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BACKGROUND OF THE INVENTION

This invention relates to methods for the hydroxylation of aromatic substrates. In
particular, this invention relates to a method for producing hydroxyaromatic
- compounds by the oxidation of aromatic substrates in the presence of oxygen,
hydrogen, and a cataiyst. The invention also relates to catalyst compositions for

effecting said hydroxylation.

Phenol is among the most important industrial organic chemical intermediates, being
used for the manufacture of thermoplastics and other resins, dyestuffs, explosives,
agrochemicals, and pharmaceuticals. It is particularly important in 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 production of phenol are
non-selective, muiti-step, and/or expensive. For example, benzene may be alkylated
to obtain cumene, which in turn is oxidized to form cumene hydroperoxide. The
hydroperoxide is cleaved using an acid catalyst to form phenol and acetone, Another
industrial process using oxidation of toluene requires expensive starting materials,
Older industrial processes such as the Raschig Hooker process require high energy

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

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

hydroxylation of phenol or phenol derivatives in the presence of nitrous oxide and
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SUMMARY OF THE INVENTION

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

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

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

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

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

$hecatalyst described above.



5,110,995 to Kharitonov et al., and U S. Patent No. 5,756,861 to Panov et
al . disclose oxidation of benzene to phenol by nitrous oxide in the
presence of a zeolitic catalyst, with yields of up to about 16% Both

EP- A-0, 638,536 and EP-A-0, 885, 865 di sclose a production prpgesst 20603
reacting an aromatic conpound wi th oxygen and hydrogen in the liquid phase
in the presence of a catalyst conprising a noble netal of group VIII of the
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donating ligand precursor. In still another enbodi nent, the invention
conprises a conposition for maki ng phenol from benzene conprising the
catal yst conposition described above. DETAI LED DESCRI PTI ON OF THE | NVENTI ON
The present. nethod is directed to hydroxylation of aromatixs guhstsedes in
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M xt ures of erent  ar groups and/ or substi tut ed aryl groups as
substituents are al so Wlthl n the scope of the invention. Qher suitable
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various functional groups, providing that such functional groups do not interfere with
the hydroxylation. Suitable functional groups include, but are not limited to, alkyl
groups as described below, carboxylic acids, carboxylic acid alkyl and aryl esters,
aldehydes, hydroxyls, olefins, and alkyl and aryl ethers. Mixtures of different aryl
groups and/or substituted aryl groups as substituents are also within the scope of the

invention.

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



carbons. Sone illustrative non-limting exanples of these al kyl groups
i ncl ude nethyl, ethyl, propyl, isopropyl, butyl, tertiary-butyl, pentyl,
neopentyl, hexyl, cyclobutyl, cyclopentyl, cyclohexyl, nethylcyclohexyl,
cycl oheptyl. Exenplary al kyl- substituted benzenes incl udes Auguseze3snot

limted towo odsesse, xylene, and cumene. The al kyl groups pp¥aidigeme] ves
be substituted by various functional groups, providing that such
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functional groups, aryl groups, alkyl groups and/or their functionalized
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hydr oxyl o§¥?en In the present hydroxylation nethod. Hydrogen nmay serve as
a reduct anMoleatwlar oxpgpoiayisernal asrxith oxidettvwernsonxgegefhyainsiy ykypee i ite
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oxygen, hyelhgefionaltisbetwechiiyge® 98 Bfdréden! i8 PRFrABS outside the explosive
range from the viewpoint of safety. The hydroxylation advantageously proceeds in
the presence of a mixture of oxygen, hydrogen, and up to about 90% of at least one
inert gas, e.g., nitrogen, argon, helium and the like. A preferred hydrogen source is
molecular hydrogen, which may be used directly or in a mixture, especially, e.g., as a
mixture with the oxygen source. A preferred oxygen and hydrogen source comprises
air, or mixtures comprising the components of air. The partial pressure of oxygen is
preferably in the range from about .02 megaPascals (MPa) to about 7.1 MPa, and the
partial pressure of hydrogen is preferably in the range from about 0.002 MPa to about
1.42 MPa. The absolute total pressure of the reaction is within the range of about 0.1

MPa to about 36 MPa, and preferably within the range of about 1 MPa to about 8
MPa, |

Preferred catalysts are based on precursors which under the reaction conditions
produce a catalyst effective in the hydroxylation of an active aromatic hydrogen.
Such precursors include precursors giving rise to a metal complex, such as a
vanadium, niobium or tantalum complex or mixtures thereof; precursors giving rise to
an anionic ligand; precursors giving rise to a neutral, electron-donating ligand, and
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inert gas, e.g., nitrogen, argon, heliumand the like. A preferred hydrogen
source is nolecular hydrogen, which may be used directly or in a mxture,
especially, e.g., as a mxture with the oxygen source. A preferred oxygen
and hydrogen source conprises air, or mxtures conprisingsAgueppmnents

of air. Thevgeudosal pressure of oxygen is preferably in thectaRgGodshpm
about .02 negaPascal s NPa to about 7.1 MPa, and the partial pressure of
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exanple as bidentate or tridentate Ilbgan s. Suitable nmetal precursors

i ncl ude, Lﬁlflseawl%%nd Risbiusg teissthoxide. Mikiees ofr metak pedckesors ametalso withint s of
vanadi um u e sodi um net avanadat e;

substitute OXI @gﬁ@g} i pgnrﬁé llgﬁﬁl]{rgllﬁr gdrﬂr%l )11 F%I?t %T?J‘Fh@r the
VQ(acet yl acsahenadléﬁeﬁemmbtﬂamlsumdweﬁat e) 2, and al cohol ates such as tantal um
trisethoxi de and ni obiumtri.sethoxide. M xt ures of netal precursors are

al so withi articular, mxtures of

.t f th t
precur sors %Egﬁtfqg iaﬁﬁ’ﬁg’elégat"ﬂé? g%uhgg)}/se’réllamg lP”"d’f’ ‘?F%tr limitedyia, hplides, sarboxyliw| e.

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

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

5



Sui tabl e anionic ligand precursors include, but are not limted to,

hal i des, carboxylic acids and/or their alkali nmetal or other salts, for
exanpl e, sodium acetate, trifluoroacetate, beta-diketonates,
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2-t heonyl tmefi;hmﬁ@@,cetone 3-chl oro- 2, 4 pent anedi one, 3-ethyl -

2, 4- pent anedi one, 3-nethyl -2, 4- pent anedi one, et hyl

4- acetyl - 5- oxohexanoate. M xt %res of anl onic ljgand precursers are al so
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wat er; ace | |Ie nitro niat?ahet aromatjc rin such as, but not
oub§ aé

limted tP iofj Sediung O Hyet F‘H ig ac é&ﬂ.ﬁng@nae%i S?Htéleiﬁﬁ i tuted
pi colini ¢ paédsromatic oigbgen, Jg/ PRHRICO B %uﬁéii'fﬁt@ﬂ'}ﬂéolml?@%@ﬁk gﬁig@g,{ tuted

phenol s; ethers; furan; tetrahydrofuran; phosphines; am nes:

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

(which may be in the form of the pyridyl compound itself, or which may also function

as the metal precursor).

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

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

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

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

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



M xtures of neutral, electron-donating |igand precursors are also within
the scope of the invention. The above precursors nay be supplied to the
solution separately or as nmetal conplexes with at |east one |igand. For
exanpl e, one preferred fornulation conprises the conbi natasoxugust 2an8 pH

(e.g.; |eswotdaameabout 4, and preferably |ess than about 3pc@fusiRitkyym
net avanadat e, a carboxylic acid, and a_ conpound containing heteroaronatic
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conpound ccanmmmgagd ahetnen@a; eleetrors-dondtin@déand @redprefetatly hbﬂlyﬁchoda
Still another conbjnation nprises .the conbination of VQ picolinat e) 2

with a car BsKfers: ethesqyep @ecbﬁﬂj‘éﬂ)ﬁ‘étlo%oﬁ?@%% ieelher ewishr mﬁanSO@mntomgen
€.g., a pyl 'ufm t%ﬂmpﬂygrddﬁc?%ﬁ L Bp%ﬁﬁ%{e recoQér?uglﬂ({ ggl?ﬂs% B# éﬁtﬁ atta yst

I's formed nso ution m a vana um - or
car boxyl i c cempdngntsgsuetsasrmétali ch nay be in the formof a carboxylic aci d
.or acid salt, or which may al so function as the net aI precursor); and a

recursor ound cont ai ni ng. het ero matic nitro a pyridyl
Brecursor Br&REG WECYRP "gf‘? ?)ram%é’amtxﬁémwp?di? ROy dliﬁ@‘qefigé the or

whi ch may  adagfon, Uhsit ﬂ)@%tmé!’ﬁohiéﬁ-nd@h@'ofmé’a?ﬂrp?é?:ﬁ)sor B"ﬁxe?atl Y&k ary'tﬁe ratio
of the anionic li precursor to metal” (i.'e. vanadium "~ niobiun’ or

tantal um érfe‘Pﬂ}klteaﬁ@ tothe éb'flswetrmtunbsr ob ﬂ}ﬁasaqtuoonWhnh is thei mdndcrrfenusles:oﬁ atio

of the neu e n and to net al

conposi ti oh{: e ér &%[e% g‘&? (ing mi x e %ré S’L%sm‘?lﬂ@?r n?@ gﬁfl'fei ci ent
mol ar quanreabuomfde@aimmscmd gasids &M thydboxyariadit . cehF&iddeNpARINad. Ny | gand
to satisfy the vacant valency sites on the 6 25 August 2083 WO 00/ 50364

PCT/ [ 3500/ 92‘8*2&!11 effigigneythe ftﬁeo‘é%mpv@ee wt%sgv@ct todisas |h® asfrioseiblev Breferadhe
hydr oxyl at hﬂﬁ'o b@x%?%%b res(é gFQ ?Ehahela%orgg ahfé( ronatic

hydrogen. In d|t|on uan es o onirc liga
el ectron- dthaatabmg 110i gmmoar;ﬂ'e&raﬂﬁg&latq thai abduc3o. tﬂj@tcatl?%’mover numbers

may be between about 5 and about 50.

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

precursor, or both.



interfere either with the hydroxylation reaction itself or with the

I solation or purification of the product m xture, or with the recovery and
reuse of catalyst conponents (such as netal). When a |igand precursor is
al so a hydroxyaromatic conpound produced by the reaction2stAgjust 003
stoichionetric ratio of ligand precursor to nmetal precursor nmay be .
directly r8C88°¢% the turnover nunber of the reaction, mfﬁxﬁsgﬂfﬂw yi el d
of nol es ofyy; | I 3X ; )

t urnover nEN &g{lﬁgc%‘éﬁ%%g@&}dg@c ?l? egg; ’digﬁgmg@és%gﬁe&l%l@lggbéﬁ%@ﬁ ng;/eg{ﬁ%%t i C
conpounds pombtinatidns Ery gioptrissuim gef presence yof trheleculam oxegennembeanolesulaesi r ed
to be as high as possible. rreferred turnover nunbers for the present

i nventi on SKEEGYRIGEUEFOTHA SRfalyStS hEYIDE e eieth S Eat er  than about 10, and
nost preferably greater than about 50. Typically turnover nunbers may be
bet ween about 5 and aBoib,)%),@1LY,Preferred enbodi ments of the present

i nvention the stoichionetric ratio of both the anionic |igand precursor to
metal and the neutral, electron-donating |igand precursor to netal in the
conposi t i owhgrain dbisua me@bsugh as yanadiye, pHeeib@raistnialipy otis anmieger from Qe

still nore,preferahl AR . ROSL i D

conpri ses rlna'fﬂalﬁ %nbr?ee%eﬁigs)ogl?& (grg’ %1 i)?tal%}ragygéfa r#é){ﬂ §T Sﬁlgi%faé%fﬁ%%i’ %“%i {éha t he
metal is sueptdiesedtrontduhatiag paf. , Suiableamivmd kgands irigdecbut\erd Hotdirhiry t he
anionic ligand precursor, or the neutral, electron-dgnating_|ligand

precur sor , trhijiien, on jl copIZateo Passi Sfed 1REVOKEEE Acit fargexidPler aedidt8or to

metal is e | L ' I n I n
VQ(pi col | naTyseete. ety iBaoklts BEATRL Bobdle SUAERY AEfA BhEbee TR,

ani oni ¢ | i gendonjpgae Wasorof Dicantborpliplaeienh aepositain, alphe ¢od raohetdnmasdmatg | i gand
precursor, or both, may  be added to.the.reaction mxture when the tal is
Suppl i od | RITGRED i D 25 OB LUmIIGH 1) PROTE: EHESZAPBIOPIRRIAlRG: 200
precursor, gpg, éJ?chlg&i&iﬂO%‘NmﬁJi&.CSﬁi@Jm@H&ﬁfa'l,%eétﬂoﬁﬁibﬂatir@ BEAHIS Holudl bROth. 7
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are not limited to, water; acetonitrile; nitrogen in a heteroaromatic ring, such as, but

not limited to, pyridine, pyridyl, picolinic acid or a substituted picolinic acid;
alcohols; hydroxyaromatic compounds; phenol; substituted phenols; ethers; furan;

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

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

substrate.

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

several hours.

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

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



W t hout being bound by theory, it is hypothesized that suitable catalyst
precursor conbinations may give rise in the presence of nol ecul ar oxygen
or a nol ecul ar oxygen precursor to catalysts having the general structure
MY 2) (L1)n(L2) mwherein Mis a nmetal such as vanadi um niZAWAsOP003

tantal-.um Ryb$gosi3ed Nteger fromO to 1; mis an integer fro?}:}nfsﬂoﬁiszi-t i's
an anionic, nono- or bi-dentate ligand; and L2 is a neutral,

el ect r on- do#fafmag Fubgame. oxs@enadidéoraidoegen. | Sghwets whichuetthanbeltsombditpot

limted to i : hg conj te base. a, carboxylic acid, for

exanpl e, acaer%dgt(?e,&'ggﬁ‘r"?# |0t1§0f}x8aléeg{:t§ﬁt§ar%e?sggca?l yetqgﬁléath%,g cé’teyls%}é'ﬁ?toﬁ’épe,

pr opi onat e, ofafthailyasoubilifs) 20 #adt indfadt, tHehRomMd HdRirStePRERaRlyR &ﬂr%ggghi c
S,

acid in a posjtion alpha to a heteroaromatic nitrogen atom suc but
not |imtedddir hydregqm sithoutpignifigarstyi deareasing thel hiilisagion effidienchef rthe

correspondi 0Xxj | tral, electron-donati | i,gands

i ncl ude, bu('%Lgal rté)ﬁr%ﬁfﬁrﬁlg{)lé,g%g?mv%t é‘?t ar888f§m“€$i‘?’écaﬁr‘?‘g{?g@ﬂ°flﬁat§d

het er oar oneltyidrodartugs, Sfrednsaschibrdform)oididhidtbinethahd), cBMohditBRachidridedy by
picolinic acid . or,a substituted picolinic acid; alcohols; hydroxyaromatic

conpounds; ationg theegqfs ut ed phenol's; ethers; furan; tetrahydrof uran;
phosphi nes; am ne; am des; ketones; esters; Schiff bases; or imdes. The

catal yst | SIpd8g@ition had b ' t | &b Ll er m ned
enpirically ﬂlqoy}%%neo of agr df%gaﬁgéégxﬁpﬁp?xﬁ%t %aégﬂe]lrsl(:égl 3§%erﬁ%g%fggrogg t‘r?é'g{sl% arting
aromati ¢ suisoessat eln & Hmtchdesictionl caislyst and ligatids atehdisssiséd off théersmand yst ,

dlik i der at i ons. Ily. th lyst will b t i
Arount & Cof B B e it drefe 2B outies At inert AmSHeE, And The
reaction t gEp&SMIkRIrd SorRi@blypeitl Bidaeh MRdRANES Rk iﬁé?@%ﬁs ?ﬁu&%d{i]n?e@bom

b to about 1 d t

200 C, preferably in the range of about 40 t ough the
reaction tilR® thgsgsten vaiselh Akheughowt oerrdsary.oinds prefeeredabattthogas miduts

general ly V, Al rs. Althaugh,the reaction nay be
run neat | ﬁj%bsg%l?g%g’?g%ﬁ%h}e), %%ﬁ%ﬁhﬂe’??%l;%ﬂ%ﬁﬁgm 158’5%??3?5&“&? g one
inert sol véno theyliqhagoarik thisetheydasy ecadeich rmakl € Ih ohiy @Middee, athe LgASE Some
degree of rﬂ sci bili t%/ or m crohonogeneity with respect to the catalyst, the
8 omogenous feedstock is advantageous in”ensuring adequate contact between the
catalyst and the aromatic substrate. The hydroxyaromatic compound or other products
produced by the method of this invention may be separated and isolated by

conventional techniques.

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

read to limit the scope of the invention.

Example 1 -

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

number (yield of moles of product per moles of catalyst) of 3.5.

9



WO 00/ 50364 25 August 2003 PCTI U500/ 02821 aromatic substrate, oxygen
and/ or hydrogen. Sol vents 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 25aAawugs2003and
oxygen andied odibshs00en without significantly decreasing the utilization
efficiency of the catalyst. Exenplary solvents include, but F&TEUSH82821
limted to, Bxgotpbn2trile, fluorinated hydrocarbons, freons, chloroform
di chl oronet hane, carbon tetrachl oride, or conbinations thereof.

Hydr oxyl at i @aé/ ibet fr acticed fi ther in a batch, sem -continuous, or
cont i nuous q{p dcoligate)z ~ or ) CRRIYSE 2 o PTSSHTSORR al WBichandn| i galutionar eratiwsol ved

in the aromatd 1¢BELS 0 : vent, mi xture, preferably under
an inert at rms@ﬁ)e(?e, an g)"’ gagg%bgﬁlxsﬂg%nf %Of}}r% aggrpﬁrl;gl%s(ﬂgenareo@?{})iﬁ A0 hyaindsen,
and at | eassteghbomberkhegemnb ss seatadowither cap Bomainiiey ERAGIarSRg CGFSRAR and

Al t hough not.necess ré, iIl is.preferred,that the gas mxture be sparged or
vigorously mixed wthet (&Y eacfif ofFaFiogusy then dirughtt ¢o erehetinre temperapioe t
into the |i gaprodmskelynis ¢ i s this instance, the use

of a honbgenous feedstock i s advantageots Tn ensu _ AR &t
bet ween t he2ir dapRIPYigtatein$.9 MPaanb Relt% chyaiubgdn’ gdsd. JteinBYidr QRUALIEY Ufis

conmpound or roducts praduced by the method of this invention may be
separ at ed aﬁegﬁé%ga:) rgtagg L ke dﬂggﬂ? 15 182F &ptakE atiebservade The feavtionyisEreanpl es

are provi decodiyd, ad ffale¥d ! t.he read to.limt the
scope of the inventi on.ﬁaﬁp%@%gmg?ié%?%ﬁg% g?%fth%cﬁrs%eéfi/|°§d@tea k) 2,
0.02 g of pP%F—‘mhi c acid, and 50 mlliliters (mL) of benzene were added to
a stainless steel bonb. The bonb was sealed with a cap containing a
gas-sparging stir shaft and reactor cooling coils. The reactor was 'then.
brought to 100 C wth stirring, and pressurized with 2.1% hydrogen gas in
air at 6.9 MPa. Stirring was continued at this tenperature and pressure
for about 18 hours.

10



The reaction was then cool ed, and anal ysis by gas chronmat ography i ndicated
the presence of 0.012 g of phenol and no other reaction products,

i ndicating a turnover nunber (yield of noles of product per noles of
catalyst) of 3.5. 9 25 August 2003 WO 00/ 50364 Exanple 2 BEAugdiSORI032$21
VQ(picolinate)2 or catal yst precursors which in solution produce

VOQ( A2) ( pi col_i nat e@éb}é‘n, as descri bed above) and benzene are added to a
WERART Al B8nb is sealed with a cap contai ning

st ai nl ess
gas-sparging stir shaft and reactor cooling coils. The reactor is then
wth stirring, and

brought to meacti e roximately 100 C
pressuri zed 1\'M' t h‘gqﬁ%%répgyaﬁv&ﬁ%% apnarog]-'tq,t}lc( e} 4 CONPIPY of
2. 1% hydr ogesaajiag)an SomaHdwhkHseratitvi | St essure
until no nore gas uptake is obsgrvegmggglﬁgéﬁ%ﬁﬁe?pﬁ[gﬁc%gggﬁEgnd
anal yzed by thfhgresensesiooxygen, hysiregeny anide apeatalyst; ewhéraphahel cdrilysPenzene.
10 25 %ugus_ﬁ%.%l.s %I\/ED IS .1. A nethod of hydroxylatind an
aromatic sul &1 i r & S@padpmc miokjuan o tantelum sprestrsareothavi ng
at | east ongyj ' ' b h resenc f oxygen, hydrogen
and a cat al ?g:t?ﬁ'\é}m‘dgerrgéﬁ %&ég&cﬁgﬁgﬁﬂi Iﬁ%‘#@%ﬁﬁ?ﬁﬁ%ﬁ?ﬁﬁ?ﬁﬁr&%@f

| east one

vanadi'um néletiromdomatingticahtpregiaesF sor or  mixture thereof; at
anionic ligand precursor; and at |east one neutral, electron-donating
net hod of claim1l1, wherein the aromatic substrate

[ d v 2. Th
i !sgggl e(F:){ g?1[ fgﬁh? ﬁ@%?‘gﬁﬁc%&ﬁgk.ﬁhﬁwe@émﬁe,suhapmrialseiaa;eda‘mﬂir acene,
phenant hr e &386p cbAsidfihl YR bt Eehed hablfhalHe Wi LRI NG e, TR5°

substituents.
10 derivatives of the foregoing having one or more substituents.

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

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

combinations thereof, wherein the functional groups are carboxylic acids,

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

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

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

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

ether, hydroxyl, or combinations thereof.

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

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



3. The method of claim2, wherein the substituents are selected fromthe
group consisting of aryl groups, alkyl groups, functional groups, and.
conbi nati ons thereof, wherein the functional groups are carboxylic adds,

carboxylic acid alkyl esters, carboxylic add aryl esters, algehxoams
hydroxyls, 15 olefins, alkyl ethers, or aryl ethers. 4. The method of

claim3, whegein substituents are substityted by one or nore noieties
fsel e;:ft ed }‘ rorgﬁ t hetﬂglr oﬁbelﬁg%_ s?rgtcﬁfﬁﬂ‘ dr %’?@E‘ﬁr%@zxyafkyﬁ?dgh?dm:eln are

unctional gpasyided @5 aCOBRLAR rei e_funct,iona r oups
are car boxyllpc aci ds, car boxyl*gﬁzlg afakwﬁeﬁﬁﬁg?%mi%eﬁﬂsagm 20

esters, al dedalpyxtirgdf byyiregerowithiais, al kyl ethers, or aryl ethers. 25 5.

The nmet hod of claim?2, wherein the aromatic substrate is benzene, or
et her,

benzene subsjituted by at,least one al kyl group, aryl group, alkyl

aryl ether ,é'hydr%ﬁtﬁ?dgﬁg%@i wherelm ¢he otixtwe oftuxygentand hfdedgenm 5.
wher ei ngt he ;ar; ' [ i enzene, bi phenyl, phenyl phenol,

t ol uenes, cur%gﬁg?ﬁ eﬁ%%%?gggrtg§98’rw nol. 7. The nmethod of claim 2,
wherein the aromatic substrate is benzene. 11 25 August 2003 8. The net hod

of claim 1, Wher &he thethodyoénclaird 1y driogeih ahe i | xture of
oxygen and hydrpgen with at |east one inert gas,c’%rré%agﬁg @)‘(’l‘?ﬂg%aﬁ(oﬁre
hydr ogen wi tFio%ided af a pessursthebyeent 03I MPanadd 36Mi%ai n t he ni xture of oxygen

and hydrogen a in inert gas conprises up to 90 %inert gas. 10. The net hod

bet woon 0. 1 WPa an erBh 6 Hafihil, WheRHS e Soishlomctigiste at pmioric

st oi chi onet ligand gireeurebr enienddiun, irGeBitR! @R ' i.0bi um or
t ant aI@m or, m xture thereof, and 10 the stoic |%?r{etgf?ﬁ?}?'g{e@bﬁ%fh ral,

el ect r'dn- dofit iSERjchipmatac pradiou of greutxal, electron-donating ligand precursor to
vanadium, niobium, or tantalum, or mixture thereof are each 5002 1.

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

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

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

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

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

12



vanadi um ni obium or tantalum or mxture thereof are each 300-2., 1. 12.
The nmethod of claim1l, wherein the stoichionetric ratio of anionic |igand
precursor to vanadi um niobium or tantalum or mxture thereof, and the
stoichionetric ratio of neutral, electron-donating |igandJgragueszoosto 15
vanadi um ni obium or tantalum or mxture thereof are each 100-2 ;1. 13.

The nethod of ggHal ; reln.t.he sroichi.ometric ratio of anionic |igand
precursor to ?/aﬁgd%ﬂuﬁr?]u#lﬁégb@ Eanullﬁ!gtac’c 1688 comjugale basestof earkwxyliengidd he
st oi chi onet r i1 # positionfalphats al hat = L.hg, | igand.precursor to

vanadi um ni ohi ym or t_alralg al um eo?%?ﬁ?%“?%@eogm ’gm@&]é‘ﬁaf%ﬂﬁ?mﬂlteﬂo 14.
The met hod ofPE7'Hiates pigplinate Mmkieamndmubsumaacbi@mgaté%@loﬁ%e nieast

one nenber sq{eg%]?qi(éahgnthe gr orfp cgnsi sting of "halides, car ok?ﬂdc ci ds,
acetic acid, triflustoacBiTC SRy & ahreast smecmemnker selegted ofrasi dhe haBaQI C
acid, Ifeta- diksis of vwoet VRrsgk : L ugat e, bases of carboxylic atids,
acute, trifl uoro?tli:%t at e, %I’d(')pl ong?g’, n%ﬁ%ﬁgf'@ hséﬁ%&ma:ﬂmmg, oyridingat es,

25 acetyl acef@hiteted pybidines, cprolifife héiga it ] | pha. to .

het er oar omat i_lcd ni trogen at omPpi colinic %%Mg‘g%s@f:%&aﬂa%lﬂqﬂh@%ci ds,
pi col i ni ¢ actd TP ¥ IHanG Exmpownds, ophem], Substitited Sehaidle) ki agﬁﬁg,

N- oxi des, COM?H?oméﬁs Ré? arboxyljc acids 1in a posi tion al gh a
het eroar omati c nfirogen -afo Iﬁb‘f‘ﬁ%l%ﬂglﬁ'& aglides, i katones, gstare) Beltific bases,

pi col i nat e Nwekimiglesand substituted picolinate N-oxides; and the neutral

|l igand precursor is at |east one nenber selected fromthe group 5

consis]‘léng f Mtﬁ{ﬁ acetonitrile, nitrogen in a heteroaromatic ring
pyri di ne, st i @&&W pliclabs, 1, piteotinthe cﬁ@lfstﬁ%%&%ﬁ?&i Lgalinic
acids, al cololgymaqiydr oxyaromati c conpounds, phenol, substi uted ol s,
ethers, furan, tetra yﬁ%‘%ﬂ‘gman?rp HiTheBrecumoresor amixtiede Keir8Hes 5
esters, Schichfboxghas preditsos; h A he method of claim1, wherein
the catalyst is formia)d in sol ugﬁ}ﬁ%?ﬁ?‘eﬁ&ﬁgﬁadi um niobium or tantalum

precursor, of m )ﬂlur e thereof; a
. e method of claim 1, wherein the catalyst is formed in solution from

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

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

20 i -
18.  The method of claim 17, wherein L1 is at least one member selected

from the group consisting of halides, conjugate bases of carboxylic acids
acetate, trifluoroacetate, beta-diketonates, acetylacetonate, propionate!
butyrate, benzoate, conjugate bases of carboxylic acids in a position alpha to a,
heteroaromatic nitrogen atom, picolinate, substituted bicolinates, picolinate
25 N-oxide, and substituted picolinate N-oxides; and 12 is at least one member
selected from the gToup consisting of water, acetonitrile, nitrogen in a
heteroaromatic ring, pyridine, substituted Pytidines, picolinic acid,

13



carboxyl ate precursor; and a pyridyl precursor. 16. The nethod of claim1,
wherein the catalyst is forted in solution from a conbination of picolinic
acid, and at |east one of sodiumrnetavanadate, 15 VQ(picolinate)2 or
VQ(acefyl acetonate)2. 17. The nethod of claim 1, wherein @3aiqsy3003 n
solution has the formula MJ02)(Lx)n(l',2),, Werein Mis vanadi um
niobiumor tantalum nis an integer fromO to 1, mis an integer froml
to 3, LI is an anionic, nono- or bi- dentate ligand, and L2 is a neutral,
el ectron-do j gﬁlf%j i ] Rkt ' i s at

| east one rrg'%éet?ﬂgée# C egu@%cgc?ﬁ,tage gr 6&;5@?%2@%%@ %tf;m al i gg’s?h%%?\? ugat e
bases of cashbstjuted gehaiwls, ettergt furaty i tetrahydeteta ephosptines, k atndnes;, es,
acetyl acetonate, propionate, bhutyrate, benzoate, conjugate bases of
carboxyl i c agHdes ketenssoestensobehiffhages, and im¥daser oar omati ¢ ni trogen atom

pi colinate, substituted picolinates, picolte 25 N-oxide, and substituted

pi coiinate N-oxides; and L2 is at |east one nenber selected fromthe group

consi sting of.wattermetiust ofi making phenalgfom rbanzenet conyrising i wacting,

i di , bstitug i di i I i id 3 25, A t 2003 fO 15
D% 05 Subst PRUTENE 15 Ul DHeoench phoRy &t JieRemyineh 2) SHSHATF ndilothts,
phenol , SUEét%ls,@e S AP &0 $ansd Snip%#iing,rbr &ﬁwamgfeewo@agmpﬁ%at@ nes,

am nes, amdes, ketones, esters, Schi ases, and imdes. is. A mefhod of
nmaki ng phenoiorio-embielentate ligaodypriesirsgr,raacs negtral efereoa-donating igaxbnce of
oxygen, hydrogen, and an effective amobunt of a catalyst forned from

vanadi um nPB%i“ﬁ#ﬁr' or tantal um precursors, an anionic,

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

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

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

15
anionic ligand precursor to vanadium, njobium, or tantalum, or mixture
thereof, and the stoichiometric ratio of neutral, electron-donating ligand
20
25
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nono- or bi-dentate |igand precursor, and a neutral, electron-donating

| i gand precursor. 20. A conposition for hydroxylating an aromatic
substrate having at | east one active aromatic hydrogen, conprising oxygen,
hydrogen, a vanadi um niobium or tantalum precursor or mAuguet 2003 eof ,
at | east one anionic ligand precursor, and at |east one neutral,

el ectron-donating ligand precursor. 21. The conposition of clain0, further
conprising at |east one inert gas. 22.. The conposition of claim 20,

2
wherei n the i, chi [.Cy: LAt i i onl ' %:‘Pﬁﬁ' t 0.4V, di um
ni obi um or @ﬁ?&?t%ﬁ#ﬁ%@ﬁr@gﬁm@og}h—%ﬁ#’m st ol %hl Péotfr#g ?da?:?tl o of
neutral, el egigtoni,donating |igand 14 25 August 2003 precursor to. vanadi um
ni obium or tantalum or mxture thereof are each 500-2 : 1. 23. The
conposi tion of maim 20, wherein the_ stoichionetric ratio of anionic Jigand
precursor t @vanddieugpmasiionmoforlairamy whergin He sipichiomettice o #fd ¢ he
stoichionetric ratjo of neutral, electron-donating li r s to
vanadi um ni*BETH LA SIS t8rvﬁa>é“8trq‘é qlﬁéir%l?if ogrtgﬁl%g%ﬁe (%ggr'h%ﬂ[rf 24.
The corposi i aRopf afili2IHR 3bictiBRictic fal8 &f YleRabneletireniddratingf ligandoni
| i gand precursor to vanadi um niobium or tantalum or mxture 10 thereof,
and the st oipraiwset to wanatiwmphictduty, air, taskademy, or- adrture therdofameg each
precursor to _vanadi um niobiium or tantalum or mXxture thereof are each
50- 2:1. 2510646 1eorrposi tion of claim20,wherein the anionic |igand
precursor is at |east one nenber selected fromthe group consisting of
hal i des, carjoxylki ' elyl, & asd d ik | gRr i | I oni c
aci d, butyriéc%“acil-[zlfé %‘2%%%50 a g,a%g?a{%di g%gérés#ﬁaggfﬁug%ﬁ%&aﬁg?ugate
bases of cagh@nitilgzaae §eecurasetatwanadiih) udslianet at ¢antpturpi eratréxture

butyrate, benzoate, beta-di ketonates, . ]
10 thereof, and the stoichiometric ratio of neutral, electron-donating ligand

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

2.1,

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

and imides.

15



acetyl acetonate, carboxylic acids in a position alpha to a hetemaromatic
nitrogen atom picolinic acid, substituted picolinic acids, picolinic acid
N- 20 oxide, substituted picalirdc acid N oxides, conjugate bases of
carboxylic acids in a position alpha to a heteroaronmatic a5 Atia@en0oGs om
picolinate, substituted picolinates, picolinate N oxide, and substituted
pi colinate N-oxides; and the neutral ligand precursor is at |east one
menber selected fromthe group consisting of water, acetonitrile, nitrogen

n a heteroaronat] cr n , bstjtute r dne colinic
"o e ot o B SR P e o e
h |, b %r@?ﬁﬁ I 13.{&@9 h

gmezgs, Zu H&luéetones &éé’ger%raﬂt ag%geg}&wﬂ(}y' es gﬂg ulgﬂgts

2003 26 The cgmm@@athlp}ec@fsoﬂa@araﬁﬁmdy\tw&uﬁo&he catalyst is fornmed in
solution from a vanadi um niobium or tantalum precursor, or mxture

thereof; a carboxylate precursor; and a pyridyl 27. The

recursor.
conposi ti on2bf clTﬁlierﬁ%PQﬁ%@éPﬁc}caﬁé 20 vehepein the Cﬁgﬂj‘ﬁ!ds formagsd in #lBtion from

a conbinati of al i Cl.d and a i um ava ate
VO(b o0 natys d‘ﬁﬂ@b@ﬁ@ oF Blebt Bitadl snaR healin ot SRR PEIGEE ©
wherein a cqt@dpy g}up@ PetbBRetldngt ormula MO(@2) (L. 1) n(L2)n V\/nerel n
M is vanadi um n|ob|u or ta@nt? It ?)L an integer fromO to 1, inis an
integer from1 to 3, LI is an ani on| c, nmono- or 10 bi-dentate |igand, and

L2 is a neutsal , Theemmpositionafi dg:mu@anuhe@gx aT¢rsalysiro spoiution bas thai m 28,
wherein L' s at nber s.eletedfromthe rou |st|n of
hal i des, . cofﬁrﬁg‘élﬁé&g)gbéﬁﬂgfﬁg 1s yangdu %’c‘é‘?&ﬂg"‘ c&r E‘E tate,
bet a- di ket ogatis F@ﬁgﬁ'ﬁw QH% &n dweﬁef B € to éw;m aheam&ﬁezl%he. or

conj ugat e bases oxylic acids i a p05|t|on al pha to a is

het er aar omabi-dentats hgamd atrehl.? ipiaceutrelt eectsarbgonatimg tigandol i nat es,
picolinate N-oxide, and substituted picolinate N-oxides; and 1) is at

| east one nenber
29. The composition of claim 28, wherein [1 is at least one member

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

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

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

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

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

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

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

25 combinations thereof.

31. A composition for making phenol from benzene, comprising oxyger,
hydrogen, a vanadium, niobium, or tantalum precursor or mixture thereof, at
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selected fromthe group consisting of water, acetonitrile, nitrogen in a
het eroaromatic ring, pyridine, substituted pyridines, picolinic acid,
substituted picolinic acids, alcohols, hydroxyaronmatic conmpounds, phenol,
20 substituted phenols, ethers, furan, tetrahydrofuran, plssfigusesoozamn nes,
am des, ketones, esters, Schiff bases, and imdes. 30. The conposition of
Cl aim 20, wherein the aromatic substrate Is benzene, naphthal ene,

ant hr acene BW&Q the foregoing substituted by at |east one

al kyl gr oulp ary gr%)"ﬁ"rr}'?g Q’EBWFSOI' %Fﬁ"e‘?“e aeytraleleetranafonading

conbi nat i digarichpreeafsor31. A conposition for maki ng phenol from benzene
conpri si ng oxygen, hydrogen, a vanadium niobium or tantalumprecursor or
m xture thereof, at 16 25 August 2003 | east one anl onic ligand precursor,
and at | ea3t: ondersanpadition b clair 31 SR m Irsor., 32 The
conposition of claim3l-, further conprising at as one |W§F‘E E%as.
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