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aromatic substrates. In particular, this- invention relates to a nmethod for
produci ng hydroxyaronatic corrpounds by the oxidation of arenstj |993152003
substrates in the presence of oxygen, a catalyst, a proton sou

non- gaseous reductant. The invention also relates to conpositions for
effecting .said droxyl ation. Phenol is anong the nost inportant

i ndustri al "(S‘PQ‘HW?{‘ chem cal internediates, being used for PHEUSAHPRATt ure

of thernoplastics angePias A %Eﬁﬁwﬁﬁsifm%lﬁﬁ\’ @'W?N an-t in the

agrochem cal s, and phar maceut i cal s partic

manuf acture of phenol - f or mal defFyAROMBTICSSUBSTRATEShe constructi on,
appl i ance, and autonotive industries, and in the mnufacture of bi sphenol

A for epoxy and pol'ycarbonate resins. Despite its industrial inportance,
prior art 15 production of phenol are non-selective,

mul ti-step, %@K%B@QH@&W@HEF‘UNE&A@N e, benzene may be al kylated to
obtain cunene, which in turn is oxidized to form cunene hydroperoxi de. The

hydr oper oxi de is cl eaviggs Uﬁb@ﬁtlorﬁr}eﬁa@ééj tﬁatrﬁét}‘l Bstfbr I@{H?B%,e r equ?r es

acetone. Another industrial process using oxi atlon o
expensi ve -staapmetig subsinates.s. lnopamculandmsnnaenm Telatex éss@smethold &sr t he

Raschi g Hoo e gh ut and result_ in corrosive
or difficul 5’ (?{Jdlpd(’f?i g’i'g‘:og&gvéﬁ?gé Wﬁ%u&%%eﬁg (18 c Lxidation, of; h%rom%'&uct i on
of pherml s Ismnblsiuatestld'ﬂehefwd%@md 6itdx99en] a dabipét ﬁ;ﬁéi@ﬁé&h@é % Bhdh.dr ogen
peroxide in the presence of a_titanoalum nate nolecul ar sieve, as

di scl osed i rgage@ys Uctgpt. Bhe dnveption isq Gelrier:to compasitionsr farreffenting

presence of ¢3 %ggt%éuorl de- carbon di oxi de conplex as disclosed in
U S, Patent S S ORANOn ) Vesel y ot al . U S Pat 1 22 August 2003 No.

5,110,995 further discloses hydroxylation of phenol or phenol derivatives
Phenol is among the most important industrial organic chemical

intermediates, being used for the manufacture of thermoplastics and other

10 resins, dyestuffs, explosives, agrochemicais, and pharmaceﬁticals. It is
particularly important in the manufacture of phenoi-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
15 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
20. - processes such as the Raschig Hooker process require higjh 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

25 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.
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in the presence of nitrous oxide and zeolite catalyst. A nulti-step process

requiring partial hydrogenation of benzene, separation of |Qn
products, oxidation of sone of the reaction products, dehyé??&@ﬁgﬁgdgﬁ, and

other steps is disclosed in U S Patent No. 5,180,871 to Matsunaga et al.
U S. Patent No. 5,001,280 to Gubelmann et al., U S. Patent No. 5,110,995 to

Khar i t onoWeet5, 810,998 rdrtkhkiSdiscidabs HydNexylstiofb6f éﬁénB &Qgﬁ{mg#%@agyd' scl ose

oxi dati on, of benzene to phenol by nitrous oxid e pres

zeolitic ¢hihg pLesenge: af Ditwugsoxide and gealiteucataet. US- rAum -8R, ftbbesk scl oses

hydr oxyl a r oxY, hydf oqui none  as

non- gaseoh%@éﬁjc?gﬁt%e@%g g ;ﬁé}&r{) (gfﬁgﬂzwg?% % %’8 figm Qé tﬁl‘ée regelion cal

Abst r act s proguicts, ¥29dation ofl Somk988 theabsdtet prsductd. S8Rk gﬁhac]f CATAL.
133, es 251- 254 di scl oses roxyl a |on of

Qen?gﬁcl\aﬂ t 8%;?56‘55?}?3 8 Qpﬁpé?ﬁfﬁlﬁhﬁbs e No. 2,186, Sﬂdntog&z%wmga etiudt ant ,
oxygen ang.g. rPéthPN@aGﬁSOﬁZG’M&Gﬁﬁe‘lrﬂﬁnR%&%!?@O&‘ﬁ’tgfwmrggaﬁ@%iq%gm ¢

| i gand precursor e certain of ese Ie t hey
still sukhaitoppymatval.i and WiSaPatekt Nod5 J5688/16 Rffov LD Aallcidedr »

nitrous o nd | t LS al so, a enhouse gas t-hat presents
signi fi caer)(l)%l&l&é)rﬁvﬁfr géﬁ%ﬂfeaf" 88% 'tﬁqﬂf’sox'gés’g (ﬁé presencenoé @ zeolitiet hods
avai l able to synthesize hydroxyaronat i ¢ conpounds, there still remains a
need f or-caiplyshrigireyisidsftun do abeyil t6%. hUGH-4,P82.815 disviosesn hehoxadation fofi endl v,

econom CaenzéHadn tRERENICE df BxRRATRYFdoinoR€ ak fokassayMMbR¥HE Téé't:-an&é\'VENT' ON

The above-descri bed drawbacks_and, di sadvant ages are all evi at ed

met hod dESEMAFPhERENSOUgs: chhgraical ARstrags: Wi Hydrexia: a@?ﬁgﬂbéﬁa%fr%at iC
subst r at e1389%ai .. dmprdé;sm mewlﬂmgvd hﬂsaﬁ@rwhgga %u@@dzat;fmhxtﬁéﬂlld%es at | east
one acti ro ence y a cata

| east oni’gglr%éﬁ%ans% P% en% 8 rg}en?ieggt\%nailgmngrﬁc%@grgo% 2° A8 iRt g?ﬁe% %erel n

t he cat alrgductant okygemeditiifluglaneticarid aoting hoth @n aditemsourse @i anfongrlighaat al um
precurson,of Jip xture thereof, at |east one anionic ligand precursor,

While certain of these methods provide good vyields, they still
suffer from various drawbacks and disadvantages. In particular, nitrous oxide
is expensive, and it is also a greenhouée gas that presents significant
environmental concerns. Thus, despite the number of methods available to
synthesize hydroxyaromatic compounds, there still remains a need for-a
pracess that is simple, high-yield, environmentally friendly, economicat, 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 the aromatic substrate having at least one active aromatic

hydrogen in the presence of oxygen, a catalyst, at least one proton source, and at least

one non-gaseous reductant, wherein the cataly;.t is formed in solution from a vanadium,

- niobium or tantalum precursor or mixture thereof, at least one anionic Iigand precursor,

and at least one neutral, electron-donating ligand precursor, and wherein the proton

source is at least one member selected from the group consisting of a mineral acid, acetic

acid, trifluoroacetic acid, propionic acid, butyric acid and benzoic acid. The method is
environmentally friendly, economical, safe, and amenable to commercial scale-up.



and at | east one neutral, electron-donating |igand precursor, and wherein
the proton source is at | east one nenber selected fromth u
consisting of a mneral acid, acetic acid, trifIuoroaceti?zg%gﬁgﬂﬁ¥@pionic_
acid, butyric acid and benzoic acid. The nethod is environnentally
friendly, econom cal, safe, and anenable to comrercial scale-up. 2 22
August 2003 I n anot her enbodi nment the invention conprises a conposition

for hydroxylating an aromatic substrate having at |east one active aromatic
hydr ogen, conprising oxygen;, a vanadi um niobium or tantal um precursor or
m xture thereof: at IneaBethererahadiment ithgdnemniose gorprisegta IcomposHias

non- gaseou® THEGBIARE en SR S RSEIRlgg i NEBN BrS M B a®Blal b o
OF THE | NVEMrb§Bh RETm PRt W4 4en;Ta e amatiivealsnidbien, betbritaium prenmnmn se

oxidation of an  aronmtic substrate in the presence of oxgg a catal yst,
a proton sBixtere thargof, aﬁtﬂﬁﬁs"gﬁg%(ﬂﬁo‘ﬂlédlﬂ?PQnP"eCGﬁ%orpr&!f'@? angsstiratent

5;; h
caralyat, TeriotPRaihe PR PRelrSol I8 PIASEOGRuES: MPR ndhfdl

reduct ant . redoetamt. nor e of a range. of aronatic substrates may be

hydr oxyl ated in the practice of this nethod. Preferably the aromatic
substrate is benzene, naphthal ene, anthracene, phenanthrene, or the |ike,
or 10 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 hydrogen is available for substitution, where an active
aromatic ‘ )
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hydrogen i s one capabl e of being replaced by hydroxyl to produce a °

hydr oxyar omati ¢ conpound. Benzene, for exanple, nay have f r&@@g #Cflj)

five substituents, which may the sane or different. Swtable tt 8ents

i nclude one or nore aryl groups, for exanple phenyl, naphthyl, anthracyl,
and phenanthryl. The aryl substituents nmay thensel ves be substi t ut ed by
various fuM@90831 groups, providing that such functional BCDmSs0/abasg0Ot
interfere V\A[DE\TAm_Emﬂg%gjmqopm nctional groups include,
but are not limted to, alkyl groﬁgﬂilas yéscrlg\}ejd bel ow, carboxylic acids,
carboxylic acid al kyl and -aryl esters, aldehydes, hydroxyls, olefins, and
al kyl and aryl ethers. hﬂW@ﬂ@dsoﬂeacrﬁbwehEremybompﬁgesox@g%gr fa
substit ut ed jg84¥hii ituents are also within the scoeo t he

i nvention. 25 QL%%BE%’E? %ﬁ?%é@égp?ﬁ iP§y9%I%ﬁ%tabfﬁé SProten §Oar0qllangr oups,
wher ei n t he aaldyjaseaupeductant! Onegpiefeéd léhﬁfb‘d?rﬁgnPEﬁfn@r?Qéoﬁ\fgtmn of2Nd

typi caIIy h e from@gee to tvventy si x carbons. Sone
non-1i M ti ng ) B BreseRes ef axvgan, ¢ vanadyl natalyls, triiubsdacetichudia agr opy!

i sopropyl, & dtlon sdpedl opentyl, hexyl, cyclobutyl,

cyci opentyl L!icgycl ohexytit3 ﬁ%@%g#? ag%@%@a /50371 PCT/ US00/ 02440 :

nmet hyl cycl ohexyl cycl oheptyl. Exenplary al kyl -substituted benzenes

i nclude, but are not QﬁemOtemor@ oft @ venge »f| aomatRNGUBLFERR rﬁQz ghkyl

groups may ed b s functional group

provi di ng t?\%c{}sg)ﬂgtébeﬁungtﬁ%&% c}J:i%'ﬁdEe%dacF reteraon té\eearmat%t $ubstrate

hydr oxyl at i i§n.bepasnepl raphthalehenaanthratiete)s ph@ﬁgﬁm?d]é)utorar ﬁ% q limted
oXyl

anyl gr d scrlbed bove, carboxylic acl carb rafld

aI kyl %{md a%%@%%rge”‘éﬁ W@ﬁyﬁ’@ﬁethydT'@@(yiﬁ@Stltltﬂrém my ded tise kgamandr ar y!
et hers. M xdifierenit.oThai AdrRb& /or, . substituted al-kyl groups

as substituents are also with |sﬁb§%geg§8@§§3%%r% long\ASat Ig@st one active '

aromatic hydrogen is available for substitution, where an active aromatic

hydrogen is one capable of being replaced by hydroxyl to produce a

hydroxyaromatic compound. Benzene, for example, may have from one to

15 five substituents, which may the same or different.

Suitable substituents include one or more aryl groups, for
example phenyl, naphthyl, anthracyl, and phenanthryl. The aryl substituents
may themselves be substituted by various functional groups, providing that
such functional groups do not interfere with the hydroxylation.  Suitable

20 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 wathm the scope of the
invention,

25 Other suitable substituents include one or more a!kyl 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, isopropyi, butyl,
tertiary-butyl, pentyl, neopentyl, hexyl, cyclobuty!, cyclopentyl, cyclohexyl,

3



10 O her -suitabl e substituents include, but are not limted to, one or

i i di i | groups ‘
functional groups, providing that such functiona A s 3
[Tg'[ :rfgre W th ?he ﬁydroxyl ation. Suitable functional groups "l%%c{%ﬁé)e, but

im [ [ [ [ | kyl and aryl
t limted to, carboxylic acids, carboxylic acid a
2;t6epg al'dehydes, hydroxyls, olefins, and alkyl and aryl ethers. M xtures
of di f%eremoﬁoms‘ni onal 15 groups as substituents are al so vpéﬁvgboyogﬁ?scope

: : ' t i sing combi nations o
of the i nvenHqugc%ﬁwy‘gs%%es }t/)[i %@gﬁypgﬁ(gﬁé;wmﬁagibemmesiinclahé,zed_
functional groups, rogr ’ - i Preferred aromatic
derivatives butam A6t WitBd ot 'ﬁﬂu@ﬁé’,p?%leﬁey BRq (%Lm{g@éb;ﬁ}ﬁ E[hy‘ GFORss may; v |

substrates are benzene, and benzene 0 substi

‘ i imettc bvidkgd &edtad ok
groups, al kythe@q%\f%s, barsubsttuted by varigusiumeticnah groupss, ¢ v o
preferred ar %ﬁi@ﬁﬁ%bue?l PX%&%%ﬂeorha\ytté3%3@%@%&%?&(Sglgggl?a fungtienalr ce
b hy b x| cmtpgeinclude Hestparaart. AHeaxd ot OBbL0sk g udr gxylation
of hyd50xy|gm}fbgemfgjc?eteds tpﬁﬁghe plr esence'of@yﬁ x@ure 0 o>§@é§n é%é?:up to
ggoﬁ};’vggﬁfﬁigﬁpﬁwﬁ Wit cqreasyliconed; alsyk agdaryleesfers, m'wﬁg{mfg ey,
oo ot 2T A SRl W k! ST WSS e
20%“ si n(é gq%titgaﬁﬁ)@{l@ﬂtgroupsaas .sUDstityEnts | ade RIS Hithf Qﬁe‘%ﬁégﬁnof The

' to about 7.1
preferably |-@Y%ﬂ15n30 range from about 0.02 megaPascal s ( MPa)

MPa. The absf € 4 22 August 2003 WO 00/50371 PCT/ USO0/ 02440 total

pressure of the reaction is within the range of about 0.1 MPa to about 36

MPa, atid preferably NOhénsMif@lé@&ﬁQtil@bn@m&ucﬂe,Mﬁ?a&éép@fﬁ@teﬁ ég/gﬁl’f‘%ﬂf

| ysts.are based on precursors which un ! AC
E;ﬁ;,e{ |r ﬁﬂscﬁfﬁﬁfgyﬁa&y FEPYRS RIPYIEiNG thatisuchHunptahad gydwps do radt isrere

with the hydroxylation. Suitable functional groups include, but are not limited
to, carboxylic acids, carboxylic acid alkyl and aryl esters, aldehydes,
hydroxyls, olefins, and alkyl and aryl ethers. Mixtures of different functional

" 15 groups as substituents are also within the scope of the invention. Mixtures of
substituents corhprising combinations of functional groups, aryl grodps; alkyi
groups and/or their functionalized derivatives are also within the séthe of the
invention,

Preferred aromatic substrates are benzene, and benzene

20 substituted by alky! groups, aryl groups, alkyl ethers, aryl ethers, or

combinations thereof. Especially preferred are biphenyl, phenyl phenal, -
toluene, cumene, phenol, and para-cumyl phenol.

_ Molecular oxygen may serve as both oxidant ‘and source of
hydroxyl oxygen in the present hydroxylation method. The hydroxylation
25 advantageously proceeds in the presence of a mixture of oxygen and up to
about 80% by volume of at least one inert gas, e.g., hitrogen, argon, helium
and the like. A preferred mixture is nitrogen with from about 5% to about 30%
by volume oxygen. A preferred OXygen source is air or mixtures comprising
the components of air. The partial pressure of oxygen is preferably in the
30 range from about 0.02 megaPascals (MPa) to about 7.1 MPa. The absolute

4.



5 aromatic conpound having at |east one active aronmatic hydrogen, oxygen, a

proton source, and a non-gaseous reductant. Such precursor&ziwugﬁgms
precursors giving rise to a nmetal conplex such as a vanadi um T obrum or

tantal um conpl ex, or mxtures thereof; precursors giving rise to an anionic '
nono- or bi-dentate |igand, precursors giving rise to a neutral, electron
10 donati nd¥@ 0¥, and precursors conprising a conbi nati on rgfr/osesestisam

ni obi um or t Lt | . AN L ORiG. LI or tral | ectron-
Gonat i no 1 i oone BBt df e rRsdchis AR e oS ot S3PAis aBarcsor
limted to, Mma, aodipdeferaily wathirdtherranygeodl about arMPanb oot sfigpaexanpl e
sodi um net avanadat e; E5 substituted oxi des of vanadi um ni obi um and

tantalum for exanple VXX acetyl acefonate)2 and VQ(picolinate)2; and

al cohol at es such as tat?ﬁegrtﬁ?ﬁ %‘%ﬁ{s‘nﬁfﬁ S8R PMiPEBRUIRPES MéutrhoRieR the

M xt ures of mwRbid A6 r ahs et Iy e € .invention.
n ROABHIGAS' SrodlBedh éhtaygf R lﬁ?‘tﬁ%err:?c{rﬁylgtéc}{g of an

In particular, mxtures of ﬁre_cursors ntal ning ei
di f f er eht meATaMaligcOMpEUhnaving Ailaastdne aative aramific ARdrayenc UXPEYrs a

R, Bl o e R RSl

-al kali metal” or er s :
trifl uoroaceiretwsotsetiving Ko doai evetalengi@E SLEMasa variaRRiR NabBiun u{%ryr ate,
err

benzoate, or thFi r correspondi ng]raci ds; carboxylic acids and/or tH

al kal i et al'®FFUG RAMRIGKe O MixEIrBBNereat: AresHEsars givingt Bse4o @mashion’s
nitrogen at QRancsUEH Hdenbib ﬁ%n S,:ng'éc?ﬁsélgag%!ngo}'ibg' %?'%Hﬁgeh%g&%ﬁ.t uted

picolinic acids, picolinate a stitu ol TRate
cor r esPondi Wgnatipgd ligaed. B tpretersarbscompsesing & ocombiration of aginddrims

pi col i nate -hei esp i ng. N-oxi des include, but are not |limted
to, car boxyﬁ%&%ﬁi ér tg@{fi“ﬁﬁx@ﬁﬁt ggh?\ralaﬁgéﬁl,onéﬂ Iﬁ??’,‘gh%ft & dgHlal, elaetrem-y .
Sui t abl e betdandiirigeligarad, @% bdfh.i ncl ude t hose known in the art as |igands for
the netal precursors of the 5 22 August 2003

Suitable metal precursors include, but are not limited to, the

oxides of vanadium, nicbium, or tantalum, for exampie sodium metavanadaté;

(I substituted oxides of vanadium, niobium and tantalum, for example

VO(acetylacetonate), and VO(picolinate),; and alcoholates such as tantaium

trisethoxide and niobium trisethoxide. Mixtures of metal precursors are also

within the scope of the invention. In particular, mixtures of precursors
containing either the same or different metals are suitable.

20 Suitable anionic ligand precursors include, but are not limited to,
halides, carboxylic acids and/or their alkali metal or other salts, for example,
sodium  acetate, trifluoroacetate, beta-diketonates, acetylacetonate,

_ propionate, butyrate, benzoate, or their corresponding acids; carboxylic acids
and/or their alkali mretal or other salts in a position alpha to a heteroaromatic
25 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 or their
corresponding N-oxides include, but are not limited to, carboxylic acid,
carboxylate, halogen, alkyl, heteroaryl, and aryl. Suitable beta-diketonates
30 include those known in the art as ligands for the metal precursors of the

5



WO 00/50371 PCT/ US00/ 02440 present invention. Exanples of beta-di ketones
(fromwhich beta-di ketonates are derived) include, but are qgﬁgg% JAdsed to,
acetyl acetone, benzoyl acetone, dibenzoyl methane, diisobutyryl ane,

2, 2-di net hyl hept ane- 3, 5-di one, 2, 2,5-tinmet hyl hept ane- 3, 5-di one,

di pi val oyl net hane, trifluoroacetylacetone, 5 hexafluoroacetyl acetone,
benzoyl t ri wW@aoo/sieiet one, pival oyl -trifl uoroacetone, PCT/US00/02440

hept af | di oct or, hexan di on
Gonar 1 uor onduEsRBYIrRehfas LRl bl be B RaERS! (o Which setamriketonates
furoyltrifl Lm'eodemem)ancﬂrdéhwmdrérndﬂllﬂﬁlfelﬁt‘@té’é&ylacetone benzoyiacetone,
3-chl oro- 2, 4-,pent anedj one, - 4- pent anedi one,

3-met hyl - 2, A ghravmgthane, rréi"ﬁ?buwr)érflémane5 18, %ﬂme&wlfmﬁaen?-mvségﬂngﬁ of
a0 011 C 11 9218 S GRRPAEBIREsE Aot | b0l FuSEARE, | Biuosiylieting™
VO acetdyl ac é‘teammel)ozcat)dhcé{mm Ccobemnzdyitfifuorbatéblee ribii.laﬂlc'.iy!itm‘luoroacetone

el ectron-do t|n an recursors include, but are not limted to,
wat er; acet ?‘ﬂ'foéog ef%@'@@ﬁ‘ NeHiofenet er oar omat i ¢ r iogEafl ugmhexana@pnbut not

[mited to, deendoionepmrstidrat °d MuABiiBRo- 1A E0AEL LoRine SUDSH] L ut o

pi colinic acids; alcohols dr oxyaromati c co Substftuted
phenol s; et haroyitrifupraacetoner aﬂﬂhemﬂvlﬂucroahem n8schlenw- 2 dspentamedione,

e DL I AR, SE i

donat i ng | i gand” pr'ecursors
The abéve pmohemaatmaMMﬁm&elmFﬂm@dcH:Qaﬁd@rédﬂr%ﬂs%e a‘-fﬁ@e"tﬁheﬂ S

nmetal conple wi t h.at t one iigand or exa , one pre rre
f or nul at |m(;n i??ﬁ)ﬂ‘@@@ort‘ r?é’mﬁ[ﬁ‘%o%tbelﬂﬂm@iﬂ 1'9@1@5 are @dso usable, elgout 3,

and preferabdo(ahg@;gcbmtggqﬁd @%ﬁf:o!ﬁ% glyum net avanadate, a carboxylic

acid, and a conpound contail"ni ng t er oar f’rat ic nitrogen, e.g., 25 picolinic
acid, substituted picolinic acids, pyridine, substituted pyrldlnes or their
correspondi ng N-oxi deSuitabletngitrals @lﬁeﬁrmredonainmmllmnd)pramrﬁms:zlwucﬁél.ebut

are not limited to, water; acetonitrile; nitrogen in a heteroaromatic ring, such

15 as, but not limited to, pyridine, substituted pyridines, picolinic acid or
substituted picolinic acids; alcohols; hydroxyaromatic compounds; phenol;
substituted phenols; ethers; furan; tetrahydrofuran; phosphines; amines;
amides; ketones; esters; Schiff bases; or imides. Mixtures of neutral, electron-
donating ligand precursors are also within the. scope of the invention.

20 The above precursors may be supplied to the solution

’ separately or as metal complexes with at least one ligand. For example, one .
preferred formuiafion comprises the combination at low pH (e.g., less than
about 3, and preferably less than about 2) of sodium metavanadate, a
“carboxylic acid, and a compound containing heteroaromatic nitrogen, e.g.,

25 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. Still another combination comprises the combination
of VO(picotinate), with a carboxylate and/or a compound containing

30 heteroaromatic nitrogen, e.g., a pyridy! compound. In each of the above
formulations, the catalyst is formed in solution from a vanadium, niobium, or

6



combi nation of VQ(acetylacetonate)2 with a conpound contai ni ng

het eroaronmatic nitrogen. Still another conbination conprises Ad%lst 20&)3

combi nation of VQ(picofinate)2 with a carboxylate and/or a corpoun
containing 30 heteroaromatic nitrogen, e.g., adpyrl dy: tc_orrpo]tcmd. In each of
t he above ~fornulations, the catalyst is formed in solution froma

vanadi um ' WRW¥H or 6 22 August 2003 WD 00/ 50371 PCT/ USBOTASMeR440

tantal um pr eghfakeh; réc@t%bb@(ﬁéﬁb@x ﬁ:léi:;@ PEALIrSSF (v rpf?le'fanlh orm
of a carboxylic anId or acid ? lb whi ch g/m%s unct o rsze met al

pr ecur sor) ; @ieoxylisr aelgr s6r 3@'6n§@fﬁn@f CWthQI mmabg adisn dunefionmeas cthel magen

d
5 Piert P AR BR AR R BB Rer i) sofnifo hderaatmiaioaifogen "

t oi chi orret re raapyridyd forebersaniwinich rha @@dznpmcféfrﬁoéf fhe | compdind
\S/anadl um ni, o% mpyorptpa um l( mx?ure thereof) in tggﬁdé}orrposptlon and

st oi chidnet SEIfT%WB'CBfm?X‘IélsﬁefHWth a?eﬂ‘&:mﬁ&aimwsonig | i gand precursor to
metal in the conposition are not particularly limted 'so long as there is

ff | [
ZI égtfgn dglngtnlt ngD ?r Jgirﬁgl?z)dﬁgoarﬁétg?%ﬁ g?\}g%ani% pgncypgﬁl&é ol Mifdalhet al
in the acti Viee.cyangdiym nmume@r damtabnyer inmixtune thgreofxin gta ﬁﬁmfpbsmam

[ ro
a1 on, -t R0 SR Aot i he MUl ek HbBling, 19BHas P U deat | ng
li gand ar e methleirabhe coptpasitidh Bhatnot Riticwasy figiedlso %ﬁgeés WdB g

hydro%latlon reatlo itself or wwth the isolation or pu | cation of t he
c

product® mi xBHfficilent maler ayandity of anignjc digand card: ob esinahl electronrromatings
(such as mefighng 1d¥anss ﬂh:?r AP BRI YitesSoR 0 1 oaﬁﬁ‘eﬂ’e&gﬁ' S 2allcd as

a proton sour ce or a oxyar onat | corrpoun i on,
20 t hen thessetaies; effective incthedtydmwmt@ntdfean aronhatichcdrgeurst RAGRY 28 deSstt O

met al _ one active aromatic hydrogen. In addition, the quantities of anionic ligand and
neutral, electron-donating ligand are preferably not such that fhey interfere
15 either with the hydroxylation reaction itself or with the isolation or purification
of the product mixture, or with the recovery and reuse of catalyst components
(such as metal).

When a ligand precursor is also an acid species (added as a
proton source) or a hydroxyaromatic compound produced by the reaction,
20 then the stoichiometric ratio of either or both Iigand. precursors to metal
precursor may be directly related to the turnover number of the reaction,

which is the yield of moles of product per moles of metal (or mixture of ‘
metals). The turnover number of the reaction determines the moles of
- hydroxyaromatic compounds produced. In addition, the turndver number is
25 directly proportional to the quanfity.of proton source which is added to the
reaction mixture and consumed during the course of the reaction. For
optimum efficiency the turnover number is desired to be as high as possible.
Preferred turnover numbers for the present invention are greater than 1, more
preferably greater than about 10, and most preferably greater than about 50.

30 Typically tumover numbers may be between about 5 and about 50.



precursor may be directly related to the turnover nunber of the reaction,
which is the yield of noles of product per noles of netal (@rs i xt of
netal s). The turnover nunber of the reaction determ nes the nol¥es o

hydr oxyar omati ¢ conpounds produced. In addition, the turnover nunber is 25
directly proportional to the quantity .of proton source which is added to
the react Wh00R0FtIure and consuned during the course of the poaaisoozM40For

opt i mum ef fi ci ency the 1A UpRMREdN WHBdinerfieSickednd O phiedly AhULS, Beeat er

possi ble. Preferred turnover nunbers for the presén
than 1, nor estojghiamstesl satigr elabeth tthenariboiot ligand grecuvest tor skeilabhy @eeat er

t han about 0 ' Jurnover nunbers. ma ,bet ween about 5 and
about 50, 22’%’&5%’5?@%@%8@%% B@ﬁ%oﬁ‘bz’ﬁig? in ihe  canapesition are
enbodi ment s afiouth80p+Z sentmdrgvisrata t oh@Gt3 O i ' f t he
ani oni c_1ligand rsﬁc rsor to rms*‘fﬁ-gl rgggﬁ tgﬁ?a@t ﬂ%%ityr éﬁ?ﬁépgség’?ggh?%%ﬁ%@%@y

li gand Pr eCLﬁEé‘B‘E béjm::’t dVhemtheneatedias sompasiticr complises nital precutsomfore
preferably o f 2 ||?§51' [ D referably,.5 about 50-2 : 1.
Waen t he Ca?ﬁﬁ%r?jcggnn%tgéphcon cgir%dr wglééswfp%t ﬁ]e%l?igcsmpéggd i the form of fops
metal” precur@@nyle. a aumplbx with sithed thes apiopid 1ig8nd Pré@asber R He n%Q{ral
exanple, a %gégﬂogﬁd%h e.thta the anionic |igand precursor, of the ™
neutral, el S fezattS) h%al] SEeRHIBPR Rl Beth, thenpibenstoighiometiis ratio of

st oi chi onet finang apteeuedor kb 9 pr r §or ‘.m=at| I y.he.essentially 2:1,
as for exa lIgeni nplouv&racet?:égeg_etngg\yat g?zeéa% | n@Va(n?Si 8§| if r;teg%ﬂ'&fgt ¥'i’s
al so ctht e%%ﬁasaty{monaiahi andnial VQpinshipate)ed itais afcc dongenglats® cthasor ,

or unconpl e : r r.QR- at i ng ligand precursor, or both, may
be added to)ét% ﬁgﬁﬁggcﬂ%’m &%nﬁ% tﬂ?‘ibrﬂgg%apﬁemﬁi}g’éﬁori' OrsupeAmelexed Rewdralor m of
a conpl ex wetdttrontdomatingeligandi precurogaitdbMeGHET e FRHeHN 8Ly
el ectron-donating li ga&%e&r ea{c‘ursor, .or 15 both. §Wt hou'Ee b@i %té%%%"%y
theory, it &% WhEDS efgldp suuppfigd|ia the form of a complex with either the

‘ anionic ligand precursor, or the neutral, electron-donating ligand precursor, or

15 both. :

Without being bound by theory, it is hypothesized that suitable
catalyst precursor combinations may give rise in the presence of molecular

oxygen or a molecular oxygen precursor to catalysts having the general
structure

20 MO(O,)(L (L),

wherein M is a metal such as vanadium, niobium or tantalum; n is an integer
from 0 to 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. Suitable anionic ligands
include, but are not limited to, halides or the conjugate bases of carboxylic
25 acids, for example, acetate, ftriflucroacetate, beta-diketonates,
acetylacetonate, propionate, butyrate, benzoate, and conjugate bases of
carboxylic acids in a position alpha to a heteroaromatic nitrogen atom, such
as, but not limited to, picolinate, substituted picolinates, and their
corresponding N-oxides. Suitable neutral, electron-donating ligands include,
30 but are not limited to, water; acetonitrile; nitrogen in a heteroaromatic ring,
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catal yst precursor conbinations nay give rise in the presence of nol ecul ar

oxygen or a nol ecul ar oxygen precursor to catal ysts having I
structure 20 MO(Q2) (L"), (L2) mwherein Mis a netal such asz?'alﬁ;gglﬁg%fo% _
ni obiumor tantalum nis an integer fromO to 1; in. is an integer from1
to 3; L' is an anionic, nono- or bi-dentate |l|igand; and L2 is a neutral,
el ectron- dd¥A0¥5§71l i gand. Suitabl e anionic |igands i nclude,pPdmuscanednot

limted to, &aih des bat rdielieRBd VAL SrRASES nofid ar?t?%- ' CL,dSu:

exanpl e, acetate, trifluoroacetat e,ﬁget a-'dip?eltg’n tes'?ﬁld %gﬁqsycﬂaécﬁej%gﬂ‘kg@,
propi onat e, BiGeNiGtacidyenleohols; hittoxyaromeatice chmpesnds; phanbhxsubistitasd ds in
a position . e ' Ltrogen atom such as, but not
limted to, al't’)l colél’(nég?%'{g' é@%@ﬁ#@%ﬁﬁp@ﬂupﬁ%@ INESRMINGS; AMIdes: Ken®sdi ng
N- oxi des. Suedterdst Echiffitasals; oelridleson- donating |igands include, 30 but are
not limted to, water; acetonitrile; nitrogen in a heteroaromatic ring, 22

August %003 WO 00/ 503 PCT%&Jy(SﬁO/ 02440 such as, but not limted to,
pyriding, pyridyl, picol§Ff? i1y REpsentnis; a7 @ffeativerawiunt whicki igsreadily

al cohol s; hydHteryiae® Erhpisics UGS iof Y v SRR iHeUL R ls;, gthers;
furan; tetrahydrof uran;_plpﬁow?nes; 0ar’ri_ gg%];ryﬁmd@séh%kéﬁbggggﬁ&ggt% g'!e
Schi ff base$tagpgiapmalic ssbyiste; dhaldgsiredsepctisrerte| theacostf dfape icagalgstount

whi ch is reagid ) empi I ly b ne of .ordinary skill. 1n the
art, dependiaa(riy{:jfj %r? %Ee%és%g(r?%'ng?éa{{e&%@'itées%éé)'y?ta‘f’@,bq REesgsdiin apquakcef on
rate, the caepitoabouhdOasdielpsitent ohitbeldrismatienabggsati ons. CGenerally, the
catalyst will be present in anpbunts of wup to about 10 nole percent of the

aromatjc substrate. 1 hThe $roton source is at |east one mneral acid (such
as hydrochl oric aci d) "8r PEPIQENISOUERS S ( aliclgasks ane minsralaesid dsuati dis. The

B; g]g on_ 3” mgﬂc?.idﬁﬂbeéﬁﬂﬁbl' Yorghniceasid (BAEH 'R InfudRIAeBYE adl® TRESroton
source’ is preferably at least partially soluble, and more preferably wholly
soluble in the reaction mixture, and its corresponding ion does not significantly
interfere with or inhibit the reaction. The proton source is present in the

15 reaction mixture. as a co-reactant which is consumed in the course of the
reaction. The stoichiometric ratio of the proton source to non-gaseous
reductant in the reaction mixture is no greater than about 10 : 1, preferably no
greater than about 2 : 1, and most preferably no greater than about 1.2 ; 1. In
especially preferred embodiments of the present invention the stoichiometric

20 ratio of the proton source to non-gaseous reductant is about 1.10 -1.01 : 1,
Depending upon the catalyst composition, the proton source may serve both
as co-reactant and as an anionic ligand precursor. For example, trifluoroacetic |
acid and other organic acids may serve as both co-reactant and as anionic

. ligand precursor.

25 Any method known in the art may be used to add the proton
source or mixture of proton sources. Most frequently the proton source or
mixture is added in the form of a solid or a liquid, or a-solution or slurry, alone
or in combination with another reaction component or inert solvent. It is within
the scope of the invention to add the proton source or mixture either in a

30 single reaction charge or incrementally during the course of the reaction.
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soluble in the reaction mxture, and its correspondl ng i on does not
significantly interfere with or inhibit the reaction. The @?Atﬁ"sﬁﬁbﬂ eis
present in the 15 reaction mxture. as a co-reactant whichis consuned in
the course of the reaction. The stoichionmetric ratio of the proton source
to non-gaseous reductant in the reaction mxture is no greater than about
10 : 1, pr&feoe#Byl no greater than about 2 : 1, and nost pr@&m@%yﬁﬂo

t t han about 1.2 speci al | referre enbodi nents- o
g:ggeﬁ[ i nvention the E'{'oﬁcﬁqhg}?@? F‘ ? éri%éi &3 Fhéeantoren BeRrgaseous I
non- gaseous reddclkahanand $ncbdng thbséQ:OTﬁp@tlble Mth tl’@e&@tag)sf‘%n‘dpl% Cﬁ‘?n frgg &1 yst

conposi tion ton source nmy serve both as co-réactant and as an
amrrgm c li gz?r\{j g‘r ?@@r "OFtﬂaséﬂ'eiﬁpﬂeé‘]UCﬁﬂtfW@bﬂoﬁlﬁétdoﬁtex-tcoﬂ thedpiwsbat

t; t ni, 0 | i gand
ot ceur sor . TR f@“ﬁﬁa‘%“@ﬁa%‘*ﬁéf%é bR oAl the rreadide oot on
sour ce Sor mpxolmesmircar aho mvmciunmee Mdaéd ft e eSddtiont mtafeor‘n% Pﬁg&i&ﬁ? or
mxturels:‘i'lddedln orallqwd, or a solut

slurry, al on@M gthgrt @8@9#@13% T‘i}ﬁt{"ﬁda{w@wﬂéﬂ theaart may bemseddatadar thener t
sol vent. |t nof-gdddbiua reHDétaﬁ?QPﬁm&[lré BfndiYs 6|§£nretd%c?ag'ﬂ? e@gﬁ{){gofﬁ ani ?%ge

xture either in a singl e reactlon c arge or
1(:) Lemcour se He ea- G%uSofeduzLant\uyumxtamis Wﬁé@/]ﬁﬂﬁé’ ﬁoﬁﬂbﬂ&%&li@%ﬂ% The

one non- S re ctant, and includes
those. ?gﬁpap?‘gpédge‘% S8fltioh & %\'l‘@gt SIGHE of HhcStibiostion Gith Arethar feantion
non- gd§eouscompockatbr indrhisoivehe 1t &ivitkin Bl éd?ﬁ)&péﬁ%ninvehﬂéfﬁ% 200 the One
which is serves as a reQﬁftant only in the presence of 5 prot on "source,

and whi ch nBY"S2SEQHEreBAHE pedeiiwye gitkeruir arﬁiaglphyeaztmln charge agrher
than a gas. mef*dmaﬁidw?dddﬁmgﬂﬂ\é Bolis® & e obcliEn " SEfladi8 %&H&fﬂ’?ﬁz i gaseous

reductant or m xture’ of aseous reductan
non- gaseous byteaigcheihlimited rw,xdluycéopmtadm-metal lwerfpiexeso§uch a@lfeﬁo@én@
zing, iron, tin, copper, and the like. Preferred reductants are ferrocene and
15 zinc. Effective quantities of proton source and reductant are readily
determined empirically by one of ordinary skill in the art, depending on the

' starting aromatic substrate, the desired reaction rate, and like considerations.

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.

20 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 aromatié substrate, at least one inert solvent may also be used where
‘desirable to provide at least some degree of miscibility ‘or microhomogeneity

25 with respect to the catalyst, the aromatic substrate, the proton source, oxygen
and/or the non-gaseous reductant. Solvents which enhance solubility and/or
reactivity of the reactants are especially desirable, but the solvent will
optimally solubilize, at least in part, the aromatic substrate, the non-gaseous
reductant, the catalyst, the proton source, and oxygen without significantly

30 decreasing the Lftitization efficiency of the catalyst. Exemplary solvents
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liquid, or a solution or slurry, alone or in conbination w th another
reaction 10 conponent or inert solvent. It is wthin the seopgqnkt Jdo8

i nvention to add the non-gaseous reductant or mxture either |n a single
reaction charge or increnentally during the course of the reaction.
Suitabl e reductants include, but are not Iimted to,

di cycl opent™¥Hi%A% 7 et al conpl exes such as ferrocene; zinc, PCAGIH00H2440

copper, and r r Zj
pp dé kit d {éq%& frifled 99 Wistigile fﬁmfrﬁ%féacﬁg@frogggolﬁ, s,

Effective quan I't’'es of proton source and reductant ar
enpirically Uylomfermfdlohldrmmeﬂ'lanlel, carbion tetrachietide, drmeombiimafians theesofst art i ng
aromati c substrate, the desired reaction rate, and |i ke consi derat i ons. The

reaction tenperature i eneral ly w thj . oyt about
200 C, preferably in tﬁgg Laglogf rﬁ%}% #5'4&%@3@ §l5'?£’15§'8 b?g gh t he
reaction tingofteRUEs ofROAtINGAN priteedndhta datch ltémetm@etaigast and ngam@s
general ly several seconds to several hours. Alt hough the reaction may be

run nea¥ in BeEhzdigsolved| ifenthe oﬁm”'tﬁt'ﬁerSUQPB?r@t |Qi' %ﬁf?'&(@“’%ﬂt I"E%Eiireone
I
inert so ven ﬂJ $Rdbe alﬁsﬁ‘fenrwé%sse%@ I QséHlBV h atr;q)yst

- degree of msc Ity or mcro ormgen respect
the aromati coxyglm rateat tdast pre merlscganscs u'(hnoxdgeed inted they redzﬂnomnegseleous

reduct ant . vent s i ch_enhan e SO d/or reactivity of the
reactants ar’g‘t%‘g‘fﬁl}, "\gp ny?cﬁésﬁrya |8; prgfﬁrreci]wastalﬂge%s fixire be Pﬁ% figeg or
sol ubi | i-ze, ghotRAK mied Rith thé P@a@(bﬁnﬁhbﬁ:mﬂet EcRbRharidRStraNshdiemes Use
reductant, thé cat al%g t he proton source nd oxygen w t hout

&dn

si gni f f&ant | §awgw ansk ergasaéea@thn EE4E éivdé%ﬂ%ticehwycﬁlsq he eftacieq in .
but or o por T o foogtidyPesdfls RO SbieeChn DA 0 18a ddfbrae

but are not uori na ons, Treons,
chl orof orm tﬂiecmewmet hanthis ciastameet eheaobé oofi de homogennbs nfdeidstockt her eof .

Hydr oxyI ati ondvar?{ageodO ] ?nCten(egf'jmge Iatcpeeqruaw c%nPa%& %hétw%SH‘ the catalyst and the
aromatic substrate. The hydroxyaromatic compound or other products
15 produced by the method of this invention may be separated and isolated by

conventional techniques.

The following Example is provided by way of example only, and
should not be read to limit the scope of the invention.

0.0099 grams {(g) (0.0373 mmol) of VO(acetylacetonate),,

" 20 0.0201 g (0.1632 mmol) of picolinic acid, 2.0 g (17.54 mmol) of trifluoroacetic
- acid, and 50 milliliters (mL) of benzene were added to a stainless steel bomb
fitted with a gas liner. 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 3.45 MPa of a gas mixture eontaining 28% oxygen

25 gas in nitrogen was introduced into the bomb. A mixture of 1.2 g (10.75
| mmol) of ferrocene in 20 mL benzene was then slowly introduced into the

bomb by means of a high pressure pump while stirring was continued. Upon
completion of fhe ferrocene addition, the bomb was cooled to room
temperature and the reaction mixture was analyzed by gas chromatography.
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continuous, or continuous process. In a batch reaction catalyst and |igands
5 are dissolved in the aromatic substrate or substrate/sol ‘Q‘%’]&u{?ﬂ%ﬁdﬂﬁe’
preferably under an inert atnosphere, and a. gaseous ni xture conprising
oxygen and at |east one inert gas is introduced into the reaction vessel.
Al t hough not necessary, it is. preferred that the gas m xture be sparged or
vi gorous| yWR Wi th the reaction liquor in order to enhan®eTUsaneags t
into the 10.ki r WSO 8" actl nw;g j al so
be effect ed\rji"!ﬁlg%g pcr%ﬁtgll n.uoug'oqngd%?g')e/l%ggsmﬁrgéfnégyure 5f 'JHEH; gg%'ﬁ%&s
over a fi xedndleslobfrodubepeamnalegsif vanadiumksof alzndd®e, the use of a
honogenous feedstock is advantageous in ensuring adequate contact between

the catal yst and the romati.c_substrate. The hydroxyaronati 0 und or
other products 15 pr Ogﬁglédpr@er{qggem egts ﬁ%Y%gPﬁOéﬁﬂ%aﬂﬁﬁe&gﬁﬁﬁ%r at ed
and i sol at edaRyus CABMRBEIIONS! adE CiibstiiefonsThaal 0beowhade Exmerate whhdyovi ded

by way of exanple only, and should not be read to limt the scope of the
i nvent iSon. @Gepediagdramsheggpifittand sgopamif) ther inventioret Acewrdinghat ity to beo

0.0201 g (O I f, Qi ik C:. -G 2 g :

trifluor oacé’g’ ?géédﬁgé,t%%ﬁéhgosfnéﬁeﬁkl Ilnt% %Ir-’{s?oq nﬂ%’ o?é%'gngéelsn@%ei ewadvaaé/d ?f a
st ai nl ess silewtratioming hot limifatiéet.h a 'gas |iner. The bonb was sealed with a
cap containing a gas- sparging stir shaft and reactor cooling coils. The
reactor was then -brought to 100 Cwith stirring, and 3.45 MPa of a gas
m xt ure contai ni ng 28% oxygen 25 gas in nitrogen was introduced into the
bomb. A m xture of 1.2 g (10.75 mol) of ferrocene in 20 nL benzene was
then slowy introduced into the bonb by neans of a high pressure punp
while stirring was continued. Upon conpletion of the ferrocene addition,
the bonb was cooled to room tenperature and the reaction m xture was
anal yzed by gas chromat ography. .11 22 August 2003
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WO 00/ 50371 PCT/ US00/ 02440 Yield of phenol was 0.015 g (0.1593 mml) for a
turnover nunber (yield of noles of product per noles of vabadigu@aogeh about
40. Wil e preferred enbodi nents have been shown and descri bed, ~ vari ous
nodi fications and substitutions may be made thereto without 5 departing
fromthe spirit and scope of the invention. Accordingly, it is to be
understood that the present invention has been described by way of

illustration and I% I'Bihation. 12 22 August 2003 WHAT IS CLAIMED IS: 1. A
net hod of WN&FH%/E_ ME 4R ar omati c substrate, which conprises reacting
the aromatic substrate in the presence of oxygen, a catalyst, at |east one

proton source, and at | easinétAgd Hmareedating aduaroantic subsieate) whiche
catalyst is formed in solution froma vanadi,um ni obiumo

. r. tantal um

lor’ ecur sor c@mpﬁsélgurealdihgrm d,arunatiea.ltbwﬁée dRi e 9’&39@‘%&{)%@%90%, hand at

east one neutral, electron-donating |i SO 1 t he
proton sogatalystsahleastase %ﬂ@%@% §%(f§£feea§5 ?ﬁgn@{]%aﬁér%’ﬁﬁgﬁtsﬂti ing of
a mneral acid. t] ' | r hcfremi @, vanadiuomi nichitird, abut yri c
aci d ®and %rg‘gngﬁ?ecdag%lggﬂ. ?slgb%é%%Tﬁgﬂgrgt hod of claim1, wherein the
ar Oth i c %ﬁtﬁwm%ﬁe@ﬂms er mmaﬂeftﬂemoﬁmt tpast pre PRI ig@Ngr PISEHE e,
napht hal ene, ant hracene, enant hr ene, .. oi ng
havi ng on@ngratigast on%&syffg[}&gﬁa .“‘é?“%@lﬂ%%ﬁ{)ﬁyﬁﬁﬁfﬂﬁz‘% ﬁ\aheie'ffeﬁ t he
Su 23 oL IS RGO doyrCé i€t Ribst bR hEMbEF eblectethont theggrotipaopsisingufs  al ky!
) P> mineral acid, acetic acid, trifluoroacetic acid, propionic acid, butyric acid and

10 benzoic acid.

2, The method of claim 1, wherein the aromatic substrate is
selected frorn the group consisting of benzene, naphthaiene, anthracene,
phenanthrene, and derivatives of the foregoing having one or more

substituents.

15 3.  The method of claim 2, wherein the substituenis are
selected from the group consisting of aryl groups, alkyl groups, functional
groups, and combinations thereof, wherein the f{functional groups are
carboxylic acids, carboxylic acid alkyl esters, carboxylic acid aryl esters,
aldehydes, hydroxyls, olefins, alkyl ethers, or aryl ethers.

20 4 The method of claim 3, wherein the substiuents 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, carhoxylic acid alky! esters, carboxylic
acid aryl esters, aldehydes, hydroxyls, olefins, alkyl ethers, or aryl ethers.

25 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.
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groups, and conbi nations thereof, wherein the functional groups are ,
carboxylic acids, carboxylic acid alkyl esters, carboxylic 53Ci

esters, aldehydes, hydroxyls, olefins, alkyl ethers, or aryl éﬁ%ﬂﬁ@ga 4,
The nethod of claim 3, wherein the substituents are substituted by one or
nore noieties selected fromthe group consisting of aryl groups, alkyl
groups, functional groups, or conb! nation s _thereof, wherein the

functional groups arg carpoxylj ' . r ; ' LK XS Fdteris .
carboxylic acid arﬁ' est é*‘gﬁﬂ@%g@mﬁy@%@w &égfdg??dhd;gual kyl ethers,
or aryl etﬁbﬁ{gneZ%ﬁen?,epi’i@m%éﬁolﬁﬂweh@’Cum’“@i pherad, er @ang-camylibst r at e
is benzene, “Oor benzene€ substituted by at |east one al kyl group, aryl

group, al enogt her, aryl ether, hydroxyl, or conbinations thereof. 13 22
August 2003 6. The nethod of claimb5, wherein the aromatic substrate is

benzene, biphenyl, p e?nylEﬁ‘gfn%9df}ﬁl§@ﬁ?1ﬁﬂmmfamé’i° gnbétagte-iguny|

phenol . 7. The netho aromati c substrate Is 5
ben23$e. % n'%%emat hod of claim1l, wherein the oxygen is provided as a
m xt U e with<t 9 east one inert gas, or as air. g. The nethod of claim1,
wherein the stoichionetric ratio of _anionjc

i i gan recur sor vapadi. um
ni obi um or tantal ung. or Thatoeikogdoot gairack. Whergn %9%%'%@%‘3‘{'#%&& i 0
of neutral, electron-gdonati [ r r to vanadi um ni obium or
tantal um #Hram¥ qﬁ?éﬂﬁhﬁﬁgawée%%zg%a&?g%ﬁel. 10. The nmethod of claim1,
wherein the stoichlonmetric ratio of anionic iigand precursor to vanadium
ni obi um or tantal ung or mﬁamthod&fmlﬂmhfwhm theesteiahiometied@tin i at i o
of neutral énigl\i?:cit{;ggédgr%%blrs%% ltc': gv%r}\(jadium. niobium, or tantalum, or mixiure

10 thereof, and the stoichiometric ratio of neutral, electron-donating figand

precursar to vanadium, niobium, or tantalum, ar mixture thereof are each

500-2:1.

10. The method of claim 1, wherein the stoichiometric ratio of
anionic ligand precursor to vanadium, niobium, or tantalum, aor mixture
15 thereof, and the stolchiometric ratio of neutral, electron-donating ligand
precursor to vanadium, niobium, or tantalum, or mixture thereof are each
100-2 : 1. '

11. The method of claim 9, wherein the stoichiometric ratio of
anionic ligand precursor to vanadium, nichium, or tantalum, or mixture
20 thereof, and the stoichiometric ratio of neutral, electron-donating ligand
precursor to vanadium, niobium, or tantalum, or mixture thereof are each
.50-2 1. ’

12. The method of claim 1, wherein the anionic ligand

precursor is at least ane member selected from the group consisting of

25 halides, carboxylic acids, acetic acid, triflucroacetic acid, proplonic acid,
butyric acid, benzoic acid, beta-diketones, @cetylacetone, conjugate bases of
carboxylic acids, acetate, trifluoroacetate, propionate, butyrate, benzoate,

14



precursor to vanadi um niobium or tantalum or mxture thereof are each
100-2: 1. 11. The nethod of claim8, wherein the stoichi omebiggus@aidos of
anionic _ligand precursor to vanadi um niobium or tantalum of m xture 20
t hereof, and the stoichionmetric ratio of neutral, electron-donating |igand
precursor to vanadi um niobium or tantalum or mxture thereof are each
50-2:1. 12. The nmethod of claim 1, wherein the anionic |igand precursor is

o boxy | chaierdibsionains, GasslACHORRe, carsaie R ;o fodlion 2T te'sé

ot s o PerdaRnts Bftdherh Hdnt, ﬁ%&‘ﬂﬁizﬁ':fSf““;f%ﬁ?%ﬂ;‘fﬁ“’“@t?@f‘zgef’ases
benzoat e Bl itoddibsiminpanin ol intarstiotetEe v
aci d. subscarbowgic Fcids i@ RRSRN ApNE.dP A héisRodroReEe, it enp et G

D ot o oPkaihles B uufeRn te8hRaiaas odinars aN@E] cand) SbsTiuEdOS! L on

pi co[ i nat e?i,comﬁ@i NnddesNan tthe, neuttal dighsd ipreswacr isi eldparkeRe rm%mga%s; and
the neutral |igand precursor is at_ least.on ' SR e r he
group conséelerieg dormather ,Qf%t@ﬂsﬁt‘inﬂepf n‘?’gﬁﬁgggﬁgf"ﬁ“@& h@tq@gggr gﬂ]aj iC
ring, pyrigi ' L djpRetuted polidines, picokhic ackk substitete
picolinic ﬁ%@gg?%ﬁf&%@%médigﬁo#ati_?pciorrpouﬁds, Rhe ol,  sub tcsjt ut ed
10 phenol spicelifier acidsuratcoholst hydredyabmads, CmpepnRheBNS r?é‘QShté‘% es,

ket ones, esters, Schiff bases, .and i m ¢de 1 t ChraidBel,
wher gon t heheagls) ysthers, ffgfﬁfbd tpﬁahgd}‘pﬂ{lél&n S’?oosktﬁg"évggntaég’m%é’ n%rglgl@gh] or

tantal um pfecutsSopatotd SHhiF BhSed HidaRiides.at | east one organic acid; a
car boxyl at € precursor; and a pyridyl precursor. T

13. The method of claim 1, wherein the catalyst is formed in
solution from a vanadium, nicblum, or tantalum precursor, or mixiure thersof;
at laast one organic acid; a carboxylate precursor, and a pyridyl precursor.

15 ' 14. The method of claim 1, wherein the catalyst is formed In
solution from & combination of picolinic acid, triflucroacetic acid; and at least
one of sodium metavanadate, VO{picolinate), or VO(acetylacetonate),.

15. The method of claim 1, wherein a catalyst in solution has

the formula MO(OXL)L?)., wherein M Is vanadium, niobium or tantalum, n

20 is an integer from O to 1, m is an integer from 1 to 3, L" is an anionic, mono-
“or bi-dentate ligand, and L? is a neutré!, electron-donating ligand.

16. The method of claim 15, wherein L' Is at least one
member selected from the group consisting of halides, conjugate bases of
carboxylic acids, écetate, triflucroacetate, beta-diketonaies, acetylacetonate,

25 proplonate, butyrate, benzoate, conjugate bases of carboxylic acids in a
position alpha o 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,

15



is 14. The nmethod of claim 1, wherein the catalyst is formed in solution
froma conbination of ploolinic acid, trifluoroacetic aci d?22"9“(lg1u adogast
one of sodi um netavanadate, VQ(picolinate)2 or VO acetyl aoetondate)?2. 15.
The nethod of claim 1, wherein a catalyst in solution has the formula
MX02) (L")n(L2)m wherein MIs vanadium niobiumor tantalum n 20 Is an
integer- fromO to 1, mis an integer froml1l to 3, L' Is an anionic, nono or

bi -dentate ligand, and L2 is a neutral, e|ectrqn-danating.ljgapg: . The
met hod of gjtaigenli avheteroaramalic ring, | M@"%n@-’%ﬁ@ﬂﬁar p‘é@"h%?’egﬁpp@r%n t he
group consi sti'ng of halides,. conjugat i Cocbibdandscet at e,
trifl uor oa@sidat éubﬁilik'@ddiMIW%tééSS’a%éme?‘gﬁﬁ?%apr opi oggt‘ e,

butyrate, benzoate, e BRS e&treks,C Aufamx ylatrahgdiadsran phogphines.on
al pha to aPREPE o%‘f’%‘ﬁgﬁg itPogen at Oi% pi coi | nate, substituted
pi col i nat egmines arhkiasekeétoors destetsn SobifbRe e, Q8% I nate N oxides; and
L2 is at |least one nenber selected fromthe group consisting of water,
acetonitrile, 15 22 gust., 200 Lt : iqafmEreedactamois a

Frey s SR R

pyri disne, substitutedfpyri inic acid, substituted picolinic

acids, alc - : hrRpleRNEiRL sy, tinleetoppekubst i tut ed phenol s,
A cRapatidtieny Hetanarhp

ethers, fu of uran, phosphi nes, am nes, am des, ketones,

esters, Schiff bases, and imdes. 17. The .nethod ' W?.@ ik the
reductant is a di cyciBopeniiu W‘@H@Mfalgﬁmmf]eﬁﬁéﬂeﬁc?ﬁ@;érﬁ? |rr1‘fP or

cooper. -16.. The nethod of claiml, wherein the reductant is ferrocene. 19.
The met hod f%'FOE?%ﬁ'n] 14, wherein the aromatic substrate is benzene. 10 16
19. The method of claim 14, wherein the aromatic substrate is benzene.
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