; vwe3e} (V6 TQMAD 001 50364 PCT/ US00/ 02821 METHOD AND COMPCSI TI ON FOR
HYDROXYLATI ON OF AROVATI C SUBSTRATES BACKGROUND OF THE | NVENTI ON Thi s
invention relates to nmethods for the hydroxylation of aromatic substrates.
I n particul §o oolshie inventi on relates to a nethod for progegh’ehosi

hydr oxyar omati ¢ conpounds the oxidation of aromatic substrates in the
presence of oxygennk'?w GRYEOSIRIQN FOR HYRROXYIeMIOBh al so rel ates to

catal yst conpositions for ef f ect | ng sai d hydroxyl ati on. Phenol is anong the
nost inportant industrial orgaARONMANTGUBSTRIAGEYEdI at es, being used for

t he manufacture of thernoplastics and other resins, dyestugﬂmmm es,
agrochem cal s, and pharmaceuticals. It is particularly inp mnmmm
manuf acture of phenol -fornal dehyde resins used in the constructégd

appl iance, and autonotive industries, and in the manufacture of b| sphenol A

for epoxy argqud}ug@mmoamgmxo@espl te its industrial inportance,
prior art nethods for the production of phenol are non-selective)

mufti-step, .and/or expen sive. For benzene.may he kyl ated to

obt ai n cumsr;[g1 S HNPTEIOn; rﬁ A 'R r?eéh%‘ﬁe%ﬁ g‘gd‘yfiﬁ’xw@??ﬂ 85&@%@“53?3*’%%@?0 i de. The
hydr oper oxi Garticlag| thay/ efiveritioGelafds a0l @ Mmathad Yot proddctignhphRrpdromatit acet one.
Anot her industrial, process .usjng OXI dation of tqluene requires expensive

starting matcQmPynds &y Hisr oxidation: off apemaf; sibstrates 11 Hh¢, PEeSeRTOIRITYENG Hooker

process requiytifdghi, Hadeestslystl MR tinveRidéh hBS Wklhtel Mo GRYalyeS bdBp&itiods fifd cul t to
di spose of wastes. Mire recent processes for the production of phenols

i ncl ude the qﬁ@?ﬁ#‘t&ﬁﬂd&w@ﬁylﬁ‘m&ronﬁtl C substrates using hydrogen peroxide in
the presence of a titanoal um nate nol ecul ar sieve, as disclosed in U S.

Pat. No. 5, 253nd19¢arhén &r&tobt lﬂtpoaant ,mcmamhlrb gmc a{e«aﬁ@m&e@{edmebyw

fl uori de-carbon d| oXi conpl ex as |sc osed in U S Patent . 3 453 332
to Vesely etusgd fo Lghesmap\at{acmqqoo thermpplastips and otheg resimss Ayesswts, HW?%WJ ation of

phenol or Q%Fs&hexﬂi%ﬁb Vall p¥&mabdutitdie IPfs%ﬁﬁfEGﬁrl?fmﬂanaﬁtQH%h%érﬁx?acﬁi?@'ofi WO
00/ 50364 PCTNS00/ 02821 zeolite catal ti'-step process requiring

parti al hydrnhgmiafomlﬂebydebeqqme rused septb@ Fonsymctymn, tappligneacend Automedyect s,

oxi dat 1 on F’f %dﬂrﬁﬁghﬁ@% tQ{é %gﬁgﬁf’% ﬁg‘_’;?éﬁg{) AAP0REABBnat &AL her

steps is dISC

Despite its industrial importance, prior art methods for the production of phenol are
non-selective, multi-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 include the hydroxylation of
aromatic substrates using hydrogen peroxide in the presence of a titanoaluminate
molecular 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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Mat sunaga et al. U S. Patent No. 5,001,280 to Gubel 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 nitrous oxide in the
presence of I tic catalyst, with yields of up to abo ile
certain of Wﬁoﬁg&n‘i\et hods provi de good yields, they still pé"f‘f%&&o%s%m
various dr arbditk satalyst. dAsaultmtepqge@ss raqupmgtpauull ahydrogmanmuef benzeme, i s

expensive, and i | so ou as t resent S|gn|f| ant
envi r onnent §Tpa&a(5'ﬁ'&e°?nt§? r ﬁg pcf’e qs’t éx'flz&'émn% é"r"po e feﬁwt %fog"i‘cl able to
synt hesi ze hyl@rdﬁ)g}tﬂa’tmﬂﬁhhcb oﬁmfrpa:pmds digcheede irstU.5) PatemaNbs 5480820 thor a

B amenabi g et (b G Sty SR B bnbendlen sy v

above- descr ishe0,o0s G RREshoR Rblal] asB D\ PhBRAIA%0. 31786, RVPaabeek dYdidchie et hod
described herein, which is a nethod of hydr oxyI ating an aromatic substrate,

whi ch conpr iosiatigneefdenssge tnphspelrbiimiteous onise imhe PrRsgrcR 9f areqltissptalyse act i ve
aromatic hywlgg@éjdggfubla@a%qle%a,pce of oxygen, hydrogen and a catalyst. The
method is environmental ly fri endly, econom cal, safe, and amenable to
commerci al scal e-up. I n anot her %grrent the invention conprises a

cat al yst conpysi tria qfotPeSﬁyaﬁ%éﬁma?w* gopd a?leﬁdb?ycstﬁh&ffefaﬁo@ KefiAuRg at

| east one agldwhacidlaAdRishdvahidgdsO I8 Parti SQADAiDLGki QX% S8FensiNY, Hn@HSY alsd

vanadi um ni obi um or tantal um precursor or m xture her €of , at |east one
ani oni ¢ | i garerepheuse Basthat passants signifisant epyitonmeniel eancerns. cBhusodespitetht ng | i gand

pr ecur sor L&[}P & el%pmg,g t dis
directed toq"lyﬁér oxyl ati1on oybgr\lgﬁml gﬁzsu strates alﬂ:"%o rgsﬂelénrgtesa@f oxygen,
hydr ogen, amemanscatged far.a Oroeesp rthetds rsempleribddywhimenwmmentsﬁx fdendlyn\O

00/ 50364 PC‘gé Lx{§919‘:/a9%§3;xn£})ége9{><¥érl?rﬁé D1 &Lleth nzene in the presence of oxygen,
hydr ogen, & a vanad um ca e or re of a range of aromatic
substrates rra be h dr(_)[il_él ated in the practice of this method. Preferably
the aromati & IDMENEON napht hal ene, ant hracene, phenant hrene,
or the like) or substltut ed derivatives thereof. The substituents may be
the same or 7di fafosﬁed'gserlb-gﬁedrﬁ‘\”m@ﬁi afd d%‘d@&%laké’se RleSallRhted By thedmeln8@Y as at

| east one active aromatic hydrogen is avail able for substitution, where an
active ar ondescribed, brreigehich l%h@&&@ﬁalflfé’d@ﬁylb@ﬁlgwgl proplatie sebstigtenyhichxy| t o
produce a hy a p@% from one
to five subs?l:h?l)l%n'gésam\gn “ﬁ%@gt galslégﬁéﬂ%rgt 18%8? ? %ereae&ﬁ?&)&g t dp@g\éﬁ

subst i t uent sn thegiresdncecafeoxygennbydrogenydnd gr @tabst- ?lmrmﬁb@dmsleewmwtally napht hyl , -
ant hracyl) n | .. Th t hensel ves be

substi t ut ed%beq’d%r&g’ué%ysaff oérillga E'é#’lc‘)ﬁ%g&%%l%rgleam lr?g;r‘%%/hat such functi onal
groups do not interfere with the hydroxylation. Suitable functional groups
i ncl ude, butin agretheot erhbadimeny the, inxkKion gowpmess as ehtalyst | erampobigibmwfor

car boxylic [0)'¢ i I r |

hydr oxyl s, %?&rg %Hat %‘d Ié“ﬁ@/‘f g‘gbﬁ%atgrhgyk% (iiea?t riﬁ%e(ct? E%gidmo %S?%gr ént aryl
groups and/ (oompmsbm oxtygerg ydrogen, gwmm;bmmmobmhsbt ﬂamalmmpracmsoabsmmmm hin the

f th t Cth bl bst i t d
3T kyT o oup@erieRe RIS SR DEFAAEeSRS L4 & B0 Fin ERBE Rl n.  or

cyclic, anddbyaing&ghwﬂimgfrom one to twenty six carbons. Sone
illust rati ve non-limting exanples of these al kyI groups include nethyl,

et hyl, prop pentyl, neopentyl) hexyl,
cycl obutyl, )ﬂﬁfﬁlggﬁﬁéwgﬁ%hgﬁ %ﬁ; ycI ohexyl cycl oheptyl .

Exempl ary al kyl substi tuted benzenes include, but are not Iimted to,

t ol uene, xylThagresan thethodindirectEt & faldkaxylagion ufsometyc suhgragslivthe phsersabst i t ut ed
by vari ous fkmcti on roups% provgg,l ng t.hat %uch functi o 1%rou s do not
interfere wi%f ORYBE: nOXFOREHH A9 oh C24fyFt abPRE rRIRET?S FHI00 é‘ﬂﬂ}gs"" RBi%de, but
are not limted to, aryl groups as described above, carboxylic acids,
carboxylic. acid al kyl and aryl esters, al dehydes, hydroxyls, olefins, and
al kyl and aryl ethers. Mxtures of difRerent al kyl groups and/or
substituted al kyl groups as substituents are also within the scope of the
invention. 3 WD 00l 50364 PCT/ CTS00/ 02821 O her suitable substituents

i nclude, but are not limted to, one or nore functional groups, providing
that such functional groups do not interfere with the hydroxyl ation.

Sui tabl e functional groups include, but are not limted to, carboxylic
acids, carboxylic acid alkyl and aryl esters, aldehydes, hydroxyls,

ol efins, and al kyl and aryl ethers. M xtures of different functional groups
as substituents are also within the scope of the invention. M xtures of
substituents conprising conbinations of functional groups, aryl groups,

~al kyI groups and/ or the| r functl onal i zed der| vat| ves are aI so WI t hi n the
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aryl groups, alkyl ethers, aryl ethers, or conbinations thereof. Especially
preferred are biphenyl, phenyl phenol, toluene, cunene, phenol, and
par a- cunyl phenol. Mbl ecul ar oxygen nay serve as both oxi dant and source of
hydr oxyl oxwgei/séss t he present hydroxylation method. Hydr egeﬁmsmsﬁerve as
a reductant. The ¢ nr‘ﬁ sl tional ratio bet wgen oxy en and hgdro

preferably C}IYFE"I"H@“? 8F bgngepgin, the, BTGP oMY eE lé’l“&/ The
hydr oxyl at i catapdyant ageously proceeds in the presence of a mxture of
oxygen, hydrogen, and up to about 90% of at | east one inert gas, e. g ,

ni trogen, ar heI| m and {he || ref red hydr e source

nol ecul ar ;fgfr ? BResE rB‘@atl‘fs%‘HStEﬁt éeatﬁzf }B'Hrqx la 8rgﬁ‘ erFtice g eC| ally,
e.g., as a Wh?étrhlétﬁod/\ﬂ PrBfetdBEy BX YEhtie QUbAte i bBiZRAE magiihAensd efthABshehy dr ogen
source conprises air, or nmixtures conprising the conponents of air. The

partial presigpanthsenesqsebike,or sybstimediderivatives Hereph ke subgimentionsy bo2
megaPascal s Mgl bOdifbRM ThelnulfRer ofRMshddEPLARS VY, AN rogen is
preferably in tﬁ)e range rome(];lrglout 0 05 I\/Pé to}ta £ %ﬁég{%#g&t%g

absol ute tota»;twq)rawwp ehydrogmhes rawbbieofvrusgbmmtnnnwrxm grapgiveofrombiait 0. 1
MPa to about % ggg f ato
about S MPa. hyéfso rre zftB %FOf %lﬁg Ir%p %%E%gy%%%? uguscgr sh%vxﬁoli&%r%mwer t he
reacti on consntpourbs chnmeforaemmbzl sty lefve dmm ome tonﬁvdnmblstytdems;yw}abh on of an
active aromat i Cepl gdro SPere SL{Ch precursors include precursors giving rise to
a metal conmpl &k cdUH" 48" 4*Vanadi um ni obi um or tantal um conpl ex or

m xtures thereof; precursors giving rise to an anionic |ligand; precursors
giving rise $uitablerselnsltimh§s imheietone r dwonatty hgrolipsy fomexaraplel phenyl,\WBpKtRyI50364
PCT/ f JS00/ 028 ecuyr gnbi_nat di i obi um or
tantal um wi t"}%‘%‘é?‘% aid pheianenie ‘Tg‘a’g Sﬁ‘erg@rﬁ‘eaéfttr%"i‘seﬂ@f é%ts?%ﬁ‘%l’g%%g’h ng

| i gand, or bwaiious Mihetional groups, pmviﬂmg thmlsuafhaﬂunctfahﬂcgmuplddmnahtem@rd wiggands may

| ohnas. sui B BHEORARSE o Eeb Sl GRS BCSof i o 08T © ne

oxi des or tr@oadskaaldesmalbemd, tabotylicadean) tdiboxyli® BtidMlkyQland affl dsiefyy f or
exanpl e sodi f‘él)(ng xanadate substituted oxides of vanadi um_ ni obi um and

tantal um fcHd ¥rgryls, (Qlatips..and; el ampl ard hepo iixRuges pladidfprent amyl)
al cohol at es gy /ot eqmsazmema}yug?&rpb% kelRtiRBSs BleARoUMHiA HRSCHRXbARe

M xtures of netal precursors are also within the scope of the invention. In
particul ar, #vsitighes of precursors containing either the same or different
metals are suitable. Suitable anionic ligand precursors include, but are
not |imted Hher HthbESbsti@BiPRENLE Gn6H thiste ARG §6uﬁshﬁhérenﬁ|tﬁ%adlkyl WRoups or
other salts, for exanple) sodium acetate, trifluoroacetate

bet a- di ket onafe sBaighic et bianehed-haim,cor Oprrel@ppra@%tpé:allbbwrfmre ongyEnGHSADESIX or t hei r
cor r espondi nghyagk A8 ome AREANYd GoRfifithe? Brilied BEies@! @) | orBfis@IncRiie Ot her
salts in a pos?ogllhonorgg La to a ﬁet er oagalorran;ﬂl{ecS nft reggeaﬁ%’lat o?n@ﬁssdlg %s but
not |imted methyliatintl; prqpybcm@bre;mﬂ butyk t fettianebutpl, qehiyhi seopentyls ; hqz;vk:ol i nat e

and substitu | -1 r tabl e
substi t uent s‘t' %be{a H‘?‘rﬁ%“fﬁ’é’éﬁaﬁxﬁrp%'Ehcyoﬁ?f’{?g?’@?Qﬁé‘{‘]‘%g‘ C%Juﬂ’% ”éﬁu% limted
t o, carboxyl substitaied bemmdsdn@ruchi et aureaioogmrtgcd @l toluene, xglene, aad yhmerendher yl .

Sui t abl e betg q i ket onat e e t Qse%ﬁ pown, in.the ar t_as Il%’ands for the
metal pr ecur BSYISTYPS Ay ?‘B%e Fﬁ\}lesﬂf”lt mﬁﬁﬁgﬁt‘%’? BEURS ARt BRes (from
whi ch bet a- dihkelsamafigsticHae gd@ips Vddhot nﬁéﬂﬂde,wrlnnttheamdreﬁ;tladdnm tStable,

acetyl acet one, benzoyl acetone, di benzo?/ (Lhane di | sobs‘s yryI hane,

2, 2di met hy| hijpetanel grogpginsiide, but A not [imited i, 1Y) EpRRS s 5de above,

di pi val oyl - MBirbedy e adilid, Chidox,iRGeiaRI8s ahe B eﬂ@r%(aaﬂdeH?Je@al%FdéJy&CSfeﬁﬁ‘se)

benzoyl trifl uor o-acet one, pi'val oy I'trifl uoroacetone,
hept af | uor odMﬁb@Hﬁ)&lIa@étﬂB‘rﬂé&F@anx%f@ﬁ af piftsrent plkylgrewnsnd/or substituted atkyl

decaf | uor ohepj; g@gg r I but anedi one,
2furoy|trif|gor ace?%ﬁgPég%?ﬁg%n$P¥¢???ﬁ%?ggggﬁgﬁémél

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

3-net hyl - 2, 4- pent anedi one, net hyl 4-acetyl-5-oxohexanoate. M xtures of
anionic ligand precursors are also wthin the scope of the invention. 5

WO 00/ 50364 PCT/ U500/ 02821 Metal conpl exes of the anionic |igands are al so
usable, e.g.) VO acetyl acetonate)Z and VQ(picolinate)z. Suitable neutral,
el ectron-donating |igand precursors include, but are not limted to) water;
acetonitrile; nitrogen in a heteroaromatic ring, such as, but not limted
to) pyridine, substituted pyridines, picolinic acid or substituted

pi colinic acids; alcohols; hydroxyaromatic conpounds; phenol; substituted
phenol s; ethers; furan; tetrahydrofuran; phosphines; am nes; am des;
ketones esters Schiff bases or |n1des letures of neutral
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WD 00/ 50364 PCT/ US00/ 02821 netal in the active catal yst species effective
in the hydroxylation of an aromatic conpound having at |east one active
aromatic hydrogen. In addition, the quantities of anionic |igand and
neutral, el jegonating ligand are preferably not such gebalsodidd
interfere eﬂ@%&vﬂgth t he hydroxyl ation reaction itself or \?\At%&tﬁ%

i sol ation orofer duithilatsivesinehts lin@ude) BOUEE ndt Xinited ko, 0dneVért Mofeh@ndtRaglver y and
reuse of catal yst caonponents (such as neta V\Q and precursor is

[Y). . i
al so a hydr G¥QUPEGHRYIFIRg thaksreh dencypray groups @g,gth& rref%ag*ﬂﬁh'dgﬁ hydeoxylatign,

st oi chi onet rdigaki8 hinRtical kroBRYHcINIEL Bt abdfiot limhite® t barBb B3 a81a8, cilyxiR directly
related to the turnover nunber of the reaction, which is the yield of noles

of product psid sHsyleand grylrasters aldghydss, hydiosylefolpiinsapad alkyhand aryhetbess. nunber
of the reacty cledeQid f olpecta pr oduced.
For opti numnéi?(ﬁrm eng@?ﬁﬂﬁﬁg@ﬂgrﬁﬁ%&&%@ﬂ%@@é%&l redlh?%ﬁ%gpﬁg%glﬁlgeh as
possi bl e. PriaYeatios dMixturesoof substitrerds somprisingheonhieations of Munstionabigraupe, gr eat er

than 1, nore _pr ra t : g@g- S f greater
t han about 53t5ﬂ %“S’.%%Mﬁq {’lﬁ)%nagl@/g{r' n%u ec?’lsc}h?%gd ge étUP V\s)eéerﬁ%eiasgo"ﬁ{h%ghénd about
50. I n pref ecopdfédnhodtntiemt s of the present invention the stoichionetric
ratio of both the anionic |igand precursor to netal and the neutral,

L ect d . oo . . S bout
S00-2 -1 reaviefd apARAC BREEL! BEhgldtndEhi beidtnd AR AR dbE P C o
50-2 : 1. Wnreyl grinpscalkyl efisrs, agriptsrs; pocomtompions therewft Espepially prefared( or

or  exanpl e. DeopRF BREngFbibhat Butpt Ehabale DS ond kSR oBfhts, | ", Che

neutral, electron-donating |ligand precursor, or both, then the

st oi chi onet rMelecwlari axygdn inayjserve gy Btlypxsidanttapd weMred of bydesgyéokygrhliytie: 1, as
for exanple jn. \ e t.e) 2 in icolinate)2. It i.s also
cont enpl at ed4 r%ﬁ%f% g%gﬁﬂ#t%?l‘aw&ﬁbﬁbon%?&e}%a g%?(()%rge Iﬁsggnff)d%?%%'ur s@‘re, or
unconpl exed aoepbsitidnal mtie betwesn oxypan embhyldrapgan i preferablysautsidethe bxpldsivenay be

added to the_reactign m xture the nmetal - i.s supplied jn the formof a

Compl ex wi t TeBeC T o BEupA ey o Bebupldp SepPiaeiiuslCarbiehes B

\e/\l’ eﬁt r onb donag gxfég:ngé gﬁmduﬁnmemﬂo;%ep, halr’;irdg@h,hf‘and_ﬁlp tg\Aﬁ}ﬁL&(yo@D;%ﬁ& blf&(s‘fr 6ﬂé80f)/ 02821
t hout being bound by theory, if is hypothesize at. suitabl e catalyst

precursor coRft BBt F-EnBitiAgsn. grare. helum i the, ke, A E‘Ee‘f)\‘ydr"?‘fﬁe&éﬂ‘i“&? Soxygen or

a ol ecul ar ANYARR hpar8EeH, m_[chthayOo%tlﬁéchﬁFe‘étlﬁ&Vﬁm%nixhﬁe,%ﬁh%_faﬂ%_ Sd.rddqt ure

MX 02) (L~)n(LZ) m wherein Mis a netal such as vanadi um ni obi um or

tantal um n PEuEswiththeqayeeysopico. Adraferred oxyzemandhyderaen Spuses OMpsise; L' i s

an anionic, - Ao t | . L%,d :

el ectron- donﬁ?ﬁmlﬁﬁgﬁoﬁ %&%tg%{;dg%g:ﬂﬁgsn?@gh ﬁg!n%asr@ail Eﬁ#%}gglof %x tgerzli}se not

limted to, mefetablygn the range foampaphit02 nirgeRasedls Artpekgut i7d MEa.dnd ther

exanpl e, ac i 3 i t t e te,

pr opi onat e, aﬁéa&raegsré],}‘;%%%é%g%ﬁs%gﬁe at?ﬁgeﬁ?:lglrr\#g%g?g’ ggte@@? %ﬁi}%gbr%g%l ic acid

in a positiohéaMPhaThoatmolt tetabpressnetdf therredation ésrwidltin the rangetofabout BUt not

limted , bCol i d_subst.i d.picoli d '
cor respond i ke £6 M aRf PRttt SR Pl R Snaftol i % ha 4

i ncl ude, butM@ie not limted to, water; acetonitrile; nitrogen in a
het eroaromatic ring, such as, but not limted to, pyridine, pyridyl,

picolinic acjd.or. .a substitute icolinic acid; alcohols:. hydroxyaromatic
Pormounds: reigre 2ableR: ot i, b RGebibs L uoferr QR FepaioP SRHAIRL ¢ an:
phosphi nes; moiute;a cutdlght effeltblecinale hedrbeylsionSefhar hctbha@sesmatiar hydidgdrs. The
catal yst is gr sent in an,effective ampunt, which i re%ﬁily et erm ned
enpi rical |y TR OMECHSOTO MFIUISr BIEQUESOFS &Ving Fise 4 13 ML) PPN SHCR AR St arti ng
aromatic subenidim, niétiem Ge Binfafifin ERASIEN Gnikke thdrbT, Srecuisdé giting ridafoal yst,
and |ike considerations. General|y, the catalyst will be present in anounts
of up to aboflt MMiGHEWd,BEEERTs §MIRgRiseAP Snrufrel gl§HEeTdanetingrHgandedntd i on
tenperature 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
ti me depends upon reaction conditions, the reaction tinme is generally
several seconds to several hours. Al though the reaction nmay be run neat in
benzene, toluene, or other aromatic substrate, at |east one inert solvent
may al so be used where desirable to provide at |east sone degree of

m scibility or m crohonogeneity with respect to the catalyst, the 8 WO
00/ 50364 PCT/ US00/ 02821 aromati c substrate, oxygen and/or hydrogen.

Sol vents whi ch enhance solubility and/or reactivity of the reactants are
especially desirable, but the solvent will optimally solubilize, at |east
in part, the aromatic substrate, the catal yst, and oxygen and/or hydrogen

. o - = = Y Y B Y b1




process. In a batch reaction catalyst and |igands are dissolved in the
aromati c substrate or substrate/solvent m xture, preferably under an inert
at nosphere, and a gaseous m xture conprising oxygen, hydrogen, and at |east
one inert gweob/sog,imtroduced into the reaction vessel Al thctvgbnonml

necessary, it | referred t as mxtur e r rously
i xed i th PleeSRBEPPRIAE b tbndiog pfRa i HRENR e R S s he
l'i quor and tahidgiici lipeh¢ 8@ neRRS] braetrdnadoaandgmgdnuson B&thaNmR, anidhic bisd?orof a
honbgenous feedstock i s advantageous in ensuring adeq 16?142? cont act bet ween

the cat al ysteHFd elesirondgnating disands aiay hegpresepidn fhatase melgeis ifer <xamBlsund or

ot her produgt gidenti¥e SFHRAtafYightt®. Met hod of this invention may be separated
and isol ated by conventi onal technl gques. The followi ng Exanples are

provi ded by vvay of exanpl e onl nd shoul ot be read to limt the scope
of the i nverititéhle meseﬁnrﬁﬂgsors elyie, Swaafsn? )mléﬁ?i t%ﬁb%@@ﬁ%%é&%ﬂw 0.02 g

of picolini Ga@cCiof) varidlum0 didtidrh,! lof qaﬁal(,ﬁat)fopfexaﬁ%e@@dm&ﬁrﬁe@dgﬁ@at&0 a
stai nl ess steel bomb. The bonb was sealed with a cap containing a

gas- spar gi ngubstifyteds hgxidesan @f r dvaradim, c coipbing cid s tantlemy efst oxamals t hen
brought to Xgf, &g’l‘fx&ﬁnﬁ&hr raha‘gvoﬁ{iﬁolﬁéé 55 UWnkZ SR olihls Zsuti® LY Qérﬁﬂﬁﬁl gas in

VA
air at 6.9 MPa. rring was contl nue this te erature an pressurefor
about 18 hourssthoxide anéamhlm tm&omlderMmmdf magtat] pmcmx‘sgns jage #yo githin

chr omat ogr ag@ysmgéﬂbmg%m B FRRAGE Bhlt n%fgprgiuﬁmpgp%@@nw%ep ot her

reaction product ica urnover es” of product
per nol es ofsamabradiffertent métalsa& suiable. WO 00/ 50364 Exanpl e 2 PCT/ US00/ 02821
VQ( pi colinate)2 or catalyst precursors which in solution produce

VA @) (pi CO@“R@%L’&@"" _’Pﬁé&ﬁ%ﬁﬁﬁ&g Q@lﬁﬁ%@ﬁyﬁl n%{‘ﬁmﬁgd“?oeﬂ iddl %ax%ggﬁ% to a

stainl ess st I's sea cbn Idin S- spargi ng
stir shaft almdsrmmrotheh'oalkiahngmdai log . othiére saltsacﬁmrexamptehemdlbmmghnte,t 0

reaction te ratur tely 1 C . wWth.stjr ressuri zed

with a m xt g}r% @"05 ac S%r‘ %‘&Qﬁ] i lﬁor;rlgtfr %%%‘%ﬁ%@ﬁa}sap eqp 'Onék gﬁ%’% e'kzo% ot hydr ogen
gas). Stirritmr ¢cmespmthnglae1ds aarbokylic at:ﬂlﬁpﬁd/artthéleaﬂmld nmtaessothﬁ sdid inla no nore
gas uptake is

The reaction is then cool.ed n na d, by gas
chr omat ogr aé’ﬁ?g?'bag%w 2 hterogremaatic nitrogen afody, Syehas, HQ@HE“&\M'I I?l‘é"’(?‘m"ef erred
enbodi ment s dorivandaaBslinREd pRRokMi6l afles Pidoligsle ak@ Eubetititedqidlingted, iaad $heand
substitutions may be made thereto w thout departing fromthe spirit and

scope of théOFFﬁPSPHIP%rN‘%@E%r@f‘ﬁb\eys“bﬂﬂt“?@s tigr ﬁ’é’oﬂﬁ’ﬂe?‘égoﬁé pigglinaten o

pr %stegil Ioqumm&n hRsarberRt Amfed ithedaByxyiRY aQll, chibbyidtat haBgAN Al
heteroaryl, 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-hexanedione,
decafluoroheptanedione, 4,4 4-trifluoro-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.
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WO 00/ 50364 WHAT IS CLAIMED | S: PCT/ US00/ 02821 1. A nethod of hydroxyl ating
an aromati c substrate, which conprises reacting an aromati c substrate
having at | east one active aromatic hydrogen in the presence of oxygen,
hydr ogen angys, ﬁ%& @l yst. 2. The nethod of claim1l, wherein ‘ﬂd tic
substrate is selected fromthe group consisting of benzene nap al ene,
ant hr acene, Measheohplexanef tinshicde ligaids \aes alod usdbie, fe(gc,e‘g@(anqyllawmmg:)nne or
nor e substitu qe met hod of claim 2, wherein the substituents are
sel ect ed froarﬂ éfpbclpg\?-rg “%onsi sting of aryl groups, alkyl groups, functional
groups, and conbi nati ons thereof, wherein the functional groups are

car boxyl i c a%iidble xtcatrﬂpedydtioo danating digayd pesmecrrs Inchude blowt yaké notdhnit;bdatp,yl

esters, al deh des, 0 al ef i ns, al et hers, ers. 4. The
ot hod of o1 St geeshe: Hirdien S berpuBmedt sk S8 e buciel Wt R" or ot o
nmoi eti es sel peidad, §ub@trmtebey@muppleanﬁé adid log subktitateyl Ipicglinid psids;adldopiblsgr oups,

' conbi nati.ons thereof wher ei ncti onpal groups

functional groups,
are car boxngé'1r P’d’g‘at‘?:ar"ﬂ’é‘)?%“flﬁz aRhegoly | i Sypstigdeds, Qe"(‘,’grb f% c HE@Pd aryl

esters, al defapsiS@rofalphssphies; Alriies tEmides; kitbne! &kﬁrﬁ ScRiff ksl ofdi@ss. 5. The
met hod of claim?2) wherein the aromatjc substrate is benzene, or benzene

subst i t ut ed Mjxtares phagutraly glectEandpnatinediggnd Rregrses Gaplscaridin the $eePe ofyr y |

et her, hydr opybnve@ionCONDI Nations thereof. 6. The nethod of claim$5, wherein
the aromatic substrate is benzene, biphenyl, phenyl phenol, toluene,

cunene, phenol, or para-cunyl phenol. 7. The met hod of cIa| m 2, wherein the
aromati c subbe APeVe| BreplERFS RRY Be syppliefeionig sptutionseparatelyyon asi metehe oxygen

and hydr ogencapteRs Ovitifl @l 185t dndlighhd © Pér exehgld) a{edpm&feagemmwaa&h at | east

one inert gas, or as a mxture of hydrogen with a
comprises the combination at low pH (e.g., less than about 4 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. vanadium,

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



|1 WD 001 50364 PCT/ US00102821 9. The method of claim8, wherein the

m xtur'e of oxygen and hydrogen in inert gas conprises up to about 90% i nert
gas. 10. The nmethod of claiml, wherein the oxygen and hydrogen are

provi ded atwae opk@ssur e between about 0.1 MPa and about 36p&Pasoole?s2i The

nmet hod of claim/l, wherein the catal Eet s, fﬁ»{eﬂfﬂ in solution froma

vanadi um ni"@%‘?ll}ﬁlth?)la"tf"én‘t'aéf‘}l?ﬁ‘r‘nSB‘FCé“éu‘%2 GHveoin ydroxvieHen g6@n aemileast one
ani oni ¢ Ilg%&pmqm&gm leAR dn@hctive 3inaRO BydI6sth! B addRIBCthE QRardiGBR4E N
ligand precursor. 12. The nethod of claim11, wherein the stoichionetric
ratio of aniienis ligapdienrd pautraly eleerontdpngtingdigandpre prefpiably, nop puchghatahaym or
mxture theriggitere Xfhet RuS U HRGHRAIdCrehtionCinlr BP Uit khe Hoffbh o8 donati ng
| i gand precursor to vanadium hiobium or tantalum or mxture thereof are
each about 506figationlof thg. pradust meximesd auf with dhenrdcoyerwiradetienset he catalyst

stoi chi onetrj ' h i.oni ¢ |ligand precursor to vanadi um niobium or
tant al um orcoﬁfé%hksgﬁg é’?glte) B and the stoichionetric ratio of neutral,

el ectron-donating |ligand precursor to vanadi um niobium or tantalum or

m xt ure t herWhén arligandiprecatsouts 4199-a2hydraxyatomatiqeempeuridodrodficed| by thel 1,
wherein the ichi r I . onisCc 1] rsor to vanadi um
ni obi um or r? %ﬁ%’ %Fhe%{‘i%%?io%h&o%#rgc rt?l '%r%ggg%}'da?ﬁ%fh%ﬁgpq Bét? gﬁrg u:%%oﬁe PiT ratio of
neutral , el afitectiynrethtedzatd ithegtuinogamiimperafithseaction, which il thenyield afxholes ofor
tantalum or_mxture thereof are each abput -2 .1 15. The thod of
it m T st i olts o foesl (o TGRS 8F el e afrapse? i Shafoer

sel ect ed frasactibe dptedmines Ohe i Mmbled gofOhydrakyadstaticC ashyspuiid Grédiicels, Facet i C
acid, trifluoroacetjc acid, propionic .agid, butyric . acid, henzojc acid,

bt a_ di ket orfLmaR i Ipy SOV G g despid Bibess Halr B aIE Faraed

acet at e, tritindedraamBérs & thdprefnOndémion Rre! gtéabdr@hanbi§ bBSHreferably greater

bet a- di ket onat es, acety] acetonate, carboxyljic acids in a position alpha to

a het er oar orfi#1 200k} 10 Rgmost Prsdsrably SE?P‘ieﬁfhég alkqul 50. Lypiceily BrRRy epHRwRRT i ¢

aci ds, pi colhgy e Reledn MosXs4Rd atPs.i t ut ed picolinic acid N-oxides,
conj ugat e basés of carboxylic acids in a position alpha to a heteroaromatic

nitrogen atom picolinate, substituted picolinates, picolinate N oxide, and

substituted BiRrreferrederabadiments ofifrs prosenbingentiorthestrishiometaic ptiopd Bothghey t he

neutral | gapthnity Rl gfgcmjs& BimdtA38H 1B EREred et dand PrdcliRod" OUP
consisting of water, acetonitrile, nitrogen in a heteroaromatic ring,

pyri di ne, subdetalin &e cpmpaesitionate ahore §09-Ai: d. metedreferablyabeuttl8B-2pilcand ni c
aci ds, - al Conglisyo DYEROIMOLOR Y% COTRMIS ceul8NShpo S it B mBRENO! S
ethers, furan, et >r6a é/%l?iglgur an, phosphi nes,r'a a nes,po'am des,ﬂl%et ones,
esters, Schigrécunsas ér_s',miamb ¢f_rrhddszrec1|€s.orsj'litewhi_gh Iﬂwdn;tal i lsepphied in theffemei n t he
catal yst i's JORAeg. e SOLULION LR U HERAGhN Toahl BRENNRr, BF whAMLAAY™
precursor, or’mxture ther , a carboxylate

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.



precursor; and a pyridyl precursor. 17. The nethod of claim 11, wherein the
catalyst is fornmed in solution froma conbination of picolinic acid, and at
| east one of sodi um netavanadate, VQ(picolinate)2 or VOQ(acetyl acetonate)Z.
18. The met Rpgopdagyl 2l m 1, wherein a catal yst in solution JI%?JSW&SLN mul a
MX 02) (L~)"(LZ)m wherein Mis vanadium niobiumor tantalu n1's an

i nt eger fronWithow ble;ngnbduadehy thcm'yggmris hypmﬂxemzed)tlﬁt stblescamhysalp'r@nﬂsor m)no-

or bi-dentate Ilc%?. i S. athne ote eLLr ornodonatl ng ?@

The net hod ofoT X ‘ﬂ?glglayv@r‘n rgfe iy e presﬁ?cel QL mplega rr’éyrgﬁ%rmsae?“ecc arfromthe
group consi s&xyggllﬁrécdﬁairtdjmalyMymgﬁe@ebasmuafnecar boxylic acids, acetate,
trifluoroacetate, beta-di ketonates, acetyl acetonate, propionate, butyrate,
benzoate, conjugate b@i&;{ 8#7;)0( f)boxyl ic acids in a position alpha to a

het eroaromati c nitrog "gi Colinate, substituted picolinates,

pi colinate N-oxide) and substituted picolinate N-oxides; and L2 is at |east
one nenber sehaeih disfamoetuitsheh yrvangelivnmsibsim ngranthluvg nés 3n iatcgd:rcﬁ'dnt(btd e,

nitrogen in het er.oar onat | ri. ng ridine sub pe

i ol Pt achdh BenitpRe o 1o 5P e hiotierBonc: PR LA B b B,
cgrrpoE_nds, Prietral, &1eatdns%on§tutg§1tgtam eSuithisie taﬁbinem%anﬁ_ﬁ ?rroang: Hwhlreaxbgﬁiﬁmfdalr an, -
phosphi nes, am nes, am .des et ones ster chi f ases nd i nides. :
A et hod of 'ﬁyd‘raﬁ‘ieﬁl o itheq Copiueais Rate of ub¥; f’?’ﬁ' g aq | g reaéi?:tf“leng t he
aronatic subﬁmaxto@cetaﬁe bb@-dﬂ{eﬁﬁﬁt&@ Qc@flaHPRN robwdategﬁmrata,r&nﬁateeﬁﬁdect ive
anount of ai}' / 50364 PC%I’/ Us00/,02821 cat al h formed from yanadi um
ni obi um or 8rFP8]“§"|"fF 3¢ QF @ofagboxylie a6 dﬂl%msr%‘??oglp pite debtefpromatityng

precursor, afnfogen®oth, 'sath a$ b@Giok At R bicHBnatd, AR shibtited PiQlinatekl and Ne
met hod of claim 20, wherein the aromatic substrate i s benzene, napht hal ene,

ant hracene, B RRFESAPNSNE Norideh Suiteerital elsetban danatinglligppdgnincluga &bt one

al kyl group, r@rn}{ﬂ hrﬁftéHJtB wQﬁéﬁ aQet¥irmil @'n‘fd’dgeﬁﬂrhﬁhetex%ﬁ%haﬁ& K‘ﬁg subli a£ @EPI Nations

t hereof. 22. ing p eno from benzene, conprising reacting

benzene in tlmé misere in; epyoidingx pyyddyl, pigdlinigeasid ana substitmtedcpicaliniaaeidnt of a

cat al yst for fst z r ani oni c,

mono- " or bi - BEmelt STSEAREH o AR pnlor ARHALAT L RRL SRS Al P

| i gand pr ecutesrdrydrman,ﬁphomhpmslatmmam@ﬁS;fky@nmydthSwglfﬁbasw oniptides. substrat e

having at |east one active aromatic hydrogen, conprising oxygen, hydrogen,

a vanadi um dep all'f& is FesErﬂ@ﬁ%léff@cP&@MuﬁprhWh 1§T}e§ 1W@etérﬁ1§{eﬁg 1rl%LllJ east one

anionic ligan precur east one neutral,” el ectron-donat’ ng

| i gand pr ecubyone ofutdindiyeskibimpbe ait, dﬂpemﬁn&blathmsmtlng‘ upmhs substgte,itkd ng at

| east one in 25, Tec | ai m er h

stoi chi onetr ?‘?"?ngea%nogfmtﬁht 8P nF ﬁacﬁ '&d Fl§eo°r°nts légx)\?%ér;l\gd (ﬁe&erabﬁ' (?%e

tantal um or canlydt Wik bk lpegsemtfin aarodnts o€ uﬁtt@lab:dut dfahole percaitiad tif arpmatic aI

el ect ron-dong%i neg | i gand precursor to vanadium niobium or tantalum or

m xture t her83F"@%e each about 500-2 : 1. 26. The conposition of claim 23,

wherein the stoichionetric ratio of anionic |igand precursor to vanadi um

ni obi um or mieaétibmwrﬂﬁeriﬁmétlug@lciaﬂl?mmfn tha fdhgt d€ alsiuo 2§ PC aoretiaut 200 At i 0 of

neutral, el ect rop-donating |igand precursor to _van 6}(?: u ni obi um or
Althgughyth

tantal um or CnPREetAbY intas @pge afabouti0n tageHt 1§85C2 e repeHiontii%osi t i on
of claim 23, juagdigdn (rBRtisk CoRIMAMEEhE rbachid] tifke O goRtAY s‘évérhl%%d?'i@cur sor
to vanadi um niobium or tantalum or mxture thereof and the

st oi chi orret r fe¥erahlques. of neutral, el ectron-donating |i gand precursor to
vanadi um

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



ni obium or tantalum or mxture thereof are each about 50-2 : 1. 14 WO
00l 50364 PCT' / US00/ 02821 28. The conposition of claim23) wherein the
anionic ligand precursor is at |east one nenber selected fromthe group
consi st i ng vah odrdkdsdes, carboxylic acids, acetic acid, tripdmgdopesmeii c acid,
propionic acid, but c acid, benzaic aC|d bet a- dlketones acetylacetone)
conj ugat e b&@@é“%fs“%sglalﬁow}’ﬁeé andfon 1ydrogen. ot Solvangs; whigh rqphance atodub ‘lﬁV opi onat e,

butyrate, bw&a;e%enh@taf@lek?éa@m; Q% crRlany ARt Bur @ar el ivaniaci ds in
a position alpha to het eroaromati ¢ nitrogen atom picolinic acid,

subst i t ut edopimallyi Sﬁi‘@lll?éi g deasioingerti the @rqmedtig spbsrrics the catabyst, |at1@|pwep| colinic
aci d N-oxi dgsy/:C at I Bxibib 'Qﬁdt AL | pha to a
het er oaromat i c nﬁurr%ﬁen‘sgﬁgﬁs&n?fggﬁ?nat e, y Ebtgffclut Ut e nacl coTﬁ‘l ka('?ggl,@

pi col i nate Mtdxstdéxemnlarysmb@msmw, putcam hotdimitedagi @e@pmalndﬂumméut ral

| i gand prec at st d fromt con5| sting
of water, Hicﬁ'%%ﬂ%o?xl I ef)réogfelt rcglégogorﬁﬁngnc ] ? o?r‘%%r a|ﬂ?:°nr it cg{?}’?ﬁ?d

subst i t ut edcayihationethergof.col i ni ¢ aci d, substitut ed pi col i nic aci ds

al cohol s, hydroxyaromatic conpounds phenol) substituted phenol s, ethers,
furan, tetr fura i N m n mdes ket Nes, sters Schi ff
bases, and ?&X%eglaﬁl%gmf & p%%ctlc%d:?%hlegﬁn 31“% Sem’zgpmn%oé'?’e?r UMt aI yst is
formed i n sptogéssoninf a cratch mammdluamlysmandblhgamdsoaretchssbhrledlrm he attnsabic) or

m xture ther 0 I ecursofr ; Curso 30. The
conposi tion ‘g"fSL%tF 31?8_)3 %ﬂ@?‘ﬁ 'ﬁxﬁ"ﬁ% pé%%‘?f’s ‘fg Q‘}/br}e%ﬁ“’lgfp‘?@’éﬂ ﬁ?‘i 8n froma
conbi nat i onggskoysi xﬁﬁhﬂrmmnpmind oRyiénAlydtapen,tand atledst osdidert fasTRinoanadat e,

VQ( pi colinate r Vi acetyl etqnate)Z. 31. The sition of claim23,
wherein a cé{‘tt%%S? Paﬁt’% ‘gﬁ‘ ngt CQSWMF%;?WE‘E’G%)@‘E ¢ GRS, MR her ein M
i s vanadi umpe Eba?é&dwmvigror&@@trﬂkwﬂmmtHe&ea’tﬂoh na@ﬁcﬁi oxfdvépm ddhirRe drandpoits an
integer froml to 3, L~ is an anionic), nono- or -dentate ligand, and L2

is a neutraffito éh“eé‘ﬂl‘?fna‘?j’oﬂé‘ﬁllﬁ@few Js#rdion Fate. T ‘E’érﬂﬁﬁ%‘i"ﬁ &% vye ef & m 31,
wherein L~ h§m@denb@AfedR0t& lg%bﬁftaﬁgdsefﬁt &Qutfxﬁé)miéqtlﬂﬁe HoRtdB: GARSrStHeng Of
hal i des) conjugate bases of carbo I c acids ate) trifluoroacetate,
bet a- di ket omatelyss and thetagorpatistsubstrete, %mwprwap@an@)mwn@pr o3her poedusts

conjugate b nP 0 a oaromatic
A ogen: 16 PagsR BT SREAHGL ofAh]nlchyin DRy R BtaAC ke st BpOR

pi col i nat es popiestdnahtathmiqienxi de, and substi t ut ed pi col i nate N- oxi des; and
LZ is at |east one member sel ected fromthe group consi sting of water,
acetonitril d bstitut ed

pyri di nes) g?l?:g lloﬁl“?ggﬁgé i Eé’?‘?‘?‘ﬁe{de |co |n| g?‘:‘f“?ﬁ wahogﬁol?it,bte

hydr oxyar onma¢adc¢o bmitplescss ofplknanvﬂnnomubstl tuted phenols, ethers, furan,
tetrahydrofuran, phosphines, am nes, am des) ketones, esters, Schiff bases,
and imdes. g33n,ERe conposition of claim 23, wherein the aromatic substrate
i S benzene, nap%t hal ene, ant hracene, phenant hrene, or the foregoing
substituted by at | east one al kyl gr oup, ar yl group, hydroxyl, alkyl ether,
aryl ether, 0d! gambigiaali Ya@cetylasetanpte)239.02 & ebpigelsiie peity aF“ér50rr§1!4NﬁfgmphenoI
from benzen a [ r, tantal um
pr ecur sor o? nfgfﬁ{ngé{teh r%‘?&ﬁ P[eg‘iegggtﬁeel l%mbogﬁg % gan %gérdgdghv#tgor and at
| east one neap p‘aitainbgacgaxsfspargiognam shgftl and amattpreolimgs onils. 3ThE. reatiner wasnposi ti on

of claim34, thcnlgrguhg%{ tocl?)mgél h sgmng, an%ap%ssgrrllz%dlvﬂ%ri1"/%%?&0%&36:1 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.

9
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Example 2

VO(picolinate); or catalyst precursors which in  solution produce
VO(Oy)(picolinate)(L),, (as described above) and benzene are added to a stainless
steel bomb. The bomb is sealed with a cap containing gas-sparging stir shaft and
reactor cooling coils. The reactor is then brought to reaction temperature
(approximately 100 °C) with stirring, and pressurized with a mixture of hydrogen in
air (approximately 6.9 MPa of 2.1% hydrogen gas). Stirring is continued at this
temperature and pressure until no more gas uptake is observed. The reaction is then
cooled, and analyzed by gas chromatography to show the presence of phenol in

benzene.

While preferred embodiments have been shown and described, various modifications
and substitutions may be made thereto without departing from the spirit and scope of
the invention. Accordingly, it is to be understood that the present invention has been

described by way of illustration and not limitation.

10
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| consisting of aryl groups, alkyl groups, functional groups, and combinations thereof,
wherein the functional groups are carboxylic acids, carboxylic acid alkyl esters,

carboxylic acid aryl esters, aldehydes, hydroxyls, olefins, alkyl ethers, or aryl ethers.

4. The method of claﬁn 3, wherein the substituents are substituted 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 esters, aldehydes,

hydroxyls, olefins, alkyl ethers, or aryl ethers.

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

combinations thereof.

6. The method of claim 5, wherein the aromatic substrate is benzene, biphenyl,

phenyl phenol, toluene, cumene, phenol, or para-cumyl phenol.
7. The method of ¢claim 2, wherein the aromatic substrate is benzene.

8. The method of claim 1, wherein the oxygen and hydrogen are provided as a
mixture of oxygen and hydrogen with at least one inert gas, or as a mixture of

hydrogen with air.
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10.

The method of claim 1, wherein the oxygen and hydrogen are provided at a

pressure between about 0.1 MPa and about 36 MPa.

11.

The method of claim 1, 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.

12.

The method of claim 11, wherein the stoichiometric ratio of anionic ligand

precursor to vanadium, niobium, or tantalum, or mixture thereof, and the

stoichiometric ratio of neutral, electron-donating ligand precursor to vanadium,

niobium, or tantalum, or mixture thereof are each about 500-2 : 1.

13.

The method of claim 11, wherein the stoichiometric ratio of anionic ligand

precursor to vanadium, niobium, or tantalum, or mixture thereof, and the

stoichiometric ratio of neutral, electron-donating ligand precursor to vanadium,

niobium, or tantalum, or mixture thereof are each about 100-2 : 1.

14.

The method of claim 11, wherein the stoichiometric ratio of anionic ligand

precursor to vanadium, niobium, or tantalum, or mixture thereof, and the

stoichiometric ratio of neutral, electron-donating ligand precursor to vanadium,

niobium, or tantalum, or mixture thereof are each about 50-2 : 1.

15.

The method of claim 11, wherein the anionic ligand precursor is at least one

member selected from the group consisting of halides, carboxylic 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 nitrogen atom, picolinic acid, substituted

picolinic acids, picolinic acid N-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-
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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,
substituted pyridines, picolinic acid, substituted picolinic acids, alcohols,
hydroxyaromatic compounds, phenol, substituted phenols, ethers, furan,
tetrahydrofuran, phosphines, amines, amides, ketones, esters, Schiff bases, and

imides.

16.  The method of claim 11, wherein the catalyst is formed in solution from a
vanadium, niobium, or tantalum precursor, or mixture thereof, a carboxylate

precursor; and a pyridyl precursor,

17. The method of claim 11, wherein the catalyst is formed in solution from a
combination of picolinic acid, and at least one of sodium metavanadate,

VO(picolinate); or VO(acetylacetonate),.

18. The method of claim 1, wherein a catalyst in solution has the formula
MO(O2)(L")a(L?)m, wherein M is vanadium, niobium or tantalum, n is an integer from
0tol, misan integer from 1 to 3, L! is an anionic, mono- or bi-dentate ligand, and L?

is a neutral, electron-donating ligand.

19.  The method of claim 18, wherein L' 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 picolinates, picolinate N-oxide, and substituted picolinate
N-oxides; and L? 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, substituted phenols, ethers, furan, tetrahydrofuran, phosphines, amines,

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

20. A method of hydroxylating an aromatic substrate, comprising reacting the

aromatic substrate in the presence of oxygen, hydrogen, and an effective amount of a
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22. A method of making phenol from benzene, comprising reacting benzene in the
presence of oxygen, hydrogen, and an effective amount of a catalyst formed from
vanadium, niobium, or tantalum precursors, an anionic, mono- or bi-dentate ligand

precursor, and a neutral, electron-donating ligand precursor.

23. A composition for hydroxylating an aromatic substrate having at least one
active aromatic 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.
24.  The composition of claim 23, further comprising at least one inert gas.

25.  The composition of claim 23, wherein the stoichiometric ratio of anionic
ligand precursor to vanadium, niobium, or tantalum, or mixture thereof, and the
stoichiometric ratio of neutral, electron-donating ligand precursor to vanadium,

niobium, or tantalum, or mixture thereof are each about 500-2 : 1.

26. The composition of claim 23, wherein the stoichiometric ratio of anionic
ligand precursor to vanadium, niobium, or tantalum, or mixture thereof, and the
stoichiometric ratio of neutral, electron-donating ligand precursor to vanadium,

niobium, or tantalum, or mixture thereof are each about 100-2 : 1.

27.  The composition of claim 23, wherein the stoichiometric ratio of anionic
ligand precursor to vanadium, niobium, or tantalum, or mixture thereof, and the
stoichiometric ratio of neutral, electron-donating ligand precursor to vanadium,

niobium, or tantalum, or mixture thereof are each about 50-2 : 1.
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10 acid, trifluoroacetic acid, propionic acid, butyric acid, benzoic acid, beta-dlketones,
acetylacetone, conjugate bases of carboxylic acids, acetate, trifluoroacetate,
propionate, butyrate, benzoate, beta-diketonates, acetylacetonate, carboxylic acids in
a position alpha to a heteroaromatic nitrogen atom, picolinic acid, substituted
picolinic acids, picolinic acid N-oxide, substituted picolinic acid N-oxides, conjugate
bases of carboxylic acids in a position ailpha 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,
substituted pyridines, picolinic acid, substituted picolinic acids, alcohols,
hydroxyaromatic compounds, phenol, substituted phenols, ethers, furan,
tetrahydrofuran, phosphines, amines, amides, ketones, esters, Schiff bases, and

imides.

29.  The composition of claim 23, wherein the catalyst is formed in solution from a
vanadium, niobium, or tantalum precursor, or mixture thereof, a carboxylate

precursor; and a pyridyl precursor,

30.  The composition of claim 29, wherein the catalyst is formed in solution from a
combination of picolinic acid and at least one of sodium metavanadate,

VO(picolinate), or VO(acetylacetonate),.

31.  The composition of claim 23, wherein a catalyst in solution has the formula
MO(0)(LYa(L*)m, Wherein M is vanadium, niobium or tantalum, n is an integer from
0to 1, m is an integer from 1 to 3, L' is an anionic, mono- or bi-dentate ligand, and L?

is a neutral, electron-donating ligand.

32.  The composition of claim 31, wherein L' 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
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phenol, substituted phenols, ethers, furan, tetrahydrofuran, phosphines, amines,

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

33.  The composition of claim 23, wherein the aromatic substrate is benzene,
naphthalene, anthracene, phenanthrene, or the foregoing substituted by at least one

alkyl group, aryl group, hydroxyl, alky! ether, aryl ether, or combinations thereof.

34. A composition for making phenol from benzene, 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.

35.  The composition of claim 34, further comprising at least one inert gas.
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