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BUTADI ENE PROCESS FOR MAKI NG ESTERS FROM BUTADI ENE The present invention
rel at es twoa3psweess for maki ng esters by reacting but adi ecg/GBRBIB4a
carboxylic acid in the presence of a Bronsted or Lewis acid catalyst to
formthe wunsaturated ester. It is known that esters such as n-butyl
acetate can be produced by a nunber of 5 routes. For instance, the
hydr of ormyl ati on of propylene in the presence of acetic acid is a nethod
which yields a m xture of n-butyl acetate and iso-butyl acetate. An
alternative nethod is to react ethylene with vinyl acetate in the presence
of an acid catalyst, followed by the hydrogenation of the resultant
unsaturated ester. A further nethod is the reaction of ethylene with
ethanol in the presence of a base catalyst to form butanol 10 and the
reaction thereof W|t t t e acid catal ysed
addi ti on of butadi efie cf%g 8&@%@&%11{5@%%59?&0&# eﬁ%ﬁ’%ﬁ”ﬁ%& n catal ysts
havi ng bul ky counterions to inprove the reaction selectivity to two
isoneric C4 butenyl acetates is disclosed in several patents viz., US-A-
4,450, 288 (al kyl pyridiniunm, USA-4,450,287 (quaternary ammoniun), US-A-
4,450, 289 (quaternary phosphoniun). Butadiene is a 15 rel atively

i nexpensi ve by- product of the refining process and is a potential feedstock
for making butyI aval 1 abl e el ther as a purified
chenical or as alRQ§ e SBOMBUTAMENEnpl e, as a
constituent o f i ng.
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that a process utilising butadiene can use such streans. However,

but adi eneUPsatugpigd estar. equi | i bri um with 4-vinyl cycl ohexene, a Di els Al der

di mer of but I ck back,t o but adi ene:
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consi deration. EP-A-84133 describes a process for the production of

unsat ur at aaethasdoriich vighds/agnixture of n-butyl acetate and iso-butyl acetate. An alternative

method is to react ethylene with vinyl acetate in the presence of an acid catalyst,

followed by the hydrogenation of the resultant unsaturated ester. A further method is
the reaction of ethylene with ethanol in the presence of a base catalyst to form butanol

10 and the reaction thereof with acetic acid to form butyl acetate. The acid catalysed
addition of butadiene to acetic acid using ion-exchange resin catalysts having bulky
counterions to improve the reaction selectivity to two isomeric Cy butenyl acetates is
disclosed in several patents viz., US-A- 4,450,288 (alkyl pyridinium), US-A-4,450,287
(quaternary ammonium), US-A- 4,450,289 (quaternary phosphonium). Butadiene is a

15 relatively inexpensive by-product of the refining process and is a potential feedstock for
making butyl esters. It is commercially available either as a purified chefnical or as a
constituent of a hydrocarbon cut. For example, as a constituent of a mixed Cy4 stream
obtained from naphtha stream cracking. Typically such streams contain species such as
butane, 1-butene, 2-butene, isobutane and isobutene in addition to butadiene. It is

20  advantageous that a process utilising butadiene can use such streams. However,
butadiene is also in equilibrium with 4-vinyl cyclohexene, a Diels Alder dimer of

butadiene. This dimer can be thermally cracked back to butadiene:



esters of unsaturated al cohols. The reference describes the reaction

bet ween conjugated dienes and water or aqueous carboxylic acids. The
resul ti ngwprogasaope is a conpl ex m xture of unsaturated i secgrdB3alaehol s
and esters. 10 US- A-4405808 di scl oses a process for preparing esters of
acetic acid by reacting acetic acid with an aliphatic |ower olefin in the
vapour phase in the presence of steamon a catalyst selected fromthe
group consi sting of an aromatic disul phonic acids and esters thereof.
There is no fdisclosure of using a diene instead of an aliphatic |ower

ol efin. The Jspecific Exanples in US-A-4405808 relate only to the
et hyl acﬂﬁ.@éﬁ&&d&‘i sopropyl acetate. Qur own WO 00/ 26175

producti o

di scl oses pcess for making a butyl gester but adi ene whi ch
conprises as_#g first step the reaction‘%fgﬁﬁ{iﬁ?ghe or a hydrocarbon
fraction containing butadiene with a saturated ali phatic nonocarboxylic
acid, to forma mxture of n-butenyl and secondary butenyl esters. 20 The
above process is said to be suitable for catalysis by either heterogeneous
or honogé&neunyprocessahwdtiag tiBuise alfbetatiene geftedusckaaicad ysthbe Bfi€reSaisihid O

i ncl ud nonosul phoni c acids, triflic (trifluoromethanesul phonic) acid and
its sal t sTREHIHINLG Qoupideralgns abl e or gani ¢ sul phoni ¢ aci ds di scl osed are

met hane sul phppig i -t ql ul.phoni.c .aci d _and sul phonat ed

cal i xar enes. gglgé@ﬁgﬂgm H%%g egg:S?#é@gﬁﬂgugﬁgﬁguﬁﬁ%ggggfwﬁﬁogémﬁgyforned
with an i egperovethsatoarbd aldbhaln The feftrendel debdribed i téhlod Uo¥vakaicgjuggichal n
specific éiat al ysts. Accordi ngI% the present invention provides ‘a process

for maki NGRS JYatErr @gueous garopiylicicidse Thempultingprpdics,ds arcempldxng

but adi ene cklon, cantaining butadiene with a saturated
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catal W5t conpUBed403B08idiNElodbs ) pRICesioPpreBitinY Gas 6f a%%{if Q&Bibg r8fekif] .
containing at |east 2 sulphonic acid groups per nolecule whérein Fhe ratio
of the nuifsts 2@ wilirasoniphetimiowen olefindn fhermappurgfhaseinghe piesermeiof sga@URS i N

th ' i idisinthe. _ 1:1.to 1:0.15. 5 In th
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preferably in the range 1:1 to 1:0.2, nore preferably 1n e range 1:1 to
1: 0. 5 andPaeific Eypmples awUp- Ar40h80& mwirgeonly to the production of ethyl acetate and

15  isopropyl acetate.

Our own WO 00/26175 discloses a process for making a butyl ester from
butadiene which comprises as a first step the reaction of butadiene or a hydrocarbon
fraction containing butadiene with a saturated aliphatic monocarboxylic acid, to form a
mixture of n-butenyl and secondary buteny] esters.

20 The above process is said to be suitable for catalysis by either hetero geneous or
homogeneous catalysts. Suitable homogeneous catalysts are said to include
monosulphonic acids, triflic (trifluoromethanesulphonic) acid and its salts (triflates).
Suitable organic sulphonic acids disclosed are methane sulphonic acid, p;—toluene
sulphonic acid and sulphonated calixarenes.

25 We have discovered that the above process can be performed with an improved
combination of selectivity and yield by using certain specific catalysts.

Accordingly the present invention provides a process for making a butyl ester
from butadiene, which comprises reacting butadiene or a hydrocarbon fraction

containing butadiene with a saturated aliphatic mondcarboxylic acid, wherein the

2



1:1to 1: 0.7. The sul phonic acid preferably contains 2 to 30 carbon atons,
nore preferably 2 to 10 carbon atons and nost preferably 2 to 8 carbon
atonms. 1OwOhe/ogpcentrati on of the defined sul phoni c aci dPor/GBedMnI4mM OXi de
catal yst enployed in the liquid phase of the reaction m xture can be

mai nt ai ned_const ant t.hrou t the r ' - it YLasCAN be
al | oned tCBtagyépg/OWIESﬁF FRep Oxé%en%eaﬁtao (r}%%n?%ﬂﬂ%ﬁgcg%\ﬁ??ﬁgt st achi evi ng

desi r abl gy[fsHictasid gkbps'RRGIdIQMICRRerbia théfatioed tiiumtie of exthoph®msunder
bat ch conditions using a single 15 aliquot of the defined sul phonic acid

cat al yst the nurhberiafsniphouie acidtexvupstin dhesyeanje snlphpnicemd ioin the range 1ilie
carboxylic igl d, with butadi ene gas being gradually punped into the
reacti on.I'Yheter these conditi ons, the concentration of catalyst generally

decreases dugy dOsdifiRnst At EQRyaichatsyeasn MRroarsoMme prduhwrdianenend er s t he
quuig phase withstlﬁg)n formati gn iggﬁl};qui d ergter. Alternatively, the

react i on ratio obtheaantbiceds autortatoms tit $wiphvnid agidgrogps ismrelerpbbt Bih¢ JAngeedi ng i n

but adi d talyst and / boxyl -G t i nt ai
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can be feﬂﬂé&l?{%i §0b Exﬁpﬂénié@ci&S{Géf&u?lg-comﬁxs@%@bwﬁfboﬁa%@orhg tdre reactor can

be dissolved in solvent or 1n o of "the reactants if desired, e.g. the
catal yst maferddby dits $@tarboh htonaadd mahprlefaralpdty Bicarbaviatbms.f desired. 25
Preferably the catal yst. concenfratjon is.nmai.ntained to.contain 0.2 to 10
wei-ght0 %~ prEfegoapsifragion Pgﬁ?tdeﬁ.n%& %‘ﬁp}?‘“\’/& %13%@?“16%‘?78&38‘?“ Y to 5 wt % of
the sul phonic. afi i i [RSRixUT: 0% Bemafkahdptokpaed on the
wei ght ofewngﬁ)lpg ?ﬁgielg@ﬂl&%n&rtrl%%({ég?te@ %he sul phr(glni c aci d0 catal ysts or

r heni um o sigheattab ¥aLt&T, of ben iy esdtor caventliovedao earypwidhieradisbad sol ubl e in
the reaction mxture. 30 It is preferred that }he reaction mxture forns a
singl e | i epuicentypttign@anggyyhilshatill pehagingdesHARE 688 %t an conprise two or nore

phases if desiyed. Exanples ' [ j - ALk
5 et hane. i LU SRS Bt gariod W 5 BB BRRPIAS PO TRhS Tk AR
1, 2- djsul phRRE 6f @eiddfindieRERAIC abidcatalys ot pleniine oride datalyst dissolved in
benzene- 1, 4-di sul phonic acid, naphthal ene- 1,5-disul phonic acid

napht hal esmm@omaltioishe pirbokdicagidd yvit_,hda@lmdﬁeaqe@q@beigg gragpally B‘HBH?dc‘ngiihB _
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di sul phonjcmaiithiorefBect hEMbRS Slaanae batalliche dhets thatighid phasedwith the
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formation of liquid ester. Alternatively, the reaction can be carried out by contimuously

20  or intermittently feeding in butadiene and or catalyst and /or carboxylic to maintain the
concentrations of catalyst and reactants at the desired level. The catalyst can be fed in as
solid or as a liquid. The catalyst fed to the reactor can be dissolved in solvent or in one
of the reactants if desired, e.g. the catalyst can be dissolved in additional carboxylic acid
if desired.

25 Preferably the catalyst concentration is maintained to contain 0.2 to 10 weight %,
preferably at least 0.5 to 7 wt%, most preferably 1 to 5 wt% of the sulphonic acid
catalyst or the rhenium oxide catalyst based on the weight of the total reaction mixture.
The sulphonic acid catalysts or thenium oxide catalyst of the present invention are
preferably soluble in the reaction mixture.

30 It is preferred that the reaction mixture forms a single liquid phase, but the
reaction mixture can comprise two or more phases if desired.

Examples of suitable sulphonic acid catalysts are 1,2-ethane disulphonic acid,



di sul phoni ¢ aci d, 3-chl oronapht hal ene- 2, 6-di sul phoni ¢ aci d, benzene

trisul phonic acid and naphthal ene trisul phonic acid. The defined sul phonic
aci d cat awpB/ogTpé oyed in the present invention contains RCT/GBHAS1346 WO

sul phoni c acid groups per nol ecul e. The defined sul phonic acid catal yst can

10 [ i hgl | phani ' Ho ¥ L1 By bidf
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acid) pr oa\éicg%ﬁ)mﬁaénetns-disaﬂlﬂmid acid] enplghalery- D6 nlisulshoniharid,maplthelenat i o f or
the defined sul phonic acid catalyst is in_ the rqangﬁ,\ 1:1to 1; _0.15. If
desired, 2, hdisslghionisccisluftphimplenapncdl.dimighonicorid; Helunrekenzens-hdent i on can

be used 5.1 adm.xture wi.th on . . r d yWwi_t o be
effectiv lf“HI_’lE(g’t‘%"l‘%@i#@OW ?nzgaﬁﬁﬁfélﬁmgégrg§%§§’. 4’§%ﬁﬂé§1§%2§?@?ﬁﬁe_ def i ned
sul phani cgaabkbk@ikiPe, slaridribeagsiext Brdsulplichft idraps igiaenbenzand-i,3-
catalyst. Preferably the defined sul phonic acid catal yst of the present
i nvent i ondifuphmiascid,casilomnaplhalone-26ystiatrhoats agid benzeas tristdphpneg st
preferably at t 50 % of the total catalyst content. The use of

cat al ystsar@mg&l?\ﬁ%%yﬁ’%%aﬁ “to 100 wt % of the defined sul phonic acid

catal yst is pp%; &éﬁﬁk@&ﬁlﬁh&ii%ﬁﬁw@yﬁ old iadhepRsaipivertch contiiheat

i nvention may be enployed in the formof a substantially pure butadiene.
Al t er nat i eadtywo aulpyatrio ecid lppoupsiprt mokcelonghe defined syinheaicasid ¢aidlyBéanpl oyed,
for exanple, industrial hydrocarbon s strea onpr i si tadi ene. In
one elbodsarepiises single %‘QP}&?{“%?% 8°%P°‘g’glpqr&péﬁf@f§ff?%8% Sﬁg%gglﬁpar%lfasi ng,
inter ali [GBFin 4 &Gith freUeERAEsulghdR /1E) ROFdBARANel S

enpl oyed.&l%‘g%%ﬂgtegpflena%%%ﬁcon%ri see ulp t%l.J%B % but apgi_ene_. The sat ur at ed
al i phat i covepsvaeE@tion :aaiposiptidyetio far thedefimed selphonipveidicaalyst 1§ in
preferably a C1 to C30, nore preferably a C2 to C15, nost preferably a C2
to C6 acitherangedt] 0 BQ-H-i s particularly preferred. 30 The reaction is

preferably ca {deggeél?ﬁ}f 46(!'{}11%(}8&1\,1\?{@3@5&@ cé)cglrny%e }‘I)I%Qnt AXRAROEcantitused | qui d

phase can contain nore preferably 0.05 to 5 wt % wat er

based] s onid fignikeir@bithioge b mohastber d@eatystalroyvn tb beafebieninfeatatigingthe | ow
| evel s of water, e.g. in the 4 WO 03/082 %g PCT/ GB03/ 01346 anﬁg 0.1to
5.0 wt % badditomreagtifa. tEﬁr&Kam@ﬁcﬂIPéﬁﬁlﬁﬁ%’ZR nicackd g U EHEIES to t he

e o SR i el A ol st e
bel ow 0. Of{Mr¥ent inQerfchl firhyat least 5 wt%, more preferably at least 10 wt%, most
preferably at least 50 wt% of the total catalyst content. The use of catalysts containing
20  from 80 to 100 wt% of the defined sulphonic acid catalyst is particularly preferred.

The butadiene employed in the invention may be employed in the form of a
substantially pure butadiene. Alternatively, a hydrocarbon mixture comprising
butadiene may be employed, for example, industrial hydrocarbon gas streams
comprising butadiene. In one embodiment a raw (e.g. crude or depleted) C4 stream

25  comprising, inter alia, butadiene, isobutene, 1-butene, 2-butene and butane is employed.
Such a stream may comprise up to 60 % butadiene.

The saturated aliphatic monocarboxylic acid employed in the present invention is
preferably a C to Csg, more preferably a C; to Cys, most preferably a C; to Cs acid.
Acetic acid is particularly preferred.

30 The reaction is preferably carried out in the presence of water. For example, the

liquid phase can contain 0.01 to 10 wt %, more preferably 0.05 to 5 wt % water based

on the total liquid phase. Generally it has been found that low levels of water, e.g. in the



t hough hi gh, unacceptable selectivity |oss can occur. Consequently the
water level in 5 the reaction zone is suitably in the range from0.05 to 5
%V w on twe osastyexylic acid, preferably fromO.05 to 1%vwar/Gdoso1xat hi gh
| evel s of wat er hydrol ysis of the product esters can becone significant

and t he re ini ng for le, . ylic
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capabl e of dissol vi ng both the reactants. Specific exanp such

sol vents PHéFrablx from )98ﬂ@&%MWnsAlsmaﬁhlgsledelsalﬁwamm,dlyﬁﬁdlymmef tangraaygenat ed
sol vent s et hers.and esters n- butyl acetate or excess
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and recychilicaiono! ekaPGaRlRnaliEh oo fLE G5 uf?! boxylic acid as a
reactant can be advantageous when the process o e present invention is
used as part &he @aptﬂfmlesmta‘bdwy czemed alntmltlglmmmdrmn&ydflfqﬁ;m/gdb phagsiihgh$t r eam

as 20 t f%m i t? ac{i\' on IH% nver si on of butadiene, or in
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streans I'eCIUI res a separate processing pr esent

i nvent i ona palvérg 1sa¢mploacﬂ;amk agtessstiabthastoth mbtaﬁﬁrdlﬁatv'e(wrﬂ;ﬂ@%élmﬁ fes such as
al kyl at ed henobs % BHT butyl at ed hydroxytol uene, 25 also called
2, 6-di -t et oW V%fr%é%@faadve@tﬁéffl ﬁlﬁﬂ@i‘f%ﬁ eflosemisssugl fliag i is sutablje t he

Irganox(r i t 0 serl s, of

mat eri al séa @%O?Gaggélvﬁa&{eﬁsﬁg%ar%{agg g Qgif? g%qlglﬁs& E%ﬂ%’le’(’ﬁs)‘n WS es from
| CI akfd t hysnooakteak eadinds, dedirerand tolaxietand dilygéxmeddseﬁveﬁmua%g %ﬂ%@y es (e.g.
di-t- butyl itroxide, and n, n-dinethyl-4- nitrosoaniline) abl'é radicals

(e.g. 2, 2°RSTB anq e¥eranfag HyDULH aselatediieacess exappxylR, a@;c‘a;eactamm recycled
tet t d t i di -
o) S Rl B B "

r eact ant aalribcbdyhc acidiak b @dhctanedht BeOdlivhistagddiut Mk tH \%rb&%s BPQQ% . 1tol
: 50, preferaply in the range froml : 1 to 03/ 082796 P GBOS/ 01346
1-10. inventionis used as part of a process for extracting butadlene from an impure stream, as

20 it facilitates reaction at high conversion of butadiene, or in process terms, high
efficiency of removal of butadiene. In current commercial practice, the removal or
recovery of butadiene from refinery streams requires a separate processing stage.

In the process of the present invention it is also advantageous to use
polymerisation inhibitors such as alkylated phenols (e. g. BHT butylated hydroxytoluene,

25 also called 2,6-di-tert-butyl-p-cresol). Other members of this series include the
Irganox® series of materials from Ciba Gigy, Lowinox® series of materials from Great
Lakes Chemical Corporation, tropanol® series from ICI and t-butylcatechol, nitric
oxide, nitroxides and derivatives (e.g. di-t-butylnitroxide, and n,n-dimethyl-4-
nitrosoaniline,), stable radicals (e.g. 2,2,6,6,-tetramethy1—piperidine-l-oxyl, 2,2,6,6,-

30  tetramethyl-4-hydroxypiperidine-1-oxyl and 2,2,6,6,-tetramethylpyrrolidine-1-oxyl).

The relative mole ratios of butadiene to the carboxylic acid reactant in the addition

reaction is suitably in the range from 5: 1to 1 : 50, preferably in the range from 1: 1 to



The reaction is suitably carried out at a tenperature in the range from 20
to 140C, preferably from20 to 130C, nore preferably 30 to 120C, and nost
pr ef er ablwo046/082796 90C. The reaction pressure is preferabl pCriagBoawtageneous
reaction pressure which is 5 determ ned by factors such as the reaction

t enper at ure,;opresence of absence of solvent, excess of reactants and
inpurities present in the butadi ene stream An additional pressure may be
applied to tha&hsysicon isfsuiablgbariel duchtphageratrdmahe e fRnd20 RP1dpdtadi ene
gas phase in addition to the, liquid phase (which may optionally contain a
sol vent ) . prAwrablydipus 29 i 16, toee preferalilpA0 e 129°6} endainbyt frefesdbédda o remove

10.and or basic i ities, for exanple amroni a or
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carrying out the reaction w ose

For exanpkrcest bfrenctantt hmxhinnmyities pteakityn e ueddidnedteath. iAm Adpidagl f | ow
reactor, a slurry 15 reactor or a continuous stirred tank reactor. In the

case t hat P{aﬁswwaﬂ’ P RPPlsie dhe systeamidismglsdiuif phpse lf)p@fe’rqd@jg miedtutadirmeunused
but adi eneghf%ﬁagﬁﬁ{%altgn tP%l({lﬁ& ¥§+s§ whith rOptlt%ﬁ% g%ﬁ g%glve@tgn bl hquid

separ at or e case O reac e

present parti The fecdStraarsepaicatationss pletselptened to @ﬁmb@'cﬂﬂoﬁbl%ﬁ{a‘i’sed and
this would permt operation, for exanple, in a trickle bed device or a

bubbl &0 heandiesbasts. impyaties oy fxamiplerpmmenid ot argais bawethefaﬁonex&mm e at a
plurality |nthere erv the | ength of
a plug fl Sﬁg/)\lljr?sgé{lcl%l S OF PRSE At ?ﬁg%xaép?%g%a&gmtg é t8 g},‘eﬁ O AHi ene

can , if daaslysied, be added counter-current to the car boxylic acid feed. A
typi cal LHSV gl iquid hourly space vel oci t?/ = volune of liquid feed
/ cat al yst bed PP@'ﬁWﬁé9r dagyinghait gerrbantiph ivall e iveell lmodunttottipos@ Gkitled én fheef er abl y

0.5 to 5. t e case.of a .25 continuous stl red tank reactor, a plurality
of react o? Orli CEUPPIEsthE LeACHEN B S @ag)gy F‘? Carg P}ltéaapé%hgw({mqrn@gagy bl eed

of anys deggtioy 8t @Qorﬁﬁahaﬁyﬁﬁreaaﬁﬂ&%a&&k% thd &hst ﬁb%éﬁ?%}%& reakfr RCONOM cal 'y

advant ageous to run with catalyst in a various sta deactivation to
i nprove tﬁ@p@vﬁd,lltslaprmfmeﬁthaiahahywd butalzne anflashedibff andl oecyelednpthe, in the
tivated) reaching high I evels,

o R TR L L,
dosirod | vl At Putal o CHePRRG LTI A el R P s TPl Bl
but adi eneperayt dperacdefbr grauipia) 1lny1 tnoklb bed dexticer axt elhitdlle {pddadaviced The
20  butadiene feed can be added for example at a plurality of places in the reactor (e.g. at
intervals along the length of a plug flow reactor). In the case of a bubble bed device, the
butadiene can , if desired, be added counter-current to the carboxylic acid feed. A
typical LHSV (liquid hourly space velocity = volume of liquid feed /catalyst bed
volume) for the carboxylic acid is 0.1 to 20 more preferably 0.5 to 5. In the case of a
25  continuous stirred tank reactor, a plurality of reactors in series can be employed if
desired, and a continuous bleed of any deactivated catalyst can be taken. Tn this case it
is economically advantageous to run with catalyst in a various stages of deactivation to
improve the utilisation of catalyst. This can result, for example, in the total loading of
catalyst (activated + deactivated) reaching high levels, for example, 50%w/w or more of
30  thereaction charge. Fresh catalysts can be added, continuously or intermittently if

desired, to maintain the desired level of active catalyst in the reactor(s).

Preferably, the butadiene may be added gradually to the saturated aliphatic
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1. The ligﬂtrﬁﬁl&lﬂ reactor is fed with butadiene and acetic acid in the
presence of water and catalyst. A streamis 25 taken and mxed with

cycl oitexane bFheue «fefinal sudphonit /idesaniteof ¥ bresediigvaids ddcaghtAse i s
recycled to the reactor, whilst the cyclohexane containi ng aqueous phase is
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cycl ohexane back into the streamfromthe reactor; whilst the streamfrom

t he col unfiiphegéc geideatalysts aftheapresent igvetios aashaiyn, denexanpde é thedxamples
20 below. Although the increased activity towards the addition reaction is tempered by a loss
of selectivity in respect to the reagents, overall productivity is significantly greater for the
sulphonic acid catalyst systems of the present invention.
A theoretical process flowsheet is illustrated in Figure 1. The liquid phase reactor
is fed with butadiene and acetic acid in the presence of water and catalyst. A stream is
25  taken and mixed with cyclohexane before separation in a decanter (V1). The aqueous
phase is recycled to the reactor, whilst the cyclohexane containing aqueoiis phase is
diluted with more water and passed into a second decanter (V2) where any residual
catalyst is removed with the aqueous phase (to protect the preceding column from
fouling). Column D1 flashes the butadiene over the heads for recycle into the reactor.
30 A side draw is taken to pass the cyclohexane back into the stream from the reactor,
whilst the stream from the column base (containing water, acetic acid, crotyl acetate,

sec-butenyl acetate, and reaction byproducts) is fed to a second column (D2). This
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contains active 25 catalyst and, if left in contact wwth the reaction

product s PEFEs:coBwEEes Ghitingagosion ofifhe regefigmgintte Vﬁﬂb‘d@i@t, ewbrdtingp, coul d

cat al yse er at
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can reduce the degree of the reverse reaction. Thi s can be facilitated by

caref ul dexplyst spfutiopéo the reactor.
20 Thus Figure 1A illustrates a scheme, applicable for example, to recycling the

sulphonic acid catalyst to the reaction in the preparation of butenyl acetate from
butadiene and acetic acid. The reaction is conducted in a vessel, which can be for
example a bubble, tube, or stirred tank reactor. The exiting product stream consisting of
unconverted reactants, reaction by-products and reaction products still contains active

25  catalyst and, if left in contact with the reaction products for extended periods of time
during the product work up, could catalyse the reverse reaction leading to liberation of
butadiene, reactants and loss of product. Minimizing the contact time spent with the
desirable reaction products with the catalyst under distillation conditions can reduce the
degree of the reverse reaction. This can be facilitated by careful design of the

30  distillation equipment in this example the reactant outlet mixture is first separated from
the volatile components in a flash tank this generates a recycle stream of volatile

components such as butadiene and vinyl cyclohexene, and then subjected to more
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aci d (Conhq%lcglaﬂ% BHT at ca. 500 ppm 97.9 g Water 0.1 g

Example 1

Reaction of butadiene with acetic acid

These experiments were undertaken in glassware adapted for batch reactions on a
20 100g total reactant scale, to run at around atmospheric pressure. Several experiments were
run concurrently using this method to maximize reproducibility. 1,2-ethanedisulphonic acid
and 1,5-naphthalenedisulphonic acid were compared with ethanesulphonic acid, a
monosulphonic acid. Rhenium(VII) oxide was also tested. Reagents were used as supplied
from Aldrich.
25 Typical reaction charge:-
Acetic acid (containing BHT at ca. 500 ppm) 979 g =
Water 0lg
Catalyst 20¢g
The water content of the acetic acid feed was determined using a Karl-Fischer
30  titration method (analysis repeated to a values within 0.05% w/w), and the level adjusted to
that required. The reaction vessel was heated through a water jacket to 60°C and loaded

with acetic acid (pre-purged with nitrogen), water, inhibitor (BHT- 2,6-di-tert-butyl-4-
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cal cul ated on a weight for weight |0ading S e ratio 20
of sulphoHivdwarseditayrabaniasse Hesreattion sgigetivitycat al yst for ESA to EDSA is 5: 6,

Bci d gr oup. i nEEHT PERSTBHE M ol Ly SPURE (R HCIM AR SRl YRS |
PP cupsicygiauiypa AN Bagbpkals b oML s £ 0
acet at es i helf hobeforteheivalent sypstisreats vAttsthi gistilghoaice@REEDB ARG - athine i S 25
observed &i(sjlgl E(%Ai‘c il ndm)vi ng from0.3 to 1.0%water (ca. 11 %, whilst EDSA
shows a P cid), calculated on a weight for weight loading basis (Runs 1 to 4). The ratio
20  of sulphonic acid groups based on 2g of catalyst for ESA to EDSA is 5:6, which
demonstrates a considerable enhancement of activity per sulphonic acid group in the
disulphonic acid system. A further enhancement of sulphonic acid group activity is seen
for 1,5-naphthalene disulphonic acid (Run 5). The effect of increasing water content on the
evolution of C4 acetates differs for the two systems. A slight increase in activity is
25  observed for ESA in moving from 0.3 to 1.0% water (ca. 11%), whilst EDSA shows a
decrease in activity (14%). The idea of assisted acidity between the close proximity acid
sites would explain the activity decrease for EDSA, and is exemplified further by Run 6.
Runs 7 and 9 show similar results for the same catalysts at lower loading (a slight decrease
is observed in both cases on moving from 2 to 1% w/w). Rhenium(VII) oxide (Run 8)

30 under the same conditions yields about 80% of C4 acetates in comparison to EDSA,

significantly more than ESA.

10
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Notes on the Table:

ESA — ethanesulphonic acid (comparative example); EDSA — 1,2-ethanedisulphonic acid;

RO — rhenium(VII) oxide; NDSA — 1,5-naphthalenedisulphonic acid.

Table 2 below compares the selectivities of the homogeneous catalysts and relates

them to their respective activities by calculating productivities. The selectivity, both with

respect to acetic acid and to butadiene, decreases for equivalent systems on moving from

monosulphonic acid to disulphonic acid groups. This suggests the assisted acidity issue for

10

disulphonic acids not only enhances the evolution of C, acetates but also enhances routes

to side-products to a greater extent i.e. enhanced acidity favours the formation of butadiene

oligomers and Cy acetates more than Cy4 acetates. Rhenium(VII) oxide also shows poorer

selectivity than ESA. By relating the selectivity and the activity, a productivity value can

be assigned to the catalysts for comparisons to be made of the overall catalytic

15

performance. These calculations indicate that EDSA exhibits a much better overall

performance in generating Cy acetates than ESA for the given set of reaction conditions.

NDSA and rhenium(VII) oxide display productivity close to EDSA.

20

11
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NDSA and rhenium(VI1) oxide display
3/ 01346 Table 2 -

Sel ectivity and produdfPlfiqy Selerayjfngn

0 11 WO o(gﬁg(,%ﬁd?fﬁ@mgg@ﬁgwét s

Cat al yst Water

Total CA[&4 i d gt rgejcen T e
t WateY : ST @F | CONLi! | ag Pro&ichHs
per cent %ﬁj\/\ﬁ?@ %ﬁlﬁm)ﬁi&gﬁ W) ge ect?v?lt y4 el éct viy ?g%sed on based on
but adi enp acetijc acid |( Yhdrgé %) CodtehiSA acetrtds 2. B&BerB4] 3p@6er® [L. 97 2 ESA 2
1.0 2.600 90.1 97.4 2.331 3 EDSOA 2 8.3 7.2\;5 7%.6_ 92{4 5.41 |4 EDSA 2|1.0
6.485 77| 3 94.4 5.01 [HYNDERA [2(6.v8V8.| 188 W/E) 9sAertiyity | seJeCyIEDSA 2 4.0 |1. 968
81.6 97. 1.61 |7 ESA|1 0.2 1. 785 91.(0 97.7 1. [ 4.165 75.|3
93.8 3.14 9 EDSA 1 0.3 5.42€¢ 63.1 89.7 3.42 § getde(%l ?ﬁ?a%qhdgo able a - ESA -
et hanesu| phoni c| acid (|110. 13)|; EDSA -|1, 2- et habefdiut pdvetic acidcid (FW5
190. 20);|"' RO - rheniunm(VII) oxide (FW484.40); NDSA e
1, 5- napt hal enedj sul phoni ¢ ~adi d tetrdhydrate|( Fk860{36§%b -| C4 selectfivity
(Wi th respect—tphutadrens) T T acatatgsd (L4 atetgtgsi T+ &f
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7 ESA 1 0.2 1.785 91.0 97.7 1.62
3 RO 1 0.3 4,165 75.3 93.8 3.14
9 EDSA 1 0.3 5.426 63.1 89.7 3.42
Notes on the Table
a - ESA — ethanesulphonic acid (110.13); EDSA — 1,2-ethanedisulphonic acid (FW
5 190.20); RO — rhenium(VII) oxide (FW 484.40); NDSA — 1,5-napthalenedisulphonic
acid tetrahydrate (FW 360.36)
b - Cj selectivity (with respect to butadiene) = [C, acetates] / ([C4 acetates] + 2[Cs
acetates] + 2[dimers] + [oligomers + trimers])
c - C4selectivity (with respect to acetic acid) = [C4 acetates] / ([Cs4 acetates] + [Cs
10 acetates])
d - Productivity = (selectivity to butadiene / 100) * total C,4 acetates
Similar experiments were undertaken to compare methanesulphonic acid (MSA) with
EDSA (2% catalyst loading, 0.12% water, 60°C), as illustrated in Tables 3 and 4 below and
in Figures 4 and 5.
15
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Simlar experinments were undertaken to conpare methanesul phonic acid (MsA)
with EDSA (2% catal yst |oading, 0.12% water, 60C), as illustrated in

Tabl es 3 wod348378¢6 ow and in Figures 4 and 5. 15 12 WO 03/P03&78/01346

PCT/ GB03/ 01346 Table 3 Run Catal ysta Catal yst Water 2-Butenyl Crotyl Total
C4 Tenp. time charge content (%Aceg}tbge%% Acetate acetates (C) (h) (%
ww ww ww (%ww (%ww 92 ED .12 2.718 3.297 6.015 60 92 MSA

Z ; e
foaction DrinACHldl i) P toonddid LYo HRaiZl B 10 e (%

Reacti on
ww (% w Wnehased or eleregd geemténd (Ya)dyetatEBA Axetitd 2 Geifes D2°C)9] 8 MSA 2

0.12 4.77b @P [99-9 | (&R L: gnff hanegdlpui pm%/gv)a?%dw)(@v\ 190. 20); MBA -
Met hanesu E§)ho C aci g # A getectTvi (Wt respect—to—=acet+e—acid) _ [C4
acet at es] | 42 ([\E

(=)

ty

([[ERSAcet|At es] 40128 ac Q-élges]) 3.39 As|G.9F5 t he|6fr ev] ous
systens, phe ijggA al jgvol util@m of Ch agptat esspEr acy4h grolyy is| nuch
hi gher for—drsutphont c tiam monmosutphiontcacrds, —but—nthts—syStem the C4
acetate concentration approaches equilibriumnore rapidly. Thus the final
CA4 acetate levels in each systemare nuch closer together than those in
earl i e% runs (Figures 2 and 3). O eadi®latere is an advantage in using

0

di sul phonic—acid-catalysts over nonposul phoni 15 acid catalysts for the
direct addChtaBst*r €acChiadyt parwiateul arl“yotatc§hor1{@|@ﬁ§@a ti@hmbiges | (where
equi | ibrilum factors, on rgagt i 0 rate gcreatl ess ,l.l m(}tll ng) . tam_%l e|2 1.
Exper i ment al charge (% | conten es ime (h) selectivi
W/W) (% wiw) | (% wiw) based on
acetic acid (%)
#
EDSA 2 0.12 6.015 92 99.8
MSA 2 0.12 4.775 92 99.9

* EDSA — 1,2-ethanedisulphonic acid (FW 190.20);
MSA — Methanesulphonic acid
# Cy4 selectivity (with respect to acetic acid) = [C, acetates] / ([C; acetates] + [Cg acetates])

10 As for the previous systems, the initial evolution of C, acetates per acid group is
much higher for disulphonic than monosulphonic acids, but in this system the Cy4 acetate
concentration approaches equilibrium more rapidly. Thus the final C, acetate levels in
each system are much closer together than those in earlier runs (Figures 2 and 3).
Clearly there is an advantage in using disulphonic acid catalysts over monosulphonic

15 acid catalysts for the direct addition reaction, particularly at shorter reaction times
(where equilibrium factors on reaction rate are less limiting).

Example 2 3

1. Experimental

The reagents were used as supplied by Aldrich Chemical company \%/ithout additional
20  purification. Standard “Quickfit” laboratory glassware was used in these experiments.

These experiments were conducted at atmospheric pressure unless mentioned o’gherwise.

A series of seven consecutive batch reactions were conducted in which the catalyst was

recovered and recycled by aqueous extraction.

13



The reagents were used as supplied by Al drich Chem cal conpany w thout
additional 20 purification. Standard "Quickfit" |aboratory gl assware was
used i n twelg/eXperi ments. These experinments were conductPed/Gro3atavspheric
pressure unless nentioned otherwi se. A series of seven consecutive batch

reactions were conducted in which the catal yst s recovered d recycled
by aqueous extPrteiigital g W%@F@@T@W%@W@%ﬁ?&écw}fg? YVIIBGII Jitial run

a three n . Wi sl phoni c
ci d (1o BanelonBiplc AR LRERR, b 07 iR ARERAR Tl Ao bp e RlarRRE R R PO

0. 84% W . lpysdlsain/w by J0el-Fighel ayslysiy) aidcneshahiaallcstirted tetaid disgblitimnil
dissolution (15 mns). The flask was connected to a butadiene inlet feed
(from a messurlderlesk way cenmgetsd ¢ abutagignpindst feeashfrogyt jesture Bader ¥ appar at us

I d I , I f i d j h [
i 1> 302005 b aRSTE R et BinlactHoBh RER-IRE AT ATRR IS G

feed was pyh@ienk S0k #ERHRE rédeod hagleot4thddrtaes HBssleel into thewadceibn bat h
mai nt ai ned at 60C by a "Haake" water bath and a nechani cal stirrer attached

t hrough thedia ehharlatadiensideedrivas themdsolated aisktheiBasieiden Bapdtreekiog V& when t he
stirrer 10, swi tched opn. After,ca. 18 I e 3 t ted
From ¢ he RRAERIGHHStELY by 61 Hodkes TR GUBRe anbaRrEe b Re e 1 or
tcfr ggg' gﬁ@%&%%&%&%& TRRREMsSeembl €0 Bive stBled MRS i aid ver e

the reaction allowed to cool. Upon cooling, the catalyst was
r ecover edwitghéden. f Aftbronai hgh 4 saopuplel{dai gl was exutctad fioomthe eedetioy oextuthe cr ude
m xture was diluted wth water, (200 extracted 15 with cycl ohexane
(2 x 200g)a a sHEegkyengsa grharserl aaéi%efgﬁagggwsa@tgwaf%%cm?ﬁw- f1ask
and concepLr, on r Hgﬁedﬁ%Q@. to an oil, when
no nor eeII/IIgISgITlgId%S c%ﬁI%@%I@n@I&gﬁ TdetgglﬁIaCI\?&/ahs Issolved in fresh acetic
acid (4909), tison svaligg, theveilyadyasst@teted byahe ffltowtrey quiddigesiary, and t he
m xture transferred to the reaction flagk for the subsequlgft run.. A sanple
(ca. 3g) axiacticakeshnigue fihe cpisiermpixiuse s duvied withevate20Ng) pud exiBAiS8si ti on of

but adiena ILS Sar ot by nEhs Bito ey Bla AL el oMl e
until thengREAL YSiceh@sled8E R rata§GvApdrhide foa. RURBat,-<B0°OVid 4doil, ke nbuns t he
sanpling for analysis caused a | oss of catal yst so the anbunt of 25
cat al yst mars valasitesrreakireadmovedi eFler ofl was dlissplegseiniffesk acaticiagid (§90g), the
water level adjusted to ca. 1% where necessary, and the mixture transferred to the
reaction flask for the subsequent run. A sample (ca. 3g) was taken at this point to
20  determine the initial composition of the charge (GC analysis). The flask was then
charged with 30-40g of butadiene (as before), and the run restarted. This process was
repeated until the catalyst had been used 7 times.
Runs 1-7.
During these runs the sampling for analysis caused a loss of cétalyst so the amount of
25 catalyst was also measured to determine its specific activity.
GC analysis was undertaken on a Perkin-Elmer Autosystem chromatograph
(100m silica supported column) fitted with an autosampling facility. Decane (ca. 1%)
was used as an internal standard to obtain compositions of Cs acetate products and
reaction by-products (primarily Cs.acetates and butadiene dimers / oligomers). Blank
30  THF samples were run after every sample run to ensure elution of the heavier elements

(e.g. butadiene trimers, oligomers) from the column. Results were quoted as % weight

for weight compositions of the total, gauged against the internal standard.
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GC anal ysi s was undertaken on a Perkin-El ner Autosystem chromat ograph
(100m silica supported colum) fitted with an autosanpling facility.-
Decane (c&oO 02982796vas used as an internal standard to obtaiPeETEGBIPOSI46I ons of
C4 acetate products and reaction by-products (primarily C8 acetates and

but adi ene diners / oligonmers). Blank 30 THE sanpl we run. after every
sanmpl e run t o 18RSYFIRhERDE P’@W"Bsff??‘ﬂéaﬂb%h‘?i“éerre gqai%gﬁ?gr Suzpil.ubgo ﬁ?rﬁ’df‘%ne
trimers, 'g%[pa | et icShrBEL teedsvere Wei ght  for
wei ght cgﬁr)rép%a i g%ﬁsy %aﬁﬁﬁﬁté&?%@§|dgﬁg%3§edw§ga 1Tnstsg't ﬁg%ﬁt er nael standard. 14
WO 03/ 0827 9edeBGT tHeRABMB1346 for Thialysynktoheigribe saniplagtpsodesom each run were
anal ysed for sul phur to determ ne the extent of any catal yst |eaching

during the recycle proced@bles + ¥assbalangedata fos Buibbd in the cal cul ati ons
for catalyst lost during the sanpling process. Table 1 - Mass bal ance data

for Run 1 5 |Descripti orbéls\gﬁg@gn(g) Aceti ¢ acid %@gqg) (0.84% w w) 486. 10
EDSA char ged (36—26a AcetiT acrd cat atyst|charged 496. 36 Butagdi ene 35. 61
Reaction mi xtlur e Agetie peidehereed (G480 (W) 501| 26 FEsti #8Pdf but adi ehe upt akeb
12. 77 \Vater |added to mApsAIRarkdP. 91 Cycl phexane epfrgict 1 198} 52
Cycl ohexane rfecovered207. 77 _Cycl ohexane éxtract 2 gdb. 73 Cyc| ohexane
recovered 148 13 Reegtigaeidsr eatelyftehengad of acetic adi830 13 11" water
Sanpl es renoved 7.87c Caghaldy&k | ost through samplisged. 164 a { Catal yst
concentration =_10.26 7. 496. 36 = 2. 0/% W W[D - (M re at end t sanpl es
taken) - (AcdtiReaton mixprg &nﬂ@‘zﬁn@&{lg&@) Kot
Estimated butadiene uptakeb 12.77
Water added to mixture 195.91
Cyclohexane extract 1 198.52
Cyclohexane recovered 207.77
Cyclohexane extract 2 136.73
Cyclohexane recovered 148.13
Residue after removal of acetic acid / 13.11
water
Samples removed 7.87°
Catalyst lost through sampling 0.16°
a -  Catalyst concentration = 10.26 / 496.36 = 2.07% w/w
b -  (Mixture at end + samples taken) - (Acetic acid + catalyst charged )
c -  Samples removed =100 x 7.87 / 496.36 = 1.58% of total
10 d-  Catalystlost=1.58 x 10.26 / 100 = 0.16g
Table 2 — GC data for Runl
Sample Time Weight (g) Crotyl Sec-Butenyl | Total C4
acetate (% | acetate (% |_acetates (%
W/W) w/w) wW/W)
Runl-1 1 3.99 0.057 0.099 0.156
Runl-2 18 3.88 1.108 1.049 2.157
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C_
| ost =

Wi ght  ( gwo@Bo827p6 Sec- But enyl Tot al

wwww ww Runl-1 1 3.99 0.057 O.

2. 157

Runi Est

GC data for

Sanmpl es renmoved =100 x 7.87 / 496.36 = 1.58% of total
1.58 x 10.26 / 100 = 0.16g Table 2 -

Runi

10 d -

Cat al yst
Sanpl e Tine

C4 acetate (% acet at eCfieRGOIAbES (%

099"

2.01 % Descri ption Wi ght

0.156 FRunl-2 18 3.88 1.108 1.049
15R 203/ 082796 PCT/ (B03/01346 Run2 Table 3 - Mass bal ance data for

d catal yst concentration = Aceti c

acid recharged (1.01 % W Wrahi03 OnaBaslsiue daesforBudfl Resi due + acetic

aci d char

e 503.16 Butadiene 35.20 Reaction m xture at the end of the run

501. 35 Estbstimeied caalysotcmgentippionke?. Q0032 Water added to mixture 197.19

Cycl ohexane extract 198. 05 CYcl ohexane recovered 203.26 C cl ohexane

extract 2 20{.61 QIcIoJ
acetic acid 16-99—mw

IO 99 —Wate

sanpling 0.24 Bcatipyced vechar@gl dadla¥f wiw)Run2 Sérrpl e ToA®5Wei ght ()

Eg& qioglecovered 215. 63 Resi y tf er

r enoval

acet ate Sec- But enyl Totlgésidggmass

13.11
Residue + acetic acid charge 503.16
Butadiene 35.20
Reaction mixture at the end of the run 501.35
Estimated butadiene uptake 10.32
Water added to mixture 197.19
Cyclohexane extract 198.05
Cyclohexane recovered 203.26
Cyclohexane extract 2 201.61
Cyclohexane recovered 215.63
Residue after removal of acetic acid / 16.99
water
Samples removed 12.13
Catalyst lost through sampling 0.24

Table 4 — GC data for Run2

Sample Time Weight (g) | Crotyl acetate | Sec-Butenyl Total C4
(% w/w) acetate (% acetates (%
w/wW) w/w)
Run2-1 0 3.52 0.062 0.06 0.122
Run2-2 16 4.77 1.045 1.003 2.048
Run2-3 18 3.84 1.3 1.21 2.51
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(%wWw acetate (% acetates (% wWwww Run2-1 0 3.52 0.062 0.06 0.122
Run2-2 16 4.77 1.045 1.003 2.048 FRun2-3 18 3.84 1.3 1.21 2.51 16 WO

03/ 082796wB@3h&BO3/ 01346 Run 3 Estinated catal yst concenPCatGRI/0348. 94%
Table 5 - Mass bal ance data for Run 3 Description Weight (g) Acetic acid
recharged (1.36 %ww 490.92 Residue 16.99 Residue + acetic acid charge
507.91 Bumali ene 31.56 Reaction mixture at the end of the run 508. 82

Esti mat ed _but adi u .. 39 er added to m xture 200.53 Cycl ohexane
ext ract %Sti@%t?gﬁae&%tcﬁ%é ex%ﬁgﬁr elé%%ér ed 208.80 Cycl ohexane extract 2

198. 42 Cycl ohexane recoyghR® 288assbalaase duta fak Rem 3 enoval of acetic acid /
12.33 water Sanples renoved 6.48 Catal yst |ost through sanpling 0.13 5
Table 6 - GC data for Run3 Sanple Tinme Wight (g) Crotyl acetate

’.

Sec- But enyl (Fetat—CA—(%ww—acetate acefates (DWW, (%W W) n3-1 2
3.97 0.071 (.122 0. 193\Description Weight'(g)
Acetic acid recharged (1.36 % w/w) 490.92
Residue 16.99
Residue + acetic acid charge 507.91
Butadiene . 31.56
Reaction mixture at the end of the run 508.82
Estimated butadiene uptake 7.39
Water added to mixture 200.53
Cyclohexane extract 1 198.13
Cyclohexane recovered 208.80
Cyclohexane extract 2 198.42
Cyclohexane recovered 209.36
Residue after removal of acetic acid / 12.33
water
Samples removed 6.48
Catalyst lost through sampling 0.13

Table 6 — GC data for Run3

Sample Time . Weight (g) |Crotyl acetate| Sec-Butenyl | Total C4
(% wiw) acetate acetates
(% w/w) (Y% wiw)
Run3-1 2 3.97 0.071 0.122 0.193
Run3-2 18 2.51 0.87 0.851 1.721
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Run3-2 18 2.51 0.87 0.851 1.721 17 WD 03/082796 PCT/ GB03/01346 Run4

Esti mat ed catal yst concentration = 1.92% Table 7 - Mass bal ance data for
Rund4 Deswoiopnsxnme Wi ght (g) Acetic acid recharged (1.01peaxBep/04R6. 30
Resi due 12.33 Residue + acetic acid 507.63 Butadi ene 35.20 Reaction

m xture a tt&e end of the run 504.43 Estimated butadi ene uptake 5.43

Wat er add m xture 200.74 Cyclohexane extract 1 201.60 Cycl ohexane
recover ed F2dattd cataliel @iv¥angion < 1.90% 2 200.48 Cycl ohiexane recovered
207.84 Residue after renoval of acetic acid / 32.99 water Sanples renoved
8.63 Catalyst |ost throudfablahpMass balance datafiy|Rugt - GC data for Run4
Sanple Time Weight (g) Crotyl Sec-Butenyl Total C4 acetate acetate
acetates (% (%wWw (%ww ww Run4-1 0 4.04 0.053 0.049 0.102 Run4-2 18

4.59 0.959 0[ 907 1.866 D%gcr}/};gorol?’/ 082796 PQT/ GB03/ OWéllght (B.m 5

Acetic acid recharged (1.01 % w/w) 495.30
Residue 12.33

Residue + acetic acid 507.63
Butadiene 35.20

Reaction mixture at the end of tﬁe run 504.43

Estimated butadiene uptake 5.43
Water added to mixture 200.74
Cyclohexane extract 1 201.60
Cyclohexane recovered 212.45
Cyclohexane extract 2 200.48
Cyclohexane recovered 207.84
Residue after removal of acetic acid / 32.99

water
Samples removed 8.63
Catalyst lost through sampling 0.17

Table 8 — GC data for Run4

Sample Time Weight (g) Crotyl Sec-Butenyl Total C,
acetate acetate acetates (%
(% w/w) (% w/w) W/W)
Run4-1 0 404 | 0.053 0.049 0.102
Run4-2 18 4.59 0.959 0.907 1.866
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Estimated catal yst concentration = 1.82% Table 9 - Mass bal ance data for
Run5 Description Wight Acetic acid recharged (1.78 %ww 492.62 Resi due
32.99 Rewpdams279@ceti c acid 525.61 Butadi ene 37.43 React®PCorGBmWAlMbe at
the end of the run 527.44 Estimted butadiene u take 9.27 Water added to
m xture 199;,PZ Cycl ohexane extract 1 203.25 Cyclohexane recovered 214. 94
Cycl ohexane extract 2 200.29 Cycl ohexane recovered 213.53 Residue after
renoval ofEstioetddeatatysticéncBitréton wh82% Sanpl es renoved 7.44 Catal yst | ost
through sanpling 0.14 5 Tahle 1Q - GC data_ for Run5 Sanple Tinme Wight (g)
Crotyl acetate Sec- But enylT2Rl¢ & Mass halgngedatafert BunS acet ates (% WW (%

W W Run5-1 073744 0.053_0.0497 0. 102 Run5-2 18 4. 0005305851315 19 WO
03/ 082796 PCILGB03/0134HSSEHMWNESt | nmat ed clat al yst  Voeieki{E) ation = |1. 84%
Table 11 - MassAbalodseredhdracd Qr7RonG/wPescri ption oght (g) Acetjic acid
recharged (1{61 % W W) 4%83’5%?1&: Residue 21. 134 32.99
Residue + acetic acid 525.61
Butadiene 37.43
Reaction mixture at the end of the run 527.44
Estimated butadiene uptake 9.27
Water added to mixture 199.97
Cyclohexane extract | 203.25
Cyclohexane recovered 214.94
Cyclohexane extract 2 200.29
Cyclohexane recovered 213.53 ¢
Residue after removal of acetic acid / 20.66
water
Samples removed 7.44
Catalyst lost through sampling 0.14
5 Table 10 — GC data for Run5
Sample Time | Weight (g) |Crotyl acetate]| Sec-Butenyl Total Cy4
(% wiw) acetate acetates
(% w/w) (% wiw)
Run5-1 0 3.44 0.053 0.049 0.102
Run5-2 18 4.00 0.53 0.585 1.115
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Resi due + acetic acid 511.80 Butadiene 30.35 Reaction mxture at the end
of the run 516.60 Estinmted butadi ene uptake 13.77 Water added to m xture
200. 05 GQyoloshewane extract 1 199.65 Cycl ohexane recover @¢TRAHEI3IO146

Cycl ohexane extract 2 201.46 Cycl ohexane recovered 212.33 Residue after
removal ofgw@metic acid / 12.08 water Sanples renoved 8.97 Catal yst | ost

t hrough sampling 0.17 5 Table 12 - GC data for Run6 Sanple Time Weight (gQ)
Crotyl acdisameteSsetaBut @mgbntitioal= C84%( % W W) acetate acetates (%ww (%
w w Run6-1 0 4.57 0.000 0,000 0.000 Run6-2 18 4.40 0.764 0.786 1.550 20
VD 03/ 082796 PCT/ GB03/ 0134ablefddMass balapesydatadar Run6concentration = 1. 84%
Table 13 - Mass bal ance data for Run? Description Wi ht ( ) Acetic acid
recharged (0.98 %ww 490.70 Residue 11.92 Residue + acetic acid 502.62

Eﬂt g(cji: gze: 35[ 2§QR§g%é?%tmnXt ure at t he\?\%ﬂ"ﬁn?ﬁ) the riun 504.37 Estinmated
Acetic acid recharged (1.61 % w/w) 490.46
Residue 21.34
Residue + acetic acid 511.80
Butadiene 30.35
Reaction mixture at the end of therun | 516.60
Estimated butadiene uptake 13.77
Water added to mixture 200.05
Cyclohexane extract 1 199.65
Cyclohexane recovered 209.64
Cyclohexane extract 2 201.46
Cyclohexane recovered ' 212.33
Residue after removal of acetic acid / 12.08
water
Samples removed 8.97
Catalyst lost through sampling 0.17
5
Table 12 — GC data for Run6
Sample Time Weight (g) |Crotyl acetate| Sec-Butenyl | Total C,
(% wiw) acetate acetates
(% wiw) (% wiw)
Runé6-1 0 4.57 0.000 0.000 0.000
Run6-2 18 4.40 0.764 0.786 1.550
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Wat er added to m xture 200.22 Cycl ohexane extract 1 202.81 Cycl ohexane
recovered 245.47 Cycl ohexane extract 2 208.45 Cycl ohexane recovered

214. 91 RewpDdo®s2bé er renoval of acetic acid / 14.79 wat ePCSaBIBOS3I46 enoved
8.72 Catalyst lost through sanpling 0.16 5 Table 14 - GC data for Run?
Sanpl e Tinpeg¥ei ght (g) Crotyl Sec-Butenyl Total C4 acetate (% acetate (%
acetates (% wWw ww ww Run7-1 0 4.57 0.004 0.000 0.004 Run7-2 18 4.15
0. 872 0. sTytimagglcatahyst WDCOBDRAZIBIPBGT/ GB03/ 01346 Table 15 - Results for
sul phur content of the cycl ohexane extracts from successive regeneration
experiments Runs 1-7 SanplebMéidghMas§ bAahphdatador Rungi ght Aci d wei ght in
Cal cul ated cycl ohexane content i n in organic organic layer (g) acid in

| ayer as grganit tayer tayer—{my——agteous—di-seharged—{-g)—{(rg—-/L—kg—kg)
| ayer (g)|_[uncert aj feyjripion3- 1C1 207. 77 0.6 [0. 2] V@m@ht((g‘ﬂl? 10. 083 Run3- 1
ot hopo-AdR Ha eyl MBdR 08) s 2CT 20% Bl (0 el 2 S & 04T,
3.6 0.017/9.644 Run3XRespiuo09. 36 0.6 [0.2] 3.6 0.017109527 Run3-4Cl [212. 45
0.3 [0.2]|1.8 0. ORSsi@uetfBcetic acid 502.62
Butadiene 32.33
Reaction mixture at the end of the run 504.37
Estimated butadiene uptake 10.47
Water added to mixture 200.22
Cyclohexane extract 1 202.81
Cyclohexane recovered 245.47
Cyclohexane extract 2 208.45
Cyclohexane recovered 214.91
Residue after removal of acetic acid / 14.79
water
Samples removed 8.72
Catalyst lost through sampling 0.16
5

Table 14 — GC data for Run?7

Sample Time Weight (g) Crotyl Sec-Butenyl | Total C,
acetate (%o | acetate (% | acetates (%
W/W) wW/W) W/W)
Run7-1 0 4.57 0.004 0.000 0.004
Run7-2 18 4.15 0.872 0819 | 1.681
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Run3-4C2 207.84 0.3 [0.2] 1.8 0.009 9.439 Run3-5Cl1 214.94 0.5 [0.2] 3.0

0.014 9.285 Run3-5C2 213.53 0.5 [0.2] 3.0 0.014 9.271 Run3-6Cl 209.64 0.3
[0.2] 1.8w0.080827% 092 Run3-6C2 212.33 0.5 [0.2] 3.0 0.01#C%/B08/01F3a6N3- 7CL
245.47 0.5 [0.2] 3.0 0.012 8.906 Run3-7C2 214.91 0.4 [0.2] 2.4 0.011 8.895

RunS- 71 N800 LAl 693 Pefifzar ol 300l x5l RYOEAE2 N A

1600 [100] 71599 9. 500"~ [8.90% =1\ 0]
1599 9.500** [8.904 - NA h@g&ﬁﬁhﬁoﬁfaﬁﬁerﬁflemlﬂﬂiﬁﬂ B2 g / mol Mass of
1, 2- et hanedi-sttphoni-c—acid—190-2 g I mpl 5 scaling factor = 190.2 / 32.0 =
5 4 or anf, omidue (WEEERt g Bt Sabpel dslooseity cacarmgnt oo | vatuiarle
aci d mass| i n resi eyl BhiBES, GRS BHABEh] mecitan A
process for rrakihng a Bapeybs es;cggarﬁcrbmlt;]aa}{&d(rﬁgé )u\tAQ:j?gngovrrnp{ saepledswcglt 23
ebﬁjlt Sﬂ:a'?ing O:mﬁocgriggsllsa?%aa(fp (tnllvé: thgé)cgt al yst conpri se gﬂ um(VT1)
oxi de or an—organig¢ sul phoni u’é@iﬁ@lf’éﬂnt aining at least 2 su phonl c acid
groups pel RmBeaul e mkg@r;ehn thE()@[OQ!]I 0 of3khe nu_rrbeb_o?ﬁhcar aorlloggg)m" |t(r)1
the rangel Fmaite 1 g5 " B O 1Robchse ad ol ot mecOOM G ai fn 1088 i n ¢ he
catal yst cRumBi2s |t heosaied sul pgoRt |acigeand|the gajyo of “:9981’Umt’er of
carbon atpie, SHSHIPNsG,actd greghy 1S T, thejrangy | L tpis 1o
Run3-3C1 208.80 0.6 [0.2] 3.6 0.017 9.644
Run3-3C2 209.36 0.6 [0.2] 3.6 0.017 9.627
Run3-4C1 212.45 0.310.2] 1.8 0.009 9.448
Run3-4C2 207.84 0.3[0.2] 1.8 0.009 9.439
Run3-5C1 214.94 0.5[0.2] 3.0 0.014 9.285
Run3-5C2 213.53 0.5[0.2] 3.0 0.014 9.271
Run3-6C1 209.64 0.30.2] 1.8 0.009 9.092
Run3-6C2 212.33 0.510.2] 3.0 0.014 9.078
Run3-7C1 245.47 0.5[0.2] 3.0 0.012 8.906
Run3-7C2 214.91 0.4 [0.2] 24 0.011 8.895
Run3-7F1 N/A* 1700 [100] 1699  110.092%*[9.500~] N/A
10.686]
Run3-7F2 N/A* 1600 [100] 1599 9.500*%* [8.904 —| N/A
10.092]
Run3-7F3 N/A* 1600 [100] 1599 9.500** [8.904 —| N/A
10.092]
Mass of sulphur 32 g / mol

Mass of 1,2-ethanedisulphonic acid 190.2 g / mol
5  scaling factor=190.2 / 32.0 =5.94 C
* The residue (14.79 g) after volatiles were removed in vacuo was dissolved in acetone
(1000.51 g) and analysed for sulphur. :
*# Calculated acid mass in residue

10
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10 3. A process as clained in aim1 wherein the catal yst conprises the
said sul phonic acid and the ratio of the nunber of carbon atons to

sul phoni cwe®B@sypOups is in the range 1:1 to 1:0.7. 4. APOTEGRISH1IXAS
clainmed in any one of the preceding Clains wherein the catal yst conprises
t he said sul phonic acid and contains 2 to 30 carbon atons. 15 5. A process
as clainmed in any one of the preceding Cains wherein the catalyst acid is
soluble in the reaction mxture or in a conmponent of the reaction m xture.
6. A process as clained in any one of the preceding C ainms wherein the
reaction mxture contains 0.2 to 10 weight % of the catal yst based on the
wei ght of the total reaction mxture. 20 7. A process as clained in any
one of the preceding C ains wherein the catalyst conprises the said

sul phonic acid and is selected from 1, 2-ethane di sul phonic acid, benzene-
1, 2-di sul phoni c acid, benzene- 1, 3-disul phonic acid, benzene-

1, 4-di sul phonic acid, naphthal ene-1, 5-di sul phoni ¢ aci d,

napht hal ene- 2, 6-di sul phonic acid and 23 WO 03/ 082796 PCT/ GB03/ 01346

napht hal ene- 2, 7- di sul phoni ¢ aci d, 4-chl orobenzene-1, 3-di sul phoni c acid, 4-
fl uor obenzene- 1, 3-di sul phoni c aci d, 4-bronobenzene-1, 3-di sul phoni c aci d,
4, 6- dichl orobenzene- 1, 3-di sul phoni c aci d,

2, 5-di chl &lalbsnzene- 1, 3- di sul phonic acid, 2,4,6- trichlorobenzene-

1, 3-di sul ghoni c_aci d, 3-chl| oronapht hal ene- 2, 6-di sul phonic acid, 5 benzene
trisul pho ﬁ'r c achBrosed fﬂ‘é‘ﬁﬁbﬁ&?é’ﬁg’l esteEiipmhydienscvhich gomprisgsseassiag as
clained i | . a2l I F aliphatic
roncoar bowy T ae; AP aLR AR e b ERuHHERE b s e ERL bR 5 00

9. A procasmoasrbokydicraett], inhesry thenatabyfst tdreprNes eedivmg( VI aixite oMaaroeidnid he
reaction is _carried out in the liquid or mxed |iquid/gas phase in the
presence &RIPRORERGE sontaming o legst A splpaenic aeid erenpsoar maleculgivwheseinier ei n t he

I i I l.ai med . f
he. pr Sced By S ARROANE At Ay to ke BB e P Re e T Bsih iRl | n t e

reaction. oighnicAuffheaRrs®ids it thirame 1 N1 fd pi 031 wherein the pol ymerisation
inhibitor is an alkylated phenol. 15 13. A process is clained in any one
of the précedwoasaamlaM@i@amé viheredn theecatatiest eomprises thef salsudptioafe t o

the carb O)égildi afid %:e' rglti{) %?ﬁ{[ean%nbiep of pa?boanda E)rtnls onsurlﬁaac%ci, aeid :grsoulpé1 istirr} %he range

I:1to1:0.2.

10 3. A process as claimed in Claim 1 wherein the catalyst comprises the said
sulphonic acid and the ratio of the number of carbon atoms to sulphonic acid groups is
in the range 1:1to 1 : 0.7.
4. A process as claimed in any one of the preceding Claims wherein the catalyst
comprises the said sulphonic acid and contains 2 to 30 carbon atoms.

15 5. A process as claimed in any one of the preceding Claims wherein the catalyst
acid is soluble in the reaction mixture or in a component of the reaction mixture.
6.  Aprocess as claimed in any one of the preceding Claims wherein theé reaction
mixture contains 0.2 to 10 weight % of the catalyst based on the weight of the total
reaction mixture.

20 7. A process as claimed in any one of the preceding Claims wherein the catalyst
comprises the said sulphonic acid and is selected from 1,2-ethane disulphonic acid,
benzene-1,2-disulphonic acid, benzene-1,3-disulphonic acid, benzene-1,4-disulphonic

acid, naphthalene-1,5-disulphonic acid, naphthalene-2,6-disulphonic acid and
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range from5:1 to 1:50. 14. A process is clainmed in Caim1l wherein the
relative nole ratio of butadiene to the carboxylic acid reactant in the
addi tion weaswswpsis in the range from1l:1 to 1:10. 20 15PCA/GBIOOERS as

clainmed in any one of the preceding Clains wherein the addition reaction

is carri e@aﬂﬁﬁaléﬂb-ﬁ,hediﬁﬂﬁn%%ﬂfl:ﬁi&ﬁ-éﬂ&%ﬁ%z%ﬁ‘é—ﬁ’%’é%ﬂ%lﬁh&% gcicrle@ct ant as

solvent. 16. A process ‘as clainmed in any one’ « e preceding dains

wher ei n t Hgombdnacne ,3-diselphomio atid, ¢ﬁl‘6ﬂl<ﬁﬂn®‘tﬂe-I,Bﬁdﬁuﬁih@aﬁfdcm/,\/qfﬁﬁ o& ” %'7' A
rocess as.clai,ned i n_an e of the preceding clains wherein the addition
D5 react §W%,°§°‘%%‘F?‘?eéhg@¥ﬁ“?ﬁr}wnéc @%tzbﬁ%h@f%hepzwd,melnhggtcéa@rd, 2;5%-”A t
rocess ag; bb&gehdl S Al - i |.eng s ed-gradual Iy to
'I[D he satur gl%%?j&gl i pﬁ%‘{]},? d?réon %oérleé%géfﬁ Echlg’}é:ﬁ%‘&%%‘gne?lgrdb%l nhcaascgcizl aimed in
any ong oberzege priselphdhicgci aidmapithelead tisulphonieacid on tenperature is in the
range 30 to 12Q C. 30 20._Ado,rocess as _clained in any one of the preceding
cl ai ns anr ei n/tHfecess at tlrigped @Ry ope At the Peaseding ¢lagms Wharksn thestiogsedus

pressure. séhatic monocarboxylic acid employed in the present invention is a C; to Cs acid.
9. A process as claimed in any one of the preceding Claims wherein the reaction is
carried out in the liquid or mixed liquid/gas phase in the presence of a solvent.

10 10.  Aprocess as claimed in Claim 9 wherein the solvent is a hydrocarbon solvent.
I1.  Aprocess as claimed in any one of the preceding Claims wherein a
polymerisation inhibitor is included in the reaction.

12. A process as claimed in Claim 11 wherein the polymerisation inhibitor is an
alkylated phenol.

15 13.  Aprocess is claimed in any one of the preceding Claims wherein the relative
mole ratio of butadiene to the carboxylic acid reactant in the addition reaction is in the
range from 5:1 to 1:50.

14. A process is claimed in Claim 11 wherein the relative mole ratio of butadiene to
the carboxylic acid reactant in the addition reaction is in the range from 1:1 to 1:10.

20 15.  Aprocess as claimed in any one of the preceding Claims wherein the addition
reaction is carried out in the presence of excess carboxylic acid reactant as solvent.

16. A process as claimed in any one of the preceding Claims wherein the addition
reaction is carried out in a plug flow reactor.
17. A process as claimed in any one of the preceding claims wherein the addition

25 reaction is carried out in a continuous stirred tank reactor.

18. A process as claimed in Claim 17 wherein the butadiene is added gradually to
the saturated aliphatic monocarboxylic acid. ,

19. A process has claimed in any one of the preceding claims wherein the reaction
temperature is in the range 30 to 120 °C.

30 20.  Aprocess as claimed in any one of the preceding claims wherein the addition

reaction is carried out under autogenous pressure.

24



