; e3eS. S**+4, 4-00. 6f. T. [ c2WD 001 50371 PCT/ US00102440 METHOD AND COWVPCSI TI ON
FOR HYDROXYLATI ON OF AROVATI C SUBSTRATES BACKGROUND OF THE | NVENTI ON Thi s
i nvention relates to methods for the hydroxylation of aromatic substrates.
In particul¥@P0/i087ls invention relates to a nmethod for probekt§0§/02440

hydr oxyaromati ¢ conmMpafsspRAND tDMEDSREIONFOR 1Y BRBINYL ATIONPSt rates in the
a

b
presence of oxygen, a cafalyst, a proton source, and non gaseous
reluctant. The invention al sQfF ARAMSTICSUBSPRATESONs for effecting said

hydr oxyl ati on. Phenol is anong the nost inportant industrial '

chem cal internediates, being used for the manufacture of tdmmmmmm"mm

and ot her regi ' ) agrochem cals, and . .
éi&g&g@@ﬁlb%ﬁsm&e@w IORP 159159

phar maceuti ca s particu I'mportant in the manufacture o
phenol - f or mal dehyde resins used . in the construction, appliance, and

aut onot i ve i ndust ri es,Thismdnyentionerelaasiftocmateods e dhaemsiroylation epoxy and
pol year bonat g nsunsBeRl ¢ fn | dadehITHE! AbertBROMIABE Qo &' héthoddy et hods
for the 15 production of phenol™ are non-selective, nmuftr-step, and/or
expensi ve. Fprodesingplhydraxyarosmaticmopnipeundkybwt & t oxidafioni nofc aremetic whi ch in

turn is oxidj : e ' r oxi .S cl eaved
usi ng ansoaci Ebgsgl:[ag y'is"fE B%%%ﬁﬁ?ﬁﬂé&ﬂ% aé%g%’o%g&t%géﬁ@rg’ ?ﬁrﬁdg&c’bf al
process usi ngaseoudaedoctant. Thel ingertioneglao rekatasx foe oempesitidres far rajfectingr i al s.

A der industrj.gl [ sses such as the Raschi g Hooker process require

hi gh energy T 'gm‘?%ég'ag&gsult in corrosive or difficult to dispose of
wastes. More recent processes for the production of phenols include the
hydr oxyl ati on of ar omdthenokisirieng the mestnmpeitantigdustpielrerganie chamidag

presence of | I: | ' | | Pat .
Ro. 5, 233, 000 oA, MR uBed 1o 8 Aantiafiie AnEiiRIaRe, or ttner
f1 uori d&- car kasinsdi dyestifsc axplosiveas agracheoucats, | and). harraceuticalsio. 18,is153, 332
to Vesely et pgllticulyrlfimggﬁantjm the manufacture of phenol-formaldehyde resins used

in the construction, appliance, and automotive industries, and in the

manufacture of bisphenol A for epoxy and polycarbonate resins.

Despite its industrial importance, prior art methods for the

15 production of phenol are non-selective, muiti-step, and/or expensive. For

example, benzene may be alkylated to obtain cumene, which in turn is

oxidized to form cumene hydroperoxide. The hydroperoxide is cleaved using

an acid catalyst to form phenol and acetone. Another industrial process using

oxidation of toluene requires expensive starting materials. Older industrial

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.

1
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WO 00l 50371 PCT/ US00/ 02440 No. 5,110,995 further discloses hydroxylation of
phenol or phenol derivatives in the presence of nitrous oxide and zeolite
catalyst. A nulti-step process requiring partial hydrogenation of benzene,
separation \g obAh§nr eaction products, oxidation of sonme ofpdinesos/egat i on

product s, dr er st disclosed in L. Pat ent
No. 5) 180 8 50%&‘5%‘8’ BFC@P Byd§°"3ﬂ>%e‘ﬁ’é'n?fs%l?“°g°b86?%89%’]‘63%&%| mann
et al., US uﬁ’aheept‘esunce5:f1ﬂt€bL&9&|d@aKbatebﬁterMalgst aA mumFBIeanEoceEatent No.
5, 756, 861 to Panogv |,. . discl ost oxi.dat i on of % h henol. by
nitrous oxi deeHyfF '?%epﬂfﬁ@sé‘ﬁg@g@f‘a on, 9 qngngatsgpﬁgc{ ‘P" ot h gi §3oRs up to
about 16% Wprbductsdxiationfoftdd@se onBichredstisn proddetsg @edydrogenttiont Ay stil |
suf f er from vari ous drawbacks anibgl advamﬂjﬁi ég particul ar, nitrous
oxide is expé’rﬁ'%@rv%ep%u‘ﬁjdlsf’lolsg an 8Q,441 tp datspnaga, et al.
significant qngi paRWERLaS, OGQrZBQVtB%ub'EhH&m stespiy.s. PARnbNabS10fogs®é hods
avail abl e to synthesize hydr oxyar omati ¢ co ounds, there still remins a

need for a 13KHaFitRAGY et Hatands UsP-nBatent fogi. KaGeBall te RAney hiedit discipseri endl v,
economi cal , g3flia6o% BRBLA-drR ﬁ%ﬂ@uﬁ?b@hltﬁﬁg'&d@m tRbNYESehcEFof e ditYENT! ON

The above- descrlbed drawbacks and di sadvantages are alleviated by the
met hod descr iggtalysheit yieldsef UR to 8beut3¥hod of hydroxyl ating 20 an aromatic
substrate) which conprises reacting an aromatic substrate having at |east

one actijye aromatic hyghl@aertaih bitheBe aREMEEs Provike/ ¢OBd \iel6Sit by Still 2
proton source, and a non-gase us re?éjlct ant. The thod is environnental |y
friendly, ec GHERT (E%ﬂ‘ Vvaggugdr Bisadyant %Qﬁ?mg d?aétfcué"’lfai“goﬁi)°x'¢ﬂ anot her

enbodi ment t he dxp¥REivd, 0BnE GRS | ASS A gPeuNPRESd IR Bfatf presomdr ytigdntng an
aromatic substrate having at |east one active aromatic hydrogen, corrprl si ng

oxygen; a varﬁi’éﬂ’?ﬂﬁ‘eWPbEﬁﬂﬁ‘Pf"%rTf‘%tdﬁsﬂﬁ e BYmBeR 059191‘%’?%5@"@“?“& Bof ; at

| east one an'é?ﬁth%su'zéQWO%Va?&Hét&O'E:omébur'xd%astheﬁéngtllﬂﬁéﬁ%#k aCh&d f&nadonau ng
| i gand precursor; proton source; and a non-gaseous reductant. z WO

00/ 503715 PCTMSWSQZMWSMRH_E@VDEEJQRPPWW liy-feiendlyEREPRIMITHe aREt hods

descri bed heraeﬁgha@%rdogﬁngya@lgédlgg of an aromatic substrate in the
presence of oxygen, a catalyst) a proton source, and a non-gaseous

reduct ant . SeUI\ﬁlKA;eAfReYr(r)le:dTl-legPl\?\(/jlliN erIJtN conpri ses oxidation of
The above-described drawbacks and disadvantages are
alleviated by the method described herein, which is a method of hydroxylating
20 an aromatic substrate, which comprises reacting an aromatic substrate having
at least one active aromatic hydrogen in the presence of oxygen, a catalyst, a
proton source, and a non-gaseous reductant. The methoed is environmentally
friendly, economical, safe, and amenable to commercial scale-up.

In another embodiment the invention comprises a composition

25 for hydroxylating an aromatic substrate having at least one active aromatic

hydrogen, comprising oxygen; a vanadium, niobium, or tantalum precursor or

mixture thereof; at least one anionic ligand precursor; at least one neutral,

electron-donating ligand precursor; a proton source; and a non-gaseous
reductant.



5 benzene in the presence of oxygen, a vanadyl catalyst, trifluoroacetic
acid as arproton source, and ferrocene as a reductant. One or nore of a
range of aromatic substrates may be hydroxyiated in the practice of this
met hod. Prwosoass?y the aromatic substrate is benzene, naffRTHSI47E0

ant hr acene, U@mggbi‘mgggmp)nou@phﬂgm\mNﬂmtl tuted derivatives thereof.
The substituents may be the same or different. The number of substituents

may vary, as |long as | east one active arqmatic hydro . vallabl\e for
substitution, where aﬂh% eﬁ'ﬂ?dér Hﬁaffibéth%QeHOmQr'%%e ’8‘3% of“”bei ng
repl aced by dﬁaﬁéwyubét@té)fnc’tﬁlbl@ﬁés%nbe/df@R@g@hoﬂabla(ysﬁmw%ouﬁﬁ\%ﬂﬂe for
exanpl e, may have fromone to f ves t tuents, which nay the sarre or

di fferent. %”Q%B?%e%’ﬁﬁgﬁ‘qt%@nt ng H B me%rsemaf'%s HeRligs off or

exanpl es pher&éhzeﬁ@ﬁlh%a}ﬂres@i&bmf%ﬁyéen %%rﬁh?l'@i‘él?ét?’{nﬂu&l‘b%céﬁd/éclé ggstituents
may thensel ves be substituted by various functional groups, providing that

such functi GhRIPAGy YRR, @PdiRiroceReastaiedugiePh t he hydroxyl ation. Suitable 20
functional groups include, but are not limted to) al kyl groups as

descri bed bel ow, car boxgl bc rﬁ@tled%f é?arfah ¥Ybf Car@mlaﬁl: aduptraBdnitiyy beest er s,
al dehydes, hydr ox%l s! ol efins, and and ethers. M xtures of

different arfV inthe Practice 9% this U‘Pﬁ'&?darrf/rﬁ?ﬂgwﬁﬁ%e AOMANGSUPERIBt s ar e

al so within éhSeﬁééhlée ﬁapﬁthaehélvwﬂraeene% phEh&ithene! abf ehgubigs,i tgpent s
i ncl ude one or wherein the al kyl groups are straight- or

br anchd@l- ché“ﬁsméﬁe%QGT'YEB'Veﬁn'Gef%l cJT‘PySW@-’W%rW@hé’Q dhe Rams, afi x

carbons. So ra?rfdréhwatﬁeaﬁam&m@ubétn&éﬂt%a@wIa%ﬂo@é ab BERAsPOY hctlBOUPS
i ncl ude nethyl, ethyl, pyl, .isopropyl, tyl, tertiary-butyl, pentyl,

neopentyl , HEpetic werWt 5§| avaﬂyelpofsérﬁtghstrtl@9e| wiherg jan aCtive\gsopmats0371
PCT/ US0010244/3rdgohhY ©hel ebﬁaﬁré ofcwe.heh%mé/ded Eyeﬁmrakw & Iprbayriabgt i tut ed

benzenes include) but are not limted to, toluene, f'ene, and cunmene. The

al kyl gr oupdyeEaXyaleawalis| campayads uBerzengt &1’ ani%l '@@E havadtareese tgr oups,
provi diypg t kb saibsth g nterfere with the
hydr oxyl ati on. ® uigtt %%Mgc\%‘n@ﬁagﬁﬁ?g%gg%ggg??ﬁcl ude, but are not limted

to, aryl groups as described above, carboxylic acids, carboxylic acid alkyl
and aryl esters, al deRyirbie supstilyRDiss inchider iong, ok Aol RN GIREPSI §Ar et her s.
M xtures of i I 0 (e 5%% t \/ as
substi t uent séygﬁ g%m\?\n K%ﬂhtﬂ;ﬂ é'rﬁ%gl(':a%@g OP r{nr{r/%n? ﬁgf\érﬁfi é%bggt‘&gﬁt?t abl e
subst it uent sﬂammam@lvqmbe Substifted| QYrrV@l’MSt wncignal @rouns; rovidiog iteatal

groups, pro CLhiO fer h the
Py oyl at | e danbdtflal Woiks 4B ho GRS WY, (18 Wefolliely ISR, L1 o,
car boxyPi c denclionakaioyesyin¢ladexchud axe kot l@m@dawyla"@étgem@s as debgribed,

hydroxyl s, (Hg‘fgw néarbaﬁqlcaﬁgﬁé aatloik! a8l gflﬁﬁ aig W ?.ﬁer%f a%JHcyﬂ%?

functi onal groups as subst'ifuent’s are SO0 Wt hi e Scope’o
i nvention. Mygaxylss otefinsudyct alkweancisawbemer$|Mugtucmi dlﬁelermhar)(bfgrdupsctl onal
groups, aryl,.g 4 ivatives
are also with nlg’(]é?t gstétg{oelﬁ eé%'gérg W?‘ﬁ\“@/@é\ %{%e}]nfgseb %lk'c?%lthf?\riﬁ% &gcggt strates
are benzene, ln\aamiobenzene 20 substituted by al kyl groups, aryl groups, alkyl
ethers, aryl ethers, or conbinations thereof. Especially preferred are
bi phen phenyl phen t e ngmgﬂo r u henol .
Mol ecul&gr oxygen may ?Iéhrei/reméfégﬁo?%bcs“%g% andbg%érpgg&%f g’ﬁ%%’%(}?’ oxygen
in the pr _esemerﬁljﬂdth@(y‘ll'@i igneupse Bl tralthe by dirasghedidhain, 2 selisntaingeousl y
broceeds 10 $ER! RARFST b Iy SiCLaBBXO Soria fiutfiafite ARG Y
vol ume of at one I ner rogen, argon elium

examples of these alkyl groups mclude methyl, ethyl, propyl isopropyl, butyl,

tertiary-butyl, pentyl, neopentyl, hexyl, cyclobutyl, cyclopentyl, cyclohexyl,



and the like. A preferred mxture is nitrogen with fromabout 5% to about
30% by vol une oxygen. A preferred oxygen source is air or mxtures
conprising the conponents of air. The partial pressure of oxygen is
preferably g obkR730 range from about 0.02 negaPascals (Mrayusooombout 7.1
MPa. The absolute 4 WO 001 50371 PCT/ 00%44®t0t al ressure of the
reaction is vW?WV'ﬁY‘E'WXNhﬁéj@%?p WoExemplary pi-sypstitza b @qupa inclide

preferably wigfide tn'%?hﬁ*nﬁ@@% qblu@h@Ukyténé\/Pand surRbmlt TReMiRyl Jrowiseiagd

catal ysts are based on precursors whi ch ‘'under the reaction conditions
produce a catthﬁ'%@'V%? peubstituted by, xanigus tupplienal groups, RFPviding dhattsuchconpound

having at | egghet gﬁhbyg‘uc&%ﬁ&ewmﬂ&en@rw&m Suibio Rihchghdice. and

a non-gaseous re recursors | nclude€ precursors giving rise to
a netal éorrpl@ﬂuléﬁjmhw abutaafadndni'mﬂf?@bfpum'o@fwaﬁt@ Geserthesl akoveyr

m Xt ures ¢ horeplofi BEHE SclrBofliis BigiCal PRl SR UIGeRBE: hiroRs dent At e

| i gand, precursors giVving a neutra el’ectro nd) and
precursors cagiinissiand aik)d@ﬂbl arat Bmﬁ!m}va@ufaﬁlmrﬁlffﬂimeBlbhh moupararqum Wwith

ei ther an ani %Et (98¢ Ghou S tue%?céréoél SR, e o858 bt t?. bot h.
?Ftr]%g, f ?’ dto, gﬁé(; ée

Sui tabl e neta precurso s¥in are not s of
vanadi um ni dbventipnor tantal um for exarrpl e sodi um net avanadat e;
substituted oxides of vanadi um niobiumand tantalum for exanpl e

VQ(acet yhacet onat €) 2 aphe/ i RsbesbGONg imrauEh i drant al um

plbghsearts ir
trlsethOX|de and niobiumtri set xtures of nmeta recursors are
al so wi t hi n tmeresfupgtiongt grores.i piowdingdhat suehfHpetional ar puosﬁisatr@t interégre

precursors oMiiBIRAsyidnes, 'SifafiBTenlond] Gioahe Ho TRl Bleard! fxJHiiead! e 20

Sui t abl e ani onic precursors inc are not mte
hal i des, car doxydarkoxyli¢ dacidmdrarboxylisi acill eyl anst Aryloestersicaldshydes, f or

exanpl e) hydroxyls, olefins, and alky! and aryl ethers. Mixtures of different functional
15 groups as substituents are also within the scope of the invention. Mixtures of
substituents comprising combinations of functional groups, aryl groups, alky!
groups and/or their functionalized derivatives are also within the scope of the

invention,

Preferred aromatic substrates are benzene, and benzene

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

combinations thereof. Especially preferred are biphenyl, phenyl phenol,
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 90% by volume of at least one inert gas, e.g., nitrogen, 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



sodi um acetate, trifluoroacetate) beta-diketonates, acetylacetonate,
propi onate, butyrate, benzoate, or their correspondi ng acids; carboxylic
acids and/or their alkali nmetal or other salts in a position alpha to a
het er oar omaw® 00/®37Ini trogen atom such as, but not |im tedPGBISOHPHM i nic

acid and subgl cp}gﬁsfhlr@bﬁme'r@ha. s%m e ohAqebatifl 0% REd ottt 36

pi col i nates, r corres on oxXi Sui t abl e subst tuents for
pi colinic acWaamdpi‘QfatabhaW@’NMhQ IW@QB of abeusJpdRaite gbertcdkMPas i ncl ude, but
are not limted to, carboxylic acid, carboxylate, hal ogen, alkyl,

heteroaryl) and aryl. Sutdrall @até@gﬁ-%ksééyaabﬁaré&rs&@ wﬁi%htm@e tKé‘OW” in

the art as iigands for the netal "precursors of
PCT/ US00/ 02442aqpe sionditions dieduse. a B@éﬂwtegﬂQﬁ'V%é@ atha| W@w@oof @foﬂﬁ\ whi ch

bet a- di ket on t

ncet | acht onaroatt SrfSSunielind e 18t orthscie arinbc hiiwoben, Pgen.a.
2, 2- di net hy| ipegiomnsouBces - amc rae ,nop; gBsgous redustante ptSueh- Precugsass einclude
di pi val oyl e t e I t t gne,
benzoyl t11 11 BRazert Ghind FoE 7 & el Shitifex Sucieafh ViHaBRAR! MbAGR, 3P°
hept af | uor odltamialhm omnalag,dbonextumst ﬂa’eramrfxr preharsarsedivingerise to an anionic

e o RE o, i R R 4 0BT

3-chlorawe 2, 4dpaa|ﬂrm1cﬁgarm)eanc3 pzfetqusel% 4erpprmaglea1||cxmndmnatlon of vanadium,

anioni & 11 galPopPB ol ey B aiéy M pHiopse IR 8P o Bl [OBH e, vt a

conpl exes of dohatirgiigandcor boaglands are al so usable, e.g.,
VQ( acetyl acetonate)2 and VQ(picollnate)2. Suitable neutral,

el ect ron- donati ng |1 oagl Bl it Ohol/Aela IEndBy buf e ik IrhB B g, =t e

acetonitrile; nltrogen|n 1C Il
limted to, pyldaslwheanamm'slmlobmed Op;aritaiumefgr ep;ampla sndturaomtamnadatesu t ut ed

phenol 15 ot nehastiaoRRioBs, PY SR HoRAC TR et 0Bt ofiRk. T o

ket ones; est e,fa(acéiszlhcétbnmgemd VO(piodlihate),; Mnxt aicetsolates rsech rasl tantdhent ron
donatlng Ilg ursors . are .al wi t hin. the t i nvention.

The above pr é @nbog'tgﬂﬁﬁ?eﬁﬁ "?%WW&"@%IOE[&E% 'grf@ﬁ'd&%sef“t}g Blls as rret al
conpl exes wi tvmhat tlheas:cppenef lthey andentionar e xpartitidar, oméxtypresf of rpeecursarsul ati on
conpri ses the _conbi nagmﬁg&i at_| ow EJ@ f‘%ﬂ?’??é ‘I ess t, about 3, and
preferably | £88@MRg el & $3Me LT BYE PRAFESYRE: a carboxylic acid)

and a conpound contai ni ng heteroaromatic nitrogen, e.g., 25 picolinic acid,
substitesed picolinic Sutatte agignicdipasd peachesors intlvdephut ate mes limited ke r
correspondin OXId err formyl ation ¢ QDL 1 SES the

conbi nati on g’? Qf(‘i 58&%)’@0%?"3?139%05 tr\'/ﬁ"i ﬂ'ﬂa HiR (ﬁh%ro?ﬁ t&t ﬁﬂrrﬁ)’(ample

het er oar omat isodiuit r ogmnate,St i triflucroatdtate, Commetmteaﬁpracefystademate

conbi nati on of ?Céaﬁl col.i ca rbox | ate and/or a co

2 W th
cont ai ni ng s& R B'at?"gwﬁ ?eﬁiz?a?tgggralheg agrre %qu BOPS LABOH, acﬁﬁ each of
t he above f oramd/crtthelinglkali Fistal air Atiyesrtsaits ih arpositionralpied td & tetdrogmnaaticanadi um

ni obi umzs or E|3’1itrogen 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



W O 00/ 50371 PCT/ US00/ 02440 tantal um precursor; a carboxylic acid precursor
(which may be in the formof a carboxylic acid or acid salt, or which may
al so function as the netal precursor); and a precursor conpound cont ai ni ng

het er oar onagqum@&c?t, ogen, e.g., a pyridyl precursor (whichpgysda®dstn t he
formof the pyr | conpound 5 itself whi ch may al sp function as the
metal precur ﬁqs,e_nYWgng b EAMRIeS pfbe%ﬁh}o%s BFR—:‘“ aYﬂ'?!hBefarq"b%Iﬂaaqs? ecur sor
to netal (i. ere \G@AAEH)URLILBEOBItUARe Wit IInfitddatd, ceBAadkitofiel! benid\iddetdne, i n t he
conposi tion and stoichionetric ratio of the neutral . electrop-donating

li gand pr ecurdignzeymethase. i ndispbubeipeanton aged'ﬁ’@thyﬁﬁp@"t?n?vérq'%l‘%i m t ed
so long as t@?z,s-t».rﬁemgwhtan@;@a%hdﬁel a&ip%%?hﬁétbfaﬁg, AMuRbdcetyigtsheand of

ting ligand to s sfy

neutral, electron-donati at i t he vacant val ency sites on
the netab i n hexeflupseacedylacatens;stbespeidirifdorepeetene.y epivaloyltafiupjercsigneat i on of
an aromatic ' .east one active ar Wy AHdhe | N

addi tion, thg‘%g%gﬁ?%fjp@és&hg@c%hleégﬁlﬁ% | i gand and neut8ra L,h&glrﬁég%ron- cf(')nati ng

| i gand are prdetafiusoheptenedionsh t hak4.¢iefudredlerheayle!, 3sbutanasdianewi t h 2+ he

hydr oxyl ati o ' | | ol WA ILaal.at b ( oL d fl cat | of the
product m xt 3?@?%b%ch{°?‘%é %giegm&ﬁyutg%dfﬁgé %% Hl(?g g%@%%ﬁ%‘p%’%nts
(such as net &-9thyl-2, fipentanediogand3mnatbylrdépentanadioneanmetivtl dprastys- (added
as a prqgon ' . t eaction,
20 thenPhe SP8hEfhodls, RuQuRSUrKRIPIAIaRA FRERANIE ot BEHTM e REp0 27T,
met al pr ecur b thenmyentond Medaitdoppiexestaf the anibhie ligandsarer alsw nbable,of.gt, he

mxture of oSy ERRete B Y HEoReR " Che Y chct i on det er mines the.

nol es of hydroxyaromati c conpounds produced. In addition, the turnover
nunber is 25 directly Puitahie newral eledrandongtinatigand precyisgrsonclydertsd whi ch

s added 10t beRGhLER, TbH&efMliEORRKERA ifl ABrobRinSRINIRe fiEnt he

reaction. For optinum e??_'l cl ency Eﬁgnltgur no nunber 1s desired to be as
hi gh as tpossidsl chutPnelf dmited tair pyridine, nsubstitued opyridinesprriedinic iagiderori on are

greater than . . ;ka%]{ ; S referably -
greater than séggﬂ?{egoﬁﬁglgrﬁﬁ_;%%éaﬁl%toﬁ n']i ver y%u %}%Qﬁgag%d%eéhvé\eﬁgﬁ about 5
and about 50.substitVied0Ph&t33;1 efr@TsiShurA02 4dbahydrofurang r praspbinbsdiamings of t he
present inventi.on.. ol Chi ORBL ki ti ! LLoni . gand
precursor to %ﬁ’r‘é?g?’ tkgﬁo&]%%h%&%ﬂé ] SE Iélnff,b%g%%&r ?’8@9 agﬁﬁ{‘lf’%% %f ﬁ%}}ﬁ% &p?éett‘)g\r sor to
met al i n the dooafirgsligandprecwesers ane alB00vithin the,scope of thedfiendibhy about 100-2 :
1, and still nore preferably

20 The above precursors may be supplied to the solution
separately or as metal complexes with at least one ligand. For example, one
preferred formulation 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(picolinate), 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



5 about 50-2 : 1. Wen the catal yst conposition conprises netal precursor
(or m xture of metal precursors) in which the netal is supplied in the form
of, for exanple, a conplex with either the anionic |igand precursor, or the
neutral , el@#¥¥WAlldonating |igand precursor, or both, th 0/02440

st oi chi onmet 1 ightdiai fre@lirsér; 8 FAFbARYIRC 4GS PFeduPsdFeivAich MRay Beirehegorm afdy 2! 1,

as for exanple in VQ acetyl acetonate) 2 ,ggd in VO picolinate)2. It is also

cont enpl at edcaRarYligdard; ehaAcid lﬁ?gor?ﬁl wh _ HYodAlse fynslem 3% dberdstal or
unconpl exed pRdtiFsdr); a@idegtdr@éurgémeémﬁwd @adinee AbfePédromatic trw&ckqencmy be
added to the reaction m xture when the netal is sugplled in the Tormof a
conpl ex wi t hed-+ &®yrigy sregurenti (wWhichgmay ber Bthedeim opthe Ryidyé gemppund

el ectron: dongt j ({hout being bound by

t heory, nSl t i ggﬂggémgi‘pﬂ%’gé%gﬁg{"%gﬂ? taglr‘to?e;ﬁﬁggét??r%/cgyg&pr?ecur sor conbi nati ons
may give rise in the presence of nolecul ar oxygen or a nol ecul ar oxygen
precursor to catal yst sTheastPishiomesrigeatierciithe astonirclidand precusprt?) Metaln (L2) m
wherein Mis g, %héhiuﬁﬂ%bﬁn}’éﬁ%‘hé%?h,%{r%k% %eréé‘ﬂi‘?iﬁ'tl&@coﬁ\gbﬁtié‘ﬁ' i nt eger

fromO to 1; mis an integer from1l to 3; L' is an_ anionic, no- or

bi - dent at e | PArftRichipmetriz fatio of tagineriral, slastronwionatinmtioans piegHrRer t®ui t abl e
anionic liga i RCihdd =Yg b i} trhi i onj ugat e
bases of car E@% 'ﬁcdh%S&argmt! fis;rren gétab%%?@g%e"& ét{a gaédt WI %rt%%%e%a?e,

bet a- di Ket onguiisientmaign quantivhat aniopicoligansaged dbueytral eledipn danating and

conj ugate ba i { } 4 d | 4 t.0 aromatic
1T ogen at Ry, SAUEPHK, VabaREl HBnb 007 the Bindl A e il ELFER

pi col i nat es, species aéeative i thedydraxylagoniodrh @eymatBusarapundriyyingt least

el ectron-donat.j o i ) Ll ; ;
acetonitril e;i)’m?‘\ir‘)ﬂtg ?%éggﬁﬂﬁ'cggﬁ}gpgﬁblg?%ﬁ@ | éﬂfﬂ%'ﬂéé Wgﬁ'@%%t“ﬁ&

PCTNS00/ 0244 6egtah elestrobgionating ligarnidt awe preferpblyi nbtrsuchpthat ¢hdy) ingertese | ni ¢
acid or,substj| .cali.nl i dS o ¥ I ' ounds;
phenol ; 15:ubsHtgé‘!t!JIi\g@1 ghaeﬁyoqré%ﬁaet@ﬁerrgé?uﬂu@agﬁ?&%'ﬁghylgé%%r?gﬁ?hgfhco%slp i nes;

am nes; am defthekgrbduetsnixinsd, ar withIhairédoveasansq reuseiaficdtadyst Bofipenards al yst i s
present in an i_‘f C+%>t%ﬁ anmount, which is readily determ ned enpirically by
one of ordi nzgﬁlﬁey I h the art, depending on the starting aromatic
substrate, the desired reaction rate, the cost of the catalyst, and like
consi derations. Gener alVhgn a ligandaprecyssor v lBlsoban pridsspeciasn(agddedrassaof up to

about 10 nol & peg Cs%m'cg(?fortQ%yﬁ@%ﬂ%k&ﬁﬁr&%ﬁ&}n& %r)mﬁcé)cf Bl MeSRAULSS, | S at

| east one m neral acid’(such rochl oric aci or-organic aclid’'(such as
trifl uokbacethan $we djaichidresetpicomatio cfoeither o015 bpthefigarablpyeairsdredst metalti al | y

" oor) eapoRiastsdRag i tfedtbteiated o e byl LIRER® dr e B M i £ e
reacti on. Thevhishotsothes gieldc ef inwolgs @f gmdducy pdremblesr efamieta) nommikture ofs a
co-reactant whi.ch iih%cn?tnsurred i n.the ﬂ_térse cl e reacti

st oi chi omet r MEWS} UENOXEn MHIRET s Ml TERC {?8;-8‘35’86‘@ ﬁ%l Gi:r‘{?ej%t‘)fi n the

reacti on m xhydxiyaronmatigresaippuntid prodivedt 1l @dditibn, theefuena@ryhuntbegrieat er

than ab%’ t 2d:lre(]:‘ﬂy 81%%0%§1%| & %feeal?abnlti}/y of p%tgr(ﬁ1 ts%[urcteh\% icﬁbl(s) ua;[dd:édzto:tht:aL - In
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 turnover numbers may be between about 5 and about 50.



especially preferred enbodi nents of the present invention the . )
stoichionetric 20 ratio of the proton source to non-gaseous reluctant is
about 1.10 -1.01 : 1. Depending upon the catal yst conposition, the proton
source ma?/ W0l f:,JPoth as co-reactant dandhas an anionic lji:gmmtopmnwrsorb ]
For exanpl e, tr| uor o cetl ac ot rgani ¢_acids. _rmay. serve as bot
co- reac'[rgnt and as ani fqr% %‘HWPE 09 %‘eAnE}reﬁﬁ?tl“u BV?Jﬁ'S tp% the art
may be used %tbl@tdﬁnéthﬁ r@tnotoirbanuheeamommwghm epreéureasrota)metaduamahe Most

frequently the pr n source,. or ure i s added e formof a solid or
2 T raur . or nuleh siRCaRTHETITH IGanc Pieursr TP ThEiaht) ik CORPAFERR BB her

reaction conp@Bents500r2 t ACkiors Praferdbly Abouts100L2 hith ahb&stif ¢aGe Mbferdtfy
i nvention to add the roton source or m xture elther in a 30 single

react i on® chard§eulpy0 ?nér d¥Ran the SptajysticegRositiop sampsses metal R’%%?‘P’oﬁ?‘ WO
00/ 50371 PCTN@QM@B%@taTbﬁadu%ﬂQtlﬁrﬁbhnémtﬁéﬂrﬂe@lshﬂﬁbp'héd # tHeeRErh dPNRr

non- gaseous reductant, and includes those conpatible with the cat al yst and
known in t he eXAMpPlea aseamRIBX M'Woﬁuﬁéé%@é"oﬂ@dliﬂﬁnﬁrﬂrewfﬁﬂr Prithe neghalext of

the present  iohys@hicdfaiify fdhdbietlidol, SCEYRS teh thd SiHGHRbtrE ko of ¢ he

presence of a roton source, and which may be added to the reactlion
mxture in a"pﬁvglm’aﬁu"ﬁ@frﬁ?omﬁlﬁ* Mainbe gssentially Zibt BSd RN GXAMPI® time art

b d
?‘é‘éucfaﬁ?g t\ib(?@%yl’a@@toﬁ&ﬁ@) géﬁEQHSVb?&é&héfét) Ot i§12iEd!" SnfmpluIfsgOouUS

equen e non-gaseous Teductant or mxture Is added
in the form @ddiiorg) |UdCQmP|§X$¢ @HIQﬂ"C ang Qtﬁoufsoononbungcpmalreyed dleghal, or in

combi nat | on WddyoRhlfily 6 bAIARAPERSBiN, Hay B! 4ot KPHe rddenbd Wi h N

t he scope of the Invention"to non- gaseous reductant or m Xtur
ei ther in a $ikgrewheadhe oretalnarsyepied Imthleefngmcéla gorapiek rvgth ﬁt&hatdnese of

the react! on e fahe sheiedras el MRl Siedioh-RhSNAPodrd BrbEitsbior

di cycl opent a(?nen eéxes such as ferrocene; Iron,
copper, 1&and teth.| i ke. Pr eferred reductants are ferrocene and 15 zi nc.
Ef fective quantities of proton source and reductant are readily determ ned

enpirically by one of W‘tﬂbﬁtadé( bblihd bl tﬁéﬁyaﬂs hgf‘d?ﬁke dotHal shitghigt arting

aromati c substrate, the desi re reaction consi derati ons. The
reaction tewpe%aéxahrpéequsscgeqmtamatgwnm ray giveniser inthe rTesemsuel molegulgrt o about

200 C, pr ef el R 4 HiolbANISoffodi”BHicylr 1ot ¥ tnd Gehefalouah the

reaction tine pends upon reacti on 1t1ons, e react
structure

20 MO(O )LL)

wherein M is a metal such as vanadium, niobium or tantalum; n 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 L2 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, triflucroacetate, 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 hetercaromatic ring,
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time is generally several seconds to several hours. Al though the reaction
may <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 rweeidmstity or nmicrohonopgeneity 25 with respectPETUIRE2440t al yst)

the aromati CsgdHgk! &UE not huﬁuﬂéﬂofoorbﬁlﬁw’ec‘i)yrlﬁwy@%llﬁladééw drhSubEBEuteRS eous
reductant. Solvents which enhance sol ubil | ty and/ or reactivi t%ﬁyof t he

reactants ar Bicelfpieackls: W'%‘Q’%-a’ﬁf‘%oxy@ﬂ‘?m@% CORmPRURs: Wphgnahp Bubalifyted
sol ubilize, tﬁheﬂcﬁ@%tthérg faaa[?t YetfdMydRIFGER! prfospHRS; Athifies! A1RiIdBE keIHRAOUS

reduct ant, e catal profon source, and oxygen wi t hout
si gni fi cant | stees: @@b\’ffet&ﬁﬁﬁgomﬁ@%tl lization efficiency of the catalyst.
Exenpl ary solvents to WO 001 50371 PCT/ US00/ 02440 i ncl ude, but are not

limted 4o acetonitrilfhe EdtHst .@adregemyﬁlraﬂcaréww anfduaprwmcwm RIRIfpr M
di chl or onet hane, carbon tetrachl oride, or conbi nations thereof

Hydr oxyl at i ofeieEpINGd esPeibeallychy ene ifordinary st imthesati deprndinghas)ther
conti nuous PEREGFSarchiatig staegtﬁég el #@ddsHBd Gé’éc’t‘ibbﬁéteaﬂ'févédﬁ%?% Eatdiyst,

di ssolved in the aromatic substrate or substrate/s ent m xture,
pref erabl y uAndlikefonsideratiensroGphenaly. thagatelyshvdbes prasentincarmewnis iofi ng

oxygen and ajyohe8abutoRimbIHeicdHdf i dlinafdUaRatdlt 0 the reaction vessel.

Al t hough not hecessary, Tt s pre erred t gas m xture be sparged or
vigorously m xed with the reaction liquor in order to enhance transport
into th#®1iquor and t ¢ iPRRIPBaSRUIER et Abrleastt ene Hpinerly paidli WChuds al so be

effected in ﬁy@r@aﬁnbﬂy%@? @dﬁgmc BaRIS(sN6h &sthidtbacdtlc éd?@; r'eR& pAdtbs over a
fixed bed of this instance, the use of honogenous

he cata
f eedst ock is SQW@adﬁagééJ%bly rﬁte'ﬁéﬁr P?@a%éaWhlee angnmere %@Wﬁ!&h whedly cat al yst
and the ar On@&l‘uﬁleﬂh"?ﬁé Ire%Efr‘on M ljé}’gﬁ@?&’@ﬁl‘? elnﬁqaipeHé’gn&rSI%{If@hﬂ?r oducts

~ 5 produced by the |s i nvention may be separ at and 1sol ated
by conventi oﬁﬁ?erféc\Mlﬁ? @ué%hlbﬂ'ﬁbe freastioni nd hepirionesoucerig\resant iy they of

| | t
00069 4 am "7eh B s epERE Whicd | Lo e P e bolSE e 0 162
mol ) of pi céraaipe. é'@edstoﬁcl@rget(@?ram ﬁfmg? protany ispuiesr @crmn-ga%@ua and 50

mililiters (o) cté?{f rPﬁ%ér@ng&\lﬁaW:rﬁguﬁg%ﬁo Aerthdh Bb&EFS15! ?ﬁ:&reﬁ%r\ btted

with a gas line ed vvlt a cap contal ni a gassparging
stir shaft agieaterdbanebodtd? i hgansbinost prefﬁaablmotgneataaﬁwwr@oum@jghtlnto 100 C

Wth stirrin i 25 gas
in nitrogen %gg&ﬁ%{yf’%’é% a?’% (ﬁ'fn%ﬂ&bé?n@étﬂ,&gnel% g%\fegﬂbﬁﬁggt@iw&gg rmgl )

of ferrexenerativ 0thelprbtanzsouzceviss nohgassdusnteguctant isdamad 1. m e1 Ohe bonb by
means of a high _pr.essure pu il L wa ntinue 0 | etion
of the ferroP%RSR%{E]%H”BARe Eﬁ@%hﬁﬁﬂ\ﬁg@[@bgﬁ%g&% 8?5 %ﬁég&eﬂgc’gﬁgﬁd t he
reaction m xbsroe—maaaatrmidyasaah hmogmshgahd @rm:myralfﬂfrwxaﬂrﬁ)le tHﬂdﬂﬁa@(ﬂB’)l
PCTYL1S00/ 02440, Yi henal. was éoth ). f.or a.turnover
number (yi ef oG rbPler SraiEates Tar shueed binyreafiy bor EBbhE0. i 1 e
preferred en‘rﬁgahdmbsrsbave been shown and descri bed, various nodifications
and substitutions nmay be nade thereto without 5 departi ng fromthe spirit

resont Fnvent  on has ReTeEE Rhollidhe.alr i it i B B b bragf" 1"
limtation. 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 siurry, 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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1z WO 00150371 WHAT IS CLAIMED I'S: PCT/ US00/ 02440 1. A nethod of _
hydr oxyl ating an aromati c substrate, which conprises reacting the aromatic
substrate in the presence of oxygen, a catalyst, at |east one proton

source, and,at t one non-gaseous reductant. 5 2. The peihgfe2dspC! @ M 1,
wher ein the@rog)rsr@?fc substrate is selected fromthe group consisting of

benzene, napht hal ene) Hift Hedualanrt inpiehdnethednis, ahrieadepne didveasegest he
; . Povi ' . : |
Or €goi ng nhavyy 4 ttél?{fear‘ﬁf inRIdes THES éc%dg;gét}fg? m?lh tﬁ@%a@é‘s‘f'%ﬂd%oﬁrh% the

wherein the su uents are 1 o se romthe group consisting of aryl
groups, al kylarigrivgsitableunon-gesedusgrasiuptant awithin dhei eertexinef thee msegent wher ei n
the function . ' C] l] ' Y, sters)
carboxylic a?ﬁvgﬂé%ﬁ?g@%ﬁy@& gf)éé'lﬁ/%ea% é&%%?%%$§§lydhgpgﬁi§gsﬁcéy+f %t her s,
or aryl #®t hempsotod solice, ard Whithahay beiadded tavther mactioh enidtutesinid pleysical are 15

substituted 0 L ef J e h r I,sting of
aryl groups, ?‘ﬁmgﬁeggh&mgésag%@{ 4“%&'5? qlé‘?%dg ,tﬂ%%wcrhﬁgPﬁa%%lggr%‘g%pﬁéﬁéof ,
wher ei n t he hongaseosd reguotapsoramixtureaoboary-gaseausi réductantsbbtogt frequeatly al kyl
esters, carbgxyli 1 d. ar [ S...al deh hydroxyl s, ol efiins, al kyl
cthers, or alyt nefapasuietalh 8 hugBi THTR MY B B ertii i o
substrat e i s ligaidpbenaesuiytionr obslnagnalose los tim tcotmdihdtipn awitH eastheo reactibky |
group) aryl grou | kyl et her ryl .ether, hydr | ,. or_.conbingtions
Lher eof 10, $AEPRAT Iap sokent & STy seoe.stohainengady adidns s
benzene, bi pmenyaseslr ngdudqé@anot mikiateiaiber dninzensingleheaetion @hafge arcuny|
phenol . 25 7. The meﬁ haod .of .claim 2, \M]erei n thg ,?r?mat i C Sl.{bst rafe i s
benzene. 13 Incrementally during the course of the reaction. Suitable reductants include,

but are not limited to, dicyclopentadiene-metal complexes such as ferrocene;

zinc, 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 aromatic 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 utilization efficiency of the catalyst. Exemplary soivents
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WO 00/ 50371 PCTNSO0/ 02440 8. The nethod of claim1, wherein the oxygen is
provided a5 a m xture with at | east one inert gas, or as air. 9. The nethod
of claim1l, wherein the catalyst is formed in solution froma vanadi um

ni obi um or Wﬂﬁ&ﬁwm precursor or mxture thereof, 5 at | @eSUSHR44ANI oni C

li gand pr e irictide, P taﬁé éJo?jlﬁﬁtFRQS ag:%&{mﬁfe’ ABLAHERH BRﬁEH&s' regnd

pr ecursor. rein the st ronetric ratio of
anionic |i gamulqnmfeo‘urchdnlonomatmmcanbpnr’iefoﬂnfurndeoof cambinations thereof.xt ur e
t hereof, and the stoichionmetric ratio of neutral, electron-donating |igand

precursor to vanadi um‘rﬁgé'%g{'ﬁ%%‘ gﬁa%iagé ﬁ#%@igﬁaréﬁ%; u,he gt rbeali f s@he each

about 500-2 : 1. 11. el n the stolchionetric
rati o of ani eentinudugand contintious progessy dneadbateh raadionueatalyst anihh@ndﬁj or

mxture gher eof . o80d Ly URl CIIMIRLT <hekAlbo b sRMEIGLonEheHk AR donat  ng

| i gand precursor to vanadi ni-obi or tan m xt ur her eof
are each abouyrefétdiy undér athZnehatmospiard, @hdcd gasedus whiktuee otripesing

antalum or Sy flAReC R PRbF Bhg b8 B FRKEGHs te BATEtE B

el ectron- doné&lihogglhir@amﬂcéssaw.etlsr pmferreﬁ et dhe gas mixblre by spargearnral um or

m xture thereof ar each al t hod, of ¢ wher ei n
the' anionic "9 (j%‘ﬁ BV’éeé’u\?"gbb!'e rgac(;ﬂon ”@JA’SE o‘?{ge'ﬂ@rﬁ?‘g‘?"g%f'@@? (@PP]O &et he
group caosi stigoor aid hmlzsnnimase:wabﬁmykate dbyidesxylatiortmay also e dffactddiar oaceti c

<01, PLOPL ) ol PR S YO A ST SRS

trifl Iuoroacettiaé ecat@lyﬁtpl anathiy Masléuycreatme b@élzdiahehor’ﬁegéhdﬂlskféﬁd@wcﬁsts

acetyl acetonat e, carboxylic a s,in pos o a heteroaromatic
o Tt hgon at oBVBNEEPPYA In SBplnos AedyatoOntast Bgrreat T CaBIVAE e Ty ¢ act o
N-oxi de, subsdrbingti€dsutistrate. mnse aﬁydiokyammdms)cmmumatoe bﬁ@esmv‘du&t% WO

001 50371 _PCT/ Cl(?S‘til 00/ 024&'0 ca (c)i bc amlgs in a 05|t| n aI$ %

het or oarBmat IR0 BRPOL b Riarpn it ob epateieH 2of iopated by

pi colinate I\I—mvgﬁq.onan@cﬁmagég tuted picolinate N oxides; and the neutral

| i gand precursor is at | east one nenber sel ected fromthe group consi sting

of water, acetonltrlle ni_t en_in 5 heteroaromatic rin ridine,
substituted pyridines, Mh”ﬂ?chW@e '3 PHGE ‘ﬁtfyeﬂa}SOEST(‘?’Ha'@ cﬁﬁ

al cohol s) hydsrr@&wammtresd EPIiOthadscope de i invenitieat | t ut ed phenol s, et hers,
furan, tetrahydrofuran, phosphines, am nes, am des, ketones, esters, Schiff

B oS AR B LR e iy S

m xt ur e 2bher emb20hy (0.4832 nimel) of giadliric acidd?2.0ag (:Evrmw\ha) of fiflecroasetic and a
f claim 14

Pormed i Sol 484 avd?‘?oomﬂﬂi‘?%rgﬁmtﬁa Prnrag e dofd g0 Bestainess S B or i

acid; and at fitedswitipaeg®y limepdi THE behdwWeandasled WitH alcapl ¢omtdining a)gas-
VO acetyl acet onat.e ~S ~ The net

wherein a | yst in

sol uti on has ﬁ%'P%}P%?@WF‘?’P‘J?‘L’E ﬁ?'lsm/rﬁllé}eerﬁﬁc wa 5\;5%87%93 obi um
or tantalum {pg & fithl éttrﬁ«sberanfdrsws%%) ola gasl ﬁxmrreldan@mhgfzs%rbiygéh 3, L
is an anionic, nono- or bi-dentate L2 is a neut
el ect ror25don£asn@ nitrgaan was mtroduced Ino 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 the ferrocene addition, the bomb was cooled to room

temperature and the reaction mixture was analyzed by gas chromatography.
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17. The method of claim 16) wherein L' is at |east one 20 nenber sel ected
fromthe group consisting of halides, conjugate bases of carboxylic acids,
acetate) trifluoroacetate) beta-di ketonates, acetyl acetonate) propionate)
butyrate, bewooasm71 conjugate bases of carboxylic acids inpErpQ@shddPn al pha

to a heteroargnmatic nitrogen m , pjcolinate, subpstituted, pi Qﬁ nat es)

pi col i nate N-ieldyef phgne! é‘%ﬁs‘?ﬁi%ﬂe@ﬂﬁc 0 for @ BuRQyeE nu r&fe{dsgftZS at

| east one menpglesot bRIFUBEPEIAGTLE BEVEHALM Cofrabbaet 4019 of water, acetonitrile,
nitrogen in a heteroaromatic ring, pyridine, substituted pyridines)

pi colinic acid, substituted pjcolinic acids, alcohals, hydr aromatic
conpounds, phenol sub&%"ﬁﬁrg MSHHP ,'mgF%M? P Wpeqf}tgﬁ%:,ﬂg? ran,
%ogghi Bgs, a%r}wgégwgiéfﬁﬁgonéémﬂwbsmﬁﬁ?ss]Zmélpfti»é fmbde etheretod withbates.  ~s
| 50371 PCT/ U 440 18, The nethod of claim erein .the proton
source i 9 a n%&mg emqthg S afidysaare %fctpﬂ.'n@%%éé?ﬁ\gg'ﬁgﬁ' gf's 2? m1,
wherei n the pakdcpsto6®UhEE the priekbhtU MveAGSH | fasi®edn HesdibedhBy nwhjposf of
claim1l1, wherein the reductant is a dicycl opentadi ene netal conplex, zinc,
iron, tin) orilggeatiep and not HRRALGEt hod of claim 1, wherein the reductant is
ferrocene. 22. A nethod of hydroxylating an aromatic substrate, ~o
conprising reacting the aromatic substrate in the presence of oxygen; an
ef fective anmount of a catalyst forned fromvanadi um niobium or tantalum
precursors, an anionic, nono- or bi-dentate |igand precursor, and a
neutral, electron-donating |ligand precursor; a proton source; and a
non- gaseous reductant. t5 23. The nethod of claim 22, wherein the aromatic
substrate i s benzene, naphthal ene, anthracene) phenanthrene) or the
foregoi ng substituted by at |east one al kyl group) aryl group, hydroxyl
group, alkyl ether, aryl ether, or conbinations thereof. 24. A nethod of
maki ng phenol from benzene, conprising 20 reacting benzene in the presence
of oxygen; an effective anbunt of a catalyst formed from vanadi um niobium
or tantal um precursors) an anionic) nono- or bi-dentate |igand precursor,
and a neutral, electron-donating |ligand precursor; a proton source; and a
non- gaseous reductant. 25. A conposition for hydroxylating an aromatic
substrate 25 having at | east one active aronmatic hydrogen, conprising
oxygen; a vanadium niobium or tantalum precursor or mxture thereof; at

| east one anionic iigand precursor; at |east one neutral, electron-donating’
| i gand 16
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WO 001 50371 PCTJUS00102440 precursor; at |east one proton source; and at

| east’ one non-gaseous reductant. 26. The conposition of claim 25, wherein
the stoichignetric ratio of anionic |igand precursor to vanadi um ni obium
or tantal umY®¥5M%ture 5 thereof, and the stoichiometric RCIUSBUHdoNeut r al |,
el ectron-don i ursor to vanadi um niobium or tantalum or

m xture thergg’fmgrl%c%ggﬂE?blgt 500-2 : 1. 27. The conposition of claim 25,
wherein the stoichionetric ratio of anionic_|igand precursor to vanadl um

ni obi um or tantalum br miAMmateod pkhydexylatng Pﬂearg‘["‘ét'%ﬁ%ﬁﬁﬁt?w whicht i o of
neutral , el eGhhpRseOnahitig {Heﬂa%arceswswe .9 tHé”ﬁf@mee Itk Uy HEm, 87

tantalum or m xture theré&of are each about . he conposi ti on
of clai m 25, oatbyssiat laassone praten sPREER. Qﬂdr%{ﬂ?ﬂﬁt Qﬂeé)ﬁﬂtgﬁsémﬁ wabetapkecur sor
to vanadi um niobiun) or tantalum or mxture 15 thereof, and the

stoi chi ogetric ratio of, neufteethRUest AR HMRISIAGnS LESIDERRHERDE t O
vanadi um ni obium or tantalun) or mxture t hereof are each about 50-2 : 1.

29. The conpdsiecieshiem Eenigreuss consigingi Af beezens diardthalene Anifracensor is at
| east one nerHpghastftetel Cand M Q8RValifesd U he OfoRd gtind hing’ Cort?! rd@fore
carboxylic acids, acetic acid) trifluoroacetic acid, propionic acid,
butyric acid, Subétﬁ%ﬂté aci d, beta-di ketones, acetyl acetone, conjugate bases
of carboxylic acids, acetate, trifluoroacetate, propionate, butyrate,

benzoate, beta-di ket ongt es, THY fhathad &¥f OAIRhE 2, OARdIeY ke sabitilgents arePOSi tion
al pha to a het eroar g_matl c ni trogqen at OQ d%}Icol inic acid) substituted

pi col i ni'® acisgectessfram:Hie giuraEensisting I gravpsi elivb groyrsofungtienalci d

N-oxi des, conyrbgs €aR@S8SmBinafeHPAYlebt Mhefsini thed fAR&IdhaPgralipdiaarko a
het er oaromati c ni trogen atom picoli nate, substituted pi col 1 nat es,

pi col i nate N-CSHOARMlic A6ldss A3sa0yie agidalkyl iestare sereRxviissacidneryt wstefsut r al

l'i gand pr ecurgi@hyidés HydtSaRt oRARs rgﬂ(ppgfhegalaeg diHer®m t he group consi sting
of water, acet OnIyFI’I fﬂy cﬁ(?t rogen in %/ 50371 PCT/ U500/ 02440

het er oar onat i ¢ ring, pyridi r|d| nes, i.ni c acid,

[ t ut ed
substituted picolinic #cid -Pheal RB‘?S Of Holp y‘ﬁ'f‘?fﬁﬁ‘t |Q£(§6' {HeRS aBhenol |
substitysed phpsRled W&ﬁéﬂm&#ﬂﬂﬁwtné@hélébﬂédﬁﬁfrﬂlf ron@Sﬁﬁ‘sFﬁgﬁofa’Wﬂ nes,

am des) ketones, esters) Schiff bases, i m des, he conposition of

clai m 25, whelr@iRs, @iyl geauRsyunctianaf 8F9H9é Phc%’BP'G?FQﬂ? me(ﬁﬁfawbﬁrﬁﬁb hgm
ni obium or tﬁﬁvft%hhlr@r%%‘éfé8&rbo?flnc@dﬁs%§rbb§ﬁfc%&d afkyl bstas! cQt'%chga”' ¢

aci d; a carboxylate precursor @ey recursof. 31. The conposition
of claim 30, wnaaral %tensea@shme}%hwr@x% gl n%alkvlrﬁtwswi ¥l etheis a
conbi nation of picolinic acid, trifluoroacetic acid, and at |east one of

sodi um net avanadat e, VEX pi CPhé RrtRRoaiNGE, am@ér&inatﬁetaamtaﬁ& dubs¥dte iEhe
conposition of claim25, wherein a catal in solution has the formul a

MO( OZ) ( 120) ~( LbBnzene. grhepzana sutstiniad By qu# 8B¢ atyberoup. paheluineke i s an

integer from &néoadd etﬂe'r%y@?oﬂyﬂb?@@ﬁwan"aﬁ&hslthbféo? L' is an anionic, nono-
or bi-dentate |igand) and I's a neutral, electron-donating Ilgand

6. The method of claim 5, wherein the aromatic substrate is
benzene, biphenyl, phenyl phenol, toluene, cumene, phenol, or para-cumyl
phenol.

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

benzene.
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33. The conposition of claim32, wherein L' is at feast one nenber selected
fromthe group consisting of halides, conjugate bases of 20 carboxylic
acids, acetate, trifluoroacetate) beta-diketonates, acetyl acetonate,

propi onat e, wobysdiie, benzoate) conjugate bases of carboxypdGusghdAs i N a
position al pha to a heteroarpmatic pitrage tom .picolinate) substituted
pi col i nates, picolinat (? N- Oi’ﬁagjeﬂ&q{ﬁofts%%& f’t@f%gkﬁﬁ%BW%&'ﬁp}\W&ijﬂ%; and
LZ is at | easa nfixtarawitivat least aretinert hasg ortasaigr oup consi sting of water,

acetonitrile, 25 nitrogen in a heteroaromatic ring) pyridine, substituted

pyridi nes, picolinic agd, | icql L.pic.acid I | .

hydr oxyaromati c corrpour?ds, Eﬁ%ﬁ%«%tﬁ%ﬁﬁgl@lrﬁﬁt Meﬁﬂiﬁbﬁ gg,ta@Fﬁg}gﬁ?%F‘an,

t et r ahydr of ur selutigghfssmha nasadian] niebiumarir darstaluke preicessor @8 extere Behedff bases,
and imdes. i8 | V\E 00l 50371 PCTéUSOO/ 02440 34 ITh? conBosi tli o% Ff claim
25, wher &l n t At'95PbBR YOIE'GA0d PTREWEPT) AN Al 1435t ANSo PEUFA!c SCIAM 35. The
conposi tion oflordtiagnigaid prdtarser.n the proton source is trifluoroacetic acid.
5 36. The conposition of claim25) wherein the reductant is a

di cycl opent adi ene net al,~co ' L.rop,. . tin r cogper.. 37 .Th
conposition of claim 25,0' wh L‘g?‘h‘*t@d«;&'r%%'h%?'a‘ﬁ'ﬁérﬁ? ‘ﬁsﬁ%@@%ﬁa‘”&é@"rﬂe
conposi ti on o#niohigi hgatfd, prévarsrnta vanadiomat nicbismb sdrr &drgalum, bern pdxtare

napht hal ene, ant hr.acene henant hr ene) .or the f{aregoin ubsti tuted by at

| east one al k er%QJ'OL?B,H me{/)IS?Qj&B‘E[B?t"ﬁyEﬁt'Bx9f f&#@aL,&SF@ﬁ%‘ﬁi@P, H%ﬁ'lﬂ et her,
or conbi fat i opectiser eofvandiumd rdabipas ior i tantafupn, o iviixtgreptrenedf dreosadienzene)
conpri si ng oxggeq,s ﬁ v_aﬁadi um niobium or tantal um precursor or m xture ~s
thereof, at |B3¥ 8752'a ionic ligand precursor, at |east one neutral,

el ectrondonating |igand precursor, at |east one proton source; and at |east

one nongaseous reduct aritl. 13he fu@thod & ¢\ain?9 AvRerei@he Atdichig@etriaZatiacet A
. A@ As3

anionic ligand precursor to vanadium, nicbium, or tantalum, or mixture
thereof, and the stoichiometric ratio of neutral, electron-donating ligand

15 precursor to vanadium, niobium, or tantalum, or mixture thereof are each
about 100-2: 1.

12. The method of claim 9, 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

20 precursor to vanadium, niobium, or tantalum, or mixture thereof are each
about 50-2 . 1.

13. The method of claim 9, 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,

25 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

14
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15. The method of claim 14 wherein the catalyst is formed in

solution from a combination of picolinic acid, trifiuoroacetic acid; and at least
one of sodium metavanadate, VO(picolinate), or VO(acetylacetonate),.

15 16.  The method of claim 1, wherein a catalyst in solution has
the formula MO(O,)(L"),(L?),,, wherein M is 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.

17. The method of claim 16, wherein L' is at least one
20 member selected from the group consisting of halides, conjugate bases of
carboxylic acids, acetate, trifluoroacetate, beta-diketonates, acetylacetonate,
propionate, butyrate, benzoate, conjugate bases of carbogylic acids in a
position alpha to a heteroaromatic nitrogen atom, picolinate, substituted
picolinates, picolinate N-oxide, and substituted picolinate N-oxides; and L? is
25 at least one member selected from the group consisting of water, acetonitrile,
nitfogen 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.
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*+b@!!s! 10%0& () -! Ff 0% O& { ) methBd0 BF &idim 1P wherein the reductant is

ferrocene.

22. A method of hydroxylating an aromatic substrate,

10 comprising reacting the aromatic substrate in the presence of oxygen; 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; a proton source; and a non-gaseous
reductant.

15 23. The method of claim 22, wherein the aromatic substrate
is benzene, naphthalene, anthracene, phenanthrene, or the foregoing
substituted by at least one alkyl group, aryl group, hydroxyl group, alky! ether,
aryl ether, or combinations thereof.

24, A method of making pheno!l from benzene, comprising
20 reacting benzene in the presence of oxygen; 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;

a proton source; and a non-gaseous reductant.

25. A composition for hydroxylating an aromatic substrate
25 having at least one active aromatic hydrogen, comprising oxygen; a
vanadium, niobium, or tantalum precursor or mixture thereof; at least one

anionic ligand precursor; at least one neutral, electron-donating ligand

16



10 106" 109 ()-  @! 109 ()-y+. .// 0X0z[<b@ &S$s! 10% o0& ()-!10% o0& () -,

10% 0& () - +s! 10%0& ()-!NL0% o' 0& ()-g! s! 10%08& () - X0~122533333zXK>110001
0001000! " 1! 10%08& ()- @ 1! 10% 0' 0& ()- @ 10% 0& ()-f!" % 10%0& ()-f! % 10%0&
() - f 333445588K40300010! X PCT/US(0/02440

109%& () - &5108@c(|r)soﬂ=0&’& léast: RdEprolon TsbeE: (AndSld %eakt -crfe’ %ﬁ%&&&é <K>11000
OMLOY&' ()-! T10%' ()-!!109%& ()-910%& ()- 109%&' ()-!& 10%&' ( ()- v8 .....
)<WX6K>110| 3reductaRl. () - y3. 109& ()-y! )1 109%& ()-!)!10%& ()-!"

FOd0%AAS () -y! @

F°/<|10°3/;FESLO/G(& )(g/) <*<+< <26}< Th&@@hipbeitibh 13 25 ,-whereHMBstbichiomedicl 0909& ()
105p10%& () - @@?Aanﬁsﬁdwquqﬂmnt%%é@“w) nigbiuh Rtantelus CHTRIKULS - f # 10%V

f_LO(()/q)& (; 5122%188%/& %ﬁ@% @cil)é?ﬁ&hgn@] FHOEBR Freu@l)! blectron-donating ligand
10MB" 10%3/& (pmcunsgow/ya@)ad@ppmagn taptalum, or mixture thereof are each

I 109%& () - 10(@0&%‘ ggf&{)-l(lloty& ()-9910%&' ()-10%& () - HHI (JIK[ K} A2~ @L0! !, !
109 ()-3(109& ()-13940%& ()-f! "1109%& ()-y' @

394.0%F& ()-f109%&' ()- _[_ZJLLLLLLLI\/kanIOI | YI098VE. () -

105" 109&' () - 3GLOY&R' () 2Z109&h G)QOHWOO)QfM'mRNP@a%‘#ﬁCm stoichipmetiis - 1004k’ (

) -1 ~& 109 (}augjd?%n@h‘ )ﬂi(b@&réarto vanadium, niobium, or tantalum, or mixture
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ratio of anionic ligand precursor to vanadium, niobium, or tantalum, or mixture

15 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.

29. The composition of claim 25, wherein the anionic ligand

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

20 halides, carboxylic acids, acetic acid, trifluoroacetic acid, propionic acid,
butyric acid, benzoic acid, beta-diketones, acetylacetone, conjugate bases of
carboxylic acids, acetate, trifluoroacetate, propionate, butyfate, benzoate,
beta-diketonates, acetylacetonate, carboxylic acids in a position alpha to a
heteroaromatic nitrogen atom, picolinic acid, substituted picolinic acids,

25 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-oxides; and the neutral ligand precursor is at least one member
selected from the group consisting of water, acetonitrile, nitrogen in a
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10 formed in solution from a combination of picolinic acid, trifiuoroacetic acid, and

at least one of sodium metavanadate, VO(picolinate), or
VO(acstylacstonate),.

32. The composition of claim 25, wherein a catalyst in

solution has the formula MO(O,)(L"),(L3),,, wherein M is vanadium, niobium or

15 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 L2 is a neutral, electron-donating
ligand.

33. The composition of claim 32, wherein L' is at least one

member selected from the group consisting of halides, conjugate bases of

20 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-o;(ides; and L?is

at least one member selected from the group consisting of water, acetonitrile,

25 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.
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37. The composition of claim 25, wherein the reductant is

ferrocene.

38. The composition of claim 25, wherein the aromatic
10 substrate is benzene, naphthalene, anthracene, phenanthrene, or the
foregoing substituted by at least one alkyl group, aryl group, hydroxyl group,

alkyl ether, aryl ether, or combinations thereof.

39. A composition for making phenol from benzene,

comprising oxygen, a vanadium, niobium, or tantalum precursor or mixture

15 thereof, at least one anionic ligand precursor, at least one neutral, electron-
donating ligand precursor, at least one proton source; and at least one non-

gaseous reductant.
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