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. PROCESS—FER-FFE CARBONYLATI ON OF AN ALCOHOL The present ifvéntion-Tel at es
"t*0. a’'carbonyl ati oh process and in particular to a process for the
carbonylation of a [err] to [err] alcohol and/or a reactive derivative
thereof in the presence of a rhodium catal yst and an al kyl hali de.
Car bonyl ati on processes in the presence of rhodiumcatal ysts are known and
5 ar'e described, for exanple, in US 3769329, GB 1468940, GB 1538783 and
‘EP .0087070. Carbonyl ati on processes in the presence of rutheniumand osmi um
catal ysts are al so known. Thus, WK patent GB 1234641 descri bes a.process
for the. production of an organic acid or an ester by carbonylation of an .
al cohol, halide, ester, ether or phenol 10 in the presence of a noble
netal. catal yst selected fromiridium platinum palladium osm um and
rut henium and their conpounds and a pronotler which is a hal ogen or hal ogen
compound. According to Jenner et al in J. Mol. Catalysis 40 (1987) 71-82
rut heni um conpounds are effective carbonyl ation catal ysts for converting
primary al cohols into 15 acids and esters at high CO pressures. In the
reported experinents standard conditions were 450 bar CO pressure and | ow
CO pressures were said to lead to high yields of hydrocarbons and a | ower
yield of ester. UK patent application GB 2029409 descri bes a process for

the preparation of al PROUGESS FORIPHE!CARBONYS ATIONSOF AN ADCOROL! i ng car bon
nonoxi de with al cohols at an 20 el evat ed pressure of 34 at nospheres or
greater in the presence of a ruthenium catal yst and hal ogen-contai ni ng
pronot er. US 404680Vhe gresdne inventicn peiatesae a chbonylatioparoceys ankini partioukardo ade
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of 2obort] gt hehike it Ahcelic SR REA Kirtlontsy UG ek ptsohiaeor 1
present invent@dT07Mere is proovided a process for the
Carbonylation processes in the presence of ruthenium and osmium catalysts are
also known. Thus, UK patent GB 1234641 describes a process for the production of
an organic acid or an ester by carbonylation of an alcohol, halide, ester, ether or phenol
10 in the presence of a noble metal catalyst selected from iridium, platinum, palladium,
osmium and ruthenium and their compounds and a promoter which is a halogen or

-
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. halogen compound. -
o . According to Jenner et al in J. Mol. Catalysis 40 (1987) 71-82 ruthenium
compounds are effective carbonylation catalysts for converting primary alcohols into
15  acids and esters at high CO pressures. In the reported experiments standaid conditions
were 450 bar CO pressure and low CO pressures were said to lead to high yields of
- hydrocarbons and a lower yield of ester. '

UK patent application GB 2029409 describes a process for the preparation of

aliphatic carboxylic acids and esters by reacting carbon monoxide with alcohols at an
20  elevated pressure of 34 atmospheres or greater in the presence of a ruthenium catalyst
and halogen-containing promoter. '

US 4046807 relates to a process for preparing acetic anhydride from acetic -
acid methyl ester and carbon monoxide in the preseﬁce of a Group VIII noble metal
catalySt selected from ruthenium, rhodium, palladium, osmium, iridium and platinum.'

25 The technical problem to be solved is to provide an improved process for the



carbonylation of a Cl1 to C4 al kyl alcohol and/or a reactive derivative

t het eof which 5 process conprises contacting a [err] to [err] alkyl

al cohol and/or ‘a reactive derivative thereof with carbon nonoxide in a

| iquid reaction conposition in a carbonyl ation reactor characterised in

that the liquid reaction conposition conprisés: (a) a rhodiumcatalyst, (b) -
an al kyl halide, and (c) as pronoter, at least one of ruthenium and osm um
10 - The carbonyl ati on product of the present invention conprises the
correspondi ng caaherylation ofd €] talOgylkyd siceliol andlboa reastivoderivativethie@of in the

anhydr [ de. TS présdfice Sita RSB Lailyf BhPAkYIHaflagCl d product of an al kyl

al cohol having n carhgn atons_1s a car I'I'¢ aci d having n+l carbon atons.
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Acetic acid nmay obfiugf oduced using the process of the present invention by
t he car bony* tion of nol. and/ or- reactive derivatives of nethanol
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Sui tably, the wavertionbgehsiédrboryhitiondfiethahblindfr rERAV 83iVaATRYTnidiffhol S 1 1
t h? r apge 0. 1 including methy! acetate, dimethyl ether and methyl iodide. Acetic anhydride may be -
’ - produced in the process of the present invention by the darbonylation, under
substantially anhydrous conditions, of methyl acetate and/or dimethyl ether optionally
25  with methanol and/or water present in the reactant feed to the reactor.
Carboxylic acid may be produced as a carbonylation product of the process of
the present invention when at least a finite concentration of water is present in the
liquid reaction composition that is at least 0.1% by weight. The water may be formed
in situ in .the liquid reaction composition, for example, by the esterification reaction
30  between alcohol reactant and carboxylic acid product. Also, water may be introduced
' to the carbonylation reactor together with or separately from other components of the
liquid reaction composition. Water may be separated from other components of the -
reaction composition withdrawn from the reactor and may be recycled in controlled -
| amounts to maintain the concentration of water in the liquid reaction composition.
35 Suitably, the water concentration in the liquid reaction composition is in the range 0.1



3 to 15% by weight. Preferably, the concentration of water in the liquid
reaction conposition i s nai ntained bel ow 14% by wei ght, nore preferably
bel ow 11°% by wei ght, nost preferably bel ow 7% by wei ght. Carboxylic
anhydri de may be produced as the carbonyl ation product of the 5 process
of the present invention optionally with caboxylic acid by ensuring that
the liquid reaction conposition is nmaintai ned untder substantially anhydrous
conditions. By substantially anhydrous conditions is neant the conplete
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It has been found that as water concentration in the hquld-reactxon composition

is decreased it is preferred to increase the ester concentration. Thus for example ina

process for preparation of acetic acid at a water concentration of 5.7% by weight the

methyl acetate concentration is preferably greater than 1.2% by weight and at a water

[ors®]

25 concentration of 2.5% by weight the methyl acetate concentration is preferably greater

than 2% by weight. ‘
The rhodium catalySt in the liquid reaction composition may comprise any

rhodium containing compound which is soluble in the liquid reaction composition. The
rhodium catalyst may be added to the liquid reaction composition in any suitable form

30  which dissolves in the liquid reaction composition or is convertible to a soluble form.
Examples of suitable rhodium-containing compounds which may be added to the liquid
reaction composition include [Rh(CO),Cl],, [Rh(CO)ZI]z, [Rh(Cod)CI]z, rhodium
(II0) chloride, rhodium (IIT) chloride trihydrate, thodium (III) bromide, rhodium (III)
iodide, rhodium (III) acetate, rhodium dlcarbonylacetylacetonate RhCl3(PPh3)3 and

35 RhCl(CO)(PPh3)2



Exarrbl\es of suitable rhodi um containi ng conpounds which may be added to the
| iquid reaction conposition include [err] rhodium (I11) chloride, rhodium
(I'11) chloride trihydrate, rhodium (I11) brom de, rhodium (111) iodide,
rhodium (I'11) acetate, rhodi um dicarbonylacetyl acetonate, [err] and 35
[err] 4 Preferably, the rhodium catal yst4concentration in the liquid
reaction conposition is in the range 50 to 5000 ppm by wei ght of rhodi um
preferably 100 to 1500 ppm THe rutheni um and/ or osm um pronoter may
conpri se any rut heniPRrefesabll, thie fhodiumsyatalyst canventrationgn clogiiyuidravionch i s
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osm um (111)  chifHehitth (THY hcife 2 AMNUTPHOpicAE HIRGRIA(H) BIYratd)

ruthenium pentacarbonyl, trirutheniumdodecacarbonyl and mixed ruthenium

halocarbonyls such as dichlorotricarbonylruthenium (II) dimer,
dibromotricarbonylruthenium (II) dimer, and other organoruthenium complexes such
20  as tetrachlorobis(4-cymene)diruthenium(iI), tetrachlc;robis(benzene)diruthenium(II), '
dichloro(cycloocta-1,5-diene)ruthenium (II) polymer and
tris(acetylacetonate)futhenium (11). .
' Exampies‘ of suitable osmium containing compounds which may be used
include osmium (IIT) chloride hydrate and anhydrous, osmium métal, osmium
25  tetraoxide, triosmiumdodecacarbonyl, pentachloro-p-nitrododiosmium and mixed
- osmium halocarbonyls such as tricarbonyldichloroosmium (II) dimer and other
organoosmium complexes.
In the production of acetic anhydride by carbonylation of methyl acetate with
‘optional methanol in the process of the present invention in batch autoclave
30  experiments, which last for only about 20 minutes, it was.found that ruthenium (III)
trichloride and osmium (III) trichloride were not suitable sources of promoter unless _
hydrogen is also present with the carbon monoxide feed gas. Without wishing to be
‘bound by any theory it is believed that, when acetic anhydride is produced using the
process of the present invention, the promoter is preferably added to the liquid reaction
35  composition in a low oxidation state form or is converted into a low oxidation state



25 “tetraoxide, triosm undodecacarbonyl, pentachloro-[err]-nitrododi osmi um
and m xed osmi um hal ocarbonyl s such as tricarbonyl di chl oroosmium (11) diner
and ot her organoosm um conpl exes. In the production of acetic anhydride by
carbonyl ati on of nethyl acetate with optional nethanol in the process of
the present invention in batch autoclave 305 experinents, which [ast for
only about 20 mnutes, it was found that ruthenium (111) trichloride and
osmium (111) trichloride were'not suitable sources of pronoter unless
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the water gas shift reaction is preferably kept low, for example, less than 2 bar partxal
pressure, as its presence may result in the formation of hydrogenation products.
20  Whilst increasing the partial pressure of hydrogen ina carbonylation process
performed under substantially anhydrous conditions may increase the rate of reaction, a
disadvantage is that it also increases the formation of by-products. An advaﬁtage of .
the present invention is that the presence of a promoter such as ruthenium enables the
rate of reaction to be maintained at lower partial pressure of hydrogen than would
25  otherwise be required without the promoter. This has the advantage of reducing by-
product formation whilst maintaining rate of reaction. Thus, for example, the
promoters of the present invention may allow the hydrogen partial pressuréina
continuous process for the production of acetic anhydride to be reduced from a partial
pressure in the range 0.6 to 1 bar to a partial pressure up to 0.5 (suitably 0.05 to 0.5
30  bar) whilst maintaining rate of reaction and reducing by-product formation. Preferably,
the ratio of carbon monoxide to hydrogen is greater than 10:1 molar in the reactor.
The partial pressure of carbon monoxide in the reaction is suitably in the range 1 to 70 -
bar, preferably 1 to 45 bar, more preferably 1 to 35 bar. A suitable carbon monoxide
partial pressure for production of acetic anhydride is about 20 to 30 bar and a suitable
35  carbon monoxide partial pressure for production of acetic acid in the presence of water



pressure, as its presence may result in the formation.of hydrogenation
products. 20 Wi | st increasing the partial pressure of hydrogen in a
carbonyl ation process perfornmed under substantially anhydrous conditions
may increase the rate of reaction, a disadvantage is that it also increases
the formation of by-products. ‘An advantage & the present invention is that
the presence of a pronoter such as rut heni um enabl es t he’ rate of reaction
to be maintained at |ower partial pressure of hydrogen than would 25
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w part1a1 pressures of carbon monoxide for example less than 0.25 bar, for example

during recovery of carbonylation product from the reaction composmon with the
recycle of the catalyst to the carbonylation reaction.

Yet a further advantage of the. catalyst system of the present invention is the
improved carbonylatlon rate over rhodium alone, which is obtained under low water

25  concentrations in the production of carboxylic acids, for example, at less than 7% by
weight water in the reaction composition during the production of acetic acid.

The pressure of the carbonylation reaction is suitably in the rang_e 1to 100
barg, preferably 20 to 50 barg. The temperature of the carbonylation reaction is
suitably in the range 130 to 250 °C, preferably in the range 170 to 200 °C.

30 Co-promoters including Group IA metal iodides, quaternary ammonium iodides
| and phosphonium iodides may be present in the liquid reaction composition. Such co-
promoters will reduce the formation of volatile promoter species and so facilitate
product recovery and purification. When carboxylic acid, such as acetic acid, is the
product of the carbonylation reaction in the presence of a finite concentration of water,
35  the concentration of co-promoter in the liquid reaction composition is preferably



conposition or due to a high concentration of inert gases (for exanple
nitrogen and carbon di oxide) in the carbonylation reactor. The catal yst
system may al so have 15 advant ages of increasing rate of carbonylation
when the rate of reaction is reduced by the availability of carbon nonoxide
in solution in the liquid reaction conpositidn resulting frommass transfer
limtations, for exanple due-to poor agitation. A further advantage of the
catal yst systemof .the present invention is that the rutheniumor osm um
pronoter acts as“H"Ehianas@plar basis, Melesstbat aboue AVebywéigitt ofietiathii dé’iié/ ¥en
| ow partial pressubeglioanhydndos, | : Le lLess than 0.25 bar,
for exanple dur iljg?ﬁfogcg'vel%{ of ch?tg)ggé; :dtn f‘@;ﬁ‘dg)r‘(%%gﬁf°ef’ﬂfbﬁﬁet°ﬁ@°ma%9q on
conmposition with the tecyclentation & ea-promatertin thelimuidaneactionl campesitio@act | on.
Yet a further adwveferablyepredent ftcup wdtsdinicbf s‘bldﬁﬁlﬁf‘f&f eia\t,q\ﬁxeq#et%%t, i nvention is
t he i_rrprovedscarigaaghgﬁirgra%gthﬁ .ovq%r t hodi g{g al’one, Wi ch 1S ShPRIEIZHE under
| ow wat er 25 concentrati ons r{mf 601&}%&9 i%ﬁt@ﬁmm%xyl Ic acids, for
exanpl e, at |ess tharpafb/ewcmdghd/ommrhonyﬂaﬁohhﬁhyd?iasiﬂag'ﬁeﬁ S dolvelle E}u” ng
t he production ahe gaetidrc aci d. The pressure of the carbonylation reactton
Is suitably in the rgﬂ‘ge lto 0 barg, preferably 20 to 50 barg. The |
tenperature of the carpdR9iest Pidhe pessentiimiention may bapirforined kdgbsrdRgEa 130 t O
250 [err], pref eoatiiupus prochs, pfgbly 40 thrigAGud bodss 30 B
Co- pronot erggi ncl udi rb(g%(gﬁl(p c!db‘ %t al i odides, ‘quat€rnary anmoni um i odi des
and phosphoni um i odi 085 Ay Bac SPEE and/on Garhaxylie prhytidde eastonylation prodastsinayn.
Such co- pronot 8f Eemgved ffogtitheaeaduer Hyowittairawig huid 9baalibA @oxﬂﬁ&ﬂg,ﬂ,earnfis peci €s
and so facilitakeapitia uri.flcation. en carpboxylic acid,
such as acetic ﬁ_?l d, Egﬁétagé&%r%ég%%q/&g%e __%@‘hé(g?%ow?a‘é‘itmﬁ"? @émpreaa/ashrand/oe :
presence of a fIATHoRakYstHiaten stagesfram thnaatber,coﬂiﬁonerith@ftﬁ@n%ﬁméaeﬁ&pn of . .
co-pronoter in (:mepdsitimisdcli@ﬁﬁlbhmﬂq&@é]?Q LiH ' ref er abl 7
equi val ent ,ygon gaéﬁgl‘?gtepgf;né{s b Idess h’?ﬁmgﬁigﬂ{[zﬁg&.rlgm {omogtsr, plky_lhi um
i odi de. When car boxyli ¢ 4 37%?1“ ) deensumed; reaciants arhighomaydiee sesyqedo@dued i n
t he carbonyl at i GACtPERCMAiIgtain theie Comrenﬂ'ﬁlﬁdrﬂﬁﬁﬂﬂli@ﬁid@e&ﬁbﬂ'&m&?{im{ ”%H}e
i quid reacti onsepaties bdd i referabl resent..at yp to 1ts Ti of
solubility. for hxa FgérePilly 5%"8%{3?*‘%?%?{?“ BOnoXids pasal pressprrless thantim ghe
i dazol | um | ok IRPURIRLIPR [44eiok (Thelpeld, estearhaiay hihycrids shodad ety 43H%8MbaL] ON
anhydri de may s anepduraforn tisdley@pt, T OF |

20

The invention will now be illustrated by way of example only by reference to
the following examples and to F igures 1 to 6 in which Figure 1 represents a graph of
carb.on' monoxide uptake against reaction time for Experiment E and Examples 3 and
S; Fxgurg 2 represents a graph of carbon monoxide uptake against reaction time for
Example 5 and Expgriment H; Figure 3 represents a graph showing the effect of
n.lthenium promoter on reaction rate against calculét_ed water concentration; and
Flgure. 4 represents a graph of carbon monoxide uptake against reaction tim’e for
Experiment K and Example 8; Figures 5 and 6 represent graphs showing the effect of
hydrogen concentration in the feedgas on reaction rate for anhydrous carbonylation
| In the examples reaction rates are quoted as number of moles of .
30 product/rea_ctant produced/consumed per litre of cold d
per hour (mol//hr).

25

egassed reactor composition

In the examples the concentration of components and in particular of water and .
methyl acetate, during the carbonylation reaction was calculated from the. starting
composttion, assuming that one mole of water is consumed for every mole of carbon’

3 . .
5  monoxide that is consumed. No allowance was made for the organic components in



the reaction. The process of the present invention may be perforned as a
batch or a continuous process, preferably as a continuous process. 10

Car boxyl i'c acid, ester and/or carboxylic anhydride carbonylatlon products
may be renoved fron1the reactor by withdrawing liquid reaction conposition
and separating the acid, ester and/or aceti @ anhydride product by one or
nore flash and/ or fractionaL distillation stages fromthe other conponents
of the liquid reaction conposi'tion such as rhodi um catal yst, ruthenium
and/ or osm um pfmtaﬂavea.bgimbac% . halide, water (if present) and

Concent rati one i n-t n& TR RAURY PEATHES gt abidRie ERRHea TP MAERLN "' 1
gﬁner ak Lg nt ial;[els (Tdade Mask) samaaﬁﬂimumnmﬁ@efapdﬂt)t was used é'@meii Q%@td?an in
the ca y Qikbb a OUP;PR & ga?ﬁ%? Iy 1 @Qﬁéz%ﬁoaﬂ\ﬂ‘)’\gﬁé ﬂ%vﬂé&’%ﬁ\

al so be renoved as |nvent o
will now be 11 b@liaﬁhm&p Hoed:gas b émg Srouidnddoapaigtaimthe élfte?lé‘fﬁ:*é atqsmstﬁ@t pressure

fol l owi ng exanphs&tmridtetdf ghi Wil Delngt calcBlatell (Whincdh debd@dEEbeliecv@iiobeevily,
graph of carbon \%a{se‘i&fg | nst e:actlonb ggg f or, Experi nment and
Exanpl es ‘3 and ﬁ “Fﬁ l‘ﬁtgatz ich theqessure fallsin the gas ballash ¥eS6lonoxi de upt ake
agai nst reaction ti Mttmenﬂwmh&xﬁemd\tﬂi)qpﬂrand@as sdrhplés fpom ¢hedauteqlave seeré s a

graph show ng t hen| um pronoter on reaction rate
agai nst cal cul a?ﬁaﬁ %%aég%ﬁégﬁttog{#ﬁ and Figure 4 represents a graph of

carbon monod® de upt aker eaghibatch caréaexlatm expeamenthespeelpyrewes gharged | e

8, Figures 5 an%tﬁeﬂiﬁﬂb@%ﬁﬁﬁmﬂﬁrﬁﬁ@&r%h&!ﬂeﬂ ld%nﬁfJn@ﬁE onhehﬁqdfdQﬁﬂﬂxon
concentration in the on re Ct 1 On ra 8 or an dI’O gr boeglllat I ON.
e el b SPRRGHGT ARG Paft e SR ALBHS 259 GhTBe . ShaRe eregpungeptalsst

product/react antwapiissoleetl/ consuned per litre of cold degassed react or

conposi tion per hour Tglg%{oya@é %vas ﬁ@h&&‘ﬁmgé mhﬁfogtag%{:& 89&9\8&1‘1 @&rb&?w%oxxde )

conponents and in partrcula

carbonyl at i th r ead wapthendeatediwish stiriag (lQQQﬂPm)éO 48a:G.i A@ercallﬁm ¢ ystem to
assum ng that ogpgyiEed & a%iogéﬁéd%'% kae%slﬁ- AT f@huﬁx‘t’é’sr the mcﬁuﬂfcaﬁ%%ﬁﬂ Redtr

monoxi de that is consunmed nce was nmde for the organj nmpqQnent s
in 8 acid solution was then mjected into the autoclave un er pressure of carbon monoxlde

The pressure in the autoclave was subsequently maintained at 27 barg with carbon
~ monoxide fed on demand from the gas ballast vessel through the liquid injection
20 facility. )

After an initial 30 seconds to allow for carbon monoxide to dissolve in the
reaction composition, éubsequent gas uptake from the ballast vessel was measured
every 30 seconds and from this was calculated the rate of carbonylation, expressed as
moles of carbon monoxide per litre of liquid reaction composition per hour (mol/V/hr).

25  After uptake of carbon monoxide from the ballast vessel had ceased or the reaction had
proceeded for a period of 40 minutes, whichever was sooner, the autoclave was '
isolated from the gas supply. The contents of the autoclave were cooled to room
temperature and the gases were cautiously vented from the autoclave, sampled and
analysed. The liquid reaction composition was discharged from the autoclave, sampled

30  and was analysed for liquid products and by-products. _ _

| To obtain a reliable baseline a number of identical baseline runs may have to be
performed to condition the autoclave such that consistent rates are achieved. This
conditioning period is often different from autoclave to autoclave and may depend
upon its prevnous history.

35 Experiment A



t he autocl ave headspace. A 150 ml Hastell oy B2 (Trade Mark) autocl ave

equi pped with a Magnedrive (Trade Mark) stirrer and liquid injection
facility was used for a series of batch carbonyl ati on experinents. A gas
supply to the autoclave was provided froma gas 5 bal | ast vessel, feed:
gas being provided to maintainh the autoclav® at a constant pressure and the
rate of gas uptake being catculated (with an accuracy believed to be +/-1%
fromthe rate at which the pressure falls in the gas ballast vessel. At the
end of each experi ménbastlingiexperimeht gers peefomheeiswith thematitoelaze charged witharethyl
anal ysed by gag, PLY I on
experi nment theaaél}{&%g?ﬁ\/@% § herg&mdm o'ph ewgﬂﬁdﬁ mlaﬂbgp %?n%ﬁe'(%‘?%mter
and the |iqui d(E&mpewbnt Ther Qdﬂéﬂlcﬂtqlﬁfcﬁ usipstcoaprisesdihp{CO)¢A2dRdPuamely part

of the acetic afskavemraealc dcit (831 fiof) N The RaLtishvadpeétorined WRS colisbne pmadire The
and once with carbon nonoxide 1 5

aut ocl ave S h nitro
and was th\éﬁ h® gzga:&ap&naggfqueﬁe&umqfdggr%m to 185 C. After allowi ng the
system to stabili se The raeofgractke) bagdapen carbbe moabxivé uﬁ@kﬂmremmﬁed céristant

it ocl ave. unouht bRadfFL b ety bied badfedREnlBR o 20368 67 vbitbtuhs Racter, o

was subsequent At th!a pointitheauethyl apetategeastant was wtulalbymalhmmumdda High convefsionnd
fromthe gas b% hé&sic 2AYPR obEéH/&r B%E‘ot* abaurg@hryd@bgﬁ;r t $fre dét@Gid inlthe
0 or car

After an i 30 sec s tg.a eto di ssofve 1n the
reaction c'gérpogﬂ't“idd'?ﬁw% FRBBRRAN 'ﬁa Be enst ofiche prSHMENe T&moasqon%rssglalp 27558
measur ed every véfited acthe dﬁd amlxefefcpéﬁrﬁém wveregnalied: Ul'tds afhlgsfsehd Abtadepdrmine

b I f f |l d
Fenct1 on compobiati i it i Gachians 2h3gR mORPEle “Tn SormpdsiicR Big,
monoxi de from tekpressat has volumepetcehtage of theaukasureatiiegasenatd weretfouhdstocmetagied, ~
for a period oh 7§ cSFbBHHﬁIdeWﬂq_ma%E &@&s)sgférlﬁ ancé E@n@?ﬁ@céaﬂycﬁl M@ﬁo

i solated fromthe gas, supply he contents e aut wer e coo ed to
room t enpet@t ure andhisienefAnexamplecaceerdingdo she prosent myentioghecanse a0 rubeniym,
sanpl ed and anak yssibm promotdr s Préseacih itNligRIRAcdN dmpositioni schar ged from
t he autocl ave, &ig | e B30 and was anal ysed for liquid products and
by-products. T reliabl e baseline a nunber of identical baseline
runs may have to be Bxperdmentedwhorepeatdd.t Thereattionoatep oleasneedsingh iddngical

consi stent ratesnakSo3 bx“r’M@:ﬂAW&k%X& Swhtrl oning period is often different

from aut ocl ave to aut ocPave and
20 The vented gas at the end o the expenment was analysed as in Experiment A

and was found to contain 3.4% carbon dioxide and methane (trace).
Example 1
' Experiment A was repeated except that Rul3 (3.96 mmol) was charged to the
autoclave at the start before the rhodium catalyst solution was added.
25 " Therate of reaction, based upon carbon monoxide uptake, remained constant
at 8.3 mol/l/hr until a calculated water concentration of 11.9% by weight was reached.
This rate is, within experimental error, the same as the rates measured in Experiments
A and B. This example shows that at the conditions of this example of high water
concentrations there is no measurable benefit of the presence of ruthenium in the liquid
30  reaction composition on the carbonylation rate. Subsequent experiments show that as
the water concentration is reduced the benefit to a reaction rate becomes measurable.
Experiment D
A baseline experiment was performed at a lower water concentration than
those employed in Examples A and B. The autoclave was charged with methyl acetate
35 (244 mmol), water (556 mmol), methyl iodide (102 mmol), and acetic acid (809

" a



upor its previous history. 35 Experiment A .9 A baseline experiment was

performed with the autoclave charged with nethyl acetate (244 mml), water
(912 mmol ), nmethyl iodide (101 mmol), and acetic acid (703 mmol). The
rhodi um catal yst solution conprised [err] (0.19 mmol) dissolved in acetic
acid (83 mml). The reaction was perfornmedi@at a constant pressure 5 of 27
barg and at a tenperature of [err]. The rate of reaction, based upon carbon
nonoxi de upt ake, remai ned constant at 8.2 nol/1/hr until a cal cul ated wat er

- concentration gmolp Tfﬂémédwﬁi &lpdl Muﬁ&ﬁé&?ﬁﬁse&l{h $(00)400) (V.20 Mmoldisiplved

acet at e react ant s i r%,}é consume ?}'E nversion to ac 2170 acid
has obser ved, Traseasagh (kEmada s JERE0t SRS Rt NG LA SOTRRT SEFPHOERE T 10
li qui d react i obargamyath témperaturetdfd86T@ of the experi nent. The

non- condensabl e gas g\tﬁegﬁgggpeagﬁm{ﬁ 9%63920%“{’&?'“8@‘3 ﬁfﬁ&ﬁe ‘{\Gﬁﬁn@d‘@xﬁ‘&ﬁ

This analysis did n ermne ILtrogen and car
nonoxi de. e 2b¥Pésiali/br, sntikac %wy@t@r eancentiasion ot 6% bﬁmeagjwé“@s rqaghe d

measur eabl e gaméuamh wag alef.ﬂa;&d@g%gqa&xa Ip?od%cia/ets@éd) O'Dhéjinea@u%l@ Ren Tt hane

on nonoxi d IS IS not an.

o e actor dRRDI TS o bt SRaA O BSHATICN S the A ER R ABT
pronoter was p amy‘seﬂ ab befoi'e&.ﬂdl wite foundas tomain &9 vpludie il gl% cirbpor dié)mtanﬂ%l
Experiment A eaction rat sured in an identica
manner to Expe %ﬁ?ﬁg&ﬁgéh Qega'{?sc?wpﬂ?"g%gdn mioAGHide: "The vented gas at the
end of thd&xperi medhisianotansxgmpld ageording Ex therpresent inverdiod beeasisé neimthenium

contain 3.4% cgf Qﬂ;ﬁ%,gil:!gghgf% gppﬁhf{%'ﬂ)e(lfqﬁ argeSEi&gH?bﬁt‘&“ Experi ment A was

repeat ed except, t he aut ocl ave at the
start before t&-ﬁé@ um cat al yst soI ut'i on was added. 25 The rate

of reaction, based E'Rpmrﬁaft@ﬂramgatéd@ccuﬂttﬁiﬁﬁlulf; Qmas m@fol} Mas thdtgeddo tle 3 ..

mol / 1/ hr unti | c‘a ted er co ntrat o?u 11. 9% vvelg t was

reached. This P@P e ftlafft\r%a@fjg}ﬁl 't"?ilcmé1 YPQSr t{ MK s the rates

measur ed i Experi rrﬁ‘ lhB gate of reaction, based upon carbon monoxide uptake remained constant
at 7.4 mol/V/hr, until a calculated water concentration of 6.0% by weight was reached. -
The reaction was allowed to proceed to completion and subsequent analysis of the
liquid reaction composition revealed acetic acid to be the major (>99%) product. The
measurable, non-condensable gases, analysed as before, contained 2.7% carbon

20 dioxide, 0.4% methane and carbon monoxide (balance).

~ This Example is according to the present invention and demonstrates the
benefit of the presence of ruthenium in the liquid reaction cbmposition of maintaining .
the carbonylation rate down to a water concentration of at least as low as 6.0% by
weight. Subsequent examples illustrate maintanence of rate to even lower water

25  concentrations.

' Experiment E _
A baseline experiment was performed at lower water concentrations than those
employed in Experiment D. The autoclave was charged with methyl acetate (244
mmol), water (272 mmol), methyl iodide (101 mmol), and acetic acid (894 mmol).

30. The rhodium catalyst solution comprised Rhy(CO)4Cly (0.20 mmol) dissolved in -
acetic acid (83 mmol). The reaction was performed at a constant pressure of 27 barg
and at 4 temperature of 185°C. : -

The rate of reaction, based upon carbon monoxide uptake, did not remain
constant but was found to decrease from an initial rate of 6.9 mol/l/hr, until the

35  reaction was stopped after 40 minutes (see Figure 1 which represents carbon monoxide

)



A and B. This exanple shows that at the conditions of this exanple of high
wat er concentrations there is no neasurable benefit of the presence of
rutheniumin the liquid 30 reaction conposition on the carbonyl ation
rate. Subsequent experinents show that as the water concentration is
reduced the benefit to a reaction rate becokks neasurable. Experinment D A
basel i ne experinent was perforned at a | ower water concentration than those
enpl oyed in Exanples A and B. "The autocl ave was charged wi th nethyl acetate

35 (244 rmol ) uptlﬂw @Taméﬁl‘é@ctmmhhe) lmieﬁb’ heid O e r(\éxGQ(M)bbsea&d

id (809 di t ti 0, 20
SIRCCME bk s
const ant pressucarbmfmﬁﬂo:dndfr@alamb)at a tenperature of [err]. The rate of

reaction. based UDOnTARlARA sTRARKIEScPIA Fo e SPRLRSH iR baAksca nifenfind©

mol / 1/ hr, until a.ca concen
reached. Ac&Xi cora&maumsommrwafmswggw ligpigurartion @@mmmtm ect ed The
nmeasur abl e, nonExﬁﬂgglgnsabl e gases in the autoclave at roomtenperature at

the end of the reactlon were_anal ysed .as befor und 0 co tai

by vl e, 1 396 car DERPRHRE BIVER EpaHAG EtAeP! (01t Rels 0 (h.aP el Bk G
car bon nonoxi deto the autoclave at thé startibefore theahodivmroatalysasohutiohi wag ddded.he present
i nventi on because n liquid
reacti on conpositi o?ﬁ%?%&%%%ék&ér% %&rféa%ﬂ%@%%aﬁeﬁégx&@%#%gt [err]
(3. 95 nmol 10ascassanyaice-§ mot/bfbr ui e@alavletedtwam@osmtmtl@ebﬁz 8% bye»exshtdmsm
catal yst sol uti gachaYscadigste 13 5The reaction \;J_E@al o@Je@t@Bch@é’é:tto' létﬁﬁeaqd‘lpon

car bon nonoxi de t ake, renai const an /.

cal cul at od wat FOSEHER: ATRIYEIS Ght i@f'%“’d@&%&?"ﬁ@l"@ﬁf’“%@“% CREH a%@%eéhet i on
was al | owed to majoe €e29%)produ) sithoogh ﬁ@&éwh&gtwaﬂbncw(aby@aanﬂéd)tme hlls6]UI d’
reacti on conpos reye ac Qr

The neasur ag}a e, &ér?%)cgg% O’f}l\/er?}ésnégqnggrgsgélg§ase§hlg%§;gre§ aﬁst,’ S%,? P%ta&g‘g ﬁ?@?ﬁg 7%
carbon 20 15i oftrage) ang. cadhommdnonisiebalanss).oon monoxi de (bal ance). This
Exanpl e is accor di norhig BihiRpRTEALBHing MRE bRRBer il eHESIPAR! defoRStrdtBEthat the

presence of ruthenium in the liquid reaction composition allows the reaction rate to

remain constant at low water concentrations.
| Example 4

20 Example 3 was repeated except that RuCls. 3i-IZO (1.94 mmol), methyl acetate
(244 mmol), water (270 mmol), methyl iodide (102 mmol) and acetic acid (895 mmol)
were charged to the autoclave.

The rate of reaction, based upon carbon monoxide uptake, remained constant
at 8.8 mol/l/hr until a calculated water concentration of 1.7% by weight was reached.

25  The reaction was allowed to proceed until completion and subsequent analysis of the
liquid reaction composition showed acetic acid to be the major (>99%) product,
although traces of methyl chloride (not quantified) were also detected. The non-
condensable gases, measured as before, contained carbon dioxide (trace) and carbon
monoxide (balance). - _ '

30 This Example is according to the present invention and shows the benefit of an
increase in the concentration of ruthenium in the liquid reaction composition on the
carbonylation rate by allowing the rate of reaction to remain constant at low water
concentrations. |
Example 5

35 Example 3 was repeated except that RuC13 3H20 (3.92 mmol), methyl acetate



beneflt of the presence of rutheniumin the liquid reactlon conposition of.
nalntalnlng the carbonyl ation rate down to a water concentration of at

| east as | ow as 6.0% by wei ght: Subsequent exanples illustrate maintanence
of: rate to even lower water 25 concentrations. Experinent E A baseline
experiment was perforned at |ower water conentrations than those enpl oyed
in Experinent D. The autoclave was charged with nethyl acétate (244 mol),
water (272 mmol), nethyl iodide (101 mol), and acetic acid (894 nmmol ) 30
The rhodi um cat@#4 sumalhiwaterd@6¢ ovmol), seethyl dide (102 amak)end acttic 9eid (894 mmol)

acetic acid (BSWgQth,geJ{'@thg%ﬁctagg was performed at a constant pressure of

27 barg and at a rature o err]. The rate of reaction, based.upon
car bon- nonoxi de upt a @TaEﬁ of rRRatiopchasedurasrrarbanmenexidgaiptaks, iemaingd G@%ﬁt@ése

froman initial atﬂ@tﬁnef/l/lﬁ udtin®bdibdifted m&? bbndeﬁt@atﬁ)'i of 11638 bl Wight@as $éa‘éltii&19d
upt ake

after 40 m put ee Fi qur, ent 5, car bon, nonox
agai nst rea%t é??ﬁﬂﬁes 1%5@?? cTEhTeﬁcWi’s ﬁ(’i P@@@%"&S’gﬂgﬁa 28 oduct .
The non- condenssubegugitanslysie eﬁﬁ:eéqumlsrembm cempaositidreshoeed acstisaviddo beithe

(trace) .and Carﬂﬁp @@bfé (qud&c? aeht?igﬁ@i]trac-gp bf;g%ﬁlyp&ﬁorm (ﬁ&‘tatgaht?ﬁe[%z %}%[r'gélgg to

the present inve

present in the dateptedd Fheenon-enndensable spses,aneaswred apbefor, Ew;temcdwmbonzdmde
repeat ed except(tﬁabé)tanﬁ%ﬁibbn%n%ﬂld@'@dlanc s charged to the autocl ave at the

bascd upon 10ar bon mofBFHRORBILAEOR 'g.‘étto'tﬁ” PG VR on a5 gha e Renafigra
mol /1 /hr until farthed mcﬂeﬁeﬁﬁlthm(‘.emncﬁﬁf tugtienivum mftheh@ﬁ/d magm @iﬁpd&fi&tn by
hed F 1 n ocee t npl etion
ind subssquent ekt PO ARG BB eGSR 0P WRI EER eI hce i
acid to be the maj orTheeadss ofiixdmptes 4af anbExgrerimentE areoshommtingrapbfoms inde ™ .. -
(not quant i fi ed}?xéﬁi‘% s%éfhtgsf‘x%ﬁétﬁﬁx ag:ﬂﬂ& dﬁ&ﬂra%aﬂgﬁ@xséb%&tﬁ%ﬁsTgﬁ%ﬂW£ﬂQ as

bef ore, %h arpon di oxi de 15 (trace) and carbon nonoxi
(bal ance) thhP@“Md??d?tﬁ’@"Edeﬁcﬂen Fte ST Wter FoNSRRtraipndegreases
denonstrates t hiﬁnnghbe course of thie batch reaction. Similar effects would be expected in

continuously operated reactors.
Example 6
' Experiment E was repeated except that osmium trichloride hydrate (1.69
20 . mmol) was charged to the autoclave at the start before the rhodium catalyst solution
was added. -
The rate of reaction, based upon carbon monoxide uptake, remained constant
at 7.3 mol/l/hr until a calculated water.concentration of 2.3% by weight was reached.
The reaction rate then decreased as'the reaction was allowed to proceed to
25 completion. The major (>99%) liquid product was acetic acid although traces of
methyl chloride (not quantified) were detected. The non-condensable gases measured
as before, contained carbon dioxide (1.1%) and carbon monoxide (balance).
This example is according to the present invention and shows the benefit of the
presence of osmium in the liquid reaction composition on the reaction rate,
30 Experiment F |
The autoclave was charged with methyl acetate (244 mmol), water (270
mmol), methyl iodide (101 mmol), acetic acid (978 mmol) and RuCl3.3H,0 (3.63
mmol). No rhodium catalyst solution was added to the autoclave. The autoclave was
heated at 185°C at a constant pressure of 28 barg for about 1 hour but no uptake of
35  carbon monoxide gas from the ballast vessel was observed.



presence of rutheniumin the liquid reaction conposition allows the
reaction rate to remamin constant at | ow water concentrations. Exanple 4 20
Exanpl e 3 was repeated except that [err] (1.94 mmol), nmethyl acetate (244
mol ), water (270 mml), nethyl iodide (102 nmol), and acetic acid (895
mol ) were charged to the autoclave. The rate of reaction, based upon
carbon nonoxi de uptake, renmained constant at 8.8 nol/|/hr until a

cal cul ated water concentration of 1.7% by wei ght was reached. 25 The

he 11ui 0 Teact | on Commoa o o et g o B 1805y
i qui iti -
‘product, alt hoaéme)mea@s V53S TREASHF e Re 376 fon f@fs "&%Yat?ﬁ%“sleéb‘f’ ke degies ot
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non- condensabl augﬂsea) measm&shea&btheéagéﬁm&qfad@sI&%r&%bb@ﬁ:esib&&bﬂeloﬂd@ace)' *

P esent i nvent (BACIALE SHBRLPARRBR falnee)ofThL S not ah dxaimple sobording to e | |
15  present invention because no rhodium catalyst was present in the liquid reaction '
composition. This experiment shows that osmium alone did not act as a catalyst for
the carbonylation of methyl acetate.
Experiment H
The autoclave was charged with methyl acetate (244 mmol), water (271
20 - ‘'mmol), methyl iodide (101 mmol), acetic acid (894 rﬁmol) and lithium iodide (3.81
mmol). The rhodium catalyst solution comprised Rha(C0O)4Cly (0.20 mmol) dissolved
in acetic acid (83 mmol). The reaction was performed at a constant pressure of 27
barg and at a temperature of 185°C. '
The rate of reaction, based upon carbon monoxide uptake, did not remain
25 constant but was found to decrease from an initial rate of 6.8 mol/l/hr, until the
reaction was stopped after 40 minutes (see Figure 2). The major (>99%) observed
liquid product was acetic acid. The non-condensable gases, measured as before,
contained carbon dioxide (trace) and carbon monoxide (balance).
This is not an example according to the present invention because no ruthenium
30  or osmium promoter was present in the liquid reaction composition. This experiment
demonstrates that addition of lithium iodide to the liquid reaction mixture does not
allow the rate of reaction to remain constant at low water concentrations. -
Examples at Low Carbon Monoxide Partial Pressure '
A series of batch carbonylation experiments were performed using the
35  procedure described above except that the autoclave was flushed twice with nitrogen,



furt'hér I ncrease in the concentration of rutheniumin the liquid reaction
conposition by allowng the rate of reaction to remain constant at |ow '
wat er coricentrations. The results of Exanples 4, 5 and Experinent E are

shown in graph formin Figure 3 as the rate of

wat er concentration. This shows the 1 5 Bénefit of ruthenium of
mai ntai ning reaction rate as water concentrati on decreases duri ng the
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ed in acetic acid (83 mmol). The reactlon was performed at a constant pressure

of 27.5 barg with a partial pressure of carbon monoxide of 6.3 bar, and at a
temperature of 185°C., | :

The rate of reaction, based upon carbon monoxide uptake rate, after 5 minutes,
was calculated to be 6.4 mol/l/hr. High conversion to acetic acid was observed.

Traces of acetaldehyde by-product were detected in the liquid reaction composition at
the end of the experiment. The non-condensable gases, measured as before, contained
carbon dioxide (3.7%), methane (2.1%) and carbon monoxide (balance).

This is not an example according to the present invention because no ruthenium
or osmium promoter was present in the hquid reaction composition. '
Example 7

Experiment I was repeated except that RuCl3 (3.96 mmol) was charged to the
autoclave at the start before the rhodium catalyst solution was added. The reaction
pressure was maintained at 27.3 barg, the partial pressure of carbon monoxide being
5.9 bar. |

The rate of reaction, based upon carbon monoxide uptake rate, after 5 minutes
was calculated to be 5.0 mol/l/hr. High conversion to acetic acid was observed.
Traces of acetaldehyde by-product were detected in the liquid reaction composition at _

‘the end of the experiment. The non-condensable gases, measured as before, contained

carbon dioxide (6.4%), methane (6.9%) and carbon monoxide (balance). The
difference between the rate measured in this experiment and the rate measured in

The aut ocl ave was 0 heated at

sable gases

-

%
- %



cont ai ned carbon di oxi de (trace) and carbon nonoxide (bal ance). 5

This is not an exanple according to the present invention because no

rhodi um-'catal yst was present in the liquid reaction conposition. This
exanpl e shows that rutheniumalone did not act as a catal yst for the
carbonyl ati on of nethyl acetate. Experinert®> G Experinent F was repeated
except that osmumtrichloride hydrate (1.69 mol) 10 rat her than
rutheniumtrichloride trihydrate was charged to the reactor. The anount of
nmet hyl acet at eEkperitreat Tiiguadd considered nsigrifiqant iwhennthat slighe diffitersies tihecarbon
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(4.3%), methane (9.5%) and carbon monoxide (balance). In contrast to Experiment I

"l

20 and Example 7 evidence of extensive catalyst precipitation was observed on opening
the autoclave. This catalyst precipitation was due to the low partial pressure of carbon -
monoxide during the experiment.

This is not an example according to the present invention because no ruthenium
or osmium promotér was present in the liquid reaction composition.

25 Example 8 R '

Experiment X was repeated except that RuC13 3H»0 (3.93 mmol), methyl

“acetate (244 mmol), water (906 mmol), methy! iodide (101 mmol), and-acetic acid
(703 mmol) were charged to the autoclave. The reaction was performed at a constant
pressure of 27.6 barg, a carbon monoxide partial pressure of 4.7 bar, and at a

30 temperature of 185°C.

The rate of reaction, based upon carbon monoxide uptake rate, after 5 minutes
was calculated to be 6.4 mol/l/hr (see Figure 4). The reaction continued until all the
methyl acetate reactant had been consumed. The major (>99%) product detected in
the liquid reaction composition at the end of the experiment was acetic acid. The non-

35  condensable gases, measured as before, contained carbon dioxide (3.7%), methane



14 and was then heated with stirring (1000 rpm to [err], On . attaining a
ténperature of [err], nitrogen was introduced into the autoclave to achieve
a desired pressure whi ch pressure was |l ess than the final reaction
pressure. The gas feed lines to the autoclave were then vented and fl ushed
Wi th carbon nonoxide. The pressure in the alfoclave 5 was subsequently
mai ntai ned at a set pressure in the range 27 and 28 barg with carbon
nmonoxi de fed on demand fromthe gas ballast vessel through the liquid

injection faci |(Qt1%) éEha:aﬁﬁfntxhaioxWeG(bﬂuLoe).ott)g@pelbﬁgwthmau?clade tlmn@tvay:g in the
experiment was t S| y subtracting the pressure when

ni ltorogen was i ntl gaﬁ%gtgppaf%v#%ecﬁ:u?ﬁcg ‘ave at [err] fromthe final reaction
pressur e. The neasur'ﬂns:marmle isascordingite the(presentivention end shayecthe benefit of the
Experi ment ar ged
Sxperi hyI ﬁa{et 8 b.% gﬁwmﬁﬁ AL e ﬁ%ﬁ&% mohfaﬁttﬁ@reagﬁm ol zls»bmml o
and acetic §C| agtia) Hresses 0 %@f’rlﬁﬁ’@ﬂ C Sa@gagnples%ﬁqﬁmﬂwﬁfﬁha&@ﬂ T |
(0.19 mmol ) 1 Stabikkes &R rH6diumtatihit anoﬁgdaﬁlaﬂ Bressiiay of carbof michakideOsuchas for

f d at t I
T s SeSaRBl B eI e B R
reaction, basedrecperny framithe rexotiexcahepositioalechichethlees plece et a partiahpressuire ofis
cal cul at ed to b c&{ %P%’A%lg% th!ﬁ'lﬁlx tﬁqwgfrﬁéngﬂtti {é’igt%d c acid was observed.

20 Traces of a uct were n the liquid reaction
conmposi ti odOat Example9 of t he exper| ment.” The non-condensabl e gases,

m?az ured as bgf ore, lE:@dﬁ Bg?f]hs%ﬁe'ﬂﬁﬂ eREX HQ?R(:@I 3396 xﬂﬁgi)alﬂ@thﬂz?cﬁ%e . :
car bon nonoxi de anc | accor din e presen
i nventi on becau¥®° d"’q'tﬁftﬁ)%ﬁ bﬁ“%@ﬁf‘ﬁﬁ&pﬁaﬁgﬁ‘ﬁ) Wéisacﬁ’i“‘eé"gﬁllk‘})q B PRI WS uid
reacti on -conposghiatged .to 2 autdolavet ehelstdrk befbrethe thodivmbcatilgneaiueidn e agded. hat, * = *
[err] (3. 96mmi. e cla for
rhodi um cat al ys R &?ﬁ onhﬁis%dxgeﬁ%(feg‘?afﬁ%s?ané }éet%?ug%of’ﬁg %’%ea\fgr%og oo %’gﬁﬁed
at 27.3 bal§, tpactighpressure ofdsan andat amxmaturmfdﬁﬁdé being 5.9 bar
The rate of reactionrpdgaese HéRQBnCWsQ@Gpdm%nqﬁodbmcﬁ'f@tzﬂétr@te é’ﬁér%rmﬁxutes
m nut es
was calculated to be 5.4 mol/l/hr. The reaction was allowed to continue until
completion. Subsequent analysis of the liquid reaction composition showed acetic acid
(>99%) and acetaldehyde (trace). The non-condensable gases, measured as before,
. 20  contained carbon dioxide (5.3%), methane (3.1%) and carbon monoxide (balance).
There was no evidence of rhodium catalyst precipitation on opening the autoclave.
This example is according to the present invention since it demonstrates that
addition of ruthenium to the liquid reaction composition at low partial pressures of
carbon monoxide both stabilises the rhodium catalyst and promotes the reaction rate.

25

Reactions Under Substantially Anhydrous Conditions

Experiment L _
In the following Experiments and Examples a Hastelloy (Trade Mark)B2

autoclave similar to that used in the previous experiments and examples was used but
30  having a 300 ml volume. The procedure used was also similar.
The batch autoclave was flushed with carbon monoxide and then chargéd with
acetic acid (30g, 0.50 moles), acetic anhydride (15g, 0.147 moles), N-methyl imidazole .
(10.56g, 0.129 moles), methyl acetate (45g, 0.61 moles) and methyl iodide (38.55g,
0.27 moles). The autoclave was pressurised-with carbon monoxide to a pressure of |
35  25.4 barg at ambient temperature. The autoclave contents were heated with stirring



.

was ‘cal cul ated to be 5.0 nol /I /hr. Hi gh conversion to acetic acid was
observed. Traces of acetal-dehyde by-product were detected in the liquid
reacti on conposition at the end of the experinent. The non-condensabl e
gases, neasured as before, contained carbon dioxide (6.4%, nethane (6.9%
and carbon nonoxi de (bal ance): The 35 difference between the rate
nmeasured in this experinment-and the rate neasured in 15 Experinent | is
not consi dered significant whén the slight differences in carbon nonoxide
partial pressu(Esompmits 083 aEeOntditable anemperanire cie tofdh pressurainthe astoclase t hat

oxpor i ment at PRSP SRbie ek BY fs chnor Afonpeile” RIBAR LRI | "L°
relatively hi gfiRbE@pClo (080932 0iSdnmntohes) dissalveddn dﬁgsﬁaaﬁbeciﬂmﬂhGn on
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10 acetate ( gdtshoRide!fdd orV\@énRind (fFokd-a BEIRISH vessal td ihaintads! tHéQutckisve Fresbure, il
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(see Figure 4) e reactlon ase er’ on mrol of carbon
nonoxi de hHA been f ddemethyl aertatp gspnegatrationss ghe requips wasealadped fem the carbon

oy et oo onbftuplakd eustibtbn pRAFGRL WAGH BRlmedicsiBisSontcridlia
roduct detec )
gx peri ment was VQ@&%“E‘”&Q itﬁ.gel?l% Wo‘ﬁg‘%}ﬁﬁb%??ggqﬂ"embea‘é'%‘fakr‘?@é%‘ﬁpgﬁq-{aé' bef or e,

cgn} ai ned car basolithnxatdé%4 By *eight catdulaedmetybddetateiconceanthrion s rexctibh rate |, = ~*
al ance). In r | i Q
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Thi's catal 18t Wwas&PB mmpf ofnalysss afithe finnl réactidrocompositionl shpwed therconesntratioon

monoxi de duri ngfk li&e’ﬁ@%faicé'fﬁﬁtby- Bh&ctk&bé‘%mﬁé}nﬁxaﬁp' e according to the

resent invention ause no ruatheni ym or. .o ronpt er, resent in
![O he liquid reaction ﬁﬁr gpmogﬁgci eﬂa&J a purity o%>955l/£ then%punty@esmgpmostfy

nitrogen. Traces of hydrogen below the limit of analytical detection may have been
present.

20 This is not an example according to the present invention because no ruthenium
or osmium promoter was present in the liquid reaction composition. '
Experiment M | _ :

Experiment L was repeated except that [Ru(CO)3Cl»]o (0.2831g, 0.55
mmoles) and acetic acid (1.0g, 0.17 mole) were charged to the autoclave at the start

25 prior to flushing the autoclave with carbon monoxide. The autoclave was then charged
with acetic acid (39g), acetic anhydride (15g), N-methyl imidazole (10.61g), methyl
acetate (45.1g) and methyl iodide (38.52g). The autoclave was pressurised with
carbon monoxide to a pressure of 25.0 barg at ambient temperature. The autoclave
contents were heated with stirring (1500 rpm.) to 185 °C. Once stable at temperature

30 the total pressure in the autoclave was increased to 39.8 barg by feeding carbon
monoxide. The reaction was carried out at constant pressure (39.8 barg) for a beriod
of 1.5 hours. During this time there was virtually no carbon monoxide gas uptake with .
a maximum rate of 0.02 mol/l/hr. being observed.

This is not an example according to the present invention because no rho_dium-

35  catalyst was present in the liquid reaction compositidr_x.



25 °~ Exanpl e 8 Experiment K was repeated except that [err] (3.93 mol),

met hyl acetate (244 mol ), water (906 mmol ), nethyl iodide (101 nmmol), and-
acetic acid (703 mmol) were charged to the autoclave. The reaction was
perfornmed at a constant pressure of 27.6 barg, a carbon nonoxide parti al
pressure of 4.7 bar, and at a'30 tenperatire of [err]. The rate of
reacti on, based upon carbon-nonoxi de uptake rate, after 5 m nutes was
calculated to be 6.4 nol/|/hr (see Figure 4). The reaction continued until

all the nethyl Bxamplil® react ant had been consuned. The major (>99% product

et entod in Y henpp Bt act en .
s aceti ¢ aci . TREReRBAnL OB ARENGE Lol (RWCOTI; o 4190 R HnBic)
cont ai ned car bovas¢hargedito (8 autdrlaverviatresherging fuongl 2ftenfushisg therusoslaveowitii de
Dkt o, RnRbrokRcaHd 4k MSIELAMAL R RGOS EmnefiS! RbliShoid
the benefitDof (¢98 aﬁ?%%i%&&%(lﬁ&}ﬂéﬁ?tgﬁiﬁ“ﬁa?‘aé(fqg?ﬂ?&‘ertwgé?qtﬁﬁ?% tion
on thle re?ct i grmetm ?ocﬁde mmg%. Tmszuhdtb@hvdow?sﬁbws{sﬁﬁsedfvtvimm riomsxid ecbl.a Thi st
exa e al SO enpnstr p a I ent um st abl l,.se .30Q4 Um a
ot pr RBaTE et g5 0 barips At TtiSr i And Beheb oAk 308 k)
present “duri ng te dpsiCGteactiondtempenative.t Oaceisteble at eattictutemperapire dhectotal pressurey
f th tis i.QF i | - : j .

arbon monoxi "Rf“é’%‘mﬁ“?:{aﬁ%‘%%@ 1o P Bar ity ABA hoRdY RGBS

carbon nmonoxi de l'ess t react|

o Exarpl o $0wadRhEGRCHa (8,24098, O mmplas) distoiveddn Apps acetigany wanghepat o (244

mmol ) wat er (93iftrodiobd usixﬁ%%&ha\}er ip%iklﬂ'@ of E&tbodhdxide) dTRE Rhttfondsiesdute/ Aernol )
were charged to.the autoclaye at the start before the rhodium t al yst
ol it on vas aduEden AR aSErO AL sORh AR AGS HALSY CHE. B SRAGER of
27.5 barg, a cawdsgerfoomakinditnd furthepgas upthkqwasahsewedf 4.6 bar, and at a . °
ermerat it e of, o e iy Bl B s SRR RO e
reacti on wh8 alffastien rate wesselpulaied tnbe f.98 snalilir.; ¢l 6%shy weipht methyhagetate s of
the I'iquid reacbhenta@oPdeiréiction pd10WRE 3 10ehsIA/MACLIuid gas chromatographic analysis
of a sample of the liquid reaction composition showed that 940 ppm by weight
ethylene diacetate by-product had been formed during the reaction. Analysis of the
gases vented from the autoclave, by gas chromatography, showed that 0.58 mmoles of
20 . methane and 4.06 mmol carbon dioxide had been formed during the reaction.
This Example is according to the present invention and demonstrates the
- benefit of the presence of ruthenium in the liquid reaction composiﬁon on the
carbonylation rate of methyl acetate under substantially anhydrous conditions to
produce acetic anhydride. .
25  Experiment N
Experiment L was repeated except that the autoclave was flushed with
hydrogen before being charged with acetic acid (32.1g), acetic anhydride (15g), N-
methyl imidazole (10.57g), methyl acetate (45g) and methyl iodide (38.63g). The
reactor was then pressurised with hydrogen to an ambient pressure of 2.0 barg, and
30 then with carbon monoxide to a total pressure of 27 barg and heated to the reaction
temperature of 185°C. The catalyst [Rh(CO),Cl}, (0.2103g) dissolved in 1og of
acetic acid was then introduced'using a over pressure of carbon monoxide. The
reaction was then progressed as in Experiment L but at a pressure of 39.6 barg.
When the calculated methyl acetate concentration was 26% by weight the
35  reaction rate was calculated to be 7.62 mol/l/hr.; at 16% by weight methyl acetate

]



(>99% and acetal dehyde (trace). The non-condensabl e gases, neasured as
before, 20 cont ai ned carbon di oxide (5.3%, nethane (3.1% and carbon
nonoxi de” (bal ance). There was no evi dence of rhodium catal yst precipitation
on opening the autoclave. This exanple is according to the present
invention-since it denonstratés that addit®®n of rutheniumto the liquid
reaction conposition at |ow partial pressures of carbon nonoxi de both
stabilises the rhodiumcatal yst and pronotes the reaction rate. 25
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car bon nonoxi dSr {’Q“iam%é'sﬁ’égé?g{fgkfe?%"t s"% a%.lﬂ,lu{:aa,regct% “?%’i?g%“'t enperature. The

autocl ave contents_ wer rrring rpom to 185 [err].
Once stabl e at ExperpmeniPure the total pressure in the autoclave was

i ncreased to 36 bar Exzéﬁrﬁ&l%iiﬁ& (EHRRNexCBRMMURe toBIPEAHTH GALsHrY afterd €7 1 ]

(0.2093g, 0,54.nmmul es). .di ssqlved | n 10g, of acet,ic, aci d S then introduced
usi ng an over ppEdenpe t"{f'frﬁe‘g\"ﬁd’ﬁtahﬁhﬁ’g‘ﬂlfé‘ was 'B?'O'é"‘&gl“ﬁégg?rgn pressure of 5

39. ﬁ bar g The reacWimn thecaladated mé;hglﬁcea\lte aﬂmﬁtmionma&%%l by weighBthbar ﬁ)

wi th carbon no .de_fe r . yessel. 1o Lt ainuihe

aut-ocl ave pr es;s]é'j‘lié{e“,q1 ﬁa&? ?’Fgﬁaégﬁmﬁe_l}e ‘gg}s %L? Bﬁé’lk’gaﬁg ° 8b‘§'8'lgbte° %‘Fﬁ%ﬂ{ﬁgg 'lsur e

in the bal | ast acelais ebnocatratingethe readtien wte wav2.93 omMifbr. aAdalysis of theifinrd geagtion |~ ~*

pol ynom nal  cupygpd&tor dhbwed thekonBintraflah 8f thPiienb ifaBethte® f}ﬁ%&xcﬂo be 1032
B/Vhr) 10 The maty yl

car bonyl ati'%n Mo was cal cul at ed. acetate
concentrati®n PR™ he reactor was cal cul ated fromthe carbon nonoxi de uptake
as the reaction proghiRdissast.an\dhamplehecortinBYs tiRqRéRhEinoaitidabetaisé 6 rodhénium

5 : : _ _
cal culated to ge o&%&?nbﬁ/royn\%teg r\II}a.stpre%er{t(:fr"\i fite! h%rllic{ r%gcﬁio\ﬁ%somcp%lsl 13L.at ed to be 3.5
Example 11 |
Example 10 was repeated except the total reaction pressure was maintained at

20 55 barg. }
When the methyl acetate concentration was 26% by weight the reaction rate
was calculated to be 6.2 mol/l/hr.; at 16% by weight methyl acetate concentration the
reaction rate was 4.28 mol/l/hr. Analysis of the final reaction composition showed 665
ppm ethylidene diacetate by-product to be present. '
25 : This Example is according to the present invention and a comparison with
Experiment P demonstrates the benefit of the presence of ruthenium in the liquid
‘reaction composition on carbonylation rates under substantially anhydrous conditions
at higher total reaction pressure. |
Example 12-
30 Example 10 was repeated except that [Ru(CO)3Cly]7 (2.83g, 5.53 mmoles)
and acetic acid (2.09 g) were added to the autoclave prior to flushing with carbon
monoxide. The autoclave was then charged with acetic acid (23.6g), acetic anhydride .
(15g), N-methyl imidazole (10.59g), methyl acetate (45g) and methyl iodide (41.34g).
The autoclave was pressurised to 25 barg at'ambient temperature with stirring (1500
'35 rpm) and then heated to reaction temperature of 185°C. Once stable at reaction



mol /1 /hr.; at 16% by wei ght cal cul ated methyl acetate concentration the
reaction rate was 2.80 nol/I|/hr. Methane by product was 0.29 mmol and
carbon di oxi de by product 15 was 6.93 nmol. Analysis of the final

reacti on conposition showed the concentration of ethylidene diacetate

by- product to be 1091 ppm The carbon nonozede had a purity of >99.9% the
i mpurity being nostly nitregen. Traces of hydrogen below the limt of

anal ytical detection may havé been present. 20 : This is not an

exanpl e accor diefifpetaure/ e mteﬁﬁegsp}mqmammemed 4 3520 barg by fedtfig UM
pronoter was pregent In'éeh |'i qui d reactlor‘hco 5|t% n. gEé< eri nE M
Exper i ment L WEEDOLBONEHIde. oKRassictionareue, jhie guaasn of e rhedifpm calalyst o g
acetic ac}ld (%s_dhgiorq[nﬁ(ombe)]zmawigiarlggdcét'm dchiy, wastroaihtained at 39.2bargt art 25
rior.to flushing t 0 carbon . t Ve was

Ito hlan charged w tﬂ ace eﬁgﬁ e;%?c%\’a?%%&t?\ylaaggﬁPego&ﬁ%?%b?ﬁga{?@@ao& "Réikr@tt %/I

i m dazol e §10. Bactinn rateewasdalculatedstode(§423 mgll/hariat b6 iby weighticaleulaed ethyl. The
autoci ave was ReBRebérctthitn' e FALRMralONA. I2 ofYfr. REASSH Hi6xil b;Z:EréauE@r g

at anbient tenperature. T aut ocl ave contents were heated th sfirring
(1500 rpm) toW%§4Fmgl.an 28¢ hisipeoduct wa%é?mmﬁe Agalysis ohihefigabgeaction
pressure in t heompdsitidhatewedithel coficedaratnsch dletByAidenddiactdy by-prstubptoctiy 8100
nonoxi de. The reaction was carried out at constant pressure (39.8 barg) for
a period of 1. Tour s. During this time there was virtually no carbon
nonoxi de d& upt akeThis Bxampleaxaccardingtoghe preSer® ventidn andrdemoestrajesthser ved.
This is not a i : | L on:hecalise no

hodi um 35 Ca ey e BRSHEIRR el e el o on. 18
Exanpl e 10 Expearbensation refasundepsehstagtialyanbydropseondisiony: (0. 28379, 0.55

ol es) was 'cthgmetm t‘he autocl ave via a charging funnel after flushing -k
the autoclave wth gar b@n1 noxi de gnd % \N@z{]ed in W t(;] tﬁue l.iquid '
reaction conponents; £ite Wi fepeate e(‘%‘%ggﬁ ah B PREn WA IPT HRe l(sfgbﬁa‘f@%‘f%yl

i m dazol e 1610. &fby)it hadttiepn clargddavich [RAECO) T, 3n(0.2838 p)andi apdiiclacid 8%, DIY. The
autocl ave was Rre§SYhl G0 NasMEP Ok SRNGK 961k 3cif (30g), acetic anhydride(15g),

‘N-methyl imid_azole.(10.60g), methyl acetate (45.2g) and methyl iodide (38.39g).
Hydrogen was used to pressurise the autoclave to a pressure of 2.0 barg at ambient

temperature, and then the autoclave was pressurised with carbon monoxide to a total

20 pressure of 25.1 barg. The autoclave was heated to 185°C with stirring (1500 ppm).
Once stable at temperature the total pressure was increased to 35.3 barg by feeding
carbon monoxide. The catalyst was injected and the reaction pressure, after injection

. of the rhodium catalyst solution, ([RR(CO)2Cl]7, 0.2105g in 10g of acetic acid) was
maintained at 39.6 barg.

25 ' When the calculated methyl acetate concentration was 26% by weight the
reaction rate was calculated to be 8.64 mol/l/hr.; at 16% by weight calculated methyl
acetate concentration the reaction rate was 5.76 mol/l/hr. Carbon dioxide by-product
was 4.09 mmol and methane by-produce was 11.11 mmol. Analysis of the final
reaction composition showed the concentration of ethylidene diacetate by-product to

30 be 7739 ppm. ' _ .

' This Example is according to the present invention and demonstrates the
benefit of the presence of ruthenium in the liquid reaction composition on -
carbonylation rates under substantially anhydrous conditions and in the presence of
carbon monoxide and hydrogen in a molar ratio of carbon monoxide : hydrogen of

35 -greater than 10:1.



pressure of 25.0 barg at anbi ent tenperature and then heated with strrrrng
(1500 rpm) to [err] reaction tenperature Once stable at reaction
tenperature, the total pressure in the autoclave was increased to 35.6 barg
by feedi ng carbon nonoxi de. The catal yst 10 [err] (0.2100g, 0.54 mmol es)
di ssolved in 10g of acetic acid was then i%kroduced using an over pressure
of carbon nonoxi de. The reaction pressure, after injection of the rhodium
catal yst solution, was naintained at 39.0 barg. The reaction was perforned
until no furthixample 1dpt ake was observed. Wien the nethyl acetate

TS 0 S R B GO g oia
concent rati on ¢He4g)aeere adsed tarthe ammlawezpoom ushing withjcathion menpxide. The
chr omat ogr aphi %1 6&@«#&/@5%95 crﬁrgearm'ﬂ?a&tm b8 ( iggz:;ﬂcghé ﬁﬂﬁ&h@é‘( 1<5g llﬁétﬁﬂ

ori g | hebr cagiiAN CIAAPRS Ptk Sl 438 4 BAVSOVR L BBl KIS Para vy

gas chromat ogr¢hgh pres&hﬁ%dnth ltatbofl nfohoride kes pessuz®of 2312 bixgne ambiknd. 06 ol

sccording t o e rsrEsApd Redhto Gt BBl pad By rORes SRR R ot ° e
presence of r utelperaiuneitie tokal préssure ih the autoclave wasiporeaseddn 3618 bang by feeding
carbonyl ation {abéh HondRad VTnARRU R HUBAR! arft Eiécﬁeﬁ bP{H&fRI&EQWJa%%t s

conditions to proauce ace [ nent pe I

repeated d&eptol W%[@h@%@ﬂzl(‘é&@%éﬂ W&efrreérqu) WpHmainEaingdat 396 Bagg-ng
charged with aceti th‘ﬂhe(c?a?culf@éd mamyltaceta&rwdernrrdﬁo-( %g)zéwrgwa limhe

onctor vas. ¢ heeACsnL R VA e 8 O £ A B Wy el chiclipfed g "
barg, and 30 adehate condehtratmnlibe\remxnathem@ 70 nol/idir. [Garbaudioxide bg-praducy and "
~heated to the 1{3&9?4’7%{)1%8%&1% E%g?)fr%citﬁf Flsm"f‘%c%ﬁi ¥i§tofﬂl?erﬁdalée9ct?o}|039)

di ssolved in f acetic acl roduce a over pressure
of carbon rﬁ)nomrueomtmeshpwaréthemnmatlmﬂ qshﬂrgpmgwtaie bmr@asérqbﬁe 31 put’
at a pressure m39 6 barg. VWhen the calculated met hyl acetate

762 ol 11111 i 2t - 1B g alaTsHCoHERH P the PSS UV RLAAARTITI O e

reaction rate bamﬁﬁoﬁdﬁe prdsénceluf rutherdhny $n the dituid reatiph eompoditien on thei d
carbonylation rates under substantially anhydrous conditions.

20 Example 15 _ i

Example 10 was repeated except that {0s3(C0O)12] (0.2973g, 0.33 mmoles)
and acetic acid (1.08g 0.017 mole) were added to the autoclave prior to flushing vyith
carbon monoxide. The autoclave was then charged with acetic acid (29g), acetic
anhydride (15g), 1 N-methyl imidazole (10.54g), methyl acetate (45g) and methyl

25 iodide (38.59g). The reactor was then pressurised with carbon monoxide to a pressure
of 25.1 barg at ambient temperature and heated to 185°C with stirring (1500 ppm).
Once stable at temperature the total pressure was increased to 35.7 barg by feeding

- carbon monoxide . The reaction pressure, after injection of the rhodium catalyst
solution ([Rh(CO)ZCllz, 0.2100g in 10g of acetic acid), was maintained 39.5 barg.

30 When the calculated methyl acetate concentration was 26% by weight the
reaction rate was calculated to be 6.86 mol/l/hr.; at 16% by weight calculated methyl -
acetate concentration the reaction rate was 4.27 mol/l/hr. - Carbon dioxide by-product .
was 3.41 mmol and methane by-product was 0.57 mmol. Analysis of the final reaction -
composition showed the concentration of ethylidene diacetate by-product to be 1010

35 ppm. '



reaction conposition by |iquid gas chronatography showed that 4572 ppm by
wei ght et hyl ene di acetate by-product had been fornmed during the reaction.
Anal ysi s~of the gases vented fromthe autoclave, by gas chronmatography,
showed that 11.18 mmpbles 5 nethane and 2..35 carbon di oxi de had been
formed during the reaction. This is not an2exanple according to the present
i nvention because no ruthenium or osm um pronoter was present in the liquid
reaction conposition. Experiment P Experiment L was repeated except that

_ the total reaction %Emmleﬁﬁhcﬁbrd‘iﬁ%ﬁ tllgr%éﬁﬂﬁvéﬁﬁoﬁ BRd aaﬁ&{s&aaesaieal yst
sol uti on was |nta| d at 55 cal cul at ed et hyl

ceta
concentration - ‘28 5)}”%‘?"& °§'H’é'"?'éé % fiquid Fesction,compogitiqn ‘égb aB%"4 47

mol /| Lhr.; at. m%Mdemibgdahualﬁlaﬁwda@momm& acetate concentration the
[ Anal ysis of the final reaction conposition

reaction rate S mol / 1/
showed t he conwm of ethylidene diacetate by-product to be 1032 1 5
ppm This i% not anEsamplpll@ vmsupediedgxcecpttm[@sg(@@alz]l(ﬂ\ﬁéﬁﬂg)cmdlaeﬁmm no

th
oThentum o AT BB ik T, S O A T
pressure was navtecavewas %haf@@ withzgetia peid (%%@') pgetic ﬁﬁﬁ de {3k H—methyl

concent ration yiRaH¢(10)ss Ixﬁmylh&aatemlgmdrraétﬁyl\t@&d&ejmgyt*ﬂile hitodleved- 2
mol /1 /hr.; at 16%.,b Srﬁ acet atﬁ concentratlgggthe reacgtion rate
was 4. 28 hol /1 PR heﬁmm@rsgd Bfth ehebop mpRcxide 12 #1PETIsNsS S Aso haEmAt 665

ppm et hyl i@ne tanpeeat@tand hyatpd @AIBSCCivithtstirgmeHS00 ppd). Once stable #hi s Exanpl e

I's according t

Goront rat o9 ¢ FeTaieiRERhal pfiSERs LAQIRRRSH GOIRTEARE thldinh SR mdfeRlae”
reaction conpodhe rmtlmhpreswman@ﬁtramc@wnrqfttb@rhsvddm ca;t%lb&tsahrnpa(ﬂ%?@l@)mﬁﬂzpus
condi irons at_ioabis in 10 e ok RGP i MIned aFIGTBAG, 12 30 Exanpl e

10 was repeated exc hat rr 53 Mol e acet | C CI d

(2.09 g) were e sn thicealghfsd raetﬁngme taFeERIAR N&s#i‘}h bYW rigRHt

monoxi de. TBie esattiod Avewarc!dulaesd tofbar’lgminmi/wm ;AC ¢6%byaweight(caRulaged, mﬂbﬁt ic

anhydride ( 159%‘ ( 4139% and

nmet hyl 1 odi de %ii}%gg’gch%lg ziuéEl tg)\?er%{/%/a"g%g% %zsgﬁpms@éd&gﬁ%?ﬁé q anbi ent

t enper at ur e wi feactiern eompegition s0he end of the reactlon by glc showed 1370 ppm by weight ,
ethylene diacetate by-product to be present. ' Analysis of the gases vented from the
autoclave by gas chromatography showed that 2.93 moles of each of carbon dioxide

20- and methane had formed in the reaction.
This Example is according to the present invention and demonstrates the
benefit of the presence of osmium in the liquid reaction composition on carbonylation
rates under substantially anhydrous copditions. This Example also shows that the use
of osmium promoter enables a reaction rate comparable to that of Experiment N but
25  without the use of hydrogen and therefore with lower amounts of by-product
ethylidene diacetate and methane being formed.
Example 17
Example 10 was repeated except that RuCl3.3H20 (0.291g, 1.1 mmoles) and
acetic acid (1g) was added to the autoclave prior to flushing with carbon mc_moxxde
30. -and then charging with the followihg components: -

acetic acid - 29.0g
acetic anhydride - 15g

1-N methyl imidazole 10.62g
methyl acetate. ' 4538g .

35 methyl iodide - 38.42g



35 “rpm and then heated to reaction tenperature of [err]. Once stable at
reaction 20 tenperature; the total pressure in the autoclave was

i ncreased to 35.9 barg by feeding carbon nonoxi de. The reaction pressure,
after injection ofthe rhodiumcatal yst solution [err] (0.2095g in 10g
acetic acid), was maintained dt 39.2 barg. 4&hen the cal cul at ed net hyl
acetate concentr.ati on was 26% by weight the 5 reaction rate was
calculated to be 6.23 mol/I/hr; at. 16% by wei ght cal culated nethyl acetate
concentration the rcHstautorlavawasthen ptesmnsedlvlltwWbormomdedndilﬂmrgyt
product vas. 3. 4R berdifiatRl A REaBY 1P | EHLhi i %?ﬁpﬁ‘g‘#m g Yt o' L he

final reaction composition e concent r at ene dracetate
by- product to Hemparatusethe t‘.’ﬁ@l P" essure WasnncrgasﬂéﬁﬁﬁéatgsW%%bm mgnexide before

present invent |tn@caan9stqgww)§@|gf$ Zlfmeglﬁfll‘@é bftacefic héi@) \Diseiﬁj@&@@“ﬁ?tfh dn'Gveen| Um

in the Ilqubd reacti o anﬁ ﬁ ?%( ar on‘}/{l ation {egte und
subst anti al Py AYHEIE2L8 Hf"t"%’ & TR AR Was RERRTRS aiécma"&‘@fféﬁiréé‘f |
except that hyd9deargwat! nesfedhercafionshorioxadeavasaekangp. 15  after it had been

h dwth
St ochave wos then CREQRiRedRanIGRHae &*593%‘39 of 98% by i she Wigions o)
N- et hyl i ni daZateavasxaleglated to he 23 m@l@@f&ﬂdeat( > 2afpulated mpdtymetatgmede
(38.399) . Hydrqe@ﬁomewséar&maﬂaa e5B&!| Iswnalhmf aeamshamde%%@prsa&iwéa

2.0 barg a; .anbie ure, ,and t u pressuri se

with car bofﬁ0 Sl(tfé' “P Arodugt Wa]’bP@%‘BPg :gqaafl tb‘aﬁ'& repRdOhut ocl ave
was heated to [oempbsmm khdﬂedrthe cancérdtliion pif ethylidame discbraty ty- @bdﬁ&ﬁ@ﬁééb&lre

t he total pre\?é% £ Was increased to 35.3 barg by feeding carbon nonoxi de.
The cat al yst I'njected and the reaction pressure, after i nj ection of the
r hodi um cat al yix_asmjs.llﬁ on, [err] 0.2105g in 10g of acetic acid) was

mai ntained at 39. 6 IBGalel was regeated ﬂéhfg{‘snﬁ\ﬂ?r arfuntd! o %%I effsi hyl acetate

concentrat nvvas 2Q% hy e.reaction rate was culated to be 8.64
mol / 1/ hr. t 16% b& 38’&2% %ﬁl SGF%ftce‘H“quet hyl acet®#&%®oncentration the
reaction rate was 5a3&|middm{alihcha€gs)bon di oxi de by2gqy oduct was 4.09 mol

and met hane by- prod%gmvxaﬁyénd% nmol . Anal yS| S OISgt he fi nal

1 N-methyl imidazole - 10.62¢g

methy! acetate 45.1g
20 methy! iodide | “38.52g

[RR(CO)7Cl], (in 10g acetic acid) 0.2104g

In this Example however, the autoclave was flushed with hydrogen after it had
~ been charged with the RuCl33H20 and was initially pressurised with hydrogen to 2.2
barg at ambient temperature and then to a total pressure of 25 barg with carbon
25  monoxide before heating.
The reaction was performed at a total pressure of 39.0 barg untnl no further
uptake of carbon monoxide was observed.
At a calculated methyl acetate concentration of 25% by weight the rate of
reaction was 8.51 mol/l/hr and at 16% methyl acetate the rate was 5.83 mol/I/hr.
- 30 Analysis of the final reaction composition showed the concentration of ethyhdene
diacetate by-product to be 6407 ppm.
. This Example demonstrates the use of hydrogen in combination with
RuCl33H,0.
Example 19
35 ' Examp!e 18 was repeated usmg 033(CO)12 (0 3263, 0.36 mmoles) in place of



reaction conposition showed the concentration of ethylidene diacetate

" by-product to 30 be 7739 ppm This Exanple is according to the present

i nvention and denonstrates the benefit of the presence of rutheniumin the
|l iquid reaction conposition on carbonylation rates under substantially '
anhydrous conditions and in the presence of4carbon nonoxi de and hydrogen in
a nolar ratio of carbon noroxide: hydrogen of .35 greater than 10: 1. 21
Exanpl e 14 Exanpl e. 10 was repeated except that [err] (0.2306g,) and acetic
acid (1.04g) vRo€i33Hg6chndche followingrmiaunés gfiveagentsand iconditions. wi t h car bon

~nonoxi de. The autoc . ed with acetic id (299), acetic
anhydride (159), 1 %\%ﬁgﬁi@?ﬂ%‘@%@pﬁgol e (10.569), qfrlgghyl acetate (45q)
and net hyl iodi de (®8tigeg) (mainsharggrt or was then pr@88urised with carbon
nonoxi de to a pr esskgegcg,f,hyaﬁdg barg at anbient tenpgsaiijgre and heated to
[err] with stirring 50 : ce stable at tenperature the total
pressure i ®the aut B‘%W&‘Ym?@geased to 35.8 bar go%gf eedi ng carbon
monoxi de. " The react inethybdacesseir e, after injection of 45ge rhodium catalyst 1

0 solution [err] 2 in 10g of acetic acid), mai nt ai ned at 39.6
barg. When the cal cfi\gg'?g%g@ét hyl acetate concentrat-i3c8)\'r,15%%as 26% by wei ght
the reaction rate WERh(E€NzUIn(indOgacdtic a8id). 7 nol /1 / ¥21g at 16% by wei ght
cal cul ated nmethyl acetate concentration the reaction rate was 3. 70
mol /I / hr. Carbon di oxide by-product was 3.47 mvol and net hane_hy- product
was 1.16 rfbl. Anal Jnitial pessurisation (hydrogemction 1 5  conposi i 8 ¥R®wed t he
concentration of et Byithedprasutisated stanbivnt pengsbiatiret 0 be 1331 ppm This
Exanpl e is according.to the present. inventi and denonstr at benefi t
of the presence of %ﬂfi‘ﬁﬁrﬁff’ﬁﬁﬁnﬂx@ﬁ&oﬁq&b’ '"gj;acti on conposi t'ie%ni E%gt he )
car bonyl ati on r at esPressize befotesnratioradfl hodinimyadtalyss condi ti ons.329bargExanpl.e ™"
15 Exanple 10 was r ¢ t [err] (0.2973g, 0.33_ngp4 g and
acetic aci,mdﬁ(l. 08g gpg%ﬁ?r%ﬁ%éﬁgﬁ}eersge&gdded to the autoclave prior %Q)r
flushing Wi h

At a calculated methyl acetate concentration .of 26% by weight the rate of reaction was

8.30 mol/V/hr and at 16% methyl acetate was 5.54 mol/l/hr. Carbon dioxide by-product
was 2.33 mmol and methane by-product was 6.40 mmol. Analysis of the final reaction

-

composition showed the concentration of ethylidene diacetate by-product to be 10992
20 ppm. i '
Experiment R _
 Example 18 was repeated without any ruthenium compound or imidazole co-
promoter. The autoclave was flushed with hydrogen prior to charging:

acetic acid _ 59g
25 © - acetic anﬁydride 15g

methyl acetate - 44.98g

methyl iodide 20.45g

The autoclave was pressurised with hydrogen to 2.0 barg at ambient
temperature and then to a total pressure of 40 barg with carbon monoxide before
30  heating to 185°C with stirring (185°C). Once stable at témperature catalyst
([Rh(CO)Cl]p, 0.2119g in 10g of acetic acid) was injected and the reaction
progressed at a constant pressure of 54 barg until no further uptake of carbon .
monoxide was observed. '
At a calculated methyl acetate concentration of 26% by weight the rate of
35  reaction was 2.70 mol/V/hr and at 16% calculated methyl acetate was 1.34 mol/Vhr.



carbon nonoxi de. The autocl ave was then charged with acetic acid (299g),
acetic anhydride (15g), 1 ‘N-nethyl imdazole (10.54g), nethyl acetate (45Q)
and net hyl 25 i odide (38.59g). The reactor was then pressurised with
carbon nonoxide to a pressure of 25.1 barg at anbient tenperature and
heated to [err] with stirring' (1500 ppm. @¥ce stable at tenperature the
total pressure was increased to 35.7 barg by feeding carbon nonoxi de. . The
reaction pressure, after injection of the rhodi um catalyst solution [err]
0.2100g in 10g Efangte2d c acid), was maintained 39.5 barg. 30 When

Lo 2 Tl MR A A s 8

met hyl. acet at e warsherged4o therautondaveqaior tooflushimgevithekydiog®h. nol /1/ hr. Car bon

di oxi de by- product 1o - ek ; W
Anal ysis of the fi n‘é@ﬁ?%é‘éf‘%’g%m&&nﬁ%s? %ﬁg@ﬁ&%gﬁ%ﬁ%ﬁ%@ﬁ rvgtall n O%en
et hyl i dene Bi ac¥estod baye prdwithcatben monowide taa total pressure of 43 barg af ambient| e | s

according to thempe@afBt invention and dempnstrates the benefit of the

presence of osmumip the liqui i 0 ition.on.carbanyl atign
rates under substant ?@a]&sﬁﬂ%'?‘a@&a@i%gir}tlﬁ%ﬂgﬁisﬁ':‘?faﬁ?ﬁ'l'%aci was introdiiced and
Exanpl e 10 was the pesatienl progoespdd dthaonftantrpresiire@f 65 hprgamtil ac éirther garbdn (1. 03g)

were added to t : |or to flushing with carbon nonoxide. The
aut ocl ave was c‘ﬂg?ggﬁdpo\\%%ﬁ%@ tic acid (26.2g),, acetic anhydride (15q), 1

N-ret hyl i APdazol e (Abz saeplatedrmnetiyl acetnse senseqization|of R6%nky eighttheiraigiofie

(39.869). The aigh@fdnava 3B mblPHY zﬂﬂ%¥6%%§%i%ﬂt%ﬂ?9’8hﬁ&Wﬂ?ﬂ%ﬁ@xéx®l@ _
pressure of 25. barg ﬁt gnbl ent 10 t erature and heated to [err] with

stirring (1500 TPW! §of pitheniym oy fIeRt Bhe total pressure was
I ncreased to 36Expepiatesit By f eedi ng car bon nonoxi de. The reaction pressure,, *~

Acetic abi d). was ot it SRR 6488 YRk Rlallplh, i ol e Sk &

acet at e cofl®entpramotsi. was 26% by wei ght t he 15 ~reaction rate was
cal cul ated to be 7. 28ygainieht Divas ré’ﬁeé%@%k@é{)tmlt ?Jri]}hll?l'i halugdo. 188 Mble) et at e
r

concentration the reacti.on rate was, 4. 02, nol [ |- . Anal ysis.of the.l'iquid
;t]aced(_‘;n the base of31 the autoclave under a n{trogen atmosp gre and acethc aci .q

&

(20.01g, 0.33 mole) was added whilst maintaining the nitrogen cover. The autoclave
was then reassembled and flushed with nitrogen and then with carbon monoxide before

P

20  the following reagents were charged:

acetic acid 21.34g
acetic anhydride 15.06g
’ methyl acetate 45.1g
methyl iodide 20.43g
25 ' The autoclave was then pressurised with carbon monoxide to 25.9 barg at

ambient temperature before being heated to 185°C with stirring (1500 ppm). Once
stable temperature had been achieved the total pressure was increased to 36.3 barg by
feeding carbon monoxide from the ballast vessel and then the catalyst ([Rh(CO)ClI]2,
0.2104g in 10g of acetic acid) was introduced using an overpressure of carbon |
30 monoxide. The reaction progressed at a constant pressure of 40.0 barg until no further
carbon monoxide was taken up. | |
At a calculated methyl acetate concentration of 26% by weight the rate of
reaction was 8.81 mol/lI/hr and at 16% the rate was 5.66 mol/l/hr. Carbon dioxide by
product was 1.72 mmol and methane by-product was 0.57 mmol. Analysis of the
35  liquid reaction composition at the end showed 554 ppm ethylidene diacetate.



-

reaction conposition at the end of the reaction by glc showed 1370 ppm by
wei ght et hyl ene di acetate by-product to be present. Analysis of the gases
vented fromthe autoclave by gas chronmatography showed that 2.93 nol es of
each of carbon dioxide 20 and nethane had fornmed in the reaction. This
Exanpl e is according to the present inventi#h and denonstrates the benefit
of the presence of osmiumin the liquid reaction conposition on

carbonyl ation rates under substantially-anhydrous conditions. This Exanple
al so shows that the Tisigisafot as exampleaconding tocthe ptesent anveation benauseatoeruthenium

conparable to that ' ut 25 wthout the use of hydrogen and
therefore-with O\ﬁe"‘?&'g%ﬁﬁétgp%&ebd}?%roduct et hyl i dene di acetate and net hane

bei ng forned. BHixample2l7 Exanple 10 was repeated except that [err] (0.291g,
1.1 nmol es) and acetggpeRifiedt § Whk répRatedddasdt iiat RO b 29634013 mi@l) was
flushing w %h caa'b nfp noxi d% ? ,g%gd%h% §h£r ?(rgégbtvl\negh %{Sé)gol.l oW r?g _
conponent s: dace¥ ded ipitiahly with the lithium io _@.l g)qnd ac ‘i‘l‘h?ﬁi‘i“ . Similar amp ’Qfsl-N
met hyl i m dazol ¢f reagenfsGind 2gnditibiveraveddat e - 45.38g 35

met hyl i odi de . . 429 23 The autocl av S then pressurised

Wi th carbon nonoxi deactegci‘g.§4 barg at ambi ent terrperagé\ﬁre and heated to
[err] with stirring g&doenhydrifle Once stable at tenp8Odgure the total
pressure was i ncreas cefigdarg with carbon nonoykdggbefore the catal yst
[err] 0.2106g in 109’%%{11‘&%%??0 acid) was injected Wlst gan over 5 pressure
of carbon fBnoxi de. MABYkedidei on was progressed at 28-388nstant pressure of

39.9 barg until no f[(Rhmhg}%b@mograﬂwéﬁdeciwas takemotgpg At a cal cul at ed
nmet hyl acetate concentration of 26% by wei ght the reaction rate was

‘calculated to be 2.39 nol/I/hr and at 16% cal cul ated nethyl acetate the o
reacti on rate was cainitial preestrisagionevith &tbonohéngxide. Car bon di ox28# tayg pr odugt™ "

was 2.89 10 ol 28bsdfuhiItEssibisaioR WithlcaltR nfbrdxfEe! - Anal y§k9 mfg t he

final reaction . )
15 constant pressure during reaction : - 40.0 barg
At a calculated methyl acetate concentration of 26% by weight the rate of
reaction was 10.06 mol/l/hr and at 16% was 5.27 mol/l/hr. Carbon dioxide by-product
was 2.30 mmol and methane by-product was 2.30 mmol. Analysis of the liquid
20 reaction composition at the end showed 423 ppm ethylidene diacetate.
This is an Example according to the present invention and shows the benefit of
ruthenium with lithium iodide co-promoter for acetic anhydride production.
Example 22 _ S _
Experiment S was repeated except that Os3(CO) 2 (0.3264g, 0.36 mmoles)
25  was initially added with the LiI (17.17g, 0.128 mole) and acetic acid (20g). Similar
amounts of reagents and conditions were used:

acetic acid 20g
‘acetic anhydride 15.03g
methyl acetate 45.13g
30 methyl iodide _ . 20.32¢g
[Rh(CO),Cl], (in 10g of acetic acid) . ' 0.2098¢g
Initial pressurisation with carbon modoxide - 26.0 barg
. Subsequent pressurisation _ - 36.2 barg

35 Constant pressure during reaction . - 40.7 barg



corrpbéition showed the concentration of ethylidene diacetate by-product to
be 606 ppm Exanple 18 Exanple 17 was repeated using simlar anmounts of

reagents: 15 [err] (in 1g acetic acid) 0. 28509 acetic acid
(mai n char ge) 299 acetic anhydrjde 159 1
N-net hyl i m dazole 10. 62g net hyl acetate

45.1g 20 nethyl |od|de 38.52g [err] (in 10g

S Eh bydrogen af tor A0 ettty BABLE AR Blon drdBety BEER o pRBE | (15O
pressurised wi tiea¢tionrwasel. T0omol/ithriand gt 1% avas ekt moldfhse Carhondicxide b)r-rewduct a
total pressure »9%5 281 gﬁﬁcﬂ a}gﬁ H&ttﬁtﬁé Bfgr&ﬁct wE'%)P%‘ hﬂﬁ%iz%ﬁ%ﬁst Jliﬁﬂé ﬁHfl reatiln

reaction was perforngd at tota ssure_ o urt

upt ake of car bowmaﬂﬁtswnébomthesgmwwwf ethyligene diag FRAuckiodets 8
concentrati gn oppng5% by weight the rate of reaction was 8.51 rmI/I/hr and
at 16% nmet hyl acetatg.the rate Si S, 0

final reaction conmposit*dl} eé‘ﬁ'BW&fcf‘?{gmgé{{@FrﬂrF%ﬁ’ '8?46'81""@{’???{?‘3%51?8%8?32?8{. ate
by- product to besnvd FvighplithiufrhiodidExxaspobraotde favaseticanhydridesproductiof. hydr ogen in
conmbi nation wt anple 19 35 Exarrpl e 18 was repeated using
[err] (0.3263, W I n place of L}err and the foll ow ng
amounts of reagents E*anwnawaém@ea@é@mpta@i dgpgen Yy wsed to flush the

1512|19 acefioc agit6clavErifier BRMiMEAWith nitrogen and the reag@ts %Ezﬁhéd?wéfehydr i de
g

Lil ) 17.18g
with acetic acid ) | 21g
additional acetic acid : 20.0g
acetic anhydride 15.02g
15 methyl acetate 45g
methyl iodide - _ 20.29¢g

The autoclave was pressurised with hydrogen to 2.2 barg then with carbon
monoxide to a total pressure of 25.9 barg at ambient temperature before heating to
185°C with stirring (1500 ppm). Once stable temperatures have been achieved the

20 pressure was increased to 35.7 barg by feeding carbon monoxide. Then the catalyst
' ([Rh(CO),Cl]7, 0.2104g) in 10g of acetic acid) was injected and the reaction
progressed at a constant total pressure of 40.6 barg until no further carbon monoxlde
was taken up. X _
At a calculated methyl acetate concentration of 26% by weight the rate of
25  reaction was 10.43 mol/Vhr and at 16% was 7.01 mol/l/hr. Carbon dioxide by-product
was 2.42 mmol and methane by-product was 14.54 mmol. Analysis of the final
_reaction composition showed ethyledene diacetate by-product present at 4601 ppm.
Example 23
Experiment T was repeated using the followmg amounts of reagents and
30 conditions: '

initial charge

[Ru(CO)3Clz]n | : 0.2823g (0.55 mmol)
Lil : 17.25g
35 ~ acetic acid (initial charge) . . 20g



5 1- N-net hyl i mi dazole -10. 65g net hyl acetate

459 net hyl i odi de . ' 38.56g [err] (in 10g acetic

aci d) ; 0.21g 10 Initial pressurisation (hydrogen)

- 2.1 barg Further pressurlsatlon at anbi enfg tenperature with carbon
nonoxi de (total pressure) - 25.3 barg Pressure before injection
of rhodi um cat al yst - 35.9 barg Constant reaction pressure

- 40.3 barg 15 At cal cul ated nethyl acetate concentration of 26% by

wei ght the raté’—’%¥—a-l!i’-aé%%t|on was 8.30 nol/I/hr and at 16% net hyl acetate was
5.54 nol/1/hr. Carbaoetit azid de by- product was 2.33 mmmol 28gd net hane

by- product was 6. 40 sis of the final reactig¢ nposi ti on showed
the concentration of® z{}aqh?‘@%eye di acet at e by- product t098§£10992 20 ppm
Experiment R Exanpl eneﬂmm@aﬁeepeat ed without any ruthef?.4%8 conpound or

i m dazol e cg- pronotrﬁéthyl'mﬁd@ut ocl ave was flushed w thafyggogen prior to

charging: acetic acid , 599 25
~acetic anhydri ddtalyst - 15 g nethyl acetate
44.98g met hyl |[(1ﬂ|h(®) Cilzin lOg ofacetlcacld) : 2002%07g'he aut ocl ave
[ %ydrogen to 2.0 barg at anbient tenperature and then

was pressuri sej #
to a total pre f 40 barg wth carbon nonoxi de before 30 heating to
[err] with sti rinitiakprpssurijatiommath hydedgee at tenperature 3athargst [err]

-0. 21199 i n1409 Pbs ﬁéi#t Fes?ugris%on‘(‘@vﬁh cQJb‘Sﬁ tﬁ;ag t he reaction progressed at
ur

a constant pressur unt 1 | upt ake_of carbon nonoxi de
was observed. AP tetabpressireat ed net hyl acet ate concentraf?- 8P 26% by wei ght

the rate of 35 regse@qmreg[geavaslg%qonol/I/hr and at 1693salbatd ated met hyl

acetate vas 1. 34 (0L fehdion pressure " 39.7 barg o

15 At a calculated methyi acetate concentration of 26% by weight the rate of
reaction was 11.67 mol/l/hr and at 16% was 7.87 mol/l/hr. Carbon dioxide by-product
was 1.72 mmol and methane by-product was 13.79 mmol. Analysis of the final reaction
composition showed the concentration of ethylidene diacetate by-product to be 5644

- ppm. . _ '
20 This is an example according to the present invention and shows the benefits of
using ruthenium with lithium iodide copromoter and in the presence of carbon
monoxide and hydrogen at a ratio of carbon monoxide: hydrogen of greater than 10:1
o to produce acetic anhydride. |
Experiment U

25 : Repeats of Experiment S consistently resulted in carbonylaﬁon rates
significantly lower than those reported above. The higher rate achieved in Experiment
S may be due to osmium contamination from the prior experiment. In attempting to
repeat the experiment problems were experienced with aerial oxidation of the Lil
charged to the autoclave prior to reaction. Therefore the following alternative -

30  procedure was used:

Experiment L was repeated except that hthlum acetate dihydrate (13.10g,
0.128 mole) was placed in the bottom of the autoclave under a nitrogen atmosphere .
and acetic acid (1.81g, 0.03 mole) was added while maintaining the nitrogen cover.
The actoclave was then assembled, placed in position and flushed with nitrogen.' The

35 autoclave was then flushed with carbon monoxide and charged with acetic acid (9.55g,



25 Exanpl e 20 Experinment R was repeated except that [err] 0.285g, 0.55
niol es was charged to the autoclave prior to flushing with hydrogen. After
changi ng 't he ot her conponents, the initial pressurisation with hydrogen 5
was to 1 barg and with carbon nonoxide to agtotal pressure of 43 barg at
anbi ent tenperature The catalyst [err] 0.213g in 10g of acetic acid) was
introduced and the reaction-progressed at a constant pressure of 55 barg

until no furthghe %%?%gﬁ?@%dﬁﬁg%@s%?b% l’r]lales)lﬂeth | acetate Qgtﬁ Qahﬁﬁﬂl@%_eg?.

met hyl acetate conce on ‘o eact] on
nol /1/hr- and atndimethyliodide (31.048,9.275asoles)) /The putockave ya%ﬁﬁr@sw%m

bene}‘ Iktls of [Uf:a{i‘séh Hlﬁhémiﬂ?égto@hpﬁ%néfﬁ esEiare%wsw 1T rEhétsr @m@ﬁsm utses
an alkali neta i r oot er
Bepor fent 1 veerea 800 ea e hheatend 185G Gros bl st oty 13 101h 1or e

was placed 8 n piessupasas mﬁrehkeﬂ tadbachay by eedimg carbohnangeide ftomothelballast and

t d (2 Inl St

cover . The aﬁtg%sgégérhgéﬁ{y@?‘?w@w%g%g P miiBledY Aiedlad i I O doclige”

then with car bagid mmtod@cqﬂessmg@nmemress@rerqﬂcammgamgﬂg&gyemwn@nar ged

acetic acid pressure of 41. 133%34191&6&&1% wail el d6t at constant ﬁés@t@%ﬁbﬂ%

acetate I odi d

aut ocl ave was P‘i‘f@rﬁ‘ogﬁ‘ﬁg@&aﬂ% WPFIOQ“&F‘GSn MoNoxi de to 25.9 barg at anbi ent
t enper at uri® bef or e Fhé Mgthybadefle Eoncehtidtionth the rghdtér wagicalcLlREd Hoithe €216

bl ad b h ' d
5570, o oBe" Thbaale aBCT e lobish o ] RE MBIy BRASARERA e
cat al yst [err] wds 2d%hy weighitGbe hctapertatecwascdaltulapedstoi bet . Gtmokidhry st hgYeamw'w
over pressure o{ngggr ?&Eht@ﬁxe remg?ﬁtgg,as'gt’s@ rB@lﬂFrPHrO” progressed at a const aDt.

pressure of. 40 her “car bon nopnoxi de was taken up
cal cul ated met hyl aGéfhapélqafeﬂfcta'mrpathS@f342!@%05@%9%@6 ltmem#a@téva&ro 5

15 mmol. Analysis of the liquid reaction composition at the end showed 346 ppm
ethylidene diacetate. . -

Experiment V .
Experiment L was repeated except that the autoclave was flushed three times

with carbon monoxide and then once with a mixture of ca. 0.25% hydrogen in carbon

20 monoxide. The carbon monoxide/hydrogen gas mixtiire was used to pressurise the
reactor, to inject the catalyst and as feed from the ballast vessel. The following
components were charged to the autoclave:

. - Acetic acid : ' 29.82g
| Acetic anhydride " - 15.01g
25 . Methyl acetate 45.10g
Methyl iodide _ ' 38.53g
1-N-methyl imidazole _ 10.56g
[Rh(COy)Cl], in 10g acetic acid - 0.2110g

The autoclave was then préssurised with a mixture of hydrogen and carbon
30  monoxide (0.248% Hj) to 25.1 barg. Once stable at temperature the total pressure
was increased to 35.1 barg. The reaction was progressed at a constant pressure of
40.0 barg. .
At a calculated methyl acetate concentration of 26% by weight the reaction rate
was calculated to be 7.65 mol/l/hr, and at 16% by weight calculated methyl acetate
35  concentration the reaction rate was calculated to be 5.43 mol/l/hr. Carbon dioxide by-



reaction was 8.81 nol/I/hr and at 16%the rate was 5.66 noVVhr. Carbon

di oxi de by product was 1.72 mol and net hane by-product was 0.57 mmol .
Anal ysi s” of the 35 liquid reaction conposition at the end showed 554 ppm
et hyl i dene di acetate. 26 This is not anggxanple according to the present
I nventi on because no ruthenium or osm um pronoter were used. Exanple 21
Experinent S was repeated except that [err] (0.2303g,0.36 mmol) was 5 added

Cnitial Ly with Ttk um ; odh d _ RSt i i
amount s of ' caBeae it ADIRY it ERatroRRe BT 12w At or e
20g aceti ¢ anhsedetiahecomposition showed the concentr@icivaf ethyliione diacetate by-product to

45. 33g 10 be °1W| | odi de 20.35g [err] in 109
of acetic acid .2 g initial pressurisation with carbon nonoxide -
25.9 barg subsBxample24ressurisation with carbon nonoxide - 35.9:barg 1 5

COPSt ?nt g@stsﬁre. Ekkﬁe:i[riﬁgbnf Yagid (@?eatqtd_ except-fthat 06/2388gnf o gbdt) rgghnﬁtlg%ffacetic .
cal cul ated ne ace cqncentration pof, 0 | the, rate of, :
reacti on was 1@%8’%@1"% a’ir?ﬂt"&[aviBsﬁwglagg?%%\g%eﬁﬁpb‘néhﬂﬁﬁ%FS‘(WG’}& de
by- product wascdéngishentswere subssmpichtiy ehdogedto ahimitoolase: 2. 30 nmol . Anal ysi s of
the l'iquid 20 reggétgc k{:orrposition at the end shO\dil 23 ppm et hyl i dene

di acetate. This is an Exanple according to the present "Pnvention and shows
the benefit of rutfegticaphydnde |ithi um i odi de co- profdt0®g for acetic

anhydri de 1y oduct i pRthyEx@tke 22 Experiment S was rpgpjged except that
[err] (0.3264q, 0'%”’5‘”' e%) 25 was initially added with the Lil (17.17g,
0.128 nol e) and acMetWlidide (20g). Sinilar anounts o8-8%8agents and

condi ti ons were usbN-meesl inidaole 10.51g - 209
acetic anhydride [pyco,CH, in 10g acetic acid 15. 039 2006 Lo
At a calculated methyl acetate concentration of 26% by weight the rate of
15  reaction was calculated to be 8.45 mdl/l/hr, and at 16% by weight calculated methyl
acetate the reaction rate was calculated to be 5.88 mol//hr. Carbon dioxide by-
product was 1.75 mmol and methane by-product was 1.17 mmol. Analysis of the final
reaction composition showed the concentration of ethylidene diacetate by-product to
be 1529 ppm. _ _
20 This is an example according to the present invention and shows the benefit of
~ ruthenium in'the liquid reaction composition on carbonylation rate and concentration
of by-products in the presence of 1 N-methy! imidazole promoter and under
v o substantially anhydrous conditions. . '
Experiment W |
25 - Experiment V was repeated except that a mixture of ca. 0.1% hydrogen in
carbon monoxide was used.

At a calculated methyl acetate concentration of 26% by weight the rate of
reaction was calculated to be 6.25 mol/l/hr, and at 16% by weight calculated methyl
acetate concentration the reaction rate was calculated to be 4.34 mol/l/hr. Carbon

30 djoxide by-product was 3.47 mmol and methane by-product was 0.58 mmol. Analysis
of the final reaction composition showed the concentration of ethylidene diacetate by-
product to be 1102 ppm. | -
Example 25 : '
Experiment W was repeated except that 0.2308g of Ru3(C0)q9 and 1.10g of -
35  acetic acid were added to the autoclave as an initial charge before flushing. The



rret.h;'}l acetate ' : 45. 13g 30 met hyl

~i'odi de : : 20.32g [err] (in 10g of acetic

aci d) ) ©0.2098g Initial pressurisation with carbon nonoxide = 26.0
barg Subsequent pressurisation 31 - 36.2 barg 35

Const ant pressure during reaction - 40.7 barg . 27 At a

cal cul ated nethyl acetate concentration of 26% by weight the rate of

by pr oduct. vesPUoYBRompo ot A dBiE3 G et TRl abidline 21 OO0 S0 20
the final reacti onAQﬁmpodl ti on showed the concent raﬂ&?ﬁgof et hyl i dene

di acet ate by-produ 75 ppm This is an | e according to t he
present invention é%ékgﬂmﬁtéhe benefit of osm umw t hﬁ?l t hi um i odi de :
co-pronoter for addethyl aestdRiri de production. Experi flB#88T Experinent S was
repeated egcept thm@tﬁyy.@;a@gen was used to flush the3g@3g autoclave after
flushing with nitr eagents char ged vver )
17.18g with aceti cpg’&“ﬂg‘yﬂ idiZofe 21g addi ti onal Oéggt ic acid |

20. g acetic anhydRh€02)Cl]; in 10g acetic atld 02g 1 5 0.2103g¢t hyl acetate

ﬁ? gr g‘;;gyl ol gdlzdg At agafgculated methyl ax% Etgg&\clﬁ?acsﬁ)“to%k?vgr Wgﬁhtptfe\g Zaégéf 2 ?dz‘é"' gh
barg at anbi en!tea@tmpé#saalwbtqdéﬂépé 46ereliifng, and qtdpVq bW@lahtsqalqulamdgnethﬂoo

ppmn) . 0‘3 | t()St gﬁe&té é‘dﬁé@ﬁt?étﬂfdgg% :*éﬁéﬂ%g?%ﬂwﬁ@&lcﬁlé?éﬂl tb%b‘ré] esﬁﬁt molA/HeS %@t"ms errl
i ncreased to

0 510ag) i n_ 100800 B Bratic wrh Sentl A G ECBEnS Y PIOAUCT WAt 56 Ropito ArebSs g ot
a const ant totoﬂthpﬁaﬂseuceomtorﬂﬁbsﬁxdnﬂgwamhelconoedtmnbﬂnef ethﬁrdemduawmbgle was
t aken up. ; L ek

"h

product to be 1420 ppm.
This is an example accordmg to the present invention and shows the benefit of

15  ruthenium in the liquid reaction composition on carbonylation rate and concentration

of by-products in the presence of 1 N-methyl imidazole promoter 'under substantially

anhydrous conditions.

Experiment X _

Experiment V was repeated except that a mixture of ca. 0.05% hydrogen in carbon
20 monoxide was used. The following components were charged to the autoclave:

Acetic acid 29.72¢g

_ Acetic anhydride 15.00g

v o _ Methy! acetate cy 45.10g

| Methyl iodide 38.72g

25 * 1-N-methyl imidazole 10.56g
[Rh(CO3)Cl]; in 10g acetic acid -~ 0.2098¢g

The reaction pressure was 39.4 barg.
At a calculated methyl acetate concentration of 26% by weight the rate of
reaction was calculated to be 5.67 mol/l/hr, and at 16% by weight calculated methyl
30 acetate concentration the reaction rate was calculated to be 3.99 mol/Vhr. Carbon
dioxide by-product was 4.00 mmol and methane by-product was 0.29 mmol. Analysis
of the final reaction composition showed the concentration of ethylidene diacetate by- .
product to be 914 ppm.

Example 26 _
35  Experiment X was repeated except that 0.2304g of Ru3(C0)12 and 1.04g of acetic



At a cal cul ated methyl -acetate concentration of 26% by weight the rate of
25 reaction was 10.43 noi/|/hr and at 16% was 7.01 nol/|/hr.. Carbon

di oxi de by-product was 2.42 mml and net hane by-product was 14.54 mmol .

Anal ysis of the final reaction conposition ghowed ethyl edene diacetate

by- product present at 4601 ppm Exanple 23 Experinent T was repeated using
the foll owi ng anounts of reagents and 30 condltlons |n|t|al charge [err]

(2)-0382392g0 mi i5n r%ﬁl \;18'8 ag%f‘éﬁp 6|§%%\ftaclave asah mmal arge b%#ore hu&nn A tﬂ§ %‘Bo‘é'&teotf ic

anhydri de acetic acid subsequently chargeti3o O3gautecline was29gat e
45. 459 5- ) at al yst
[err] in 10g of acd /ftrhyéalduﬁgé&jlﬁethyl acetate CO&C&I&FI&?OH of 26% brye enght%ge IHQQOP _ |

pressuri sat i on reactionyyascalgelated to be 7.45 molfi/hp, @érﬂg?ﬂi by weightcgleulated methyl

pressurisaton a‘éktraﬂa &%Q@ﬂuﬂi?ﬂ@fbﬂﬁlohQat%%a%'calléﬁlﬁﬁea% Be 5.12 molll/hr Carbon

ggngt gﬁ{ gr 2;&5 ,S e | &é— ggt was 3 £6e mn‘]ol and methane by;groﬁuga\y@s 0@9 mmo? %nalels

cal cul ated net mfkhaﬁm pdactiGrneumspUsitivhishowed the@tméentratiorof ethflidenieadiacatdte by-
reacti on was 11 and at 16% was 7.87 nol /1 /hr. Carbon dioxide.
by- pr oduct vvaspf %‘?%ﬁ%cppr%t hane by-product was 13.79 mmol . Anal ysis of
the final reaction cthipisgnekampleheooeding bethegmesent invantion and simw»)xhe tenefit of

di acetate hy- Prfidfiunt R Rl *aBRA composition on carbonylation rate and concentration

of by-products in the presence of 1 N-methyl imidazole promoter and under
substantially anhydrous conditions.
Experiment Y _
Experiment T was repeated using the following amounts of reagents and
15  conditions: ‘

initial charge -

Lil 17.21g
acetic acid 20.01g
main charge -
20 acetic acid “ 20.06g
acetic anhydride , 15.05¢
B methyl acetate _ 45.13g
R Methyl iodide o . 20.35g
. catalyst '
25 * [Rh(CO7Cl]; in 10g acetic acid 0.2101g
‘pressures |
initial pressurisation with hydrogen - 0.09 bara
subsequent pressurisation with carbon monoxide 25.1 barg
. pressure increased at 185°C to . 35.8 barg
30 constant reaction pressure : 40.2 barg

At a calculated methyl acetate concentration of 26% by weight the rate of
reaction was calculated to be 9.52 mol/lV/hr, and at 16% by weight calculated methyl .
acetate concentration the reaction rate was calculated to be 6.39 mol/I/hr. Carbon
dioxide by-product was 1.16 mmol and methane by-product was 11.06 mmol.
35  Analysis of the final reaction composition showed the concentration of ethylidene



20 This is an exanple according to the present invention and shows
the benefits of using rutheniumwith lithiumiodi de copronpbter and in the
presence"of carbon nonoxi de and hydrogen at a ratio of carbon nonoxide:
hydrogen of greater than 10:1 to produce aggtic anhydri de. Experinment U 25
Repeats of Experiment S consistently resulf&d in carbonylation rates
significantly | ower than t hose reported above. The higher rate achieved in
Experiment S mgy be due to osnjum contamination fromthe prior experinent.
In attenpting fBostaisdyrProduct &xpef7 Rt probl ens were experienced with
aerial oxidati gra@pletdze Lil charged to the autoclave prior to reaction.

Therefore the fol rnativ er.

was repeat ed excep%"?ﬂﬂ?enlt fWF%WPﬁ@%fﬁfic&Pg‘?‘ﬁ%Pﬁ@)ﬁ@Z%%41§X gﬁ

was placed in inthelinitislchargt. Theaztotlawd weeinitiatlg preasunised wigh hydrogens{oh®02 and
acetic acid: (1 g Eﬁpg e

cover. Thedsact gﬁ%angS&ée({LEhﬁ) %%n fh %gérgrg%ﬂ%%sﬂ?% Ryght(s{éfp% ésgl%%d
with nitrogen. WeRéncgmsed @tdtSé‘éq?m/éSMgrgmﬁhﬂqagwenaﬁnmwmﬁemtde -and
charged with agpgsg&e@pggisq,grg%g, 29 0.16 nole), acetic anhydride

41.33g, 0.40 noles) tate (35.66 met hyl i odi de
§39 048 0.275 nol 2§?°”'$HQ¥°-§ lasqéaﬂ%ae gﬁ“%%@ﬁk’xé‘%ﬁ%f rate ¢on
MONOXi ge( to gn reactivenhs p0.28 awWhofandZEt dcddaulagged methy! scetite cortonmtatiohof\16Ye ] :
stirre I t a e the
Cotal 5 T es bt el Ut BRLAE e cafRlible 1006 D oSl AN CCaltBIUESRISE, 0
fromthe ball aptoduewm 1.13mana) and methang by-rp}t(dvctzwwymmﬁd oialysis ofithefial/ ed
in 10g of acet h?acﬁ&‘l €o ildAlshowes al défnbéh&aﬁ&'n Qf"&ﬁﬁfcﬁﬁé&ﬁ"a@eta% bg FrOfUtt to

nonoxi de to g|¥ reaction pressure o barg e react was carried .
out at constant® P@BE'{!}re (41. 1barg) until no further gas uptake was e
observed. 1 0 This Bxamphd iB stconding & mecpmeﬂnwaahb@ and derhdiBtraes CHeienefits

| cul at b i d t . d. Whe
Che et hyi 1ottt iF e RN 4o Shap Sy Mot bR B JeB Rl Tore v
cal cul at ed t o ben@nirztionodfbyrprodyctsin th@pﬁewtnm n’éLH;plromotst andzerts'htstmaﬁx i on. '
rate was 2.53 gRilydrdus/ddhditions.

Experiment Z
Experiment U was repeated except that the autoclave was flushed three times

20 with carbon monoxide and then once with a mixture of ca. 0.1% hydrogen in carbon
monoxide. This mixture was then used instead of pure carbon monoxide to pressurise
the autoclave, introduce the catalyst, and as feed from the ballast vessel. Nitrogen
cover was not rigorously used when charging the initial charge. Reagents and
conditions were as follows: | |

25  initial charge :
lithium acetate dihydrate 13.23g

acetic acid 11.02¢g
- main charge |
acetic anhydride 41,29¢g
30 methyl acetate .35.79¢
- methy! iodide : 38.96g
catalyst | .
[Rh(CO,Cl}, in 10g acetic acid 0.2096g
' pressures o
35 | Initial pressurisation with 0.11% Hy/CO ~ 25.3 barg

Subsequent pressurisation with 0.11% Hp/CO  35.1 barg



Car bon di oxi de by-product was 2.34 mmol and net hane by-product was 0.59 1 5
nmml . Analysis of the liquid reaction conposition at the end showed 346 ppm
et hyl i dene di acetate. Experiment V Experinment L was repeated except that
the autoclave was flushed three tines wthycarbon nonoxide and then once
with a mxture of ca. 0.25% hydrogen in car4bon 20 nmonoxi de. The carbon
nonoxi de/ hydr ogen gas m xture was used to pressurise the reactor, to inject
t he catal yst and f eed fromahe bal Iast vessel . TQS foI I oW ng corrponents
were charged to t HeCMHANbBICSAES Cping TeRction; d b
29. 82g Aceti c anhyAlf a calculated methyl acetate concentration of 26%'3))0ﬂl§gﬁﬁhe rate of Met hyl
acetate 10 l.odi de
38. 53 1-\-me trﬁa?txonw X glocf.llgted to be 5.93 méllﬂ/hr a%d“é‘?ﬁ@% ov."%§gt ctaécwa]teq rﬁxet%lg |
acetic acid acetate concentGatiaf therpaction ratetweasicalealated 3o bl drP Fomekldur iGagebnwi t h a
m xt ure of gh Once
5 yddlaﬂﬁé‘b?'ﬂij%d%@( \995”% 88 mmdTaR® Heflané By- E?&be@ls i gg%ﬁnﬂa% is -

stable at tenper e tot pressure was | ncfeased
reaction was pH GE‘PE &epction aomaf?ﬁsttoarﬁhow%%wpecwraw of ﬁaylgienaélaaetate by-

cal cul at ed ‘et ysauaqcbaues ppicentration of 26% by wei ght the reaction rate
was cal cul atea.to .65 nmol /1 /hr, and at 16% by wei ght cal cul ated net hyl
acetate 35 t|on t he reactlon rate was calculated to be 5.43

mol /1 / hr. Carbon dExperithent was repdoted exchpt that\.23 8610t Run(COdngl war addeddo the

b d | t] it howed
e s ooyt ST S ) R GO SbaE T OIS
Exanpl e 24 5 At B@i methyl gstate @qn@mt%loeﬁééé% Byhweight tbsmgotif [err]

and 1g of acetdegctithi whsvuarcala&dc{e e OB HSY/1AK! el aR Y s°/oa5y ﬁ&ghﬂaldu?dte&n‘ﬂ@th
before 11 ushi g TG ghl 4t 1% SR 1S s SfeS1aRid %S ELUSTT LR G © 1. o
dioxide by-product was 2.28 mmol and methane by-product was 1.71 mmol. Analys:s
15 of the final reaction composition showed the concentration of ethylidene diacetate by-
product to be 740 ppm:
This Example is according to the present invention and demonstrates the benefit
of ruthenium in the liquid reaction composition on carbonylation rate and
. concentration of by-products under substantially anhydrous conditions when lithium
20  acetate is added to the reaction composmon |
Experiment AA
_ ' Experiment Z was repeated except that a mixture of ca. 0.25% hydrogen in
LI carbon monoxide was used. .
At a calculated methyl acetate concentration of 26% by weight the rate of -
25  reaction was calculated to be 7.84 mol/V/hr, and at 16% calculated methyl acetate
concentration was calculated to be 6.14 mol/i/hr. Carbon dioxide by-product was 1.15
- mmol and methane by-product was 1.15 mmol. Analysis of the final reaction
composition showed the concentration of ethylidene diacetate by-product to be 681
ppm. | |
30 Example 29
Experiment AA was repeated except that 0.2308g of Ru3(C0O)1p was addedto
the initial charge. Similar reagent quantities and conditions were used. -
At a calculated methy! acetate concentration of 26% by weight the rate of
reaction was calculated to be 9.95 mol/l/hr, and at 16% calculated methyl acetate
35  concentration the reaction rate was calculated to be 6.88 mol/l/hr. Carbon dioxide by-



Ac_ef i ¢ acid 29.13g Acetic anhydride

15. 02g 10 ' Met hyl acetate 45.00g Met hyl
i odide -~ 38.69g 1-N-nethyl imdazole
10.51g [err] in 10g acetic acid 95 20969 At a cal cul ated net hyl

acetate concentration of 26% by weight the rate of 1 5 reacti on was
calculated to be 8.45 nol/I7/hr, and at 16% by wei ght cal cul at ed net hyl

acetate the re iQn was, cal cul 885 mol [ 1/ rpon

di oxi de by- pr BRHbE W 5 S8R A mé‘#%"e?}&~%f§ﬁ§&bv§@S§2§%‘ﬂﬁ‘8{°‘-mgéa‘xsq%*"ﬁﬁ&ﬂ#

Anal ysi s of t hreaétiona¢ompmaition ehnweﬂﬁags'bmdemnatmmé@lmliuamdimm byrprastucttio

et hyl i dene di a&@iﬁﬁﬁgﬁ-product to be 1529 ppm 20 This is an
exanmple according to the present invention and shaws the benefit of
rutheniumin t l d reaction conposition on carbonylation rate and

- concentratigon of DyEpseieat B wdd repatdd witlethe Foldwihg bbipoitnts Beiﬂg‘iﬂﬁ%evﬁ to
pronoter and upder substantially anhydrous conditions. Experiment: W25
Experi ment V a}’g’ﬁg‘ﬂ?‘ed except that a nmixture of ca. 0.1% hydrogen in

car bon nonoxi dimmitishehangeed. At a cal cul ated nethyl acetate concentration of
26% by wei ght the rg{jﬁqcﬁ) éeacti on was cal cub% to be 6.25 nol/I|/hr, and
at 16% by wei ght cal ctita ¢ met hyl acetate conce€mration the reaction rate
was cal cul ated to bbitliugacetste/diydrate Car bon 3tB-14gli oxi de by- product was 3. 47
ol and met hane byapsdieed was 0.58 mmol . Apppysis of the final reaction
conposi tion showed,the concentration of ethylidene diacetate by- product to
be 1102 ppm ERAMSIATESs Experiment Wwas repeated except that 0.2308g of
[err] and 1.10g of Abetic amhpdride aci d were addéd4i® the autocl ave as an

initial charge bef 0181%{'{3)‘#%24@9 The )31 foﬂgﬁ ng conponents were s

subsequent |y charge ut ocl ave:
- Methyl iodide - 38.98¢

15  catalyst
[Rh(CO)7Cl]7 in 10g acetic acid 0.2095g

pressures
. Initial pressurisation with carbon monoxide 25.3 barg
subsequent pressurisation to 36.0 barg
20  Constant pressure during reaction 39.9 baig

At a calculated methyl acetate concentration of 25% by weight the rate of the
. reaction was calculated to be 9.72 mol/l/hr, and at 16% by weight calculated methyl
L acetate concentration the reaction rate was calculated to be 5.13 mol/Vhr. Carbon
dioxide by-product was 2.26 mmol, and methane by-product was 2.26 mmol. Analysis
25  of'the final reaction composition showed the concentration of ethylidene diacetate by-
product to be 459 ppm. |
Example 31
Experiment U was repeated with the following components being charged to
the autoclave: . h -
- 30 initial charge
Ru3(CO)2 2.30g
Lithium acetate dihydrate 13.13g
Acetic acid 6. 10g

main charge
35 Acetic anhydride : _ 41.54g



Aceti c éci d : 28. 959 Acetic anhydride

15.01g Methyl acetate : ) 45.23g 5 Met hyl
i odi de - 38.53g 1-N-nethyl imdazole
10.45qg [err] in-10g acetic acid Q,2103g At a cal cul ated methyl

acetate concentration of 26% by wei ght the rate of reaction was cal cul ated
to be 7.46 nol/1/hr, and at- 16% by wei ght cal cul ated nethyl 10 acetate
concentration the r chi on rate was cal cul ateig 0 be 5.13 nol/I/hr. Carbon
di oxi de by- product %ggt W a¢8talfpl -and net hane 3751§r oduct was 1.66 nmol .

Anal ysi s of the finaMethgldodiden conposition sHawsd t he concentration of

et hyl i dene di ag Ea £ by- product to be 1420 ppm This is an exanple
according to thg—gé-esent invention and shows the benefit of 15  ruthenium
in the liquid reacti[BhCQ)pSdksiinilogaeaticesidbon@2i08gn rate and concentration
of by-produ?.ts k&shf@e Presence of 1 N-nethyl imdazole pronoter under _
substantial 'y ganfiiydrous .condi ti-ons. Experinment X Experinent V was repeated
except that a rHusshpressyrisation withmathanypeneside i23-&b®on 20  nonoxi de was
used. The fol | gubsequén prenizhtion'r € char ged 36.08aeg aut ocl ave: Acetic acid
4212 1(2)8 @gﬁ]'yf ?fgog%@rg{gr%ssure during reaction 39.2 ba%g' ggg g/gt hyl acetate

1- N-met hyl i m dazol €At a calculated methyl acetate conténtfa€ign p£25% byrweight theste of thei d

0.2098g Theare s r Q. I yl acetate

concentg rat ?%n 2%18&) ,yq\?\ie%igg‘ﬁ?l_”@ﬁél%?gﬁa@%f r‘%ég;thtti%g%a\%\{/aég “géé C&F%%%d to be

5.67 nol /1 / hr, capeentratiamthesoackien gie was b Sl realdlr.nErrbon disxide bycprodeet was

concentration D meRsEne MetiRing bsodidt wbid PG.S?@'nﬁﬁbl.bﬁna?@?of@k/ﬂnéhreact%r bon
Cl wWa

di oxi de by- product s 4. 00 | “and net han - pr,odu s Q.29 R
Al yai s ot hESTPRETOR SiepredORe copucition on Stk BrESteNaTRtR G AP B 1650 . *
et hyl i dene di apphat e by- product to be 914 ppm Exanple 26

15  Example 32 |

Example 30 was repeated except that hydrogen was used to purge the
- autoclave and the pressures were as follows:

Initial pressurisation with hydrogen 22 barg
_ Further pressurisation with carbon monoxide to 25.1 barg
20 Subsequent pressurisation before catalyst injection 35.6 barg
Constant pressure during reaction 39.7 barg
) _ At a calculated methyl acetate concentration of 25% by weight the rate of the
v e  reaction was 12.62 mol/V/hr, and at 16% by weight calculated methyl acetate
concentration was calculated to be 8.70 mol/l/hr. Carbon dioxide by-product was 2.84
25 mmol, and methane by-product was 21.59 mmol. Analysis of the final reaction
composition showed the concentration of ethylidene diacetate by-product to be 7542
ppm. | | '
Examples 31 and 32 show that ruthenium at a molar ratio to rhodium of 10:1
with a lithium iodide co-promoter increases reaction rate compared to that at a molar
30  ratio of 1:1 but that there is an increase in by-product make. The corresponding
increase in by-product make with 10:1 Ru:Rh with N,N dimethyl imidazolium iodide
was less than with lithium iodide co-promoter. |
Data from the preceding experiments and examples for carbonylation reactions
under anhydrous conditions are plotted in graph form in Figures 5 and 6 which show
35  respectively the effect of ruthenium on the rate of a rhodium catalysed anhydrous



35 Experiment X was repeated except that 0.2304g of Ru3(CO 12 and 1.04g
of acetic 32 acid were:radded to the autoclave as an initial charge
before flushing and the anount of acetic acid subsequently charged to the
autocl ave was 29g. At a calcul ated nethyl ggetate concentration of 26% by
wei ght the.rate of reaction was calculated to be 7.45 nol/I1/hr, and at 16%
by wei ght cal cul ated nethyl- 5 acetate concentration the reaction rate was

| culated to be, 5.12. nol /1 /hr. . b | OXi 3, t d
ot hane. by- pr obBe AR Graesshsh R ror gAY N BlrgEieskindndide 57 "
conposi tion shpsubtédse cancentration of ethylidene diacetate by- product to
be 1181 ¢ This i ' . - t
Shous. t he. benef | £ of M0+ SHPh B &5 Hddin ks bR B Pbaite G s BRagBte
carbonyl ati on thetautactaye eosh puretqathananonokidg from thebeliast vesselnthedydengaee of 1
N-net hyl i . dagslcRnipdtRiNtefly ANEHMARE Tn SHESEAR] 4 ﬁ&dr&g@%&)‘%ﬂ%n&@d@&éd gits-

Experinent Y Experinment T was repeated using the foll ow ng anbunts of
reagents and 1W8SUS&gnditions: initial charge Lil

17.21g ac e'éi C aci d Figures 5 and 6 show that ruthenium promotds .tﬁel(::eaaﬁ?dn;]ragdmreg ¢hal of
acetic aci . e +06 eti n r+ de
15. 059 net hyl Q}?&{“&? glone for both lithium iodide and I%lol\l(augel{@ﬁ ig;&%ﬁél{ﬁ lOdf‘%cﬁoa e
20. 35g cat al yspranoted anhydrdusicaibonylatidheat aamatshydmwigdn concentrations. The té&sulys
Pressures qgi ULl siive iy Wit%ﬁﬁ%ﬂﬂhé@%&nhpma'gﬁ@reagﬁon rafe is thddRtained &
subsequent pressurisation w th, carbon” nonoxi de 5.1 barg o,

hydrogen concentration is decreased so that the process may be operated with a lower

hydrogen partial pressure and hence lower by-product formation. This effect is more
PR

o

pronounced for lithium iodide co-promoter than for N N dimethyl imidozalium iodide
co-promoter.
15 Stability Tests |
A 150m! Hastelloy B2 (Trade Mark) autoclave equipped with a Magnedrive
(Tfade Mark) stirrer and liquid injection facility was used to prepare solutions for the
following stability tests. _
For each stability test the autoclave was charged with- rhodium catalyst,
20 ruthenium or osmium promoter and the liquid components of the liquid reaction
composition excluding methyl acetate.
- The autoclave was flushed twice with nitrogen and once with carbon
s oe monoxide, and was then heated with stirring (1000 rpm) to 185°C under a carbon
monoxide pressure of 3 barg. - After allowing the system to reach 185°C, carbon
25 monoxide was .introduced into the. autoclave and the pressure was subsequently
maintained at 27 barg with carbon monoxide for 30 minutes. ' '
The autoclave was then isolated from the gas supply and subsequently cooled
to room temperature. The gases were cautiously vented from the autoclave and the
liquid reaction composition was discharged. Methyl acetate was then added to the
30  liquid reaction composition.
The liquid reaction composition was then analysed by gas chromatdgraphy and
methyl iodide was added to the composition to restore the methyl iodide concentration .
to 2% w/w. A small volume (25 mi) of the composition was then placed in a glass
pressure vessel, and heated to 130°C, under a nitrogen pressure of 2 bérg. A sample
35  of this heated solution was subsequently rerhoveq from the glass pressure vessel,



pressure I ncreased at [err] to 35.8 barg 30 const ant
reacti on pressure 40.2 barg At a cal cul at ed net hyl
acetate concentration of 26% by weight the rate of reaction was cal cul ated
to be 9.52 nol/I/hr, and at 16% by wei ght g&l cul ated nethyl acetate
concentration the reaction rate was calculated to be 6.39 nol/I/hr. Carbon
di oxi de by-product was 1.16° nmol and net hane by-product was 11.06 mol . 35

Anal f th
eyl dene %ﬁaﬁ%%deiﬁ?é%?}ﬂgﬁﬁp%%ﬂbf%g IEEARA- Sl Dihe
Y was repeat edrediaintpg selutign way mpintainedag 130°G o 23 heued@%rerrwhlﬁhr@ frther isample

charge. The aumﬁak\éﬁam@,aqygbd f@l,—j,yd“ﬂﬁessurr sed with hydrogen to 0.09 5
"bara, -was sub uent | essurised with carbon nonoxide to 24.2 barg, the

pressure was | [err] to 35.3 barg and the reaction was carried
out at a cénstant pAebaaline eXpedifeft Way gerktrmad whwhbahaﬂ:lmtdhﬁgedam’tIaMter

e el cul at e Ve meEidtiak ST R, Blesty B (386 WiFol} fod theffRirg cotan "
reaction rate vhi@ﬂ%ﬁmra@e@& wnied). 7 Afer discharging . theaubaslavei meihyk a@gtate (11

product was 1.hhol)@ld m&HyITEER0R Mol WerisddedRs the- lmxd?&&non%% ®nof the
final reaction corrpg_ﬁr ti Q showed the Cﬁgé;ent ration of | dene d| acet ate

by- product to be 70 & it T‘Fﬂ“§°‘E§@éﬂﬁ’bl°@r ‘é‘EC‘BrSQM’@ntUaSc "Br'@s S ppm.
i'nventi on1@nd Aftepbeihg dbsted ah e30EOREYI23 Hours thefrhodinmedinesntiationtia sblu@!dh(had

|t he.pr osencasctySBd F0'5F B cff rmeer Bl & pESHaRRG SE A0 LR amipR B ©
Experi ment Z Bheeompesitioh) was repeat ed except that the.autoclave was

[ ushed three L TEOTR s il ablbeAASIRSEATALY] 12 AR AGHOA BEcaled o Al ;-

of ca. 0.1% hydrogen 1 n car en use nst ead
of pure car bonPhRWHUMEEOMPtep was grasensdn the diquidireactian sompeagitieiiuce t he

cat al yst, 18nd Bgamhgled3from the bal | ast vessel. N trogen
Experiment BB- was repeated except that the autoclave was also charged with
20 molar equivalents of ruthenium tnchlonde hydrate per rhodium carbonyl chloride
dimer.

The initial concentration of rhodium in the liquid composition was found to be

20 608 ppm, whereas after 23 hours the concentration had decreased to 270 ppm. This
represented a precipitation of 55.6% of the rhodium from the solution.

) _ This is an example according to the present invention as it demonstrates that-

. addition of ruthenium enhances rhodium stability at low carbon monoxide partial

pressures, for example, during the product recovery stage of the process.
25

30

35



c“o_v'ef was not rigorously used when charging the initial charge. Reagents
and conditions were as follows: 25 ‘initial chargeTTthrum-acetate

di hydrat e 13.23g acetic acid
11.02g main charge acetic anhydride ”""””'g’mﬂmmﬂp

met hyl acetate 35. 79¢ nethy ¢ 0

38.96g catalyst [err] in 10g acetic acid ~0.2096g pressures 35
Initial pressurisation with 0.11%[err] 25. 3 barg Subsequent
pressurisation with 0.11% [err] - 35.1 barg 34 Constant pressure during
reaction ~ 40.1 barg. At a calculated nethyl acetate concentration of
26% by weight the rate of reaction was cal g4l ated to be 5.93 nol/I|/hr, and
at 16% by wei ght cal cul ated nethyl acetate concentration the reaction rate
was cal culated to be 4.97 nol/I/hr. Carbon 5 dioxide by-product was 2. 88
mmol and et hane by-product was 1.15 mmwl. Analysis of the final reaction
conposi tion showed the concentration of ethylidene diacetate by- product to
be 495 ppm Exanple 28 Experinment Z was repeated except that 0.2306g of
Ru3(CO) 12 was added to the 10 initial charge. and the reaction pressure
was 39.5 barg. At a cal culated nethyl acetate concentration of 26% by

- weight the rate of reaction was calculated to bé 9.36 nol/I/hr, and at 16%
by wei ght cal cul ated nmethyl acetate concentration the reaction rate was
cal cul ated to pg;fRs:51 nDI/I/hr Car bon di oxi de by-product was 2.28 nmol and
nmet hane by-product was 1.71 Anal ysis 15 of the final reaction

conposi ti on shbwed Moﬁ‘ﬁﬁg‘éﬁb? %rPWI%P"QfHﬁll tadrealkyl alcohgk andfay a reactive

derivative thereof which process compnses contacting a C1 to C4 alkyl alcohol and/or

a reactive derivative thereof with carton monoxide in a liquid reaction compositionin - | - *

a carbonylation reactor characterised in that the liquid reaction composition comprises:
5 (a) a rhodium catalyst, (b) an alkyl halide, and (c) as promoter, at least one of

ruthenium and osmium:

2. A process as claimed in claim 1 in which the liquid reaction compostion further

comprises the ester of the alcohol and/or reactive derivative thereof and the carboxyhc :

acid product at a concentration in the range 0.1 to 50% by weight.

10 3. A process as claimed in claim 2 in which the liquid reaction composition further
comprises water at a concentration in the range 0.1 to 15% by weight.
4, A process as claimed in claim 3 in which the ester concentration is up to 5% by
- weight. ) .
5. A process as claimed in claim 3 or claim 4 in which the water concentration is
15  less than 7% by weight. '
6. A process as claimed in claim 5 in which the ester concentration is greater than
1.2% by weight. _ .
7. A process as claimed in any one of claims 3 to 6 in which the partial pressure of

carbon monoxide in the reactor is less than 15 bar.
20 8. A process as claimed in claim 7 in which the partial pressure of carbon
monoxide in the reactor is less than S bar. '
9. Aprocess as claimed in claim 2 in which the liquid reaction composition is .
maintained under substantially anhydrous conditions.
10. A process as claimed in claim 9 in which the liquid reaction composition further

25 comprises a co-promoter selected from the groﬁp consisting of Group 1A metal



pr.od'u'ct to be 740 ppm This Exanple is according tow on
and denonstrates the benefit of rutheniumin the lig action
conposition on carbonylation rate and concentration H’ mﬂmj der

substanti-al | y ‘anhydrous conditions when |i{hium 20
t he reaction conposition. Experinment AA Experl ment Z was repe'éte‘d ept
that a m xture of ca. 0.25% hydrogen in car bon nonoxi de was used. At a
cal cul ated net.hy)

acetate conctentrafi,n 6‘V e the rate of 2
Feacti on was GRHEh GBI BEMPRNE I0dICet R HOSRRP xidles f £ GBS B
acetate -concerﬁpﬁi.’iﬂ%bwamg}fll culated to be 6 14 mol /1 /hr. Car bon di oxi de
by- product was Anal ysi s of
t he final reacHlon é@ﬁg&éf %ltgﬂ'maeﬁ nlgmf %0 H’c‘gﬁﬁh&e\lygﬁ?é élag? et hyI i dene
di acet at e by- pmonuxide:hysirogends theusactoss greatsrahgn W:Roolarperi nent AA was
repeat ed e@epiztha;\p@o&@ﬁyagineh%sﬁ SRR b |1 Wbk ¥ pardi piRsure

Simlar reagent_ quantities and cond |ons were used a ca d net hyl
acet at e concen®fhydregen i thegeadtor iiupde0-34%6 rate of reaction was cal cul at ed

to be 9.95 nol 3./ hrAp@G&ths diai%hedan any @ie&ﬁ‘ th@ﬁl’é&éedﬁlg%!a@«hgxnaﬁhlch the reactant

concentration the react r at rbon
i ox e by ComprisEeelraRelBubr SeadiS SR o snd ek SuRRnlinfi o iy
mrol . Anal ysi siseéletted fioimthe grapotansistingofirsstia acid; ac¢timvantiydride and migturesat i on
of ethylidgne glaggt ate by-product to be 1227 ppm Exanple 30 5 -
Experiment U was repeated with the foll ow ng conponents being charged to

t he aut ocl ave: 14.nj t fpdroeassagyelaimed,ip claim 13 in which said carbonylagionpredjict is hi um

acet at e di hydr gbgrated from 3aid4BHodium catalyst at a partial pressure of carbon monoxide less than
that in the reactor. : :

15
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10 Acetic acid 11.02g mai n charge Acetic

ahhydri de 41:41g Methyl acetate 35. 72g Met hyl
i odi de - 38.98g 1 5 catalyst [err].in 10g acetic acid

0. 2095g pressures Initial pressurisation with carbon nonoxide 25.3 barg
subsequent pressurisation to: 36.0 barg 20 Const ant pressure
during reaction 39.9 bar.g At a cal culated nethyl acetate concentration

of 25% by weight the rate of the reaction was calculated to be 9.72
mol /I /hr, and at 16% by wei ght cal cul ated nethyl acetate concentration the
reaction rate was calculated to be.5.13 nol/I/hr. Carbon di oxi de by-product
was 2.26 mmol, and nef hane by-product was 2.26 mmol. Analysis 25 of the
final _reaction conposition showed .t he4doncentration of ethylidene diacetate
by- product to be 459 ppm Exanple 31 Experinent U was repeated with the

fol |l ow ng conponents being charged to the autoclave: 30 initial charge
[err] 2.30g Lithium acetate di hydrate 13. 13¢g
Acetic acid 6. 10g mai n charge 35 Acetic
anhydri de _ 41. 549 36 Methyl acetate . 35. 71g
Met hyl i odi de 41. 75¢g cat al yst

ABSTRACT

PROCESS FOR THE CARBONYLATION OF AN ALCOHOL

A process for the carbonylation of a Cy to Cy4 alkyl alcohol and/or a reactive
derivative thereof by contacting a Cy to C4'alkyl alcohol and/or a reactive derivative
thereof with carbon monoxide in a liquid reaction composition in a carbonylation
reactor in the presence of (a) a rhodium catalyst, (b) an alkyl halide, and (c) as
promoter, at least one of rutllenium and osmium.



[err] in 10g acetic acid 0.2105g 5 pressures Initial pressurisation
Wi t h carbon nonoxi de 25.0°barg subsequent pressurisation to- 36.0
barg Constant pressure during reaction 39.2 barg At a cal cul ated net hyl
acetate concentration of 25% by weight the rate of the 10 reacti on was
11.03 nol /1 /hr, and at -16% by’ wei ght cal cul ated nmethyl acetate ' '
concentration the reactionrate was 6.3¥6nol/1/hr. Carbon dioxide
by- product was 2.21 ngol, and nethane by-product was 10.50_ naml. Analysis
of the final reactiongconposition showed the concentration of et hyl i dene
di acetate by-product ®mo be 1750 ppm 15 Exanpl e 32 Exanpl e 30 was
repeat ed except that Rydrogen was used to purge the autoclfve and the
pressures were as fol fows: Initial pressurisation wth hydfogen 2.2
barg Further pressurisation with-carbon nonoxide to. 25.1L barg 20
Subsequent pressurisaton before catalyst injection 35.6 Const ant
pressure during reacti®n " 39.7 barg At a calcul ated nethyl acetate
concentration of 25%dw wei ght the rate of the reaction 12.62 nol /1 / hr,
and at 16% by wei ght 28 cul ated methyl acetate concentratijpn was cal cul at ed
to be 8.70 nol/|/hr. @a®bon di oxi de by-product was 2.84 25 mol , and '
nmet hane by- pr oduct wed &1.59 nmol . Anal ysis of the final rjeaction :
conposi tion showed thg dpncentration of ethylidene diacetajt eby-product to
be 7542 ppm Exanpl es@1xand 32 show that rutheniumat a npl@r ratio to
rhodiumof 10.1 with &1ig hi um i odide co-pronoter increases reactipn rate
conpared to that at a lErol gr 30 ratio of 1:1 but that thefe is amincrease

in by-product make. Th@& carresponding increase in by-product makesdhith 10: 1
Ru: Rh with NN di met hyl G ni%azoliumiodide was |ess than wijth |itH&uimiodi de
co-pronoter. Data from €he ®recedi ng experinents and exanpl gs, f or§

carbonyl ati on reacti ons mndar anhydrous conditions are pl dgtt®d i n=graph

formin Figures 5 and 6 Bhi % show 35 respectively the effec§00
rut heniumon the rate of % r@dl um cat al ysed anhydr ous =
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37 ctarbonyl ation process with |ithiumiodide and N N dinethyl inidazolium
-1 odi de co- pronpters. The data shown at 9.5% hydrogen was obtai ned by
feedi ng:2 bar hydrogen to the autoclave and pure carbon nonoxi de fromthe
- bal | ast vessel, the hydrogen 5 concentration being an estimate. In other
cases a hydrogen/carbon nonoxi de feed gas was used. Figures 5-and 6 show

t hat rutheni um pronotes the reaction réaf®& over that of rhodi um-al one for
both lithiumiodide and N N di nethyl inidazoliumiodide co- pgrof®ted
anhydrous carbonyl ati on at g/ari ous hydrogen concentrations. The results 10
al so show that with the ruttheni um pronoter the reaction rate {s.maintained
as hydrogen concentrati.on ig decreased so that the process may be operated

with a | ower hydrogen parti @8 pressure and hence | ower by-proguct

formation. This effect is

than for N N di net hyl

imdo

e pronounced for lithiumiodide
liumiodide co-pronoter. 15

A 150m Hastell oy B2 (Trade %@Ik) aut ocl ave equi pped with a
(Trade Mark) stirrer and liqwd injection facility was used t

solutions for the foll ow ng

ability tests. For each stabili

o- pr onot er

St 4bEBity Tests

gnedrive
prepare
y test the

autocl ave was charged with r. di um catal yst, 20 . rutheni um of osm um
pronoter and the |iquid conpoments of the |liquid reaction conposition :
excl udi ng nethyl acetate. The Bgut ocl ave was flushed twi ce witlh 8trogen and
once with carbon nonoxi de, andBwas then heated with stirring (1000 rpn) to
[err] under a carbon nonoxide messure of 3 barg. After allowjng the system
to reach [err], carbon 25 non$xide was introduced into the gutoclave and
t he pressure was subsequéntlylnngained at 27 barg with carbgn nonoxade
for 30 mnutes. The autoclave waa then'isolated fromthe gas Jupply agd
subsequently cooled to roomtenpd&ature. The gases were cauti qugRy vg ed
fromthe autoclave:and the |iquidareacti-on conposition was di gc ar-ged=
Met hyl acetate was then added to the 30 liquid reaction co osi t=ora
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.The‘tiquid reaction conposition was then anal ysed by gas chronat ography and

‘et hyl
concent rati on.

anal ysed for
sol ution was maintaif
was taken and anal ys
experinment was perfo
met hyL iodide (14 mp
chl oride dinmer (0.29%
(11 nmol ). and net hyl

conposition. The ini
be 625 ppm 10 Af t
concentration in so
precipitation of 90.
exanpl e according to
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Experinment BB was re
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25 30 35 39 Cains: 1. A process for the carbonylation-of a [err] to
[err] al kyl alcohol and/or a reactive derivative thereof which process
conprises contacting a [err] to [err] alkyl alcohol and/or a reactive
derivative thereof with carbon nonoxide in a liquid reaction conposition |n
~a carbonyl ation reactor characterised in that the liquid reaction :
conposition conprises: 5 [(a) a rhodapen catal yst, (b) an al kyl halide, and
(c) as pronoter, at |east one of rutheniumand osm.um 2. process as
claimed in claiml in which the liquid reaction conpostionjfurther
conprises the ester of the alcohol and/or reactive derivative thereof and

t he carboxylic acigd product at a concentrdéion inthe rang¢ 0.1 to 50% by
wei ght:. 10 3. wAprocess as clained iclaim2 in which the liquid
reaction conp05|tlgwlfurther conpri ses kugw at a concentration in the

range ‘0.1 to 15% wei ght . 4. A procegs as clained in Ié5n13 i n which
the ester concentrgtion is up to 5% by wei@ht.. 5. ‘A pro¢eS? as clained
inclaim3 or claig4 in which the water cencentration is 15 -less than 7%
by wei ght. 6. A®process as clained in aim5 in which fhe ester .
concentration is grgater than 1.2% by wei gat. 7. A procg¢ss as clained in
any one of clains 30 6 in which the partﬂal pressure of ¢arbon nonoxi de
in the reactor is Iéﬁs t han 15 bar. 20 8ﬂ - A process ag$ clainmed in
claim?7 in which the martial pressure of ca& bon nonoxide ifp the reactor . is
| ess than 5 bar. 9. aA process as clainmedgin claim2 in f{h#eh the liquid
reacti on conposition |sn mai nt ai ned under sumstantially anhydrous
conditions. 10. A proQ£ﬁs as clainmed in cgain19 in which|the liquid
reaction conposition furigher 25  conprisesga co-pronmoter $elected fromthe
~group consi sting of (}oupﬂ}A nmet al Y g . e '
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40 i odi des, quaternary ammoni um i odi des and phosphoni um i odi des at a
concentration of up to 30% by wei ght. 11. A process as clained in claim
10 in which the ratio of carbon nonoxi de: hydrogen in the reactor is greater
than 10:1 nolar. 5 12. A process as clained in any one of clainms 9 and
11 in which the partial pressure of hydrogen in.the reactor is up to.0.5
bar. 13. A process as clained in any Sotéee of the preceeding clains in
whi ch the reactant conprises nethanol and/or a reactive derivative thereof
and the carbonyl ation product is selected fromthe group consisting of
acetic acid, acetic anhydride and m xtures 1 0 thereof. 14: A process as
claimed in claim 13 in which said carbonyl ation product is separated from
sai d r-hodium catal yst at a partial pressure of carbon nonoxi de |ess than
that i'n the reactor. 15 20 25 30 35
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