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Abstract A nmethod and conposition are disclosed for the oxixdat 08 Rjo3
aromatic substrates in the presence of oxygen, a catalyst, a proton _
source, and a non-gaseous reductant. In a preferred enbodi nent, benzene is

oxi dized to phenol in the presence of oxygen, a vanadyl catalyst,
tri fuoroacé‘(‘geo"%’é?ld as a proton source, and ferrocene as a PEFMSIHIA40 The
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to methods for the hydroxylation of aromatic substrates. In particular,
this- invention rel'ates to a nmethod for produci ng hydroxyaronatic

compounds by, 1 g X IRE 8t ALeARYER SN

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
5 substrates in the presence of oxygen, a catalyst, a proton source, and a non-
gaseous reductant. The invention also relates to compositions for effecting

said hydroxylation. '

Phenol is among the most important industrial organic chemical

intermediates, being used for the manufacture of thermoplastics and other

10 resins, dyestuffs, explosives, agrochemicais, and pharmaceﬁticals. It is

particularly important in the manufacture of phenoi-formaldehyde resins used

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

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

More recent processes for the production of phenols include the

hydroxylation of aromatic substrates using hydrogen peroxide-in the presence

of a titanoaluminate molecular sieve, as disclosed in U.S. Pat. No. 5,233,097

25 to Nemeth et al., or in the presence of a hydrogen fluoride-carbon dioxide
complex as disclosed in U.S. Patent No. 3,453,332 to Vesely et al. U.S. Pat.
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While certain of these methods provide good vyields, they still
suffer from various drawbacks and disadvantages. In particular, nitrous oxide
is expensive, and it is also a greenhouée gas that presents significant
environmental concerns. Thus, despite the number of methods available to
synthesize hydroxyaromatic compounds, there still remains a need for-a
pracess that is simple, high-yield, environmentally friendly, economicat, and
amenable to commercial scale-up.

SUMMARY OF THE INVENTION

The above-described drawbacks and disadvantages are alleviated by the

- method described herein, which is a method of hydroxylating an aromatic substrate,

which comprises reacting the aromatic substrate having at least one active aromatic

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

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

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

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

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

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



U S. Patent No. 5,001,280 to Gubelmann et al., U S. Patent No. 5,110,995 to
Kharitonov et al., and U S. -Patent No. 5,756,861 to Panov t aI ;Ri%close
oxi dation of benzene to phenol by nitrous oxide in the preg 8& _
zeolitic catalyst, with yields of up to about 16% US-A—4,982,015 di scl oses
hydr oxyl ati on of benzene in the presence of oxygen, hydroqui none as

non- gaseous reductant, a catalyst and water as proton source. Chem cal
Abstracts, vol. 129, no. 15, 1998; abstract no. 188970a, & J. MOL. CATAL.
A: CHEM, vol. 133, no. 3, 1998, pages 251-254 discloses hydroxylation of
benzene to phenol vilp aaa@@rmmcgmﬁnédh@ inyentipn geMNEisss ;i sompssitianant |
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The above-descri bed drawbacks and di sadvantages are all eviated by the

met hod descri bed herein, which is a nmethod of hydroxylating an aronmatic
substrate, which conprises reacting the aromatic substrate having at |east
one active aromatic hydrogen in the presence of oxygen, a catalyst, at

| east one proton source, and at |east one non-gaseous reductant, wherein
the catalyst is forned in solution froma vanadi um niobi umor tantalum
precursor or mxture thereof, at |east one anionic |igand precursor, and
at | east one neutral, electron-donating |igand precursor, and wherein the
proton source is at | east one nenber selected fromthe group consisting of
a mneral acid, acetic acid, trifluoroacetic acid, propionic acid, butyric
acid and benzoic acid. The nethod is environnentally friendly, econom cal,
safe, and anenable to commercial scal e-up. 2 22 August 2003
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I n anot her enbodi nent the invention conprises a conposition for
hydr oxyl ating an aromati c substrate having at | east one acbbv ﬁ ﬁﬂﬁ%

hydr ogen, conpri sing oxygen; a vanadi um niobium or tantaluéﬁg g or or
m xture thereof; at |east one anionic ligand precursor; at |east one
neutral, electron donating |ligand precursor; a proton source; and a

non- gaseou&vo?ﬁ(-ﬁ%?dt ant. 2a 22 August 2003 WO 00/ 50371 DETAPCEDSDERER PTI ON

OF THE | NVENDETAILECT DESERIION BReryByA0eN8R¢e" | bed herein conprise
oxi dation of an aromatic substrate in the préesence of oxygen, a catalyst,
a proton source, and a non- &;eous reductant. One preferred enbodi nent
conprises oxidation of 1§ Uéﬂ de |dﬂscmtaaeqbrhemec@hpﬁgyggﬂ,daq,oﬁar@d)éln
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different. Efmomré&jm@fa%ﬁiobé g%%e@%?yag& as long as at |east one

active aronatic hydrogen IS ava bstitution, where an active
aromati ¢ hydrogen i s _one capable of being replaced by hydroxyl to produce

a hydroxyaronatic cofif6usd. meezeha rBogeemﬁmbmati@)Subﬁthtésr qma?ns to 15
Ituents

five substi fferent. Swtabl e subs

i ncl ude -oneﬁ%tﬁaﬁg%éﬁa?r Ct? ?? Ctﬁg Of%giﬁ mg{!‘(ﬂdp relerably theprematio $utm|ta1ie acyl ,

and phenantiBr \lenzghe, ana;bhtbalbﬁéJ L atREScen®Y p haﬁﬁﬁﬂr&'ﬁ‘é Qf‘rl %HE &Uégd b%’
uncti'ona no
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but are notdiffergnt.eFhehuriddif sAbSRASNASmIFBH, Wlong as at least one active
aromatic hydrogen is available for substitution, where an active aromatic
hydrogen is one capable of being replaced by hydroxyl to produce a
hydroxyaromatic compound. Benzene, for example, may have from one to
15 five s:ubstltuents, which may the same or different.

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

20 functional groups include, but are not limited to, alkyl groups as described
below, carboxylic acids, carboxylic acid alkyl and “aryl esters, aldehydes,
hydroxyls, olefins, and alkyl and aryl ethers. Mixtures of different aryl groups

and/or substituted aryl groups as substituents are also wathm the scope of the
invention,

25 Other suitable substituents include one or more a!kyl groups,
wherein the alkyl groups are straight- or branched-chain, or cyclic, and
typically have from one to twenty six carbons. Some illustrative non-limiting
examples of these alkyl groups include methyl, ethyl, propyl, isopropyi, butyl,
tertiary-butyl, pentyl, neopentyl, hexyl, cyclobuty!, cyclopentyl, cyclohexyl,



bel ow, carboxylic acids, carboxylic acid alkyl and -aryl esters, al dehydes,

hydr oxyl s, ol efins, and al kyl and aryl ethers. M xtures of gi ryl

groups and/or substituted aryl groups as substituents are%l'&sd:?%\%\n%qsﬁ t he
scope of the invention. 25 Qher suitable substituents include one or nore
al kyl groups, wherein the alkyl groups are straight- or branched-chain, or

cyclic, answooyfsmal |y have fromone to twenty six carbons. P'iiq’msoomzupl
illustrative -l ex lles of these al kyl groups include nethyl,
ethyl, pr opyﬁbqﬁ%'!@b%%%/&ﬂ %%rg)ptylt @?Fb&?%@@lﬁuwgmtgﬂ,bemmeatiyd:ludél,exyl ,
cycl obutyl, butampast Jinite@%s! , ugusit 00/.50371
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al kyl groups s_he. stit various functional groups,
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interfere

functi onal gﬁ‘%"ﬁ?’" provi di ng that such functional groups do no
wi th the hydroxylation. Suitable functional groups include, but are not

limted to, carboxylic acids, carboxylic acid al kyl and aryl esters,

al dehytes,  hydr oxyl s Othbesiitshle dndsaiuerts atbdy, Wt ‘éfé‘ﬁ&?ﬁm%ﬁttﬁéﬁ%gf&p e of

di fferent fuynct :\;ﬁna}ilﬂréigg‘rougs as _substituents are also Wt
the inventi SACTENERE PuPsy (ISYidingethad ssishpunetionsl goodpsdbirmtdntefiere
functional  gHioUBS hyarikyISRSHIPSLi D lor. their functionalized )
derivatives_ are al s%{wi% hin t%ltgélﬁ%ﬂg ngg E’ﬁﬁ'e&"?’ﬁgé%'?%ﬁ bigh Fechetdimitahmat i ¢
substrates e CBElie, agidg, beatbexgic acid alkyl and aryl esters, aldehydes,
hydroxyls, olefins, and alkyl and aryl ethers. Mixtures of different functional
" 15 groups as substituents are also within the scope of the invention. Mixtures of
substituents comprising combinations of functional groups, aryl grodps; alkyi
groups and/or their functionalized derivatives are also within the séthe of the

invention,

Preferred aromatic substrates are benzene, and benzene

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

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

_ Molecular oxygen may serve as both oxidant ‘and source of
hydroxyl oxygen in the present hydroxylation method. The hydroxylation
25 advantageously proceeds in the presence of a mixture of oxygen and up to
about 80% by volume of at least one inert gas, e.g., hitrogen, argon, helium
and the like. A preferred mixture is nitrogen with from about 5% to about 30%
by volume oxygen. A preferred OXygen source is air or mixtures comprising
the components of air. The partial pressure of oxygen is preferably in the
30 range from about 0.02 megaPascals (MPa) to about 7.1 MPa. The absolute
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20 substituted by al kyl groups, aryl groups, alkyl ethers aryI et hers, or
conbi nati ons theyeof.yEspeciaPIy preferred are biphenyl, WlouBNSR!

t ol uene, cunene, phenol, and para-cunyl phenol. Mbl ecul ar oxyg n nay serve
as both oxidant 'and source of hydroxyl oxygen in the present _

hydr oxyl ati on nmet hod. The hydroxyl ation 25 advantageously proceeds in the
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b t | ted to, the oxides of
vanadi um e Rk i Bn St ann Bliong doe e a diuliak colostan:

|l e
substi t ut ed doratitesligdnd/aradthim ni obi um and tantalum for exanp
VQ( acetyl acetonate)2 and VQ(picolinate)2; and al cohol ates such as tantal um

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

oxides of vanadium, nicbium, or tantalum, for exampie sodium metavanadate

15 substituted oxides of vanadium, niobium and tantalum, for example

' VO(acetylacetonate), and VO(picolinate),; and alcoholates such as tantalum

trisethoxide and niobium trisethoxide. Mixtures of metal precursors are also

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

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

_ propionate, butyrate, benzoate, or their corresponding acids; carboxylic acids
and/or their alkali metal or other salts in a position alpha to a heteroaromatic

25 nitrogen atom, such as, but not limited to, picolinic acid and substituted

| picolinic acids, picolinate and substituted picolinates, and their corresponding
N-oxides. Suitable substituents for picolinic acid and picolinate or their
corresponding N-oxides include, but are not limited to, carboxylic acid,
carboxylate, halogen, alkyl, heteroaryl, and aryl. Suitable beta-diketonates
30 include those known in the art as ligands for the metal precursors of the
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trisethoxide and ni obiumtrisethoxide. Mxtures of netal precursors'are_
also wthin the scope of the invention. In particular, m 5105003
precursors containing either the sane or different met aI S are suitable. 20
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, Wolbasn3zcet ate, trifluoroacetate, beta-di ket onat epCTUS00/02440
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August 2003 fifBt %ﬁ%‘% JB440 present |nverﬂ0faﬂ¥0!’@§mn%@00e
bet a-di ketOmﬁ%aﬂﬁbl@ﬁbP&Hr@ald?@a di Kﬁt&ﬂﬁmﬁﬁoJ%ﬁeﬁﬁﬁ's"S@aneﬂﬁdn de, byt are

not limted to, acetylacetone, benzoyl acetone ehzo
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eny

oct af | uor o- h anedi OP o@ fafl uorohept anedi one, 4,4,4-trifluoro-1
1, 3- but anedP > inyentiop. Ve |®m®¢&%@&féﬁ@nmpw@aws@realaspousmﬁexe.ge,

3-chlor 0-2, YL gRRdiaNte), shelBibdidrdgnt anccl one,

3-met hyl - 2, 4- pent anedi one 4-acet yF-5 10 oxohexanoate. M xtures of
ani oni c ||gand precursors are aI so within the scope of. the invention.
Met al conpl exes of th5U&ﬁb’@rﬂ@tralgelﬁdtsoradenaﬂlr@llgamcbpmcuescgs include, but

VQ(acetyl acgtongt fimftedd, WaAtdt: GRetdIHR: Fitrogen in a heteroaromatic ring, such

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

?o 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(picotinate), with a carboxylate and/or a compound containing

30 heteroaromatic nitrogen, e.g., a pyridy! compound. In each of the above
formulations, the catalyst is formed in solution from a vanadium, niobium, or
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Sui tabl e neutral, electron-donating |igand precursors include, but "are not
limted to, water; acetonitrile; nitrogen in a heteroar omaty,Cy [ uch 15
as, but not limted to, pyridine, substituted pyridines, p?(“:zoplulI nggzogc?i d or
substituted picolinic acids; alcohols; hydroxyaromatic conpounds; phenol;
substituted phenols; ethers; furan; tetrahydrofuran; phosphines; am nes;
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t he conbi natjon of VO(W& gtgﬁhﬁgﬁ%ﬁg r\?ﬁ% r?'fatth%%(ra E%%f'@%‘??ﬁ%%?g%P°c%6 nd
cont ai ni ng 3ee-hengdimomiabismaior tagtaium eog mixturythérdpf) notnosompokhiopach of
t he above f ' -t catalyst is formed jn solytion froma

vanadi am A gorioeridgfirie' S80 38 fie sl oBelBrslotnifpdentdopssisrs to
tant al um pr ewetakdT the conidssitidr are@iotl pRrBOUASPTIN{iMY §6 1BRY L€ thdke! e af Or m
of a carboxgﬁ_‘ilc ?cid or acid salt, or which may al so funCtion as e netal

/ r y
precur'@or) ; SYHKigeRt Jpelaf qantibs oh anie dseard nand of sresitrehr elestroo-ddnatiogen,
e.g., a pyrj o W o f t.he rid cqnmpound
5 itself, o!lgyv\r}w_cii E‘?\%(rérg% al S0 uaﬁ'gtvlg?réc ?'ﬂte%eé'?rgtt]%?ﬁ%g%heo??.Vel'ﬁé{a-ly&
st oi chi omet FPecieaeffeciife intbedryidomytationgzfrah proseaticseompeuneehabing (@t i6ast '

ctor chi onet e 2EkYe ol BVt R L I S dHHER b niien gt enpaiiganst andor 1o
neutral, electron-_donating ligand are preferably not such that they interfere
15 either with the hydroxylation reaction itself or with the isolation or purification
of the product mixture, or with the recovery and reuse of catalyst components
(such as metal).

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

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

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



metal in-the conposition are not particularly limted 'so long as there is
a 10 sufficient nolar quantity of anionic |ligand and of neufr

el ectron-donating ligand to satisfy the vacant val ency si ?tgéﬂlgHStt%oéJSrTEt al
in the active catal yst species effective in the hydroxylation of an
aromati c conpound having at |east one active aromatic hydrogen. In

addi tion, MW20MWaHtities of anionic ligand and neutral, el ecvussodesaati ng
|l igand are preferably npgt shelh It erfere 15 el ther W th th
hydroxyl ation reaction it‘ggelwf or %Tﬁagﬁ\gr{?%ologt it@en ?F%ﬁzr\?i f'?‘ycgé'tt'iogn t?‘&f t he
product i xt §teichicsmetict ratiohef bethothe yarianicr igamd qirecasel 6t metdlPane the
(such as net I 6 recursor i s also an acid species (added as
a proton soﬁé%reil’vgfréaggﬁy@%g %P’ ‘q”[qr Er%%ukﬂj B IR dbe rprapesitien dreon,
20 then the atioitc500+2t i, ndratpreférabfi hb&t #0020t A L ek Snk°
met al recursor 5582/ be di rectilby rel g'lted to the tuiﬁggymn@%&eﬁb%@rﬁwg
reactioh, wARQHt58-4 hd. YWeerithsr Catalyss compasititue comprises nestabpravetsdr (opr

m xt ure of : ; f the reaction.determ nes the

nol es of hyrgﬁ‘g%ifé“n%{éfg%%‘%giﬂgw&&ﬁﬂ’ emeq?’nlsa%lﬂpb?‘ar‘f,‘ the, formy ohofeer

nunber is 2BXampleta compipomitoaithet the beioniangahy pr@éurabetaﬂtr%oHégﬁ l‘I,th ch
ure and consuned during the course o ? e

Is added to react.ion,.m x
reacti on. F&?Q&W(ﬁﬁﬁﬁﬂ"@f figande REseyraer 1@l Bethertheantker stoishimetrisd ratio Iné as

hi gh as possighhe. prdduedsr red n egent_jnvention are
greater 4 han% rrgre preferrggl%l_ gr;{%%tgér!mtgﬁ%%tgqﬂ! u?hﬁoggaﬁnrﬁ%{"@?ef%rabl y
great el t haY Q6abasgtonale), Tod cial MO (pinafioate),.n linfe misorapntemplitad e apbout

5 and about i JATTeTIINS / 71 PCT/ US00/ 02440 |In preferred
embodi nent saogltltoﬁéf’ pr eserﬁlg)?érﬁg%rﬁ% I&“% ds PSP et HRCOmPleXedt nexiral. t he
ani oni ¢ | i galettpnetanatioy gandepadcurset, tdrebothe Unad! be %@gfgﬁé’??ééﬁtﬂ}

-2 I hore

| i gand precur.sor t me%hal I n the conposition are” about 50
preferably SUSUE ¥ogmthe metal iy suppiipd jp tae formerfan opmplap ovith BREr thel .

e D o abRlond IOl GOl h&tal BleRleoN SRR pribtdseor

metal precursors) In which the metal i1s supplie
15 both.

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

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

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

wherein M is a metal such as vanadium, niobium or tantalum; n is an integer
from 0 to 1; m-is an integer from 1 to 3: L' is an anionic, mono- or bi-dentate
| ligand; and L? is a neutral, electron-donating ligand. Suitable anionic ligands
include, but are notr limited to, halides or the conjugate bases of carboxylic
25 acids, for example, acetate, ftriflucroacetate, beta-diketonates,
acetylacetonate, propionate, butyrate, benzoate, and conjugate bases of
carboxylic acids in a position alpha to a heteroaromatic nitrogen atom, such
as, but not limited to, picolinate, substituted picolinates, and their
corresponding N-oxides. Suitable neutral, electron-donating ligands include,
30 but are not limited to, water; acetonitrile; nitrogen in a heteroaromatic ring,

8



exanmpl e, a conplex with either the anionic |igand precursor, of the _
neutral, electron-donating |Iigand precursor, or both, thenst st 2003
stoichionetric ratio of |I|igand precursor to netal may be esse |aq y 2:1,
as for exanple in 10 VQ(acetyl acetonate)2 and in VQ(picolinate)2. It is

al so contenpl ated that additional, unconpl exed anionic |igand precursor,
or unconpl 8%@e/HW8Utral, electron-donating |igand precursor,Parussoniude may

be added to $ith BEAGLL bt itk B, WRHIAEE p?ﬁaﬂ'r g(:)«%ﬁtb“ cif br glfﬁrsgﬁfutgc?rm of

a conplex with either the anionic I7gand prec or e ne
el ect r on- donRIEPHTHC |9GiRFidalepbels; surdroxyaromsatiso chmpouhtsuphieabhgsibetindedy

theory, it i |.Z ' . catal yst precursor, conbi nations
may giyve ri s@q %%é@ﬁé@%@ﬂ%{@@{ﬂ%rp%o(?Qb'é@ﬁ’ %'%Sﬁﬂ@@%ﬁ:&ﬁefwgen
precursor tcestatsabyhiffsbdsme; ngirhitlesgeneral structure 20 MO(2) (L"), (L2) m

wherein Mis a netal such as vanadium niobiumor tantalum n is an integer
fromO to 1; in. is anrinte%g from1lto 3, L' _is an anionic, nono- or

bi -dentite |igand: and® S2AYst isQresent incpr effestiveigmaunigwhideisdeasily t abl e
ani oni ¢ | i gadelermine€asirich rendF drhiA O; | Lde r.L.he copjugate
bases of carboxylic 25 gci d’g b?or exar’rﬁ-fjemiatrg%ét"al e{P@t 'J?'lq‘f ﬁﬁg?aélegt% B‘!e

bet a- di ket orf42di8g argmatio|sybstreteatthe desspdoeattion tateythet costhsfrtre daealysind

conj ugat e baggs;af | C | i n.a position .alpha to a
het er oar omat’l C 'rﬁétcﬁog%idn&gﬁ%'#' geﬁ-l?%i% T}hSLﬁ%?ﬂ%?t ‘f’mrhq Bfﬁste@,t i aERIUNERek,
subst i t ut ed upi toabonttd @snolenkreet ¢f the AroRfRRGLEEalY: OXi des. Sui tabl e

neutral, electron-donating |igands include, 30 but are not limted to,
wat er; acetonitrile; gitrogen in a heteroaromatic ring, 22 August 2003 WO

00/ 50371 PCT/ US00/ 02448° SIRRNSOURR iRoft | eask aier aningrali acide (s iasy|
Conmounas, *glaaniont 6 o igait aus o6 bl SR ol SRR,
phosphi nes; SBHiCRelS; PeafeERbly atelesnt partialiyt solublescand fmores epefepably niisis.
' soluble in the reaction mixture, and its corresponding ion does not significantly
interfere with or inhibit the reaction. The proton source is present in the
15 reaction mixture. as a co-reactant which is consumed in the course of the
reaction. The stoichiometric ratio of the proton source to non-gaseous
reductant in the reaction mixture is no greater than about 10 : 1, preferably no
greater than about 2 : 1, and most preferably no greater than about 1.2 ; 1. In
especially preferred embodiments of the present invention the stoichiometric
20 ratio of the proton source to non-gaseous reductant is about 1.10 -1.01 : 1,
Depending upon the catalyst composition, the proton source may serve both
as co-reactant and as an anionic ligand precursor. For example, trifluoroacetic |
acid and other organic acids may serve as both co-reactant and as anionic
. ligand precursor.

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

30 single reaction charge or incrementally during the course of the reaction.
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5 The catalyst is present in an effective anount, which is readily ,
determ ned enpirically by one of ordinary skill. in the artzzﬂ%r&g%d%g on
the starting aromatic substrate, the desired reaction rate, tlhe cost of
the catalyst, and like considerations. Cenerally, the catalyst will be
present in amounts of up to about 10 nole percent of the aromatic
substrat e. WiDo0FS087Ipr ot on source is at |least one mneral aci $pcrhibiloBRe

hydrochl ori c acid) or i Ld (such as trifluoroacetic acid). The
proton source is pr efﬁr:'%gl%’agfa% '3 h%a’?‘?ﬁ!ﬂdl y® 3 {aast, opadnemrgaseous
preferably wedlttant,sahdinaudes tHoger @Rfipatiile Wit HiePeath t langy lﬁfw}r?ﬁ?@%@“ ng
I on does not@é_? gnl L]gé;@ntly interfere wwth or inhib he reaction

proton sour ft NPR-gageouy sredaigtant owlﬂ’rhlﬂxthﬂ é:On&xtaotdhe eprEsant
e S S B ST S B EHhERon e b hramenRs ot | o

of the proton source to non-gaseous

no gredter tpnaionadmurcel8nd whncmnﬁyem@labﬂeﬂ% t@é ?@écﬁfontr‘ﬁ%ur%bi?l% PéYSe'F%I’e and

nost pref er :"Xtoﬁ'é rgmeat er th especi al

enbodi ment s 20 @aF, BYltm%tHijH‘é’oﬁndﬂcthﬁﬁfbmaycbe@iseelttocaddf thiehe
proton sour gentdadedn Jegnsiht ndi ng
upon the cat al y%lt cgrsrpom ti Onb?ﬁ%&h%{‘%{ ll(‘)?]“ gggﬁ%slae;cﬁcfa;ntg%%%fﬁe% "RF

co- r eact ant thghdoRsgasEMS EﬁﬂU@taﬁtanmnﬁuEe:w gdded FFzmrtheﬁarrpl 6f a solid or a

trifl d bot h t ant
and a5 an ot (o chratacor b S o0 RriRRARRoWin: snother éé’cu%%?cbi”

used t10 addcon‘@opent on ingbgoivennrt [ withirethef sdy) @Ptr@om&ﬁﬁﬂon %’?ﬁ
frequently theg%éoton source or mxture is added in th ormof a SO|Id or

a liquid, offHYESFALF offBctantupt ymixirgneither in na ceingien aeaationwichargenarher
reaction copResRBhtaMy difid thePby&RE of the BaMibh! S%éﬂ?nr%?g%@ o ﬁ{@h&

i nvention to add the proton source or mxture €i
reaction chlilgareoRo lipiteddas dityglopentadipneaetzd comiaies bech a8¢éirocenc2

August- 200 5037 40 ductant in the nmethod is at

| east one ﬁ%ﬁpgggéogg %85%%/ gﬁa%ﬁﬁﬁ‘% nE¥ %gﬂ?g TRYYEtanbFEe iferecenea Anghe

catal y8t arzingnoEffectivel hguantities of proton source and reductant are readily
determined empirically by one of ordinary skill in the art, depending on the
starting aromatic substrate, the desired reaction rate, and like considerations.

The reaction temperature is generally within the range of about

25 °C to about 200 °C, preferably in the range of about 40 ° to about 150 °C.

20 Although the reaction time depends upon reaction conditions, the reaction
time is generally several seconds to several hours.

Although the reaction may be run neat in benzene, toluene, or

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

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

30 decreasing the tilization efficiency of the catalyst. Exemplary solvents

10



art. A suitable non-gaseous reductant within the context of the present
invention is one which is serves as a reductant only in thespyeagnpsof a S
proton source, and which nay be added to the reaction m xture I'n a physi cal
formother than a gas. Any nethod known in the art nmay be used to add the
non- gaseous_reductant or m xture of non-gaseous reductants. Mst frequently
the non- gaseB83¥P¥uctant or nixture is added in the form offCTASIINA4Br a

liquid, of arRfldd IR R Mdtiirhited 3b ARBIGHitrid) HRMHANY hiirothHibrfeus,
reaction 10 conponent or inert solvent. It is within the scope of the
i nventi on t ockidibfohve, dinblorgrastrane, cadboottatiachioride  xaroombinations theraofsi ngl e

reaction charge or increnentally during the course of the reaction.

Sui t abl e reductants inglyde, _.but t |imted . .
di cycl opent adi ene- net aﬁy@%p&% S r@%ﬁhggspkdec%%@eﬁh&er AL né, Q%f?}}i _Stei"Hf
copper, and gdetinddee; oPcehifiticis prsbeesarnhsa dafchf gyacties rRatavst diid Hhasds
Effective quantities of proton source and reductant are readily determ ned

enpiricdl |y e ofieselvedr i ntey arematici Subgisater tor Faipstiate/rplvent: naixtyearti ng
aromati c sub i r | r : |y K€ e | | . The

- reaction ten%ggfgﬁaﬁiyehﬁgeggﬁe‘;% f?@m %wiq)ér]{et ?gﬂr gﬁg%séodfdéampfé %Eh@rlsg{&dbout

200 C, pref eomgen iandt ateleash gmenfinaxb@as Ointioduadd untol e CeadidnAvebseigh t he

reaction ti depends, upon reaction condifi.ons, the reactigon tinme jis

Gener al 1y scOUASHOT GBb ARESEE Yo e ab ST 13k DRodEh THRUTS ik, SPRREG” be

run neat- i n \AGBER1AR mixddARRK thé FeactibReiguar PN&dEE t¢ BARArGR! Panstort RS thone

I nert solvent "may dl so be used . where esirable to provide at | east sone

dﬁgr eetdf niliguasiand Yusrinerease Herslipmeatey Hsiroitatiareagy alsae betaftected i yst
et o RIS R PERRRSPHifs O ARactl et BB eRE "

reduct ant . S%I ven I'C nce or reacti Vi
react ants artheespéatyst | yindéds riabtamcepuhet bse safl aemomagehous pfdetstdok is

solubilize, at least in,part, .the aromati c substrate he nop- gaseous

Ceductant . (Avarieceqs ¥ SREUERG 2Lt CONTER PHREER Ih eHgust Bnd the
si gni fi cant | yrodfatle dPRERRD tTHR H{g‘dlrd:%y%%lﬂati@f EbRpBORY 6F &ther CREuLES -
Exenpl ary solvents 10 22 August 2003

, 15 produced by the method of this invention may be separated and isolated by

conventional techniques.

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

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

" 20 0.0201 g (0.1632 mmol) of picolinic acid, 2.0 g (17.54 mmol) of trifluoroacetic
- acid, and 50 milliliters (mL) of benzene were added to a stainless steel bomb
fitted with a gas liner. The bomb was sealed with a cap containing a gas-
sparging stir shaft and reactor cooling coils. The reactor was then brought to

100 °C with stirring, and 3.45 MPa of a gas mixture izontaining 28% oxygen

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

bomb by means of a high pressure pump while stirring was continued. Upon
completion of fhe ferrocene addition, the bomb was cooled to room
temperature and the reaction mixture was analyzed by gas chromatography.

11



WD 00/ 50371 PCT/ US00/ 02440 include, but are not limted to acetonitrile,
fluorinated hydrocarbons, freons, chloroform dichloronethgng, s n
tetrachl oride, or conbinations thereof. Hydroxylation nay be pé%c??@%%
either in a batch, sem - continuous, or continuous process. In a batch
reaction cata&éﬁt and ligands 5 are dissolved in the aromatic substrate or
substr at e/ ¥f} #1ni xture, preferably under an inert atnpspaeruspeeoado a.
gaseous m x qﬁgh' [Wele A& i t i a-Lnt roduced
into the reéglﬁéﬁ ves?glu gﬁﬁﬁgﬁgﬂﬁE%P neceZZ%ﬁ§?EF?R%§ﬁ“%?§?E§?§9 éﬂat
the gas m xtmales bepredacipper moles\df yanadiingy) of aleitwWiot h t he reaction |iquor in
order to enhance transport into the 10 liquor and thus increase reaction

rate. Hydroxyl ation .al so_be effected | a continuous node, by .passing a
m xture of the react gﬁﬁgleop,rgp‘eréeqep Cﬁ@ﬁ”@% ha\f%ge‘égtsi]% ang_rpe[sﬁp@eg,_

i nstance, tRarigse PhdficHOGMICARSSHIRARSAARK may B8vanaagedsretd WiRGNL Ng
adequat e contact between the catalyst and the aromatic substrate. The

hydr oxar omgiepartiog i the sspidt #d spppe Ut tfelisventiniuchecadindhy iis o deof
this i ti d: i sqlk Lonal i .
The ol o HyCERed SnFERRECAGEAF, aRLSH PhadYbedf ERASHE bV el & no;

be read to fliugtratisrhans aoptmitétidrhe i nventi on. 0. 0099 grans (g) (0.0373 nmmol)
of VQ(acetyl acetonate)2, 20 0.0201 g (0.1632 mmol) of picolinic acid, 2.0
g (17.54 mmol ) of trifluoroacetic acid, and 50 mlliliters (m.) of benzene
were added to a stainless steel bonb fitted with a 'gas |liner. The bonb
was sealed with a cap containing a gas- sparging stir shaft and reactor
cooling coils. The reactor was then brought to 100 Cwth stirring, and
3.45 MPa of a gas mixture containing 28% oxygen 25 gas in nitrogen was

i ntroduced into the bonb. A mxture of 1.2 g (10.75 nmol) of ferrocene in
20 mL benzene was then slowy introduced into the bonb by neans of a high
pressure punp while stirring was continued. Upon conpletion of the
ferrocene addition, the bonb was cooled to room tenperature and the
reaction m xture was anal yzed by gas chromat ography.
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.11 22 August 2003 WO 00/50371 PCT/ US00/ 02440 Yield of phenol was 0.015 ¢
(0.1593 mml ) for a turnover nunber (yield of noles of prQQqﬁbuggmogoles
of vanadi un) of about 40. While preferred enbodi nents have been shown and
described, various nodifications and substitutions may be nmade thereto

w thout 5 departing fromthe spirit and scope of the invention.
Accordingly, it is to be wunderstood that the present invention has been

descri bed by way of . .i tration and not limtation. 12 22 August 2003
WHAT | S Cl\_/\&ﬂﬁfﬁtb\élémwéhﬂﬁet hod of hydroxylating an aromatic substrate,

which conprises reacting the aromatic substrate in the presence of oxygen,
a catalyst, at |east one pigthed cfdwideexylating an dreasticosubsitsiegwbidus
reductant, s wherein the catalyst is fornmed  in solution frt)m a ganaagi um

ni obi um oganipAiRke! reacting ciives aromatie substréta Herter pregenc@act AWE=tni%Hni ¢

| i gand precursor, and at |east one neut f -_ggg&;' NGduicBad

precursorpamiyﬁtmﬂb‘eéﬁhoﬂﬁ@qu}ﬁ%'o@ig* fesa%zgt(aﬁ%e@s?‘t one dﬁeﬁ?r sel ect ed

fromthe group. c i St ' a bA ., fi ti vapadidm,t nioblumroaceti ¢
Hrtpic B cHalh & Brfbd hoboRtnd, fores %

acid>® pro and 10 benzoic acid, 15 20 2. The
met hod of tgAtium breminebeion mikturartheteof cat lesst paganianicdigand: BEOHFHN t he

i'sting of b ht hal d
dertvat i vendor 128! vos Beuiab Slagroaiaig g BRElfsor, BREMERIEG BN
met hod of 5?%@;%0%%5{3 d&sgpﬂelﬁﬁéﬁlbbf slectedifrem thel groupcconsistingaf &yr oup

y y

od ¢ 1‘ _
consi stin groups, groups, functional .
mineral acid, acetic acid, trifluoroacetic acid, propionic acid, butyric acid and

10 benzoic acid.

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

substituents.

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

20 4 The method of claim 3, wherein the substiuents are
substituted by one or more moieties selected from the group consisting of aryl
groups, alkyl groups, functional groups, or combinations thereof, wherein the
functional groups are carboxylic acids, carhoxylic acid alky! esters, carboxylic
acid aryl esters, aldehydes, hydroxyls, olefins, alkyl ethers, or aryl ethers.

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

ether, aryl ether, hydroxyl, or combinations thereof.

13



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

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

functional groups arg carpoxyl] ' : r ; j ey re.,
carboxylic acid arﬁ' est é*‘gﬁﬂ@%g@mﬁy@%@w ?é‘g{d@?ﬂhdﬁu%jﬁﬁé;i@ lgt her s,
or aryl etgbq{z%rnetz)?riéé%n?ppmﬁqﬂqéﬁol,cﬂoma‘li,Cumemai pherud, er gargicaimylibst r at e

IS benzene, substituted by at |east one al kyl group, aryl
group, al enogt her, aryl ether, hydroxyl, or conbinations thereof. 13 22
August 2003 6. The nethod of claimb5, wherein the aromatic substrate is

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

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

i i gan recur sor vapadi. um
ni obi um or tantal ung. or Thatoeikogdoot gairack. Whergn %9%%'%@%‘3‘{'#%&& i 0
of neutral, electron-gdonati [ r r to vanadi um ni obium or
tantal um #Hram¥ qﬁ?éﬂﬁhﬁﬁgawée%%zg%a&?g%ﬁel. 10. The nmethod of claim1,
wherein the stoichlonmetric ratio of anionic iigand precursor to vanadium
ni obi um or tantal ung. or Themathodofctemetiwhenein thesteichionebisdtioof at i o

of neutral, electron-donating |ligand , precursor tq.vV i um ..ni_ gl or
Cantal um. anioniexiigand  pcuOTale Etadifao G5, Br BREIHT of ARIHE)
10 thereof, and the stoichiometric ratio of neutral, electron-donating tigand

precursar to vanadium.' niobium, or tantalum, ar mixture thereof are each
500-2: 1. ‘

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

11. The method of claim 9, wherein the stoichiometric ratio of

anionic ligand precursor to vanadium, nichium, or tantalum, or mixture
20 thereof, and the stoichiometric ratio of neutral, electron-donating ligand
precursor to vanadium, niobium, or tantalum, or mixture thereof are each

502 : 1.

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

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

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

14



11. The method of claim8, wherein the stoichionetric ratio of anionic.
_l'igand precursor to vanadium niobium or tantalum or mybuyg,&bdohereof,
and the stoichionetric ratio of neutral, electron-donating |igand

precursor to vanadi um niobium or tantalum or mxture thereof are each
50-2:1. 12. The method of claim1, wherein the anionic |igand precursor is
at | east one nenber selected fromthe group consisting of 25 hali des,

carboxylic acids, acetic acid, trifluoro WoX¥:Yox ' ¢ G
butyric acbﬁa-djbﬁf?ﬂﬁtesa@@?ylﬁéﬁtgﬂﬁ{‘ﬁ(é@ ,&aa%éﬁ'rggeﬁéﬁgéﬁc@éﬂ}f%te bases
of carboxyl, i.0s:. age , j f catid; ssubstitubéd npicelinibuagidst e,
benzoat e, Pﬁf%hg%’& ?@ﬁgrgeattgwdi fgt@%rﬂgt es.,Iacuejt Iacetgjg e, carbpxylic
acids In a?%ﬁﬁibim:l N-gxide! sutsstititet qricatinihacit N-9X ggamagafﬂ b@-’r%%Pf)ni c
acid, substituted picolinic acids. i cql i ni | X Whuted
pi col i ni ¢ sarbexWieaciiss in c%rﬁ’QFd’Sﬂ"é %ﬁ@%gooﬁ ﬁ%%%%?bﬁa??cé ggﬁoggﬂib%i%ﬁ:posi tion
al pha_to a_he ar ' i tE OMRicdlinaits ON-dle, andsisubstitate

pi co[ Pnat eg',cotﬁ%t Pl %gﬁéﬁtme?xi %@,gﬁghrﬁé's%gﬁrﬁfed pi col i nate N-oxjdes; and
the neut r apichiigstachixdiss: and the meutta dgand neesumeris 2klpscPRf MEHRAPE he

ro consisting of water, acetonitrjle, .ni en _.jn.: h r iCc
?i n;p pyr i éelﬁgte%sMim?t Qdo‘ﬂﬂlr‘i"?ﬁ {99 BF c‘&%{eﬁ?%@g@?‘ ,Ieéuﬁfé@taﬁt g.gsgl

pi col | ni ¢ . ' Bdd avadiresusidelinip et Isubstittited t ut ed
10 phenol Sﬂ&@?ﬁ%rrozﬁeﬁ%m Py SUbisARSd py piceli :

ran, ‘tetrahydrofuran, phosphines arP n?‘@, .%;ﬁgcges,
\lmet ones,- ﬁptce.nﬁicl Seildsf falmf ahmxyaﬂ?mg Q@?‘P%@dﬁmPh@)_@P of® F’Eﬁ ML,
erein the catalyst is formed i sol ytion nagdic m or
t ant doum ppBerisor ethers.i ifaN-e tﬁﬁépﬁpfjuré'g’t é‘i%?th ial.(‘)érg‘a"g %?rgg%’c r%@lfa ' a

car boxyl at u s UMk Babys, iZhd imdgsur sor. is 14. The nethod of claim
1, wherei nﬁ?%%gh%gﬁ%t I's forned in solution froma conbi nati on of

ploolinic acid, trifluoroacetic acjd, d,.at .| east | ;
met avanadat e, VQ(pi cdBi naﬂ-@PZ"SFhogcffa‘é%I%Wﬁ&%?%ﬁi@& i%ﬁgmngt? hod of
claimd, whepeln a Cal ghysdiuiD nibitth! 8 tdt@Slum precursor, or mixture thereof;

at least one organic acid; a carboxylate precursor; and a pyridyl precursor.

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

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

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

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

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

25 proplonate, butyrate, benzoate, conjugate bases of carboxylic acids in a
position alpha o a heteroaromatic nitrogen atom, picolinate, substituted
picolinates, picolinate N-oxide, and substituted picolinate N-oxides; and L% is
at least one member selected from the group consisting of water, acetonitrile,

15



the formula MX02)(L')n(L2)m wherein MIs vanadi um niobiumor tantalum n
20 I's an integer fromO to 1, mis an integer from1l to 3, ob'aAlgtisdhos
anionic, nono or bi-dentate ligand, and L2 is a neutral, electron-donating
i gand. 16. The nethod of claim15, wherein L' is at |east one nenber
selected fromthe group consisting of halides, conjugate bases of
carboxylic acids, acetate, trifluoroacetate, beta-diketonatss,

acetyl acetonate, 25 propionate, butyrate, benzqate. conj S8S:~0f

car b_oryl i Cnagigdw M aaheWS?Mrf)@timlrm@a_ m@dwe_he%lg?%lgt}*aﬁgwfﬁﬁii;@g‘%ﬁ?& om .

pi coi l nate, substitute i colinat.es, . n Xdrfstic 2 ntistute

pi coi | nat eal&idoxﬁld%ﬁ!tu@%d ;ﬂ@éﬂnéc %ﬁig?’e #Oﬂoyr!]éé ?}‘gwﬁse'ﬁgtct edhf ?ghm t he group
consi sting of Ul b tBGERHONHehbIE, efhers,2 fdrapy stet/2BQ8raiiitano g phosMIBes,

het er oar on&gf’egﬁi g‘éb,stpyrl dirﬂﬁteQ, subgti tuted pyri gl%ﬁ pi dolinic acid,
subst i t ut ednih68) drhidespkétdaes atstero Sohithhases#ikd §% conpounds, phenol
substituted phenols, ethers, furan, tetrahydrofuran, phosphines, am nes,

am des, ketones, esteLs, hi f e i4n 7thel tved nbdisofa cl ai m
ST S, effBCRt g8 1 dneralh” thereductdm

1, whérein the reduc d iene netal Conplex, zinc,

iron, fin, d%{c@%g,gdieﬁg?aammgmgzm, icbi tin, lor cOBReRi n t he reductant is

f errocene. e net of claim 14, wherein the aromatic substrate is

benzene. 10 16 18. The method of claim 1, wherein the reductant is

ferrocene.

19. The method of claim 14, wherein the aromatic substrate is benzene.
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