and hydrogenated to
form 1, 4-butanediol (BDO. See U. S. Pat. No. 5,504, 261. Var i ous

catal yst systenms have been em@qugtpL-ﬁ.qE PeNFYgKof ornyl ati on reaction, nost
notably a rhodi um conpl ex together wth a phosphine |igand (see, e.g., US.

Pat. Nos. 4, 0Bas 1ingentiom 3gjatesoto gndracess7f@oBydrofosmytating aliyh| algehdl peosphi ne
| i gands S j hi nes such as triphenyl phosphine.

One di sa \?gHFéSZH@?‘S){yEg%& ofnmyl ati on process is that other co-products
or byproducts are also fornmed in addition to the desired HBA |inear
product. The hydrof or nyl g4 E{P fey' &"E@ ical ly produces sone

3- hydroxy-2- net hyl propi géﬁ%(?@g &Z'L' I%T-Di Elg}r%ﬁ]ﬁgihgo-product and C3

bypr oduct s suThe dydmfoopdation afidallyt gicahodlisehwdel kAbtvhoagd ¢dviienaiziiybe
hydrogenat ed t roduce 2-nethyl -1, 3-pr negdi ol . ( MP iLch, | sef ul
mat er i al PrACHE® &&Spr o%ﬁ%’t tf?%tﬁf@gkok{?h@p@i %Ida& &O(SBtgbsﬁgghatdr%%gﬁ’t he C3
bypr oducg 23efd1ech 678|867, apd 65230, 343N M ther hydrefotmllation rendtiba, allwaredowhi ch
can have, a seve %@gdveég)z'aeffect .on the process econom cs To
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process giftokRflinraiden BAJ.ed HeOHBRORHE ithéty BeOshiarsted Wrom thalcatdNast,
6, 127, 584W§i scl oses t?}?{ @tqheyuse of a tl’l98.| kyl phosphi ne | i(gand hd;ﬁ ng at

| east 2 8t Walepapisactioayprd hydroggasiedde dombBAd-Rdanediel BDGheSer &-3f
di phosphpge Nd. gajtdsodyas al so been found to inprove the HBA: HWPA ratio. The
hydrof ornyl ation of allyl alcohol using rhodiumconpl ex catal ysts and
di phosphi ne | Yafiguss caiadyst asystarap, haveakieppiosnpisyed for the hydroformylation

ot by (eeeian tnBRERYaBICS RRABART LbIE O EREL 306, 3 DrRgPiRe ibahsfe
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monoxi de and hydrogen in the presence of a sofvent and a catalyst to
produce arothguyiekly ossyindhelahgerss whishcearhgye acegnsre aslyeeser alfestion thenpl ex
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3- hydr oxgis@esed that theopse nabdealkgdephosphine ligand having at least 2 methyl groups
results in increased HBA:HMPA ratio. The use of diphosphine ligands has also
been found to improve the HBA:HMPA ratio. The hydroformylation of allyl alcohol
using rhodium complex catalysts and diphosphine ligands such as DIOP,



DETAI LED DESCRI PTI ON OF THE | NVENTI ON The process of the invention

conpri ses hydrofornylating allyl alcohol in the presence of a solvent and a

catal yst. The catalyst of the invention conprises a rhodiumconplex and a
di phosphi ne |igand. The di phosphine is a trans-1,2- bis(b is(3,4-d i-n-a
Ikylphenyl)phosphinonethyl)cyclobutane and/or a 2, 3-0-

| sopropyl i dene- 2, 3-di roxy-1,4-b is[bi s(3,4-di-n-al

kyl phenyxﬁb%’émw] msa1,,zeblseélphenylphosphmomethyl)cyclobutane is shown in the

Trans- 1. 2xDhafably 7 Apdh Roidh 140 NS 40RO 0B S Jort B DpLANGS. have

the fo I'n eac 'S |ndepen ently an a group.
Pref er ab#;BOGFO&?s W& Rt Net 625,500 qisalpsds. that maintaining the concentration of

et aneh, 4 Rk Prbdn il sy BRECH S PRRRRDP AN SHELSRNATEE,
hosphi nangdsinablec@e bo—dnodmmhemhbnamkaglaz:atalﬁtb:oa{ﬁl,séd of a rhodium complex
2 5071 S80Sl s DOy Y RSHen A0S fat: Nos, 5231 295896 7 38RO
phosphi naisblat@naise hase tofe af 02 twd)asopropyndene 2,3-dihydroxy-1,4-bis[bis(3,5-di-n-
alkylphenyl)phosphino]butane ligand or a trans-1,2-bis(bis(3,5-di-n-
alkylphenyl)phosphinomethyl)cyclobutane ligand, respectively.
In sum, new processes for hydroformylating allyl alcohol to produce 4-
hydroxybutyraldehyde are needed. Particularly valuable processes would result in
high ratios of 4-hydroxybutyraldehyde to 3-hydroxy-2-methylpropionaldehyde.

SUMMARY OF THE INVENTION
The invention is a process that comprises reacting allyl alcohol with carbon
monoxide and hydrogen in the presence of a solvent and a catalyst to produce 4-
hydroxybutyraldehyde. The catalyst comprises a rhodium complex and a trans-1,2-
bis(bis(3,4-di-n-alkylphenyl)phosphinomethyl)cyclobutane and/or a 2,3-0-
isopropylidene-2,3-dihydroxy-1,4-bis[bis(3,4-di-n-alkylphenyl)phosphinolbutane. The
invention also includes the catalyst. The invention surprisingly results in high ratios

of 4-hydroxybutyraldehyde product to 3-hydroxy-2-methylpropionaldehyde.

DETAILED DESCRIPTION OF THE INVENTION
The process of the invention comprises hydroformylating allyl alcohol in the
presence of a solvent and a catalyst. The catalyst of the invention comprises a
rhodium complex and a diphosphine ligand. The diphosphine is a trans-1,2-
bis(bis(3,4-di-n-alkylphenyl)phosphinomethyl)cyclobutane and/or a 2,3-0O-
isopropylidene-2,3-dihydroxy-1,4-bis[bis(3,4-di-n-alkylphenyl)phosphino]butane.
Trans-1,2-bis(bis(3,4-di-n- aIkylphenyl)phosphlnomethyl) cyclobutanes have

the formula:



wherein each R is independently an n-al kyl group. Preferably, R is nethyl,
ethyl, or propyl. The2, 3-0-isopropyl ide ne-2,3-d ihyd roxy-1

, 4- bi s[ bi s(3, 4-di -n-al kyl phenyl ) phosphi no] but ane di phosphine ligand is
nost preferably 2, 3-0-isopropylidene-2, 3-

di hydr oxy- 1, 4- bi s[ bi s(3, 4-di net hyl phenyl ) phosphi no] but ane or
2,3-0-isopropylidene2, 3-d i hydroxy-1 , 4-bi s[ bi s(3, 4-di et hyl phenyl)
phosphi no] butane. g The di phosphine |igand may be prepared by any
possi bl e net hod. For\i /

, 4-bi s[bis(3,4-di-n-a phenyl ) osphi no] but anes may be prepared by the
reaction of 2,2-dine N 5- | ol uengsul fonyl oxymet hyl)

nmet hyl ] - 1, 3- di oxol arfg | it hiyeFo <A-di -nal kyl phenyl)pho sph i nes.
Trans-1 ,2-bis(bis(3)@ n- al kyl ) phosphi nonet hyl ) cycl obut anes may

, 2- cycl obut anedi net hanol ,

bi s(tol uenesul fonate) with Myt di (3, 4-di - n-al kyl phenyl ) phosphi nes.
The catal yst of the inventign also conprises a rhodi um conpl ex. Suitable
r hodi um conpl exes conta%F‘pZOdiun1attached to ligand groups. The rhodi um

conplex is prefera uble in the solvent. There are no particul ar
restrictions regarding [the choice of |igands attached to the rhodi um
conpl ex. For exanples—syjtabl e Iigands A nclude hydrides, carbonyl,

substituted and unsubstitted cycl
trial kyl phosphines, triaryN phosp

perd adi enyl s, 2, 4- al kanedi onat es,
d%ﬁhosphines, and m xtures

thereof. Particularly prefer i ncl'ude carbonyl, acetyl acetonate

(2, 4- pent anedi onate), triphgnyl pho and m xtures thereof. Exanples of
preferred rhodi um conpl g i ncl ude (acetyl acetonat o) dicarbonyl rhodi um and
tris(triphenyl phosphi ng dNum car bonyl hydri de. The rhodi um conpl ex

can be pre-associ at,ed—
, 2- bi s(bi s(3, 4-di n-al kyl\
2, 3-0-isopropylidene-2, 3
, 4- bi s[ bi s(3, 4-di - n-al Kyl phenyl ) phosphi no] but ane di phosphine |igand pri or
to use in the hydrofornylation reaction such that the

bi s(bi s( 3, 4- dvhersirk ghgihEnisl indapendantiyrat hydibyd geoumb uPseferably, R is methyl,

2,3-0-isqpr [ e- 2, 3-di hydroxyl
,4-bis[b?§?g%%£hﬁ8@-alkylphenyl)phosphino] butane fornms part of the rhodium
conpl ex, or iTheantraes-ddbid(HsBat-ditmbaikypHengymhosphinometiylepf ecyadbaitane add

t he rhodi,u gagﬁlex Sﬁgfrate fromthe trans-

- 2- bi s( bAPNISNIE? nal A Gheny 1S phodBRFhome PRSTESERNE | obdFaliss! 4iPis(bis(3.4-

2, 35 0-i[EGlhﬁétﬁ}'lbi&éiﬁjl)@hiaﬁ@?id%lhéﬂiwxydobugane] ) or ) tranls-1,2-bis(bis(3,]:1- )

, 4-bi s[bi,s(3,4-di-n-a phe sphi no] butane. The nolar ratio of the

di phosphp\‘?éhﬂ"? BPPMW%BW@E%U&% eferably in the range of 0.5:1 to
50 1. _Al2,boggébmﬂsyuaeﬁé&@:aamyd&d&g;mib@[b@(e,mvn%d@ﬂdne@@gI Iy conprise a
nmonophosphi ne conpound.  The nmonophosphi ne conpound is in addition to any

phosphi nehesriunributages haye the 1es8Blei at ed with the rhodi um conpl ex. The
nonophosphi ne conpound is a trisubstituted phosphine that is represented by
the formula: (R1)3P wherein Rl is an aryl or alkyl group. Suitable
aliphatic al groups include nethyl, ethyl, n-butyl, sec-butyl, octyl, and
decyl. Suitable aromatic Rl groups include phenyl, tolyl, and naphthyl. The
R1 groups may be the sanme or are different, but preferably are the sane.
Preferably, the nonophosphine is a trisubstituted aryl phosphine. Mre
preferably, the nonophosphine is triphenyl phosphine or tritolyl phosphine.
Tri phenyl phosphine is particularly preferred. A reaction solvent is
al so required for the process of the invention. Typical solvents are those
that are capabl e of solubilizing the rhodi umconplex and are not reactive
to the hydroxyal dehydes that are produced in the hydrofornyl ation step.

Sui tabl e solvents include any organic sol vent having very |ow or m ni nmal
solubility in water. Preferred solvents include C5-C20 aliphatic

hydr ocar bons, Cs-Cm aromatic



hydr ocar bons, al cohols, ethers, and m xtures thereof. Particularly
preferred solvents include toluene, cyclohexane, nethyl t-butyl ether, and
m xtures thereof. Typi cal reaction conditions for the
hydrof ormmyl ation step are mld to favor the formati on of the |inear
4- hydr oxybut yr al dehyde (MBA) rather than branched 3-
hydr oxy- 2- met hyl pr opi onal dehyde (HWMPA) reaction product. Reaction
conditions are prefe&ably in the range of from 20 to 120C and pressures of
from 138 to 4137 kPa NO to 600 psig]r nore preferably from45 to 85C and
207 to 2758 kPa [30 to AB86~ysig], and|nost preferably from50 to 80C and
276 to 2068 kPa [40 to/300 psig]. ThelmolaRratio of COH2 is typically

& i 2 sghsi derably. The partial pressure
1 to 690 kPa [5 to 100 psig]. The
within the range of 276 to 1379
fon i s“conducted at these conditions until a

of COis typically w thR\n e range
partial pressure of hydrogen\
kPa [40 to 200 psig]. The rea

pr edoni nance of; 4 he allyl alcghol has reacted, e.g. 60 to 99.9% the
products being A V4 oxybut yral dehyde with some branched reaction
products. The anopfit of feaction tine is fot critical, but usually a
reaction tinme of /0. rs i s adequgte. Preferably, the allyl

to
al cohol start Hefg conoBhtrati ol on a f n solvent to feed basis is in
the range of 5 to 40 percent byrwett € Bolvent; nore preferably,
| ower concentration in the range of 0 percent by weight may be used.
Preferably, the hydrofornylatKon of ally' alcohol is carried out such that
the concentration of CO i iquid phase ([COiq) is maintained above 4
mmol s/liter (0.004 M e hydrofornylation. The value of ([CQiiq is
defined In U S. Pat. "No. 509, the teachings of which are incorporated
herein by reference. Prefeyably, the liquid phase hydrogen: carbon nonoxi de
molar ratio is in the rande of from10:1 to 1:2, nore preferably from5:1
to 1:2. Fol ' owi ng 'the hydrofornylation step, the HBA product is
preferably separated fromthe solvent and catal yst by water extraction in
an extract i onwheiepacindt i indgpenrdantyramatatod grebre ReeferablvuiR i$.MethY. ar t
and can gﬁ]gpfofrgp&rﬁp by any suitable neans, such as m xer-settlers, packed
or traye Xtraction colums, rotating disk contactors, or passed to a
settling tankTher reshB@-isoprapylidéne-gidxdibydroxy ot-biglhisid<-diritalkypaany)

h . i i . d
o separ B RdtAte B nsh I K & fesf shéfetcly #3-BlishiriiGene-paase an
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preferred are nickel catalysts. Mdst preferred are Raney(r) nickel-type and
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are pref j range GO st om
15791 o BB T R e A 408 anc
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hours areg: i | B1E; : : 1 b BDO and MPD
f or med mﬁ‘sﬁgﬂ{eﬁggﬂ%ﬁtﬁ)&‘ f”o'ﬂg'f““f]?'éééggﬂ?‘gﬁE’?Q’r‘m@%’?ﬂg?%@ﬁ%?'s is substantially
ret ai ned, al ofige wiatdlysstdfethel ioventionpalsd Leomifrises calulbedium eOMpIRKE Suitable

PREPARAT . I . . 1C & . BLph ines 1A
6, 1, HOUThCRBRERSY | eain, aciupt arebie B, ey WP,  The R
descri bedoineleavis mBferably soluble in the solvent. There are no particular restrictions

regarding the choice of ligands attached to the rhodium complex. For example,

suitable ligands include hydrides, carbonyl, substituted and unsubstituted

cyclopentadienyls, 2,4-alkanedionates, trialkyl phosphines, triaryl phosphines,



1A1B10O 1D1E1F1G A sol ution of

2,2-di methyl-4, 5-bi s[(tol uenesul fonyl oxynethyl) nmethyl]-1, 3- dioxolane in
dry/ degassed THF (1 equivalent, 1.73 g, 3.7 x 10-3 nol es of the dioxol ane
in 50 nL THF) is added drop-w se under argon to a solution of the
appropriate |ithiumdiaryl phosphine (see formul a above) in dry/ degassed
THF (2.3 equivalents in 100 nL THF). The m xture is heated at reflux for 2
hour s, t diphosphihes] andndixtures sfwreefnt Padicularty pegfeued igamdsdincedepragiseny.e. The

e k3o 4 R BRIl ShATEE OB e

2, 3- 0-i Spraraplesi done- grefediedy drtxiitim 4- bombibxesy| rivhsiehi narbtylatetnato)

di ot ! PRSP BRSSUH ARG o RhEny oSO NG YL e 16: 2

3- 0-i sopr opy! THE ARdRu cBMpIE €1V bd pfe-associated with the trans-1,2-bis(bis(3,4-di-

bi ;[ bi s( 3, 5-di et hyl phenyl ) phosphi nog but ane, i Conpar ative Di phosphine

1C 2, 3oedkyihepyphqsgbineniethvlleyeirputangy ot 2,30 W§[%V§?%%%§'BWQES}‘H noj ,

known as4 [l (B pis(3,4-di-n-alkylphenyl)phosphino] butane diphosphine ligand prior to use in
the hydroformylation reaction such that the bis(bis(3,4-di-n-
alkylphenyl)phosphinomethyl)cyclobutane or 2,3-O-isopropylidene-2,3-dihydroxy-
1,4-bis[bis(3,4-di-n-alkylphenyl)phosphino] butane forms part of the rhodium
complex, or it can be added separately. However, it is preferable to add the rhodium
complex separate from the trans-1,2-bis(bis(3,4-di-n-
alkylphenyl)phosphinomethyl)cyclobutane or 2,3-O-isopropylidene-2,3-dihydroxy-
1,4-bis[bis(3,4-di-n-alkylphenyl)phosphinolbutane. The molar ratio of the
diphosphine ligand:rhodium complex is preferably in the range of 0.5:1 to 5:1.

Although not necessary, the catalyst may additionally comprise a
monophosphine compound. The monophosphine compound is in addition to any
phosphine ligand that may be associated with the rhodium complex. The
monophosphine compound is a trisubstituted phosphine that is represented by the
formula:

(R)sP
wherein R' is an aryl or alkyl group. Suitable aliphatic R groups include methyl,
ethyl, n-butyl, sec-butyl, octyl, and decyl. Suitable aromatic R' groups include
phenyl, tolyl, and naphthyl. The R' groups may be the same or are different, but
preferably are the same. Preferably, the monophosphine is a trisubstituted aryl
phosphine. More preferably, the monophosphine is triphenylphosphine or
tritolylphosphine. Triphenyl phosphine is particularly preferred.

A reaction solvent is also required for the process of the invention. Typical
solvents are those that are capable of solubilizing the rhodium complex and are not
reactive to the hydroxyaldehydes that are produced in the hydroformylation step.
Suitable solvents include any organic solvent having very low or minimal solubility in

water. Preferred solvents include Cs-Cyo aliphatic hydrocarbons, Cs-Coo aromatic



Conpar ati ve Di phosphi ne 1D: 2, 3-0-i sopropylidene -2,3-d i hyd roxy-1 , 4-

bi s[ bi s(3, 5-di net hyl- 4- nmet hoxyphenyl ) phosphi no] but ane. Conparative
D phosphi ne 1E: 2 3-0-i sopropylidene -2 ,3-d i hyd roxy-1 ,4-
bi s[ bi s(2-napt henyl ) phosphi no] but ane. Conpar ati ve Di phosphi ne 1F. 2
3-0-isopropylidene -2 ,3-d ihyd roxy-1 ,4-
bl s[ bi s(4- net hyl phenyl ) phosphi no] but ane. Conpar ati ve Di phosphi ne
éG [2b3 ?2H14 aﬂm{ist | 1glﬁﬁlﬁ’ols 2et3erd bn&ﬁ%tur@&)éheireoﬂi’agl)%\lﬁ/gyl_ IE)referrﬁiy Csjolv?nts at
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Reacti on (€} Obfe{)‘ﬁo hy?g;pptyl gtﬁ?rcﬁ mixtures fred 2forrryl ated using

di phosphi nes 1A-1E accordl ng t_(_) the follow ng procedure: A solution
of the desiredlyighaspetionec¢rittansi foalteshydipforgvbation1siep arelneidd tq favdry

105 ol o5 BRI B gBaP el AR ATF R el (BIICARE 2. ¥ e
with a 1:hydooxy-2-methylorapienaddetiven (HiéBALreaationt rrodaatl Reretipn 8ongRiogs wi t h
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al cohol nj ect e autoc I'S pressurize
with the k& H2 i 6G0upsigl, Thre auefecatly oms4%k ep BS54t and @@M@é’ﬁ’ﬁSmP@sBQrte of 200
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further gas he aut oc e ls Ccoo gl’ essuril ze
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product s @hsidifafifarhd AcieTBRdSAPL] 80 RMQHUERE A nEVER. 819 &3 egboduct s

(n- propanol and p opi oha osp | ne arisons
Di phosphi kiza Botev 0@ peigl.(Bhe p-B’AaI pressure of hydrogen is typically w1th|n the range

of 276 to 1379 kPa [40 to 200 psig]. The reaction is conducted at these conditions
until a predominance of the allyl alcohol has reacted, e.g. 60 to 99.9%, the
products being largely 4-hydroxybutyraldehyde with some branched reaction
products. The amount of reaction time is not critical, but usually a reaction time of 0.5
to 4 hours is adequate.

Preferably, the allyl alcohol starting concentration on a reaction
solvent to feed basis is in the range of 5 to 40 percent by weight in the
solvent; more preferably, lower concentration in the range of 5 to 10 percent
by weight may be used.

Preferably, the hydroformylation of allyl alcohol is carried out such that the
concentration of CO in the liquid phase ([COl;q) is maintained above 4 mmols/liter
(0.004 M) during the hydroformylation. The value of ([CQO];, is defined In U.S. Pat. No.
6,225,509, the teachings of which are incorporated herein by reference. Preferably,
the liquid phase hydrogen:carbon monoxide molar ratio is in the range of from 10:1 to
1:2, more preferably from 5:1 to 1:2.

Following the hydroformylation step, the HBA product is preferably separated
from the solvent and catalyst by water extraction in an extraction vessel. Water
extraction methods are well known in the art and can be affected by any suitable
means, such as mixer-settlers, packed or trayed extraction columns, rotating disk
contactors, or passed to a settling tank for resolution of the mixture into aqueous and
organic phases. HBA, and any HMPA, remains soluble in the water (aqueous) phase

and is separated from the solvent (organic) phase.
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(70) HWPA (% C3 (% HBA HWPA ratio 1A 99.8 89.7 9.5 0.2 9.5

The 4-hydroxybutyraldehyde (and any 3-hydroxy-2-methylpropionaldehyde)

reaction product is preferably subjected to an additional step of hydrogenating the 4-

hydroxybutyraldehyde in the presence of a hydrogenation catalyst to produce 1,4-

butanediol (BDO). Hydrogen is added to the reaction vessel for the hydrogenation.

Suitable hydrogenation catalysts include any Group VIII metal, such as nickel, cobalt,

ruthenium, platinum, and palladium, as well as copper, zinc and chromium and mixtures

and alloys thereof. Especially preferred are nickel catalysts. Most preferred are Raney®

nickel-type and fixed bed nickel catalysts.

The hydrogenation reaction conditions are preferably in the range of from 60 is
to 200°C and pressures of from 1379 to 6895 kPa [200 to 1000 psig], more preferably
from 80 to 140°C and 2068 to 6895 kPa [300 to 1000 psig]. Generally reaction times of
1 to 10 hours are appropriate. During the hydrogenation reaction, BDO and MPD

formed while the high ratio of linear to branched products is substantially retained,

along with other low co-product/byproducts.
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EXAMPLE 1: PREPARATION OF DIPHOSPHINES
1A, 1B, 1C, 1D, and 1E: Diphosphines 1A, 1B, 1C, 1D, and 1E of the
following general formula are prepared as described below.

O
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A solution of 2,2-dimethyl-4,5-bis[(toluenesulfonyloxymethyl) methyl]-1,3-
dioxolane in dry/degassed THF (1 equivalent, 1.73 g, 3.7 x 10° moles of the
dioxolane in 50 mL THF) is added drop-wise under argon to a solution of the
appropriate lithium diarylphosphine (see formula above) in dry/ degassed THF (2.3
equivalents in 100 mL THF). The mixture is heated at reflux for 2 hours, then
cooled, and the solvent is removed under reduced pressure. The remaining solids
are re-dissolved in dichloromethane, filtered though a silica bed, and the solvent is
removed under reduced pressure to yield the 2,3-O-isopropylidene-2,3-dihydroxy-
1,4-bis(diarylphosphino)butane.

Diphosphine 1A: 2,3-O-isopropylidene-2,3-dihydroxy-1,4-bis[bis(3,4-
dimethylphenyl)phosphinolbutane.
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Comparative Diphosphine 1B: 2,3-O-isopropylidene-2,3-dihydroxy-1,4-

bis[bis(3,5-dimethylphenyl)phosphino]butane.

Comparative Diphosphine 1C:2,3-O-isopropylldene-2,3-dihydroxy-1,4-

bis[bis(phenyl)phosphino], known as DIOP,
Comparative Diphosphine 1D:2,3-O-isopropylidene-2,3-dihydroxy-1,4-

bis[bis(3,5-dimethyl-4-methoxyphenyl)phosphino]butane.
Comparative Diphosphine 1E:2,3-O-isopropylidene-2,3-dihydroxy-1,4-

bis[bis(2-napthenyl)phosphino]butane.
Comparative Diphosphine 1F: 2,3-O-isopropylidene-2,3-dihydroxy-1,4-

bls[bis(4-methylphenyl)phosphino]butane.
Comparative Diphosphine 1G:2,3-O-isopropylidena-2,3-dihydroxy-1,4-

bis[bis(2,4,6-trimethylphenyl)phosphino]butane.

EXAMPLE 2: Hydroformylation Reaction using Diphosphines

Allyl alcohol is hydroformylated using diphosphines 1A-1E according to the
following procedure:

A solution of the desired diphosphine (2 equivalents or 8.6 x 10®° moles) In dry
degassed toluene (15 g) is added to [Rh(CO),(acac)], (1 equivalent or 4,3 x 10° moles) in a
100 mL Parr autoclave. The solution is flushed three times with a 1:1 CO/H, mixture and
then pressurized to 1241 kPa [180 psig] with the CO/H, mixture. The autoclave is then
heated to 65°C with stirring, allyl alcohol (3.5 mL) is injected, and the autoclave is
pressurized to 200 psig with the CO/H, mixture. The autoclave is kept at a constant
pressure of 200 psig, and the gas uptake of the reaction is monitored. When there is no
further gas uptake, the autoclave is cooled and depressurized. The resulting solution is
analyzed by gas chromatography to determine the products of the reaction. The reaction

produces HBA, HMPA, and C; products (n-propanol and propionaldehyde).



86.51 11.27 0.19 7.7 1G* 6.33 2.15 0.53 3.43 4.1 *Conparative Exanple

TABLE 1: Diphosphine Comparisons

Diphosphine | Conversion | HBA HMPA C, HBA:HMPA
(%) (%) (%) (%) ratio
1A 99.8 89.7 9.5 0.2 9.5
1B~ 99.7 89.8 9.4 0.2 9.5
1C* 99.8 86.2 1.7 0.2 7.4
1D* 99.9 82.2 14.7 0.3 5.6
1E* 99.8 86.0 13.2 0.3 6.5
1F* 99.98 86.51 11.27 0.19 7.7
1G* 6.33 2.15 0.53 3.43 4.1

* Comparative Example
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Claim 1. A process to produce 4-hydroxybutyral dehyde conpri sing
reacting allyl alcohol with carbon nonoxi de and hydrogen in the presence of
a solvent and a catal yst conprising a rhodi um conpl ex and a di phosphi ne

sel ected fromthe group consisting of

atrans-1, 2-bi s(bi s(3, 4-di -n-al kyl phenyl ) phosphl nonet hyl ) cycl obut ane, a2, 3- 0-
| sopropyl i dene- 2, 3-di hydroxy-1 , 4-bi s[ bi s(3, 4-di -n-al kyl phenyl ) phosphi no]
but ane, a@ldinmi xt ur es thereof 2. The process of claim1l wherein the

di phoShine is,tra A-di - - \
met hyl phenyl )phosﬁpﬁgﬁe ﬁcyc ébﬁ){cglr)])gbutyraldehyd%.compnsmg reacting allyl

Thepr ocesaledhol withrtavven mqmpndel iapth bydriogen in the prasenceof a solvent and a catalyst

bi s(b 3 t

o ocase syt MeRIFTRORIORRS BERBCONNE S SRR R aroup cpnsidimg B,

di hydr oxya 1, #ars- t?HJI&{()IS(3<I4-dI|-r|IfelkWph@'b@nmsthwpﬂﬂwh)@}’dmtm. a 23-05. The
rocess | ¢

e hy U AP BRI AS Hdflend AP

The procesahm68¢h&xﬁll mhereln the solvent Is selected fromthe group

2.  The process of claim 1 wherein the diphoShine is trans-1,2-bis(bis(3,4-di-
methylphenyl)phosphinomethyl)cyclobutane.

3. The process of <clam 1 wherein the diphoshine s

trans-1,2- bis(bis(3,4-di-ethylphenyl)phosphinomethyl)cyclobutane.

4. The process of claim 1 wherein the diphoshine is 2,3-O- isopropylidene-2,3-

dihydroxy-1,4-bis[bis(3,4-dimethylphenyl)phosphino] butane.

5. The process of claim 1 wherein the diphoshine is 2,3-O- isopropylidene-
2,3-dihydroxy-1,4-bis[bis(3,4-diethylphenyl)phosphino] butane.

6. The process of claim 1 wherein the solvent is selected from the group
consisting of Cs-C, aliphatic hydrocarbons, Cs-Cy2 aromatic hydrocarbons, ethers,

alcohols, and mixtures thereof.

7. The process of claim 1 wherein the solvent is selected from the group

consisting of toluene, cyclohexane, methyl t-butyl ether, and mixtures thereof.

8. The process of claim 1 wherein the rhodium complex comprises rhodium
and ligands selected from the group consisting of hydride, carbonyl, trialkyl
phosphines, triaryl phosphines, diphosphines, cyclopentadienyls, 2,4- alkanedionates,

and mixtures thereof.
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consi sting of C5-C20 aliphatic hydrocarbons, C6-Cl2 aromatic hydrocarbons,

et hers, alcohols, and m xtures thereof. 7. The process of claim1l
wherein the solvent is selected fromthe group consisting of toluene,
cycl ohexane, nethyl t-butyl ether, and m xtures thereof. 8. The

process of claim 1 wherein the rhodi um conpl ex conprises rhodi um and

| i gands sel ected fromthe group consisting of hydride, carbonyl, trialkyl
phosphi nes, triaryl phosphlnes di phosphi nes, cycl opent adi enyl s, 2, 4-

al kanedi onat e§, anbe nPrREasePl t Haieot . wherein they catalyst piusies CoptPrises| #n 1

wher ei n tMgh&ﬁkgémﬁgc&Hﬁ&ﬁ@r conpri ses a nonophosphi ne conpound. 10.
The process of claim 1 further conprising hydrogenating the 4-

hydr oxybut yr al dehyde in the presence of a hydrogenation catalyst to form
1,4- butenedigh. The procéés & Rl Mstfumwﬁbmn m;w@béhm.ﬁg)rmﬁleem-and a
trans- 1, 2- bis(bis(3,4-di-nal kyl phenyl)phosp |none Gﬁ‘clobutane

12. The dadexyButyeidebyde rin 1thewAresanesoahra sfygrqg@@afﬂqﬁb&? st dfpfosr 4

transl, 2-Rjis{dici( 3, 4-d i-net hyl phenyl ) phos ph inonethyl)cycl obuta ne.

13. The catalyst of claim 11 which conprises the rhodi um conpl ex and
transl, 2- bi s(bi s(3, 4-di - et hyl phenyl ) phosphi nonet hyl ) cycl obut ane. 14.
A catal yst coqpri g éa@algst rcta%hsmg; GORBYiGN Bfttblek ahidla trhSQPROBK|Hisl8edi4- 3-

di hydr ox 4-bi s[ bi's i et hyl phenyl hosphi nol but ane.
Y yalkylphenyl)phosphmomethyl)cyc}gbgtaney )P P ]

12. The catalyst of claim 11 which comprises the rhodium complex and trans-

1,2-bis(bis(3,4-di-methylphenyl)phosphinomethyl)cyclobutane.

13. The catalyst of claim 11 which comprises the rhodium complex and trans-

1,2-bis(bis(3,4-di-ethylphenyl)phosphinomethyl)cyclobutane.

14. A catalyst comprising a rhodium complex and 2,3-O- isopropylidene-2,3-.

dihydroxy-1,4-bis[bis(3,4-diethylphenyl)phosphino]lbutane.
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