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‘OF CYCLOALKANES FI ELD OF | NVENTI ON The i nvention generally rel
i nproved catal ytic process fogmmlllﬁmmmm cycl oal kanes to foPﬂP r"’rb ure
cont ai ni ng the correspondi ng etone. In particular, the
invention relates to directly oxi dggbpd cycl ohexane to forma m xture
cont ai ni ngosyaosthexanol and cycl ohexanone by contacti ng REGHERETE with an
oxygen source and a catalytic amunt of a heterogenous catalyst of gold or
g_ so[l__-gel\lbcolr‘rﬁoung K/S)nt aining parti cul_-r_@rrbr nations of Cr, b0 Co, ﬁir)_, Tg,
i, Ti, an ﬁi@m@ave een conbi ne
w th an oxide. EACKG?QJ\MI}?@%E ﬂf&}gpmc?ﬂa processes for the
production of m xtures of cycl ohEl exanone from cycl ohexane
are currently of ct)‘hsudemtadnlgenereﬂumtamsab afl imprioged ¢ataptivcoeassifaar e descri bed

in the patgnt oktutzﬁrgaéyatﬁrkmlea td ¥R inCPhixture USithinik twad;tesga.du@mo%mne is
oxidized to f éacti re co

hex dr oper oxi de
(C~). The resgftf’ ?‘ig "Cﬁgrftd‘f“ ar. t?"' H‘é’&?)tfﬁ')‘dgéffs ‘%Bt“?’“ﬁ H é&fﬁggxﬁpggence of a
catal yst, to faprm alWa@pmn"m oyelohexape) end cyglohgxanpue bu EntAdingand
cycl ohexanone cydisheiie witllasbxygen souede dhdri catalitie anubinefirhedrogenSiih

(ket onel al cohglihy 3Gy ngoratwaesorgactoﬁﬁaunecgnmrgsgaﬁ 1}l ofifbiraflod @yce adi pi c

acid, which i acta L'n proce or pre cértain
condensat 19n %Gt %él}as Mg h Bfég‘ceﬁﬁ'éﬁg“tsﬁg‘eﬁéﬁ'g’@ @?8 nmes of
adi pi ¢ aci d coorsbinediwith anlogle. and ot her processes, inprovenents in
processes for produci ng adi BACKEHOURDOF can be used to
provi de benefi ci al ese £xa | e,of the
oxi dat o of cycl oNeRaE ?’8°“éﬁﬁ§rgge S Pl ib‘tih‘? R s i CRTRS

Patent No. 4, Spchsganong fropheyeiohexang pre waiently of considerabla sommatsiibnous
cat al ysts1$0 ignificince ead de@issoribed lurtke pataitditeratace. Qh-typicl imdostridigractice,

subsequent |y GRAGHIRANiOGkbEy roeerrtta'raengﬁh&te ool Feichiie_contal ni ng K

and A 30 Dru er et, scl.ose, deconposi ng
a hydr oper oxi %J}Beefeﬂﬂté‘éfﬁﬁgg ?"W‘ﬁ“"%@%&?@lfgﬁ%‘p&%ﬂ{m by indh er ogeneous
cat al yst sel egresence ofarcatalystgtofopm eaeastion minjursfcopgginingtyglohexagoland| ver) , and
Cu (copper). Eyceéremmny) Iﬁheu&ateta}yséhammmﬁo&d@nwps(&uode/supmjt such

as 502, 420 g@r.m?tgqe@g% S ﬁ’s‘c’f}égﬂaéy Rt dat| Wh‘&?]‘" DEEHED (e

Catalysrs A 117 %%r %Pé

cor r espondi ngTRFEBHBIPLOSESIES R RS E"%rg?rr?g" eridensation PIYRIEFE OB copper

cat al ysts. Hopelysmides. hRuptcethe facge wilus¢soif @Hiporesid ¢omsumesiintthese find ether-~3a' 5
June 2002 al dphytdass, implovattdtem procesded ®r prodifcitigBddidlidaiditd pre@irggrsli at e

whi ch functi | t. Pugi, K (US. Patent No.
3,530, 1§2§ t onm s B ol Wl s SRRET 3§L|ohexéne to K and A

optional | y°usi ng aAsfﬁP‘i‘r‘B‘f"éa"cYSBa"r"Ppl%af‘QF9@““9&)‘\‘7@\)’@9 exapetosCHER faf bpg
m xt ur e cont afound $n Bnilinecetral., Hifh Patest W6. 4324084 ar whiah edbaltisalts are used

Cor e Siné’?ﬂgg* R ARAGLCRIARAS Tolnbh rAEcH e Somhidp Ualdp Mdirpca) BOn 10
Fayash, et a “RGPFIIL L RaREE sgEuting S 5 fmauminat rerbapery e

conprising gold, titaniumoxide and a carrier usefrrl for partial oxidation

of 10 hydgecar bonsnrtmxevaear/ Woédﬁﬁrs@boxegustt 1\993” d.sasseoteszhaw. 4§ 0 have
catal ysts tha

d|r ohex nevmtoutthe
addi ti onal CH °’°’r‘r‘§%§¥ rgﬁctxgggw%a ‘éiﬁ %%W‘t"ggtﬁ' %(&Frr?g??eﬁﬁf e lfS‘%ocessr ng
and | ess |osss%rct$%@méhe srphecwett@s of Ave (galdx Agdsilverpind @ufcappen).s woul d
result in hi gRreferablg the eitalgr& iofuppoRedsi 4 Ydlidysupportigichial Bi04, llj@3,0r no CHHP
or high oxi dat:guggn% Yetgopresent in the final product It 1s thus an
obj ect of the pres inve on to overcome sone of the deficjencies of the
prior art3and fii r By & \A‘S@c‘gaf&%@&g%“f b7 pred- 307né9%'t Sprdigdithat i on of
cycl oal kanes esiationesalineys tbah¢ tmrespondagicolivl gnd keohal usit@ njalsalahexanol )
and ket one (c g@ﬂﬁ} r ts in
little or léﬁl—%h‘r?)ﬁr‘gsent i ﬁ%g I??ﬂgje?r)tﬁg %S%}Hﬁtogtah?g%ﬁggﬁtﬁﬂoggﬁ?ﬁﬁs and
advant ages of t he present |nvent| on will becone apparent to those skilled
in the art upon reference to the detail ed description which follows
herei nafter. SUMVARY OF THE IN\/EI\FI'I ON 25;In accordance with the present
invention, a proce m mﬂ d for oxidizing a cycl oal kane (preferably

cycl ohexane) in a ure to forma product containing a
correspondi ng al coh and ketone (K), the inprovenent conprising
contacting the reaction'W%h a source of oxygen and a catal ytic amunt of a
het er ogenous catalyst in which the catalyst is (1) gold, (2) a sol-gel 30
conmpound of gold, or (3) a sol-gel conpound conprised of (a) one or nore
nenbers selected fronta frrst group consrstrng of Cr, Cb and T| and (b) one

N o o o M. e o I ] B Y



5 June 2002 catalyst. Particularly preferred catalysts include gol d
supported on Al1203 and sol -gel conpounds cont ai ni ng AH /or Co.

DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS | R accoraance with the
present invention, cycloal kanes may be directly 5 oxidized in the presence

of an oxygen e.and a t.to yvield the ¢ n al cohol and
ket one vmy'? h Iach‘l’FY o reyred) Proé(i%i (j’y ey%#“otﬁ'éer%?&‘a{ @gkég'ﬁ‘fg?'ﬁafhe final
product. The thxedcorabgeidoirg reageal.yst s of the invention include Au (including,
but t | ted t I f t

i a5 abPupER S Rt RLE B RO L 3
more of Cr, wclahnzarw todﬁam( B ommaﬂy using éSQJflblZICObﬂtbFatmt Hpweygr, they and Ti

that are gompigigy %&HuaéthQa hU&nt‘&ﬂﬁﬁﬂtst@Fﬁﬂﬁre at |east two different
nmetals present I1n_the npound or t he supported Au catal yst, the metal to

support per cent agélaﬁ‘ﬁ?\e‘v"dr(?l’@7%%6‘&?‘0@561’%3%@681“ pingAalEsed by wei ght
and i s prefer Ma:B&Qk')tcere &lﬂlrgMOﬂiﬁ t‘é&enc@&fﬁﬁeﬂﬁcmggkgehﬁﬁkﬁﬁUppor ts

i ncl ude Si 02 ilic 3 Zr02 2| rconi a rbon) and

Ti 02 (titani &Y ‘?‘0 ?#‘Wééf@tél &H]@é) dispisee P H‘glyﬂﬂf %ﬂ%%@% on al uni na
is a parti culcambusmg edld) titanfumaddde/sid axfa:ﬁémscfm/ﬁmpmal oxddatienof t he
heterogeﬂﬁ &r ;g%sts of the invention can be obtained already prepared
from man aclhﬁ Bt they can be prepared fiomsuitable 20 starting

mat eri al s using mklhmw&ﬂtlmhovc,nt wheld dedesifihlege have ¢atalystethat wordd ude sol gel
techni ques a j I I k9pet h gol d and

ot her non- go?cf%éf %c%lprreﬁggﬁgmgg% &g@?vﬁ%ggfg\e?g%ﬁg%zgts can be prepared
by any st andémnm%é@a@#ee wWiridvivould resu enwmnlercnr@cgéﬁ%@ddeawossgéch as

evapor ative bR Clﬂr%%s@&f&n@%dsf'&e%u%l@% tkwodﬁi reSHIERANEH nbersidh | N

particular, u raflne art| e size pre erred.. Such smal |
particul & e @B‘iﬁ?‘(cé‘f’t% ougithd 'r“?ﬂra’ﬁ’q:%m %ﬁoéﬁé?dé‘ﬂtsgﬁeéﬁ‘?td? ng to

Haruta, M, tHefaed piodu&upport - Dependency in the Cat al ysis of Gol d"
Gatalysis [oday 3@9@? P o BB Bt PR Lot e
that are pur gefesignonds off meqnioolaniaﬁd ﬁmemcbroﬁdc herqcyia fonthelonostep col or
associ ated gt Ashgiat al ysts when

pl aced on awts)%ila?%gfcgmaort gyr%&ep&zle%/tg &P ﬁxﬂn% ersed gold particles
typi cal | §0ar écyp}omaasaaed ketane syelpbexanpns) #‘F‘F& aé‘ie F%FE‘?O“S satalydtdhatl yst solid

support nmenbedsultd Qb SHOP, préska R theZfifkd prodatDniture! Olikéd bjeetdn be
or a m xture of ,anor phous talline

anor phous or c tallin nd 35 ¢

forms. Sel ecf‘i“{)ﬁ"&f‘taé‘?f "gﬁ‘?‘? RrEFenL X PRiipR L‘rbtef“‘b?‘ agﬁaf @t“al yst
supports w | thedeqpgiod referencstodhe Mtﬁxmwmmmmfoﬂews haeinaﬁerr esi dence tine
and 3 5 June 2002 WD 991 4Q07 W%%%%E‘Iiﬁﬁb d reactor flow rates.
General ly, the average part - sel ect egévvl Il vary from

O PO
about 0.285 nmto aa%qard%'%w'thdm 8[%?§P%'"YF&E\9‘PH roses I8 PEPVIEd 0N ar ger t han

10 n2lg are lb&i@fzﬁ{gr @deﬁdaﬂé‘aﬂel(ﬁn‘é\‘&aﬁ?@y@éﬂé‘xaﬁéa |ﬁla€raa&ifontr1|ﬂﬁtufe%abrﬁ$§ has a
direct correlation with i ncreased reaction rates in %tch experinents. 5

Supports havPRAUsheINtdIBipg @rcoggspandindzaleeliol Kahndikstongdkh ths iBipeeremsit

i nherent bri cbmPRSIRG cOMtatirghths edcBER with @& otRledf BRjden amat cﬁitélflibdant probl ems
in maintaining an acceptable particle size distribution establish a

practical up@ERUnt ¢id hﬂﬁ@ﬁeﬁ‘a{sa‘f%YSté’hWB'ﬁF thescatalystds &) gald. @ Aselgelt al ysts

usef ul B0t heompeaeNss doly, R (3)Hsclgel CoPipiung %6m9fnséix’5‘6ft(ﬁ)| dheldt markal s
(including nmeta |ona)8 conbined wth an qxj de, SJF&THEE an |nor anic matrix

of hydr oxi dedesmbess selested fiomea fitst aroup GRESISHNG AL Feand ©) eirPrude Cr,

Co, Zr, Ta, MNpreMembers sdibctadfrofvba sédoRaQrdup dbneRktily HEtri RBSTASI ¥@IM§orth
before. The nole percentage of netals in the matrix can varg/tI as.can the

nunber of di PPEIEWth the RIPYse Higt hyrpgen emt pregentip theyeagtiogymixiues,if they have

variabl e hydrcaesly@e.s@w bn@@bﬁ htahaarbrsoﬁga%ﬁmu@@oﬁ@m:smbn@@on
terrper atglge or ne and ot her par anet er transi tion nmetals Co

and O can bé'taﬁl‘ag%% hatige; Sﬁl?PGQHT‘%’“E%(PPé(W‘? %O'ZP'?eq"é('thRB“'gP and| " Ti and

My can be pr eeRdin ﬁi%nﬂﬁ.r@%ﬂod@:(a)acahﬁétrtfé(thd%ame RBWEhDBES opGdUp lSY eof . (Note
that for si I|f| tion the corre ndi ng ani ons are not. sho for these
cations in thEePEHPHMPRINIrgRNG I"Pff@‘d;% E‘éﬁj@?‘ﬂ?s ?S/?ff' » opepRipatiang thereofy ol ve
sol -gel 20 chrwdestdspthdlagitiel n t he netal s are co-hydrol yzed and/ or entrapped
Wi thin an inorganic matrix. Better disp?rsion and uniformty of the netal
can be obtained conpared to that normal 'y attai nable using nore
conventional synthetic nethods. The inorganic matrix can optionally be
supported on an appropriate support nenber, such as Si02) A1203, Zr02,
carbon, or Ti02. Preferred catal ysts of this 25 type are those contai ni-ng
Cr and/or Co. A "sol-gel techni que |s ~a process \/\herel na free rovm ng




The following non-limting Exanples are provided to further illustrate and
enabl e the invention but are not intended to linmt it in any way. Mterials
and Met hods 25 ~x-perinment 1 ~1% Au on g-al um na Accor di né e 2general
gol d deposition techni que of Tsubota et alL, Preparation of Catalysts V, pp.
695- 704 (1991) to produce ultra-fine gold particles) 10 g of powdered - 60
mesh g-alumna (Al fa Aesar) Ward Hill) MA) was 30 slurried into a solution
of 0.2 g gold trichloride in 50 mL water contaitung 1 nL concentrated HCl .
The pH of the sThe¢afalyizis aripriionally supported an ateatalyst sefidcsuppor seabes! ut i on and
t hen 0. 69 ' ; i LI ; ours at room

t enper at ur’gn tﬁﬁgltdgg* @?ﬁspﬁ\?@r@gg&b&&%‘%ﬁ) ?ﬁﬁag%bﬂa%%%ﬁtmtshﬁgg well with
distilled water. The recovered solid was calcined in flowwng air 35 ( 100
m./mn.) at 250C for 5 hours) cooled and then stored in tightly capped vi al
for testing as a cycl ohexane oxidation catalyst. The resulting catal yst was
purple/pink in color and had a particle size of 8nmas determ ned by x-ray
diffraction (XRD). 5 5 June 2002 WD 991 40055 Experim-n,.t 2 CrzZrO

PCT/ US99/ 02477 Cr0.05 (Zr02x(0~2x)0~95 5 218 m, of ethanol (Quantum

Chem cal, Newark) NJ, dehydrated punctilious) was conbined with 93.4 g of
zirconiumn-propoxide (70 wt % in n-propanol, Al fa 22989) Ward HiIl, M) in
an inert atnosphere N2 drybox. 5.24 g of chromum (111) acetyl acetonate
(Al'drich, 20,223-2, Ward 111 MA) was dissolved in 218 nL of ethanol and was
added to this solution. In a separate container, 218 nL of ethanol was
mxed wth 20.5 nL of water and 2.45 nlL of glacial acetic acid (J.T. Baker,
6903- b, Phillipsburg, N 17 and 1.91 nL of 70 wt nitric acid (EM Sci ences,
G bbstown Nn. The aqueous sol ution was added) in a dropw se fashion) to the
zi rconi um al koxi de sol ution. The experinment was perforned in a resin kettle
under a blanket t 5 of flowing nitrogen during the addition of the aqueous
solution. During hydrolysis) and prior to the observation of a gel point)
sonme opaqueness and possible white particle fornmation was noted in the

zi rconi um al koxi de sol ution. The opaque gel material was allowed to age at
roomtenperature for at |east 24 hours. The material was dried at 120C in 1
at nrosphere air prior to use. For 20 sone experinents, the material was
pressed at 20,000 psi into small disks aid granulated to sieve through -10,
+20 nmesh screens. Exoerirr~e_nt 2a CrZrO (extracted) C0.05 (Zr02_ 2 5
X(0~2~0~ 95 The conpounds were nmade as in Experinment 2 but in place of air
drying they were extracted using supercritical C02. The solvent renoval was
acconplished by placing the material in a stirred autoclave. C02 gas was
purged over the catalyst for a period of 7 hours, at 40C and a pressure of
3 500 psi. The 30 xerogel produced following this exposure was a free

fl ow ng powder. Ex~nent 3 CrTaO Cr0.05 (Ta®2.5-x (02x)0.95 35 350 nL of

et hanol (Quantum Chem cal) Newark) NJ, dehydrated punctilious) was conbi ned
with 1 | 5.8 g of tantalum ethoxide (Ta(COEt}5, Aldrich) 33) 91103)

M I waukee) W) in an inert atnosphere N2 drybox. 5.24 g of chromum (I11)
acetyl acetonate (Al drich, 20,223-2, Ward H |l MA) was dissolved 6 5 June
2002 WO 991 40055 PCT/ US99/ 02477 in 350 nL ethanol added to the al koxi de
solution. In a separate container, 350 nL of ethanol was mxed with 25. T nL
of water and 3.06 nL of glacial acetic acid (J.T. Baker, 6903-05,
Phillipsburg) NJ) and 2.39 nL of 70 Wt %nitric acid (EM Sci ences)

G bbstown NJ). 5 The aqueous solution was added) in a dropw se fashion, to
t he tantal um al koxi de sol uti on contai ni ng soluble chrom um acetyl acet onate.
The material was contained in a resin kettle and was pl aced under a bl anket
of flowing nitrogen during this addition. Follow ng hydrolysis, a clear)
dark purple gel forned. A clear gel point was observed after approximtely
seven days at roomtenperature 10 under flow ng nitrogen. The material was
dried at 120C in 1 atnosphere air prior to use. For sone experinents, the
mat eri al was pressed at 20,000 psi into small disks and granul ated to sieve
t hrough -10, +20 nesh screens Experinment 3 a ~ 5 CrTa~ (extracted) Crp.05
(Ta02.5-x (G-2x)0.95 The conpounds were nade as in Experinment 3, but were
further extracted by the sanme procedure described in Experinent 2a. 20
Experiment 4 &GTiOCr0.2 (Ti02-x (G-2x)0.8 13.85 nmL of 60 vol une % sol ution
in ethanoi containing titanium25 n-bgkhoxide [A drich, 24-411-2] in ethanol
was added to 50.08 nL of ethanol under an inert nitrogen atnosphere. 6.06
m. of a separate i 5 nolar (netals content) aqueous solution of 1.5 nolar
chrom um hydroxi de acetate [Al drich, 31,810-8] was slowly added to the

al cohol solution, with gentle swirling, to formthe green colloidai gel

The material was dried at 120C in air prior to use. 30 Experinent 5
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35 n-butvxide [Aldrich, 24-4 1 1-2] was added to 52.68 nL of ethanol. 8.50
mL of an aqueous 1.5 nolar solution of chromi um hydr oxi de acetate (A drich)
31,810-8] and 12.75 nm of a I .0 Maqueous sol uti on of cobalt Thume 2002
[Alfa, 12303 ]) were added to the ai koxide sol ution. During the addition,

the gl ass coeutﬂygterpamm ?@ tef¥ired cata'iysiyﬁ\eluas’ &d\e@&%eé%l@ﬁ OCINdIS99/ 02477

swirled under .an. inert en re he gell ed mat &rial was dried
at 120C in a??‘gﬁFF%?P‘I“B ‘gﬁﬁggﬂnﬁéﬁ? B G¢PSiOo5 Tip. | Si0.9 (02-x (02x)
1.915 nL of a teIDE’BAHlBD;DEShIEPTmUF THE EMBGDIMBNTKI on
cont ai ni ng 60 vol ﬁ,erre % .al koxi d§ﬁ| n_ethano 6.43 pl of

titani um n- but oxi f%dﬁﬁ’(iec‘ﬂ pﬁintéyvegbpﬁtcyslﬁglﬂgregény {4y 60 vol une
% of the % oozakiizodlrdthemresatcb@tﬁaﬂl oxYgen48unct and a edthlystad yiehbthadded to form a

A sol uti on cOSTTaPoe Joopbl Rt ot 1R of B coltRBhaife BlaibpasRa8 TOPTPT o
acetic acid pEmMsH badasl produdoPS- 1) was added to the al kOXI de sol ution.

During the additi ¢Re pdieoBéhoasiLaR SP(EB%%B&& inchidle AR NERRY, Bl Vs
gently t 5 swirled under an inert _nitrogen atnosphere. ’(Sabiel at I nous white

gel formed alimied 19, soletal serapqungs oferid) PEFr‘i. aaﬂ’lleé\ﬁlé& spigablggiolide r oom

tenper at Wy ;e §lﬁiboﬁtaddﬁbaﬁgel%6mb6wficﬁ conprigel 618) dmtcﬂh(l)@é og@s Gy dn@riat ( (1)§O)COI n5
air prior to u per e X X

3 86 L of | GEU HBSR &Efzﬁﬁcggighgléﬁgéﬁ TE et ot it bt o de,
and 16. 45 nlLoxitle, ehuhwhede there erelas bedstitovofdifferemtmeerals presentdn #hel cohipound. To t hi s
sol ution, d 51. 879 nL of
az251.0M so?rtmy @poﬁg%éggfaéﬁ'? H”'%‘f’%??ﬁ@(‘ﬁg@"%ﬁ&?a‘? 8 hanol wer e
added whi | e gout DP1deabdut A peraent dly yesight oandds preferably Bbowt Rdtto@bouti t r ogen gas
was used4 hr W@lf'gié}cenﬁ Smnt%lﬁle sﬁﬂ)og@ 'xﬁélﬁ&osl '(Bin@d)' ﬁo\é"ﬁﬁuﬂﬁrﬁ After

agl ng 24 hours i materi al was rror to yane

oxi dati on evEAIGaRiah cmER?)e"\“Firﬁl 2 “B‘BaALNB-E}‘m‘E)a SIUQBWR@G

0. 00495 (T02supﬁ6£iec2eﬁ) Mu&&ﬁﬁaﬁgértmlaﬂypeéf&mam@aﬂwmﬁhﬁm cal , 290
Newar k, NJ, de i Ous) ned with of a 60

ted t
Vol ams’ 56 Sl it | oroPHE EF RARGEtoss B GAERR I R TP DI T ORPAEY (Al dr | ch
24, 411- 2), ualceady prephied drom matufacierersabnthsp bar e prépBddfrom softatder 0. 219 M

o a3 3 ctedifle Rk AR b blGuilh Bl g RS BtnoCEERAEEHS 430 Y 77
was si mul t angdteshypiquesasdlesgribied in woredetait badow for memring both geid assthes O
99/ 40055 PCThdnlofldl Z&Tzoﬁﬁ&tﬁqwsgﬁﬁace?ymcﬁtagsatc%n6@%@‘3 ?@ﬁ} 0.119 m

of 1.5 M aqueous chrom um r oxi ate 7 (A drich,

31, 810- 8), attandardprgced ur%lmogwe.ga\fe welldispersed gold (sychlas esamﬁtweagos o5,

Phi | | i psbur giecitljues boige fom collbidal diﬁﬁer&i&ise si nul taneously added to the
A o oudy?r eon’ whinrirsiar s ol ekt Rold's Pty Sulp bl o D76 a0
| east 24 houpaticulataigpld (bfien smaaller itain 1Qam) dan @brapard;ﬂﬂ@otd_matomw,m oven, and
oxi dat 1 on ey Srieni Sdperetlepbiefty,imif ChtalisdEoBL CrialhisdBaa 30° ),

(Ti 02_ x(0~ 26&?97)8155@61%@&“@%9%@8@%%0?Gagmy PRr@5uE¥d as descri bed
for Experi ”5‘97993) Stich lgoldRedabitio ﬂy\‘gﬂﬂuéug &Mk Are ﬁuréle Dirddf dlorof Aud 3

solution 15 ti tani um n-but oxi.de so of magnesi um

f
citrate ¥bl utosigad eftisngﬁe BP“E%?%%%FH‘WH?B!&“&% é’&ét‘%ﬁPE‘%gﬁg%i on 34.789 n
of gt hagol 28isperbedpoid cabdlyp aﬁﬂa;bla@eqem asuitgbld sﬁ’ppghﬁﬂdﬁb@(rj e;aadamhgmye gel wag
produced, an wastr int sane._nanner . as SC e eri ment
Experi ment 1 Eﬁ‘g%' AEXB'CS'&%’%%’ 3P 40 g3 113p 81%'%@?2)( ~0 848
1.836 m of et hanthe ¢a@lpstsalid @bpatmh;beﬁ@ﬂ)luchbg\ﬂﬂ@ AND), deby, dabbad
punctili ous) on in ethanol
cont ai ni ng zﬂ?@?ﬁr girﬁnmr?q%% OXI 89%%@“?1%%%%5&5?@%"%%84 ;%Pt ni trogen 30
at nosphe¥%®e 1crgstalling faymsaNelgctkave aoptimebaxsrags pattictersizeoior HiersatalysinuCl 3
(Aldrich) 33, 891 Bpesd Ul PRGN FAARArYd adds ARBcille iRl Shal80 M
aqueous magnei’?um Cllt tee Hl."’A{%fa g9368) ande 8 ofeleS I\ﬁaqueous
chrom um hydr oxi de acetate, Cr 3(OH) 2(CH3C00)7 (AI dr| ch, 31,810-8). The
aqueous solutions were sinultaneously added to the alkoxide solution. The
container was 35 gently swirled during this addition. A cloudy yellow white
gel ati nous material was produced. After3aging for at |least 24 hours in air)

the material was dried at 120C in a vacuum oven) and subsequently cal ci ned
to 250C in air for five hours, prior to cyane oxidation evaluations 9
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results in products which typically have very porous structures and concomitantly
high surface areas.

In practice of the invention, the catalysts can be contacted with a
cycloalkane, such as cyclohexane, by formulation into a catalyst bed, which is
arranged to provide intimate contact between the catalyst and reactants.
Alternatively, catalysts can be slurried with reaction mixtures using techniques
known in the art. The process of the invention is suitable for batch or for
continuous cycloalkane oxidation processes. These processes can be performed
under a wide variety of conditions.

Suitable reaction temperatures for the process of the invention range from
about 160°C to about 200°C. Temperatures from about 160°C to about 180°C are
typically preferred. Reaction pressures can preferably range from about 69 kPa to
about 2760 kPa (10-400 psi) pressure, and pressures from about 276 kPa to about
1380 kPa (40-200 psi) are more preferred. Reaction time varies in inverse relation
to reaction temperature, and typically ranges from about 2 to about 30 minutes.

The reaction process can optionally contain an initiator, preferably a
2-6 carbon aliphatic aldehyde. The most preferred is propionaldehyde.

The source of oxygen used in the oxidation may be molecular oxygen itself
but is conveniently air or other mixtures of nitrogen and oxygen with a higher or
lower proportion of oxygen than that of air, obtained, for examiple, by mixing
oxygen or nitrogen with air. However, air is preferred.

The following non-limiting Examples are provided to further illustrate and
enable the invention but are not intended to limit it in any way.

Materials and Methods
Experiment |
~1% Au on g-alumina

According to the general gold deposition technique of Tsubota et al.,
Preparation of Catalysts V, pp. 695-704 (1991) to produce ultra-fine gold
particles, 10 g of powdered - 60 mesh g-alumina (Alfa Aesar, Ward Hill, MA) was
slurried into a solution of 0.2 g gold trichloride in 50 mL water containing 1 mL
concentrated HCI. The pH of the slurry was adjusted to 9.6 with sodium
carbonate solution and then 0.69 g sodium citrate was added. After stirring for
2 hours at room temperature the solid was recovered by filtration and washed well
with distilled water. The recovered solid was calcined in flowing air
(100 mL/min.) at 250°C for 5 hours, cooled and then stored in tightly capped vial
for testing as a cyclohexane oxidation catalyst. The resulting catalyst was
purple/pink in color and had a particle size of 8nm as determined by x-ray
diffraction (XRD).

i ndi cated, and

1
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Experiment 2
CrZrO
Crg.gs (ZrO2.
x(OH)2x)0.95
5 218 mL of ethanol (Quantum Chemical, Newark, NJ, dehydrated
punctilious) was combined with 93.4 g of zirconium n-propoxide (70 wt % in
n-propanol, Alfa 22989, Ward Hill, MA) in an inert atmosphere N9 drybox. 524 g
of chromium (III) acetylacetonate (Aldrich, 20,223-2, Ward Hill MA) was
dissolved in 218 mL of ethanol and was added to this solution. In a separate
10  container, 218 mL of ethanol was mixed with 20.5 mL of water and 2.45 mL of
glacial acetic acid (J.T. Baker, 6903-05, Phillipsburg, NJ) and 1.91 mL of 70 wt %
nitric acid (EM Sciences, Gibbstown NJ).
The aqueous solution was added, in a dropwise fashion, to the zirconium
alkoxide solution. The experiment was performed in a resin kettle under a blanket
15 of flowing nitrogen during the addition of the aqueous solution. During hydrolysis,
and prior to the observation of a gel point, some opaqueness and possible white
particle formation was noted in the zirconium alkoxide solution. The opaque gel

material was allowed to age at room temperature for at least 24 hours.
The material was dried at 120°C in | atmosphere air prior to use. For
20  some experiments, the material was pressed at 20,000 psi into small disks and
granulated to sieve through -10, +20 mesh screens.
Experiment 2a
CrZrO (extracted)
i Crg.05 (ZrO3-
25 x(OH)2x)0-95
The compounds were made as in Experiment 2 but in place of air drying
they were extracted using supercritical CO». The solvent removal was
accomplished by placing the material in a stirred autoclave. CO2 gas was purged
over the catalyst for a period of 7 hours, at 40°C and a pressure of 3500 psi. The
30  xerogel produced following this exposure was a free flowing powder.
Experiment 3
CrTaO
Cro.05 (Ta02.5«
(OH)2x)0.95
35 350 mL of ethanol (Quantum Chemical, Newark, NJ, dehydrated
punctilious) was combined with 115.8 g of tantalum ethoxide (Ta(OEt)s, Aldrich,
33, 91103, Milwaukee, WT) in an inert atmosphere N5 drybox. 5.24 g of
chromium (ITI) acetylacetonate (Aldrich, 20,223-2, Ward Hill MA) was dissolved

6
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in 350 mL ethanol added to the alkoxide solution. In a separate container, 350 mL
of ethanol was mixed with 25.7 mL of water and 3.06 mL of glacial acetic acid
(J.T. Baker, 6903-05, Phillipsburg, NJ) and 2.39 mL of 70 wt % nitric acid (EM
Sciences, Gibbstown NJ).

5 The aqueous solution was added, in a dropwise fashion, to the tantalum
alkoxide solution containing soluble chromium acetylacetonate. The material was
contained in a resin kettle and was placed under a blanket of flowing nitrogen
during this addition. Following hydrolysis, a clear, dark purple gel formed. A
clear gel point was observed after approximately seven days at room temperature

10  under flowing nitrogen.

The material was dried at 120°C in 1 atmosphere air prior to use. For
some experiments, the material was pressed at 20,000 psi into small disks and
granulated to sieve through -10, +20 mesh screens

Experiment 3a
15 CrTaO (extracted)
Crg.05 (TaO2.5.x
(OH)>x)0.95

The compounds were made as in Experiment 3, but were further extracted

by the same procedure described in Experiment 2a.
20 Experiment 4
CrTiO
Crg 2 (TiO2.x
(OH)2,)0.8
13.85 mL of 60 volume % solution in ethanol containing titanium
25  n-butoxide [Aldrich, 24-411-2] in ethanol was added to 50.08 mL of ethanol under
an inert nitrogen atmosphere. 6.06 mL of a separate 1 5 molar (metals content)
aqucous solution of 1.5 molar chromium hydroxide acetate [Aldrich, 31,810-8]
was slowly added to the alcohol solution, with gentle swirling, to form the green
colloidal gel. The material was dried at 120°C in air prior to use.
30 Experiment 5
CoCrTiO
Cog.2 Crg 2 (TiO2x
(OH)2x)
14.57 mL of a 60 volume % solution in ethanol containing titanium
35  n-butoxide [Aldrich, 24-411-2] was added to 52.68 mL of ethanol. 8.50 mL of an
aqueous 1.5 molar solution of chromium hydroxide acetate [ Aldrich, 31,810-8)
and 12.75 mL of a 1.0 M aqueous solution of cobalt chloride [Alfa, 12303], were
added to the alkoxide solution. During the addition, the glass container was gently

-
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swirled under an inert nitrogen atmosphere. The gelled material was dried at
120°C in air prior to use.
Experiment 6
TiSiO
5 Tig.1 Sig.9 (O2-x
(OH)2x)

1.915 mL of a tetraethylorthosilicate (Aldrich, 13,190-3) solution
containing 60 volume % alkoxide in ethanol was added to 26.43 mL of titanium
n-butoxide (Aldrich, 24,411-2) solution, also containing 60 volume % of the

10  alkoxide in ethanol. 67.43 mL of ethanol was added to form a mixed alkoxide
solution. The solution was kept under a nitrogen atmosphere.

A solution containing 3.712 mL of water mixed with 0.515 mL of glacial
acetic acid (EM Sciences, X0409PS-1) was added to the alkoxide solution.
During the addition of the aqueous components, the glass container was gently

15  swirled under an inert nitrogen atmosphere. A gelatinous white gel formed almost

immediately on addition and allowed to age at room temperature for at least
24 hours The gelled material was dried at 120°C in air prior to use.
Experiment 7
CoSiTiO
20 Cog.5 Tig.4 Sig.1 (O2-x
(OH)2x)0.5
3.86 mL of 60 volume % TEQOS, 23.661 mL of 60 volume % titanium
n-butoxide, and 16.45 mL of ethanol were used to form the alkoxide solution. To
this solution, 3 74 mL of H50, 0.425 mL of glacial acetic acid, and 51.879 mL of a
25 1.0 M solution of cobalt (II) chloride (Alfa, 12303) in ethanol were added while
gently swirling the glass container. A blanket of nitrogen gas was used
throughout. A blue red gelatinous material was produced After aging 24 hours in
air, the material was dried at 120°C prior to cyane oxidation evaluations.
Experiment 8
30 AuMgCrTiO
Aug 00495 Mg0.0099 Cr 0.00495 (TiO2.x
(OH)2x)0-98
46.14 ml of ethanol (Quantum Chemical, 290, Newark, NJ, dehydrated
punctilious) was combined with 20.214 ml of a 60 volume % solution in ethanof,
35  containing titanium butoxide (Aldrich, 24,411-2), under an iner: nitrogen
atmosphere. 0.818 ml of an 0.219 M aqueous solution containing AuCl3 (Aldrich,
33,404-9) (prepared using water and a 3:1 HCl.Au molar ratio of 37 wt % HCJ,
E.M. Sciences, Gibbstown, NJ) was simultaneously added with 2.00 ml of 0.179 M

8
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CHHP). All calculatlons are based on molarities of products as determined by GC.
The molarity (M) of a given product compound was calculated from the equation:

area%Compound X MCB X R-F-Compcn.md
MCompound = area% CB

15
RF.Compound(GC response factor for a given compound) was determined
from calibration solutions containing known amounts of each product compound
measured by GC and chlorobenzene from the equation-

) R _ MCompound/ area%oCompound
20 -F.Compound = Mcp/area%Cp

%Conversion and %Selectivity were further defined by the equations:

% C . _ 100 x Sum of M for all product compounds
o Tonversion = Mcyclohexane(=9-29 M)

25
100 x Sum of M for (K + A + CHHP)

Sum of M for all product compounds

% Selectivity =

Examples 1-22 and Comparative Examples A-L (Tables I and II) give
results of cyclohexane oxidation experiments obtained using 2 mL glass vials.

30  Each vial was charged with 0.5 or 1.0 mL of cyclohexane/CB solution and was
pressurized to 500 psig with air. Vials were then heated at the temperatures shown
and for the times indicated. Vials were stirred with Teflon® coated stir bars.

Examples 23-28 and Comparative Examples M-S (Tables III and IV) give
results of cyclohexane oxidation experiments obtained using 30 mL glass vials.

35  Each vial was charged with 5.0 mL of cyclohexane/CB solution and was
pressurized to 500 psig with air. Vials were then heated at the temperatures shown
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A NN IO ' A NN IO ' A NN IO '



S10%#&' () - S10%#& ()- #10%#& () - 10#10#10#(

'910%#& ()-ttttttttpP44@10%! 10%#& ()- (s!10%#& ()- s! 10%-4#&) (e 2002
s!10%#& ()- s!10%#& ()- 1s!10%#& ()- s!10%#& ()-

tttttttdD(4s! 10%#& ()- s!10%#& ()-  F] fjols!10%#& ()- 1s!10%#& ()-
s! 10%#& ()- ttttttt_?4s! 10%#& (s! 10%#& ()- s!10%#& ()- s!10%#& () -

s! 10%#& ()- s! 10%#& ()- s!10%#& ()- tu uuuuw ; ?4s! 10%pestd¥miss () -

s! 1ocycr#&"'{"§?9"t§t’55|:] fjols! 10%#& ()- s!10%#& ()-

uu' u+uOu2udu_?4s! 10%#s! 10%#& ()- s!10%#& ()- s!10%#& ()- s!10%#& ()-
s! 10%#& ()- s!10%#& ()- 4u=uFuGul uluwf ; ?4s! 10%#s! 10%#& ()- s!10%#& () -
G F] fjo!'s!10%#& ()- s!10%#& ()- ;%{EW‘ ucuhurmu_?4s! 10%-#s! 10%-#& () -

s 10%#& ()- s!10%#& ()- s! 10‘Vcly~#&'ea(un }'Iold0%~#&l ()- s!'10%#& () - o
rur uvumuyugmp; ?as! lO‘Vv#SSc’{ ,10;{gfu%n ( )Pfi'ime,g Time, Conv, Sclect., CHHP/ Prop:on-
Ex. Catalyst, g mL  Temp.,°C Min min. Yo Ya K.A,CHHP aldehyde
M No catalyst 5.0 170 15 30 4.38 854 0.08 0.1
N No catalyst 5.0 170 15 30 7.51 69.4 0.05 0.5
0] No catalyst 5.0 170 15 30 7.45 693 0.03 0.5
P No catalyst 5.0 170 15 30 4.46 83.8 0.10 0
Q No catalyst 5.0 170 4s 30 6.56 81.5 0.04 0
R No catalyst 5.0 170 45 30 7.21 81.2 0.07 0
S No catalyst 5.0 170 45 30 6.39 823 0.05 0

Although particular embodiments of the present invention have been
described in the foregoing description, it will be understood by those skilled in the
art that the invention is capable of numerous modifications, substitutions and

5 rearrangements without departing from the spirit or essential attributes of the
invention. Reference should be made to the appended claims, rather than to the
foregoing specification, as indicating the scope of the invention.
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s110%#& ()- G| F] fjo!s!10%#& ()- s'10%#& ()-

GuuBuuu_?4s! 10%#s! 10%#8& ()- s! 10%#8& ()- s! 10%#& ()- s! 10%~#J§' ()t

SI 10%#& ()- s! 10%#& ()- uuuuuuw|: ?4s! 10%#s! 10%#& ()- s! 10%HB! %29926{ F]
fjols!10%#& ()- s!10%#& ()- uuuuuuu_?4s! 10%#s! 10%#& ()- s!10%#& () -

s 10%#& ()- s!'10%#& ()- s!'10%#& ()- s!10%#& ()- uuuuuuw ;

24s! 10%pAsdidiave#& ()- s 10%#& ()- G F] fjols! 10%#& ()- s!10%#& ()-
uuuuuuu_ ?4s! 10%#s! 10%#& ()- s!10%#& ()- s'10%#& ()- s! 10%#&' () -

SI 10%-#& () - 15! Ao o} oxidisingyiclciliehd AP HatAdntiirt Yo foddd () - G FI
fjol's! 10%#& Qx "s1 109 #& ‘8 i MUY B Ve DA QY S 1006 88 (10 ST10%#8 () -
1 10%- #gz.ntt)x{ec .W%&cirﬁsp iding al g\gxoyju_x etone, the 1mprovement comprising’

contacting the reaction with a source of oxygen and a catalytic amount of a heterogenous
catalyst in which the catalyst is (1) gold, (2) a sol-gel compound of gold, or (3) a sol-gel
compound comprised of (a) one or more members selected from a first group consisting of
Cr, Co and Ti and (b) one or more members selected from a second group consisting of Zr,
Ta, Nb, Si, Mg, Al and Ti with the proviso that hydrogen is not present in the reaction
mixture if the catalyst is gold supported on titania or sol-gel compound of gold supported on
titania and that the selected members of (b) are combined with an oxide and wherein
members of group (a) cannot be the same as the members of group (b).

2. The process according to Claim 1 wherein the cycloalkane is cyclohexane.

3. The process according to Claim 2 wherein the corresponding alcohol is
cyclohexanol and the corresponding ketone is cyclohexanone.

4. The process according to Claim 1 wherein the heterogenous catalyst is supported
on a catalyst support member.

5. The process according to Claim 4 wherein the catalyst support member is Al;O3.

6. The process according to Claims 4 or 5 wherein the catalyst is gold and wherein
the gold is present on the support member as well-dispersed particles having a diameter from
3nmto 15nm.

7. The process according to Claim 1 wherein the reaction temperature is from
160°C to 200°C, and reaction pressure is from 69 kPa to 2760 kPa.

8. The process according to Claim 7 wherein the reaction temperature is from
160°C to 180°C.

9. The process according to Claim 1 wherein the source of oxygen is air.

10. The process according to Claim 6 wherein the gold is from 0.1 to 10 wt. percent
of the catalyst and support member.

11. The process according to Claim 1 wherein an initiator is also present with the

catalyst.
12. The process according to Claim 11 wherein the initiator is propionaldehyde.

13. The process according to Claim 1 wherein the sol-gel compound contains Cr

and/or Co.

14. The process according to Claim 1 wherein the oxide is an inorganic matrix of

hydroxides or oxides, or combinations thereof.
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