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PCT/ US02/ 37317 FI ELD OF | NVENTI ON Tet rahydr oxybut ane i s hydrogenated in the
presence wowpposted rheniumcatalysts to formtetrahydromwsag3sad its
precursors. BACKGROUND 10 Tetrahydrofuran (tetrahydrofuran) is an
industrially inportant solvent and nmononer. It is prepared commercially
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 bionass. Bi omass conprises
primrily a 15 GarhoOydnate GAvhaRhNeuTBLaLL Bl RbATARS can al so mean as
conprising a po ysacc ar| eria can alrss hean conpri sing

cellul ose, henmicellulose, or lignocellulose materials: for exanple, the
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forestry, organic conponent OfFIEEB'GFFH@VEWON‘dUS”' al wastes, primary

sl udges ?rom paper 20 manuf a wast e vvood (e.qg., sawdust),
agricul tural regea@@ydmhu@@edémd FRgsratecirthe pspzengs eisupmorted st raw,
bagasse, st gh&hlunt s5BlYeRY 1. foriaetraid@irsfuran @nbatsl rgcumgerd.e pl ant nateri al
fromhard wood or beech bark, fiberboard industry waste water, bagasse
pity, bagasse, nol asses, post-fernentation |iquor, furfural stl |1 residues,
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r esi dues, glé%bﬁé\ﬁﬁcaa?é‘éhé%% \WWIRAAAS Dot iR 8epl@ﬁ6ﬁ%$ﬁ1é%ﬁﬂ'§ oilsucr ose
from 30 sugar cane an

ts corn syru and orrbl nati ons of
the above. rEsR¥8H\RINGELS l§ff9rt=9r @‘egr‘ﬁué’{yﬁ g@é’?ﬁ%@f with their
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p3650) bot h residues bach e cach Husks, aloyz edbs, yridechidlsy siraw bagasse, é‘taytchhr itol,
and Mont assigef, oSl %{Iheat(ﬁéﬁ Ol\éé’wld béj?etya\/vagfxﬁz?m maf&as onﬁ’ﬁé%d wBod@icri be the

Ru/ Cu cat al yzed red r oxyt etra ydr of uran, but not
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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:



20 hydrogenate polyols to produce a |arge variety of compounds. U.S. Patent
No. 4, 313,884 prepares anhydropol yols fromthe correspondi ng pol yols using
vari ous nwDaB/osnne as catal ysts; however no exanpl es are ®€3arsoam17 usi ng
either Re salts or erythritol. 25 SUMVARY OF THE | NVENTI ON The invention is
directed to a process for preparing tetrahydrofuran or a m xture of
tetrahydrof uran and unsaturated precursors of tetrahydrofuran, the process
conprising contacting 1, 2,3, 4- oret r abpdr agpbut @¢ in the presence of at

| east one acid with a catalyti1 30 agnuntLof rheni um the rheni um being
supported on a carbon support. | The partitularlly preferred process to
prepare tetrahydrofuran and CecurGldrsToHTetT drof uran conpri ses
contacting erythritol in the presence of an acid with a catal ytic anount

of rhenium supporérggri%] is 685998 3 IR IS Slveeten@RuntiWiigaesubsitard se the

conversion of the 3 recursors to te_trar\lly r o ]ngan. Ad |t|onalga)£/ t he
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preferred eMpaosicatign O?E'%e SF‘H'&’@‘?@@PW?‘[«&%&@& PER: the acid is a) an
acid with a pKa ligss Pahent Nd.oyy939,273rana iHedson stalt (£ I@ngeGhenb) an 5 acidic
zeolite, or i re i~ W th one
o ‘mor o combouas L o GPBRy Bt er bR i HEE M CleibatR cRdar |
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f | uori nat ed diydrexytetrabydrofeppniut natdetsahydipBiran Pragh &f@ld is sul furic
aci d,  met haneouhdmihést. @ietn. (109, W geubS Qai1g dicthsetlese tnasafifsii c acid, a
Group 5. CBISTRUYIEGITT d) HEEITogERo R bl ra et uge SubTely ke 3020
zeolite, or gtffrizsiol ite. The acid is optionally supported on a solid
S ort. 15 1n a e i : invention, the
plrjggursdﬁs of tet -ﬁ?@%’ﬁﬁ?@hﬁ?é,Sﬁécé%ﬁggéﬁggﬁafﬁsoﬁ?mé p\r/ocelss for
further conwgckidehydmmtioatafzhd-dadian pelyolindbe gresanse«af a suppastescess f or
preparing t GhiaidiaRidil Aalh chtalfiedil Sadbd WatdrapistivRing amisafe Bf ecur sors
of tetrahydro‘%_uran, téﬁl’e process 9%0 conpri sing. fhe st%pss of : a) converting
1, 2, 3, 4- t et rvaipup dygputyiated cycls @rthef%tpac-ﬁrfoqtﬁghwanﬂli"@l 1823458t i onal 1y,
separating tdé%b&né’céo%rsrm!?dgélgmlf angrdg@htecdiiih aclramsitidraaistaigot he
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30 a) converlﬁ"ﬁ%V@'}J?Hp%ﬁ%ﬁ%ﬁgé%aégﬁg/aﬁ%%%ﬁﬂ#ﬁ %)%}H@%’f' ?Bﬁgf*%g?%e;&par ating

t he anhydr oarsindeithel Resalts oy ecyhtitabt i ng t he anhydroerythritol in the

presence of an acid with a catalytic anmount of rheni um supported on

T ) SCRI PTI ON OF THE

| NVENTI @§ The invention is 8UMMARYSOFTHEINNENUON anydrofuran and its
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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precursors by contacting tetrahydroxybutane in the presence of an acid
with a catal ytic anount of rhenium supported on carbon. By 5
"t et rahydwooplour2eme” as used herein is nmeant any optical PEEMTES02/37317
m xture thereof, of 1,2, 3,4-tetrahydroxybutane (1,2, 3,4-butanetetrol).
These isoners include erythritol, Dthreitol and L-threitol. A preferred
isonmer is erythritol. By "precursors” as used herein is neant butanediol,
unsat urated furans, and hydr | at ed  f 0 et rghydrof uran _and 10
unsat ur at ed fiom &feup &meta%%P?ty}{es@ﬁ%%“eofr@gf%f E@“?%ﬁr@gﬁpﬁerﬁ\?’lﬁor nul ae I,
I, and 11l NpeJr®s. Wherein each R is independently hydrogen or OH
Preferred precursors ate fura , 4.l : skl 4~ T he
process of the ii%?aq{fa%‘?r ‘?fgﬁm%(?ﬁnﬁ%@ é&ﬁ%@é&%ﬁ%ﬁﬁ%é thnéc’hb%]r?véecr@i on of
t he precursds a) 4o aciet withydpléf lesarthamabsuhdyore mgdalsalithergofol) @1 t he
NUEr OUS 5 Met ' JrRd S SR RYbED apf
AR 2p el P e pr 575 oriny }még o 2

| ndustrial 1em S : éi)? or a d?scri tion of
many of theyéthmensetmorgigenpangstirein gee EPE ¢dOTOFRHP r ecycl i ng

of the precy)s9ssicbrrKiromitAe [fi6uPLoasisiing bPinotgdrib atideponeinid suifdnic

t et r ahydr of .. 25 Th f t i nstant_ |1 i ddi ti |1
R R o e TR L e S
optional |y thepaf.aPrefgratily the deidds saliyrc atidr arsdifohic sl arleen cont acting the
3, 4- tetrahydrof ndiol .1 0. i k4 i ¢ anount
ot henPam CoppaIEl Binic Bpbiafoher oS erdpbRihg Atd 8 st bk, |t Bb
30 pr ecur somsethanestliferlig dcisk prighlicstdionigegith beppepesidionic 2t ded as

descri bed a?&%ﬁaﬁtgyﬁ@?ﬁiéﬁgﬁfeﬂ et E)tntét&iﬁ‘éhgéblwmﬁét@l fforf-Periodic

t et rahydr of uran any et ho in the t. e
Advances i n @@upchyfePYtE0zRAtiteG \,/-15629%%"%%}«%\? %@I z_eoil%, C%V-S@?@ 231,
1970bf or al f&%%gfé,I@}EfQgﬂk‘ﬁolitf@.nYh@facE]dﬁi%i@)tiﬂSﬁtbm:)é&ppd'rtmj meersmi;actugburtagdi ol 32
may De | Solate er or contact. W e cata : . e done py any
00 057 043900, pe/lcragsiasr apbaimash 3¢ il pfRkes bl e @‘%ﬁu@ﬁqgg distillation,
decant at i on,preegrspes of {etahydwiyrancareartyded bank ino e peraesd fenbodi nent

conpri ses tZﬁgﬁgﬁ%&{\%rggn%%%tr?é@d%t]&gﬁ_ to anhydroerythritol. The catal ysts

of the pres ention com rheni'um supported 5 on carbon.
Preferably the calapgisclessstisisngrogsssforpropaingisiiahydmeiiian ok@i ght of Re;

more prefer grhggtgg%n#tﬁ%drrﬁfﬂéﬁ%d?&%@uH%bﬁa*Gﬂéﬁéh(;@rromﬁﬁ, thy procBese with a

surface are 0 . e .catal yst support can be in the form of
powder , 28r arﬁﬂ'%,‘S‘%m%F?Pscﬂf- the like. Selection of an optinal average

particle size for the gatalysivenind 1 2ehdtralpirogymitape tw8ghs 10 paraneters
as reactor residence tine atnE He$i r.ed re@ct or flowrates. The catalyst can
optionally contain a prormt&r,a }5 %’F‘éfF‘QBIOy a netal fromPeriodic Goup 8
(Fe, Co, Ni, Ru, Rh, Ruo), OsoptianallpnsbpriratingPihef $drtettahydrofurandioll axid. The

breferabl y be Teas thafl or ifiafithels 21pirShydrBtiraN@blin gordgitecl,
catal yst25al so preferably shofiatdeasirmng acidnpdia catalgticaresftof 5% by wei ght

of the pronoter netal; norenphLRirg Rl MeARRYbethg®upbbfe8drpa ¥atbdran be
prepared by any nethod known in the art. One preferred nethod invol ves

i npregnating the catal yst SW‘ by incipient wetness with one or nore
netal salts, follysefdiredahdotihéntnthe?froess blisefaciod prepaginghose with a

pKa | ess than, apout .4, preferabl i S nd can be
a Bronst ed gtptrggy\gli'rgﬂér’@poe}n&m@ur%oéﬁ% %%r%ygﬁaf%ﬁbé?ﬁ]gﬁgggg@élg% éaoﬁiri c
sul Ioni cgoﬁur:]i ds, f he;\ler ogpl y?mrdmrting)eryﬂﬂlrdtoft@aarllhyldr@?yﬂ"mqwlc a_cidtils anqlK I
m xt ures thereof. SO, \SUui ) a pKa | ess
t han about 4, incl udi ﬁ%} mt%ﬁ@u&%ﬁg‘ééﬁngz@éﬁa@ﬁgﬁ (_)t ri mﬁjtl)’\rl\%rgcet ates, netal
triflates, and m xtureg) t he@@ﬁacﬁmg;thmmfydroerythntol in the presence of an -

acid with a catalytic amount of rhenium supported on

carbon.
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m xtures of the salts with their conjugate acids. Specific exanples of
catal ysts include sulfuric acid, fluorosulfonic acid, phosphoric acid,

p-t ol uenewoloBowi2eo aci d, benzenesul foni ¢ aci d, phosphot ung®Crasazs7
phosphonol ybdi ¢ acid, trifluoromethanesul fonic acid, nethanesul fonic 30
acid, p-toluicsulfonic acid, 1,1,2,2-tetrafl uoroethanesul fonic acid,
1,1,1, 2, 3, 3-hexafl uoropropanesul fonic acid, and triflatic acid and its
salts. Sulfonic acids ar e conpounds mnth at Ieast one -SC2H group or its
salt. Exanples of pref g HEIN O o] Nesul foni ¢ aci d,

p-tol uicsul fonic %anv@rﬂﬂ)rpi%rblﬁl%éﬁéE&Bfé‘pa@é't@lra@lﬂr@ﬁk&i and@elites, it is
35 "' nmeant a zeolite w rou Lew’s acid S|tes on its

curface  F BORURSS B EITBRNS EAy iy Retaten §16 RISeRCE PN ai al |y
fluorinated wihds ca@m@rarﬁomwm‘rrheﬁmmgm d”rﬂedomdaftiorﬁt&)f'onl c acid groups,
which 5 O?;t/a(g{ % g (USOZ/ 373%] % arttl al totally converted
to the saft SNYAIPYRHIASE )?Séﬁ’e zﬂﬁrg '?Imd%m W@ﬁ&ﬂf%ﬁlé cid pol yner
is Nafi on(r)np)&hufdz thereofioéd, 2 8|4-tatiabydmixybutaniey(te, 3, 4¢fitanefan@int  de
Nenours, W/ ) | ) Super Acid
Catal yat, & DUBgefamets ARBler bIBTuetrahg LRHLE ARitRBED) . 0;

t et r af | uor oetsoyners esyfbrippdr Byu @reﬁtmscerswax:aedhen@nn@memwumm:m onyl
fluori de, COUH@éWeﬂ%%r{sh%hdtlgﬁrﬂwﬁtQ@férHTs)o%tr‘aﬂgdro‘f@faﬁl ampl t_form The

acid can_pe OB'[I onal |y support sol | ort. Suitable

solid support S?%@tﬁeéuwts and “ﬂ%’f 'aomﬁrt i@rms. @tﬁpr@wmtﬁéaby A1203 10
(al Em na)I TF@E}n(Jraetlanl and Il{l/ﬁao(\/\ﬂwf wAéinaéaﬂ] R4s ﬂ\%iebéhdém{lvhﬁydro?émdrt €s,
carpon, cClay res ereo n (0] | N e ar prepare
t he supporte@%a%&?é?%ﬂﬁc%@o[%@@ f”@%aﬁgéf‘gamﬁ é}mfﬁfbrted acid is

Nafion(r) on silica. The process of the invention is preferably perforned
inthe liquid 15 ph5
as but not limted t
reactor system The react NonRtenperatiire
300C, nore prefera
process of the present ™ i

MPa to 10.0 MPa. TRe process i"s pré& erably pefforred atopres§hres of

anbi ent 1> about 1000 psi (6.9 MPa), nost preferably at about 500 psi (3.5
MPa). The choice of solventl or mixture of dblvents is not Britical provided
the solvent is not detrinental to catal yst, reactant and product. The 25

sol vent can al so ‘Tﬁ@%ﬂré&eé&a&tﬂ@'lhé‘taﬁfmVQﬁi%H bha nﬁfm& ﬁ@%ﬁ éaﬁ\eorecursors

It will be a remate b esel ctw}é{g{‘ product may be
enhanced by 'EIW?'SH t Eﬂ%@frsﬂﬁstﬁ girahycpirga. I (5‘?33(99% fere byany ds ~ and
sel ectiviai esf ﬂ'@mmeerdusrmeﬂmﬂismv\m inlthe rgacSes merfdrm@EnGWTd[%d?a ng a

m xture of r C er 30 the
cat al yst undgf tdﬁlg nﬂi?ﬁ%nﬁgo&% i’ ong 'tQ%é %ﬁ?%&m@@oﬁ @F g

reactant to presyaftthesmaihodssheinstant nrnse%mmatyraMc:ompnaawaddl tionally
conpri se theredyemg/smhé);sreba%ﬁ@é b8k ﬁftortr?ég RIRLdE %Fﬁﬂf’fhﬁr%n%ﬁs'n&?% l'y one

or nore of tpee‘; h%ecursors This can be d by any net known 1n the
art, such ast©¥BNYdERIUEAN.| atjon, decantation, recrystallization, or
extractizh. 6 WO TRE A2 mméu’iﬁahﬁﬁﬂéﬁtld‘vhmyla@idﬁloﬁlml Mbhﬁ!méé The
Lot ek, S0 B oA ST Lo AR RN 2L 00
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
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GBL Gamma- butryol actone GC/ Mass Gas chromat ogr aph/ mass spectroneter 10
MSA Met hanesul foni ¢ acid PTA p-Tol ui csul fonic acid SAC Nafion(r) Superacid
Cat al yst -w® 0300 et r ahydr of uran TOT Total tetrahydrof ur arcan$opsmseur sor s
15 Support Source Sibunit carbon Boreskov Inst. of Catalysis, Novosibirsk,
Russi a Cal sicat carbon Engl ehard Corp., E. Wndsor, CT 20 Cal gon PCB
carbon Cal gon Corp. Pittsburgh, PA EXAMPLES The catal ysts were prepared

using the fol | pw ener al Q €. r e ndi ! i . e bel ow,
t he carbon s'UﬁW ni ﬁ‘aetao'iirﬁ%ggl%'n%fsm\%g'oﬁeé%‘g%rggﬁ%ge%eyﬁ%gﬁrﬁﬁgbhere of
H2 for 2 housrsextactiba. Aqrpfermdueabodinmatit catrgdisesiihe senweisinwfse speci fi ed
in the Tabl € H?ﬁolqaré?ﬁp%gﬂ?&glhm. Calgon PCB. In a 150 m beaker, a

e of 't

solution or Sfurry was he nmetal precursors and deioni zed H20
The precursors usHee geiadystaptie pesentiaveniabremprisgrhenivmsappertedard Hil 1,

gfm,”PdCITsﬁ (oﬁ]# Eéaoonarﬂre?&lap%ﬂg c{afél??)oonﬁl?s?ﬁbb@m‘g&t@m&{dtm%b dded t? the
y. e slurry,was allo 0 sta or u rqom t enperature
wi th occasi oMaightpf Re; ﬁ‘(j’re&ﬁ%%f%% aEPPEé%QP %ig\/gr%f%ﬁfreajcﬁqur{gquent
stirring (undrelthbsewvithl @i RV> 26D i Thevestalgbt suppedt carobe R

Cor por atgi <()n, PfO Bo>f|842 %%?? For (%,%h%?ggzs ﬁlg(g. ucglb %&gﬁ?'y?ll,

gr anul at ed tt!?el%m? %Wé’rﬂra&%%sﬁ%%g op ' Wase§ l[og'i e%{ Q

Cor por at i on, averag8partidd 8ize\fat theycdtalygewilAlep@ng2)pdrosuaiupioeesd 525- 51] and
cal ci ned by i i i Ng: Al ; LG | t 500C for 5
hr., thceilt%) cﬁgmﬁgm ﬁ#é%?%g?%ﬁﬁ?%%%%gﬁéﬁﬁ%@ @?f#lc?%%%?%?ilden,

Net her | ands, now Vh&\Ca sapaplipcaihusoagra promater, preferablya meta

I nternati Onaﬁ(som\ifﬁ’érfcﬁ}ch%S’B P8, CooN; iR, B9- 88, 1P0hd Pg! prafeatgd to 16/ 20
mesh. CBV-1502 zeolite S o?t ained from Oon%eka, Lei den,, Net her| ands, now
part of Zeol §6tPd AndMiat isnealatio-aresnaaps 6 thecatalyst PIIbEF ey 90- 003, and
ﬁal Cit Red by Wﬁﬂgmlﬁfgld b@arﬁ}a::m;abé \l/@s Othéfhrdr@lqpali@metth;elcd’Ejaﬂgtfti&Oog Qf or 5
r, en cool e : or - zeol i te was ned, from
Corporat1i50n,m99%' 3-55‘? <~§g§lys IP?@)VeIgﬁtéﬁému'%fﬂ‘@[’\%%(w?ﬁuﬁ%é?aBﬂ:'fZ)Q-1, and
cal ci ned by 5fédsy weight of treenprognater metal] morerprefecaldpabaut h¥. d at 500C for 5
hr, then cool ed t 39 i j alr e

foll ows. Nafion( rfh%ég%ﬂ%gggoqjeu ﬁe?%ééog%ﬁhg%ﬁgﬂgge f'ﬁéﬁ?%ﬁdﬁ@%

Chemi cal Co.preférrevhietkod inNojvesrimpre@ratingl the icatalysfawppart By ivaipiasd pr epar ed

thgg,gg; PIRGERNS Swiftf ondloPmdrgnegthl Hiits, Poibibdifpeaialion: Patent No.

. [ erw se noted, the N}gfk%g(g IIZ;I EP sb! tlg{;, yeferred
to in tRE exanpl eduitalie gidsarerthosgwiih PKa 155 thAD @Pobf uRieiRI2RYai | abl e
:‘\l; ]9_m Dl(JP;)ntS E\hgffi 'E é)edsk_fthé’ﬁ@dugtg,%ﬂr‘cfu@rﬁ bed BiéhstddCor bagiscdce. !Theytwnl as6 5

ion(r - nd is .prepared fromyresin.which is [ pxi mat e :
(TFE) nol ecu‘l’&larb'nPBFPee'\'}‘QFQf‘n"g@?'BFu%ﬁg@(‘Q %{If&n&%q'ﬁg’rﬁ%qﬁgﬂpﬁ%&enesuI fgnyl
fe | uor ;Fg)nt noperfiubealKyCERHQFClaCkRCH{dOFBYHIESHREFBOMNs | SIEDIER)e H;EI%IE?SE I:)a_n

ui v : ; ; in

siql ica, w t\rll\gléd%?‘g .33;{%%%@?3(%}%%3%%8%&?r%%ogg%, I3:1."?"23'?“r)tlgertnre g@r%gt%ﬁ]t‘gﬁ%fs[ ane (TMOS),
33 g of % stmetaldriffikarencelatess metst trifatesnepgmixpsges thareedinebidings nin to give

a clear sol %’iﬁmesT&tﬁ@%aﬁbwimfthéirmahju%a(é acigs! Speefic(edinggles ont ai ns 5% of
Naf i on(r) PFI I% 5 sol ution,

while the Na%3d gh(??% i\ﬁgl&ﬂ%{%w@ﬁg%c@gl%g&qw og?t_ci E’%‘%g".h%ﬁﬁpgﬂficl\%ﬁ tion of the
sodi um hydr oxitelaesesulfarim acidhbenzenesulfonic 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



resulting solution was stirred for a further 15 mn. The silicon containing
sol ution, prepared as descri bed above, was added rapidly to the stirred

Naf i on(r)woamatai2nd ng sol uti on. After about 10-15 seconds, PChaiSenBti on
gelled to a solid mass. The gel was placed in an oven and dried at a 30
tenperature of about 95C, over a period of about 2 days, followed by

dryi ng under vacuum overnight. The hard gl ass-li ke product was ground and
passed t hrough a 10-nesh screen. The material was then stirred with 3.5 M

HO for 1 hotry(ae partisdy orfotally senverteditgithesall KynaaaRicHlprisuiableo m. of
dei oni zed wef|@érinatb suFbhid a6 pephler s N@fle@fpér’ﬂu@ﬁM{@d s&ﬁomcﬂéaudil fication,

hi dfiltrat ted after the
onl S VT, (5 350 2l el 2etreeas B o
dri /edsgrz ;)dggtorms NFian® Bupemiical Catatystng bdadiddbmos{rongly amneaégﬂ)zzgo g
PCT/ U r uper aci
Cat al yst 533 ‘*’Z"C\P@E aoécg:?%g By@%ﬁg?ﬁ’l 2@%6? %Rd%ﬁwh“é'%%f %ﬁm )2H20p0r
0.15 g of m@rtmweocten@sglmnw ﬂu«n@d%eqon&eéedﬂ@mtheﬂh@rprmre dblewi t h
distilled Wwa{ces Sfefp, Peing dried in vacuum at 110C overni ght. These are

5 indicated The reactio erfor C|n f, erythritol (neso
form Aldrich), %ﬁ cﬁc%ggfaygpnalggsq@ng&qa 'tab ?’fﬁ'dls'-’rﬂp%tf di oxane
sol vent in aSRitathlepotidswpporte fixide EbEamemdﬂrnlmztorﬁl@zS(Lsﬂnca):d\Iﬂ)gh H2 to
500 psi 4 a t C

terrpgratlt(J(fe Ayplﬂ?ar% ﬂb R%hégﬂmsiéi Qg@%ég?g@?tgédpcorrg%h%é&g?%yl et her was
added as an canb@nnallaygxgrrmaqtureéﬁhena@é pny doethed mawziedhemrtie HP 6890

GC/ Mass usin ( 5 gom
Chr onpack. Bsre?’g%;ﬁfiﬁ“t hoerg:ar é%?lygl?cféﬁglévqsﬁalm&%rr%ofﬁéﬁ??uk)glog%l ve to the

i nternal st aReidigy S 168 response factors, the yield (YId) of 15
each individual pThépedcevdsofthe tmlertiof.is pﬁefs@tblyi petformed imgelRplie as

f ol | OWSI\)ISQ WZOO ECT%%%?@?SN Wr acof%sw 1- %Eﬂlﬁt co
. NOOOMCoC) coll&mrtﬁdiw\lmﬂxelel ber ¢lurfiged ph(goand(}aotr@mw redofior system.
LLOOV- CQU) 0) TAL r&Xetion temperature is preferably about 100°C to about 300°C, more
preferably about 150°C to 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.
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Materials and Methods
The following abbreviations are used herein:

AERY Anhydroerythritol
BDO Butanediol
5 BSA Benzene sulfonic acid
DHF 1,4-Dihydrofuran
FUR Furan
GBL Gamma-butryolactone
GC/Mass  Gas chromatograph/mass spectrometer
10 MSA Methanesulfonic acid
PTA p-Toluicsulfonic acid
SAC Nafion® Superacid Catalyst-13
THF Tetrahydrofuran
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
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part of Zeolyst International, Valley Forge, PA, lot number 39-09-004,
granulated to 16/20 mesh. CBV-1502 zeolite was obtained from Conteka,
Leiden, Netherlands, now part of Zeolyst International, Valley Forge, PA,
lot number 39-90-003, and caicined by heating in flowing air at 1°C/min to
5 500°C, held at 500°C for 5 hr, then cooled to 110°C. Valfor CBV-20A
zeolite was obtained from PQ Corporation, P O Box 842, Valley Forge PA
19482, lot number AD-29-1, and calcined by heating in flowing air at
1°C/min to 500°CC, held at 500°C for 5 hr, then cooled to 110°C.
The 13% Nafion® on SiO, was prepared as follows. Nafion®
10  PFIEP solutions can be purchased from Aldrich Chemical Co., Milwaukee,
WI, or PFIEP solutions generally can be prepared using the procedure of
U.S. Patent No. 5,094,995 and U.S. Patent No. 4,433,082. Unless
otherwise noted, the Nafion® PFIEP solution referred to in the examples
is Nafion® NR 005, a Nafion® solution available from DuPont Nafion®
15  Products, Fayetteville, NC, and also known as Nafion® SE-5110, and is
prepared from resin which is approximately 6.3 (TFE) molecules for every
perfluoro(3,6-dioxa-4-methyl-7-octenesulfonyl fluoride) molecule
(CF,=CFO[CF,CF(CF3)JOCF,CF,SO,F (PSEPVE)) and has an
equivalent weight of approximately 1070.
20 13.5 wt. % Nafion® PFIEP in silica, with pore diameter about
10 nm, 204 g of tetramethoxysilane (TMOS), 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®

8
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10

15

was prepared by adding about 50 g of the Nafion® Superacid Catalyst-13
to 75 g of water containing either 0.4 g of Pd(NO3)2°H20 or 0.15 g of
RhCl3*H,0. The solutions sat overnight, then were washed with distilled
water before being dried in vacuum at 110°C overnight. These are
indicated

The reaction was performed by placing 50 mg of erythritol (meso
form, Aldrich), 50 mg of catalyst, 50 mg of the acid, and 1 mi of dioxane
solvent in a 2 ml pressure vessel. The vessel was pressurized with H; to
500 psi (3.4 MPa), and then the vessel was heated to reaction
temperature for 2 hours. The 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 0.25 mm ID
from Chrompack. By relating the areas of individual components relative
to the internal standard and applying response factors, the yield (Yld) of
each individual product was calculated, as set forth in the Table as
follows.
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preparing tetrahydrofuran or a m xture of

CLAIMS

What is claimed is:

1. A process for preparing tetrahydrofuran or a mixture of
tetrahydrofuran and unsaturated precursors of tetrahydrofuran, the

5  process comprising contacting 1,2,3,4-tetrahydroxybutane in the presence

of at least one acid with a catalytic amount of rhenium, the rhenium being
supported on a carbon support.

2. The process according to Claim 1 wherein the
tetrahydroxybutane is erythritol.

10 3. The process according to Claim 1 further comprising converting
said precursors of tetrahydrofuran to tetrahydrofuran.

4. The process of Claim 3 wherein the precursors are recycled
back into said process.
5. The process according to Claim 1 wherein the rhenium

15 supported on the carbon support further comprises a metal promoter.

6. The process according to Claim 5 wherein the metal promoter
is selected from Group 8 metals of the Periodic Table of 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



tetrahydrofuran and unsaturated precursors of tetrahydrofuran, the 5
process conprising contacting 1,2, 3, 4-tetrahydroxybutane in the presence

of at | eawDosne20ci d with a catal ytic amount of rhenium tla/usamsizum bei ng
supported on a carbon support. 2. The process according to Caim1l wherein
the tetrahydroxybutane is erythritol. 10 3. The process according to Caim
1 further conprising converting said precursors of tetrahydrofuran to
tetrahydrofuran. 4. The process of Caim3 wherein the precursors_ are

recycl ed back if8o $he@resessensording thelgmobe wdiesip shaysald s¥PrReiSm 1
wherein the éa@eééamrﬁ% tRERPOND eénggtirggp@f S PEAlicaY g%(éluhﬁﬂmc TeO4pri ses a

nmetal pronoter. 6. The process  ac I,ng to Claimb5 rein.the t al
promoter i s(téaniahtMeOs r@s&g_)rpr%?bét(él?go%@),gﬁngpg,rqadﬁpe, éllﬁﬁ’@ngife

El ements. 7. mhaardy @eesst. according to Caim5 wherein the netal pronoter
is N or Pd. 20 §, The process [ : | 0. rein the acid is
sel ected - from tﬁé gﬁlﬁﬁﬁ’r%%er%%({%l%ﬁ(ghgftgg:)lé@h%egélﬁé% 68%&8 a |l ess than
about 4, or perforhed asaltempeeatass of H)0%htcad00fCcanéaipressurgrd 1¢§ MPari xt ure
of one or rm{cf,' %qﬁp%unds froma) with one or nore conmpounds fromb). 9.
The process 0 QZI alm 1l wherein the acid is selected gromthe, 25 group
consi sting of indPgahhe PAeERES, acsogding do Sldipbhwheseindae Prae’ssi®pol yaci ds,
per f | uor oal kybrfshé@Bit & tafipdsatufnef M0 te260C hh¢bgibssurd.of Bie MPacess
according to, Claim1l wherein the acid is selected fromthe group

consi sti % of® g?ﬂ %ﬁ'c acid, sulfonic acid, and fluorinated sulfonic acid
polymer. 30 11. TBe phegessesscawnoiding to &ld@imll whereingheipiocess iacid i s

selected fr 4 -ﬁgé}%' i of sulfuric acid, nethanesul fonic acid,
p- tol uicsul n%@ﬁggil@g%enzen%@t onic acid, fluorinated sulfonic acid

pol ymer i on- exclZngdbewireeess agacsding te Glam d wherein 3 muxtpeg phdi ¢ Tabl e of
El ements, CB ' cur86rS craetrahyirofdRdh 40 féd.te, CBV 35 - 3020
zeolite, and}éé[(y)%@%gﬂréi.gn%gﬁqhe- r.octeeis ygj cardin @({e(?@)g aim 1l wherein the
acid i s $upportedS- off RIOSESS EP"SRE%B%I”}Q @f\x%q%gp@éﬁ)m E‘fﬁi’nj}SOZI 37317 13.
The process eastestiydirofuiram aftl pracur2orshefrtetrahydrefisah; the uppesst carsprisieg ect ed
fromthe gro consisting of Si02 (silica), A1203 (alum na), TiO02
(titania), Né%f%&@nojsi a) or Zr02 (zirconia), zeolites, carbon, clays, and
mixtures thereof. 5 2. Torvertingdsd34ciebabydxybutengittnd4-wherein t he
process is perforned atA dARFuAIHHIG; of 100C to 300C and a pressure of

1.0 MPa to 10.0 MPa, 15. Th rocess .accor di t im1l.wherein the
process 28 perforne®) at ORlI® eF%’P%f?@“%gh%gd%@%fgﬁ%"@ﬁ'é'Qﬁ'h%?‘gssure of
3.0 MPa 10 to ]fr 0 Ngﬁ- d;@ntgﬁh@g the8 dstetrabgdrofiinmagdiodindhei presendesoki n t he
process is perforned in [0) yent Lo : ding to
Claim1l wherein a m xtur @?I&%Pf)@?%&ﬁ@\&lﬁg ucrazta%ytzlicngﬁlgy gf:gf@%?“sﬁg‘fcm%

t et rahydrof uran i s preparhkahiuhdeing spppertecon af ¢arbpn spAPPTg t et r ahydr of ur an

or a mxture of gt "l"r’\'éyﬁbeéé’sr%?bcﬁggg%@élﬁ%?ruﬁﬁeﬁ@rﬁaﬂwﬁgOfUran, the

P03 - 6811 snpverlopsahREalevars 26 WyaBRk e bral 13 ebpdiotiang the
3, 4-t et r ahydr of un@NdiTple; prabéss hccsTtingtbi Clgint H8 wheteingheahgdiuof ur andi ol i n
the presence s%borted 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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at least one acid with a catalytic amount of rhenium the rhenium being
supported on a carbon support. 19. The process according to Caim 18
further cwopsiosizng 25 converting said precursors of tetr @oydrsot/sman to
tetrahydrofuran. 20. The process according to C aim 18 wherein the rhenium
supported on the carbon support further conprises a nmetal pronmoter. 21. The
process according to Claim20 wherein the nmetal pronoter is selected from

eoab i ng 1o & a2 b P8R B BB PR s Fu T rp BRI e
process of Cgadup censibtimgphinorganie adidssorgainécswitdnic acidshe group consi sti ng
of a) an aci %e’f@r\ébaga@l%@'(geﬂfﬁl%%élm%uﬁBHEtac‘fds %hdarggfﬁa'i §£Its fifdrLod her eof, b)

an acidic zeolite unds of a) with
one or nore conp&?ndgh@fprﬁ?eSSlBCW@QﬂQA@Qm1ﬁ@ﬂhﬂﬂ§®2§h§ﬁ§l¢lszsﬁleqfﬁd process

of Caimis Wmemd gumuﬂidﬂémaCSlﬁifdrﬁc aeideef fdorin8d fshﬁomgra%od §|9ﬁﬁelrfsltl ng 0}‘ i

i norgani ¢ acids, Qr c_sul fonic i ds, | per oroa

sul fgnl c acids, g%dgﬁg'?aﬁrog%ﬁ §qu{§)'t%'8§? CI?@#@H@P %‘cat@?sa%@ ‘:‘i@ to Clyal m
18 wherein t Ifr@naﬂ’lejglompscaimmttmg of suffudcnasidl, mﬂthanesulfdmcsamﬁppsu c acid, or
fluorinated gy fQ Ulf&m@%fcﬂ{ %%'n&?ﬁésulﬁﬁlc J&S QrﬂBSﬁﬁgte?%%%H!pn%lij o Claim 18

wherein the aC| I's sel consi s lgH . furic acid,
met hanesul f oRiolYMeY ign-gxchaaged wibi & oweia) &fﬂ@robéﬁz@crtbs drioglicTalkledf a

fluori najgd e a .om Group 8
of the Per %’“@?ﬁ% T e 00 2eITE I OB o i v 6.

CBV- 400 zeol e @ﬁgé z@ﬂﬁFQe or 20A zeolite. 27. The process
according to O ain 1Fhehgoedss advordingteTlains 18 MHereinthe prbcasstismper at ur e of

100C to 300C re of, 1. 15 28. Th oce
accor di ng top%ﬂ‘g[rﬁ{egg?@ﬁgp@eﬁapﬁ%ogﬁ/@@“&to {5@8 @@P?&RF&&S%P%M@AE%M Efe of
150C to 250Ctand.CaMpleessure of 3.0 MPa to 4.0 MPa. 29. ' The process

di to C 1 i i
Zoivent 50730, 7 q’“%’ébiééé%c%%?’é&hgq?ﬁ%ﬁ 8O TRE pibadsdicr el n ¢ he
precursors opeff@tmawﬁadﬁamnataree%é @@ 62%0 &wand\@ pyessipyecsis0 MPag of

but anedi ol , tg\aeymrp&t ed furans, and hydroxyl ated fornms of tetrahydrofuran
and unsaturat ed f [}ﬁf" and thelr isoneric forms, as represented by
I

Formulae I, |1, ProFRsseacrosding trGlaim 1 uhereiaiihe pregassdgen or OR 25
I 11 111 30 ﬂérfor‘hq@djmg&ﬁo)fajfe sulefdr i ng tetrahydrofuran and precursors of

hydr of h hrit ol
anhydr setdc hr 1 oPD. by g e g oaRara e s CANY 46 sRyERbeol ; Cand o)
contacting t heecansgrdrafdetyatiydrotiran are selepteeisieorn ¢hefreup eonsisting oh a
catal ytic angyphQfol" (Wit sy RAGRE SshPRy FrBLNSRd fPms 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.

R R R R R R
R : St————
R
M R?&R M
R Y R R 0 R R 0 R

25

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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