WD 03/ 042200 PCT/ US02/ 37317 CONVERSI ON OF TETRAHYDROXYBUTANE TO
TETRAHYDROFURAN 5 FI ELD OF | NVENTI ON Tet r ahydr oxybut ane i s hydrogenated in
t he presewoasmi2eupported rheniumcatalysts to formtetr@oywdrot/srsan and
its precursors. BACKGROUND 10 Tetrahydrofuran (tetrahydrofuran) is an

I ndustrially inportant solvent and nononer. It is prepared comrercially
from nonrenewabl e petrochem cal feedstocks. Wth the potential depletion
of the world's oil reserves, a need exists to develop a source of
tetrahydrofuran from renewabl e sources such as bi omass. Bi omass conpri ses

primarily a 15 g RQ%&B@& gﬁ%}%@%ﬂ%@%%jrﬁl}fmﬁbﬁmiﬁ can al so mean as

conprising a polysacchari eria can al SO nean conpri sing
cellul ose, henmicellulose, or lignocellulose materials: for exanple, the
bi omass as obtained fromwood, plants, residue fromagriculture or

forestry, organic conponent ofgBLHicsEPRIVERATONIDUStTi al wastes, primary
sl udges ?rom paper 20 manuf act waste wood (e.g., sawdust),

agricultural rediefiabydemxyhutaneds hydrgsratedisrthe psesenas efsupported st raw,

bagasse, st giglunf ERE1EE 1 forhaetairsfurandnbiats! srgcursesd.e pl ant mat eri al
fromhard wood or beech bark, fiberboard industry waste water, bagasse

pity, bagasse, nol asses, post-fernmentation liquor, furfural still residues,
aqueous oak 25 wood extracts, riBACKGROUNDS residues, wood sugar sl ops,

fir sawdust, naphtha, 1 r resi bl | jge, straw,
soybea\rllwil Ki n, soybear-lregri%lh%gﬁf%&e(?é{t%}{ryr?rﬁ@g%@ﬁsgﬁ? @%@ag?@n@?poccﬂrﬁonseed
hull's, star shivenpendtaemmeiekis pieparesbeommearcigly frofmserrepsw@dlsul pi ng
residues, g@%bﬁwcaa%éhm \WWREARE Pofe iRl SepRABH &% heSWBA'S oilSUCT 0Se
from 30 sugar cane an ugar begts, corn seg ug, gﬁnﬁ andefcorrbl nat i ons of
the above. resRT¥BRRAINSEEEXISHS 1 davelop asquirh obteiPhydiPfiandio™ . with their
mul Li ﬁ' e re@éﬁéwgblﬁysdfmé sghoap biontass. eBidneaskavknprisesgirimgarity st
carbohydrates jig t need .to r t -

153 Al ter FaryAIgs oA e BRTBL) B ElsXES Kb Somegsing | oo
or tetritol agpulysanchiasde natedal. i It oaraise mearsonwrizing ¢¢lbllose, he neso  form

thchgaoa@ami&éltﬁéﬁ,t&'|ignécé4\la|&s°e1 RAEA s RETLXSARIE3 iRl Bionfdds@d CH OH 1 1 |

obtained from wood, plants, residue from agriculture or forestry, organic
component of municipal and industrial wastes, primary sludges from paper

20 manufacture, waste paper, waste wood (e.g., sawdust), agricultural
residues such as corn husks, corn cobs, rice hulls, straw, bagasse, starch
from corn, wheat oats, and barley, waste plant material from hard wood or
beech bark, fiberboard industry waste water, bagasse pity, bagasse,
molasses, post-fermentation liquor, furfural still residues, aqueous oak

25  wood extracts, rice hull, oats residues, wood sugar slops, fir sawdust,
naphtha, corncob furfural residue, cotton balls, rice, straw, soybean skin,
soybean oil residue, corn husks, cotton stems, cottonseed hulls, starch,
potatoes, sweet potatoes, lactose, waste wood pulping residues,
sunflower seed husks, hexose sugars, pentose sugars, sucrose from

30 sugar cane and sugar beets, corn syrup, hemp, and combinations of the
above. Carbohydrates offer a convenient starting material, with their
multiple reactive hydroxyl groups, but a drawback of using most
carbohydrates is the need to remove the unwanted hydroxyls.

1,2,3,4-Tetrahydroxybutane, shown below, is a 4-carbon sugar

35 ° alcohol, or tetritol and can have three isomeric forms: erythritol, the meso

form; D-threitol and L-threitol:




Erythritol is used as a | ow cal orie sweetener and sugar substitute and is
typically produced comercially via the fernentation of corn starch. 5
Threi t ol wevs3losazna ed conmerci al manufacture or use, but cacThsSopsBduced
via nodification of the equivalent isoner of tartaric acid. U S. Patent No.
4,939, 277 and Hudson et al. (J. Og. Chem (1967), 32(11), p3650) both
descri be the acid catal yzed cycl odehydration of erythritol, and

Montassier, et al., (J. Ml. (()&I991())H 70@), p65) 10 describe the
Ru/ Cu catal yzed reacti on. ProdLlced | rox%t etrahydr of uran, but not
tetrahydrofuran. Braca, et al gano m (1991), 417(1-2), p41l)
di scl ose | ess than 4% of tet"’2§h_d'%*f"l'fr_a_ncl nt honogenous Ru catal yzed

cycl odehydration of erythritol. 15 U S. Patent No. 6,013,812 describes a
process for the Eﬁ?j’ﬂﬁ'ﬂ?&l%‘)ﬂ%ﬂ %E'aolﬁmpéal@rlé"s%é@?fér@% ga’r@ub:ﬂﬂui@ esence of
a

a supported net oducing a

an acid cata
m xture of amdrlséxmcaﬁyopr@ﬁypﬁd §gm§rlg§,rp|8(ljyél{%&}esf%rr@e§ta 'Pﬁto\gaﬁpr'?\lgtarﬁh ‘401, 823

uses casbongresihaRWIIRY &&ﬂhérﬁﬁrﬁ@mfaﬂuwém@ bugan begrodeted to 20
hydr ogenat e pol yol s uce a ar e var npounds. U. S. Patent

A
No. 4,313, 8dif B}Oéiﬁ 9”2’5%@%?83'3? ot Om%'aneiﬂéa%%?P@Spondl ng polyols using
various netal iongSapataitdly. 4,939 nwmmudsmaml &b Qrge Ghegeri bed  usi ng

e ther R Sqiay et ki e bAoA MR Sppogayont o 1
tetr ahydr of wof @nythrithl Larsh tMoriassieprat @l ébrI\dO/ofl‘atét/e(t"rgQﬂ)/chQiﬂhr@ﬁ) the process
COMDT | 19 GERLAEL DRIy b oPyiuams! 1 e prosence of a

| east o Lum the rheni um bei ng

supported ordllwdraxﬁaﬂabysimﬁirﬁn bwtﬁﬁﬁf@hﬂﬂ)w?? Brasaetéh process to
prepare tety r9h®ﬁ§{éﬁdﬁﬁéﬁcﬁﬁ% (ROSEL U3 P( B2}, Cp4119Urs@|us@rlé§$ltr&ah -¢%r¢frl ses

o7 ot 1% Setpevdregiran n 5k hooosrads Ry b RRBERY | o Tha
conver si on grythfieol35 precursors to tetrahydrofuran. Additi onal ly, the
232335553‘?‘& SE’E{W?att%@%@é*@%%%%ﬂ%%%‘#%?‘?f%@%” rom Group 8
netal s of t heyclReehydiationaiflacd-chriEirepeliolsn the peesaneeafasyppartesk Pd. I1n a
preferred enhody BBy <! al BEIdURSIGSSart] adidd WA btdfuciHd & niktufe of

various hydroxylated cyclic ethers. U.S. Patent No. 4,401,823 uses

carbonaceous pyropolymer impregnated with a transition metal to

20  hydrogenate polyols to produce a large variety of compounds. U.S. Patent

No. 4,313,884 prepares anhydropolyols from the corresponding polyols

using various metal ions as catalysts; however no examples are described

using either Re salts or erythritol.

25 SUMMARY OF THE INVENTION
The invention is directed to a process for preparing tetrahydrofuran
or a mixture of tetrahydrofuran and unsaturated precursors of
tetrahydrofuran, the process comprising contacting 1,2,3,4-
tetrahydroxybutane in the presence of at least one acid with a catalytic
30 amount of rhenium, the rhenium being supported on a carbon support.
The particularly preferred process to prepare tetrahydrofuran and
precursors to tetrahydrofuran comprises contacting erythritol in the
presence of an acid with a catalytic amount of rhenium supported on
" carbon. The invention may further comprise the conversion of the
35 precursors to tetrahydrofuran. Additionally, the catalyst may comprise the
presence of a metal promoter on the carbon support, preferably selected
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Is a) an acid with a pKa |less than about 4, or a netal salt thereof, b) an
5 acidic zeolite, or ¢c) a mxture or one or nore conpounds from group a)
wi t h one wo mgpsroconpounds fromgroup b). Preferably the &crdisot/3gioup a)
is selected fromthe group consisting of inorganic acids, organic sulfonic
aci ds, heteropol yacids, perfluoroal kyl sulfonic acids, and netal salts
thereof. Preferably the acid is sulfuric acid, a sulfonic acid, or a 10

fluorinated sulfonic acid polyner; .nor ef bly .the acid is,sulfuric
acid, methHios @r%ﬂigcmﬁtﬁl%i,"% élec %?U%gﬁ‘lag’iﬁﬁﬁé%"ﬁmﬁéﬁ?%%ﬁfﬂa& c acid, a
fl uorinat edpg@WriPeni ¢ aci d pol yner ion-exchanged with a netal from Periodic
Goup 8, CBV-760,zeolite \/- ' \/- : ite 3020
zeolite, or 20A i'é@lRrthrrﬁcﬁgmg§P§9%gtzc§3b%g’ﬁ%ﬁ%§ osfﬁﬁ%gﬁeg\ bhhthgcg%{?i d
support. 15id a) anachewite ol lesathan abhut 4receBstalfsalttberanfemtadn, the
precursots Qf.: 1 d Ao dlmistiemriregsas for
further on\%é_:}i"?%%apé ?ﬁ%ﬁ%‘?’fﬁﬁfgﬁw&ﬁ?ﬁdbsc‘?o 3 I S ?pl(r}%chs for
preparing t avitha®iyelPbmMmarasopwINdg; fIam oW b-e F%fﬁ?j’?)bm‘?r%?idé’ﬁﬂr%%cursors
(if 2t gt Lahydr ‘Ei]élgé‘lgctetg‘@owtﬁé@ﬁgu% 26nsie bgin@];ﬁgéMCg_ShlepSrga‘nic a)lfomm?/lerti ng
,2,3,4-tetr roxybut ane, to t et rahydr.of urandi al tionally,
separ ati ng ﬁ’?@lss,hEI%QPP&ﬁ?@?opﬁ'ﬂéﬂﬁﬁoaﬁal;Su Ryc %ﬂ“ascéﬂ?a[??ﬁ%a %e
3, 4- t et r ahy dnefeof.aPdéferably théracidrie selfierc a8idp satfohieasid, e acid with a
catal yti ¢ anmpunt _of, _rhenl um | ' ; bon
uppor t 101 p TP pafE LR, 4t Aginbl b Rrafrably BRI Rioun oERE P10
t et r ahydr of umethaaasulforic aciso pstotuicsubionigegith GeozeReL PG a¢ifga t he steps of :
30 a) converg @bl AH¥HIREENANLES Withkd nfki fadtalPeticrear at i ng
t he anhydr ogwﬁiﬁﬂraﬁdguwdéﬁltgggﬁ_%cont actin thebw%ﬁe{ﬁ\ﬁl.g‘i I ig t he
presence of QipupLiGBWiiao @@@@&@Vrk‘ioﬁ%ﬁm&, i 25! pé)éy‘t:i@ Oon
carbon. 35 3 WRD3H OAA2RIRCTTRISGBid Bhfion BIE &lipditddRSCRl ST GNpPBIrtTHE
| NVENTI ON The inventi(t)n i's Sgr 0Cess to g{?egar(? }%]ee E@%%gran and its
precursdPs by corP AR ¢Bbed SR PRIFESP 9T ean ce-of an acid
with a cat alpretursarmohtetrahydivfuiannarsuppysied baok irdatihe prodgs for
further conversion to tetrahydrofuran.
Also disclosed is a process for preparing tetrahydrofuran or a
mixture of tetrahydrofuran and precursors of tetrahydrofuran, the process
20 comprising the steps of:
a) converting 1,2,3,4-tetrahydroxybutane to 3,4-
tetrahydrofurandiol;
b) optionally, separating the 3,4-tetrahydrofurandiol; and
c) contacting the 3,4-tetrahydrofurandiol in the presence
25 of at least one acid with a catalytic amount of
rhenium, the rhenium being supported on a carbon
support.
In preferred embodiment, the process is useful for preparing
tetrahydrofuran and precursors to tetrahydrofuran comprising the steps of:
30 a) converting erythritol to anhydroerythritol;
b) optionally separating the anhydroerythritol; and
C) contacting the anhydroerythritol in the presence of an
acid with a catalytic amount of rhenium supported on
carbon.
35



5 "tetrahydroxybutane" as used herein is neant any optical isomer, or

m xture thereof, of 1,2, 3,4-tetrahydroxybutane (1,2, 3,4-butanetetrol).
These i soweres/oia2eé ude erythritol, D-threitol and L-threit @cr/usopssierred
isomer is erythritol. By "precursors” as used herein is neant butanediol,
unsaturated furans, and hydroxylated forns of tetrahydrofuran and 10
unsaturated furans, and their isoneric fornms, as represented by Fornul ae I,
I1, and 111 bel ow, wherein each R is independently hydrogen or OH.
Preferred precursors aPETAlRR REEACRIBTION T dHEINVERTIOR RR R RR R R0

Z) R R0 RRoO RTHRiAvehtid isld broc8€ @ pr§s2ss téifaHydfofunat 8Ad itsnventi on may
further conprise the conversio recursors to tetrz%hydrofuran. Thi s

of the )
may be done BW%?Orﬁ(Pyo?o'itﬁEt“?ﬂJ{%éﬁatwgr%BH@(’J’@ i G RresENCROT ANacidee
U | mann' s Enqytbl paidihaic arholimidefshehiam Siasporedd on caitonEdBy Vol . A26, pp.
222- 223 fgr atlegleﬁcriﬁoti)o of, ._man hof Ihese%qr}ﬁt hods.,. TE.e | nst ant process
may al so TompEHERYHipkY P%{Vclaﬁrjr@e SR 1 MeATE A0Y PHISBLISPIES Qhe process,
for further ouxiues fhayeof, of 1t28batelthylioxgbutad® (TiR3 drinatanstetifol)t he i nst ant
i nvention nma i | IS { ' A yAr ane to
5 4t et r ahy BECE droiere YRR, CAVLREI ailfL Bl A HReiERe
3, 4- t et r ahy disomgrdadnghritaln Byt Regcursershes iuagd higeeis, ist maant batangdidiur andi ol
in the preseppgaRfatdd fafdrs, ‘é{hHhwg@r&ﬁf\a%ééf%r?nsaﬂﬂ%g‘ahgﬁroﬂﬁﬂé‘ﬁrﬁd&“ supported on
n and upsaturated 3

carbon to prepare tetrahydrofuyr [ precursors to
tetrahdeQ)fuHEﬁ?tUT@?QJHS%]%ﬁVHG?%'ﬁ§Omer MedesiePrrae’idedtyd above. The
conver si on oFotaulaahly tr any libarsy, twheteitreddtt Radindlcpbrdantl BydroBenlee done by
any met hod kgﬁyvn 'g&e h% artu See A*dvancea 1i4{' g@r b(}h{drate Chem stry, S.
Sol t zberg, VoI D& h& PIsgursers areigian agd 1.4-gRVArOTHE™ b of many of t hese
met hods. The tetrahydrofurandiol 35 may be isol ated before contact with the
catal yst; this can be& done any 4R
known in the art, suc istillatio

extraction. A preferr odiRrent co
t o anhydroerythritol> R

or

R 0 R
15

The process of the instant invention may further comprise the
conversion of the precursors to tetrahydrofuran. This may be done by any

20  of the numerous methods known in the art. See Ullmann's Encyclopedia
of Industrial Chemistry, 5" Ed., Vol. A26, pp. 222-223 for a description of
many of these methods. The instant process may also comprise the
recycling of the precursors back into the process, for further conversion to
tetrahydrofuran.

25 The process of the instant invention may additionally comprise
converting tetrahydroxybutane to 3,4-tetrahydrofurandiol; optionally
separating the 3,4-tetrahydrofurandiol; and then contacting the 3,4-
tetrahydrofurandiol in the presence of an acid with a catalytic amount of
rhenium supported on carbon to prepare tetrahydrofuran and unsaturated

30 precursors to tetrahydrofuran. Tetrahydroxybutane is defined as
described above. The conversion of tetrahydroxybutane to 3,4-
tetrahydrofurandiol may be done by any method known in the art. See
Advances in Carbohydrate Chemistry, S. Soltzberg, Vol. 25, pg. 229-231,
1970 for a description of many of these methods. The tetrahydrofurandiol

35 may be isolated before contact with the catalyst; this can be done by any

4



The catal ysts of the present invention conprise rhenium supported 5 on
carbon. Preferably the catal yst contains about 1 %to about 50% by wei ght
of Re; nowe opiefer ably about 5% to about 20% Preferred cacharss2/3sie those
with a surface area >200 n2/gm The catal yst support can be in the form of
powder, granules, pellets, or the like. Selection of an optiml average
particle size for the catalyst will depend upon such process 10 paraneters

as reactor resjdence tine,an si.red.reactar . al yst can
optional Iy C'Bﬁtheﬂ nevR eqﬂjc,%&p&%%\ugﬁ%%éﬂ%%%Maﬁ%%ﬁwrsﬁ;@aggg oup 8
(Fe, Co, Ni,orfextraRtionPA,preferreidrembadintnt compsisesiteel coaversizuh @ind Ni . The
relative per%ﬁ&q emchy‘dn?erglﬁi jyst pronmoter may vary, but shoul d

o]

preferably bé’l'ess tThan’or equal to 50% of the catalytic 15 netal. The
catal yst al so prefke gptajysinoling pieseal inveminn compose thevmsurpied wei ght

b epar el by g R D T ol T e ol ves

i npr egnat i ngVeiget eﬁR&p V‘é’creﬂrﬁfﬁfﬁtily SPOPh%%ngeﬁﬁoutéb%\eégefwa CEFRPS nor e
rrﬁt a: sal tﬁ,a@ngw@mt 4hba/sa|]§é@é gmei #200 ﬁﬂ/gﬁsqu Tl catalgssupport ¢cdrobe ir\rvijth a )
pKa | ess ou : efera t .l e nd can be
a Br(err) nsﬁgﬁ%ﬂm P(g\ﬂog‘%;%’i Qf?nﬁ*{?éypé\féeéﬁ’ (%nt@?a]gé' ﬁ%%g% @Pag‘g{’%@pa@r gani c

sul foni c aﬁiaiteragepertdm«»ls;zadbdme catelybt witirdegieingl upsan $uohi progessls and

m xt ures, i he S | . ; ] ' | a pKa | ess

t han abglts)t éfr?:ﬁncqt@l& %%Féréétgﬁjegﬁ%b §%m%?%§@%?%g%@ﬁmr%%§m ates, netal
triflates, and nikhecatalysieassptionsihueenigin aprametes, prefemblyssamedalni t h t hei r

conj ugat e ackes pRsfit GrousaFR! ed, Ni, RG IR P& Os] IRcAnIPYS PHéfefrea aci d,

fluorosul fonic acid, pho ori¢c acid, -tol f d,

bensenesul § e gand Nipngupiategs eentabes o T GaaNEHBIBeE T o

tri 1;' Uir orrgt " ,e?lht' sffrlﬂﬁjl@ pﬁéfbt&blméflr@%et. huhfqbdrequaB@ 50%bf the cataljtiesul f oni ¢

acid, 1,1,2,2- uqQr oet hanesu, i c,aci . o

2°0% 218 5 metdls s SRRUSLARE ielsrtly Shotd Sontpin AbPRLP 1% 4R AR i 1 s

salts. Sul f5%ily weight ot prompatendetali morapréfeeatily abeut 862H group or its
lt. EX I ' i ' f Qi id,

oot of ui coul Fon o W e SnBE p@Bafedty Sy ighsdEndEnIRTRS L THe °F % ¢

35 ' neant spreéuted maihod inveblasdmiregnalingsthe catalystsuppiod ky ineipiant it s

surface. Fi wﬁgw'ggétvﬁﬁbéh% Bpﬁif@n%ie«,gétgl Sy MBI By BAEaBbhY Or totally

fluorinated rocarbon po conta|n|n9 pendant sul fonic acid groups,
whi ch 5 280 03/ 0429uitRipeAcigdsEredhese Withs Pie eﬁért[‘]?%\lai%?%f" P'@E‘%TP‘B&Y converted
to the salt.wihe gied ldseithan labost2 ! &id ean bbuoBramtedosLéfizracd.aThdy pol ymer
's Nafion(r )c nelrnfc ude iingggtaen(?c gglldfso grig%n%csi,uqfonic acids, heteropolyacids,
perfluoroalkyl sulfonic acids and mixtures thereof. Also suitable are metal
salts of acids with a pKa less than about 4, including metal sulfonates,
25 metal frifluoroacetates, metal triflates, and mixtures thereof including
mixtures of the salts with their conjugate acids. Specific examples of
catalysts include sulfuric acid, fluorosulfonic acid, phosphoric acid,
p-toluenesulfonic acid, benzenesulfonic acid, phosphotungstic acid,
phosphomolybdic acid, trifluoromethanesulfonic acid, methanesulfonic
30 acid, p-toluicsulfonic acid, 1,1,2,2-tetrafluoroethanesulfonic acid,
1,1,1,2,3,3-hexafluoropropanesulfonic acid, and triflatic acid and its salts.
Sulfonic acids are compounds with at least one -SO,H group or its salt.
Examples of preferred sulfonic acids include methanesulfonic acid,
p-toluicsulfonic acid, and benzenesulfonic acid. By acidic zeolites, it is
35 © meant a zeolite with labile H* groups or Lewis acid sites on its surface.
Fluorinated sulfonic acid polymers are partially or totally fluorinated

hydrocarbon polymers containing pendant sulfonic acid groups, which

5



polymer, (E.I. DuPont de Nenours, WI m ngton, Delaware). One preferred
formis Nafion(r) Super Acid Catalyst, a bead-formstrongly acidic resin 5
whi ch i s woaapaed2gcrer of tetrafl uoroethyl ene and perfl uor oP8rasd2/e8a7 4-

met hyl - 7- oct enesul fonyl fluoride, converted to either the proton (H+) or
the nmetal salt form The acid can be optionally supported on a suitable
solid support. Suitable solid supports include but are not limted to Si Q2
(silica), A1203 10 ,g[_al umna), TiQ2 (titania) 2/90 (magnesi a) .or Zr Q2
(zirconia), @yihe partialyopiptaly cepuertesttofhesalte Onapagistlarxsiitablenod known
in the art tguoniseaisalfbhie fiPpelhre is Nafibhet parfilomeated etifomeeadi ef erred

supported acid is i r n.silica.,Ihe process of ¢ I nvention is
preferably &P'ﬁ'%ﬁ-ﬁﬁ@tﬂ%ﬁ?ﬁmﬁ Wﬁ%@?oﬁnﬁegﬁf?r% pre Wéﬂgi n any
sui t abl e r eafurorisINaffors® Super Acid Chialyst eal bead-dof s&dnblydhcidib vesis, fi xed
plug, and. a {riek r ' t yre is
preferab?sy aﬁ’@!ﬁ’?‘lﬁ%%’o‘%ﬁ?%y'ﬁggéf{eﬁ’%@ﬁ%%gﬁgFégg’%ﬁﬂ)‘fy°a gﬁoﬁg%gc to about
250C, nost piethlabpgiengsdfonyhduoiide cesyeded o eitherciherproton dht)i writheay be
perfornmed at jtfass®emof 20 1.0 MPa to 10.0 MPa. The process is preferably

performed at presspres, of anmbient to abou 000 psi, (6.9 MPa), nost
preferably at abOEHe?ﬂfjf)%'?ge %9” A§UP di%?c%“@b‘%%ﬂ'@e?ﬂp)p@ﬁ-mxture of
sol vlents I s 8aitalsleisolidauppodsiintiade bbEarfealhoatdiMitédStor&iOZd(etlibb)r@ﬂﬁ@g to .
catal yst,,re a : an_. c partially
or tot aI%Oy o] lﬁrﬁg{ ar)éf:‘gjcf @@&g%éyu&gg?égnéga%%r]?r(gé?%{gép??@ac)f g?@!ﬁg%’hat t he

sel ectivi ti eear@en, glaybder wixtyiesdbereofrmpny weetbad dmowd ipythaddl toi onal cont act

with the cat fe tHOSUBIGHEY BatalisBLAS bedliddS 8DRE bifbire@SupRYtag | ncr eased
where the regil(?tb(?reeffl uent cont giwr?i ng ae m xture gf reacta gﬁ pr oduct

may be passedCigid NAIORS @1 8ilifs over 30 the catal yst under the reaction
condi tions to enh@heprotesscsiitienimientionfis prefaribinpeiformed thithe liqlite process

f the i ' ' Lt | 1y. ' h
Csol ot o of Phatd b o BerBittel i Ak it BBREE e Bsn ab BUHEL b cur sors.
Thi s can be litoited by adixgdriech stirin fixed plug, aedar trickieuedd esacder systémt i | | ati on,
q i on, . . _ Con 6

=il othie f}é?{%&bﬂ ﬂe ngﬁmfélrggés‘ﬁaﬁzﬁ‘eéé%l{m&% %gpé%byrugélagf@onr?grear e used

PCT/ US02/ 373 teria aé
herein:  AERYeignaphr eyl tG°Edp about 250°C, most preferably 200°C. The

process of the present invention may be performed at pressures of

20 1.0 MPato 10.0 MPa. The process is preferably performed at pressures
of ambient to about 1000 psi (6.9 MPa), most preferably at about 500 psi
(3.5 MPa).

The choice of solvent or mixture of solvents is not critical provided
the solvent is not detrimental to catalyst, reactant and product. The

25 solvent can also consist partially or totally of the recycled precursors.

It will be appreciated that the selectivities and yields of product may
be enhanced by additional contact with the catalyst. For example, yields
and selectivities may be increased where the reactor effluent containing a
mixture of reactant and product may be passed one or more times over

30 the catalyst under the reaction conditions to enhance the conversion of
reactant to product.

The process of the instant invention may additionally comprise the
recovery or isolation of tetrahydrofuran and optionally one or more of the
precursors. This can be done by any method known in the art, sych as

35 - distillation, decantation, recrystallization, or extraction.



BDO But anedi ol 5 BSA Benzene sulfonic acid DHF 1,4-D hydrofuran FUR Furan
GBL Gamma- butryol actone GO/ Mass Gas chromat ogr aph/ mass spectroneter 10
VBA Met hawesaloinznd ¢ aci d PTA p- Tol ui csul foni ¢ aci d SAC Nafeicarn(soy/38Buper aci d
Cat al yst-13 THE Tetrahydrofuran TOT Total tetrahydrofuran and precursors
15 Support Source Sibunit carbon Boreskov Inst. of Catalysis, Novosibirsk,
Russi a Cal si cat carbon Engl ehard Corp., E. Wndsor, CT 20 Calgon PCB
carbon Cal gon Corp. Pittsburgh, PA EXAMPLES The catal ysts were prepared
usi ng the foMabeiialg agdridetiiodsr ocedure. Where indicated in the table bel ow,

t he carbon suppor i ' ; under an atnosphere of
PPOT éltlcg%@abﬁé\ﬁ%@@arez&égﬁ%ﬁg P

H2 for 2 hours at r | ate Sss otherw se specified in
the Table, the caf used @ﬁb%@%@ﬂ@m In a 150 m beaker, a solution
or slurry was madBD@® of thButansdi@l precursors and dei oni zed H20O. The

precursors used weikg N O 2peHR2ONd aumbhidkicR from Al fa Aesar, Vard Hill,

MA), PdCl2 (Alfa), and 30 Re20/ (Al fa). The carbon support was added to the
slurry. The sl urrP"Was al | dvisBTRYSTQUERY at for 1 hour at room tenperature
wi th occasional sfFyURing afdrdrhen dried at 120C overnight with frequent
stirring (until f flowng). CBV-760 zeolite was obtained from PQ

Cor poration, P 0 E@j- 842, %W'BQ}@BW&@C&N%%& | ot nunber 7600510711,
granul ated to 16/ &C/MasseshGasBan20dgrapbinass spectromeatened from PQ
Corporatipn, P O Baxy 842, 19482, | ot nunber 1525-51] and
cal ci nedi(gy heatin in fl ov‘@%h%?{@gﬁlg?@m n to 500C, held at 500C for 5
hr., then cool ed PdA 110C. eB\pldigsulignic 8eidai ned from Cont eka, Leiden,

Net her | ands, now a0 03/ 04RREBNBEp&8IdCathRystnadrt of Zeol yst
I nternational, Val|ey Forge | ot nunber 39-09-004,
?—‘ Tetra ydro%

uran
TOT Total tetrahydrofuran and precursors
15
Support Source
Sibunit carbon Boreskov Inst. of Catalysis, Novosibirsk,
Russia
Calsicat carbon Englehard Corp., E. Windsor, CT
20 Calgon PCB carbon Calgon Corp. Pittsburgh, PA
EXAMPLES

The catalysts were prepared using the following general procedure.
Where indicated in the table below, the carbon support was first dried and
25  reduced under an atmosphere of H, for 2 hours at the temperatures
indicated. Unless otherwise specified in the Table, the carbon used was
Calgon PCB. In a 150 mi beaker, a solution or slurry was made up of the
metal precursors and deionized H,O. The precursors used were
NiCly-6H,0 (available from Alfa Aesar, Ward Hill, MA), PdCl, (Alfa), and
30 Re,07 (Alfa). The carbon support was added to the slurry. The slurry was
allowed to stand at for 1 hour at room temperature with occasional stirring
and then dried at 120°C overnight with frequent stirring (until free flowing).
CBV-760 zeolite was obtained from PQ Corporation, P O Box 842,
Valley Forge PA 19482, lot number7600510711, granulated to 16/20
35 - mesh. CBV-3020E zeolite was obtained from PQ Corporation, P O Box
842, Valley Forge PA 19482, lot number 1525-51] and calcined by heating
in flowing air at 1°C/min to 500°C, held at 500°C for 5 hr., then cooled to
110°C. CBV-400 was obtained from Conteka, Leiden, Netherlands, now
7



granul ated to 16/20 nmesh. CBV-1502 zeolite was obtai ned from Cont eka,

Lei den, Netherlands, now part of Zeolyst International, Valley Forge, PA,

| ot nunmbewO03R/0e6®03, and cal ci ned by heating in flow ng ®CT/t02/3BATi n to
5 500C, held at 500C for 5 hr, then cooled to 110C. Val for CBV-20A zeolite
was obtai ned from PQ Corporation, P O Box 842, Valley Forge PA 19482, | ot
nunber AD-29-1, and calcined by heating in flowing air at C/mn to 500CC,
hel d at 500C for 5 hr, then cooled to 110C. _ The 13%Ngg) fOQ) on Si 02 was
prepared as past dbheolysintasnational oValiydrorgs) B it aumper QQ fflased from

Al drich Che’Br{ﬁﬁblaféH to Ms/'zm%@@ CBW—15@Z zé’dﬂit&ﬁvésod)bttalr@dsrr@ﬁmr&éka, can be
|

prepared us g t he proceduyre of t S. Patent
No. 4, 433, 0dzld ehihaihergp r%"%@ahj&f Z&Pﬁ’FﬁE‘tﬁH‘ﬁt'BH 'O%B%? EB@%I 'i on
referred tO bntMBee38qy-683, arsl didtined by)hadlingds flowmgamrah(lf’@/moltm i on

avai | abl ¢ framiBuEa  NeSAR) ASoRiPEMILT 1o TRIRS IGAKd oy Hoa and al so

known as pr épare
appr oxi mat eIz;eoﬁitéBw(aﬂéE#amed &om E’Q Corpcaremry P O Box 842, Valley Forge PA

per 1 uor o 3 rf(}{@g%@(b =26 @C&ﬁ@@éleinfegw héét#@rm%)mnﬁ@bﬁ@ﬂl e
o=l i Cetg ent vet ot o

appr oxi mat el {?C
di amet er about 107N 3%0Katon® dresr@glwaélpxawrédraefémmmaf&ﬁ\@) of distilled

d 3 I
To 500 n0 oF ERapBPS seu SRR bhETHhT R AdRedCher sl S BilsiRbe "o s,
wei ght)  was\WAdoteldF (B solutiohs geﬁerzallwcala(be prepatedusingfine erqmumo on(r)
sol ution 25 yas RLRENS! 50eACadAPD SSkiehPRcol dda@Rdimsgydr oxi de
re I on

sol uti on, st |rre f or her 15 mn. The

silicon cont@tharvwge r@@&th@rﬁ\laf'mn&a%l’ gelufien ceiared tauB ke eygrPiesded

rapidly to tE fdre Rk Ob?fé Néﬁb)\&ﬁ’drﬂa\mﬂa%@ ﬂbm.r)upamt méﬂ@t@ut 10- 15
seconds, the SO utlon

oven andl5dr | Repdaicts, Faye Yﬂh%ﬂ?l%’u?@d @fsoéﬂﬁrwas ég&la '8{7& gv%@qo ﬁ? ;Boﬁ? 2
days, foll oweepbyed #oM mwwﬁeah ls@melmawyl6@1([TFEI§hBoII&aukésg‘bae\sery| ke
Phen st ?‘?ngﬁﬂﬁﬁ?’o@ﬂgwﬁ A7 e S Ry FileclBS, ™ 0T Sued by
washi ng wit h(CE’OﬁGﬁD[(ﬁFgﬁ(ﬁ}iﬁg]émlﬁgﬁ@SO PSIPVE)vieid Bas pact ed by
ot 3 (RSB oo o LU v Pt B
at 100C 30or 24 hol3.§. wivi% Nafign @yl F &l M%B‘Eﬁ)tW'Wa%O@SP%me’ﬁf@br%‘? - exchanged
Nafion(r) 81y@nPI0g 20 RtRATEHERIRABYTMOS), 33 g of distilled water and
3 g of 0.04M HCI was stirred for 45 min to give a clear solution. To 300 mL
of a Nafion® solution (which contains 5% of Nafion® PFIEP by weight)
was added 150 mL of a 0.4 M NaOH solution, while the Nafion® solution
25  was being stirred. After addition of the sodium hydroxide solution, the
resulting solution was stirred for a further 15 min. The silicon containing
solution, prepared as described above, was added rapidly to the stirred
Nafion® containing solution. After about 10-15 seconds, the solution
gelled to a solid mass. The gel was placed in an oven and dried at a
30 temperature of about 95°C, over a period of about 2 days, followed by
drying under vacuum overnight. The hard glass-like product was ground
and passed through a 10-mesh screen. The material was then stirred with
3.5 M HClI for 1 hour (with 500 mL of acid), followed by washing with ‘
500 mL of deionized water. The solid was collected by filtration.
35 ' Acidification, washing and filtration were repeated a total of 5 times and
after the final wash the solid was dried under vacuum at 100°C for
24 hours. Yield of dried product was 98 g. The metal-exchanged Nafion®
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was prepared by addi ng about 50 g of the Nafion(r) Superacid Catal yst-13
to 75 g of water containing either 0.4 g of Pd(N0O3)2H20 or 0.15 g of

RhCl 3H20.wohe/os2but i ons sat overni ght, then were washed wpCh/ o83t ed

wat er before being dried in vacuum at 110C overnight. These are 5 indicated
The reaction was perfornmed by placing 50 ng of erythritol (nmeso form

Al drich), 50 ng of catalyst, 50 ng of the acid, and I m of dioxane

solvent in a 2 m pressure vessel. The vessel ressurized w gl H2 to

500 psi (3. Avapiepatediby mddingnabas $9ey ofikie Netign® e:f%féét@%ﬁ'ﬁb
tenperatureg 6%@ mafe? coﬁ%n‘\ﬁ@%ﬁﬁbrwgfd?@@(nggbzeplzorm{m@s;ge@myl ether was
added as an inte Stano@i o cts anal zed o %”I—,P 6890

GC/ Mass usi iG@lsti@mihsrs @VFFEEQ!?;) h istfliedm

Chr onpack. %Yatéﬁbéﬁdr@%eid@ed@éceﬂsvaﬁuunmdt W@R@bvm@tbn’élnﬁsse ael ative to the

i nternal _stan %and appl ying response factors, the yield (Yld) of 15
each |nd§V| dugiea rdoduct was cal cul ated, as set forth in the Tabl e as

fol lows. 9 WO 03/THLEEEHPCWAsSERaTEDbY plecDadOmy ofenythritgh(mas >- o0 0 O o

0 0d o Gonf> 1\152‘89&@ gdh\gngcf@gtétyg Qo%@oﬂh@ £2i@ shd Canl of diddarle 0) LO O

dN |* O O O O

Ln Od d @ql\r_eni img 3ml e@is@r@ egpelN ﬁe Vé@elwa p@ssgnge@wﬁiz 't
Mc NN C" gicpsiQs. 4 Mbad, &Mﬂ&thev@@sél)\blas@éal@d@oreéb@ro OO0 HN N N Q
QQ -a 1% Qtem e?atgrleorOZ ho&rs ﬁ\e? vessel was then cooled, methoxyethylether

was added as an internal standard and the products analyzed on an HP

6890 GC/Mass using a column of CP-Wax 58 (FFAP) 25 m x 0.25mm ID

from Chrompack. By relating the areas of individual components relative

to the internal standard and applying response factors, the yield (Yld) of

15 each individual product was calculated, as set forth in the Table as
follows.
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2. The process according to Caim1l1 wherein the tetrahydroxybutane is
erythritol. 10 3. The process according to Claim1 further conprising
converti nyo esaitopr ecur sors of tetrahydrofuran to tetrahyacefusozasiziz. The
process of Claim3 wherein the precursors are recycled back into said
process. 5. The process according to Claim1 wherein the rhenium 15
supported on the carbon support further conprises a netal pronoter. 6. The
process according to Caim5 wherein hei tal pronoter is selected from
Goup 8 netals of the Periodic Table ments. 7. The process according
to Caim5 vwagigidclkiiged®d:al pronmoter is N or Pd. 20 8. The process

according to Caim1l wherein the f

consi sting of a) g]n A& 8°%f°BBT%P%§‘2% tpfr ﬁ?&e@iﬁr?ﬂ Orarﬁ)]mt@@e,fgroupa nmet al
salt t hgr eoftetﬂmhydmfarardamd posdturaied @Jmelcw;sot@ ofitgtrahydrefuranether nor e

conpoun § f
Caim1l eréi ng% Re ac] %ﬂfgs&grgﬁpﬁ @ﬁg%@ﬁﬁh d@%&)tan@ N E{g?r?%@ﬁéés °

i nor gani ¢ acotiat leasipene @Clsilwlf"bﬁ|Cé‘t3i)€ti‘d%mouﬂ'(e?ferﬂ’8ﬁﬁﬁ§’atglfgdge"'b'g} gr oal kyl
sul foni c aci gigp GHEY R Adarboh 8 p@,Qr eof . 10. The process accor d| ng to Caim

1 wh th I d i i
sulfoni ¢ acid, G R e PHOERORER' 38 11 “Thebrocess
accor di ng t otefizytrdxybhears is erptaritedi d i s sel ected fromthe group

consisting of sul %;JrTﬁ§?>969ess gﬁﬂﬁ@?’é PRk I"I’\g‘tlﬁjer &bmﬁr@nh%ﬁéh\}érﬁ ¢ acid,

benzenesul fonic a Fuorina onic ac n- exc ged with
a netal frorrsﬂdcmgcws@fs oﬁt@trp@yd@ﬂur@nﬁaﬂe@a%y rof’_ilr@ﬂents CBV- 760 zeolite,

CBV- 1502 zeolite, 4CByh4 oééé%' ot RaineB\vRérein #e2ftezemors are mitgclRAA zeolite.
12. The-process accorg %Q Claim1l wherein the acid is sfﬁgorted on a

solid supporpacﬁmt“?\éaﬁhpr@ﬁﬁﬁ)o PCT/ US02/ 37317 13. The process according to
Cl ai m 12 wherei n gheThelpréceasspamording ts Qlaint ¢dvHereim theehemioop consi sting of

Coircon 13 Sugf: r?%cfoﬁ?é‘?ﬁaﬂo@ Ly et EOB st U mERRRRGRY, o7

process accor di ng6t oTﬁbmrmesmoedlngtth@|@ﬂb56\d1§re@ thpdnetal praneter a
tenperature pf 200G M Woup P mBtdls 8F M PeRbdié TAMSF Elements.
7. The process according to Claim 5 wherein the metal promoter
is Ni or Pd. '

20 8. The process according to Claim 1 wherein the acid is selected
from the group consisting of a) an acid having a pKj less than about 4, or
a metal salt thereof, b) an acidic zeolite, and ¢) a mixture of one or more
compounds from a) with one or more compounds from b).

9. The process of Claim 1 wherein the acid is selected from the

25  group consisting of inorganic acids, organic sulfonic acids,
heteropolyacids, perfluoroalkyl sulfonic acids, and metal salts thereof.

10. The process according to Claim 1 wherein the acid is selected
from the group consisting of sulfuric acid, sulfonic acid, and fluorinated
sulfonic acid polymer.

30 11. The process according to Claim 1 wherein the acid is selected
from the group consisting of sulfuric acid, methanesulfonic acid, p-
toluicsulfonic acid, benzenesulfonic acid, fluorinated sulfonic acid polymer
ion-exchanged with a metal from Group 8 of the Periodic Table of
Elements, CBV-760 zeolite, CBV-1502 zeolite, CBV-400 zeolite, CBV-

35 - 3020 zeolite, and 20A zeolite.

12. The-process according to Claim-1 wherein the acid is supported
on a solid support.

14



to 10.0 MPa. 15. The process according to Claim1 wherein the process is
performed at a tenperature of 150C to 250C and a pressure of 3.0 MPa 10 to
4.0 MPa. W6.030=2o0pr ocess according to C aiml wherein thepPomrasess73is
performed in a dioxane solvent. 17. The process according to Claim1l
wherein a m xture of tetrahydrofuran and precursors of tetrahydrofuran is
prepared. 15 18. A process for preparing tetrahydrofuran or a m xture of

t et rahydrofuran and precursors of tetrahydrofuran, the process conpprising
the steps of: a)13onVeepreress,accerding & LAY SR larﬁléeﬁe“ SURPRIELS ahyd

rofu rand 'Oéeleg@dbf)ror?n%é%”r‘@uﬂ) konsiSRRY 8t &y, ﬁtsm@aﬁ A>08(alamitk)pMoandi ol ;

d taciing t 4=t di f “at |east
one ati d wi ¢ AtanByME0: (HaGRSIRI ArOp BTN ERGIET HAtP BATH " Cuppor ¢ od

on a carbon mgfggthel&;f The process accor d| ng to Claim18 further

conprisin 25 ¢ sai d : o]
t et rahydr%f ur an. 92 ?ﬁ’ o%ers&%%gﬁgﬂéy@%lm r%ﬁﬁqég}%er ellén t he rheni um
support ed onpeﬁermeai aba temppoaturd ofﬂ%ﬁcmg@@&@edam@wremfdn%%?a 21. The
process acco odwg) '?Iﬁ g0 aim 20 wherein the netal pr onoter is selected from
G oup 8 rreta S 0 € Period Tabl e of Elements. ﬁ The pr.ocess
according to C ailfh 20haipseesss agrerding @Cﬂﬁlmribmeremé RIPTEFESSIS 23. The

process of CaiBiéd \éﬁﬂartemew@@@f 150 &edBieand aqresfie 1300 MR®NSI st i ng
of a) an amg?gaoel{ﬂ%a pKa | ess than about 4, or a netal salt thereof, b)

an aci di &V ze c) a mxture or one or nore 35 conpounds of a) W|th
one or nore corrpdﬁnd?.’hefprbc)ess a(s:dmmgmmnomm@rembema@a_ss is24. The

process of ﬁéd%ﬁrﬁb%&éﬁ%ﬁ {d is selected fromthe group consisting

of |norgan|c organic sultfonic acids, heteropolyacids
per f | uor oal kyl sdl7f oihe paeress acaeudinga Claim § WhateingyMIXtgEe Ofthe process

according tog &Pé}lly@ﬁ%%rmSh@'p’ﬂeéd’t@o@%f%tréh;&ﬁbﬂﬁéﬁﬁb p fbr—eun sul furic acid,

sul fonic acid orinate | foni c process
accordi n§to d ailfr 18 RIREFES "tpr'i%p%r('ﬂ%tq h¥gF°g'&Pté@o°r ki Wf%gf gr oup
consi sting oteteahydusfueamand presurbarsesfitbfrainydrofran, thp-process comprising

the steps of:
a) converting 1,2,3,4-tetrahydroxybutane to 3,4-
tetrahydrofurandiol;
20 b) optionally, separating the 3,4-tetrahydrofurandiol; and
c) contacting the 3,4-tetrahydrofurandiol in the presence of
at least one acid with a catalytic amount of rhenium, the
rhenium being supported on a carbon support.
19. The process according to Claim 18 further comprising
25  converting said precursors of tetrahydrofuran to tetrahydrofuran.

20. The process according to Claim 18 wherein the rhenium
supbor‘[ed on the carbon support further comprises a metal promoter.

21. The process according to Claim 20 wherein the metal promoter
is selected from Group 8 metals of the Period Table of Elements.

30 22. The process according to Claim 20 wherein the metal promoter
is Ni or Pd.

23. The process of Claim 18 wherein the acid is selected from the
group consisting of a) an acid having a pK, less than about 4, or a metal
salt thereof, b) an acidic zeolite, or ¢) a mixture or one or more

35 © compounds of a) with one or more compounds of b).
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tol ui csul fonic acid, benzenesulfonic acid, a fluorinated sulfonic acid

pol ynmer ion-exchanged with a netal from Goup 8 of the Periodic Table of 10
El ement s, wOBSW#R00 zeol ite, CBV-1 502 zeolite, CBV-400 zeolpctrajsoZ®si7 3020
zeolite, or 20A zeolite. 27. The process according to Caim 18 wherein the
process is perforned at a tenperature of 100C to 300C and a pressure of
1.0 M\Pa to 10.0 MPa. 15 28. The process according to Claim 18 wherein the

B Oomn T 570! e pB pRckEIBE R ® Gheliiin SR OSeRRArGRITE . P
process is gepdpeansisiing af itiorganie asidsy erganieuidmic atidspr ocess according to
Glaiml or Chaidp é|y%€drsgbggm'ag%atnggﬂggl}fgﬁwa%iﬁ ahBlmely S Wl @ sel ect ed

fromthe group caohsrstin [ unsat urat ¢ urans, and

hydr oxyl at ed f or #®- ofl "ESIPERSRIRGAAIHING ’fOé?vlammﬂ§é(mﬁramefaefaﬁ«éﬁs§elfa¢i§dt hei r
iso_me(r]I Ic Sgr@m@alf%waﬁaﬁmlﬁ&@agi&%f gu%mgtéd Igblf%ni%%id dg{lym@%e% el nRegch S
i's independently jy en or . R 0 0 0
1011 111 30 31 Zg-p:@%e%@c?%ﬁ%‘?"éagpitﬂgﬁ?@ﬁ EQWWSWF‘{Q@%E sslectefsors of

t et r ahydr of ufram tenpraup capsidtiegufesufunt acial) nethaesdulfonicasit hp- t o: to g o)
anhydr oer yt hgi X : | 1:Qg . thritol; and c) _
contacting t ?}%Ih%%Hg@lggcﬁc{,%%ﬁ%%{fe%ﬁfbﬁ%&%gégtggggﬁ%@ﬁ%ﬂgé?éﬁ(%S wth a
catal yti c ampeMMeTiontaxehangedipiibra eetaldraraGsonp 8 afghe Periodic Table of

10  Elements, CBV-760 zeolite, CBV-1502 zeolite, CBV-400 zeolite, CBV-
3020 zeolite, or 20A zeolite.

27. The process according to Claim 18 wherein the process is
performed at a temperature of 100°C to 300°C and a pressure of 1.0 MPa
to 10.0 MPa.

15 28. The process according to Claim 18 wherein the process is
performed at a temperature of 150°C to 250°C and a pressure of 3.0 MPa
to 4.0 MPa.

29. The process according to Claim 18 wherein the process is
performed in a dioxane solvent.

20 30. The process according to Claim 1 or Claim 18 wherein the
precursors of tetrahydrofuran are selected from the group consisting of
butanediol, unsaturated furans, and hydroxylated forms of tetrahydrofuran
and unsaturated furans, and their isomeric forms, as represented by
Formulae 1, lf, and Ill, wherein each R is independently hydrogen or OH.

25
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30 31. A process for preparing tetrahydrofuran and precursors of
tetrahydrofuran comprising the steps of:
a) converting erythritol to anhydroerythritol;
b) optionally separating the anhydroerythritol; and
¢) = contacting the anhydroerythritol in the presence of an acid
35 with a catalytic amount of rhenium supported on carbon.
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