L 1lirrICCe ugly> CMr1111, 7INT/, Al 117N7 vs .rm rip" 1 1101V1IPOUNDS
A/t J.1V.11/1/-J3111tiLark 1 1itkDOLP1V.1L91. 1 It, - FIELD [0001] The
present invention relates to a process for oxidizing alkylaronmatic 5
conpounds, anWOi2P3d#e3%enbodi ment incl udes a process for PHrEENEY NG SHhenol s
fromthe oxidation product. BACKGROUND [0002] Phenol and substituted

phenol s are inportant products in the chemcal 10 industry and are useful
in, for exanple, the production of phenolic resins, bisphenol A,

c-caprol actam adi gp& adads ﬁl;ld,,&l,éﬁ,,kqi,ﬁl;f.n Qp LU{;‘%J Xpst he nost
common route for tﬁrmv&ué%-mﬁf—pﬁﬁﬁﬁs%[ﬁemmﬁls is a
three-step process in which the first step involves al kyl ati on of benzene
wi th propyl ene R oduce cunene, followed by oxidation 15 of the cunene to
t he correspondi TTg—hydroper oxi de and then cl eavage of the hydroperoxide to
produce equi nol [&ﬂmarrou?hesprcﬂenqjhmdbn aiedesato etpporess fdowediemg alkydarewoaticd denand
for phenol ig g r api dl a € Ijd on, the
cost of propél eé;le Pretat i vemt%%t%m bl enguicpu%gssg:%éoc?ﬁ%k%fg%tdgéll fgég’ase due to
a devel opi ng shiverh dgexdhtiprppddcene. 20 [ 0004] Thus, a process that uses

but enes or higher al kenes instead of propylene as feed and that coproduces
nmet hyl et hyl ketone (MEK) or higher ketones, such as cycl ohexanone, rather
t han acet one nEBAGKGROUNDr acti ve alternative route to the production of

phenol - FOr X ESoh SuRuQLUhRTES ekl sl lichyuser ol as
cycl ohexanon@ |19duss'ncbnésaranlscfhhlilstf0r akargplk,v that produstiom of aehenadicoresing
oxi dati on reactﬂlsg)ﬂélo@ﬂd Eaﬂ’e‘;l e %%ldo&dﬁ;éasﬁg Hic aC| d, cycl ohexanone

n capr

resins, cycl ohexanone oxi ol'actam a ny on [0005]It is known
t hat phenol and0f3k cMetlspﬂhﬂjm@%&ommw@%forEimgwd)@ﬁczre@f@hemi inthsr ocess

wher e sec- but ylf EZ;ﬁQ&sésT‘Pﬁ%' Ji Z&fled- Qeé)ggﬁés@ iRl &hic d)thebH ﬁsna

hydr oper oxi de an e peroxi de deconpos to the S|re enoﬁnand nmet hyl
et hyl ketone. Afkyéienof benzere \slﬂchroaylpmeof@eg@dupescm@rkﬂ@‘de by pegaion 2

113-111161- :f'§3 0“‘-I)fthéD %%Sto%g%%@gncﬁﬁfq}wrowom&zm %B'&éa@%e &hﬁx@m "

hydroperoxide to produce equimolar amounts of phenol and acetone. However,

the world demand for phenol is growing more rapidly than that for acetone. In
addition, the cost of propylene relative to that of butenes is likely to increase, due
to a developing shortage of propylene.

20  [0004] Thus, a process that uses butenes or higher alkenes instead of
propylene as feed and that coproduces methyl ethyl ketone (MEK) or higher
ketones, such as cyclohexanone, rather than acetone may be an attractive
alternative route to the production of phenols. For example, there is a growing
market for MEK, which is useful as a lacquer, a solvent and for dewaxing of

25 lubricating oils. In addition, cyclohexanone is used as an industrial solvent, as an
activator in oxidation reactions and in the production of adipic acid,
cyclohexanone resins, cyclohexanone oxime, caprolactam and nylon 6.

[0005] It is known that phenol and MEK can be produced from sec-
butylbenzene, in a process where sec-butylbenzene is oxidized to obtain sec-

30 butylbenzene hydroperoxide and the peroxide decomposed to the desired phenol

and methyl ethyl ketone. An overview of such a process is described on pages



publ i shed by the Stanford Research Institute in Decenber 1977.

[ 0006] However, in conparison to cunene, oxidation of aromatic conpounds
substituted by branched al kyl groups having 4 or nore carbon atons, such as
secbut yl benzeM® 20884285 cor r espondi ng hydr oper oxi de r eqliCHER2p/YRES
tenperatures and is very sensitive to the presence of inpurities. For
exanple, in the case of sec-butyl benzene containing 1% by wei ght of

i sobutyl benzene, the rate of formation of sec-butylbenzene hydroperoxide
decreases to abeuf,f12%,0f, bhat cehen. the sec- hut vl henzene s, tgee o

uuuuv ClLLIUY

i sobutyl benzene. SimiTarly,” when’ The 10 7sobutyl benzéne cont ent T s' 1. 65% by
wei ght, the r at pubdithed by dhetStantord Researeh dustitute ialllsoemi869877when t he

i sobut yl benzene ten 9 reases to
about 84% and &'ﬁgﬂ thgo}k@ggu{%y %&@%‘gﬂ% ngrgﬁ én}?&kﬁm9 f&{é/h%f% &%bo & the rate
of oxi dation desnbeiiiuted by brapshed allgylaoups benting£ 9t mpREEPHT htums,tﬂueh@ses- a need
to find an oxi d ogce I
aromatic hyd)rsopgl?%lgé}gg{e W ?hg (%gﬁstppﬁﬁﬁgﬁ*{l}g%%ég&%% 97‘?{%2@%%%%)?5%%%% oxi de,
that is nuch | ex iseprgisensitevetto theegsnesdriopuidtiesi fiourxanipds in Harraschef exi sti ng
oxi dation proce oY\, n | e production
of phenol and NEX o RraRerThafisct® PhokablY “RETRRHfs, RE ebiE0s
(Creavis) and efompaiongd %eeb@talbﬁlsz)en@ésdrppdy@ﬂ@odmamds Fbont %}r%;chfcthatg phenol
by catal ytic oxjglat thgnsegfbught}é){i £ QB deC o?yghﬁwl%&%@&s difdil W' ﬁl%pondl ng
hydr oper oxi de, and subsequént c eavag roperoxi dé to give phenol
and a ket ond? eaqbary%en@neﬁmmtubﬁ Gﬁ%k@swpightéhe\matemfd)%em d¢aneas¢setopr esence
of a free radi %But‘ §'6‘%' hal tlﬁngolﬁlt}q@én%r%sim Byps' Qﬁt hal | t the ate of

Nhydr oxycar bodi i m de cat al yst, such r oxyp Preferred 25
substrat es t hatoxigjomeecersagite ahwub§A%:ving Vﬁﬁ@@@slsohuw&eme emes 3.5%

cycl ohexyl benzepayeigy GhOdRAR 6XhRARMRAE BN 25 BW Zg%ydtlg%zene [0009] I n
addition, the article by Sheldon et al _ entitled "O ganocatal ytic Oxidations

Medi at ed by Ni tiP&Y @af éhgresis 4 peeddfo findyam: piidatigr grocess Agparodmuing fgsages

1051- 1071 diisclesssle tdiatangy G Wy %Béﬁﬂ@e GhiBbatiafalle s ufligfgnk 0 the 30
1- hydroperoxide with 97. 6% sel ect | Vlt % CHB conversion at 100C in the

presence of 0. BYAVPIRHLe, éh‘iﬂll%%?*b%%”f?f’ﬁta'fq tmthﬁ'epr@%?@aq oisimpyritestharpihgs of t he

product hydr opekR¥hdex@ftin f§r6@sdeddiad! thhiniallb@d Mtficiend Eéruhérkial s%alwll
PHowever, while N h-y-droxycarbaodlin des have shown activity and

sel ectivity forpr‘idl"f%“‘t’)‘ﬂfﬂgﬁ“f)b%‘dé‘fmléPRVB%FN??:‘H’E‘TSC conpounds to their

correspondi ng hwtspperwsmde&tNwemswéa‘@rreafvrspaﬂdtMzoprsgletl%aﬁs)lda&&rb@nt in any
honbgeneous_cat al i.n tg)gt they tend to be removed fromthe reaction zone

with the prddudtet %f for yerducipgy Bhsnolyy ratalyip a PXICEPTT b ntkKigroBRbguct

ef fluent. Ther éhydirﬁcairlhﬁﬁ &f B orfdsAiidin hidopdrbigy, aﬁd sdbﬁhqd&it eiemg@ of tBe
het er ogeneous g‘i"i‘ ation catal yst for q{\?odum ng | ar omat i ¢ hydr oper oxi des

provi ded adequa¥TORENS PyeivrRPeadd|aad eikgtops, @%IPIIYE"E P’I“flat’é?é takss Rlesh Wi
[00111I n our | pk@leRahithdplescned eMd frE’élEhUlcﬁla;hlt@tbrbm a‘é\@a@ﬁ/ & pRA6, wenbave 10

described a pr ss f dUCI he ol et hyl ketone, .in which
a feed conpri s$ﬁ§°Wé B@‘HE"E dcaéa zﬂ‘ | %t |Nd1 ﬁLthfdgmé%nt a%rfgﬁe‘bnder
al kyl ati on zongibsirges that hmaat &by&i}ucﬁﬁﬁprﬂyslﬂhg Z}ﬁ@éels:i eildRib@ @tménelol ecul ar

si eve having an ay diffractio ttern includi d- spaci ng nmaxi ma at
12. 40. 25, 6.90° }_‘Lcé %e%fyﬁhao% @gﬁ‘zﬁ‘f’aﬂﬂ@?ﬁ“&ﬂ? *MSr oduce an al kyl ati on

ef fluent conpr{®09]g In addition, the article by Sheldon et al entitled “Organocatalytic
Oxidations Mediated by Nitroxyl Radicals” in Adv. Synth. Catal., 2004, 346,

pages 1051-1071 discloses that cyclohexylbenzene (CHB) can be oxidized to the

30 I-hydroperoxide with 97.6% selectivity at 32% CHB conversion at 100°C in the

presence of 0.5 mol% of a N-hydroxyphthalimide catalyst and 2 mol% of the

product hydroperoxide as a free radical initiator.



15 sec-butyl benzene. The sec-butyl benzene is then oxidized to produce a
hydr oper oxi de and t he hydroperoxide is cleaved to produce the desired
phenol and meth ethyl ket one. Al t hough honpbgeneous catalég such as

N- hydr oxy sub%"tosz‘{?flé’ﬁ %yclic imdes, are disclosed as stiTABPRSHBEI he

oxi dation reaction, preferred catalysts gre said to be heterogeneous

catal ysts, such as the oxo 20 (hydroxo) bridged tetranucl ear nanganese
conpl exes described in U S. Patent No. 5,183,945 and U. S. Patent No.

5’ 922’ 920. [001%%0'[ hﬁr‘w&lugss"‘ Q‘ NQ}QIIPOUEL l?UuullllUCb ua¥ce bQUe Ip d\({m vq'%l XndESCrl bed
as catal ysts, ihcluding oxidatlon catalysts, are polyoxoneta

("POM s"), whi ch:learletml’@s dhrei dradition OP@Mlarmnaat compipinds tpihkiy Calmdpdnsimgol y

Oxormet al at es: r M/Ybrk
(1983), |ncorporat §R%g¥§ﬁﬁ b%hgﬁﬁﬁg%gggs%ge§$1§$“§ngan q%Pﬁg&m jave
descri bed nuner eaalysugethatgheyP@M & baregaral fyen shesngadtion gonexwittathic prodoft

bropy! ene and | SARu KPP RSl A0S APRRARANMEaRCTR. s tbdatd On Of
aromati ¢ hydrocarbons; ol e ynerizati o ation; “oxi i on of

cr ot onal dehyde mmﬁqmtaldtem@ntdgveﬂqmm hetrmbgedeas poidatoh catatysitfot wodwiigdat i ve
coupling 30 of | i

hydr odesul furi z%%)%i%rhmg?]@gﬂ%zr&{debﬁ xtog{d? %X;‘[d:quﬁe ﬁ%gﬁ? Iaﬂ%&él&ﬁvﬁgﬁn%% been
found that cert@mnmm@mg%ten cont ai ni ng polyoxonetalates show activity and

selectivity as @gfg! 35/815 drrintl ﬁ)aﬁ&ﬁl %ﬁﬁ&dbﬂ@?&ah BAGE/ Y583k K¥d h%’ébsu tuted

benzenes, includin uty enzene an enzene, to t
correspondl g reeser PDWFQ?@@WS@NW@OI[@OM&WM Yiéi‘é@gpe@whwhhéeegr esent

i nvention resi dggliGingd b@ﬁ&ﬁ@%ﬁdfob QidyBizk e Ns AokUbiBd AR fiyflzRoUNd to
t he correspondi ng hydroperOX| e, the process conprising contacting an

al kyl aromati c d@ﬁ%@@ﬁd“ﬁfca@éﬁmpﬂﬁ'@g aedlize lera or apgolequigr sieyq ImvipRan(4-) 10 in
whi ch Rl and RZapagfi.bise pardeiddilS Rl dss&%rgﬁ]%latam 2095.496. zénsgum group

having from1 to 4 carbon atons, provi oined to

forma cyclic grIeaBOhavd ﬁéZ#QW%%remfe peqsliueroRn @lk:dmpn %@ueat W’mfismggroup

bei ng opti onal | e 6ubBEdALi edTnandc B3ty lbeRIAS &Rt fheRY SHiQIEN tooﬂx%d&re gore al kyl
groups having from1l to 4 carbon atons or a cyclohexyl group, w th oxygen

in the pres enc dwgroperoxide %W@q hydroperoxide is cleaved fo produce the desired phenol and
methyl ethyl ketone. Although homogeneous catalysts, such as N-hydroxy

substituted cyclic imides, are disclosed as suitable for the oxidation reaction,
preferred catalysts are said to be heterogeneous catalysts, such as the oxo
20  (hydroxo) bridged tetranuclear manganese complexes described in U.S. Patent No.
5,183,945 and U.S. Patent No. 5,922,920.
[0012] Another class of compounds that have been widely described as
catalysts, including oxidation catalysts, are polyoxometalates ("POM's"), which are
described in Pope et al., Heteropoly and Isopoly Oxometalates: Inorganic Chemistry
25 Concepts, Springer-Verlag, New York (1983), incorporated herein by reference.
Pope et al. and others have described numerous uses of POM's in catalysis such as
oxidation of propylene and isobutylene to acrylic and methacrylic acids, oxidation
of aromatic hydrocarbons; olefin polymerization; ammoxidation; oxidation of
crotonaldehyde or butadiene to furan; dehydration of alcohols; oxidative coupling
30 ofalkyl benzenes or heterocycles; epoxidation; and hydrodesulfurization.
[0013] According to the invention, it has now been found that certain

tungsten-containing polyoxometalates show activity and selectivity as catalysts in



15 conprising a pol yoxonetal ate, wherein the pol yoxonetal ate conprises a
pol yoxot ungst ate substituted with at | east one further transition netal.
[0015] I n one enbodi nent the process of the invention further conprises
converting t h¥ OB &5k oxi de into a phenol and an al dehy§dE8R%K¥RBARe of the
general formula RICOCH2R2 (I11) in which4Rl and R2 have the sane neaning as
20 in formula (1). Accordingly, in a further preferred aspect, the present
invention resides in a process for producing a phenol, said process

(DT RS e U s @RyBY I ALY SERELBLa LR )
represents hydr @Mcbhexawe@ekwko e oupesprading gydroparexidaso 4 car bon at ons,

P y 9 , ;
provided that Rl and R2 may be joined to forma 5 cyclic group having from
4 to 10 carbon atonms, said cyclic group being optionally substituted, and
R3 represents h§HMMARY one or nore al kyl groups having from1 to 4 carbon
atons or a CyCl Ph?ﬁﬁyl Br \:’Qigpew, ttln: &%%gﬁﬂvénﬂo& R:@ldQJ ﬁsaegrgges? E‘or%xﬁl@i yst
conprising a pol yoXometal ate to prooduce a hydroperoxide of general® formla
(1) i n whi ¥h alRylaropetie rampgindatse the heorsenonding dyilreperard dd, nthé qrrongtsa (1) ﬁnd
wherein the pol yoxooet al @t enE N RIS ESatR % QF whgst sibstituted wit
at | east one further %rans?%?on Réta ? gﬁ@b&ﬁ e ?@?ucﬁﬁverting t he
hydr operoxi de of fornmula (I1l1) into a phenol and an 10 al dehyde or ketone of

the general fornmula RI COCH2R2 (111), in whjch R and R2 have the sane
meaning as in formula (I). [0Q venig? ly, said al kylaromati c conpound
of general formula (I) is Ch )

R3 H,C—R?

10 in which R! and R? each independently represents hydrogen or an alkyl group
having from 1 to 4 carbon atoms, provided that R' and R? may be joined to form a
cyclic group having from 4 to 10 carbon atoms, said cyclic group being optionally
substituted, and R represents hydrogen, one or more alkyl groups having from 1
to 4 carbon atoms or a cyclohexyl group, with oxygen in the presence of a catalyst

15 comprising a polyoxometalate, wherein the polyoxometalate comprises a
polyoxotungstate substituted with at least one further transition metal.

[0015] In one embodiment the process of the invention further comprises
converting the hydroperoxide into a phenol and an aldehyde or ketone of the
general formula R'"COCH,R? (III) in which R! and R? have the same meaning as

20 in formula (I). Accordingly, in a further preferred aspect, the present invention
resides in a process for producing a phenol, said process comprising:

(a) contacting an alkylaromatic compound of general formula (I):

R!
/

CH )
R3 H,C—R?
25 in which R' and R? each independently represents hydrogen or an alkyl group

having from 1 to 4 carbon atoms, provided that R' and R? may be joined to form a



sel ected from et hyl benzene, cunene, sec-butyl benzene, p-nethyl-sec-

butyl benzene, 1, 4-di phenyl cycl ohexane, sec-pentyl benzene, sec-hexyl benzene,
15 cycl opentyl benzene, cycl ohexyl benzene and cycl ooctyl benzene, wth
secbut yl benzeM@ 28%42¥% | ohexyl benzene being preferred. [FSOEPHOHHGERI ent |y,
said at |east one further transition netal is selected from copper,
manganese, iron, cobalt, nickel, zinc, cadm um ruthenium and nercury.

[ 0018] Conveni ently, said pol yoxotungstate al so contains at | east one

el ement 20 fr oMoy hiitPudit 498 16 Bfndiendadisa TARL Broah nEhE TRk, SUCh as
antinony, arsenic, Bishuth,~silicon, boron and prospHorus. =~ '

[ 0019] Conveni ensubytituted; and & nemesentn §ydregenoordies mede alkyleerounspreying Groe lof about

50C to about 20 o T cLi is
conveniently co%&u%a?%gqé@a&g?g‘gg}%gg gt(g(?)p gggﬁ%xy%?%ge %%Segg%%f?‘ c%%[}gtkPa, 25
pref erabl y aboutomBisig atpolyakmmstal80OkReducerphysirquerkisiea gnewb umuld (HPa t o
about 250kPa and nost preferably about 10QkPa to about 200kPa.

[ 0020] Conveni ently, the optionatr—tynvertimng of the hydroperoxide to phenol
and an al dehyde or ketone [hydroperypxide copygiting SHEP (b) in the
preferred aspect detailed ab ] 1 condycted in the presence of a

catal yst, such as a 6 honp cat alyst—g2or exanple at |east one of
sul furic acid, perchlorie i d, phosphoric acid, hydrochloric acid,

p-t ol uenesul f oninGyiad 1, R¥ AR >habd the SdntlneaRl Aint thinfu14@) drdSvheitl hair  di oxi de
and sul fur trioxide. [0021] Alternatively, the hydroperoxide converting may

be conduct ed i nPUY¥pEOBetRlals SERpESeHE PUYraBEskfeRRMedHithat Jeast ong fietheras
snmectite clay. {Hoadl &envean ently, the hydroperoxide converting [step (b)
in the above aspect] i% conducted at a tenperature of about 40C to about
120C and/ or a pressur ePhFonyerting thedydiogergridei ! roppa kbhinghg phsnoband; gy d
hourly spacaoveli@bide/or(HetdBbf 8 86k Tornli® RAIQRR? o) 48 vafichalosd RE t 0 about
50 hi'. 10 BRI EEPDEESCRI PTI ON OF THE DRAWNGS [0023]Figure 1 is a graph
conparing sec- B IPE&HBEREASEEI LHAYR ML on (%

[0016] Conveniently, said alkylaromatic compound of general formula (I) is

selected from ethylbenzene, cumene, sec-butylbenzene, p-methyl-sec-
butylbenzene, 1,4-diphenylcyclohexane, sec-pentylbenzene, sec-hexylbenzene,
15 cyclopentylbenzene, cyclohexylbenzene and cyclooctylbenzene, with sec-
butylbenzene and cyclohexylbenzene being preferred.
[0017] Conveniently, said at least one further transition metal is selected from
copper, manganese, iron, cobalt, nickel, zinc, cadmium, ruthenium and mercury.
[0018] Conveniently, said polyoxotungstate also contains at least one element
20 from Groups 13 to 15 of the Periodic Table of Elements, such as antimony, arsenic,
bismuth, silicon, boron and phosphorus.
[0019] Conveniently, said contacting is conducted at a temperature of about
50°C to about 200°C, such as about 90°C to about 125°C. The contacting is
conveniently conducted at a pressure of about 15 kPa to about 1000kPa,
25  preferably about 15kPa to about 500kPa, more preferably about 40kPa to about
250kPa and most preferably about 100kPa to about 200kPa.
[0020] Conveniently, the optional converting of the hydroperoxide to phenol
and an aldehyde or ketone [hydroperoxide converting step (b) in the preferred

aspect detailed above] is conducted in the presence of a catalyst, such as a



agai nst tinme on stream (hours) for the N-hydroxyphthalimde (NHPI) catal yst
used in Exanple 29 and for the Ki2Li 13

[ Cu20C1( OH) 24 HZO% 12%P3V\A80184)1. 22H20 15 (abbrevi ated as Cu20P8WA8) / SBA- 15
catal yst of EXEMP1E?%E [0024]Figure 2 is a graph of se@BEPNHERZéne
conver si on agai nst sec- butyl benzene hydigoper oxi de (SBBHP) selectivity
(wt9% for the fresh CU20P8WI8/ SBA- 15 cat al yst of Exanple 30 and the

recycl ed Cu20P8W8/ SBA-15 cat al yst of Exanple 31. 20 [0025]Figure 3 is a
graph conpari ngysec-butyl.henzene conversion and sec- buiylbenzene .

hydr oper oxi de se ‘ef:%ci v”i“%/y“ sel Sm f %%"‘%‘ e lﬁi-ghfl%r%‘xbs;gﬁrt“hg%?’rﬁcpgw('glﬁﬁfd)

cat al yst used i phaERlzrmiplagid2BydredhboriCiapid P IS SBHeS a¢idbierrvihkiridd, Homort he

Fi gure as Cu20/ A @(g and the Cu20P8WA8/ Al 203

(abbrevi at ed in§tﬁﬁ)em%1’ %‘lﬁﬁ%ﬁ‘{é’éﬂ& 2 /ﬁ%t%é?e'cat al yst of Exanple 32. 25

[ 0026] Fi gure 4 [092H gr Ap¢rmdivelye thethytspptrexide penveting evayibsrroadutedsin tisec-

but yl benzene shy%&H@J&%@%@@%&%%%@&rasBE&&@Q;&NS/ SBA- 15 cat al yst of

Exanpl e 30 and € unsupporte catal yst of’ Exanple 33.
[ 0027] Fi gure 5 [0824 gr Gprivewenthy dhco brdrorerox{deQonyestive [stéro (b)aigatha sibote me on

stream (hours) e datio e | e e 1 xture using
the 30 N-hydroxésg%?ﬁglclo%&cfge%(%{ﬂ$fewp 8a¥"§ 38/2?%3}513%"?10 %?grrg?@%%‘%ﬁcf t he
unsupported Cu2@P8wdifchbel SttoaboEXIANP kBa 3&d/or #1if0Q 2Bl space vllodiy a gr aph
of total hydr ongsaX) et Sl hadfuald: Sfuish 8yl 4y (s€), where QP
stands for cunene hydroperoxi de, agarnst tine on streamfor the oxidation
of a sec-butlyl benzene/ cunene ni xture using the N- hydroxyphthalini de (NHPI)
catal yst used igpfpe d 5 Cu20P8WI8 cat al yst of
Exanpl e 35 [ab DESE . T £ ] . 100291Figure 7 is a graph
of cycl ohexyl bel@9Ze (IEBY 1 congrepis¢amparinmsendutytbguteon SBB)senvestian (%)

hydr oper oxi de ( P I I Wil 4w (143 t used at
two tenperatur e?sggiﬁﬁl t&&mﬁg%g{.o%bfog&fﬁ E)é%l;x&%g% #’Mcﬁﬂ%@é CDI MENTS
100301As used HerEtampla RE dr fasdihe NabhdCofCIEPREHQ (B WikesdEI20n as set
out in Chemgal apdiFRoses Swgs),g@p@l,icgé%@OgEggTélglgg_S). [ 0031] The present

invention provides a process fof oxidizi n ylaromati ¢ conpound of
general formul d0¢24): Figure 2 is a graph of sec-butylbenzene conversion against sec-

butylbenzene hydroperoxide (SBBHP) selectivity (wt%) for the fresh
CuyoPgW4s/SBA-15 catalyst of Example 30 and the recycled CuyoPgW4g/SBA-15
catalyst of Example 31.

-

20 [0025] Figure 3 is a graph comparing sec-butylbenzene conversion and sec-
butylbenzene hydroperoxide selectivity (sel) for the N-hydroxyphthalimide
(NHPI) catalyst used in Example 29, the CuyPsW43/SBA-15 (abbreviated in the
Figure as Cu20/SBA) catalyst of Example 30 and the CuPgWis/AL0O5
(abbreviated in the Figure as Cu 20/A1203) catalyst of Example 32.

25 [0026] Figure 4 is a graph of sec-butylbenzene conversion against sec-
butylbenzene hydroperoxide selectivity for the CuyPsWas/SBA-15 catalyst of
Example 30 and the unsupported CuyoPsW4s catalyst of Example 33.

[0027] Figure 5 is a graph of hydrocarbon (HC) conversion against time on
stream (hours) for the oxidation of a sec-butylbenzene/cumene mixture using the

30 N-hydroxyphthalimide (NHPI) catalyst used in Example 34 and the unsupported
CuyPgWas catalyst of Example 35.



15 R3 R CH\ HRCR2 (1) 1in which Rl and R2 each independently represents
hydr ogen or an al kyl group having from1l to 4 carbon atons, provided that

Rl and R2 may be joined to forma cyclic group having from4 to 10 carbon
atons, said c%’l%"@“@ﬁf“%p bei ng optionally 20 substitut edCTdReORY2IBpr esent s
hydr ogen, one or nore al kyl groups having from1 to 4 carbon atons or a
cycl ohexyl group. The phrase "provided that RI and R2 may be j oi ned" and so
on is used herein to mean that, as an alternative to each of Rl and R2

being a ("nmonovglesnt ") =gl Kyl .gr the . two. " | iqeC R esi-gnat ed
"RI" and "R2" aﬁgg?oi ne Jn{énltS olgagképﬁinvgﬁeé‘%}tﬁ??y' (L )rlogzzaaer E‘tﬁ‘%‘ﬁ%ﬁ% ‘('ﬁg’Ci ng 2to
8 25 carbons i nseldstivityc(sel).myheraiCHR stawlp dot Guwene hopefoxideangdinst viadeeont " chai n

begin linked t L] ' ; §

ing, Thus. i n Siea for BETRGARENEL SRAHBIMR AR TR bk B8 30 ar by
noi ety that conhxsleexgphthaliniide QB reatatystresedfin fipmplea34( 4nd therumsuppeyel i ¢ group
having from 4 téuzél%vv\\nﬁﬁaﬁé?agﬁé Q%B!r TiplCRTYSILERE Y o KL ey}, 9roup, which

may be substitute
[0029] Figure 7 is a graph of cyclohexylbenzene (CHB) conversion against
cyclohexylbenzene hydroperoxide (CHBHP) selectivity (wt %) for the CuyoPgWyg

catalyst used at two temperatures in Example 36.

10 DETAILED DESCRIPTION OF THE EMBODIMENTS
[0030] As used herein, the Periodic Table of Elements is the version as set out
in Chemical and Engineering News, 63(5), 27 (1985).

[0031] The present invention provides a process for oxidizing an

alkylaromatic compound of general formula (I):
15
Rl

/

CH @
R3 H,C—R?
in which R! and R? each independently represents hydrogen or an alkyl group
having from 1 to 4 carbon atoms, provided that R! and R? may be joined to form a
cyclic group having from 4 to 10 carbon atoms, said cyclic group being optionally
20 substituted, and R® represents hydrogen, one or more alkyl groups having from 1
to 4 carbon atoms or a cyclohexyl group. The phrase “provided that R' and R®
may be joined” and so on is used herein to mean that, as an alternative to each of
R' and R? being a (“monovalent”) alkyl group, the two “alkyl” entities designated
“R" and “R* are joined into a (“divalent”) hydrocarbyl chain (having 2 to 8
25 carbons in that chain), with respective ends of that “divalent” chain begin linked
to the C atoms specifically shown in formula (I) to form a ring. Thus, in an
embodiment, R’ and R? together constitute a hydrocarbyl moiety that connects to
the carbon atoms of formula (I) form a cyclic group having from 4 to 10 carbon

atoms, conveniently a cyclohexyl group, which may be substituted with one or



vvo 2008/ 128638PC T/ EP2008/ 002753 8 nore al kyl group having from1l to 4
carbon atons or with one or nore phenyl groups. Exanples of suitable

al kyl aromati ¢ _conpounds are ethyl benzene, cunene, sec-butyl benzene,
p-nethyl-sec-?%ﬁ£$ﬂéﬁ%bne 1, 4- di phenyl cycl ohexane, secp&REfIBENZEhe,
sec- hexyl benzene, cyclopentylbenzene, cygl ohexyl benzene and 5

cycl ooctyl benzene, with sec-butyl benzene and cycl ohexyl benzene bei ng

preferred. It will also be understood that in the case where Rl and R2 are
joined to forma, ﬁymlﬁgb b AWhlng HBR NUDEL Q] atfiAl hfu&n ofE ngretéh%n,%c' e
ring is from4 to wever, © ring may It carry one or re

substituents, sgrowpsaExaompéesof Stn’table aéklykiydmagp cempepuhdsvirn gthylbamerk, ¢unese,car bon

t nt
atoms or one CRLSWIERY (UhaNISe AR ISR, |08 688800 ey res
conpound of germngfbehzsneusea-bedylbdngers e oy diereytyhenzeen ecyatvliciyibepreod rmdd by
al kyl'ating bgnz&%oﬁ@lwu@ﬁe | Gast s%E‘Ewg‘ﬂsex@eKé/ | 3ld NG, AYE )fkﬁbe'x{%%r b%l gyl ation

conditions and I'n t presence of t'erogeneous ‘cat suc s zeolite
beta or nore prrs¢fered|lywik al$oelz§smdmteod1tﬁatnm thesedearhes lév@eld ateiein¢ddm: 22

f I def I | ud
Lonperat ure of P iy Hrongy i bl & B E ARAILG' BES AP RUER, £h oo, 00 1000
and about 200C ¥ndiwyever. hebsrgmey fclf2@aP oRPear were|substituchisy suelx angrieeorf r om
about 1000 to ah QEucgﬁgQQu Béwﬁé‘ﬁ’%rﬂﬁ t@4‘é§’b%g&tmﬂgw An\é 8? g:eph‘té) g?déxgé’ (WHSV)

based on C4 alky ati agent et ween ut for
exanpl e betﬂﬁeﬁwab@aﬁmio ht diphsaylcyetphhxang. 100331The C4 al kyl ati ng agent

conveni ently cqfgpszi segy %Be b{%@t’?éal %604 E}ﬁa{he %}%ﬂﬁnan@%&%bc}{mﬁl&g&?er&
butene-2 or a mixture thereof. The al kylating agent can e an olefinic

C4 hydr ocar bon faimaiafld i snetbaiviienepns jand iy pigdiecas &y allyilating hsneean Wik a5bt ai ned

by steam crackijfg &f (ﬁtali]@[h%ng BERAPRRRr alRNb@HoondiRthsaid i tHe tbrresgrﬁ:e %§th has,
catal ytic cracking of naphthas and other refinery feedstocks and

by
conversi on of GRGHERREOES catalligth such sreraeliisobeta vy mypaclplably| Hsleastgme exanpl e,

the fol | oW ng GhHIQYRF QR Q)@rihemM@MszSfaﬂﬂl’?f @@%ﬁﬁédl velgwrl ablfyidfioRNY
refinery enpl oyi ng_ steam crackin produce ol efins and are suitable for

use as the C4 &PRdoRsi sogverisatly ;in uct?re.d@ngetr%rﬁm r HemedpoBu PR e 1S ab@hm

Raf finate-1 (thgo%, gsukhmpie bb&EBA RbdAg 1@d°t:%d 206 ©0b° e ¥l R Gt préRurelof
hydr ogenati on to renove butadi ene fromthe crude steam cracked butene

strean) and Raf TPPhidtacor Jest. e xampla o abanaiOAP Hypbert BP0 KB#HidAr agreidtit adi ene

and i sobut ene hb@y dphe Rlddde (WHSTNbaxEREK €4 alRYh@Neagsht o BBveen oll0fB4] I N a
further practical .enbodi pent, the al kyl aromatic coggoupd of general fornula

(1) is cycl (he 294 $h9HA0HE éﬁ&*?@95P@W@Péﬂ¥Vtb@ﬁﬂﬁ&@ B -contacting benzene
wi th hydrogen igu3she phe%snaE1Qig bRt @GRS UsmBlifdd e tiéanahe Galaal yst
which compriseg Al Leady oot IMhulhe D2y b A S Fhe QRyi3Se abnchan t VP €O 1Y
also be an olefinic C4 hydrocarbon mixture containing linear butenes, such as can
be obtained by steam cracking of ethane, propane, butane, LPG and light
25 naphthas, catalytic cracking of naphthas and other refinery feedstocks and by
conversion of oxygenates, such as methanol, to lower olefins. For example, the
following C; hydrocarbon mixtures are generally available in any refinery
employing steam cracking to produce olefins and are suitable for use as the Cq4
alkylating agent: a crude steam cracked butene stream, Raffinate-1 (the product
30 remaining after solvent extraction or hydrogenation to remove butadiene from the

crude steam cracked butene stream) and Raffinate-2 (the product remaining after

removal of butadiene and isobutene from the crude steam cracked butene stream).



5 selected fromthe group consisting of palladium ruthenium nickel and
cobalt, and a crystalline inorganic oxide material having al kyl ati on
act|V|ty, typically at |east one nolecular sieve of the MCM22 famly (as
defined bel O\ABVOZ‘?WéZSéi‘fnt acting step is conveniently condGEtEBOH2H3

t enperature of about 50C to about 350C agd/or a pressure of about 100 to
about 7000 kPa and/or a benzene to hydrogen 10 nolar ratio of about 0.01 to
about 100 and/or a WHSV of about 0.01 to about 100. [0035] The term

"MCM 22 famly rial" (or prm“r‘aal of t eh/ClV{ or ."nol ecul ar
si eve of the Nﬁ%ﬁ f affi Fy#HsF B 1\7!2’:1\7Fl PamTy 9%8 kv%mw"c %‘“&’%@8 Nerein,

i ncl udes one or ganemkfoafiula (Ibmloedullmylbmzemdmﬂefen‘abbrprcaluc@bmmfactrr@t degree
Fr amevor k¢ opol SgES CAPUREICRES 1 T prdifucs e ioeP e RienaR sofa wni ch 11
tiled in three- ‘dhmlemsmpmls aspase odesmataltieasmghl@dwgymtmh ativitg ttypieallySuch
crystal strugtu scusse Ias f Zeol Le Fr vvork Types",
Fifth editi o% %’f‘)tfgtfrto qhe %ff“llprceon?:lts)th Panaﬁt nlmén |“hc%‘or por gqnﬁ

reference); 20 mlymiulheamogmevezmdemﬂenﬁlrhamng aﬂcghtrmnacseramrtylplchelyrae®abur | di ng
bl ock, ~ bei ng aon% rﬁ%l%&? Sl Oealftthe II\JK[J}& Z?f l1'?'(1 sl\c/l\e/Y{V rb%%vyo tl%%y uni t
cells, form ng a nonolay one unit cell ‘Phrcky ness, era ?y one
c-unit cell thi S@dpm@s:snvenmﬂlsemdaﬂedsatewwpﬁadee bf @lmut:QMﬁ)tv sweoohi°Gegr ee

bui | di ng bl ocks eI I

t hi ckness, wher eﬁéﬁ?ﬁp&%&g&%ﬁ{% Oagﬁgn gongp%%dgoh r‘?ﬁye%ﬁ E% 5% s made
from st acki i@, rp@lmmrgofaboutlﬂrmm alpunt 00 apd/st 2 MKS Vinefirbolt(Hrtg algdfut 6 uni t
cell thickness. m@gzg SUAGKLAE<PlcvEYS aﬁﬁﬁ&%ﬂgﬁe%fegn R el Rlcilss can be
in a regular fas an 1rregular a random fashi on, or any

conbi nat i on t hefamidy” onrehoBoulamsicee wif athe SYIEYR ifaridy " byr é\M,CMé@ufaamlyor random

2- di nensi onal " f unit cells having the MW
f ramewor k topo%%lﬁe )%g&Pgl%%g?boﬁgg%ng?;%?{e}vgs of the Ivinvl-22 famly

i ncl ude those noleculokeculgi geves nivdvifrogn arcodmonyfirgi degreacrystallineaiuilding

i ncl udi ng dygpaci ngy 4 0. 07
Angstrom Thz X-ray W?&géﬁ 6‘?111% atglg?gesnega il ?:Vﬁ’é?‘gér?‘g‘?‘f“% tgllzbo%%ag%rr al are
obt ai ned by st andar dnit eellhrw qvelsmasaM@anGMeOMatamehuhldoubltléqd of thegpper as

| nci dent radiation giil,gofh %@ﬁ&&ﬂﬁe% EANAPREG.NL WlReSEUNAL! on
counter and an assocl ate uter as the-collection Sy

Material s of the I\/CMBZdZSCfIQPﬁ inythie étlaglef KASNite Prapgearkr de‘ iFifthUeditiorPat ent  No.
4,954, 325), PSH 3 (ﬁ'(ﬁﬁc{hb bade Ecﬁntéf]t& wiigt € Mco rate?l é?‘e?erérgc% SSZ- 25
(described in U.S. Patent No. 826, 667) . ERB-1 (descriped in Eur opean
Patent 10 N& 0293082lecularTepves (mlaésdrqnbedwirrmcm Scoradesnte Moldeig0ldcks 98) |

| TQ 2 (described in %5'8% 0).

MCM 36 (descri bed |lr)1éu%tﬁ H%‘;é{lgﬁ@l ngﬁé@@%gfﬁig&\y kwgpo %%%ﬁtlj%g% in U S
Pat ent No. 5, 236, 57@)1mng/@\m®o(aders<tfrqnb@mt icell tblcSnesszanr@fnrrablbaomes -BB2el697) ,

UZM 8 (described i ngpldss.Patent No. 6,756,030), and m xtures thereof

Mol ecul ar sieves of the MCM 22 fanmly are 15 preferred as the al kyl ation
cat al yst since t hreymplagdarbsiess froadadfrern domnivingsecynds dégeest buibsling blobles,

pr oduction gf sec- bl')’glIYI eo@ﬁlo&qm&%ﬁg Eﬁ?ckgésge\phepé(ﬁmeq e

i soners. Preferably, cu ar sieve IS se ect rom

MCM 56 and (c) |sot(gfpe@redhanmtmg g H dhinkDoss56  maglg dtoma stagking, Packing) 88) The

oxi dation step of t{e;nr 8568t R r{?&ﬁ&?er&%f&fe @ﬁ%@ﬁh@afmee%fsgacm bpe 20

al kyl aromati ¢ conmpound ©of genera oxygen %xanple in
the formof a gas cueh aeendglegsk dumildiag @R%kge%n b érh agesgelprr fashiant pe presence
of a catalyst CO”DHh%%dPQ £hRA! YRR E&hiat, Or dnyRMbinati@EEbAafde POM i s a
pol yoxotungstate substituted W th at |east one further transition metal. As
used herei B0 t he *t engleculps| sjayro mada bsitany regularp@andan 2rdimaeiéghat or fean a
conpound 25 cONDI i SiiehsRAbY OXRMMABn Ut Bt LeARHayAR 4P NIWAY YerdufTRVOT K at om
in the present case tungsten, wherein the tungsten is partially substr tuted
by at |east one f urtePReYt r ansi tion netal . Suitable further transition

netal s i nclude copper, nmanganese, iron, cobalt, nickel, zinc, cadm um

rut henium and nercury. |In general, POV can be subdivided into

het er opol yani ons, which contain hetero atons in addition to the 30 primary
framewor k atons, and i sopol yani ons, which do not contain hetero atons.
Suitabl e hetero atonms include at | east one elenent from Goups 13 to 15 of
the Periodic Table of Elements, such as antinony, arsenic, bisnuth,
silicon, boron and



11 phosphorus. 1lviost of the PG vis known are isolated as salts, with the
nost comon counter cations being alkali nmetal ions and anmoni um or
m xtures thereof. In the rare case that all cotunerions are exclusively
protons, thenOH&%IE¥ jal is referred to as a free pol FEXERENHIABE. 5
100391POMs are known to exist in a variefy of structures including the
Keggin, Wells-Dawson and Ander son- Evans structures. The different
structures correspond to the speC| fic geonmetry of particular POM
conpositions an ry n i t Uk t rd| nation
chem stry of thg'"ﬁdenfgrﬁ%gﬂg F\'g‘f ero Q‘t &%E%%g@ﬁ‘ s &l%eatﬁgqea'gg'te
concentrations, siews i lesingpih -cay Aiffracion Iaubml mslsldmg @%mgOmazgeﬂauht in the
present process, n o} ni ons
general ly consis éio %g @?%e)ﬁ,;%«gm%%cgglﬂé rc’xg%h W@S}?rag dl%gé%%
symetrically adateamgédo alrapactedize theandterdl ahatbam@dabyostanxardn@bhniqu@ wag be
represented Ry [ ML204 s a |lone
pair of el ec'ig r ottrrllre;?((gl}g]h ar%}isi OBt %( TCId%r}% radlatﬁﬁe a?%?rgrgﬁcgor& t(t)e?@gulg%%cl osed
Keggi n uni ts i switloa sciBillatiéronsenter dnd ah asbsiatadetmpofer bhths eol ROMR sygiersi st of
di meric adducts in | %(ljp[ \Y oget her
by extra frarreng%nor 2@%@%8% %&ﬂﬁgglrug%x“a&g%%%& edrle[i'J §aI (Chem
Eur. J. 1997, 3Pateb2BdR®; 4,P5b313), lGian(dei@rgﬁql i188,S. m&&)N@ie"s@M‘l@%) S8&-2di neri c
structural typ ) 4 ( XMR03; t he
e(g%s(:é\g #\ (S')§|) gz&g 0 KA %%%’%h Ef(é IR (d@éc“;éld) in I%@ ﬁg ?Etent

aut hors were al e to substitu e two external en atons by
first-row trd8ndNe 08980 HIQs1 desuibed imgJ.BnPatanaiNg i6t107 AT &) 2 Glatesibed int ed

| t al at o
[ (v02) 210 r20) LSRN0y T 1oy FRo (oA 7O MCR e wesebad in 05,y 5.,
X =+ = Fea+, RosmeNoN.280.270 MCMAA fdepertie0 My ShBriow Do 523152 MEVRl . 1 epor{

on tetrasubsti tqa i t wo
{3 xW9033i n. (nﬁéz(ﬁéécﬁﬁeﬁ‘?ﬁ t%. %@9@/%@2 bﬁ‘@%ﬁr&%s(s WhiiGdy ’ﬁ%r%fe’é‘?fk’es Ui nked

by four Fe3+ i dhW&HaM) ﬁ@dtr@ffmeﬁweremﬁzmlchlamsve@|oﬁc§hegMC@hé2nfarm@oge 41,

783) . These |autGESed Ry ﬁleazh]%ﬁatﬁﬁgl Gudy %fﬁ@étmewa% tb@éh kGl 16 St gty in this
structure by a 'l arge nunber ‘of ot her row transition netals

(e.g. M2+, cozelectne2te, thegpredugtign +9f, sescbupdmzamne% wemv@wtgttmcqthﬂre usef ul

in the present Hﬁf}ﬁi’&%e isSmbR© RGP tﬁ'edmol@&@a[t‘%fevgg sg\{@&@d fr&th ézgq\t{@,' Thus
interaction of CuCl 2 with K28Li 5] H/P8WI801s4] in the ratio in aqueous

nmedi um (pH 6) rA8s&) MEM36 ap(c) ﬁ?@@esw‘«kf{@é\rﬂ*@ﬁ%whﬂéé siehasITRNT T\ /T T 1 AN

11 NEEN NL- / |[063§]1_| ClThI'bIldﬁloI ste ‘b@%e preéexlft\ﬂr(l)&%}%ﬂfgoted l;yl&lai]ac&n the
vv48?-./18425 /11 0.; .n.ortz, Chem Ini, 44,

3777-3780. Bl fﬁﬂlammaiw cPiRauag of s%raﬁoram%ﬁ ewith ok yass; {?hfmnlﬁ hgal t in
the tetragonal f&%ﬁbﬁmg@l&@&ﬁﬁnﬁé%e&ﬂ%r& geROLMAMNs O, In e prRh&CEdgNted in

structure, size and conposition. This ecul e represents the first
transition net &ptalyst comprising a polyoxometalate (*POM”), wherein the POM is a
polyoxotungstate substituted with at least one further transition metal. As used
herein, the term “polyoxometalate” or “POM” is intended to mean a compound
25 comprising polyoxoanion of at least one primary framework atom, in the present
case tungsten, wherein the tungsten is partially substituted by at least one further
transition metal. Suitable further transition metals include copper, manganese, iron,
cobalt, nickel, zinc, cadmium, ruthenium and mercury. In general, POMs can be
subdivided into heteropolyanions, which contain hetero atoms in addition to the
30 primary framework atoms, and isopolyanions, which do not contain hetero atoms.

Suitable hetero atoms include at least one element from Groups 13 to 15 of the

Periodic Table of Elements, such as antimony, arsenic, bismuth, silicon, boron and



5 substituted derivative of [H/P8W80184]33- and it incorporates nore Cu2+
ions than any other POM known to date. The structure of the wheel - shaped

[ H71' 0/ 480184133" precur sor is maintained in 1 and the cavity has been
filled with aVMR S mretrical copper-hydroxo cluster Pcﬂﬁl’gﬂ"%’%ﬁési zes
that the tenplate effect plays an inportgnt role during formation of 1. W
have shown that the oxo- 10 groups in the cavity of the tungstophosphate
precursor [H7P8WI80184] 33" actually do interact with transition netal ions

I n aqueous rrEdI HI I’QH}Q dnfhi?eaf;ut\qgkn %vnr qlklg) gtgcpas Q-arllgﬁer L?ﬂe ost CO

[ H/P8WI80184] 33" Can 1 be considered as a super acunary po yan| on
precursor and weouewpeﬁtlpnil#mtg atiah emetdl i sind armnonmtxazt mibowrss thesofdds theopper (11)

can also be i ncgihoy eati'xﬁ%l c&t?xtelngg z§ Jﬂﬁls%ggfcﬁng%h&rth at%n%l%snr(é\f) (? ? ed of

only 3 structur uni que types of coppe
squar e- pyram da#safete@qluaroawpﬂa@mar) Al'l 20 copper centers are bri dged to

nei ghbori ng gop io
symetri cal , Qﬁi% kglsg\sdggrﬁbiﬁwéggg{ Qﬁ%ﬁ%ﬁh:}tﬁeﬁ%@@ﬂ ca?gggl &tions all
24 Dbridgi ng oxy@’@ﬂ%%W@n mhémemooﬁam@dtmdtmwﬁstdlffegdnwmm@sceﬂmswndzo of the

cavi t whi ch i de ion.
a heryaﬁti cles escrpQ‘L % ﬁi‘h %%%% Bgféé%‘w?%ﬁp&é?%c u?%y ?‘%1108 u%%?{abbour

D.; Keita, B.; dauj cel najure apcothe zoordinatiayedhemiry 8f theladdende et haterCatoms 2005 7,
841-847; A , : t I

BA1- BT, 0 b S ool S5 i EOR U g

Liu, T.: |va|10 Qisefgl -in Khﬁrmzesem PTQ®SSArIﬁ caistited Soc Keg@@ﬁypelﬁgMSwI@@elOllO
al'l incorporat %m%ﬂ&as B¥hef 9%5@&%%mk89é&&@ﬁmé £Banf 0 W deRBlofs POVE fOF

use in the present process in
K12Li 13[ Cu20C1(sompeiicaiy @yranaepsinaent 8 45dntral2 higteroabiome i and dhuss crOb20P8WS or

Cu20C1 Cu20GLR e fo H GeMBO3I4 K2
abbr evi g'[ ed asq d@}s%\ﬂ@&%th fMﬂhd %% ¥ %g%l)g%ASZN(g%%(G%QISZﬁ%éD%g%gr evi at ed

as (Cu3(As\®)2) ectﬂl@ (TngAés 1SP Q;l thmﬂ%f%rman of sudlclogdegpin wyits isinot . 2V
avt./11..vi asclilonsd. (B Y, Aa%lft HHMese k’@Mshdo%m;tcH’f %é}w ad’aucté 8f ﬂ]@&ﬂ%&@vent i onal

deS|gnat|onfor the isomeric formof the nmaterial 0)3 S b2

Wg 066] '4 6Hé agunNgpp) K@gglg_frégn%s 1@@9@(0%%)bz)extrf5framework or hetero atoms

{[ KTNa[ CU4K2(H216¥)46 a- %M&Q%})@kre%s%k@ ARRPERY i1 2{986a5 1232; Inore. Chem.
( K7Na[ CU4(ASV\903 K6Na Jeo 141C2(H20) 5, 4C10 6(a- SbVp(333 51 TR0

abbrevi ated as 1P% c@: SZPWD8 )desaxhe N glimfricy sirsgprb) @ ol(B(Oas(@dR®)y 21 1

bb
é?‘éﬁ%oéiﬁgef@“@% o5 oval ahis (K OTE MY et o BIELUSH O
3

Kl 2Li 13[ CU2 feohy e £xipe) 19RsSB\AISUE &) qirstzwm@a%@ﬁmnewaiswsdsna @u208Br) ;

K4Na4[ Ru2( 1120}1@@%?0‘629&5@3’05%\1@3 Q&ﬁ&é’ﬂit@st fe gﬁ(nki% dthe formula
1( 4{ Ru( C61- 16) ( 1120) } IgRu(CG 3 GeW 0036) | 714 Oabbre\!l At edas 15

( KAC12Ru2H28Ge O)s(B-XWo 33)21“ "X =8, i , Co™', Ni*"; X
= Bil, Mn+ = Fe*, Co®, Ni?*, Cu?*, Zn?).

[0041] Moreover, Kortz et al. report on tetrasubstituted dimeric

25  polyoxotungstates which consist of two [B-XWeO33]™ (n =9, X = As', Sb™; n =

8, X =8e", Te'") moieties linked by four Fe** ions having terminal H,O ligands

(Inorg. Chem. 2002, 41, 783). These authors were also able to substitute the iron

centers in this structure by a large number of other 1%, 2™ and 3™ row transition
metals (e.g. Mn*", Co®", Ni**, Cd%", Hg?").

30 [0042] Another POM structure useful in the present process is the so-called

“copper-20 wheel structure”. Thus interaction of CuCl, with KagLis[H7PgW450184]

in the ratio 24:1 in aqueous medium (pH 6) results in the large, wheel-shaped



1(4f Ru(c61-16) (H20) }{Ru(c6H6) } (y-si wl0036)]. 9H20abbr evi at edas

(K4C1l2Ru2H32Si W0048) ; and {Cs1(4[ 13- GeWLl v\n038(CH)1 1 3H20} co abbrevi at ed
as (CsK4H27GeWL i Mh052 [0045] The transition metal substituted

pol yoxot ungst ¥OS'BAREY equi red for the 20 process of t h&CIEFMM¥IRH3 such as
t hose POVs identified above, can be usedjas catalysts in the present

oxi dati on process in unsupported formor on a support. Suitable supports
include acidic materi al s, such as al um' na, basi c materials, such as

nmagnesi a, and ngut ral, Bty suchasas, sighica., By vi;rtue of, the ionic
nature of the POV 'Fi‘é‘2U'Bb5"t"“”'§‘"ac"tﬂlm‘“ anchoJr[l ng the"catal y5t to the
support can readi|2p05e/425773e3T8@v Edyimjors] nyybtyllidisss @Imx@pmmlm wat er

and stirring tggatlt lga%dgparé&%g@te}]pﬁgcg ortM te lg;amonaf is unaregg)dertlt%yre of ,

for exanple 20 &dcat al yst
cont ai ni ng up t gricwre, sxaaqdloemjz@slwr%Tdris mdriecumrcsnts ltleafdstltganbwmbetall ned. If,

on the ot her Sha&%stltfm@c? d& @\%r(;frgﬁq; W4§($61 Bsan&) ﬂﬂc%r%ﬂakesme ?gr’nc? KGR Y to

initially functionalize e su exanple provi ding surface 30
am ne groups onarUh@tlsupb@Mt kanwnt krerdageci diThyi stglcmlne «fupiporwheelbshgpat onat e

the am ne grOUF’%I B [3@?3(:;'%%&%5!%{&%z}ln%nééjxﬁgoaﬂgtﬁ@ E}}Q‘?bg’ 9(}41{%8' lon. In

this way, POM I ' an rea e ‘obt ai ned.
14 [00461 In onleglémmﬁnn@ml coppethydioke chistpp ol hik Snwbascms tlmhdaeptamplatpul arly

mesopor ous. Sui g
described in U atg%g%ﬁg&&ﬁ&%%@%ﬁ%%}g% M%? gyw‘aescrl bed in U.S.
Patent No. 501980w6in thecranD\Bibe tusstophosphatdasesuispre HPAV13084] 3Pa¢teauy No.

5,304, 363, and . Am
Chem Soc. . 120 6054 14da) S G g0 ok J8 ot Bue B o Frefeapingls T

be desirabl e toeasdt o TIPPéefpl@acftﬂvBanQwﬂur ecap fndeed rhedicendideres taSataor whi ch
is typically a sgsérf%ﬁrgﬁﬂ potyHafdn ech?s[nt SHAtWd o )%UI ?l}fdb%ﬁwer fhn ﬂmﬁ%tﬁ R&{s0xi de,

such as tert-butyl hydroperoxide. 10 100481 | e con |t|ons for the
present oxi dat i k§pidesceprar(hig carprsozberiegopraiedir e bet ween about 50C and about

200C, such as abeis) 9O0fmelQaRRNEr é%g’coﬁ%g bf éhl Fg@ RESURIPINi§RAYes 15 T O

about 1000 kPa such as about 40 to abou The oxi dati on reaction
i s conveni ent | YfcoPrReEER donsi (§ qstahedral) 9tﬁqearerp§1amidabt& ghagrilanagin gAl B8

hydroper oxi de pLRdYcae-IRY bhE, O%G%‘Hﬁ%{b'b?%%u gP* g.\sw L34 59&55 rtddfingnr eact ed

15 al kyl aromatic con‘gound t he oxi dation reaction
i ncl udes a hydrippehighlydeyngnetgeaheeagk- ltk@raﬁwrl‘@l}(l |Based on bond valence sum

calculations all 24 bridging oxygens are monoprotonated. Interestingly, the center
20  of the cavity (which has a diameter of around 7 A) is occupied by a chloride ion.
Other articles describing the copper-20 wheel structure include Jabbour, D.; Keita,
B.; Nadjo, L.; Kortz, U.; Mal, S. S. Electrochem. Comm. 2005, 7, 841-847; Alam,
M. S.; Dremov, V.; Miiller, P.; Postnikov, A. V.; Mal, S. S.; Hussain, F.; Kortz, U.
Inorg. Chem. 2006, 45, 2866-2872 and Liu, G.; Liu, T.; Mal, S. S.; Kortz, U. J.
25 Am. Chem. Soc. 2006, 128, 10103-10110, all incorporated herein by reference.
[0044] Examples of suitable POMs for use in the present process include:
Ki2L113[Cuz0CI(OH)24(H20)12(PsW430134)]-22H,0 abbreviated as (CuzoPgWas or
CuyCl or CuyyClPsWag);
NajCs[Cus(Hy0)2(GeW34)2]CI1-3 1H, O abbreviated as (Cug(GeWo),);
30 Naj2[Cu3(H20)3A5,W;3046]-32H,0 abbreviated as (Cuz(AsWo),);
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Ko[Cus(OHY(H0) 8.5H,C abbreviated as (Si;W3Cus). In

~ Qi N
S\ L a4 ar] »r v/

H AV P |
LYYgLs332) 4

this formula, “A” is the conventional designation for the isomeric form of the

material;
Naj[Cuz(H20)3Sb, Wi3066] - 46H,O abbreviated as (Cus(SbWy),);
{[K7Na[CusK>(H,0)6(a-AsW5033),]-5.5H,0}, abbreviated as

(K7Na[Cus(AsWo0s3)2]);

KeNa[CugKa(Hz0)s 4Cly 6(a-SbWeO13),]-7H, 0 abbreviated as (K-CusSb; Wig);
Na(NHy)s s[Cuy s(H20)4Clo s(AsWo033):] 11 H,0 abbreviated as (NH4-
CusAs; Wyg);

Na(NHy)s 5[Cuq s(H,0)4Clo5(SbWs033);) 11H,0  abbreviated  as  (NHg-
CusSb,Wis);

K2Li13[CuzoBr(OH)24(H,0)12(PsW450134)]-22H,0 abbreviated as (CuyoBr);
KuyNay[Rua(H20)6Sba WogO79)- 12H20 abbreviated as (Rux(H;0));

Ka[{Ru(CeHs)(H,0)} {Ru(CeHe)} (-GeW1003)] THO  abbreviated as
(K4C12RuzH28GeW19O44);
K[ {Ru(CsHe)(H>0)} {Ru(CeHe)} (-SiW 16036)]-9H,0 abbreviated as

(K4C12RuH3:81W19046); and

{CsK4[B-GeW;1MnO35(0OH)] 13H,0}  abbreviated as (CsK4Hp7GeW;;MnOs,).
[0045] The transition metal substituted polyoxotungstate POMs required for the
process of the invention, such as those POMs identified above, can be used as
catalysts in the present oxidation process in unsupported form or on a support.
Suitable supports include acidic materials, such as alumina, basic materials, such as
magnesia, and neutral materials, such as silica. By virtue of the ionic nature of the
POM, if the support is acidic, anchoring the catalyst to the support can readily be
achieved by simply dissolving the POM in water and stirring the solution with the
support material at a temperature of, for example 20°C to 100°C. After filtration
and drying, a supported catalyst containing up to for example 10 wt% of the POM
can readily be obtained. If, on the other hand, the support material is basic, it may
be necessary to initially functionalize the support, for example by providing surface
amine groups on the support and then acidifying the support to protonate the amine
groups, before combining the support with the POM solution. In this way, POM

loadings of up to for example 20 wt% can readily be obtained.



20 in which RI, R2 and R3 have the sane neaning as in forrmula (1).
Preferably, the hydroperoxide is sec-butyl benzene hydroperoxide cunene
hydr oper oxi de oy cIohexbeenzene hydr oper oxi de. This dr oper oxi de can
then be convert® %/Vs 4ti d” cl eavage to phenol (which nay %@’Fé’z‘é"t?fﬂ"ézf’?t ut ed
phenol ) and an al dehyde or ketone of thejgeneral fornmula RICOCH2R2 (I111),
in which RI and R2 have the 25 sane neaning as in forrmula (1). [0050] The
cl eavage reaction is conveniently ef fected by contacting the hydroperoxide
with a catal yst gt hepl Lquid, nhase at a t re of about .20C. 10 about
150C, such as about’ 40¢ fgya dﬁ?ﬂ ﬁo%?bum’?gggg@LfEEQ@F%%%fDgggu Y50 to
about 2500 kPa, msmhroas Sivable meg@orons mhbteurls holode M@M—éhdﬂtjcrh ia descjbédd hour | y
space 15 vel ocj,t er.oxil t o about
100 hr- 1. pref orepy TAEn N e AR LR, ARPLE SRS B el o,

prefer abl y dil uﬁ,éﬂis 203 md MEYRMI, ovlidi isalescribed int UtSo Pta‘het b e&W@é% aalct i on,
such as met hyl ebAls alipRCaesANERch o SECEOHL Y| RENAGNG, ho 35Pkats N heat
renoval . The cl eavage reaction I's coﬁvehlenfly con ina catalytlc
distillation un{l®98)100511The catal yst enployed in the cl eavage step can be

a horogeneous Cgjp dy5tln°£ dﬂloﬁletkethé’l@@g}g%gélly%hh%%%e él[as ercﬁ%& Wk

honogeneous cl eavage cat ysts i nc ric -acl I"ori c acid,
phosphori c aC|dmmW9@ﬂw@W?@ﬁk@fa@mﬂmawwnpmvd1ﬁéﬂ%@UYﬁ@ﬁpmdQGHGHBIQTFerr|c

C Or L ex o Pk oA/ i b AR B0 kol 0T de are al so

effective hoaneneous | 'eavage atgf honbgeneous
cl eavage catlll y8948ls sYHiEble p@ndarmnafom@mmtwidam stephetledegempasaturecat al yst

for use in the &k@&ﬂ@g&t%oéﬁﬁ aboutta%csd Q@eﬂ?a@ WY el B%F&ff'lﬁ'?’d Rglides a

snectite clay, such as an acid 15 nontnorillonite I ca-alumnna clay, as
described in U.apressueohpbopls w aecm 10807kPa; prsh @nehiopedQiogbows 360 kPafThehi ch i s

i ncor porat ed hejx@iafodpadtRhed &Jﬁ@&rlenilg)@éfhu:t@d [nNEcabRRR d\fgﬁﬁﬁtﬁwntdﬂﬁ aﬂél h?él aromatic
conmpound that is oxidized accord qﬁto the i1 nvention is cyclohexyl benzene,

t he oxidation HPBUB@@X¢§IEV@PEh§%y erpREFEraled dodistilling @& thedunrersicd| eavage
product conmpsi s@E1RheARcoMpsinaycl ohexanone. The

[0049] The product of the oxidation reaction includes a hydroperoxide of

general formula (II):

— R!
\ C——OOH an
Rs/\ / H}C-—Rz

20 in which R!, R? and R® have the same meaning as in formula (I). Preferably, the
hydroperoxide is sec-butylbenzene hydroperoxide, cumene hydroperoxide or
cyclohexylbenzene hydroperoxide. This hydroperoxide can then be converted by
acid cleavage to phenol (which may be a substituted phenol) and an aldehyde or
ketone of the general formula R'COCH,R? (IIl), in which R! and R? have the

25 same meaning as in formula (I).

[0050] The cleavage reaction is conveniently effected by contacting the
hydroperoxide with a catalyst in the liquid phase at a temperature of about 20°C to
about 150°C, such as about 40°C to about 120°C, and/or a pressure of about 50 to
about 2500 kPa, such as about 100 to about 1000 kPa and/or a liquid hourly space



20 crude cycl ohexanone and crude phenol fromthe cleavage step may be
subjected to further purification to produce purified cycl ohexanone and
phenol . A sui%&f#g Bg{lflcatlon process includes, but is not limted to, a
series of di sti11 &t 8 towers to separate the cyclohexaﬂ%ﬂ@“ﬁ%&mﬁﬁénol from
ot her species. The crude or purified cychphexanone may itself be subjected
to dehydrogenation in order to convert it to 25 phenol. Such

dehydr ogenati on nay be perforned, for exanple, over a catalyst such as

pl atl num ni Ckel\’ctgbl N @.lris%ql d’égé(] LIQQI%SQV F(%C}OE ﬂgr{)tfl % thV\b li [0 ng\, [bﬁil)rm e
particularly descrlb w th reference ol T owi W ng ny
Exanpl es. 30 Exg_wﬁr@l}{]_abomr ]epegbg_mtﬁ@ﬁu Of The hydroperoxxde is preferably dxluted in an

Qu20CT or  Cuz0CTBEAE) - TE TODSSER 25 heroh bRt flofipfaiel "co”
moi ) was di ssonvé@: buﬁylbenIZMGL|t0-18€t$01rbm¢a‘tenemmlut iToe (l@l@ach)eaamoan 6.0,
then K28Li 5[ Ig?ng%%ggrrﬁéi}Jcﬁ%dgtgd géahglc%s%?]om ) was added. This solution

was heated to 80C our an t'er cooling to roomtenperature it was
filtered. The fl00%Hat eThacatalyst cwolpyed ib thevdpongst deri parabe ajemogemier at room

tenperature. Aftgen sio%ggﬁeﬂeo%ggalgtystal |l ine product started to appear.
Evaporati on was a)( to continue until the solution |evel had approached

the solid pr odu@p52]vvh| %‘htawas h?fhmnml eleavege boptatyistst ineliden swfvdicaieiddr i ed.
Yield: 0.11 g ( cl ( sh),
951(sh), 932 g&%@iB( %d J"i’ ac‘?é@%’ 2:"%%9?9 2 &%?‘%%mf%g@é(w)
470(w) cm | .10 Résriig ehlerde, Nag ron sl ugride, kg Herz diokjde Angeswﬁncnmdelm ald. 2005,

44, 3777- 3780 ) e o E’ﬁse&?@arv Qi The preferred h
Nal1Cs 2] Cud( 1120) o Vs S s R (’ggbr oV PR e A T RTSIE 15

[ 00571The foll tis gylfjeiseeidwer e di ssolved in 40 nL of a 0.5 M sodi um

tate buff 4. g S |
g;:e Qiciz gHzgr 668‘3&283% Medtle Bbekr @éd@gus‘ E'atécg'sltsf Pweein _tﬁ% é@é’vfge G} ncﬁo n;mgf)

nuno
Na2W04 2H20. THIW!keaesnei g’(ﬁ’?@ﬁ“ﬁ@at‘ degp @G@Wﬁ? ﬂ_labhowhamj alnheﬁdleool ed to

room t enper at Urontsebiinfe Sili¥Shiahntha Tyt Qspilﬁcrflﬁfl 13(U§-3Paféﬁyﬁ5a4 8 ﬁphy wer e
obt ai ned by 20 ] ayering of the above 'solution with a | ute 'CsCl Sol ution

and sl ow evapor®t "5 ‘t‘%ﬁloél‘rd of I’hﬁh(f1“‘?"@)%)‘*’”4‘]‘?’“9@1”{@9““890 (s), 846 (w),

775 (vs), 734 ({8054) 718n ﬁﬁkase%@re(tﬂ@alky%&na(ﬁé’)comﬁ%%d(Hé’)xs%ﬁﬁized a(caﬁ'tlﬁﬁence
Kortz, U ; Nellutla, S.; Stowe, A , U.; “Danquah,

W: Ravot, D. [fh8Ednverinns MXYIW“’"?G@S oxigdagipn pjodnef iEgyeiRbE®y iz epar at i on
of Nal2[ Cu3( HZQ)&SMMA&%@E&%% AJatt QU A8 IptR Aol GHBE \ﬁ\&)a%}me [19958] A 1.2
g(68mm|0 rr@le f 1-12 di ssol ved in 50 of H20, and
then, 10.0 s xaafmq\ﬁé[caldﬂfm fgm fhy clgapige s R GE debioHRd 130
sol ution was rfﬁfrlhkﬂb(@%ffc@ﬂionltohﬁﬂdﬂuoaf]ﬁnﬁbd Eﬁld‘h@x@&‘ieeﬁnd phendI0! Adsidbl 6. 2) .
Sl ow evaporati on fa om tenperat ure | arge, green crystals suitable
for X-ray puri catlon process includes, but is not 1m1ted to, a SerieS of distillation towers to

separate the cyclohexanone and phenol from other species. The crude or purified

cyclohexanone may itself be subjected to dehydrogenation in order to convert it to

25  phenol. Such dehydrogenation may be performed, for example, over a catalyst such
as platinum, nickel or palladium.
[0055] The invention will now be more particularly described with reference

to the following non-limiting Examples.

30 Example 1: Preparation of KlzLi|3[Cu20Cl(OH)24(H20)12(PsW480184)]'22H20
(abbreviated as CuoPsW,s or CuzgCl or CuzgCIPgWg):



diffraction. The potassiumsalt of the polyanion can also be isolated in
hi gh yield 17 by precipitation of the

above solutio ! |id KGp) This resulted in 10.1 reeni sh
product, whi cﬂvq\//\%}?})‘izggff ated and air-dried (yield 89%. WT"’%%’S’O@M, 873,
785, 750, 735, 503, 472, 405 cm|. (Refenence: Kortz, U ; Al -Kassem N K ;
Savelieff, M G; A Kadi, N. A ; Sadakane, M Inorg. Chem 2001, 40, 4742-
5 4749.) Exanple 4. Preparation of

K10[ Cu5( OH) 4( 1128052f A- 3 Sip¥R0 5HRO, o 32 ).
[0059] A 0.50 g o’%%s e )%ﬁ%of Ku”o@ﬁg{ sﬂ’%g‘g ?§?A‘7§Vse%\al{%§(e?§§mth 10
stirring to a siGiiGO beifey solptory(200nldst phiot-), thein Kowldh[2l2WR0Is} 920.0rL of a

0.5 MNaAc buff ¢sf phlods BlnopThiseuddl YiisWBifie wiCRLRE f S0-B36: { Rfu 3R m n and

t hen cool ed to roonTtenperature an ere ow evapor ati on at
tenperature res afterecpoling & foab’o@mpqra@fﬁ\/\lée)l@ ﬁlwregr ebr Glgst wdssallohvad twer e

filtered off fingv%bfatedfd &4l- OXXIK %'ezgcer th 280 térﬁg Ature! RAﬂ%{)qs%_i d%f}i @&? 885,

810, 768, 698, 59 Ref erence:
Inorg. Chem 200@Sstallige prp%ciswe@ tO) a}Eﬁé&mﬂVep@aﬂoprVquatﬂabew eoftinue until

Nal 2[ Cu3( H20) 3S v 1.0
(5.8 nunol ) samte. poeieyd b8 HpaRac el IR aaeb wHER o AOABERA, 1 O
then, 10.0 g (3fHrafipgeng agfdrigg ol ieldS NP8 IPO%Y . BRI 3VHak), ddidiée, ltmés)sol ut| on

was tefluxed f o107 hHp W79aRy 9‘5'1&55)9@%@% ?fél%tshb tgonal efss¢ sIS’Hﬁfi(s%) s
evapor ation at room te&n&gra ure Ot assi um

een Cryst
salt of the Yol y2iVbd78@n cm so(Rlﬁgr?r@%)IM%leﬁ $n%ﬁft§t‘py4@letﬂ ﬁbenprletﬂm tation

of the above sopousi on3yriiysegl id KCL (15 g). This resulted in 9.8 g of
greeni sh product, which 25 was isolated and air-dried (yield 97%. IR 965,
944, 891, 858, 772, 732, 504, 475, 438 cm|. (Reference: Kortz, U.;

Al -Kassem N KexanSgvels: efPrepMan@n A K@,QCSZ[&“(&O)A@%@%@?&?CI Mrronor 9.

Chem 2001, 40, 4742- 4749£ anple 6: Preparation

HI C7Nar u4K2(H20§“8g%F"5Q§‘Rﬂ9‘t§ Wﬁe%)éHZOI n 30 (abbreviat ed as

K7Na[ Cu4(AsVA903[B))£J]) TIROGHIWing ré%erﬁs (v%reOdlmlea msmrmLeofoaf 0SWrlddigh20 was

di ssolved in 40 M—( (0118‘? d then %_(1.5 nmmol ) of K9[ a- AsWB033] was

added. The sol WdF8i RREE (P e‘F”Iﬂhithn% iny this order: 0.3345§ (1196 1P oA K@CH t er ed

after coolina. BLOWDSPQr @ISO MBbI) 0P W, &mp%nﬁgu(fsfbohﬁﬁﬁi)t&%dzw .9 g of a
aduct .which was isolated and air-dried (yield 73%.

0L, 115" LT, PREBLSLUCE 10 Lsglates 10 sl Sg (TSl 7o
484(w), 465(w) tempdratufeRSigplesoRals Kifabl, fomwrawitﬁwgﬁphyswerc%&v&d by
20  layering of the above solution with a dilute CsCl solution and slow evaporation
(vield: 1.8 g, 71%). IR: 941 (s), 890 (s), 846 (W), 775 (vs), 734 (s), 718 (s), 509
(w), 469 (w), 438 (w) cm!, (Reference: Kortz, U.; Nellutla, S.; Stowe, A. C.;
Dalal, N. S.; Rauwald, U.; Danquah, W.; Ravot, D. Inorg. Chem. 2004, 43, 2308-
2317.)
25
Example 3: Preparation of Naj:[Cusz(H20)3As,W5046]-32H,0 (abbreviated
as Cu3(AsWy),).
[0058] A 1.2 g (6.8 mmol) sample of CuCl, 2H;0O was dissolved in 50 mL of
Hz0, and then, 10.0 g (4.1 mmol) of Nag[a-AsW¢O33] 19.5H,0 was added. The
30  solution was refluxed for 1 hour and filtered after it cooled (pH 6.2). Slow
evaporation at room temperature led to large green crystals suitable for X-ray

diffraction. The potassium salt of the polyanion can also be isolated in high yield



5A C,; Dalai, N S.; van Tol, J.; Bassil, B. S. Inorg. Chem 2004, 43,
144-154.) Exanple 7: Preparation of

K6Na2[ CudK2(1120) 5AC10. 6( a- SbWp033) 21. 7H20 (abbrevi ated as K- Cu4Sh2W.8) .
[0062] A 0.51 JOA%G%4¥bI) sanpl e of QUCL2. 2H20 was di ssdVER2OHBF3 M of 10
H20 and then 4.1 g (1.5 rnnol) of K9[ a- Sp@033] was added. The sol ution was
refluxed for 1 hour and filtered after cooling. Slow evaporation at room
tenperature resulted in 2.9 g of a green, crystalline product which was

i sol ated and ai i 0 5 730, 615,
563, 495( S h) 4%%9'&‘*[-‘ ﬁﬁjaf#)( 0$ hg QZ(Q/P @\I-HTHJ"}REIBI‘gr g"hlkgﬁ ( 1} § ]qu rZ&(ﬂ?(b)ﬂ 0.1

Na(s11-14) 8. 5] Ca4f5@qpi®03)¢1®©t @@mvmeaga@a and i riqdapickledPat Bt 946, 904,

NH4- Cu5As2\W1.8) 033] was
added with sti r??%%sfgg%gggl%ﬁ’? 3 e gfméﬂ‘eé’?‘[f&?,g‘)% q&%ﬁ%%% n 20 m
of a 0.5 M 20 I\IS%@ldeffti‘df GerAl(IéaltdlAN&\ Sﬁﬂal@nedﬂulnpmﬁha's Pt €@ 478280C for 1
hour and then d to roomtenperature and filtered. Sl ow evaporation in

an open vi al resul ?ed in 0.23 g (yield 6899 of green crystalline materi al
suitable for X-ray diffraction. IR 1400, 968(sh), 948, 904, 862(sh),

of Na( i) 8. 51 i iyiBot) Sesnyatln, (ORGSR Gyip iR ot on

NH4- Cu5Sbh2W.8) . (abbmmleﬂﬂ}%ﬂgc(lﬂ 13 mol ) sanpl e of (NH4)9[SbV\9033] was
added with stirp to in 20 nL
I\Mgc bﬁ?’fifé?é ) Gurfpfe &k A0S0, HETRITZn

of a 0.5 M 30 I's sol tlon was heategto 80C for 1
hour and thédR CWIMOMOW@W ‘é%ﬁﬁa@t‘iﬁrmdﬁ:df@@t @He@l in ) mly ofpdgoMat i on in

an open vial 19, et @14 3011‘}11395()@‘}{!09'»%5@1%%&93 SRR 30 iRtk hdie
material suitable for X-ray fraction. IR 1402, 944, 897, 848, 773(sh),

731, 638, 568, Wpld taiqom famperature mxchfisired. Siow Prappratien RoiRORftemperature

12Li i 3[ CunBr (01 2dd 8D hiAk P&M&Q&lﬁﬁg}&ﬁ %Ig@{als%aé @J@HJ fﬁ%ékéato@ﬂana%u.%%@ Br).
[ 0065] A sanpl e of CuBr2. 2H20 di ssol ved 1M

Li CH3C00 buf f er Yisls 998@&6%‘@9#&)108{5 Bty %150885t ﬁk&: 7@81935:'[%7@@\&%%4] 921420
(0.37g, 0.035mMmkierites prAded. Kb &. 5RlIEHON 2088 Hepsedostn) at 80C for 1 hour

Example 5: Preparation of Naj[Cu3(H20)3Sba W3O} 46H,O (abbreviated
as Cuz(SbWs),).
[0060] A 1.0 g (5.8 mmol) sample of CuCl,-2H,O was dissolved in 50 mL of
20 H;0, and then, 10.0 g (3.5 mmol) of Nag[a-SbW4033]-19.5H,0 was added. The
solution was refluxed for 1 hour and filtered after it cooled (pH 6.2). Slow
evaporation at room temperature led to large green crystals. The potassium salt of
the polyanion can also be isolated in high yield by precipitation of the above
solution with solid KCI (15 g). This resulted in 9.8 g of greenish product, which
25 was isolated and air-dried (yicld 97%). IR: 965, 944, 891, 858, 772, 732, 504,
475, 438 em’l. (Reference: Kortz, U.; Al-Kassem, N. K.; Savelieff, M. G.; Al
Kadi, N. A.; Sadakane, M. Inorg. Chem. 2001, 40, 4742-4749.)

Example 6: Preparation of {[K;Na[CusK;(H,0)¢(x-AsWy053),}-5.5H,0},
30 (abbreviated as K;Na[Cuy(AsW3013)2]).

[0061] A 0.51 g (3.0 mmol) sample of CuCl, 2H,O was dissolved in 40 mL of

H,0, and then 4.0 g (1.5 mmol) of Ko[a-AsWy033] was added. The solution was



and filtered hot. The filtrate was allowed to evaporate in an open beaker
at room 10 tenperature. After one day a blue crystalline product started to
appear. Evapor%tl on was allowed to continue until the solution | evel had
appr oached t h& SB1'&*Bt oduct, which was then col | ected BYH#PY¥Y¥{%n and
air-dried. IR 1120, 1079, 1017, 950, 93 902, 835, 752, 680, 525, 471
cm 1. 15 Exanpl ell: Preparati onof 1CANa4fltu2(H20)6Sbh2W20070112H20

(abbrevi ated as Ru2(H20))- 1006610.05 g (0.08 rrm)l) of [(p-cynmene) RuCl212

was di ssol ved St kST T of oW Ui/ m H,6,Q); Then
0.5 g (0.08 rrrr\gﬁlre;lno% Kl(gllzr}%lﬁizvq\%%g?me&élf? L\%alg{l “adde ‘pLU SH o uti Iog’)was

heat ed to 90C f mpgBLuEy WSIQ@damna %g Io ergeean,asfr!smllmetprmt wb@heﬂis 1sp|1?é¢d 0 5 L
of 1.0 MKCL Sokﬂﬁtdlpﬁ}le\ﬁ@ﬁeﬁdﬁe@ dfl@ 9t7h'@h)f b%d(g), %(f"‘/'(s) Sé@ﬂhf%@ﬁ@lﬁ?g%kﬂ room

tenperature led to O. 2/ 26% | OW cr pro uct after
one week. IR 9%4?(8)81%((%? (8B I0&MH) cmés@l(lsfhr)encesﬁertz pNelgig, S.68®we453, 413

(cm1). 25 BExanpl @1Ball &Pg: dd AL s B BHE) L 1202004 B, 144834LF) ) ('Y
GeWLO 036)1. 71120 (abbreviated as KACI2RUZHZBGeW0044) | fO06/1A 0.27 g

(0.54 mol ) sanple of [RUC6H6C12] 2 was dissolved in 20 nL of water,

fol |l owed by addii, Ouf The H
val ue was ;dj us!tg%add Oi i‘r&g EB")(] Hdw&f‘@m@ﬁcﬁﬁﬁy § ﬁ was 20
heated to 80C f@bblfs"hmﬂraszlﬁ@llt%w:s)ool ed to roomtenperature. The sol uti on
was filtered angodzjen Aoglfg&s mﬁolﬁ)s%@o%u\@%%@% disso1 58 ko ATOMNt  Of

orange precipitate (believ enzene- ) - cont al ni ng
ger manot ungdPat B0 aiheppéar(éd ramel) vEKo[ofidOa eday addefit dhedolatidn, wakhen, 2.0

m.of 1.0 MKG reﬁ@édaﬂgefj o8 tanc?atil.lel'etdr & cwﬂhée%ssﬂggg rg atto oghaPOor at e

in an open beaker at room tenperature. Brown crysta s started
to appear aft ertepaafyre regpiipd imat.P @gnofiwagreerostyistallimd pomluct] whible weo isekated

2045, 23610 53R (HAE oy a8 I . b 334(%54(4%? S

725(s), 674 (rr)cm 611(w) 531(m), 463(m enfl. (Reference: Bi,

Chubar ova, V.; Nsouli, N H; Dckmn, M H; Kortz, U.; Kelta, B.;
Nadj o, L. | nor% Chem 2006, 45, 8575- 8583.) 10

Exanpl e13: Pr epdixamipdn 8f appRatias of N §INHRB) Wure(HaB L CH ) (AsWoO5i)ANOH28) 19H20

(abbrevi at ed a‘;(agiggg;%htaygkﬁ%% )(\4%4)6) [0068] A 0.18 g (0.36 nunol) sanple
of [RuC6H6C12] 2 was dissolved i'n mL of water foll owed by addition of 1.0

g (0.36 muol ) d9062B| yfspmca)%lﬁmmb sample of (NHs)o[AsWs0O33] was added with
stirring to a solution of 0.22 g (1.30 mmol) CuCl;'H;O in 20 mL of a 0.5 M

20 NH4OAc buffer (pH 4.8). This solution was heated to 80°C for 1 hour and then
cooled to room temperature and filtered. Slow evaporation in an open vial
resulted in 0.23 g (yield 68%) of green crystalline material suitable for X-ray
diffraction. IR: 1400, 968(sh), 948, 904, 862(sh), 789(sh), 749(sh), 736, 629, 568,
484,453 cm™.

25
Example 9: Preparation of Na(NHy)ss[Cuys(H20)4Clys(SbWyO33):]-11H0
(abbreviated as NH;-CusSh; Wig).

[0064] A 032 g (0.13 mmol) sample of (NH4)e[SbWo033] was added with
stirring to a solution of 0.22 g (1.30 mmol) CuCl,'H;0 in 20 mL of a 0.5 M
30 NH3OAc buffer (pH 4.8). This solution was heated to 80°C for 1 hour and then

cooled to room temperature and filtered. Slow evaporation in an open vial



The pH val ue was adjusted to pH 2.5 by addition of 1M HCl1. This solution
was 15 heated to 80C for 1 hour, and then cooled to roomtenperature. The
solution was filtered and then 2.0 mL of 1.0 M KO was added. This sol ution

was al | oved t ¥°RNBAST S e in an open beaker at room t enpdiAfEErES VR e | ow

crystalline product started to appear after a week. Evaporation was
continued until the solvent approached the solid product (yield 0.18 g,
329% . IR 1435(m, 1152(w), 992(m), 20 948(s), 904(sh), 881(sh), 868(s),

776(s), 752(S), reLRREM) 0 z@lé‘ (Wid oéﬁg(dﬁmeﬂ%&q%nqgﬂ%éé{% s6ff: w(rB?frfvf ence:

Bi, L.-H ; Chubarova, E. H; Kortz, U.;
Keita, B.; Nadj diffraction. B¢ 9402(?1‘én$972®@6773481) 7857@438’5@34'66 447 cm \Exarrpl e 14:
Prepar at i on of {CsK4[ 13- GeW | Mn038( CH) ] . 13H201. 25 (abbrevi ated as

Csl C41127GeWL1Mn052) [0069]A 0.5 g (0.17 nmol nmpl e of

K8[ y- GeWL00361. Bxamaplpd8: Boaparatign of ighiiisl € wnr(O a&b&)u(ﬁs%s(bfu)lm@m g (0.34

mrol ) of MCk2. (%Ugﬂvia?edzﬂdﬂzolﬂﬁ 1M KOAc (pH 4.8). This solution was stirred
at 50C for 30 mn. Layering t he above solution with 1M CsCl resulted in
crystals. 30 2[9065}070&15@71@!625@113122%%@1 14525 0 68mmpD e disselvedding M a

condenser, st {241,608 AL RRBGRL) o SNALORGL Afpy el essrbndl cat ed

di fferent I y in Table %}é subst ant’i al ure sec enzene ( SBB)
suppl i ed by TCIOAder mHPl)gWQSe%dﬂed bﬁhlyFOI}a‘é}ndé@Sd’éate@BP/&t &3Pt bdowy Al drich
and one of the ROWieahaby SR fMER0Uaediowel T @sﬁsmde%ago & bbéker iBolh! ask was

heat ed using a tenperature-controlled heating mantle. The reaction
t enper at ur e fastempanugnd Aflts pice d8ume binascrattabesp Readpet. stamigd 42 rappdabw r at e

was approxi mat etyip&dfbriChisABwed td &ntifucd rtil R s%!ﬁ%rl 11l }ﬁki% Bichtdher €act i on
m xture was rem)ved fromthe flask and analy as ¢ rorrato raphy (GO .

ed
The process wassoHépesped whish weasctherpeolicpied @étf&IrVWsan%CPlrp‘?rlﬁéuc@d 1i120,Exanpl es

2 to 14. The cafoabyi9l7,og0e38824MBUND, cgANShs ey BB conversi on and t he
selectivity to sec-butyl benzene hydroper oxi de (SBBHP) are shown in Table 1.

Also indicated in the Table 1 are the selectivity of each catalyst to the
by- product s 18ceaty| ongy: ( ABrepdidtion PheNY | KNQ Iy IOY W, (HBEED . 22
691 H LS (al?breviated as %uz(HzO)).
[0066] 0.05 g (0.08 mmol) of [(p-cymene)RuCly], was dissolved with stirring
in 20 mL of 0.5 M NaAc buffer (pH 6.0). Then 0.5 g (0.08 mmol) of
Naj2[SbyW2,07:(0OH);] was added. The solution was heated to 90°C for 30 min
20 and filtered after it had cooled. Then 0.5 mL of 1.0 M KCl solution was added to
the filtrate. Slow evaporation at room temperature led to 0.12 g (yield 26%) of a
yellow crystalline product after one week. IR: 950, 885(sh), 863(sh), 836(sh),

806, 769, 703, 655, 453, 413 (cm™).

25 Example 12:  Preparation of Ky[{Ru(CsHe)(H20)}{Ru(CsHe)}(y-
GeW;036)]*7TH,O (abbreviated as K,C12Ru;Hy3GeW iOy4).
[0067] A 0.27 g (0.54 mmol) sample of [RuC¢HsCly]; was dissolved in 20 mL
of water, followed by addition of 1.56 g (0.54 mmol) of Kg[y-GeW¢035]-6H20.
The pH value was adjusted to pH 2.5 by addition of 1M HCI. This solution was
30 heated to 80°C for 1 hour and then cooled to room temperature. The solution was
filtered and then 1.0 mL of 1.0 M CsCl was added. A small amount of orange

precipitate (believed to be a benzene-Ru(ll)-containing germanotungstate)
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appeared and was immediately fiitered off. Then, 2.0 mL of 1.0 M KCi was
added to the filtrate, which was allowed to evaporate in an open beaker at room
temperature. Brown needle-shaped crystals started to appear after 1 day.
Evaporation was continued until the solvent approached the solid product (yield
0.82 g, 48%). IR: 3072(w), 2924(w), 2848(w), 2361(w), 2333(w), 1435(w),
948(s), 872(sh), 844(s), 795(s), 725(s), 674 (m), 611(w), 531(m), 463(m) cm™.
(Reference: Bi, L.-H.; Chubarova, E. V.; Nsouli, N. H.; Dickman, M. H.; Kortz,
U.; Keita, B.; Nadjo, L. Inorg. Chem. 2006, 45, 8575-8583.)

Example 13: Preparation of Ky[{Ru(C¢He)(H,0)}{Ru(CsHg)}(y-
SiW10036)]'9H,O (abbreviated as K;Cj2Ru;H3;SiW16Oy6)

[0068] A 0.18 g (0.36 mmol) sample of [RuCsHCl,], was dissolved in 20 mL
of water followed by addition of 1.0 g (0.36 mmol) of Kg[y-SiW;9036]-12H,0.
The pH value was adjusted to pH 2.5 by addition of 1M HCIl. This solution was
heated to 80°C for 1 hour, and then cooled to room temperature. The solution was
filtered and then 2.0 mL of 1.0 M KCl was added. This solution was allowed to
evaporate in an open beaker at room temperature. A yellow crystalline product
started to appear after a week. Evaporation was continued until the solvent
approached the solid product (yield 0.18 g, 32%). IR: 1435(m), 1152(w), 992(m),
948(s), 904(sh), 881(sh), 868(s), 776(s), 752(s), 685(m), 614(w), 558(m), 498(w),
473(w) cm’, (Reference: Bi, L.-H.; Chubarové, E. V.; Nsouli, N. H.; Dickman,
M. H.; Kortz, U.; Keita, B.; Nadjo, L. /norg. Chem. 2006, 45, 8575-8583.).

Example 14: Preparation of {CsKy[B-GeW;;MnO;3(OH)}-13H,0}x
(abbreviated as CsK H,,GeW;MnOs;)

[0069] A 0.5 g (0.17 mmol) sample of Kg[y-GeW¢034]-6H,0 was added with
stirring to a solution of 0.074 g (0.34 mmol) of MnCl,-2H,O in 20 mL of IM
KOACc (pH 4.8). This solution was stirred at 50°C for 30 min. Layering of the
above solution with 1M CsCl resulted in crystals.

Examples 15-27: Oxidation of Sec-Butylbenzene over non-supported

Polyoxometalates
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{6676} To a 250-ml round botioin flask fitted with a condenser, stirrer and an

air sparger, was charged 100 g (unless indicated differently in Table 1) of a
substantially pure sec-butylbenzene (SBB) supplied by TCI America, 1 g tert-
butyl peroxide (98%) supplied by Aldrich and one of the POM catalysts produced
5 in Examples 2 to 14. The flask was heated using a temperature-controlled heating
mantle. The reaction temperature was 115°C and the pressure was atmospheric.
The air flow rate was approximately 220 cc/min. After 6 hrs, a small aliquot of
the reaction mixture was removed from the flask and analyzed by gas
chromatography (GC). The process was repeated for each of the catalysts
10 produced in Examples 2 to 14. The catalyst type and amount, and the SBB
conversion and the selectivity to sec-butylbenzene hydroperoxide (SBBHP) are
shown in Table 1. Also indicated in the Table 1 are the selectivity of each catalyst

to the by-products acetophenone (AP) and 2-phenyl-2-butylhydroxide (PBOH).
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Example 28: Synthesis of Mesoporous Silica and Immobilization of

Polyoxometalates

[0071] A solution was prepared by stirring a mixture of 1.0 g of the tri-block
5 copolymer, poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)

(EO20PO70EO4¢) (BASF), 30 ml of 2M hydrochloric acid, and 7.5 ml of water at

40°C for 4 hours. 2.08 g of tetraethylorthosilicate (TEOS) was then added to the

solution to produce a synthesis mixture having the following molar composition:

2(EO20PO70EOy) : 60HCI : 4.25TEOS : 15H,0

10 [0072] After stirring for 24 hours at 40°C, the synthesis mixture was
transferred to an autoclave and then heated at 95°C for 3 days. The solid products
were then filtered from the synthesis mixture and calcined at 550°C for 4 hours.
The product was the mesoporous silica material SBA-15 having a BET surface
area of 893 m%/g, a pore volume of 1.37 cc/g and a pore size of 6.6 nm.

15 [0073] The SBA-15 material was then used as a support for anchoring one or
more POMs, such as those prepared in Examples 1 to 14. This was achieved by
initially refluxing the silica material under a nitrogen blanket with
aminopropyltriethoxysilicate in toluene for 5 hours, whereby the silanol groups on
the SBA-15 reacted with the ethoxy groups on the aminopropyltriethoxysilicate to

20 produce Si-O-Si bonds. The resultant aminated SBA-15 was then stirred in 200
ml (2M) hydrochloric acid for 12 hours to convert the amine to an ammonium salt
and the product was then stirred with the desired POM. Filtration, washing and
drying at 95°C for 5 hours recovered the POM catalyst supported on mesoporous

silica. The overall anchoring process is indicated below:
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Example 29: Oxidation of Sec-Butylbenzene in the Presence of NHPI

[0074] To a 250-ml round bottom flask fitted with a condenser, stirrer and an
air sparger, was charged 100 g of a substantially pure sec-butylbenzene supplied
by TCI America and 0.375 g N-hydroxyphthalimide (NHPI, available from

Aldrich). The flask was heated using a temperature-controlled heating mantle.

w

The reaction temperature was 115°C and the pressure was atmospheric. The air
flow rate was approximately 220 cc/min. Every 45 minutes, a small aliquot of the
10 reaction mixture was removed from the flask and analyzed by GC. The data are

shown in Figure 1, in which the catalyst is indicated as NHPI.

Example 30: Oxidation of Sec-Butylbenzene in the Presence of
Cuz)PsW,s/SBA-15

15  [0075] To a 250-ml round bottom flask fitted with a condenser, stirrer and an
air sparger, was charged 100 g of a substantially pure sec-butylbenzene supplied
by TCI America, 1 g tert-butyl peroxide (98%) supplied by Aldrich and 0.2 g of
the catalyst produced by supporting Cu,oPgW4g of Example 1 with the mesoporous
silica material SBA-15 in accordance with Example 28. The flask was heated

20 using a temperature-controlled heating mantle. The reaction temperature was
115°C and the pressure was atmospheric. The air flow rate was approximately

220 cc/min. Every 45 minutes, a small aliquot of the reaction mixture was



| 23 Exanple 28: Synthesis of Mesoporous Silica and I mmobilization of

Pol yoxonet al ates [0071] A sol ution was prepared by stirring a mxture of 1.0
g of the tri-block 5 copolyner, poly(ethylene oxide)-poly(propyl ene

oxi de) - pol y( eMABHESki de) (E020PO70E020) (BASF), 30 mPCAER2008/pEBoChI ori c
acid, and 7.5 m of water at 40C for 4 heurs. 2.08 g of
tetraethylorthosilicate (TEOCS) was then added to the solution to produce a
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[0077] To a 250-ml round bottom flask fitted with a condenser, stirrer and an
air sparger, was charged 100 g of a substantially pure sec-butylbenzene supplied

15 by TCI America, 1 g tert-butyl peroxide (98%) supplied by Aldrich and 0.2 g of a
catalyst comprising CuyoPsW4s of Example 1 supported on Al;Os. The flask was
heated using a temperature-controlled heating mantle. The reaction temperature
was 115°C and the pressure was atmospheric. The air flow rate was
approximately 220 cc/min. Every 45 minutes, a small aliquot of the reaction

20  mixture was removed from the flask and analyzed by GC. The data are shown in
Figure 3. The data show that lower activity (SBB conversion) and selectivity (to
SBBHP) were obtained when the catalyst was supported on Al;O3 as compared
with SBA-15.

25 Example 33: Oxidation of Sec-Butylbenzene over non-supported CuPsWyg
[0078] To a 250-ml round bottom flask fitted with a condenser, stirrer and an
air sparger, was charged 100 g of a substantially pure sec-butylbenzene supplied
by TCI America, 1 g tert-butyl peroxide (98%) supplied by Aldrich and 0.17 g
unsupported CuyoPgWyg of Example 1. The flask was heated using a temperature-

30 controlled heating mantle. The reaction temperature was 115°C and the pressure
was atmospheric. The air flow rate was approximately 220 cc/min. Every 45

minutes, a small aliquot of the reaction mixture was removed from the flask and
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100 g of a substantially pure sec-butyl bgpzene supplied by TCl Anerica and
0. 375 g N-hydroxyphthalimde (NHPI, available from Al drich). The flask was
heat ed using a terrperature controlled heating mantle. The reaction

tenperature Wasmila gdmt"henpfr Q50 W€ H&on 3 rﬁﬁm‘%r&rﬁ: qh-mﬁ;,h%lr IJGQW rate
was approximately 220 I'mn. Every 45 mnutes, a snmall aliquot of the 10

reaction mixt ur enwesneahioedsetecovitytdnd aﬁlllasdasealndhemwyz&drewsaﬂbd Wiﬁe dat a

are shown in Fi is indicated as NHPI. Exanple
30: Oxidation O?x‘ééﬁsuﬁ% r%e% gglﬁtesgb%ﬁ caaaEﬁesence of Cu20P8WA8/ SBA- 15 15

[0075] To a 250-m round bottomflask fitted wth a condenser, stirrer and

an air spargar. pyAs,E A4 S5ad APt alny BURLARRLAL AN A5G benzene
S ?L “?r’( e sty

suppl i ed by nerica, per oxl supp i e y Al drich
and 0.2 g of thefl‘éHPhl yst produced by supporting Cu20P8WA8 of Exanple 1

with the es0poff gw@sm%dn@hméﬁeﬂ;gi Atfdd 66 rﬁ%g g il PPl e 28.

The fl ask was h using a tenperature-contro eating mantle. The
reaction tenper@it ina@em@s illamddﬁ@lgtoﬁeswps@d}y@umsc bﬂttﬂbwh@r@d 22%®e air

flow rate was Weﬁé'b%tsﬁh}heagg ./AHkH%a 53/@6 ¥5 #R- l‘&d k dﬁr’}n I-iPIal i quot

of the reaction mxture renove omt anal yzed by GC.
The data ar d0shapikabla frmngdddech).  The Wmstmteéa@@BPsFﬂW@aium?@a‘@M as

Cu/ SBA. heating mantle. The reaction temperature was 115°C and the pressure was

atmospheric. The air flow rate was approximately 220 cc/min. Every 45 minutes,
a small aliquot of the reaction mixture was removed from the flask and analyzed
by GC. The data are shown in Figures 5 and 6.

15
Example 35: Oxidation of Sec-Butylbenzene/cumene mixture over non-
supported CuzoPgWyg
[0080] To a 250-ml round bottom flask fitted with a condenser, stirrer and an
air sparger, was charged 100 g of a substantially pure sec-butylbenzene and 22.4 g

20  cumene, both supplied by TCI America, and 0.2 g CuyoPsWss from Example 1.
The flask was heated using a temperature-controlled heating mantle. The reaction
temperature was 115°C and the pressure was atmospheric. The air flow rate was
approximately 220 cc/min. Every 45 minutes, a small aliquot of the reaction
mixture was removed from the flask and analyzed by GC. The data are also

25 shown in Figures 5 and 6. The data show that the CuyPgWyg catalyst shows
similar SBB and cumene conversion levels to the NHPI catalyst (Figure 5) and

(Figure 6) similar final selectivity to SBBHP and cumene hydroperoxide (CHP).

Example 36: Oxidation of Cyclohexylbenzene over non-supported
30 Polyoxometalate
[0081] The oxidation process described for Examples 15-27 was performed on

substantially pure cyclohexylbenzene (CHB) instead of sec-butylbenzene; and



Exanpl e 31: Oxidation of Sec-Butyl benzene over Cu20P8WA8/ SBA fresh vs 5
recycled catal yst [0076] The catal yst from Exanple 30 was filtered fromthe
product mxture and retested at the sane conditions as Exanple 30. The data
are shown in YPGUPE?8® The data show that a minor actlVFF§FP@$gm?§3observed
with the recycled catal yst; however the gelectivity to the hydroperoxide
has i nproved dramatically. 10 Exanple 32: Oxidation of Sec-Butyl benzene
over CunPsWas supported on Al 203 [0077] To a 250-m round bottom fl ask
fitted with a cQORens@le poifdxbfblhiaNBoNR Blidiys R %Immsm&cnﬁwsd i#d0 g of a
substantially pure sec- butylbenzene supplled 15 by 'TCl "Anerica, 1 g
tert-butyl per oRiogrss eddpmplgpl| iThe opidatipndrepetion dp@pgatpregwast 1b§°@a(?&alfyst

conpri sing Cu20gg eolfS EX@H&) Dlif ssswapqtaéne@ep%eﬁ Bl 3emdibing | ASkcHgs heat ed
usi ng a tenperat ure con Toll feat | ng mant | he reactlon tenperature was
115C and the pr&gvarmrees | EXGobpbeh |°®Ses,'IEI’YéfYa45r mmum # amall \wtiguoa b rtesxi mat el y
220 cc/mn. BVefyfha nikRb $f reovdiBdm ﬂle'fﬁk&@&ndoinaiy?&i Bye86! 9B 44 5 xture

was renoved fromthe flask and anal yzed b dat'a are shown in Figure

3. The data shoWiBhatnvewsiger (i cvtPa)i and (JBBB\eéldWé?@l Bydronsrxidse(@BHEY ty (to
SBBHP) wer e obt &'léaﬁﬁtwmﬁﬁt%)rh@th‘é%@{e}&%raﬂ@é R NRORA (el @R 7AITRO Zat@showompar ed
w th SBA-15. 25 Exanple 33:." Oxidation of Sec-Butyl benzene over

non- support ed dh\zfopgwmwgfwwatyémwﬁoff@arﬁdt & DiheR tPPRRERUE| tted With a

condenser, stirfpgs21andwaile ahd 1%5@1'{ gﬂentl(y}ﬁﬁascbe%ﬁ%gcnjegg afd Qflus«?raébtb&yt antially
pure sec- butyI benzene suppl i ed n% Aneri ca tert-b per oxi de
ydlgle t)%/ﬁ

(98% suppl il8d BiErarete W&H’é‘r(‘i B theproof é’ﬂd”@ﬁ?@lbém aty Wit e 1.

The flask was hgatfcUshinge thvieRITRSERISULBIT 13 QaraBBs’ Rt In@@ksmagt jllngrA@ntl e. The
reaction terrperature was. 115C and the pressure was at rmsP eric. The air
0

flow rate was apidxiraths s?aszzotherb/rﬁfpﬁmeabevlgi bgenade salelsto the aprepdeds) | quot
of the reacti onclafing t#pBrpo&s of 8EMHHnd the fud &8 Jdﬁﬁé(prédaﬁltm?e@tn@rﬂa' y7pri by GC.
Dip rists re chownFigure 4 gnd ghnw that s c?lght i nprovenent in the
selectivity and an increase in the activity were observed with the
unsupported, versus the supported catalyst. 5 Exanple 34: Oxidation of

Sec- But yl benzene/ cunene m xture in the Presence of NHPI [0079] To a 250-m
round bottomflask fitted with a condenser, stirrer and an air sparger, was
charged 100 g of a substantially pure sec-butyl benzene and 22.4 g cunene,
both supplied by TCl America, and 0.05 g N-hydroxyphthalimde (NHPI, 10
avail able from Aldrich). The flask was heated using a
tenperature-controlled heating mantle. The reaction tenperature was 115C
and the pressure was atnospheric. The air flow rate was approxi mately 220
cc/mn. Every 45 mnutes, a small aliquot of the reaction m xture was
renmoved fromthe flask and anal yzed by GC. The data are shown in Figures 5
and 6. 15 Exanple 35: Oxidation of Sec-Butyl benzene/ cunene m xture over
non- supported Cu20P8W8



[ 0080] To a 250-m round bottomflask fitted with a condenser, stirrer and
an air sparger, was charged 100 g of a substantially pure sec-butyl benzene
and 22.4 g 20 cunene, both supplied by TCl America, and 0.2 g Cu20P8W8
fromExanple |I. The flask was heated using a tenperature-controlled heating
mantl e. The reaction tenperature was 115C and the pressure was atnospheric.
The air flow rate was approxi mately 22 cc/nmn. Every 45 mnutes, a snal

al i quot of;£R§ Eeaction m xture was renoved fromthe flask and anal yzed by
GC. The d al so 25 shown in Figures 5 and 6. The data show that the
Cu20P8WI8 cat al yst shows sim | ar SBB and cunene conversion levels to the
NHPI catal yst (Figure 3% and (Figure GQ‘sinilar final selectivity to SBBHP
and cunenel.hydr&penoosss dier (c8u¥ing an alkyknphaic3eemmrindatd dre edrresponding

Cycl ohexyl benzene .over non-supported 30 Pol.yoxonefal ate [0081] The, oxi dation
ot ocess HeCPImag Y, e de SoRpSihe e BNE S RSO Set ambr U ¥ pur e
cycl ohexyl heezeremufdiB). | nstead of sec-butyl benzene; and 27 ming As the
Pol Yoxnnet al ate (Parvi) catalyst the C1110P8W8 produced by the process of
Exanpl e 1. The oxidation reaction tenperature was 115C (as in Exanple 15).
The process was then repeated, but enploying a reaction tenperature of

110C. In both cases, every/4 FRuUt es, a |1 aliquot of the 5 reaction

m xture was renoved fromfhe flask and apgggzed by GC. The data for CHB
conversion (in wt% and penzemg hydr oper oxi de ({)CHBHP) sel ectivity
(in w% at the two tenpej\atures /re sho in Figure 7. The data show t hat
in these runs, the sel ec#i\\ty dfopped of N _nore_at the higher tenperature.

[ 0082] Whi | e the preseﬂi i nventTon has badfCdescRibed and illustrated by 10
reference to particular enbodi nents, those of ordinary skill in the art

wi Il appr ggiviieh Rhahd Rheadhnivigéfen@éhtlyedpiesédts By drofeh otahi AkylQRsugBiving
necessarily illustrated herein. For this reason, then, reference should be
nmade sol elfjomd tond cajhpe mées. grayided thet Rogngd ds egappe deined #e dorayatepelic r ue
scope of t r t ol pvgnt | on, . 0C f ol [ o 7] an
aIkyIaron&?&@pggﬁgluﬁgﬂkg %%2%08?%2%g%@égﬁééﬁcgg%%eggépd@%ngﬁgg%ﬁg ess
conpri si ngubghtt@d} indR arpakdngs hydrogdn, one onmornal kylf grgepeltaaing Homull @ 4 | ) :

in which Rl _and R2 each independently represents hydrogen or. an al kyl group
havi ng f r SfHPPDt YOMS cQf Bd‘ﬁ("%é’ﬁb@, grﬁ%v%‘gd‘”f}‘r%s{‘ lﬁlt?lﬁrﬂe e %é?a‘jalﬁsﬁed to
forma cyQhiigfgul h?wyegoﬁlé@mé tv%e%@ncafﬁpo?o%gwi‘ﬁetaﬁ@é dcEMphiss o oup
bei ng optionally substituted, and R3 represents  hydrogen, one or nore alkyl
groups hawviohgxbtungstitetsobstitutad bath adteasteonefursharyehehex ywetadr oup, with oxygen
in the presence of a catal yst conprising a pol yoxonetal ate, wherein the

pol yoxonet al ate conpri ses a pol yoxotungstate substituted with at | east one
further tmansi tTRMEBIsRlof cladm THEhRERCRARP aOfcadt! eMudthemhi@isgioh Sdiadiat | east
one further transition netal is selected from copper, manganese, iron,

cobal t, niseleeted feoinh eoppea dRingdneseutrpd riobatt.anekolesing cpdmium, ruthenium and

mercury.

3. The process of claim 1, wherein said polyoxotungstate also contains at least

one element from Groups 13 to 15 of the Periodic Table of Elements.
4. The process of claim 3, wherein said at least one element from Groups 13 to
15 of the Periodic Table of Elements is selected from antimony, arsenic, bismuth,

silicon, boron and phosphorus.

S. The process of claim 1, wherein said catalyst further comprises a support.



3. The process of claim1, wherein said pol yoxotungstate al so contains at

| east one elenment from Goups 13 to 15 of the Periodic Table of Elenents.

4. The process of claim 3, wherein said at | east one elenment from G oups 13
to 15 of the Periodic Table of Elenents is selected from antinony, arsenic,
bi snmuth, silicon, boron and phosphorus. 5. The process of claim1, wherein
said catal yst further conprises a supp2#t. 29 6. The process of claim1l,
wherein said c | yst further c i Ses a, porous support. .7. The process
of i ai m 85 whalB KTASETHIOb B - BUFER S04 HELBLJRERH Campis JPUchSe of
claim1, gitn said al kyl aromatic conpound of general fornula (1) is

sel ected from et hyl benzene, cunene, sec-butyl benzene,

p- met hyl - secbut yl benzene, 1, 4-di phenyl cycl ohexane, sec-hexyl benzene,

cycl opentyl benzene, cycl ohexyl.benzene and cycl ooct.yl benzene. 9. The
process ofJ7'cI ai ﬁk’ell?mﬁ%gélpg?lﬁl%gi ‘Hﬂ%fﬂ?ﬁa %‘HB‘%/I%SOIPB SSUNdBY “Yeneral formul a
(I') is sec-butyl benzene or cycl ohexyl benzene. 10. The process of claiml1,

wherein said contacting is conducted at a tenperature of about 50C to about
200C. 11.8.The Propessssopfl elaimnm.1whemiar eaidy adlgilaronstie xempeynd of goneiatt ed at
a tenperat f 0 5 el S . C alm 1,
wherein sail% lé%nq)g}(%t%ékeé%&q ré:lg negf}g?éélég}get’ %gmg%%ssgg?) gtygée?lgg%ﬂp q%%tﬁk aerpt o about
500 kPa. Hadylbdiven@r oLéslplehylckebhexhne, wherdicrylbanadneondyatdpenylbeszaenduct ed
at a pressure of about 100 kPa tq@ about 200 kPa. 14. A process for
producing‘é“ﬁﬁ@ﬁﬁ ?”@%ﬁ%PﬁﬁMSEQ'Q%Eﬁﬁﬁpising: (a) contacting an

al kyl aromati ¢ conpound of general formula (1): 30 in which RI and R2
each independently represents hydrogen or an al kyl group having from1l to 4
carbon at dhs, pFlevpdedsst harlaRi hnehdRinnsayd kékyjlabmetc tcomipornd &f cgeokiat gr oup

having from4 to. 10 car atonms, said clic group being optionally
substitutég?ngﬁgDﬁ%“?gﬁgﬁggﬁ?geﬂVﬂFggﬁﬁﬁggﬁgn%r nore al kyl groups having
from1l to 4 carbon atonms or a cycl ohexyl group, with oxygen in the presence

of a catalyst conprising a pol yoxonetal ate to produce a hydroperoxide of
general f olOrul allfeiprpeess of pamp 11} Whee@ sad contacting is conducted at a temperature

of about 50°C to about 200°C.

11. The process of claim 1, wherein said contacting is conducted at a temperature

of about 90°C to about 125°C.

12. The process of claim 1, wherein said contacting is conducted at a pressure of

about 15 kPa to about 500 kPa.

13.  The process of claim 1, wherein said contacting is conducted at a pressure of

about 100 kPa to about 200 kPa.

14. A process for producing a phenol, said process comprising:

(a) contacting an alkylaromatic compound of general formula (I):



in which R, R2 and R3 have the sane neaning as in formula (1) and wherein
t he pol yoxonetal ate conprises a pol yoxotungstate substituted with at | east
one further transition netal, and (b) converting the hydroperoxide of
formula (11) into a phenol and an al dehyde or ketone of the general fornula
R1ICOCH2R2 (I11), in which Rl and R2 have the sane neaning as in formula
(I')y. 15. The process of claim 14, whe3®in said at | east one further
transition nmetal is selected fromcopper, manganese, iron, cobalt, nickel,
zinc, cadm um ruthenium and nercury. 16 The process of claim 14, wherein
sai d pol yoxotungstate al so contains at ﬁiq one element from G oups 13 to
15 of the Periodic Table o RNt S. The process of claim 16, wherein
said at |east one el enent/from G jups 13/{0 31 15 of the Periodic Table of
El ements is sel ected frcn{antlnnn. a+-@Hi c, bisnuth, si(l)con, boron and
phosphorus. 18. The procggs of ¢ffaim 14\ wherein said catal yst further
conpri ses a support. d&g \ gcess of Z<lgaim%g wherein said catal yst
further conprises a p us support. 20 Hrke process of claim 18, wherein
sai d support conprises nesopores. 21. The process of claim 14, wherein

sai d cont aiatwitigh RS aﬁ@Raleﬁct}Eﬁhdqiendeﬁtbjnﬂepfeaénw Bydrbgabatin 8R@ droumboting 200C.

22. The process of claim 14, ere sai;d ¢ acting is,conducted at a
pressure ool 4 £8ORPAIQES, a%mie%g@t Rpznd ngz[ may e Ipmed 4 orgt 2 Qysiim 14,

wher ei n sajidyal eyl r@l%ﬁf iC t&olerHx‘EGnoétoH@n%{nﬁl é?lfcmg} P(Bém & SopiRhges €d from
et hyl benzene,” cune sec- butyl benzene, p-nethyl - se€but yl benzene,

1, 4- d|phenmbayuwdhathempsmeﬁphﬂmyg@enzenenum@dkmbngMEMZ@ngﬁonl1to4
cyclopentyl enzene cl oh enzene and cycl ooc enzene.

process of %€ % AoFl, %ﬂé@@ﬁﬁ%§§iﬁmﬁpk§$ ﬁ%?? ﬁﬁ@c%ﬁﬁd%ﬁg?gppfornula
(1) is seccomﬁrﬁélrigmy&oa{ewyt@h@ u&éoaaﬂycﬁ rox@éof%éiﬁrd?f&ﬁﬁﬁ&(l@f cl ai m 24,
wherei n the conpound of fornula ) is tert-butyl hydroperoxide or cunene

hydr oper oxi de. R!

X /; C\ ODH (1)

in which R!, R? and R® have the same meaning as in formula (I) and wherein the
polyoxometalate comprises a polyoxotungstate substituted with at least one further
transition metal, and

(b) converting the hydroperoxide of formula (II) into a phenol and an aldehyde
or ketone of the general formula R'COCH,R? (IIT), in which R' and R? have the same

meaning as in formula (I).
15. The process of claim 14, wherein said at least one further transition metal is
selected from copper, manganese, iron, cobalt, nickel, zinc, cadmium, ruthenium and

mercury.

16.  The process of claim 14, wherein said polyoxotungstate also contains at least

one element from Groups 13 to 15 of the Periodic Table of Elements.

17. The process of claim 16, wherein said at least one element from Groups 13 to
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15 of the Periodic Table of Elements is selected from antimony, arsenic, bismuth,

silicon, boron and phosphorus.

18.  The process of claim 14, wherein said catalyst further comprises a support.

19.  The process of claim 14, wherein said catalyst further comprises a porous
suppotrt.

20.  The process of claim 18, wherein said support comprises mesopores.

21.  The process of claim 14, wherein said contacting is conducted at a temperature

of about 50°C to about 200°C.

22.  The process of claim 14, wherein said contacting is conducted at a pressure of

about 15 kPa to about 500 kPa.

23.  The process of claim 14, wherein said alkylaromatic compound of general
formula (I) is selected from ethylbenzene, cumene, sec-butylbenzene, p-methyl-sec-
butylbenzene, 1,4-diphenylcyclohexane, sec-pentylbenzene, sec-hexylbenzene,

cyclopentylbenzene, cyclohexylbenzene and cyclooctylbenzene.

24. The process of claim 14, wherein said alkylaromatic compound of general

formula (I) is sec-butylbenzene or cyclohexylbenzene.

25. The process of claim 24, wherein the compound of formula (II) is tert-butyl

hydroperoxide or cumene hydroperoxide.



