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OF AROVATI C SUBSTRATES BACKGROUND OF THE | NVENTI ON This invention rel ates
to nethods for the hydroxylation of aromatic substrates. In particular,
this invention relates to a nethod for produci ng hydroxyaromatic conpounds
by the oxidation of aromatic substrates in the presence of250yi@02003

hydr ogen, swlomsoset al yst. The invention also relates to cat aostsos/o2s21
conpositions for ffecting._said hydroxylatiaon. Phenol is anmong the nost

i nportant i ndustri g‘ﬂﬁmmmﬁgﬁﬁ@%?@&ﬂa&%&%@%sed for the
manuf acture of thernoplastics and ot her resins, dyestuffs, explosives,

agrochemi cal s, and phar naceuigicAROMATIC SUBNTR LEQr Iy inportant in the
manuf acture of phenol - formal dehyde resins used Iin the construction,

appliance, and autonotive industries, and in the manufacture of bisphenol
A for epoxy and pol ycarbonate resins. Despite its industrial inportance,
prior art nmethods for the production of phenol are non-selective,

mul ti-step, r i | e, benzene nay be al kylated to
B ACKEROUNBUE THE NPENSHIP

obt ai n cunerne, i arn TS oxidized to form cunmene hydroperoxi de. The
hydr operoxi de is cleaved using an acid catal yst to form phenol and acetone.
Anot her i rithiss investionpredates so wsstingisofor da¢ ihgdraak/latioh uFngomhactisubgraespansi ve
starting mat erii’il s... Qder industrial pro%gsae? such as the Raschi g Hooker
process re&aTHouIag; UHs oImyFRen iTRlgRS, Wy PeRAE « fornPIOgREIBg brdigryatpmpticul t to

di spose of cﬁﬁigﬁﬁsy%rtﬁe [RGEMonPELGRSAR bsuhf2 I ﬂ’x@“%ﬁeh%:reggf Bengl s

i ncl ude the hydrox tiron of aromatic substrates usin gen roxi de

in the predgdogenmfand &idagalysdl The raventionl dswiralatesiteventalpst chmmpdsiimas fon U. S.
Pat. No. 5,%33 097. to Nemgth et al., or inthe presence of a hydrogen

f1 uori de- c SPEHRERIMYSLO fex as disclosed in U S. Patent No. 3,453,332
to Vesely et al. U S Pat. No. 5,110,995 further discloses hydroxylation

of phenol @heilienahokie tHeviabit\igpoitinttinGustlifISRBLRC ShenlicAll QS RYafs, Btk | 25

August Zooﬁsed for the manufacture of thermoplastics and other resins, dyestuffs, expiosives,
agrochemicals, and pharmaceuticals. It is particularly important in the manufacture 0%‘
phenol-formaldehyde resins used in the construction, appliance, and automotive

industries, and in the manufacture of bisphenol A for epoxy and polycarbonate resins.

Despite its industrial importance, prior art methods for the production of phenol are
non-selective, muiti-step, and/or expensive. For example, benzene may be alkylated
to obtain cumene, which in turn is oxidized to form cumene hydroperoxide. The
hydroperoxide is cleaved using an acid catalyst to form phenol and acetone, Another
industrial process using oxidation of toluene requires expensive starting materials,
Older industrial processes such as the Raschig Hooker process require high energy

input, and result in corrosive or difficult to dispose of wastes.

More recent processes for the production of phenols inciude the hydroxylation of
aromatic substrates using hydrogen peroxide in the presence of a titanoaluminate
molécular sieve, as disclosed in U.S. Pat. No. 5,233,097 to Nemeth et al,, or in the
presence of a hydrogen fluoride-carbon dioxide complex as disclosed in U.S. Patent
No. 3,453,332 to Vesely et al. U.S. Pat. No. 5,110,995 further discloses

hydroxylation of phenol or phenol derivatives in the presence of nitrous oxide and
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zeolite catalyst. A multi-step process requiring partial hydrogenation of
benzene, separation of the reaction products, oxidation of sonme of the
reaction products, dehydrogenation, and other steps is disclosed in U S
Patent No. 5,180,871 to Matsunaga et al. U S. Patent No. 25 Q@ls285dat 0
GQubel mann et al., U S Patent No. 5,110,995 to Kharitonov et al., and U S
Patent No. 5,756,861 to Panov et al. disclose oxidation of benzene to

phenol by, %H&l}%.i de hiildd ProREQNERURngPpatRAl hidrGadn@lih Y8 ibentddeh yiel ds
of up to about 16% Both EP-A-0, 638,536 and EP- A- 0, 885, 865 di scl ose a

product i osepprativassf dlie resstion myodustsaraxidation cHepoeard et teactiong prodamts,
hydrogen in the liquid hase in the presence Qof at St ising a
nobl e net‘g?myﬁoiflnagﬁ”v?’}‘fo T $&PSpby Figsﬁf%e‘{]dﬁl @‘S'%qtﬁk\éhé’@ﬁﬂleioence of

a vanadi uif.eonRekeflal, Wb & Cpaaliab 5,001 bR 35 GRBLINGAR ATy LS. pRest Mog! ds,
they still su r fromvarious drawbacks and di sadvantages. In particul ar,

ni trous ol d@,9p§ teXherisinve et slndni {U.8sPakstdNo. &8, Titdkid o Peroyatsalt distlogr esent s
significant, envir nmet hods

nental concerns. Thus,, despite the .nu r of

Vet | abi coNgRSgoh TR o ATROI Simels oxids s BB arsehibaf & 2qie agini s a
need for a _process that is sijgple, ., high-yiel envi tall riendly,
econoni cal® §Wg§a ‘ﬂ’agi %gqlbﬁét??pmwg?@r%ﬁké%@équmg\&fw%%gég %EEOF%\I\?EI\WYO\I
The aboverehastdi fregdsdsfavhaoks andatidi compumdtvathesy gnand bl dugatie thebijuidhe

met hod descr.i hed her ei ich is. a method dr | at.i ng .a matic
Cubst rat SrEgn i eresgig Pt sediysE b nBednodf Bl et i HabPe BB nst
one acti vfdal mesd-pesdiyssfaganadiun tdigpoptiesence of oxygen, hydrogen and a
catal yst, wherein the catalyst is formed in solution from a-vanadi um

ni obi UM YYRilé RBEHANUGT eSS HieBRIds Provity tpeoe Yidley, ahdy sl shffes fromnearidiisoni C

| i gand precursor; and at |east _one neutral, electron-donati Q‘g l.i gand

pr ecur sordrawbacksang sldsanvantagegi [oRrEGUIR RUOYS QRidh | expesisnatdit is slfPe, and
anenabl e to i - . %Jﬂ% i , i -%@eon
conpri sed %re%g{%%%?{hﬁgﬁﬁ%%%%ﬂgﬁg%@om béﬁ%@ggn%} i@?ﬁgderg%act I ng
benzene indnite ofrrestsdeawiilableytgesyntheyide dydroxyamodatin cefdpectdsy ¢éhererstiit  of

t he catal yst described above. . . . . .
rgmains a need for a process that is simple, high-yield, environmentally friendly,

economical, and amenable to commercial scale-up.
SUMMARY OF THE INVENTION

The above-described drawbacks and disadvantages are alleviated by the method
described herein, which is a method of hydroxylating an aromatic substrate, which

comprises reacting an aromatic substrate having at least one active aromatic hydrogen

in the presence of oxygen, hydrogen and a catalyst, wherein the catalyst is formed in solution
from a vanadium, niobium, or tantalum precursor or mixture thereof; at least one anionic
ligand precursor; and at least one neutral, electron-donating ligand precursor. The method is

environmentally friendly, economical, safe, and amenable to commercial scale-up.

In another embodiment, the invention comprises a method of making phenol from benzene
comprising reacting benzene in the presence of oxygen, hydrogen, and an effective amount of

$hecatalyst described above.



2 25 August 2003 In yet another enbodi ment the invention conprises a

catal yst conposition for hydroxylating an aromati c substrate having at

| east one active aromatic hydrogen, conprising oxygen, hydrogen, a
vanadi um niobium or tantalum precursor or mxture therenfAudilst b@gsst one
anionic ligand precursor, and at |east one neutral, electron- donating

| i gand precursor. In still another enbodi nent, the invention conprises a

oD B Bl B A e PSR BB S M e 1

pr esent i e : i | St in the
pr esencenﬁg‘?%g%z}ggg,a%hy ?‘gté%%ug%%gfo g%@%aﬁqggﬂgg o%%@ﬁ% fao?ﬂrrggl?l l@%@%ﬁ“ﬁent
conpr i sesc@apasinfwgygén, APd3gen(\d vaniE 036 4idBiuh, dBea: Sldhredurshr @k yhigturen of
benzene iqlthe presence of,oxy?en, hydrogen, and a vanadi um_catal yst. One
or nore of eéeqfaﬁlj Ca5t ORF ARG @E%tﬂ“ﬁ‘f%%ornﬁ‘}d 13k lwaroaszy}eafr@d slgptioRe
practice i referably the aromatic substrate is benzene,
napht hal eﬁé{mtgﬁl agggﬁ,qrsoghenant hrene, or the like, or substituted
derivatives thereof. The substituents nay be the sane or different. The
nunber of substituents may vary, as long as at |east one active aromatic
hydr ogen mnsstif\eabthénfodi bt ; 86t | Ll¢e hydrogen
i s one capabl e of beingg%ggﬁgggﬁﬁgﬁiﬁ§g¥%§${&?§ﬂﬁﬁﬁgﬁ%§mg&%f ?5§f3Wonatic
conpound. PSBERS &pieprisigiicatalyisiiompositign deseyided atoms.one to five substituents,
which may the sane or different. Suitable substituents include one or nore
aryl groups, for exanple phenyl, naphthyl, anthracyl, and phenanthryl. The

aryl subshitHeNED HEYCRIATBR 8RTHE IRWRSHIbY ed by

The present method is directed to hydroxylation of aromatic substrates in the presence

of oxygen, hydrogen, and a catalyst. One preferred embodiment comprises
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various functional groups, providing that such functional groups do not
interfere with the hydroxylation. Suitable functional groups include, but
are not limted to, alkyl groups as described bel ow, carboxylic acids,
carboxylic acid alkyl and aryl esters, aldehydes, hydroxylsaufisedooss, and

al kyl -and swoybo/sebdaers. M xtures of different aryl groups andh@fspeso2s821
as substituents are also within the scope of the

substituted aryl group )

i nventi on. ’@f‘%@i‘ylgliﬂnt lebén%elﬁlﬁs‘ﬂli thgeRresenc Afuerygsme hydrogem. cand) & yangdivips
wher ei n the—ca%ﬁ?%ﬂ groups are straight- or branched-chain, or cyclic, and
typically have"fromone to twenty six carbons. Sone illustrative
non-limting exanples of these al kyl groups include nethyl, ethyl, propyl,
i sopropyl, On¢ gt moteof 4 tange blirgdmatpemubstrgtesmapbahydroxilated|in theyatidawfy|

| tyl . | t hyl cycl ahexyl ., cycl ohept yl . | | kyl -
e oPeut LethisSRRe B toreln e b mafis Sibttats B heptihaleith sriacens and
cunmene. Thephehdtiitens SURS IRBYorl fBEEBIMERDRIVEY Bfked Ut RR s%gvcéédt%la% be

functional groups, providin that such functional groups do not terfere
with the hytgmme@rid@ﬁﬁereaui membénefctubstituénts) may pary,res! lonke as buleasirome not

linited to, | descrj bed, abpve tboxylic acids, carboxylic
nerd oyl R arheUE b B et e TR RY b RO SV aerE & 2RSSR ang
aryl et her shydddgehus efic edpablief dfajeaipt replasyd behpatBgylan &fuc&!dbﬁzﬁf&x&&%%aﬁl:g'

groups as substituents are also wthin the scope of the invention. 3
August 200Fompound; Srseancedr exsouplensry have Heom ope ttalfive swbsuentsewbish

i nclude, b Py to, one or nore functional groups, providing
t hat such ﬁh%‘{hﬁgnafe °5P%E§ﬂdo not interfere with the hydroxyl ati on.

Sui tabl e functional groups include, but are not limted to, carboxylic
aci ds, car fBuitablecsubstituehtairchideanm armbreesybgoups folediatase phangt, auphthyl,

oo Rt L 8%y, MSSESR 5L G Sherh (oRt oD
M xtures ofyasidh$ hinkHERHI SraQRPhovidit SRMMIRFHQRRaCErohpHEs haNBler@FOWRE
the hydroxylation. Suitable functional groups include, but are not limited to, alkyl
groups as described below, carboxylic acids, carboxylic acid alkyl and aryl esters,
aldehydes, hydroxyls, olefins, and alkyl and aryl ethers. Mixtures of different aryl
groups and/or substituted aryl groups as substituents are also within the scope of the

invention.

Other suitable substituents include one or more alkyl groups, wherein the alkyl groups
are straight- or branched-chain, or cyclic, and typically have from one to twenty six
carbons. Some illustrative non-limiting examples of these alkyl groups include
methyl, ethyl, propyl, isopropyl, butyl, tertiary-butyl, pentyl, neopentyl, hexyl,
cyclobutyl, cyclopentyl, cyclohexyl, methylcyclohexyl, cycloheptyl. Exemplary alkyl-
substituted benzenes include, but are not limited to, toluene, xylene, and cumene. The
alkyl groups may themselves be substituted by various functional groups, providing
that such functional groups do not interfere with the hydroxylation. Suifable
functional groups iriclude, but are not limited to, aryl groups as described above,
carboxylic acids, carboxylic acid alkyl and aryl esters, aldehydes, hydroxyls, olefins,
and alkyl and aryl ethers. Mixtures of different alkyl groups and/or substituted alkyl
groups as substituents are also within the scope of the invention. |
3



aryl groups, alkyl groups and/or their functionalized derivatives are al so
within the scope of the invention. Preferred aromatic substrates are
benzene, and benzene substituted by al kyl groups, aryl groups, alkyl
ethers, aryl ethers, or conbinations thereof. Especially psedgjusezbosare

bi phenyl , pheogdesphenol , tol uene, cumene, phenol, and para- elsepfaRP! -
Mol ecul ar oxygen may serve as both oxi dant and source of hydroxyl oxygen in

the presethéysiitakle sutbstmentst inclide, Hyrapg ot Hmted by on@or andre Fugéadia] The

conpositional ratio..between en and hydrogen is preferably outside the
expl osi ve  SFURSOPPVISHE Hat HebBertions Fowstida Bot tseete it s oy lation
advant ageous s ' ¥ : ' rogen,
and Up fo SaireoBERERR Oy AL ERERoPimRe e iy RIERHLINL

hel i um and atidealkylkand #&ypesttms; rghydeds pgieoxydg urefins, and mikye cmbairyihapdegoen,

whi ch may . used dj.rect or. in a mxture, especiaglly, e.9g., as a mxture
with the o%‘é ess?fdtf*léfe.eng%ﬁfxé‘?r@l BEHPY SR ﬁﬁ%@ﬁh@dg? 8eOPe Mg ses
air, or m hwhfsn. COMRIS | JFsub ifg YorfMidati b ure of
e i o Fhvhon, URIiLeS! dTe bHEtEASRARGAL e Yonftifatiolt ©ENBlI ) BEARS,',
about 7.1 KP4 greuns, alivgl gremps iant/op itheis fimetiafalibgdi derjentives ager sike® mathiity then t he

range fro 0..002 MPa to about 1.42 MPa. The absolute total pressure
of the reg%:‘?ofﬁg%tfiﬂ%ma??rmoﬁ'the range of about 0.1 MPa to about 36 MPa, and

preferably within the range of about 1 MPa to about 8 MPa. Preferred

catal ysts Brefeloabadmaric BuBRHNE0MS bohical dHAdRNZERLsIRAGEIIORy, ﬁﬁts}ﬂ'gfd gs
produce a catlgIng/st effective in the hydroxylation of an activeé aronmatic
hydr ogen. 25 ECYPEctisYsethers; Aol gHersy ok combipptons theregf.r Espediallyaprefarsdd

conpl ex, sgeh; { H@rgq ' Lahi I conpl ex; gr i xtures
t hereof; prec l 58?5’ pg| i ﬂ}d&ﬁl’s@l‘%éﬁg}#&gﬁg%@ Wfé‘%&?‘”}%ﬂe@‘ﬁpgﬁor S giving
rise to a neutral, electron-donating ligand, and 4 WD 00/50364 25 August
2003 Molecular oxygen may serve as both oxidant and source of hydroxyl oxygen in the

present hydroxylation method. Hydrogen may serve as a reductant. The
compositional ratio between oxygen and hydrogen is preferably outside the explosive
range from the viewpoint of safety. The hydroxylation advantageously proceeds in
the presence of a mixture of oxygen, hydrogen, and up to about 90% of at least one
inert gas, e.g., nitrogen, argon, helium and the like. A preferred hydrogen source is
molecular hydrogen, which may be used directly or in a mixture, especially, e.g., as a
mixture with the oxygen source. A preferred oxygen and hydrogen source comprises
air, or mixtures comprising the components of air. The partial pressure of oxygen is
preferably in the range from about .02 megaPascals (MPa) to about 7.1 MPa, and the
partial pressure of hydrogen is preferably in the range from about 0.002 MPa to about
1.42 MPa. The absolute total pressure of the reaction is within the range of about 0.1
MPa to about 36 MPa, and preferably within the range of about 1 MPa to about 8
- MPa.

Preferred catalysts are based on precursors which under the reaction conditions

produce a catalyst effective in the hydroxylation of an active aromatic hydrogen.

Such precursors include precursors giving rise to a metal complex, such as a

vanadium, niobium or tantalum complex or mixtures thereof; precursors giving rise to

an anionic ligand; precursors giving rise to a neutral, electron-donating ligand, and
4



PCT/ USO0/ 02821 precursors conprising a conbination of vanadi um niobium or
tantalumwith either an anionic ligand or a neutral, electron-donating

| i gand, or both. The anionic and/or neutral, electron-donating |igands nmay
be present in the sane nolecule, for exanple as bidentat e@shudust 2@y at e

| i gands. Swd eiEosssnet al precursors include, but are not |impE@Rish@ezshpe
oxides or the alkali nmetal salts.of vanadium _ niobium or tantalum for

exanpl e sodiTEFHISASE SOUHRLRHEE @ combingdan of yavadiym, piebIus oy atedim itheithsr am and
tantal um fahox HERAE or YRG!, YRaBh i hCok :

al cohol ates souch ggétgﬁta um triset ﬁgi}%@ g%%lqhiggt?i%hm ?P??ﬁ%%&iaﬁﬁgr

M xt ures ofnentralakleptrendosating limedsingy beiprdsem intthe sane prlaluld, fer exanglei on.
In particul ar. m xt ur es, of qr ec‘g]sors containing either the sane or

di fferent rAStiJentals or Kideptats igandsyi ¢ ahl e ani onic 1igand precursors incl ude,
but are not limted to, halides, carboxylic acids and/or their alkali
metal or otdiebieahdtal pré€Urs@X HERIdE, but Al BIBARUAD.She okided b{;ﬂfe%&% Ab&

bet a- di ketonates, acetyl acetonate, propionate, butyrate, benzoate, or

thei r corr &8lsbrdi Manasiims nickiviboyoy| faptadwindfomredbmplet vedunal metavaradh@l or

ot her salts, in: osiJ:Lon akpha to a heteroaro I ¢c nitrogen atom such as,
but not Ii Fupdiyfted ‘%’p’%‘%‘:% i Rkp Va%ﬁ‘&“’and‘“g%‘ﬂ@t i%ﬁ o SRy nﬁ%& cRople |

pi col i nat e \vvD@caylasétbhateRd apd CVU@@&Iﬁﬁgﬂﬁnénﬁ hglcbholaRE I SNl B&tg%ﬁi(' des.
Sui tabl e suhstituents for picolinic acid and picolinate include, but are
not | i mi t edrigedftoxade and plobium shisgthoxigien Miytumseo! helabgeasursarsgre, alschetithiroar y| |
and aryl. | - di.ket ar | .ude thaose _known in.the .art as

| i gands fo?%’lt %@B Jr:rg’{ Qfg %P’ g‘gg"?‘sg@'@@’%ﬂ?‘%r CESHPTTAVERT IS, eéﬁl%f

bet a- di ket caas or diffecomt nhutaib ategtizabid. ket onat es are derived) include, but are
not limted to, acetyl acetone, benzoyl acetone, dibenzoyl net hane,

di i sobut yryl net.hane, . 2..2- di net hyl hept.ane- 3, 5- di one, ) i

2,2, 6t 11 mOCHTRAPCAiCCI &g RIPOFRDTS W BRdeohis e Akt e to, halides, carboxylic
trifluoroageiy! awpsonReir NaKAf |rH&§10%?eB%E?Cs%hﬁ,”%r Q:?(Q&;g)é t §ddibHOh Qe et One,
pi val oyl - trifluoroacetone, heptafluorodi methyl octanedidne, ’

oct af | uor oinifdyapregtatm eheta-diketonates, acetylacetonate, propionate, butyrate, benzoate, or

their corresponding acids; carboxylic acids and/or their alkali metal or other salts in a

position alpha to a heteroaromatic nitrogen atom, such as, but not limited to, picolinic
acid and substituted picolinic acids; picolinate and substituted picolinates, and their
corresponding N-oxides. Suitable substituents for picolinic acid and picolinate
- include, but are not limited to, carboxylic acid, carboxylate, halogen, alkyl,
hetercaryl, and aryl. Suitable beta-diketonates include those known in the art as
ligands for the metal precursors of the present invention. Examples of beta-diketones
(from which beta-diketonates are derived) include, but are not limited to,
acetylacetone, benzoylacetone, dibenzoylmethane, diisobutyrylmethane, 2,2-
dimethylheptane-3,5-dione, 2,2,6-trimethylheptane-3,5-dione, dipivaloyl-methane,
trifluoroacetylacetone, hexafluoroacetylacetone, benzoyltrifluoro-acetone, pivaloyl-
triﬂuoroacetone, heptafluorodimethyloctanedione, octaﬂuoro-hexanedipne,
decafluoroheptanedione, 4,4,4-triftuoro-1-phenyl-1,3-butanedione, 2-
furoyltrifluoroacetone, 2-theonyltrifluoroacetone, 3-chloro-2,4-pentanedione, 3-ethyl-
2 4-pentanedione, 3-methyl-2,4-pentanedione, methyl 4-acetyl-5-oxohexanoate.

Mixtures of anionic ligand precursors are also within the scope of the invention.

5



decaf | uor ohept anedi one, 4,4,4-tri fluoro-I|-phenyl-1, 3-butanedi one, 2-
furoyltrifluoroacetone, 2-theonyltrifluoroacetone,

3-chl oro- 2, 4- pent anedi one, 3-ethyl- 2, 4-pentanedi one,

3-net hyl - 2, 4- pent anedi one, net hyl 4-acetyl-5-o0xohexanoat e.25 /ng.gmm of

ani oni ¢ | ivgghgspgecursors are also within the scope of the joyeatsan, 5 25
August 2003 WO 00/50364 PCT/ US00/ 02821 Metal conpl exes of e anioni c

| i gands ar Mmdls:mm;ﬂa@he)f the gnionldCligarets ydra adsoonsubis, 2., aWO(Metylactdriang; €) 2.
Sui t abl e ne& ,. &l ectron-donating |ligand precursors include, but are not
limted to2® Folingiede-oni trile: nitrogen in a heteroaromatic ring, such
as, but not limted to, pyridine, substituted pyridines, picolinic acid or
subst i t ut edpiOhiRd, aewb% déﬁlaﬁﬁg%lgﬁnd POLEIFQKY SRR bigt &er@@%ﬂ&d @henol ;
substituted phenols; ethers; furan; tprahydrofuran phosphi nes; ani nes;
am des; keWawe;saceasmmﬂs mt%ogfm‘ in bdmé&roammamm des,. such as; tesooiimitedttoal |

A AR M SR Sl S 5 00 bl o

or as et ahydr6RROHNES WolnBodids! €FHendIne sJu'bgﬁtﬂdad Fgﬁerﬁagaﬁpétﬁerson%u%ef erred
fornmul ati on conprises the conbination at |ow pH (e.g., |ess than about 4,

and pref ertgelydrefary mansphm@mmmps @Fmd@d|kamnmt@mﬂ§dhrﬁabasas,mnbm1 ic
R T R ey S

their corrmapmmﬂt;a,g N- oxi des Anot her preferred formulation conprises the
combi nation of VQ(acetylacetonate)2 with a conpound contai ni ng

het erocaronmatic nitrogen, e.g a pyridyl conpound. Still another
conbi nat i ohl® ABAYR PEERIIRL n&%’m‘?iﬂn%ﬂﬂ%‘ﬁ ofe Ry sPlgionnwepaptely, arhag metal

car boxyl at&)ﬂgﬂ (f@r“@thcgm&‘é?%necﬁ | nlp Om%ﬁé}%aré}féabﬂe erfid rf&%ﬂ%txcﬁsg- , a

pyridyl conpou each t he tTons e catal'ys
formed in mﬁpﬁsemdlefqomblmtmnraatbwupﬂ (mgn,tiessrthamabout4 and preferably less than

about 3) of sodium metavanadate, a carboxylic acid, and a compound containing

heteroaromatic nitrogen, e.g., picolinic acid, substituted picolinic acids, pyridine,
substituted pyridines, or their corresponding N-oxides. Another preferred formulation
comprises the combination of VO(acetylacetonate), with a compound containing
heteroaromatic nitrogen, e.g., a pyridyl compound. Still another combination
comprises the combination of VO(picolinate), with a carboxylate and/or a compound
containing heteroaromatic nitrogen, e.g., a pyridyl compound, In each of the above
formulations, the catalyst is formed in solution from a vanadium, niobium, or
tantalum precursor; a carboxylic acid precursor (which may be in the form of a
carboxylic acid or acid salt, or which may also function as the metal precursor); and a
precursor compound containing heteroaromatic nitrogen, e.g., a pyridyl precursor
(which may be in the form of the pyridyl compound itself, or which may also function

as the metal precursor).

The stoichiometric ratio of the anionic ligand precursor to metal (i.e. vanad_ium,

niobium, or tantalum, or mixture thereof) in the composition and stoichiometric ratio

of the neutral, electron-donating ligand precursor to metal in the composition are not

particularly limited so long as there is a sufficient molar quantity of anionic ligand

and of neutral, electron-donating ligand to satisfy the vacant valency sites on the
6



tantal um precursor; a carboxylic acid precursor (which may be in the form
of a carboxylic acid .or acid salt, or which nay al so function as the
nmetal precursor); and a precursor conpound containing heteroaronmatic
nitrogen, e.g., a pyridyl precursor (which may be in the Jsoxuguef 2603e

pyridyl cowpaentsest sel f, or which may al so function as thepg@i@bon2s
precursor). The stoichjonetric ratio of the anionic |igand precursor to

netal (i .e.m&angthgnictivaicatlyst spesics ghealivain the ydvexmletiam of @of jroinatic he

(i rAELVRICOiAL 1Al spevicy aheel oxgiamof sof
[ Tgand. pr ocareoy BVER ATed ofic aiicrofert BRI paa faf bk QPR bl ' oo

so long as anfeicligandand uikhirsl, elettromtanatitigaliffahd YreOfreforatingt bichanst thdnd of
neutral, electron-donating |i gand to satisfy the vacant val ency sités on

the 6 25 AMGHSE WD the/ BdeAylpdam [ mertiono st or neithl then isokesioncen ve
catal yst spephesioa! beeld Brodudt tﬁgmxdgwihﬁkﬁeo ec%%;gp?ﬁgg@%gf a@g@gﬁogpgs

havi ng at feast one active aronatic hydrogen. [h a
of  ani oni compgeents (amch asan¢tahl , el ectron-donating |igand are preferably not
such that they interfere either with the hydroxylation reaction itself or

ith the i@l ation or, rification of .the product m xture, or with the
\rMecovery gﬁ@‘@elﬁgga@lﬁ Qfgﬁlf{g’;;‘gflsfs alé%r?pg‘ﬁgfﬂxg Hi3HE CORRoKRE Brodugsdnbyaths gand

precursor  idactibsahéh EkRSMBRRIFR! éaﬁowmua%&h&éyﬁ%e&%r g?%rso‘i‘%?a {heln,

then the stoichionetric ratio of |igand precursor to ne precursor my be
directly r édiraetorelated tedhe turnevesmumbeb of thefreadtiony whichiinthe wiklidodf maleg b yi el d

f I | f I ) xt f tals). T
Curnover  niashe? BetCinelS" o el B siRbHe: el ¥hE sbmgyen, fusbiis, o Bt c
conpounds practoie edbterfniries €Y iHibiEY el iHGidenGMromtitict USRAMBIds NPraMREed, SFElesi I ed

to be as high as possible. Preferred turnover nunbers for the present
i nvent i on SPEMPMEEREsnay{he tymoyes nambes isdesised topeas high astoassibleh Brefersed, and

most  pref epabloer GBLS Torl 118 'ﬁr@s@%ﬁvé‘ﬁion-r%g igf’\e%lek- Yhah'W, A€ &)rer}grgg@rg%eater

than about 10, and most preferably greater than about 50. Typically turnover numbers
may be between about 5 and about 50.

In preferred embodiments of the present invention the stoichiometric ratio of both the
anionic ligand precursor to metal and the neutral, electron-donating ligand precursor
to metal in the composition are about 500-2 : 1, more preferably about 100-2 : 1, and
still more preferably about 50-2 : 1. When the catalyst composition comprises metal
precursor (or mixture of metal precursors) in which the metal is supplied in the form
of, for example, a complex with either the anionic ligand precursor, or the neutral,
electron-donating ligand precursor, or both, then the stoichiometric ratio of ligand
precursor to metal is essentially 2:1, as for example in VO(acetylacetonate); and in
VO(picolinate),. It is also contemplated that additional, uncomplexed anionic ligand
precursor, or uncomplexed neutral, electron-donating ligand precursor, or both, may
be added to the reaction mixture when the metal is supplied in the form of a complex
with either the anionic ligand precursor, or the neutral, electron-donating ligand

precursor, or both.



may be between about 5 and about 50. In preferred enbodi nents of the
present invention the stoichionmetric ratio of both the anionic |igand
precursor to nmetal and the neutral, electron-donating |ligand precursor to
nmetal in the conposition are about 500-2 : 1, nore prefer @3 Augabo2003100- 2 :
1, and stjll more preferably about 50-2 : 1. Wen the catal yst conposition
conpri ses W& Y593, ecur sor (or m xture of metal precursors) PERURG/EE2L he

metal is Swmddlﬁdoea b&gnd By OQM i9'h pmea?%egc%hra% SaEm eeéamé,gﬁgag{gsf the

ani onic |ligand precursor, O neutr nat i
pr ecur sor, combimtibns h‘mgngiwhensst m| thiei pmmnlce of moleculaf okygganet apneleculsor to
netal is essent iall in VOlacetyl acetonate)2 and in

2:1,
VQ( pi col i naﬁﬁg@.PrF?‘%?g tgpgtaﬁféﬁ%pg aﬁ?%ﬁ‘ef%ét[m di tional, unconpl exed
anionic ligand precursor, or unconplexed neutral, electron donating |igand
precursor, or both, magoOha'addsd to the reaction mxture when the netal is
supplied in the formof a corrpl ex wth either the anionic |igand
precursor, or the neutral, electron-donating |ligand precursor, or both. 7
25 August SOes i w/mgtabwcb@srmgd@mzagmqurﬁwmumnnsgarbmg@r Bomtsory, it

's_hypothe 'Zegaﬁhr?t SRS 3CRT RlaYShidhE FHaB Obr bisk até‘?‘%an%”%nd‘ﬁylsga ve

rise in th 88 \CEBGF 9Tl ecal ar oXygen dr a nol ecul ar Xygen” precur sor

to catal yShSutFBi,Vél&grdnh@or@ﬁ %hgdmdstsmbla:ramdm(1@)16kﬂdcmcie2wﬂam@dstainmd\d is a
metal such as vapadium niobiumor tantalum n_is an integer fromO to

mis an intgb#lidesops the gogjugpie pasea®f ohiBHoRYliGAcH. B pfample aedaty gand.
d L2 | d
an ! Sbg(?ﬂﬁb%&fe?a[lte h%{ae({ﬁk%ﬁﬂ%tgs? Qﬁ%t#/ﬁg tbhﬁ@'b‘i‘?%@ﬁté ar%ggr?éng%b&e igands

i ncl ude, are no es or 't co ase of
car boxyl i ctiecteohjugate basamfle caborylid acid i & fjasitionaglphate,a hetbmaebrka&toonat es,
acetyl acet gptraotg%n aPom,pslug at ut lﬁgtt 1rrn?tf3§ to, %?C%Igz?teeanda snu%stituted picolinates, and
their corresponding N-oxides. Suitable neutral, electron-donating ligands include, but
are not limited to, water; acetonitrile; nitrogen in a heteroaromatic ring, such as, but
not limited to, pyridine, pyridyl, picolinic acid or a substituted picolinic acid;
alcohols; hydroxyaromatic compounds; phenol; substituted phenols; ethers; furan;

tetrahydrofuran; phosphines; amine; amides; ketones; esters; Schiff bases; or imides.

The catalyst is present in an effective amount, which is readily determined empirically
by one of ordhinaryrskill in the art, depending on the starting aromatic substrate, the
desired reaction rate, the cost of the catalyst, and like considerations. Generally, the
catalyst will be present in amounts of up to about 10 mole percent of the aromatic

substrate.

The reaction temperature is generally within the range of about 25 °C to about 200 °
C, preferably in the range of about 40 ° to about 150 °C. Although the reaction time
depends upon reaction conditions, the reaction time is generally several seconds to

several hours.

Although the reaction may be run neat in benzene, toluene, or other aromatic
substrate, at least one inert solvent may also be used where desirable to provide at

least some degree of miscibility or microhomogeneity with respect to the catalyst, the



t he conjugate base of a carboxylic acid in a position alpha to a

het eroaromatic nitrogen atom such as, but not |limted to, picolinate, and
substituted picolinates, and their correspondi ng N oxides. Suitable
neutral, electron-donating |ligands include, but are not Izm@gggtp@m wat er ;
acetonitri I\;eﬁ,ogj)gd_q,gpgen in a heteroaromatic ring, such as, F; alczii“ ted
to, pyridine, pyri picolinic acid or a substituted picolinic aC|

al cohol s; h@/@ﬂ@%‘;‘/aﬁ‘-‘éﬁaﬁt%comm hysinegenl ; SelMsstsi whichdenihecmIsstubdither s;

furan; tet p h| n anm ne . ket ones; sters Schi f f
bases; or |énr?%%r§g&f{ el%gaf {?13 eac%g%r %e?f?e?'ﬂ?yar?dﬁlﬁbéecté ﬁ"émﬁ Xent Willeh i s
readily det eptithaldsotutilize, @eldayt inPartpihe BémaicbinRfriteStk!datallyhet R S y:%
depending on the starting aronmatic substrate, the desired reacti o rat e,

the cost ofandier bydragsps withawd signifisansbn deatessig b‘mutllmnen adfﬁwen@tmf tbat al yst

will be pre | out 10 e .aromatic
subst ratg %ﬁeglsrtezritgt% Hﬁw&g?nﬁo’é?tg? Illflrhgder “‘gaéﬁé‘%rﬁ&';‘em tﬁcﬁtof‘ﬁg Qh‘a‘é“%?d about
25 C to abohtdra@ebonsC, freomef eclilbiofort) Uhldranemand, aBAh 4Btradhforfleouty 150 C.
Al though the reaction ti rre depends upon reaction conditions, the reaction
tine is gen‘v'éﬁr%h‘ﬁ;‘o% eqf: seconds to several hours. Although the reaction
may be run neat in benzene, toluene, or other aromatic substrate, at |east
one inert S re 0 i de east
core. degr oo e A B s anarty sl 6 eBpyofé

catal yst, tiecgs.\\WOn0a/Beds aearbomegialyst EMSIgaWIatd!Sﬁ&é@Q&ﬂln ahe rmbrnatic

bstrat Sol t h h | ubi it
andlor r each YT of Pt RS ity o eisbb! Undey AABeR AomesPhit, Andia
sol vent W |dasequgimiRikd Uorﬁ;ﬂjidi'@g b)ty%grrl] h%ﬁrd ﬁISJnd'a'E‘ 138/ dne 1ﬁé}ﬁ% A0 TRLdda

substrate, .the catalyst, and oxyg /or hydrogen wt Si gni ?I cantly
decr easi ng inteethe reaction vessal. eﬂfth@uﬁm necressame, it is preferred that the gas mixture

be sparged or vigorously mixed with the reaction liquor in order to enhance transport

into the liquor and thus increase reaction rate. In this instance, the use of a
homogenous feedstock is advantageous in ensuring adequate contact between the
catalyst and the aromatic substrate. The hydroxyaromatic compound or other products
produced by the method of this invention may be separated and isolated by

conventional techniques.

The following Examples are provided by way of example only, and should not be

read to limit the scope of the invention.

Example 1 -

0.01 grams (g) of VO(acetylacetonate),, 0.02 g of picolinic acid, and 50 milliliters
(mL) of benzene were added to a stainless steel bomb. The bomb was sealed with a
cap containing a gas-sparging stir shaft and reactor cooling coils. The reactor was
then brought to 100 °C with stirring, and pressurized with 2.1% hydrogen gas in air at
6.9 MPa. Stirring was continued at this temperature and pressure for about 18 hours.
The reaction was then cooled, and analysis by gas chromatography indicated the
presence of 0.012 g of phenol and no other reaction products, indicating a turnover

number (yield of moles of product per moles of catalyst) of 3.5.
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catal yst. Exenplary solvents include, but are not limted to, acetonitrile,
fluorinated hydrocarbons, freons, chloroform dichloronethane, carbon
tetrachl oride, or conbinations thereof. Hydroxylation may be practiced
either in a batch, sem -continuous, or continuous process5 Auguat Pa3ch
reaction caigd ysdgs@nd |igands are dissolved in the aromatic substrate or
substrate/sol vent m xture, preferably under an inert atnosphdi@/Upag23821
gaseous m xtExaspdodpri si ng oxygen, hydrogen, and at |east one inert gas is
introduced into the reaction vessel. Although not necessary, it is

preferred t th m xture _be sparged or vigorously mxed with the
reaction |i§§‘§@‘ oﬁn%?féer ¥o &ABMTEe PresHEOEY t Whicho tiRe  Ispiption arproduees

i ncrease reagbd colifat t PlaSqd a_ h enous.

feedstock is aedcggtﬁta eoﬁjén%"hméﬁ%éﬁg‘?%ﬁlngﬁévéﬁgﬁ gl{iegﬁ?’%c?rebaé&gggﬂ g piginless

catal yst an@teehbomb.onfirei horshu s sentedewitlihe ciy domuindned BRd-bfarGAERAH AL P LN @t her

products prrgaq%(%ed tf% the.lmet Hﬁd of this invention may be separated and
g Yechfifq

i sol ated by “Conve n&f! [RISIOT THe thel | ypkely B arepttin dempemanire ded

by way of exappd:emarel d: N0 to.limt the _scope of the
i nventi on. )Iéz_xarrpl e 1 %%%O?‘%r\gﬁgg!(lgsn%b%n@&eaﬂ%%%fia‘ggﬂf Sr{g’f‘&)r?,o_f%y ggn &

pi col i ni ¢ a@rdaprIAdinBeelyi6.9 IMP4 ef £.1% riiy)drodenbgdss e NStk &is AdaHudLO 2R this
stainl ess S[e%ﬁ:{eral?@rgb' The bonb .r/as sealed with a cap containing a

gas- spar gi ng SIS ROE PTERe MELE PR mQre oS Mgtaksils gbservrd. r Bhecteactionais thérhen.
brought to défled; amit dhabizkd rHyn J ,th 2, 1% hydr.ogen gas in
air at 6.9 I\/PacF Sti rrig;g \Tgsg%so%ﬂﬁgﬁgw){ ﬁfgh%nt{l}gr%ﬁfpgyé’rﬁd%ﬁ%g%re
for about 1Be™d8Rfs. The reaction was then cool ed, and anal ysis by gas
chromat ogr aphy indicated the presence of 0.012 g of phenol and no other
reaction products, indicating a turnover nunber (yield of noles of product
per noles of catalyst) of 3.5. 9 25 August 2003
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WO 00/ 50364 Exanple 2 PCTI JS00/02%$21 VQ(picolinate)2 or catalyst
precursors which in solution produce VQ Q) (picolinate)(L)n, (as described
above) and benzene are added to a stainless steel bonb. The bonb is seal ed
with a cap containing gas-sparging stir shaft and reactorse@usnenoeoi | s.
The reactor is then brought to reaction tenperature (approximtely 100 C
Wth stirrin and pressurized wwth a m xture of hydrogen in air

(appr oxi mat %{%TﬁmEB.Iﬁ% hydrogen gas). Stirring is continued at this
tenperature and pressure until no nore gas uptake is observed. The reaction

is then cogled, I chromat ogr a to show the presence of

phenol in génzerfg%t?‘gaz%gﬁgs‘g%?%aﬁl’—ﬂ?q%iccg‘%wrl’B'?'-:l‘?h LOTPISE8 Of

hydr oxyl at i mgacﬂﬂgﬁanmhaﬁc%m{:ﬁ&tﬁavmg' € [aBOsmRY ; i ometic

substrate having at | east one active a gﬁ%tlc hyarogeaﬁalﬁ%gctlﬁ@‘rgggé‘ ce of

oxygen, hydE¥@resnge ofcexygens thydrbgemiand hecatalyst, iwhedein ShbOsdiE st s

sol utisn fr%_"n a anad&% ;H_obi um or, tantal um precursor or mxture

t hereof’; at 1 poluron, framy & ganadiinec miaksum, or tantalum spreoussareor r al |
claiml, wherein the

| Jar 1EAst 7o Y hod of
el ectron ,Oﬂﬁiﬁﬂg g{él gafs}gr %@?%%mcﬁﬁg%%ﬁﬁg tlgasio ,

aromati ¢ substra

napht hal eneeleamﬂn-IMﬁﬁglmﬂaqﬁ'@aﬁgaﬁJ and 10 derivatives of the foregoing
havi ng one or nore substituents. 3. The nethod of claim 2, wherein the
of aryl groups, alkyl

substituents are_selected fromthe group consistin
groups, furcti oﬁgﬁeW'B%SPI:SlﬁéE‘lr.m?lﬁéE‘P@ﬁmﬁeﬁn $tratetie seliecteti feom
functional {5eQ4BapbRsERRE Y behferfil HSphthalene, anthracen, phenanthrene, and

10 derivatives of the foregoing having one or more substituents.

3. The method of claim 2, wherein the substituents are selected from the

group consisting of aryl groups, alkyl groups, functional groups, and.

combinations thereof, wherein the functional groups are carboxylic acids,

carboxylic acid alky! esters, carboxylic acid ary] esters, aldehydes, hydroxyls,
15 olefins, alkyl ethers, or aryl ethers,

4, The method of claﬁm 3, wherein the substituents are substitiuted by one
or more moieties selected from the group consisting of aryl groups, alkyl
groups, functional groups, or combinations thereof, wherein the functional
groups are carboxylic acids, carboxylic acid alkyl esters, carboxylic acid aryl

20 esters, aldehydes, hydroxyls, olefins, alkyl ethers, or aryl ethers.

5. The method of claim 2, wherein the aromatic substrate is benzene, or
benzene substituted by at least one atkyl group, aryl group, alkyl ether, aryl

ether, hydroxyl, or combinations thereof.

2 ‘ The method of claim 5, wherein the aromatic substrate is benzene,
25 biphenyl, phenyl phenol, toluene, cumene, phenol, or parg-cumyl phenol.

7. The method of claim 2, wherein the aromatic substrate is benzene.
11



carboxylic acid al kyl esters, carboxylic add aryl esters, al dehydes,
hydroxyls, 15 olefins, alkyl ethers, or aryl ethers. 4. The nethod of
claim 3, wherein the substituents are substituted by one or nore noieties

selected fromthe group consisting of aryl groups, alkyl 2B QRS 2003

functional groups, or conbinations thereof, wherein the functional groups
20

are carboxyl gc ackgls, .carboxylic acid alkyl, esters, carboxylic add aryl
al deﬁydes?ﬂ%yg}ews%@ (57&%*‘\ r:nlswae%ﬁ‘ ey genr apd yhydtdgens ar@5 5.

esters,

The net hod oprelidbdagd a bansd ' % rate,ls benzene, or
benzene subs?i tuted by at Ieas{ %ﬁ@%‘k’g{ %tﬁﬁ%la?%ﬁ’ﬂ?ziﬂﬂﬁﬂaseﬁ’her,
aryl et her, asyoisiure of bydeogdr withigins thereof. 6. The nethod of claimb5,

wherein the aromatic substrate is benzene, biphenyl, phenyl phenol,
| phenol. 7. The method of claim 2,

tol uene, cungne, .phenol ‘?r par.a- cu : i

wherei n t he 4r onatPeméthed of claims8 jw ﬂiﬁmﬁerchchs(y@ﬁ%cBhy&fmgaﬂet hod

of claignl, ; i a hydrogen are provided as a m xture of
g ) ﬁéﬁ&%\%ﬁﬁﬁ%ﬁﬁ@&?%%ﬁ%‘e t gas, or as a mxture of

oxygen and hydrog
hydrogen with air. 9. The nethod of claim@8, wherein the m xture of oxygen

and hydrogeriD. a iThe nrethodasf celaph i §esvhdRelr tRY 34y a The met hod
of claim1, wherein the oxygen and hydrogen are Jr%é?/ll (%‘gg g}yd%g%?résasrﬁre
bet ween 0. 1 RP¥IdedptIcoNeaire betweeneOddvRadndi36diam 1, wherein the

stoichionetric ratio of anionic ligand precursor to vanadi um niobium or
tric, ratjo of neutral,

tantal um oRfim X fe, 10 t he.stoichio neu
el ectron-donati ng %’55"%%?’5&&%@%#%‘8}‘&'&?%&8? FIChicsmstrin ratie ofandioniey  or
m xt ure t heligahd greciesohtB398nadiuml niobium, or tantalum, or mixture thereof, and -

10 the stoichiometric ratio of neutral, electron-donaﬂng ligand precursor to

vanadium, niobium, or tantalum, or mixture thereof are each 5002 1.

12. The method of claim 1, wherein the stoichiometric ratio of anfonic
ligand precursor to vanadium, niobium, or tantalum, or mixture thereof, and
‘the stoichiometric rato of neutral, electron-donating ligand precursor to

15 vanadium, niobjum, or tantalum, or mixture thereof are each 100-2; 1.

13.  The method of claim 1, wherein the stoichiometric ratio of amionic
ligand precursor to vanadium, niebium, or tantalum, or mixture thereof, and
the stoichiometric ratio of neutral, electron-donating ligand precursor to
vanadium, niobium, or tantalum, or mixture thereof are each50-2:1, _

20 14, The method of claim 1, wherein the anionic Ligand precursor is at least
one member selected from the group consisting of halides, carboxylic acids,
acetic acid, u'iﬂuqroaceﬁc acid, propiornic acid, butyric acid, benzoic acid,
beta-diketones, acetylacetone, conjugate bases of carboxylic acids, acetate,
triflucroacetate,  propionate, butyrate, benzoate, beta-diketcnat;as,

25 acetylacetonate, carboxylic acids in a position alpha to a heteroaromatic
nitrogen atom, picolinic acid, substituted picolinic acids, picolinic acid N-

12



12. The method of claim1l, wherein the stoichionetric ratio of anionic

| i gand precursor to vanadium niobium or tantalum or m xture thereof, and
the stoichionetric ratio of neutral, electron-donating |ligand precursor to
15 vanadi um niobium or tantalum or mxture thereof are 2gayudOibod ;1.

13. The nethod of claim1l, wherein the stoichionetric ratio of anionic
m xture thereof, and

| i gand precurggget ﬁ'i‘ﬁt‘é. |.Qhi U or, tantal um or

t he stoichi onet trﬂ'iactﬁ'lr]:)(;{ft 1 0 g%%%?&fﬂ rHdes Conpmgate hasesiaf WHesdy to

vanadi um ni ébiaippsitiontadpha ko & hedbroal i of are .each 50-2: 1, 20 14.

The nethod of_.claim 1, _V\Egarei n thetdéar.l?&gﬁ?gn]h?‘gé%datﬁ?%cﬂﬁﬁmfﬁsﬂd{sﬂf@m

one nmenber sdNEUInAIEY, (RigRlinate g¥-oujde; ans sitbstesiof Oﬁléﬂh‘i‘&@l\’%@%‘%ﬁgc aci ds,

acetic acid, fehbf.h Li%ﬁ@tcet | c_aci f Eropi onic acid, butyric acrda; n%i C

acid, beta-di ketones. —aberyratetfof ,Ieaéérﬂnﬁgm@‘lbﬂseﬁeﬁédcﬁbﬂpméiﬁoa i ds,

acute, &riflonsiomeeba rRekRRahE; tyrate, ,benzoate, beta-diKketohates,

25 acetyl acet onat e, catrvﬁge({/‘)'l#c ac?gg’ ﬁu'gl%géﬁdgldt Pﬁwraarmﬂmnag, pyridine,

het er oar omat Bébstititads gomicities)) plblfld Akig, ag hﬁ%‘?%l‘t’ ted $i col { nic_acids,

picolinic acid,N 12 25 August 1%003 oxi de, substitut 5 %ﬁufof"ldfc ls,

N- oxi des, coh}"aﬁ’ﬁ‘ﬂ’@r‘?ﬁ@% Frmpeanhds:y phenalc isdbstifuted ﬁl@&{dlé,o@ﬂféf? hguzta(ﬁ, a
at’es;

het er oar omat fegraPl, ML OGS, 2 icolinate, substituted picolin
pi col i nate N-oxi g.e, an%l’shgg%l?@ﬂ?%oﬂm PRY¢les, Nkataners sstarad Sthugr basgud! r al
| i gand pr ecuarsbimidesat | east one nenber selected fromthe group 5
consisting of water, acetonitrile, nitrogen in a heteroaromatic ring

pyridi pe, bstit,uted pyridines, picolinic acid, substituted picolinic
aci ds, ﬂgl coag’r s, fm@gﬂﬁbﬁf)ﬂlﬂﬁndr evhrepeinrtiie capitpRal forshdid E&Eﬁg B‘Ege;nnm s,
ethers, furan, rfaﬁiﬁﬁhyﬂfg;fi ran, phosphi nes, anines, am des, Ke 8 )

esters, Schiff Dases OV, (8L tanilum presurearh ook afnixtigé MiHeredhienei n

the catalysraitmxdyluepdedutss? bl aBydid N Precursor.

16.  The method of claim 1, wherein the catalyst is formed in solution from
a combination of picolinic acid, and at least one of sodium metavanadate
15 VO(picolinate); or VO(acetylacetonate)z. ’

17.  The method of claim 1, wherein a catalyst in solution has the formula
MO(O)(LYa(LYm, wherein M is vanadium, niobium or tantalum, n is an
integer from 0 to0 1, m is an integer from 1t0 3, L1 is an anionic, mono- or bi-
dentate ligand, and 125 2 neutral, electron-donating Lgand.

20 18.  The method of claim 17, wherein Ll is at least one member selected
from the group consisting of halides, conjugate bases of carboxylic acids
acetate, trifluoroacetate, beta-diketonates, acetylacetonate, propionate!
butyrate, benzoate, conjugate bases of carboxylic acids in a position alpha to a,
heteroaromatic nitrogen atom, picolinate, substituted bicolinates, picolinate

25 N-oxide, and substituted picolinate N-oxides; and 12 is at least one member
selected from the gToup consisting of water, acetonitrile, nitrogen in a
heteroaromatic ring, pyridine, substituted Pytidines, picolinic acid,

13



a vanadi um ni obium or tantalum precursor, or mxture thereof; a

carboxyl ate precursor; and a pyridyl precursor. 16. The nethod of claim1,
wherein the catalyst is forted in solution from a conbination of picolinic
acid, and at |east one of sodiumrnetavanadate, 15 VQpi cxd Aduise}@0r

VO acefyl acetonate)2. 17. The nethod of claim1l1l, wherein a catalyst in
solution has the formula MJ02)(Lx)n(l"',2),, Wierein Mis vanadi um

ni obiumor tantalum n is an integer fromO to 1, mis an integer froml

to 3, LI is ki i hshold IR caRhduadsS phenslit ral ,
el ect ron-doﬁgP?%%ﬁégﬁﬂmg%ci% #%%ho’\gfﬁ)cgbg ihlcl ai m 17, “wher ei InJ Et is at

| east one neubstituted epharchls,f etivers,héumro uptrabydicftiary phospliinels samines, ugat e
bases of carboxylic acids, acetate, trifluoroacetate, beta-diketonates,
acet yl acet opaudées, fretanasneaters, S¢hiffhages anddmydnst e, conj ugat e bases of
carboxylic acids in a position alpha to a heteroaromatic nitrogen atom

pi colinate, substituted picolinates, picolte 25 N-oxide, and substituted
pi coi i nate Nvoxi desmethnd I1cf imaking | phenolofrenmeisgene.s eppyrasdng reacting gr oup
consistging of water, .acetonitrile, nitrogen in a ,heterogromatic ring,

oyr 1 di ne, s PRI AL e TS ancRGf OKY Bl IINUrogER finch 4 sifeRfiEe AMaIB P o 15
24 25 subst t&ﬁl,%ﬁf@lgfiﬁﬁan@vaﬁwﬁm%s Sor ANEH QY AFLTRIHS, HOFABHRIS

phenol , substit enols, ethers, furan, tetrahydrofuran, phosphines,
am nes, amuew- drdficleatate digiadpreSetsiot farivias esytraly eldctiodedonating ligand

Precursor.

20. A composition for hydroxylating an aromatic substrate having at least
10 one active arormatic hydrogen, comprising oxygen, hydrogen, a vanadium,
niobium, or tantalum precursor or mixture thereof, at least one anionic ligand

precursor, and at least one neutral, electron-donating ligand precursor.
21. The composition of claim 20, further comprising at least one inert gas.

22. The compositdon of claim 20, wherein the stoichiometric ratio of

15
anionic ligand precursor to vanadium, njobium, or tantalum, or mixture
thereof, and the stoichiometric ratio of neutral, electron-donating ligand
20
25

14



Is. A nmethod of making phenol from benzene, conprising reacting benzene in
t he presence of oxygen, hydrogen, and an effective anount of a catalyst
formed from vanadi um niobium or tantalum precursors, an anionic, nono-

or bi-dentate |ligand precursor, and a neutral, electron-dasstidigt 2daand
precursor. 20. A conposition for hydroxylating an aromati c substrate having
at least one active aromatic hydrogen, conprising oxygen, hydrogen, a
vanadi um  ni obium or tantal um precursor or m xture thereof, at |east one

. . | . . d Y 2 Ly i
[ gand pr eodtepriios 18 Gadia B ERsy, CaRRl S g ERRIABTARY

| east one i mEL2 gps. 22.. The conposition of claim 20, wherein the
stoichionetric ratio of anionic |ligand precursor to vanadi um niobium or

tantalum or mxture thereof, and the stoichiQmwtric ratio of neytral,
el ectron doR3ti ngha gampositiars ofuglalim 2bowhsrdiay e steighipmetticu Yt Hbi um

or tantalum or mxture thereof .are eagh  500:.2 : . e i.Li on of
mai m 20, whéMEHe %%aré‘f(ﬁrs?ﬁr&ﬂ’étt i PR 6}1951(,%1{1,0%{ ctg%aéa%d ‘%(r)%?%%r to

vanadi ym niQBiM 288 HRNER)EHTboREid raHET 8f heliBQl calectrandidhiting ligand
stoichionetric ratio of neutral, electron-donating |igand precursor to
vanadi um nipgbiumspr ¢o wamatairommnichium, aruiaatalany, euf mérure dbereof gge zach, 24,
The conposition of claim 20, wherein the stoichionmetric ratio of anionic
| i gand precdpgﬁri ko vanadium niobium or tantalum or mixture 10 thereof,
and the stoichionetric ratio of neutral, electron-donating |igand

DI ecur Sor £, v anagloUh s hioH Mo kA6 Wherdth HeX SHEbRRAAL! el oFach
anionic ligand precursor to vanadium, niobium, or tantalum, or mixture
10 thereof, and the stoichiometric ratio of neutral, electron-donating ligand

precursor to vanadium, niobium, or tantalum, or mixture thereof are each 50-

2.1,

25. The composition of claim 20,wherein the anionic ligand precursor is at
least one member selected from the group consisting of halides, carboxylic
15 acids, acetic acid, trifluoroacetic acid, propionic acid, butyric acid, benzoic
acid, beta-diketones, acetylacetone, conjugate bases of carboxylic acids,
acetate, trifluoroacetate, propionate, butyrate, benzoate, beta-diketonates,
acetylacetonate, carboxylic acids in a position alpha to a heteroaromatic
hitrogen atom, picolinic acid, substituted picolinic acids, picolinic acid N-
20 oxide, substituted picolinic acid N-oxides, conjugate bases of carboxylic acids
in a position alpha to a heteroaromatic nitrogen atom, picolinate, substituted
picolinates, picolinate N-oxide, and substituted picolinate N-oxides; and the
neutral ligand precursor is at least one member selected from the group
consisting of water, acetonitrile, nitrogen in a heteroaromatic ring, pyridine,
25. substituted pyridines, picolinic acid, substituted picolinic acids, alcohols,
hydroxyaromatic compounds, phenol, substituted phenols, ethers, furan,
tetrahydrofuran, phésphines, amines, amides, ketones, esters, Schiff bases,

and imides.

15



25. The conposition of claim20,wherein the anionic |ligand precursor is at

| east one nenber selected fromthe group consisting of halides, carboxylic
15 acids, acetic acid, trifluoroacetic acid, propionic acid, butyric acid,
benzoi c add, beta-diketones, acetyl acetone, conjugate basesAagfusca0d®xylic
acids, acetate, trifluoroacetate, propionate, butyrate, benzoate,

bet a- di ket onates, acetyl acetonate, carboxylic acids in a position alpha to
a hetemaromatic nitrogen atom picolinic acid, substituted picolinic
acids, picolinic gcid N 20 oxidfh ststitule picqlindz achg,N-o i des,

conj ugat e bafes okNEEHBBSHIPR of sz <0 Wherpirstheicaialyst f orrged, in solution

het er oar omatg. ¢ _nit t i COLj u | e E ' .

pi col i nat e ﬁb%?i%é{ ang gh%ﬁ%?ﬁuTeé*B?%%$$%%P§&kéoxfggs; an é?ﬁ%ﬁiﬁbatral

| i gand pr ecqaﬂgax_yﬂaequetmaf; a0idey ﬁﬁﬁhytrpﬁehm&_ed fromthe group consisting
of water, acetonitrile, nitrogen i'n a heteroaromatic ring, pyridine, 25,
substituted pyridines, picolinic acid, substituted_picolinic_ acids,

al cohol s, kdr oxnEreswapesition apelaims?0. pherein the gatdystis Bumpecbirpsalutienher s,
f , . tetrahydrofur.an,. ph Ni. .an 1 d ket t
Schi 11 ShaseLOM argmbination of plekiicacid and s 1e Ko 8 st Rietattertafd o m

20, wherein e, ks bhr K EH«YFa@eio‘?ta ution froma vanadi um niobium
i 201 'V,

or tantal um pr cursoré;‘) or métu e thergég#'; a carboxylate precursor; and a

pyridyl precursor. 27. The conposition of claim20,wherein the catalyst is

formed in spduti dhe Smipositian cgntaimtiOorwhberepi eotatalyst imisglutian has|thast one

of sodi um net avan t | col,i nat . or VOl acetylacetgnatge)l2. 28. The
conposi t. oﬁw@ﬁﬁﬁ(%@%@hﬁ@fﬂﬁvw‘ﬁ 18] MERY 0 Brful a
MX @) (L. 1) aﬁgﬁ er FBE 0RIN Yh ii$ aN MREEM Fonk 1 ABIF M1 06 ah 2RkdthiE nohb- bs  an
integer fromO td 1, 1nis an integer “from1l to 3, Ll is an anionic, nono-
or 10 bi-dentate ligand, and L? is a neutral, electron-donating ligand.

29, 'i"he composition of claim 28, wherein L! is at least one member
selected from the group consisting of halides, conjugate bases of carboxylic,

acids, acetate, trifluoroacetate, befa-diketonates, acetylacetonate, propionate,
butyrate, benzoate, conjugate bases of carboxylic acids in a position alpha to a

1§ heteroaromatic nitrogen atom, picolinate, substituted picolinates, picolinate
N-oxide, and substituted picolinate N-oxides; and 1.2 is at least one member
selected from the group consisting of water, acetonitrile, nitrogen in a

. heteroaromatic ring, pyridine, substituted pyridines, picolinic acid,
substituted picolinic acids, alcohols, hydroxyaromatic compounds, phenol,

20 substituted phenols, ethers, furan, tetrahydrofuran, phosphines, amines,

amides, ketones, esters, Schiff bases, and imides.

30. The composition of claim 20, wherein the aromatic substrate is
benzene, naphthalene, anthracene, phenanthrene, or the foregoing substituted
by at least one alkyl group, aryl group, hydroxyl, alkyl ether, aryl ether, or

25 combinations thereof.

31. A composition for making phenol from benzene, comprising oxyger,
hydrogen, a vanadium, niobium, or tantalum precursor or mixture thereof, at

16



10 bi-dentate ligand, and L2 is a neutral, electron donating |igand. 29.
The conposition of Caim28, wherein L' is at | east one nenber selected
fromthe group consisting of halides, conjugate bases of carboxylic.

acids, acetate, trifluoroacetate, beta-diketonates, acetylzmcaiguesnr®s
propionate, butyrate, benzoate, conjugate bases of carboxylic acids in a
position alpha to a is heteroaromatic nitrogen atom picolinate,

substitute ol i nate oxj de, and substituted picolinate

N- oxi des; Iéa%&:?é 'S I&fcs]li%a%f ’Eﬁ‘?@r%ﬁ}% fe‘é@%ﬁeﬂm'drmleh&ogndmmtﬁ@a sting
of water, lgmtcbpidcuideg, nitrogen in a heteroaromatic ring, pyridine,
substituted pyridines, picolinic acid, substituted picolinic acids,
al cohol s, ?égroxyaronatlc conmpounds, phenol, 20 substltuted phenols
et hers, m%ng@mbbnnﬁahnﬁhmsﬁﬂﬂﬁﬂ%o éﬂ% tones
esters, Schlff bases, and im des. 30. The coﬁg03| I on wher ei n
the aromatic substrate Is benzene, naphthal ene, anthracene phenanthrene,
or the foregoing substituted by at |east one al kyl group, aryl group,
hydxoxyl , al kyl ether, aryl ether, or 25 conbinations thereof. 31. A
conposi tion for maki ng phenol from benzene, conprising oxygen, hydrogen, a
vanadi um ni obium or tantalum precursor or mxture thereof, at 16 25
August 2003 | east one anionic |igand precursor, and at |east one neutral,

el ectron-donating |ligand precursor. 32. The conposition of claim3l-
further conprising at |east one inert gas. 17
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