WO 2011/ 150329PCT/ US2011/ 038334 CARBOCATALYSTS FOR CHEM CAL TRANSFORMATI ONS
CROSS- REFERENCE [ 0001] This application clains the benefit of U S.

Provi si omnatb 24pipisoz2at i on No. 61/ 349, 378, filed MapC2RIS201008833and U. S.
Provi sional Application No. 61/440,574, filed 5February 8, 2011, which are

entirely incor pqr RRBOOLTAILY PSS FORCEINIC AT ATRNNNFRMIT FORERALLY
SPONSORED RESEARCH [ 0002] At | east a portion of this invention was devel oped

wi th the support of the United SRIVGSRIGYPNER under G ant DVR-0907324
from The National Science Foundation. BACKGROUND OF THE | NVENTI ON
10[ 0003] OtWah] c nEtieaprdicationadisihorthabénshis oEUh Paavisientd Appbegiondws, hydrati on

e g VAT MEIPMARD. SOCHLPD S RIS SO RS R g
avaisl abl eFgtiadyyss 081 BREEH art @AGieliRcdMbhedhchay By acforeaer of drawbacks,

such as expense, toxicity, environnental inconpatibility, difficulty in
separation fromthe reaction product, conplex reaction conditions, |ack of

selectivity, |ackXIATEMENHAS T FEDERALRY;SRRNSORED RESEBARCEHh(

e fici Cal vsi o . D . d i
2"ai de vale] orXGhEns pARRAITR RSHATE e BRRRL R ROSpOR DA R 11
r eact i onsStasngolornugat @ndee Gaint ©NRIOPOT 3 Bbfrdmi Theat@inh ricrae ifetiadatiahone or

in conbination with another chem cal. The use of netal catal ysts has
vari ous drawbacks, such 1 i resul ting products.
This is particularly a %mgﬁ%%%ﬁ WX@WZ& t he product is

i ntignded Ngnmspi 0l OGhfiRIm 4SS Aan FbREItioUS SFhSBISAdxI ré&etiofs, I BraPb. $QREENOf
net al s. tal catalysts are also often not selective in Oxidation reactions

and many déhydogenaiamrigtdionheopdensataercadtions aed therdde agy eatgdszoddlyla vasIigMRY OF

br oad syntHELFD HETNRL 1O B By Bt ek B A e hae RBde fesb G ERTEa) P

t ransf or migbérv e YAHcks, SAEHAEXBense OfSRICHS] di¥ironmental incéBpatibolity Aditfididtytihe
organi c conpound with a catalytically active carbocatal yst; and . (b
t r ansf or mPeRgration fronytireactignprndvet, gpmnlex rrackpy coirditions. legk af salscgiaity ylagkeali ve
carjqocat a -far: } ] uct and a spent or
parl'ltg iall yt%%%%{bﬂé%gxé@b%ggﬁﬁ%yé@uﬁ{ ﬁﬂ% Elngeﬁgéﬁ%lgg Fﬁéﬁg; the catalytically
active caflnodpt al Bostinstahcaroxidatidh zedtidny are afcdgnh aphidt @aridti of omeniodl pseditttion
enbodi nents, the cat a{ ytically active carbocat al yst { S graphene, oxi de or
methods. Currently, oxidation reactions tend to use a metdl catalyst containing cither a metal
alone or in combination with another chemical. The use of metal catalysts has various
drawbacks, such as metal contamination of the resulting products. This is particularly a
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to the presence of metals. Metal catalysts are also often not selective in oxidation reactions

and many do not tolerate the presence of functional groups well.

SUMMARY OF THE INVENTION
25 [0005] Described herein are methods and processes having broad synthetic utility.
Provided herein are methods for chemically transforming an organic compound, comprising:
(a) contacting the organic compound with a catalytically active carbocatalyst; and
(b) transforming the organic compound with the aid of the catalytically active
carbocatalyst to form a mixture of a reaction product and a spent or partially spent
30 carbocatalyst.
In one embodiment, the catalytically active carbocatalyst is an oxidized form of graphite. In

some of such embodiments, the catalytically active carbocatalyst is graphene oxide or



WO 2011/ 150329PCT/ US2011/ 038334 graphite oxide. In some of such
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[0010] In some embodiments of the methods described above, the organic compound

comprises a secondary alcohol, the transformation is an oxidation and the reaction product is
20 a ketone. In some embodiments of the methods described above, the organic compound
comprises a primary alcohol, the transformation is an oxidation and the reaction product is an
aldehyde.
[0011] In some embodiments of the methods described above, the organic compound
comprises an unsubstituted, mono-substituted alkyne, the transformation is a hydration and
25 the reaction product is a ketone.
[0012] In some embodiments of the methods described above, the organic compound
comprises a di-substituted alkyne, the transformation is a hydration and the reaction product
is a ketone.
[0013] In some embodiments of the methods described above, the organic compound
30 comprises a nitrile, the transformation is a hydration and the reaction product is a carboxylic
acid.
[0014] In some embodiments of the methods described above, the organic compound
comprises an alcohol or aldehyde, and the transformation is a C-C bond forming

condensation with an alkyne or a methyl ketone. In some of such embodiments, the C-C



30conprises a nitrile, the transformation is a hydration and the reaction
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conmpound methyl benggnprthesisanstorgation standxodationr andgh¢ yeagizanupraded icar bocycl e or
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[0020] In some embodiments of the methods described above, the organic compound

comprises a saturated or partially saturated carbocycle or heterocycle, the transformation is

20 an aromatization or a dehydrogenation, and the reaction product is an aromatic moiety.
[0021] In some embodiments of the methods described above, the organic compound
comprises a thiol, the transformation is an oxidation, and the reaction product is a disulfide.
[0022] In some embodiments of the methods described above, the organic compound
comprises a sulfide, the transformation is an oxidation, and the reaction product is a

25 sulfoxide.
[0023] In some embodiments of the methods described above, the organic compound
comprises a nitrogen containing heterocycle, the transformation is an oxidation, and the
reaction product is an N-oxide.
[0024] In some embodiments of the methods described above, the organic compound

30 comprises an amine, the transformation is an oxidation, and the reaction product is an N-
oxide, a nitroso compound, a nitro compound or a diazo compound.
[0025] In some embodiments of the methods described above, the organic compound has
at least one sp>-hybridized C-H bond, and the transformation involves the activation of the
sp>-hybridized C-H bond by means of the graphene oxide or graphite oxide. In some of such

35 embodiments, the organic compound has at least one sp>-hybridized C-H bond, and the
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25sul foxi de. [0023] 1 n sonme enbodi ments of the nethods descri bed above, the
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maki ng a ceutical reag
pharmaceutical reagent or an 1nterrned1ate for making a pharmaceutical reagent.

[0031] In some embodiments of the methods described above, the reaction product is
20 selected from the group consisting of butyraldehyde, butanoic acid, hexanal, hexanoic acid,
benzaldehyde, benzoic acid, cyclohexanone, acetone, acetophenone, benzophenone,
naphthalene, benzil, propyl phenyl ketone, benzyl phenyl ketone, 4,4'-diacetylbenzene,
methyl octyl ketone, methyl ethyl ketone, formaldehyde, formic acid, carbon dioxide, carbon
monoxide, acetaldehyde, ethanoic acid, phenanthrene, benzene, anthracene, anthraquinone, or
25 fluorenone.
[0032] In some embodiments the methods described herein further comprise filtration or
centrifugation of the mixture of the reaction product and graphene oxide or graphite oxide to
produce a reaction product substantially free of graphene oxide or graphite oxide.
[0033] In some embodiments of the methods described above, the graphene or graphite
30 oxide has a plurality of functional groups selected from a hydroxyl group, an alkyl group, an
alkenyl group, an alkynyl group, an aryl group, epoxide group, peroxide group, peroxyacid
group, aldehyde group, ketone group, ether group, carboxylic acid or carboxylate group,
peroxide or hydroperoxide group, lactone group, thiolactone, lactam, thiolactam, quinone
group, anhydride group, ester group, carbonate group, acetal group, hemiacetal group, ketal

35 group, hemiketal group, aminal, hemiaminal, carbamate, isocyanate, isothiocyanate,
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[0031] I n sone enbodi nents of the nethods described above, the reaction
product is 20selected fromthe group consisting of butyral dehyde, butanoic
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acyl iodide, acyl cyanide, acyl j de, ketene,._ alpha-beta unsaturate
ester, al gﬂr@éﬁfbeﬂa S_awgaﬂﬁpgwt%ﬁﬁb%aeth&ﬁbﬁw%?@wg UPERABY AMHEHT e,
anhydr i de g Az} E'&npl%e%ﬁeoﬂﬂx@?eoé?édﬁ%d@h&t'h?gtfrou&.trate ester, nitroso,
nitrile, nitrite, orthoester group, orthocarbonate ester group, O-
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st oi chi omBYHIE® WFHDY i%’é’&or °Phe anount of catalytically active graphene
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carbocatalyst. [0035]In sonme enbodi ments of the nmethods described above,
t he or ganmsthodsrpopiiegesse dasebadabpys eidbelewie or nore el ectron wit hdr awi ng

r s. | In.so nbodi ment s ,of , t he .net had escri-bed above, .t he
o i CORA8L G Ba T BT e nd R iTFRIRR PRt RN Bt or oups.
[ 0037] I n em@pasidaatinglriemt dedChiebend) themathbe @stbasingd Xt ure formed according

to any (a) providing a catalytically active carbocatalyst exhibiting one or more Fourier
Transform Infrared (FT-IR) feature at about 3150 cm'1,1685 crn'l, 1280 crn'l, or 1140
crn'l; and
30 (b) contacting the organic compound with the catalytically active carbocatalyst,
thereby transforming the C-H bond of the organic compound, and converting the
carbocatalyst to a carbon-containing surface, the carbon-containing surface exhibiting

an FT-IR spectrum with one or more attenuated feature at about 3150 cm'1,1685 crn'l,

1280 cm™, or 1140 cm™.



met hods descri bed above or below. [0038]In one aspect, provided hereinis a
reacti on product according to any of the nmethods or processes described
above or Wwel20w/1528p0039] I n a further aspect, provided hec®ius2e13/0383a%et hod
for transfeyso] N9 137 MABENsFoE APRIABDNNAMIRS fé Js€@5in HN8atfenhRBAEbL, t he

met hod conprising: (a) providing a catalytically active carbocatal yst

exhi bi t i ndelodeogsnatisras cPadanisetfonMeagimhoeamprsingir ed (FT-1R) feature at about
3150 cm 1, 1685 aérarfhlo a%280010m11,,a%r 1140 cm 1; and 30(b) contacting the
organic corrpouﬁ Wi {31 {HEOER S ﬁi cally active carbocatal yst, thereby
transform ng t (19 aGatdlaady aétivichariocgaisclot e st thaodidaasy, @k iafign,t he
carbocatal yst to a carbon-containing surface, the carbon-containing surface
exhidbi ti ng an AaydRgspeianareniensatimecaftionnf dhepreane srokrsutce temaebosttalisout

3150 cm 1, 1685 o ml. WO

2011/ 150329PUP%@%TE%@@&%%#%%T@%%%@'urther aspect is a reaction

m xture f @04dke iln saimc@xibdain s offtirereatticnmixdebytiic ogdoattalgs cehibtopaemsat i on
reaction, conprising: (a)._an_or.ganic | ecul e; and q b) a
catal yti c%orgpwqrJgar@gqr@olegﬁ@ﬁﬁ?-lﬁgfeaﬂge a1 a5 Y the 1687 ga 6#?0 ¢m’™ or
hydr ati on;/fghydrogenati on or condensation reaction of the organic

nol ecul e, the carbocatal yst having less than 1 part per mllion netal.

[ 0041] | n §9H2] entdodbme rhdbodimankseofrthaciatctoon mixtenay the catbecatdysdoateas theh 1000

exhi bits ong, or Fourier TransformInfrared (FT-IR) feature at about

re
3150 cm 1 f_?s%%‘pg%ef,x“%%@r?ﬂjﬂti061‘161140 cm 1. 10[0042]1n sone enbodi nents
of the reflﬁMBﬁD M X%bkhe @mbb #en H@ FARAFALYST mbagre! @8 %r%aﬂ%@nél@&ﬁe wemprigisdpbene
oxi de or graphite oxide. [0043]1n some enbodi ments of the reaction mxture,
t he or ganpemars @dlibendsonpiablkde bonretcdnpembethe gehithondexidper algbkite exigeonct ed

upon by the, graphene .oxi.de or ..graphite oxide or, carbocatal yst during the
oxi dat 1 on BPOuSTTy AR OGS hyip REPY BaflPaioh el e B 1 n some

embadi menje4af t ha so@aehibodininkd fitks reabigonomfidite CtheBt@@ (W rBoleTy toBPEsedAn

al kene. In sone enbodi nents of the reaction m xture, the al kene conpri ses
an ar onat plkerg. derneme cmbegiveenéntfobs Freftian wixtensethe alene ePMpiSes aR éromailE al kene
conpri ses I i e i . i m xture,
the &l kendtind Rk uBfiEA of e FBRo AR TRRLACR: o aHlAhE

al kene. | alksmsrelnaoine @ntbedinsenty ofttheraaetdat mdnune] tht uikene ished wlsklestient@ inson®-,Ci S
or trans al kene. In sgne enb%ginents of the,reactggn m xture, thﬁlorganic
mol ecul e ’(Sntﬁlr' L telrazsubsiitytge alkene. In some embodiments of the reaction mixture, the alkene

20 1S a cis or trans alkene. In some embodiments of the reaction mixture, the organic molecule

comprises an alkane.

[0045] In some embodiments of the reaction mixture, the carbocatalyst facilitates the
oxidation of the alkane to an alcohol, aldehyde or carboxylic acid.

[0046] In some embodiments of the reaction mixture, the organic molecule comprises an

25 alkyne. In some embodiments of the reaction mixture, the alkyne is an aliphatic alkyne or
aromatic alkyne. In some embodiments of the reaction mixture, the organic molecule
comprises a methyl group. In some embodiments of the reaction mixture, the organic
molecule comprises disubstituted or trisubstituted methylene. In some embodiments of the
reaction mixture, the disubstituted methylene comprises a diarylmethane.

30 [0047] In some embodiments of the reaction mixture, the organic molecule comprises a
primary or secondary alcohol. In some embodiments of the reaction mixture, the organic
molecule comprises an aromatic alcohol. In some embodiments of the reaction mixture, the
organic molecule comprises an aliphatic alcohol. In some embodiments of the reaction
mixture, the organic molecule comprises a mono or disubstituted alkyne. In some

35 embodiments of the reaction mixture, the mono or disubstituted alkyne is an aromatic alkyne.
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[ 0045] I n sone enbodi nents of the reaction m xture, the carbocatal yst
facilitates the oxidation of the al kane to an al cohol, al dehyde or

car boxyl iwo2e0i1d150320046] | n some enbodi ments of the react iPom/us2oi 08334 t he
organi ¢ N &k EmEQRIRELS 85 tHRTeA?Bh WiRRre, ki SORToCHRRALRA Sk @fe i§ e reaction
m xture, the alkyne is an aliphatic alkyne or aromatic al kyrne. In sone
enbodlnen@hm@ﬂC@ ¢eact|on m xture, the organlc nol ecul e conprlses a

met hyl ani.c

ol oou o SH8H o B SR SHOBHATEATSR RGBT e alhit Fasb g3
enbodi mentige afixtifte reaction m xture, the disubstituted nethylene conpri ses
a di aryl net hane. 30[ 0047 In sone enbodi nents of the reaction m xture, the

organi ¢ nifl048l e I@@ﬁ@me gdinans ofehgragetianemberar i sptabyniohas lgsy thsgpiepart per
embodi ment, 11&Lm%nﬁf" &3k e%omrg&% gﬁthg Pefa ﬁ(%rgﬂl@tﬁrenﬁlle%gﬁ Bt FRTRL¢ ﬁ ?
aromatic I'n some enb gani c

action nlx ure,
nol ecul e pﬁﬂﬁhbﬁ@&xﬂnIﬁhMﬁ&&@bﬁmﬁhﬁﬁhdﬁmIbﬂﬁ&@ﬁ&x&ﬂﬁdﬂ@aﬁﬂ@ﬁiﬂikkh&mnSO
reaction m xture, the organic nolecule conprises a nono or disubstituted

al kyne. | RYSBeFPIBSBMSHi ments of the reaction nixture, the nono or
i subst i €y @ kg SRR e ALk VR:2R HekAORAIRCTA USRI 038334

I n sone enbodlnents of the reaction m xture, the nono or disubstituted
al Kigne i stramsitadt mbtatsiselealck irom theQDeg) dmssom@oi‘e%ﬁdJTvehhsAmng i, Read.i Rin

m xture, the reacti i Xture i sol vent- free m xture. 5[0049]In sone
enbodineni EBfN@’Q géégﬁﬁg: ﬁ?%ﬁh?g‘e ﬁb atal yst has |less than 1 part per
billion npgeal] | NnSeRE c/IFBARMIBIEShOfcabith hBAGE] BB ofBakicUhSleciB e £alifky st

has | ess than 5 part per billion nmetal. In sonme enbodi nents of the reaction
m xt ure, @MéalnmgaaomumSlm so8® etnlttmdlrs@ltmﬁthe p@lctlm X tore, thetoagani¢ MOBOYIens
Some enboglm 1r0nt 5 Ontalm %?‘Ct ! rne en?b%itlm nt ﬁl[e red ?1 udest ?h Orr a L€
10transition Tret ars ({éﬁmP Ne group CORSi %ﬁ 8?“%?“&% g %f
Au,15Ag, Rholdgule iPd phﬁﬁphoﬂdsvcoﬁﬁmlﬁ@corﬁﬁounar In ddme MabodRenfSldf t@reaMonTl Nb.

[ 0051] I n sone enbodi nents of the reaction m xture, the organic nDIecuIe IS

a sul T ur - TEYHICa i AEEEOMOGRY IS # halosrreciBHRIFEMPSURE. HeMecaORBREN &k ur e,
the organj rE'PJn%ﬁ%lgm'ré ik ﬂlgaﬂls’%”ec%?eﬁ %'hp %g? COMma oglsﬂ%uﬁ&’”ﬁl &Spodi ment s

of the reaction m Xxturé, organic 1 elis a hor'us- cont ai ni ng
conpound.embo&nnnmeﬁﬂﬁdeﬁmmSnmﬁnéhﬁgﬂﬁ@ﬂbkﬂﬁbnsxSMmencmhanﬁ@gmnmmummlhnule

is a hal ogen-co i ni ng ound. ln so enbodl s. of the reaction
m xture, PHES ?ﬁ‘lg%fﬁ’fn@n‘ﬁﬂlf Pactioq X HAe. 4 ?ifgé%lﬁtf%‘? iS e hPpuFRNRIPRES o e

enbpdi MentsmAdunldNgn SEAE LinBBdiFchisWiehe RLARMI HixARE @tﬁélln%ﬁlhl% nfolecule is a boron-
sil'icon-contai ni ng conpound. In sone enbodi ments of the reaction m xture,

t he organc@nmnhgamhmom&ia boron contalnlng 20conmpound. I n some enbodi ments

of the re xture ﬁg c_nol ecul b con%
compound. 1ige52) 1 ‘edreme S ST AR T S
car bocat alasstior sidinePeh s8fe brﬂb(t)chﬁleﬁ@%‘f i cORadtiontrhikBire, [the SQDBca0INAOWN greghs of
the reaction m xture, the carbocatal yst is present on a solid support.
on a solid support
25 [0053] In some embodiments of the reaction mixture, the mixture further comprises a
co-catalyst. In some embodiments of the reaction mixture, the co-catalyst is an oxidation
catalyst. In some embodiments of the reaction mixture, the mixture further comprises an
additional oxidizing agent.
[0054] In some embodiments of the reaction mixture, the mixture is for use in an
30 oxidation reaction. In some embodiments of the reaction mixture, the mixture is for use in a
hydration reaction. In some embodiments of the reaction mixture, the mixture is for use in a

dehydrogenation reaction. In some embodiments of the reaction mixture, the mixture is for

use 1n a condensation reaction.



25[ 0053] I n some enbodi ments of the reaction m xture, the m xture further
conprises a co-catalyst. In sone enbodi nents of the reaction m xture, the
co- cat al yWO 20861/10320xi dati on catal yst. I n sone enbodi nenPsTafS2e41h@3838act i on
m xture, the mxture furthiQCRPORASEONBYREFFRIMRCECXi di zi ng agent .
[0054] I n sonme enbodinents of the reaction mxture, the mxture is for use
in an  30[M9%FHat i Ahpuldlinetipnsn patewis sodwatsmbantilieatins rentiohed inghistsbenifieitionur e,

the mxture . ,s.for use n reaction, sof t he
Feact | on modieliib Mot dpdRR PR Gk LR G pu RO BN RIS R TR R G on. T
sone emboghteRNbSpadént bPflidadias WaBpdtifidally @nd tﬂamma)ntyuﬁ@catsd e Mepbitad by
condensati on reaction. WO 2011/ 150329PCT/ US2011/ 038334 | NCORPORATI ON BY
REFERENCE'|f@O5%} Al | publications, patents, and patent applications
mentioned in this specification are herein incorporat ed by reference to

the sane extent as if qﬁg]:j;[ N lglll.gl 'IS’ISA or patent
application was specifica Ig/ﬁgn |I%§gﬂl Ak i ndi c é(i to be i ncorporated
by 5ref er g056] BF!FIEI—hoDEISERhFéIIo@t\heCﬂ%VéﬁfEn@FMAAE NG&h \E/ﬁlﬁ)ﬁﬁ}iftnlerlt)umeﬂle é@andﬁdes

of the inventiop are t forth artlc rit hea ended cI

et tor untiBme: andeig wicwhstng al tdsfliy oiodmies Cuhe proCHTRERet W

i nventi ongalrld B &@kﬁb@%@h@%lfo@%ﬁg 8&91%&&5&1@1&10@1%&%!5 'F&ﬂ@'ﬁh@!rétﬁ@
description that sets forth illustrative 10enmbodi nents, in whic he
prilfci pI esmbédlnh:etSI mvelnitch the rameiplsi dfithesioly creioa atrmetllmdmmahwcwgndxawmggs of
whi ch: #hshows an exanpl e of one graphene oxide or graphite
oxi de cat ?gst y be used in nmethods of the disclosure. [0058]FI GURE

2 shows ammpnplfa(}@ﬂm atsh@ns af cxamphd 6ffdﬂ%5gr%9|eﬁe gkige er gﬁﬁﬁl@d SHifgcdtalyan
15enbodi ment of the current disclosure. [0059] FI GURE 3 shows an exanpl e

oxi dat i onthst may e g6¢d ipanciheds Olféhﬁzdlﬁdwqﬁg graphene oxi de or graphite oxide,

accordi ngyq Oxf Mt O‘gﬁg{?@ﬁo&{ # {k% i 6>88£t o o%h%?egfng to LQPO%Q] al:ccg‘dﬁé & %ho""s

an exarrpl nzene O an actor
entiedi nenembbditieet @ﬂihé Ellilﬁ‘erLﬂHSClo@ﬁIHl’ e. 20[0061] FI GURE 5 shows an exarrpl e
oxi dation of a diarylmethane to a ketone, according to %an?lnlg?ndl r{gnﬁengf t he
current di®@SPhsfFAGURE 3 shows an example oxidation of cis-stilbene to g grap
oxide or graphite oxide, according to an embodiment of the current disclosure.
[0060] FIGURE 4 shows an example oxidation of a methyl benzene to an aldehyde,
according to an embodiment of the current disclosure.

20 [0061] FIGURE 5 shows an example oxidation of a diarylmethane to a ketone, according
to an embodiment of the current disclosure.

[0062] FIGURE 6 shows an example dehydrogenation reaction, according to an
embodiment of the current disclosure
[0063] FIGURE 7 shows an example of an alcohol oxidation catalysis reaction according

25 to an embodiment of the current disclosure.

[0064] FIGURE 8 shows an example reaction scheme for oxidation of benzyl alcohol
using graphene oxide or graphite oxide, according to an embodiment of the current
disclosure.

[0065] FIGURE 9 shows an example reaction scheme for an auto-tandem oxidation-

30 hydration-aldol coupling reaction starting materials, using a specific example, using a
graphene oxide or graphite oxide catalyst and phenylacetylene and benzyl alcohol starting
materials, according to an embodiment of the current disclosure.

[0066] FIGURE 10 shows exemplary oxidations of sulfur containing compounds using a
graphene oxide or graphite oxide catalyst with thiophenol and phenydisulfide starting

35 materials, according to an embodiment of the current disclosure.
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[ 0062] FI GURE 6 shows an exanpl e dehydrogenation reaction, according to an
enbodi nent of the current disclosure [0063] FI GURE 7 shows an exanpl e of an
al cohol owDQat/Bm2gat al ysi s reacti on accordi ng 25t o0 an eciaseer088364 t he
current d[(ﬁﬁibgsUrﬁGLI@@ﬂllﬁv@ﬁEaﬁP%@%et@dﬁ SHeefNcBpy E31S) (RAfosREESE foOr
oxi dation of benzyl al cohol using graphene oxide or graphite oxide,

accor di ngsmlmmmmﬁ%f the current discl osure [ 0065] FI GURE 9 shows

ool fugeP L A PSP pRe B S R o b B ety Bl !

graphene esab@®: GiopheadRiitleGoXiod e tea sl GOsC mdopﬂlﬁnyl acetyl ene and benzyl
al cohol starting materials, according to an enbod of the current

di sél osur 3)06%066fﬁ@ﬁé3§b0‘§hﬁwnéﬁfé%wéﬂ§ (&Erhaﬁﬁedgoltsirh@)pn@ﬁhe@@moal ni ng
conmpounds i h

t hi opheno §ér§9reﬁoe¥le§el aft ur'e wﬁgﬁgt art &ﬁgp‘gg%& G%RPM) égggr fg@fﬁhﬁ?@ameﬁ
enbodi mentingf the current disclosure. WO 2011/ 150329PCT/ U82011/ 038334

[ 0067] FI GURE 11 shows X-ray Photoel ectron Spectroscopy (XPS) performed on

of car bon materal r aELaTLEDARES¢ RIELRNDF AHE SR FIOT e (60w op ot
100 C fi9¢finkBomd N- 5[ 0069] FI GURE 13 shows transm ssion FT-1R (KBr) of GO

(solidTine) and the carbon material recovered after reacting thi ophenol
Wit GO (70t %) Hte tam0“@tdlpst,” 1O upddhefelastieus to substanq@@mp@&:@ th)E$@3FRhIQﬂéISO\I OF

THE | NVENTI ON Def i Ith 0 "cat a er.ei n,
Torer o oo g Aol Raedatts A GhAPS bl oFEb PR raciiR s RS
react i ons fachitg@iedd dieinitd)Gédedes, sead ForlBREMplee AGTacY encAdics (&g S OFBSrolipy,
facilitating a chem cal reaction, such as, for exanple, surface nol eties

(e.g., OHaldelydss. cagtogzhiyaads). dhe bumqatalysdnciudes aprapherg oridaesInpie oxidel udes
a gr aPhe”§ ‘8{&? eﬁ{afo‘?{}' LEcO ﬂﬁ‘fg rﬁ{tel%*%ﬁ t FE RN a%ﬂgm?c)éyl% 10%0(5}j @' ALY
mat eri al 1>h aCI gs a C em-Ca reactli on, such as an

reastion oxidpidnymedtionatripoyniceaatiorortaction. I088mS sitw@ionnse cattzﬁ?st@aahlabﬁpstateds
incorporated into the reaction product and/or byproduc As one exa%l e, a
gr aphene BYO giedpiitioa p&duabar@éqréayyquu%r QI PRIRCH AR SFrsrRNE O

reacti on RaRk PRSI AR Al Holi AGBH RALABRR o M PrRAIVESp BRIkl idioQ the

pol ymer for
polymer rnatrlx of the polyrner formed in the reaction.

[0071] The term “carbocatalyst,” as used herein, refers to a catalyst that includes
20 graphite, graphite oxide, graphene, graphene oxide, or closely related carbon materials for the
transformation or synthesis of organic or inorganic substrates, or the polymerization of
monomeric subunits (also “monomers” herein).
[0072] The term “spent catalyst,” as used herein, refers to a catalyst that has been
exposed to a reactant to generate a product. In some situations, a spent catalyst is incapable
25 of facilitating a chemical reaction. A spent catalyst has reduced activity with respect to a
freshly generated catalyst (also “fresh catalyst” herein). The spent catalyst is partially or
wholly deactivated. In some cases, such reduced activity is ascribed to a decrease in the
number of reactive active sites.
[0073] The term “heterogencous catalyst,” as used herein, refers to a solid-phase species
30 configured to facilitate a chemical transformation. In heterogeneous catalysis, the phase of
the heterogeneous catalyst generally differs from the phase of the reactants(s). A
heterogencous catalyst includes a catalytically active material on a solid support. In some
cases the support is catalytically active or inactive. In some situations, the catalytically active
material and the solid support is collectively referred to as a “heterogencous catalyst” (or

35 “catalyst™).
9.



[0071] The term "carbocatal yst," as used herein, refers to a catal yst that
i ncl udes 20graphite, graphite oxide, graphene, graphene oxide, or closely
rel at ed ceokzon/wsai2eri als for the transformati on or synt r€Sits2@fi/0883gani c or

i nor gani c@YRpt r afiRSerndrsoliBSuRIY TRy hse@htRh, QéfcRHANE It stHRHME tot HoRlis®
“nmononers” herein). [0072] The term "spent catal yst," as used herein, refers

to a catabysppotiag avatlyeehy estposederd, sucheas cainlyst (6. ggeqaéqoa@telyat)pilmmm I n

some S|tuat| ons ent , cat is incapable. . 25 of facilitatin

cheni cal * Fisagi gl SRS b MRy n SESPERTeEaoRor et 8l Lhereediels 1o a
freshly g@d]ﬁf@bpmmbﬁbm{na(aie&ﬁcalfréaeﬁbncat al yst" herein). The spent
catalyst is partl ally or wholly deactivated. In some cases, such reduced

act Bvity 10078kcr iHhedemy maseras caakst | # ysheé hergibEtfeistto p sulstange onppiovial bk es .
[0073] The, & & o REHE! g%@%?ox%ag%hféﬁggstl a?aa%@&geﬁ% gl ]'%"ecllefs%ﬁrh% hQ a

sol i d- phase speci es i gure a chem’ transt ormation.
I n het er ogetortinl Sorcatiag ysa satalybte syphas cupoh aﬁhﬁohﬁt;&d)@:gﬁﬁg otisheg@tdlayd/or
generally differs fromthe phase of the reactants(s). A heterogeneous
cat al yst P?ﬁéﬁ‘ﬁ?ﬁ%’s’d Cé‘%?%?‘if‘ﬁ‘@%%“%tl ve material on a solid support. In

SOme caseﬁ"ﬁgﬁes Uﬂ{%%rtm I é%rﬁ@é abyt Q@ 36k 1R bdﬁﬁ%é/'&)\éﬁveelnrﬁ RYiFand a

si tuations, catalytically active mat’erial and the l1d su rt 1s
colliect i vedlyd, peheandedsdlial, asolal 4drndet slidgerelogsd emt agw tA spac[esm"mtiabe;/lsa‘s" ).

WD 2011/ 150329PCT/ US20 EE/O 8334 0074 Tgﬁ term" s S (g({ as u use
herein, rEf&rEe eﬂ’ée%‘d’é o HERRoE! PAPe FRSCHSS iyt rhqgtsﬁg 14 97iggs ghasc

cat al yt| C?d(hy] aCtTHéQer'%@t‘Q’éf?l?éne oMl A%s@] KabiR! dfdrs (FodhlytiGay oGl @hpight. 10
some cases, a solid support does not facilitate a chemcal Feaction.

However, DXﬂth her cases the solid support takes part in a chem cal

reaction 75] ter‘m"n sce t,,cata ef er (Lo a
subst ance[@%gﬁat eT-rli} “a m%h%lf‘phl Usea to usfgyl ia{l Eegfs ?/géj[al Cﬁé’s%gﬁ? EER: ?yst
i s 16har acbgidezed as a species that has the potential for acting as a

catal yst, such as, upon additional processing or chem cal and/or physical

nodi fi cat [&%r tréﬁ@h@l meenbh ~OHopdispirHa sewp gmbedintoagseralephol groyD fer ej n,
refers toc&%?eqﬂ?g)%q&é&/toglestumgyasad 8&%&%@@1’% a 10solid, a gas and a solid, a

solid and a so urd and a gas. species on a surface has
decr eased[0D84T eeS‘AdﬂeHylde’éﬂh@mnsw(t(hODHsmﬁcal Tiosdrhecrapedimestsian atdetydd grouplis
ra hene oxi de," as used herein, refers

solid or hase. 007
to catal yg‘?‘@éqp thy 88@ ag%"étg eé%ltlfé efe@‘B?S] The term "graphite oxide," as

used herein, refers to catal yt é_QaLJ_ active graphite 15oxi de.
[0@po] " Al tﬁilSd)] " rf@elkmyéi m&ﬁsraa i cal ? rddrcas ohesoerrtrmehotenerss amalibmyd lgodupgs oup

is covalentl){ %o Cdt& sur f ac scrlbed her ei n.
covalen ed to a surtacec as GSCI‘I c ereln

[0082] “Alkynyl” means a —§%§— radical. In some embodiments an alkynyl group is
covalently bonded to a surface as described herein.
[0083] “Amino” means a -NR’R radical where R and R’ are independently hydrogen,
25 alkyl, aryl, cycloalkyl, heterocycloalkyl or heteroaryl as defined herein, e.g., methylamino,
ethylamino, propylamino, aniline, and the like. In some embodiments an amino group is
covalently bonded to a surface as described herein.
[0084] “Aryl”means a monovalent monocyclic or bicyclic aromatic hydrocarbon radical
of 6 to 10 ring atoms e.g., phenyl or naphthyl. In some embodiments an aryl group is
30 covalently bonded to a surface as described herein.
[0085] "Cycloalkyl”means a cyclic saturated monovalent hydrocarbon radical of three to
ten carbon atoms wherein one or two carbon atoms may be replaced by an oxo group, e.g.,
cyclopropyl, cyclobutyl, cyclopentyl, or cyclohexyl, and the like. In some embodiments a

cycloalkyl group is covalently bonded to a surface as described herein.
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[ 0080] " Al dehyde" means -C(=0)H radical. In sone enbodi nents an al dehyde
group is covalently bonded to a surface as descri bed herein.
20[ 0081] "wbkenyisb32eeans a -/ Fradical. In sonme enbodi menPsTars2@lloasspd gr oup

i s coval e|jggy] bondggeiRydosly P 2Rnas sA8REdd ReMsdiftidmonolal-B088hoAkyny!
means a - | radical. In” sone enbodi nents an al kynyl group is covalently

bonded t ogwupwf ftade & rarg atieseini whidh beg e two ROBaHS Argi heteroatermmsslegted KRNRN, O,

radi cal whe R apnd R. are. indepe Ly hydrogen, 25al kyl ryl

Cyel oal kyPr SRRty in B Ryretf FOROTEI s Y RLTAE s SR Fle O ey

met hyl am Ageroeydlyl @il B @ption0IYlLgdi t6 Q,(0d) iaky1 v he@ftdril idiglak Kefinddhes&ife

enbodi nents an am no group is covalently bonded to a surface as descri bed
her & n. [ DEsHlcd Ahgaryhauhcterosryhianes o monpestiy clhechasropicky} ingduseddonat i ¢

hydr ocar b b WP . . yl. In sone
enbodinenﬁ@ng%%ggghd§£gﬁgk%?&§8%5€%ﬁg%¥ ﬁxﬁgg%gﬂpgggéhggéFgg@9%2¥described
herei n. [ B&8LyyCIrogl kdlitisralhs oac oyeld ngairbsraitects imthe \hateestyc Y tingcar bon
radi cal of three to ten carbgn atons wherein_one or t car bon at ons be
" opl aced ByICHIERe “@’rli’fﬁﬂ,%yél.—&(?' %9%9-%9f569¢91ﬁa}@|t§%m| ,ete&wP@bMW%r@
CyC'Ohexthmﬁﬂﬁl%Hﬁ%Hgﬁ%ﬁ&h@JﬁB&%ﬁﬁ&@Bﬁb@ﬁ%ﬁﬁﬁﬁ,2%96&@%#&%3&@9“p I'S

covalently bondé surface as descri erein.
20110/ 150329Rierid8R0 o pB8EERY piRteh]d, Hatabydropydaogl #ydtionpbaln®, and tiedikat ed or

unsat ur at oyval ent nocycl i rqqup of 4 to 8 ring ataons i i ch one
o “tvo 11 SiheBnk PR s ok aoi el il spiiai et & v aReCBTHE Bl o n 1 s
an i nt egeprovidemtiht e dng St AQFRLBI WHeh tHGRESTRIPBING contaili@t REst@mecycl yl
ring is optionally fused to a (one) aryl or heteroaryl ring as defined

her ei n Spnigtogdeatotrhel iaprkd referdediotheran ey hetelongdoamiao pph scaysibsd of thve
het erocyclyl ri fused, 1o monocvclic,aryl .or heteroaryl ringds also
vt orr oo Pgeri R QSRS hFRBREAEL ) Bt il wARREPENy 4 B e B or

Addist i onahétyroaBeinglas kiadraboge, ¢k BRE réteedtol Herdihas htatedaydlogyclid ng can
optionallg be replaced by a -CO group. Mire specifically the term
het er ocych§trrockdyl de somp gmbpdingsts 3 hstsreerrleadkyl gyeurdp ceyahantlydopded @ino,

honopi per .dknQ.. . 3=0% i di nyl, 2- 10oxopi peridinyl, norpholino,
piperazinggh?gf?éﬁﬁﬁﬁg%%%ghyl, t hi onor phol i no, and the |ike. \Wen the

het er ocyc[0087] i ng'Heseruayeds undtds hetereayl andnicairocyolvalkgi ciolo compgutsubl e
bonds provided that the ring is not aromatic. Wien .t he heterocyclyl qgroup
cont ai ns Hiﬂ%gbast ot e SAGIRY Aot NGRS PanYIE AT IGREEH ofS 0
hetygr ocych@aml BRnANghdrs ofe SMPSRL 8&%;561? oHELRHOGY X! il MR aERbREm
heterocyclyl Group is a saturatéed ring and is not fused to aryl or
15het er oasgiécted figmas, QtaatSe theaboaming ting gomb boingehonelicrireschiatiee nxagples
saturated, npROCY .l ot limited to, pyrrolyl, thienyl, thiazolyl, imidazolyl, furanyl, indolyl,
isoindolyl, oxazolyl, isoxazolyl, benzothiazolyl, benzoxazolyl, quinolinyl, isoquinolinyl,
pyridinyl, pyrimidinyl, pyrazinyl, pyridazinyl, triazolyl, tetrazolyl, and the like. In some
25 embodiments a heteroaryl group is covalently bonded to a surface as described herein.
[0089] “Imine” means a -C=NR- radical where R is hydrogen, alkyl, aryl, cycloalkyl,
heterocycloalkyl or heteroaryl as defined herein. In some embodiments an imine group is

covalently bonded to a surface as described herein.

[0090] “Ketone” means —C(=0)- radical. In some embodiments an ketone group is
30 covalently bonded to a surface as described herein.
[0091] “Methyl” group means a —CHj radical. In some embodiments a methyl group is

covalently bonded to a surface as described herein.
[0092] “Methylene” means a —CHj-radical. In some embodiments a methylene group is

covalently bonded to a surface as described herein.
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het erocyclyl. In some enbodi ments a heterocycl oal kyl group is covalently
bonded to a surface as descri bed herein. [0087]"Heterocycle" includes
het er oar ywoand/#sex2¢r ocycl oal kyl cyclic conmpounds. [0088pCiHaiSeri0m8888f nmeans

a nonoval 93 NOoGY&|1ECmeansRiCeY Cln ©niY @RYdifert@dhaale RbupisteBvALHB, Bdnagd
atons where one or nore, preferably one, two, or three, ring atoris are

het er oat o &#iréce eslddscobed\icr@n or S, the remaining ring atons being carbon

Repr esent gt ex s includg, hut are not lLinited to rrolyl . thienyl,
Cht ezl yi T1USHF oSS L b8 raditht T SofGsmbslirtafs £ Suo8y Both fenrhhfyy'
benzot hi apended to bendsoeas dkydribed@ el i nyl , i soqui nolinyl, pyridinyl,
pyri m di nyl, gyrqginyl, pyri dazi nyl , triazolyl,‘tetraqugl, and the |ike.
In Sone 2 di mehiad” gt A radicayr Bugpmescrabpdimens pyhipbgrgupl it @valesily f ace
as descri i “hmipe. means a -C=NR- radical where Ris
hydrogen,Q@ﬁf€ﬁ§35€§?%qgéc%ggﬁig Fnheterocycloalkyl or heteroaryl as
defined hgptdsh. |Thexome dahmai wighdrswag grodpTecirsaup dismaal albetitukbyt thaanded t o
a surface as.described her?in. [ 0090] " Ket gne" neaB]8 - C(=0) - Eadt&@l..ln
sonme enboBIoHES heFiciasBhE Igreiqsting OBOIGHRY EREMIPAbSACHN FBtch bY tih4raeing

descri bed,ferich @har%? R th VR BMcal FHaO4 CBRRRSTIRus; %rd’na&%ﬁ:(ﬁ'ﬁwings%r oS draw

enbodi nents” a neth group 1s covalently bonded to a surface ribed
herl®i n. [ GleSRJrsMstalyytomm e teartamserder- Cxamphdiindiide dnd asone lambwoldd mend, hak

met hyl ene, gro i s.coval ent onded to a face as described herein. WO
20117 150369aHRad TSRS 48Rl Bonarine frrseEt i EERE" SRR TS Yl Bs Bient s
anitril eF(Hl_@Q}JIO I heaeal @Bdtion dHRRGELsTbAp archits IAL EhcaficARabstinRadtaemBties

[0094] "Sulfide" nmeans a -S- radical. In sone enbodinents a sulfide group is

coval ent | thetrdgvtrostatiofagcesacting en ascaiby chdmigel rheation wentsf Q0BSicasihg oFgativeans a
-SH radical . | enbodi ment s t-hi ol .group,is.covalently bonded to a
surtace adndies S PaERRERLR TR el Al e Rl R B e S Poup:
refgrs todenseham eattigllstdrt Beamhpled aiclutedinfiiagsndt ignirkdee bIkgs taildox¢, dminees
acting on a nearby chem cal reaction center by w thdrawi ng negative charge
from t hat SEHEHICRE] reaction center. Thus, electron withdrawi ng groups draw

[0098] Recognized herein are various limitations associated with current commercially-
available methods catalyzing chemical reactions. For instance, while transition metal-based
catalysts may provide reactions rates that are commercially feasible, the use of metal catalysts

20 has various drawbacks, such as metal contamination of the resulting products. This is
particularly problematic in industries where the product is intended for health or biological
use, or other uses sensitive to the presence of metals. Another drawback of metal catalysts is
that metal catalysts are typically not selective in oxidation reactions and may not tolerate the
presence of functional groups in the reactants. As another example to illustrate the

25 drawbacks of metal-based catalysts recognized herein, transition metal-based catalysts may
be expensive to manufacture and processes employing such catalysts may have considerable
startup and maintenance costs.
[0099] Accordingly there is a need for broad-spectrum catalysts that overcome one or
more drawbacks of existing catalysts and that are able to catalyze a variety of chemical

30 reactions using a wide range of initial reactants or starting materials.
[00100] Described herein are processes for organic transformations involving the use of
carbocatalysts that combine the benefits of a metal-free synthesis along with the convenience
of heterogenous work up. Advantageously, the versatile carbocatalysts and processes
utilizing such carbocatalysts that are described herein are applicable to a variety of organic

35 reactions including and not limited to oxidations, reductions, dehydrogenations, hydrations
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10el ectrons away from a reaction center. Exanples include and are not
limted to nitro, halo (e.g., fluoro, chloro), halo alkyl (e.g.,
tri f 1 uor owethylispzket ones, esters, al dehydes and the |ireT/[s009/03sBae term

" el ectr on,QlpBatydadly s QURr 6:88810%s trﬁtr@ge@hﬁ'i’da@l%hs QP HdabHERL aloRRtizARALS | es
t he el ectrostatl C ?Ior ces acting on a nearby chemcal reacfion center by
i ncr easi ngolmegazatms,cﬂmérﬂg@lﬂgﬁt Mh‘dﬂpdth%thﬁ c@mem@lmtqsw neshl ey haV’WQBllcaélIOe%t ron
donat i ng BE |ncr %1[3 g e%ct ron 1 15d Lty a rE Qn e Exanpl es
ncl ude  aldPSPRTEEYIA Uty rl%yi‘mp S %8&?““ e Py lieﬂlr&%?t 3
[ 0098] Recagitinoadh e loetien pﬁzﬁrﬁla‘vtaltic@llﬁ ihpdRaheina@fialsand dal@medy Wick butderofiic
commerci al |l y- avail abl e net hods cat al y2| ng chem cal reactions. For

i nsBance, PhMmageuticalialystn Adsitignaliushe lack o mpsl & sapheneowideer eeabite onisie
rates t ha}na aﬁoﬁ/qmge dhf@lllésgn{ ‘aﬁaq%' 1?111 Fe’acttlgh% &ﬁ c%L'%aﬂﬁﬁaﬁ onqg‘g {)ﬁ/c%}ﬁs S (94?
t oducts.

various dra cont am na ion o resu I ng’pr
This is peafabmmltapfqdupe pldreiaeduticals br agnthmﬁhral pﬂadwte;c& ih heacpoduitdre itsvould
i nt ended heal t h or bi o] ogi cal r ot h er sefilgtﬁenm tive to the

presence ?d%fngp@l SACTHRHW eraﬂmfa@ il ﬂ?ﬁts‘étﬂe% & TPCHORR T Ysel A
catal ystsg h%rE fc%ﬂsth&e s8kiect 'tovl%eﬂa[‘ccﬂ%férﬁﬁtaﬁ&}{‘ reactions and may not

tolerate t sence of functional groups in the reactants. As anot her
exalpl e t{ﬂ(]l[)lhstTlaftaénltthef vaioudcatbbadlescdohatesalalto brslpzt thatsirymsels mé@ognl zed

h t t b d t { t
and. pr bcelUBE e RPYT g STER CATAry Chh o el 6o B AREIOGEY RSk BT AAt i aiha
mai nt e nan@ﬁfo&mtv% relﬂé@l%?@dx@ﬁﬁﬁﬁgﬁ B¢ rtiBeVEy highdueRhréQrinkhoRd 8R86HT UM

catal ysts that overcone one or nore drawbacks of existing catal ysts
and t hat ha@dmt@adbtomhwoyi@e aetiydy joétrynsafiorcimetal askd Q@ale'at@t Fongxagwlag a
act a

d d
0 05 BBy G R BH PEA 2 SRARL e

org 1ons 1 nv

cariocat akyt$dcs atdaalf seeiiahtatials Aed &emhnéesm@hctavm@t@thé t&ﬁgltfoynhételsﬁ)a@ecal ong
wi th the conveni ence of heterogenous work up. Advantageously, the ver satl |l e

car bocat aF3falysts aHgvisrge edse ety yuch jpp Faldadivm eBdmod il atinget @tk nae bgereplaced
descri bed Hgfﬁ gr{ acf &p&éghgﬁ% ?orgw.‘t s%sr 'tt?et ta? Oa{c%{%gg%ﬁg{b%@a%ié @73 or Pd.

including a 0 OXiI 1 ons, rogenati ons,
hydrati ontn cdﬂﬂaﬂomb/cﬁﬂﬁﬁﬁgl@@/db&m&dh&%%é ﬁaa df transltt;tdwmétyslsach sUiPtfouPd

oxi dations, nitrogen oxidations, .aldqQl reactions, aromatizati ons,
pol yner i &4 @ﬁéeacgﬁ?ﬁ %rﬁéatﬁfy%%‘PEWWag’@c Whe current disclosure may al so
havg appl !(ﬁﬁhkpn%ﬂe&a%ﬂb%aﬁg@{s”@rﬁi%&&é’és 1hv’HiHﬁ% ke usEQF sﬁd%%hé‘atal?&@,'xﬂﬁ@ﬁs

are inportant precursors | avonoi ds and ot her pharnaceutica
i npor t ant arateeeribet derndarka awecuhﬁam yheusyethean b i tegofiurnbe of pivhistmatgand cal

oxi . my A PetE R RSB ReRESD R RBHE o 8 B TERG AP By nat o

I's a concetpensish &dipddudceatddifdifalll SoRlcaiefe cRARCABEfiohs Alveviig &ghhisul t ur al
products, or in reactions where it would be detrinental, such as where the

pr oduct wimaferigls hawp p@@tf@@bt@afahysﬁmxd ar@&@tqf@rr@smdulym of ¢pstlyr fegme
nS| L ve to. .cont a natl 0010 The

p%sl cat | On%o&lmae%tsa{ rbQCatalysts pr (i“r?i crein I‘OVl ¢ ac ess c%%‘ewous .
ity of various’c %8%%8%& F PoVcats yze extrerely w de
intractable chemistries. The broad-spectrum catalysts described herein are able to catalyze a
variety of chemical reactions using a variety of initial products (starting materials) and
provide a non-toxic alternative to other catalysts and/or reactions. The broad spectrum
catalyst and methods of using such catalysts that are provided herein overcome one or more
30 drawbacks of existing catalysts and/or processes.
Carbocatalysts
[00103] In an aspect of the invention, carbon-containing catalysts configured to facilitate a
chemical reaction, such as an oxidation reaction or a polymerization reaction, are described.
In some embodiments, carbon-containing catalysts are catalytically-active graphene oxide,

35 graphite oxide or other carbon and oxygen-containing catalysts, including heterogencous
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nunber of possible chem cal reactions has hitherto not been explored in
detail. To date such efforts have relied on exploitation of the relatively
hi gh sur fwoeoarsaRi ntrinsic to carbon-based materi al s PoTAISKEN®883Bhe
activity eftalls@NH dn@NsiBliGs, PasBen cat@inyfl Gutal F@ls £EAPRIR oxRI@lalRabAL YST S
have been pl aced on gr aphene based materials to take advant age of” the high
15sur f acegripbidc ofidggihlystat eri al s and to enhance the activities of the
transition ngtal - bas ed cat aI -y V\t/eer%bvvh? metal s such as Pal | adi um
(Pd) and PI G 8 LGRS ene oxide materials to form
cat al yst s{0010#] Cﬂh@hyhspécﬁ@tcm\bbbatally& salthisle iHtraddtions QesBEib&r hdréin id n eaaizedst ,
t he carbocat aI sts described herein are free of transition nmetals such as
Pt &r Pd fnen effesanhélgce g onsraphenceiteatniiie @xkie baprd sl b c Sranhyag or geplot102]
The carbo 0 i catal ysts,
whi ch ar eS%gggge%b%c? (%%ﬁi%sﬂln tglrg e(tjsglgfd]u%/c?*ﬂeq Hlﬁc s%r k&%&gﬁégge%nru nber
of indust examhply, graytheaoohgiaphied dxidé Bpocduaad bﬁﬁemx&&ltlsnbﬁgtaphwhﬂng)mm se

be difficult_or prohibitively expensive to Addj nal ly,.
isetul  chi NANOF gapancomEs %ﬁl{fﬂﬂﬁ@lddp ganfice T?Fﬁg f‘grcsacvvfia%f%lbﬁaw M5t e
cat al ySt SRR ANE K IeRfQLR, ﬁ”f%”dhe%l QY. 350 §959 {1¥58) ShdSREerLREFLIdbRNL S,

t he carbocat al yst's provi ded herein provide access to such previously
i ntiact abCéemhértﬂ%téMﬁésMSI WEOXS), dath: mpe@'oramﬂ manabryzdmsrtdbgscﬁerdnedhéremel n are

able to cat zeav ofc cal et f injtial
roducts. CiHEs meeat iy Bage bf BincsEon g SriRlie afwiihlsidne ot hher
cat al yst sjpnH®f an"dQﬁﬁ?ﬁﬂg(IHNOg 1D 8cRriBainSIP SrhdemeRt, B ¥ Shrsan CHoBt mRdss jof

usi ng such cat aI ysts that are provided herein overcone one or nore

30dr anbac k48 lof 4586X(1829)nk. Banddnywicr, Berd Dorc/ipt boesses I2:Cab oL @RI $. [ 00103]
In an asp of the, iny ont.ai ni.n atal configured to
facilitat ggféajc I %l F?lrb:ac%pgw %gﬁwgg agr%ncoox d% Eel o%mraeeélcf ParPQ%re? yoee
poligner i ZAateRN Grapldnc @R graphfe O£E6 Madyatko Yerpregii®l B Beddi®dastion.
car bon- cont ai ni ngI catal ysts are catalytically-active graphene oxide,

8

35gr aphi t #025de Tasore ﬁ@oé@%amh%kfi@gmlw\% aatﬁlwwgalky&cawgtaﬁhenerﬂﬂ@?du ng
het er ogen ( /

o tunt Pong By RS R P R Mo Al Somb S iidine 0,
graphi t e exdcoe caalat ’gOSatreatMﬁnhIhdﬁlbelf (opr‘mpamnnxg:sm’t)aihymamhi satdgdt icomprising

car bocat al é@é [001 In ogg aspecfN a car bocat al ui tgbl for

react i onsSd@sE B F@Pﬁ‘ SPEd app Fbd %?%?P?ﬁt(‘}f‘taé’rs’aﬁ “bt%ﬁ reacjon

gr aphene of,ngRRL ﬁe%é@%n%%ﬁeC@E@hXS%Ent cga?}%hfér{ﬁerpéon%c%hbﬁl?a eXdrfigaused
as a catalyst in the present disclosure is produced using known net hods.
For exanpbedamgfr aphene or gr aph| te OXI de is produced by the OXI dat| on of
graphite | Kihat and ncentr at.e ur

Qonent r alWBYI 1 Rped SiehtiaTiu, Dershaairs hO0FE ilienat fogfl Shikor Bores ¢ ermn,

J. Am  ChafiteriaRGeleBRd ffods the(gt&RBlondREndef peidsiunepertlangahatd?RY§ro g HeHRidS

102: 4477-4482 (1998), both incorporated in material part by reference
herein. @@@h@m@r@ﬂde@rmﬁm acidy helenivy- cant@mnn@sn@p@a(mgdtebypmnﬁlammwmon of

graphite us ClO H2 HNO3 as

St atdenmal@ rmﬁlere of erﬁerr&ﬁqenatesa‘(e}leaéj g'f picig% g tegﬁacegteaadenrral er,
Ber. Dtsc bhroﬁhﬁﬁ%oﬁ%ﬁnngﬁ%e&ﬁSﬂe éﬁ&ﬁoﬁﬂlﬁﬂ 9xideJor d‘iﬁ&irﬁld dvds),ebdiat-coktainben 44:
537-538 (2006), all incorporated in material part by reference 15herein.

Graphene Secls &p&i PRiQsiacg SHiky-Gamiining opidapiaea- Bytasiep parosymeaettiafe).

[ 00105] | BY tive
qr aphone. ioraures SRR, Rk o e AR g o P B3 PR Al
nascent chylmcyh)ﬁqte:smmpdmseperbasmm litroger- bmtmamg@pt:mega(teag] ytﬁitroﬁsooxader@act ion
chanber (qr ."reaction ves t he nascent caial yst. conpri si n graphene or

grabhi te BHIEPESBIGEFOSId5HS Yer CﬂBB@{nm% FRECHFA EcEnt VELPHIAG) OSTMINK eIHRINER { he
reaction 206hanber ofRivaltcgheMates 2‘-&%8?&(1%%1@&1%@ T&ﬁuﬂ@@cﬁ@ﬁﬁmg @5@3@5% gl s then

contacted With a ¢hem cal oxidant I n sone enbodi nents,
cheni cal eximanm pﬁmrmdé@tfaibdneaq;nnmeDms Maertia preipdmpagd, m@febldom@drbfenmt he

group consjsti n ota si um anat dro r oXi d ni
per oxi des iBapoh enu U R CRT Uih C neaf Py e sy s Rt (e Fyfdihe
tetrapr Oth@B)mﬁhdde -containing species (e.g., vanadium oxides), (2,2,6,6-tetramethylpiperidin-1-

35 yhoxidanyl (TEMPO), or iron-containing species (€.g., potassium ferricyanide).
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25perrut henate or other perruthenates), |ead-containing species (e.g., |ead
tetraacetate), chrom um containing species (e.g., chrom um oxides or
chrom c aw0d8)1/1502di ne- cont ai ni ng species (e.g., periodaCEA)S2011/038334

sul fur-cofgeabm NAn P aRbadinRnt, theRALARSE! STURRTOX YRBAL SkdifcdisBdoicsBHagcuUl ar
oxygen, ozone, chlorine-containing species (e.g., chlorates or perchlorates
or hypochbyygeneontairdegithemipdr bhopaexamme tthogmmicd wxidant mgludpeplpsma-¢xciigd,

nitrous oxi de or. ~30dini tetraoxi de), silver. containing species (e.qg.
o ver  oxtigies S Qs SR ARH REOLRHaEy oRy S EREhA BT B PSET

2, 2" - di pytatglyhtdh st dehélidn hembets combabdivig psRati &sitddsp@ceics aMMBBKkFInCEr i um
nitrate), benzoqui none, Dess Martin periodi nane, neta-chl oroperbenzoic

aci d, nol yUERnE hemcal smiguepdsiseeh sdfoga pragsicypies narieskoidany of ailenst et
b Sy 7 DI5OG S 1B KERSCUHEBENTALRE, SPESUTRC S hapint0g S6"

i ron- cont aiimitéyy os p&ocuesr £ dogs, orfoic@ss iod hhberst dicy Bairsiey .6 hod, or 12 hours, or 1
2011/ 150329PCT/ US2011/ 038334 [00107% In other enb dinenti, the c eniial

oxi dant i §2% OpP &8l 0BR drYedr & HALY 855 GV aAT B L5eAl tIRERIRF I EROPCRICSI n an
exanpl e, LA nfRETOF AlmdMihsd8s loRflsUesmBh@S B -sex6hthebr BREGHES RferfiveR02,
NO, N2, or other chem cal oxidants. In such a case, the nascent catal’yst

i n he r etetnaseent traterin ite reamivachadbeniis borphashwitk pbisme dxsipsspesesadf thhe
oxygen- 5cont ai ni .chem cal, .continuously, such.as for .a predetermn

per od of SEYEFE <GPy STt aiver 1o sbes e ddeufubl Sl Eulius

or 30 secgiidads, 8f 1 dedBnBUdrE10 seEonkl, dF J0UeESHds Wr 1B3Rintkd) 8 86 mifMitesl oRBOr , or 2
hours, or 3 hours, or 4 hours, or 5 hours, or 6 hours, or 12 hours, or 1
day, or 2mdayes, obt hguiays hows, af Jagpss, oof heugagss haurs,®r ddpsrs, or 12hewslor lor 2
weeks, or ;3 weegks, or nonth,, or 2 nths, ,or 3 nt.hs, ,ar mont hs, or 5
mont hs, _of D8 e S AteEy Aut el o7 Toine 48t oAty 20k the Takett on
chamber i gr Ceafohésbed nwnthy, pt AETBAIBXEH 4 BSnHRasi BGokths,0h € rexBELMIngemEeai ni ng
chem cal in pulses, such as pul ses having a duration of at |east about 0.1
seconds, gfuafionehshtrscit catplysids srrpsed by thgchywicarddangfor p timppgreod hetwady

m nut es, ] our, or 2 hours, or 3 hours, or 4 hours, or 5
hours, or (ﬁﬁ@&ﬁ%@ﬂ%ﬁ%ggqggégg; or 1 day, or 2 days, or 3 days, or 4 days,
or 5 days[00d086 daysmegitudtionsake nocerd curblksis hotited dweek sxpodiorno theraboinical or 2
nonths, or 3 nonths, or 4 FDnths, or 5 nggtha, or 6 nonths., In Bone o

si t uat i on8¥1diHe MR EEARRPIEPENYSENticaiabihtydicaet 8t # I RSHMC O&I™ GRiPaaH > K or a
timg peri gty bejonesst aeuhd Sodoeeesondst ARtFC LA 20808 [00108] In sone
situations, the nascent catalyst is heated during exposure to the cheni cal
oxi dant. [00189] exslgrh&ivetyhe nidlsakior faatied ¥ satalyscdlyatotisie gtaphetteerpda @t ur e

bet ween abqg&HZQC Zgand 3%80Cv ortzpqgand 2000C zgﬁ %bo t 100CL$nd 2000C.
[00109] AFTRIHSHIGENYS BT RS PYPYPUTH A aeBLIRHYY 95 PERETIVR 2gr aphene
oxi de or gafcentihiabit bommMedingy EraphaRidr bfapBité dea fAt@RIYSHanfbeP NI Ra& ANt

catal yst includes providing a nascent catal yst conprising graphene or

graphi te elprebar dacs heldcichattnrsptor fareholding phoer wpgmvsscnhenialysthoNeet ther

s S SR S e ST R T bl

mor e aci dacludelsudgricadid urn ®n@Cdades, the nacisat CAg s is plRgeiiad 6ahtpotdiialmyst is
pretreated wi th potassium persul fate before contacting the nascent catal yst
with the Befeultc hefpee epptaging fisnasconpeatalysfvat the 8papyRIErg acidso N EbttBY with a
chem cal j t C : i j \
peroxide.8%%?%8%TGP?§§D3%g%Hgﬁﬁgf?%?ﬁgﬁ?%%?HéTﬁgﬁﬁg%ﬁ%%gﬂ#%%#g%gcghggéa

cat al yti caiithyrydeigen peigkaiphene oxi de or catal ytically-active graphite oxide
ot | oi i EpheRT AL & VA EE (T h B RESEE v EHEN TR
catal yst {5 £A0GA0L 8 éﬁﬁﬁ’i‘fkeoﬂﬂe BREIGst3FIrd S nad nSQEBy S ARGttes bRRidIAS Nt
catalyst is pretreated with potassiunipersul fate before the nascent

catal yst nsscegrptttsedonprising graplome cograpbite taeicdstiordglambsoexathespscehte one
(Z)(r) 1?2202% S }1%%%%%%%@ ghle gr r?l%}edac?&q IIq Isgrgnle %asae(s:,ltgé na]égeent%gtsalfyesp 1Is prélc\i%ated

with potassium persulfate before the nascent catalyst is contacted with the one or more acids.

35 In some cases, the one or more acids include sulfuric acid and nitric acid. The nascent
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catalyst is then contacted with sodium chlorate, potassium chlorate and/or
pot assi um perchl orate. [00111] In sonme enbodi nents, a nmethod for formng a
car bocat aWQ=2011¢150320i ses provi di ng a car bon-cont ai ni ng nRCEMS2011i088334
reaction elaRhas tiRASoRrABEAGhNGdlRECHISEROPoa QM AIcRIoRe 2RPBGEFdt@sivnh t he
reacti on chanber with an oxidi zing chem cal (also "chem cal oxidant"

her ei n) fperchloptedet er m ned period of time until the carbon-to-oxygen ratio

f th z i ni ial is | h I b !
Co 1. 1n WAEIESdb30M RPERRET s relhod P sy SEuPBl S RoREY sl 08en

as XPS. | pcs0oR-cenapthgmptcsal ihRecddtior chathbdraingRbnth&inpChé eMBosY6taining
carbon-to-oxygen ratio is at |east about 0.1 seconds, or 1 second, or 10
secénds, BR3B! NP8 EwAtaN chamber withan@xidiring hemiswlt(also “eengorl wixifanedieran) 1
hour, or g : . . r r IS, .

nour s, _or 1 sdresfingt ORI el D R'eGboigme B Brig 8t MMhSpnfiride

1 week, omaRriseBHKsss tin @ egraks abart 1J000MWO0NG 10n omdedshs thoatid iswdrhsnedor 4
nont hs, or.5 nonths, or. 6 nonths, |n sonme cases, the car b?fn-.cont ai_ni ng
material V'§ ASATER CAHYNRMCE AeXBRe i ane SRPRAMENSHNF fimeraliiclyn dhadevsxy gen
rati o, as (Rl GHEIEGONaPhETR T A3 KSR, &S LESR bR @bn&IHAS0 L O
about 500,000 to 1, orf 100,000 to 1, or 50,000 to 1, or 10,000 to 1, or
5,000 to dgcoods, br 0@Ondte, dr,10aninE®@E, dro3A mimrtes] 601 hourl pr DhoEs, drd Hourgor 40 t o
1, or 5tp 1, or,1to 1 0011 As an alternatjve, thod for faormng
oxi i zad BRI 05D HYTRCR: VG aBRT Ha o 2eaios S 3 dass. or Sl

cat al yti cgté Ya@Cht V& cBlt, 3PNENRLE QTBIWERS, dPN1AMbith Nbr 2rARHIhd, &r 9mdHiRpbene in a
20r eacti on chanber and contacting the graphite or graphene with an

oxi di zi ngmohthsi era] manthi, orfrmonths. ains@mesasesy hs coppnspe@iningmeferiehie cgntaghd t e
or graphene hi,bi t.s ;one,_or re FI-1R features. 3150 cm:1,.1685 cm 1, 1280
cm1, or e IS N ey url i ShEbosigey RENES> ¢ ‘{Oer%%lalén é"ry ¥ %nd%nr%ér ating a
spent cat ahalgdis, iSldgthasoBedqual 9Qdated SI00 th NCHUMD,(0QY i1 b, 00Tet0SPENt 0,000
catalyst in a reaction chanber or vessel and 25 contacting the spent
catal yst {8 Livr & Weed cen 1080 @aner 50hioslome 1 biseh or S0 ErrhOcall- e Bahior |
i ncl udes or nore material selected fromthe group above. |In other

cases, the chemical oxidant is a plasma excited species of an

oxygen- cofi(dil2j ngAchestict@tive )] imathoé xaniptreingtoraliaddentd cafal yoixhldpadtivierpehphde s

pl asma-exciteg. s(?ec' es of 02, H202, }|1\|O NO2,. or other chem cal oxidants. In
sone enbofl MEAEed ardeatalyclyagting gaphing copRfisesEAVIgNE B aNEtc OR SFPESIC B8 dant
30c@nt | nuRUSidh Qlanivar R @tﬁl%actiﬁ% tl@eg?r%ﬂiiéedi' g%‘eib%ﬁe wit b e i LeisAeRtil an
catalyst wth the chem cal oxidant™ produces a carbocatal yst™ having a

cat al yt i cailftayedaspectvascopy specaiim off theagraphiemplgeapheonedichiismypear spent Tdat al yst

covered wi.th gr ene r aphi ar ofher carbon-contai ni ng and oxygen
defi ci en?ﬁfwgsr?@:a)cm lof%gcén Fg);gﬁcé’f Brailéll%m cal ly-active gr gphene oiigde or
graphite o148} MO tHLHSGRRAA MBI At £33 BBAg [1QPdrk4htafys8 QuaPastLmpl at ed

with the scope of the present disclosure are other nethods of preparation
of cat al ytirbedatalysicnglude proaphiegidic gpery caphist i@ aoxpdiongbambercarivieesg!

co-pendi ng PCT. | nt er nat i .onal pli,cat.ion Titled "GRAPHE | DE - AND
Gramnl e O B R SR AR BT el P o S i RS R Rt s e

appl i cat i grludebbsdodbeahastiil 8clested ROAT B0 kaduPhboes. einfothdt caefsetheRB&michiD0115]
An advantage of catalytically active graphene or graphite oxide catal yzed
react i onsO¥Eas palisma casifedispedipnl anxyee-poranmeyrhemical nsrascsgwploths, i . e.
it does n I | i 1 hh U &0 Many REhHN i al. such
as al COhO%ﬁﬁﬂ%@?&h&éﬁé@?h&?i@lﬁ%@%EJ%{%H% ée&togrpezé, zof’ﬁ?’n%?z’%ét yFE egllrlg%lnes,
t hi ol s, aoxidaits.ubsdonicdnslsbdiratidty,|tengent endyithecontdddedeath trerchpmodiiotida@r e
soluble in a w de range of organjc solvents. |I.n chem cal reactions

confr i si nEOEREAUY S5 R}lé%ﬁ’s’sﬁsé’f%ﬁr‘_r‘i’ﬁd e er Riqné%ctlflaéhegspalawér?évsaw%r@ephi te

oxi de r e”@l&éﬁﬁcﬁ%x@daﬁﬂﬁ%@ﬂ&%% c'ﬁﬁJo'c&’tany{ &%ﬁ&oﬁéatél%a%%ﬁ%a{eﬁél@_tIh‘aH_- I'n
sone of the aforenentioned nethods, "the graphene or "graphite oxide is
renmoved fexmplbeontatng osapt odalyst cosénad wathrgrhhene champlisd (omethisodeborsuch as

filtration, centrifugation,. sedinentation, or other. appropriate chani,cal
I55epar at UM Bertal g st SRR e Bhers b BRLGRH R e oRas
t echni quegr sidphitcdskigd)r onmat ogr aphy or distillation to remove the catalyst.
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[00116] Following a catalytic reaction, the graphene oxide or graphite
oxide is in a different chemcal formor in the sanme chem cal form For
exanpl e, w0 0n¢15eszhodi nent, reactions descri bed herei n PesAISROLL03BBOW
reduct i onjgy19E0XNI96 B&ithAPlaRld Wiethe seRReITeh Ok st BlscidQaE aRNIth& Rthéle nd

| oss of functional groups. This altered graphene oxide or graphite oxide
r emai ni ngpeepertior af edtylgiicallysciput graphaneioe grapsus pxide as descybedeigenercading P(Hor

exanpl e, | 1 owi ng.the catalyti. i@p@ r Qﬂ?g ite oxide
isin a r%garg%tam}ag{%gpﬁ llog%lrl%?def(i}%f‘gﬁﬁg e %/(hglﬁrﬁqﬂlgr ﬁl&?@%%ﬁggor graphite
and may sUAIALYSTSSD SYSTEMPIERRE o8 thOsaaRNdyas phy RosasapphiesticX amdhe,
reduced graphene oxide is used in energy storage devices or field effect
25t Pansi sfiselesurplis idgorapiated herein g refegneed gr aphene or graphite oxide is
reoxi di ze eg it [ In a
further - oRMIaTents Sy an sk ETRaRnRaale BLBRNR SPEhAEoRRLRIRRe 1C Hoed

i n the reaatii@s described dpeimiselhtithe Girbacamidt ishetanogdneosane if doesnasdisdoliche
start of the reaction. Reoxidatiaon math%gsz are t?e sane as those used to
generat e {HEC GrAPRRAEXBIC. g aphitEng RaEiacapunps@lopplyi HAFos alivhcas a
Hummer's,  SaNARABRLEbIcARS, nRiRA RN AREX it6Blsi Ak dilﬁwﬁtu&ézﬁn%gﬂeﬁﬁs%@d ¥&irS
descri bed herein provide ’an econom cal alternative to netal based

catldl yst sreafi@idrdfludtnarsonibieni adiide Mg of otdaeicisolventsi dmchanacdocatiahyst s are
described that .are configured for use w th oxjdation d/ or, pol yneri zati on
Feact i ons OHTE Siehgap By Seu B atlEee  dALeRBRT ar denfi o3 s RamtigRh ¢
exceedi ngsﬁs@@ﬂde@fsoﬁdi asidhofnthBRhahichRggdiohatiRborfé 8 theUkoreMétioned methods,
2011/ 150329PCT/ US2011/ 038334 reduce, if not elimnate, the contam nation

i ssues asHwsgrenhete of giaphitreoxideis s¢meyesisom ithrreasioal prodisedsiv@siaipjsmschahgol 18]
I n one enmbodi nent .. a rbocat al yst .used .as cat al yst for an .

transt or nicReauee f SREPRERS e Sn T Rufoh, Mt P gk anesnapical

gr aghi t e gpaciiowhéBhiq@edTRIin$Rsing fig: Wed IO EreLOMPEDat6® FlchhiquddGuch as
functionalities. An exanpl e graphene or graphite oxide catalyst is shown in
FI GURE 1. chiamafpgeanhy or dibHefiqreiatremoye Yespiabie of graphite oxi de based

car bocat a e i i - a] r ,;-epoxi des,
or car box{ASEc oWtk JEL8E: FADNALRR Affhalt SIS Blup R BGL frin

oxygen- codiffeirent nherhigalcoiranalin e caps chanigsledrm 0 Foxéxadnipde, i g@nérsb&i@entes,

such as al kenes and._al kynes, or. used t ol ynerize mopnongri c 10subunits
(al'so " mFF&ﬁ_%Q@'d%ﬁ%%béﬁﬁfrem Rl we%io‘ﬁa%ﬁﬁ@g%sz ygf‘é{au%gF % SEPERGPYIGF o
oxidant . gﬁﬁhﬁé‘é‘rxiﬁmlo@& ﬁn&fonfahgro'uﬁé( it ef?t@rééleg?%ﬂegg o&AEBP gﬁgﬁﬂté/ Stide
havi ng graphene oxide at various conpositions, concentrations and i1 slands
shapes, commigige afiodcatdgy Ptpudte dtbgateonsit if BEdkditedl Ear cxemplmpdmiven thict h

t he scope Otf .he g{ies nt diﬁcl osure, are vari.ati ons 8f ca:_@l tical I.g/ active
gr aphene GRAGHAFREL S FAPIPRAT SHPRGE GHAF AR aredyesd faph Jhinasay i &y
15cover agsinandie CloP ksl DRité BEBInb P BBuplPBe HEUTDF PaFhdnR of erap@ndhigoRET

| nt er nat i onal Ap%ﬂa?l%;lt ioo% a% i led " %APIRE‘%IEe OXlI DE %@NE CI%RAP Ia%g O {Iﬂ%loz

CATAL YSTSFaNDagySTEMYced glapbiengoxideds yeadangagies stordgs dsvisseen fidgpffeetat i on,
which di scl osure i,8, .incorporated herein by reference. .[ 00120

CarBon cont Sy LebREgLP b8 e AL MRt Bl E S5 LR EMF L p roeonerae

cat al yti calelgraphiect gndphigy dpdeangalost. tak alntek embbdinat, i vahaphédcEopxi de, as
wel | as graphene or graphite oxide on a solid suppart, such as a

car bon- coftaRheniery sty oxids peed inghe Fropn I8 SpRCAFTIIHGN SBY porl S up psrsemedorn
Ti02, Al 20 %t'thé Qaf ok BeeGiof MRA DA $netifbods Ak le SHRLY %mkéus%dl?&!gé%?a& Weth a
catalytically active graphite oxide or graphene oxide dispersed”in i he

pol yner. jpriphanerenphit oritesatabat adigisily, atueh graoudedrs) taudenmaier, or Brodie
catal ytically-actjve graphene oxide and/or .25catal ytically-active graphite
oxitle’ on 8XGHoNy ﬁ@%qarb@ﬁ%r%@smabegéémﬁw esaar?ﬁamrgfycﬁwﬁﬁewevg % bon
nitride, BREOBaRllhiaflRts, DOron-carbon nitride and the |ike. In other

enbodi nents, catal yst's are provided having a catal ytically-active carbon
and oxyget0ddnk ailnisoge waibedinzintsaofdhainyentear, adrpetataystharasiescarbod thahater | de,

boron nit Eénqlegureb(f) froglqéecvelrﬂ? 8Qidarl]tliotnr allnccii?orap%?yr;[ler}‘lezajti&%( Fe'act?oorll\s/?%%l:h gggécea?atlysts

enable reaction rates up to and even exceeding that of transition metal-based catalysts, but
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[00121]In sone situations, catalysts provided herein have a substantially

| ow transition netal content. As an exanple, a non-transition netal

cat al yst wochudsss2gr aphene oxi de or graphite oxide and RaTaSa011/038334 t i on
metal contmte, liesst clifRihitthEndmihiAPRMles dssBdiatcd R tht ibd OMtrdRRIGh mdthl- SONe
cases, the transition nmetal content of the non-transition netal catalyst
35i s | essbasedmatelysequal to about 0.5 ppm or |ess than or equal to about
0.1 ppm s than o 2011/ 150329PCT/ US2011/ 038334 equal- 1t o, .about

0. 06 ppm RS Jhe s p DRl B et R SR O Rl 88 1o
about 0. 0@dscHp&d h&tinliesdalyhiedlyaicti e€lg@aphdre orlpedphitd 0RO WwhHBontriskesike drhan or
equal to about 0.00001 ppm In sone situations, the transition netal

confent oMOrheXyEs-CPRtamdNE Uppianalities. ¢ arapnle REphecadrErRidC gyidgcatst is
absorptio o%@?ﬁltfﬁ@ﬁ APy, § %):ifl(erenﬁ)toﬁ%ﬁg%, S Hh3he %@%ﬁtesox?&e%ﬁé‘ gue, such
as Xx-ray photoel'ectron spectroscopy , or mass spectronetry (e.qg.,

i nduct i vetyrboaitglye deglridsdracismsonspeaince@raiory of atoldlCRpdddys, of &OEBR]icl n sone
enbodi nents, the non-transition netal_ catalyst has.a | ow.concentration of
transiti ofCifet BISeMeet ey FIGH 1R rbLp EERTPRRITRE BRoignageroupy!s upd toay,
Ag, Rh, Ry,;qPd ’or%)atnic Aprecieg,:%ucﬂ\% alfShes 4hd alk es!VPW usB8 to é}lmgize Mondrhegnd No.

In some enbodi nents, 'a non- 10transition tal catalyst has a netal content
(noloe %)  sutamnits &aldoeSwortoneems” dizotin). An@BELE Yasesroxlyessistihahassbeunind] @00001% or

| ess t han _about 0.0000001% [.00123] .In .sone,e di ments, a heterogenous
catal yt | CYRPGUSGTRHETENA B AL RN de dERErBY ATRTEGH B ke 2PYSE 0GR her
carbon anda g eeRpeanba, Bbmt@neaicnk ¥ad isldnds ShHped, ablérakd ahd 4d86rpAbn [BREENs.
particularly transition nmetal. In sone cases, the heterogeneous catal yst
has a 15s(¥dd 8t i/lse yotemplatadarith begeopetafdimsiresanh diseloalry aroricietionsaafi on of
gg‘t a'PtS S ?lcl;aﬁaclt il 2 Q% Qﬁaﬁgern%ufﬁr gri Sﬁtéfd@%ﬂlgfu&,\{lvg xg%aq?Tnas in yélmﬁﬂ?%e@ah Rn, Ry,

enmbadi Nnentevcrdi@ dnelor LaPeREMUSCRBhAl Ay SlbsdRidsd & ¢o-pdislirig ROT Nit@bktie@mcent rat i on
that is | ess than or eauaIPto about 50 part mllion, about 20 part per

mi i on, ABaliatien Tyt GRAPHENE OXIDRESND GRABHITILOXIRYE CROALYSISUAND par ¢
il T ' 0 : -

b-001 pprs Ty EBRO0HE Shi e aRRTy o mrikch BRfkaln, Wih SRR s B WpdiBl O

spect r oschayindry mesencspect ronmetry (e.g., inductively coupled plasm nass

t "1 CP-MS").. .| th ) di t, the het
catalyst 20l fbiasbonGon b CABRO ROV S s BYLdE HRHPRBUC G065 o
l'esy than,aRAUWL-RO0QLIGH Qv e8P LAMARAN 20 WAL Nen Ll HkRdloxIda some

cases, a heterogenous catal ytically-active graphene %Xide or graphite oxide
cat al yst ¢or solihsmpposr fuoh asndardbry-gentanarg silidisngparbeahytsl-gortiesing solid

substantially | ow gane ontent. | ne exanple the particles ve a
ranganese MBHRE- Tt M1 LoMaH: anBudenSpmrolksusPar Bt G il o o
0.06 ppm cahlyBedlfl; RANR gRPhide HHde B]p%?ap&rneQxQQQﬁspE%% iPthe oBARQ L IPRIMAS
measured by atom c absorption spectroscopy or nmass spectronetry 30(e.g.,

i nduct i verfbedimshisdeaslasisrarcmaew deplavinaentalyycallyractiypapsny oxglgrand o

[00125] In.so nmbodi men a nan-tramnsitign tal catalyst.  havin

catiyti oo TSNEAETBa%, PERhTs o gRRRL BT i ESBhRlea ST hAL S IREE ¢ hac 1 s

conf i gur ethcti@le@aidn inftrid O Hoadi niidehbéroh @atioaniitrids uedthadika. Myethecar bon f or
oxi dati on or nononeric subunits for polynerization. In 35sone cases, the

catal yst RaBodimepist crddysthate nrevided having &epteytighly-asHversronrndgaigsten

per oxi de, 2! L I ( } hyde
G oups. oo G AR S o A oo R BRI b e B
surface thatidé arcl thcdlike.one or nore species (or "surface noieties") selected
fromthe group consisting of hydroxyl group, alkyl group, aryl group,

al ény| grod%?ﬁéﬂ¥¥ﬂ¥l group, epoxide group, peroxide group, peroxyacid
group, al thﬁziip IiPihe SRLOAR, aByRs pl%%id%agle&ﬁ@%e LN yAoRGHHsiBbn

car boxyl a group, peroxide or hydroperoxide group, |actone’group,
t hi ol act onmefal kanttEmA stan axhmpteamponriianghen et patalysthydniesegraphsog pxids ver

ﬁ(ra(r)nurk)é t g?é%%g %)oexigﬁrzrgl?lﬁlfg avaecaet}ra%lsitiga%lljé%él cggtgnfal%segtﬁgn & eoql{lgl toka%togtl 1 192{ Hg”
million (ppm). In some cases, the transition metal content of the non-transition metal catalyst

35 is less than or equal to about 0.5 ppm, or less than or equal to about 0.1 ppm, or less than or
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hem am nal , carbamate, isocyanate, isothiocyanate, cyanam de, hydrazine,
hydr azi de, carbodiim de, oxinme, oxinme ether, N-heterocycle, N oxide,

hydr oxyl aworee11/t59apazi ne, 10semni carbazone, thi osem car b@ZOMES2010/088334

i sourea, bdt{uatpw fdut @9{1}?%11091" R theR8MEqiRl totibeht @0 NEpm, & [bRNBLA & cq@hOBRL I C,
phenolic, thiol, thioe thi oester, dithioester, disulfide, sulfoxide,
sul fone, gbsut 699] psm, pi Iepsthae pdeqlahtd%nutO a&@hppmmrflgaﬁltlmane@teaual tgabdudni ¢
acid, sul f.onamn

b oy anal 308 LD B Fim SRR B BB AR oo B g PEfon BrL ohi e,
phosphat ecatallyaap B@tétn@méd:bjﬂ a@pdiél @bsotﬂﬁomp@aﬁﬁad@ (AAR)opbakp Bl@ﬁieﬁtalt&a@y@ls

am de, phosphonate, phosphinite, phosphite, phosphate ester, phosphonate
di ester, g@ﬁm BChO38 XLy PRI QSE PR PRETOBGOPY éXP 0B HESS TCEEPERY Ex®imat i ¢
am de, ha « g-hal ide, acyl fluoride,
acyl chl ornl(aga%e QC}l%E)e%op SCdBIga,mags Q&Pénégé,ogp ! 1%:quaﬂl de, acyl azide, ketene,
al pha- bet ppou22pt unabmd eﬁ&béﬁnenad ﬂhambat@smnﬁmdﬂil&h&@lskhﬁsm’ﬁew @inpdraratien af
unsat urated al dehyd , azide, di.azo, diazoni u njtrate, nitrate
ester, 20F¥P1?Srl%‘§bmeﬁ%fstsreféﬁ€ ﬁﬁetgéoupo%nﬁ%%%%ﬁ Wy Feul I\B%Ho% ‘ﬂbﬁa‘t Bdddt er
group, O- RSEST Ry Bl ozr. BAIABERCRALOH 0. Rl 190 rARERMrboRhEis, ol fRn@D

exanpl e, such’ surface’ noieties are di sposed on the surface at’ vari ous
redéti ve tensditven metabsatdfstthhea oatalcystent (@aldbn i nt lesst thfr0@xR6D.0001 B oordess

enbodi nent.s ally tlve xi de or graphite oxide

25cat al ys%h P&gogt%@ﬂ%hﬁb%e albilipélgh%@@ﬁ@ /gl ng catal yst) has a carbon
cont ent (Lmh%]% 180k ch@®B&imAROH helR¥en&lis ARt iclly ﬁét%e % S%Ifkﬂ%xfa% oft5% or
50% or 55% or 60% or 65% or 70% or 75% or 80 or 90% or
95% or 99mpht§¢ 0xde ogskystiheothar eanloan anid qxweerca@mm;@g qa@lxsiayg eubsta@tlaldjsn&eeor
more ot her I %t arIEttra%sltlgg Scetcalb? SQ nel ea ns tlb T he rog Neous ca?alyst%ma pts

sel ected P gcll1 PeL Ing o x%/%gre‘n oeh ?1 W’o ehy> St fur,

phagphor osnagstahhwloy lomemetaD(Hg Oﬂfaﬂ@monbﬁamm o6nc@RGaticadiMestalk Bels@mafrsﬂitm@h ment s,
a graphene oxi de or hite oxide has _an_ o 1}/dgen content of at | east about

0.01% or £100p Cepsising qf 1B TaoNi, 20y 2o RhpB o, P Pt.dndg0, dfn, $1594r.dm, MmReor

45% or 5 i C I o

car(z)on coﬁtd0 e n{:OJ fﬁéﬁ%as? g%g{élﬁ’? E@%&E t&ngI{/eglésﬁ&é%r%te]ﬂ%S%& a%g]ttlgﬁzla% !
about 0. OdSacerineicnxigeanlesothbie bt cquml nm;&)ut mipamt pdr rﬁﬂlieoraabbmﬂo\paftipeumﬂhun,f ace

or bul k anal yti cal Cl.ros op| c 35techni que As one ex gen
content i & %é@@ﬁ%@eﬁryﬂh Ii’eéélﬁlﬂbﬂl tid}’ﬂtlpf%@ggg /P@Sgc?f%/ 38334
spegt r osc r e

meg peol ey o Wéépﬁf"@ﬁ%“-?Hﬁé‘él%‘f“f‘%@sonﬂér%m“%m SPURDESH fifar
car bocat amgssurérhisy atotmid &bsogntioo speatrossopyem miaas specobmatry (easindattowly Gupletl, or
0.5:1, or 1:1, or 1.5:1, or 2. 2.5:1 or 3:1,.0r 5; or 4:1, or
4.5:1, rpé%mi magi S@C%OTet%rorafciP'%% ?%m&’theérem?"ilm%? 3“76 %ejfimg%‘}eogs or
8.5:1, or caldst aQne'ialJeonféht HB14 96)Ahat 19R5sLsha@ EbkR @01 206r B t@@@aﬂoutor

100, 000 1, or 1,000,000:1. In sone cases, a carbocatalyst has a surface
car bon tOO@QQ@(@%,MMS&@’Haé?touﬂ(b%@c()oﬁb%ut 0.1:1, or 0 5.1, or 1:1, or 1. 5 1

or 6] (gﬁ%?] ’In%BT:é cajl'Ses l%e%?og ﬂoug citﬁyé.?algr aoctl_)(e gr hgne ox1%é orggr%pq&t% o’r
10 1, or &Kde tatalRst (b@@ﬁheﬂ-carbtﬁn M&@@eﬂ-corﬁﬁlnﬂt@%&@ﬁt)lhas arsuBdntR0 1H00: 1.
[00128] In sone enbodi nents, a catalytically-active graphene oxi de or

graphi t e BRNEBCEOEANAIY HQOIE?aﬁtXana@cthﬁaémﬁlfeébh%f‘n%m@%@és%@n&ﬁ%ﬁﬁf tsdesgthare

vvlth a bu r r t r ., or
R R A L T T S R R
5 1 Or Spﬁm,’l.or (!)G)O(E)l]p,pnoais rﬁee&ufe,d b(yratﬂmib abesrpiobspkctrascofy (’hr mass Pedrdmetor
or 9, 10: 1 100: 1, or 1000: 1, 0 or 100, 000: 1,
or . 000, b0 indugtie o%lpkea@éasﬂmaan@%sag%ﬁ?a% %Gle\ﬂﬁgpm te
oxi de- cont ai j-ngecatal yst includes graphene oxide or graphite oxide with a
surface carbon-to-oxygen ratio of at least about 0.1:1, or 0.5:1, or 1:1,
or 1.5:1, [25} 1,Inepm2 eBibddinmmts3a hon-trandtidn ietad catalyst hagmgdeagilytjcably-astivi, or
5.5:1, or 6: or.6.5:1, .or 7.1, or 7..5: or 8: r 8.5:1, or 9:1, or
9.5:1, or g@@%ﬁ“ﬁ 06%“?61?5@ gphitg PXT’(lﬁd‘@.S i,suré?cejlfb?tdﬁ)ﬁﬁ”fé%ﬁ% 9 68?‘66‘6?‘1“,”3 with a
reactant, such as a hydrocarbon for oxidation or monomeric subunits for polymerization. In

35 some cases, the catalyst has a surface that is terminated by one or more of hydrogen peroxide,
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20or 1,000,000:1. f-1 [00129]In sone cases, a heterogenous catalytically
active carbocatal yst (e.g., graphene oxide or graphite oxide catal yst, or
ot her carwonoando2zaygen-cont ai ni ng catal yst) provi des aPsoiustéion3gsbi of

bet ween aleybx{l-glodR (BPOUSIddYdWepsi HREFDRAID 4Li$ Qb ®an tRbSAMRNCARES, a
25het er ogenous” catal ytical ly "active carbocat al yst (e.g.,'g(aphene oxi de or
graphi t e osthlyet hwapaisface thyrindudrsrone ar bwie snedics kgrg ewasmeiringshpsatestes yemn)

provi des reaction. sol ugio H whi ch,is acidi e.g. H of between about

b 2 o sn b abiotsaRe o b BTN B CarpBh A e ane R RO SRR o oonous
cat al yti catduy, @okideqrsdr, poeatd!grsip, perodyacidg@ppenechyyt deoudl k@saphble oxi de

catal yst, or other carbon and oxygen-contai ni ng catg}lé(ilst) provi des a

reaéti on SHrUgoBR IMNYIhAEH of sarbarsilate geoug, perpHdepr hedropspxide sipuplagtope

about 14) i S i Lon. . t us

catal yti c%%@ptgégtl?@(gl{eé gd(réggg g?gkg% ’?tél.néﬂe, gl‘g%gg’paﬁlgﬁgﬁ%ex? 82&55{68%’3‘&1 te oxide
cat al yst, cabowithgioupgichahg@ng, leexyigeital enipakethingoagthehyisitd] gpowgy bohérml.a
reaction sol uti.on pH which is neutral. (e.g., pH of about .7) when, di spersed
in soluti %ﬁma_mmai Ca%W%QTOCB?%%OgWO@S@%‘ﬁi @anpRidgny GRS HEREICr aci di c
GO" that Pe{rgéf(:liﬂﬁﬁe?o)&ﬁb,%)ﬁﬂ@ eﬂfé‘r,?f@ﬁgteljo'c?cl¥ﬁﬁ%?de?h?cﬁbkk‘lhﬂﬂl\%%ﬂrd?gziﬁé,6 I'S
prepared by elimnating the certain optional steps’ inthe

2011/ 1503 29mCAbSR0 1thi38883rbaperee nical issurpa,¢pianat isothiduata, emnohe,envbghémg

1 v LB TR e S0 SR el Pest gL

When the gurer sbon¥asifingd 78, suffedie digefifeic @ReE aUAbYIS bt {ulfiR, ddafte anmount
of exogenous acid adsorbed to its surface is formed and the E;fof t he

sol uti on bp@fdneteesul Bmernide; swlfanyl htlsleptHiogyennte, hleiok ghial, $dtetarecysteepdrled by
washing the material, with water. [00131] .1 n.another, .eqbodi ment., GO s.

basi 11 od BBy SRt e o8 e, BROsE bt R BRI i3 L BhpitRteis,
stimsring acidiafid, §h@dph@ﬁat&1@hbﬁph\ﬁﬁte¢ghdﬁ)hﬂ%, paosphde! 8Rpphbbghobas @sestich as
pot assi um car bonate or sodi um bi carbgnate, and isolated the resulting
product bphgsphine gxjdsnamisgcimipg epbdaebPRAicamifle srayatic Apide. halaeenychigrgher pH
val ues wh dj r i = ) 1 : i -

dependi ng 0as: LS. F6fho! Reptfbifle b aofiae, Wilchiortiais] bRERE APl oy
sensi ti vecyamidig belyl aridbdsencaalphi-bebursatantod esttghiphb-betm ynsapauteickctdiat

provi des ejther an acidic or bhasic upon ﬁjspe.sion i n.sol ution.

St oi chi pnélp%v%sﬁ%d{né%w&rﬁvéé(?%gﬁiaﬁwﬁgro%i@s a7, AEoR R REHC Figh any
cat@l yti calido¥o Akl fithiel BHASRRL Yo pAbRREAHBhYE kstePeGup, OMMBRRAGHRIObodhapPhi te
oxi de) nedi ated reaction described herein, e.g., oxidation, hydration,
dehydr ogebeaonwrical andioraat eder, Ipehygranplzatuch nyrfaemi@nsatarodispesed an dem

oxi dat i on-c?ndeﬂsati on rﬁact i ons,, tkk&klan%ﬂntt of graphene oxide or graphite
oxi de used"TH&C AhVAMPEP LAGHY G C 01 OMEe6 UM 1000 Wt % As used herein, wt %
desi gnat es v}, abt c&fteithe 20cat al yst as conpared to the weight of the

reactant or reactants. In particular enbodi nents, the graphene oxide or
graphi t e 00136l cdnapysembagineniss g icatatysically-paysraphone o%196 obgrepkitarrxad01 wt %

and 5 wt % _.between.5 wt % and 50 wt % .between, 50 wt % and 200 % . b en
200wt % ARt 00 SR gp SPGENR ofds e RBLRaRL N PR DRl T
amount of |cagtabbitSI5%S2 3 0B Yr $5%Y ot]I6 #4580, 0h 50%ie0it ¥196, @f60reae bEWor FIX,
exanpl e reactions in which 25the catalyst acts on a CH bond nay work wel |
at hi gher oA b6 ok £ % 95P0%0sich “ar 387 6r 4989 dhhedelsasc plthe catalyst issuch
a pol ynerj o) i . I . . C uch as
A R R B R SRS S AR SR o el

at the susdlateal ibmahe gloap yonsising\ofagygonab@dn catrbgaatafysphosphaoys, dupengxi de

moi ety coval ently bound to.graphene or aphite oxide) .are : .
30 y cl?loreine, b¥orn1ne and Eodn?e. 6}% some emboglrme%ts, a graphene 3x1ge or graphite oxide has

an oxygen content of at least about 0.01%, or 1%, or 5%, or 15%, or 20%, or 25%, or 30%, or
35%, or 40%, or 45%, or 50%. For example, a graphene or graphite oxide catalyst has a
carbon content of at least about 25% and an oxygen content of at least about 0.01%. The
oxygen content is measured with the aid of various surface or bulk analytical spectroscopic

35 techniques. As one example, the oxygen content is measured by x-ray photoelectron
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30nodified to provide stoichionetric control of a reaction. Reaction tine

[ 00135] In sone enbodi nents, for any catalytically active heterogenous

car bocat aWQ=2011(0329, graphene or graphite oxi de) nedi at @dTS2€11i088334

descri bedshiRreiddpy €X0S) ordhsdapd Admey 4E 8t iRfctively coupled plasma mass

dehydr ogenati on/ aromati zati on, polynerization, condensation or tandem

350xi dat i spectromdensut TOrM¥Act i ons, the duration of the reaction (e.g., for

h 9 11/ / / b %. 9
about 0004 Rt 30 LI bR on CRRVAY S - SRR R aLL P g gD

product) leastfabent & eqosdE s 1 Qo :NLUEress: 1 fdr@m, B 2 ESHrBol, be8Iss, o04:1f 60 NouF S
to days. In one enbodinent, for any catalytically active heterogenous

car Bocat aPylser dadi ot @d, ¢eaeti 9 Bl dri bed ShbosSm: 1,1ord:ldar AdiloAr 69:1¢9e
reaction ignfr Qqu Qu | Sy, J.0..D i , for
any catal%??ih ﬁ?aggf?%glﬁgfg?%égﬁgggqt%}%%gg ar§s¥“ﬁ§§f§$§d§?%§%?ggﬁa
descri bedhixer @irface thibothto-atygen rado éfiee |dagabionoh 1115 of 0.6m, abbui oSl . fil et 2$, t o
about 30 m putes._In one enbodinment, for any catalytically active

het er ogen8ﬁ£-_5'c1aP’_b%3éa‘Pra3I-§/3§t g 05t4eaif%éch06é-5dﬁ§é ﬁilb@agﬁ'elp 8r il PheSdufiat i on
of the reaqt [085i1Sof §9MAPSYL or3: MRYHES, 5:01@BAYGr 89 080:PUrED0,00D: 105€

enbodi ment, "for any catalytically active’ heterodenous carbocat al yst
medioat ed 1#86,000n. 10descri bed herein, the duration of the reaction is from

about 60 mj es to about 4. hours. In .one enbodinent, f.or any catal.ytically
active. helWIBERdusoRsRhbedivmi chaliid BaToser o auts pHEMPHBIBisE- ¢ ne
duration eénthifgl@B%Hst BES drépHch® Bk RABQHbraphMOBKide WathalAut cBbHRW-SxydeR raRe
enbodi ment, for "any catalytically active heterogenous carbocatal’yst

medi at ed peatdedsbabaie8dr i, loed.ShieoeilH, ot hé:ldar atli @r. o1, ethl 1 raael:il.onm 4.5 ofr om
about 8 hqurs to. .about. .12 hours. .l n ope 15embodigrent , £or _any catal ytically
Sotive hotsr bR dnar L e s At e B BT B TE A fsc R B of BB R e
durigti on 0f:1t el ooeret i 000: 1, Srflo@uoabett 08000 s 1100000Ut 1R4oMeiss, d N one
enbodi ment, for any catalytically active heterogenous carbocatal yst.

nedi at ed g@ab@neml%egcgmm@ opfteeiontaining cafplyalitingd desreramiene exide PHEAPBItE r om
about 24 - 1)/ S ﬁqg ' qr 1C yticakly
active hepgﬁégg%gﬁgp@g%gﬁga g ?@%ﬁﬁﬁgﬁh e R%@%@?#ﬁ%igooesﬁﬁig%ghﬁgﬁéﬁki t he
duration of 2:lher 2.&dcéd b, orS.3:i aomdahoutt.511,day: I, or ASoybr 8:1day& 5:11 or Dheor

rodi at ed T84T 81 HESSH Bt | Hor 4ot W abrdgi off GO et ) QA0 g 80P
aboyt 1 dgyibgoabeyt 5 days. In one enbodinent, for any catalytically

active heterogenous carbocatal yst nedi ated reaction descri bed herein, the
duration of pgthe reaction is fromabout 1 day to about 6 days. 25Reaction

tenperatu 00136] In so nbodi nent s, .f any catalytically active

het or ogenSI¥2ehr JBSRPFYS. Hearacats uabricHeBovs Rk e efbbuitat i on
reaction bgidéar LiaBHitOsid@tatal §t96ﬂ1_ﬁﬁ@ﬁddﬂ%n%§i\6§?%bnaé&%niﬁg CataRe) %ngi&s al n
sone enbodi ments, for any cagafytlcally active eteroqenous car bocat al yst
nedi at ed p&u@en pi of betpicebakput Orletorboutnl doxhanatispsrsed émsalpigen. i 1o sguegatdisedl out
at t enper.at ure bet n_about 0 a Q C._ln sone . .enbodiments, for any
el yi o Rt SRR P ftve Qs lllsiR s s PR R PP AR St csencr pec

herei n, apatebyktdai dther dadtimidnddxlygencedntdififig @uifalyat) ploiés¥Rekadtioheoheibwpen about
25 C and 300 C. In sonme enbaodinments, for any catalytically active

het er ogendiliEhdaprtidicde 81 pstofhstiveanadovtdh b tq diouse e rhprdispaped i soliiopxitat i on

Com. enbolonr s aRH b R R B PR e XA S, "
WO 2011/ 1632 9faIlkt Jo26hdy 383 3¢hdragpat-eshtaiemgtcatahysdgscviddsedreheion solut@n
oxi3%at | Onpﬁevglﬁglil Ps aisisc (g.g.r, E) eoq” b%yvgee?ltabguttﬁm)oea{bao%‘y {463 when dispersed in solution. In
some cases, a heterogenous catalytically active carbocatalyst (e.g., graphene oxide or graphite
oxide catalyst, or other carbon and oxygen-containing catalyst) provides a reaction solution

pH which is neutral (e.g., pH of about 7) when dispersed in solution.

[00130] By way of example, in one embodiment, “acidic GO” that provides a solution pH

35 of 1-3 versus a solution pH of 4-6 is prepared by eliminating the certain optional steps in the
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bet ween about 25 C and 100 C. In sone enbodi nents, for any catalytically
active heterogenous carbocatal yst nedi ated reacti on descri bed herein, an
oxi dat i orwpeatiyises?9i s carried out at a tenperature betweemn/tsbauio3$es C and
300 C. Il hag@faEs BRoPRELDE Ha® invb Rl wRRM Gt CRbIYal RS hfidtehh GBI RBYTQUS
carbocatal yst nedi ated reaction described herein, an"oxidation reaction is
carri ed oGO eatalgsttieppéracdiradietthe 6 abynshebwitiTadarde 200ME of witerdereemove
enbodi ment.s,  for,any.catalytically act.ive heterogenous, carbocatal yst

med at ed Fosestf o O a8 Rt s B SRl PRI RAGS SRR PIFELPERY ofur a
a tenper atiiRndatdeEsadetto hOsuere s bafedand the PRINGT tRgThdG iR ISV erf Or any
catalytically active heterogenous carbocat al yst 10nedi ated reacti on

desér i bedceiepardhto tha pbhavirit the gatplysics Peaied byarashig thumateriabwith wgkrat ur e

bet ween a 0 - i f.or Lyt |y
active hemgri gl enolgsa ﬁgﬁa{?%%lg%% é?l;%lgtf é%ibgggggpggﬁoﬁgrﬁ tél)gsb ggrl?/ bgéd(akﬁhﬁeb\r"/1 élic(r%aé an
oxi dat i oncatelgetis prephusd darstitragy Ddispatiodof €Mpiarvadterveitibedne@icaphdittbag& sucland
300 C. In sone enbodjments, for any catalytic II(){ active heterogengus.

car bocat aPyRUATHREN SEeRAeACUBIN AKDPPHESAMNdIUMAd theTeHBURg RIQITIRY FEEqTon
is carried, QitaiicaflsRIMENA UG ARSIHARB AR AR WheaRRRd o whi@PARTE oL N
sone enbod]ilrrenatrs,caf o}?s an %Iat Iylti c%ﬁgh a?ti vae heterogé%ous c‘gr bocCat al yst
medi0at ed Beacti on described herein, a hydration reaction is carried out at

a tenperatyr et ween,.ahout O and 500 n_so enbodi nents,. for an

cat e cHg2he AGERHERE rpenTud ot sPatk Sk b TR iy Bat s HeBEY | bed
herei n, ajhyf§iatd @hclERBakOM duftabid Chlb8ehtAVQUS pRbardd HRATBRIVAdM LRhORRRNC
about 0 C and 300 C. In sone enbodiments, for any catalytically active

het er ogenoukaseartibopen dispessionpuscdutenh. r eact i on descri bed herein, a hydration
reaction is ar lio%dtro%t B gnper ature bet ween about 0 C and 200 C. In
sone enbodi Mﬁ%@i&é% |1y active heterogenous carbocat al yst
medisat ed [(@a88) ONMndeme chdodinh@kL fdt,ang chtuBtiakllyoictiedetctd@@nds cffochiasout  at
a tenperature between about 0 C and 25100 C. In sone enbodi nents, for any
cat al yt i cé-8-y2raphonger gEpEitp gudeliscdaicn seastian garcrihedheiade. g e aeidpigdn. descri bed
herein, a -af | I j : i e -af.. en about
25 ¢ and_ B0y Lo (SR SRR AahaRlloh oGk Plich, [ SRR Ab LS

het er ogenoxigati@ar-boclahsatiys rcaoalisathe dntopacsdf graploas okidbed glaphiet oxidausedds at i on
reaction is carrjed ou t te rat ure between about 25 C and.200_.C. In
some enbol IS PetpsEn éﬂ? %M%P N 143 e et e o dgtmatss Wc?}ﬂ%ﬁ%fgﬁal yst

medijat ed cHa E‘Ja%oﬁ'@%&ait@ﬁfi WAEEIRI I th Ao AR R k QR tah R2TH ?b%chﬁr eRbsdigRnRUL at
a tenperaturé between about 25°C and 100 C. In some enbodi nents, for any

cat al yt i cHiclgraphené veidhet graphgnoude c?aalgstma}éctopstﬁtutm lcsediOt vakdt baweee8.0t i bed

herein, a dr gti opn, reacti ,S C i t at r.arur et wee bout
50’ ¢ and 309 el P RB sheoul R aff 30 W SeiyBtf wi Gra aPb G Brwes 206

het er ogengus, £a14b06avabyslces 208 diatad 10086kI:08r GeeCriohedoheril ot of
hydration reaction is carried out at a tenperature o .

2011/ 150328 #gTyussh oy vossEpandieg we e tiboeit resgion. At cxxpaplcreaphonsgpmvhich

e di ment;s, r.any . .ca tically acti het.er ogenqus. carbqcat al yst

rectiat od PRiseleon Y o I EE o SR G lFiSh APEIRY P ERIBRER R e
a tenper atoo etetorRatcaions, shéh Lp@nthedizfliot.reddiiofQ MayenBRAVITEAGw erf datal @y
catalytically active heterogenous carbocatal yst nedi ated reacti on descri bed
herein, alospldyughiapas h’élﬁéﬁp%ﬂ Wigo.carried out at a tenperature between about
50 C and - . i t] i ye:
het er ogeni@g 3A(q::]ar blgcS g@gﬁ ?@%ﬁ%&?ﬁ?{gﬁpﬁ %%cg:etn?g%thgl g‘té‘?‘lrc?étﬁ"éﬁ%h{é‘béﬁﬁm %ﬁﬁf}ﬁﬁ ation
reacti on c&beatalyede.gutb patoxaletrasipgrcat sicetlpedunden galpberic ofpriphitadxzidPa€ | n
sone enbodi ts, for any catalyti caIJ active heterogenous carbocatal yst
medat ed F@getqdéﬂpﬂﬁ’é@rslt shjomsirls gontrg 4611%n reaction is carried out at
a tenperaturg, lobetyween about 75 C and 200 C. [00138] In sone enbodi nents,
for any catalytically active heterogenous carbocatal yst nedi ated reaction
descri bed[MdB8] n,Inaowerudndiandntn farany aadbmcatky adivie batcoagederssattiosatalystaict i on
is carried out at ate rat ure bet.ween about, O . nd 500 C._ In.sone
erbod men(sb- FEPTSRT SHPLIS PHES) PSOHe s b tert e Be Toke B EHRURy ot

medi at ed he@atidLAchydrogenation/aromatization, polymerization, condensation or tandem

35 oxidation-condensation reactions, the duration of the reaction (e.g., for more than about 60%,
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15descri bed herein, a condensation or tandem oxi dati on-condensati on
reaction is carried out at a tenperature between about 0 C and 300 C. In
sonme enmboapreentsp32bor any catal ytically active het er ogemroudiSe@niosssas al yst
”E_d' at _ed AEA£ 7OON alStﬁﬁ 980%9%’0&_{' 90€), Bbord 99%%%%@51‘00% éanEﬁﬁﬁ’lE‘dPstarting material
oxi dati on-condensation reaction is carried out at a tenperature between
about 0 Ctaprddud@pis@om gecondretoaniboigs.rfeam sinttos todhoprs at Gbythovs toylags t invome

het er ogenqu ar hocat al ys Onedi at e eaction described herein, .a
condensat Parod g il SRR A R el R R R T PieiBoe at o
t enper at ub&chBEIREEinaide Wuration Of &iedeaB0On G frbM HOHE] Q¥bRdiowLSS nfifitea My
catalytically active heterogenous carbocatal yst nedi ated reacti on descri bed
her éi n, aoeLYHRREREN PR caiAlERbXIEaE hefrrogerriBratoryalyieaedinte reastienar ri ed
out at a : t - t OP | | Sy, for
any oat al JCRar bR, e ReRn BE Bt ol i RSB o LR B R Sl
descr i bedoletabsdimantc forden sahiyoinaldyr adtian dewropeshelatdathve stalygtansdittcd fcacadact i on

is carried ou t a tenperature between apout 25 and 100 C. I n sone
ermbodi mnags,C“%%f hegeip, @S@&YWP@EFHWG%IPP%‘Q%@@PB {utes 40 pbRu OF myiaptes.

”Edi at _Ed f@@tfetén%bdquﬁérﬁ,r fo@%ﬁi){ Bﬁﬁl‘?&ié‘al@cﬁ_@@ga%?&ﬁ&l@ ool A& Mhediated reaction

oxi dati on-condensation reaction”is carried out at a tenperature between
abalt 50 Gsanbediei@, theduswioe o8 Gemrbadionenfrem abont @nminn&tsad ybaut dlHoyrsadhi ve
het er ogenous car pocat al yst nedi.at.ed reactjion described herei .
Condensat PURTBPoQEte ARy S ORE Botian Goie B T BgetoeH=ps. Bepbedeesgtion ar a
t enper at ug&cHBEIRGBina ke Whura®idn of 8HrGe£A0n Gs frbM HOHE4 BAROH 4FR0E & hodrQr IAGHe
catal ytically active heterogenous carbocatal yst nedi ated reacti on descri bed
herei n, acwbedimesaforomysatalydicaldyradivicdatregsneoruernsatal ywhmediatedireastios carri ed

out at a e rat ure between abqut 50. C.35and, 15 - Q odi pent s,
For any cHrargtd hsti, AELRGE ALKl s dabchR phnth Sy b JRIF SRRRE! IR
20013/ 1503 29B6dimddR Gdrldn§ 38R BAi chltd h@tve thefeedi@hb @ cadlRR e fal jREMhcligtediraction
condensation or tandem oxi dation-condensation reaction is carried out at a

t enper at ufescHbedleapinathe durasion of fisdeadion s from abewed koHso i dhont 24 hewss. Hrgpe

tal yti act] t ' i i bed
hor i i aCnbdaBEh, X NS AAER0 o fR LR A TR A R IERE AR CET | P2
out at a Btseripet kreinethbeuvugien ofibeutaction G fow aBOOt 22 hdums ®aiveuErtodi e ohds,

for any cat gl tifiti cal Iry actiye. heter o%%gous car bocat al }/st di at ed reaction
descri bed*He? pant, foragy faiodicpibnagive digtrerasnass @atacabebradiasdtrastiot eact i on
i 's parri ede@ubePherdint GEREFALHOE HRELNRBN i8ROMlabsR CIAND B0} LdaykORLGR | n
sone enbodi nents, for any catalytically active heterogenous carbocat al yst
10nmedi at edmbedioteht fordey criabddalheadive hewraehydy agwratal yshimadietedtreacsipn on

reaction i,s carried out at at erature petween out d 500 C. In
Sone. enbotrwanteh gyt dftac of PR i) o mABonel SPdgahstis™ Bsn Bbattal yor
nmedi at ed p@B6dihRAt, (P@r%?rlcb@@rtf@@l'l_@hdﬁve%e@?&%ﬂé%ﬂﬁchﬁ%ﬁﬁl@ﬂﬁaﬁ&@d&i@ﬂ
reaction is carried out at ‘a tenperature between about 0 C and 300 C. In
sone enbodéseahedhergigy thy dyratign Qf heireadtionp ingemabontet dayodgahous dasbocat al yst
15nedi at ed rﬁeac;.énopmdgrsa Lrlriebed her ei n, dehydrogenati on/ aromati zati on
redaftion is tarrred AL tenperature between about 0 C and 100 C. In
some enmbog)0188f S, Infsoie @fbodiaiatsy fdreal lcytabeichiteadiivt GeRERRANS dtioaabkal yst
nmedi at ed reacti on descri bed herein, dehydrogenation/aromatization reaction
i s carri efedigtedgeaciiopasraibsd hiersin an RrdAlILSAstionss carsigd 0BoH atemperaligine
enbodi nmen o |3k logal i . r -al yst
20medi at el eaet Y €00 (R orRe Ly e R G RLHRE RS Y

reacti on hsegeindurdabotatallystamtdape rattisreddsetibeidrerahout ox@2datonacdtidhs C. |1 n
sone enbodi nents, for any catal ytically_ acti t erogenous carbocat al yst
mociat ed PERER PEHASEPTTBUE W@?W%O&Eﬁyﬁﬁagéﬁ%?fo% e SRPOLITF Y TPEBY | on
I's carri eghlicdly £tiVEARBILALMR RBLURETsERAU ted RoabtiGGbs Gk dherdiR, SOME
enbodi nents, “for "any catalytically active heterogenous carbocat al yst

25nedi at edxideta@t icaticnas carribé dutvt a¢emperaimhyhteganaiioudd? & endBOF AE.i brsome
reaction is,carried.out at a.t er.at yre bet ween . about 50 and 300 C. In
some. enbofmHaienty BF 2y G rigtiVAChss MySrarnals CHEP SR L FBESR ol yst
nmedi at ed g@REbéPRerSi@SHT &M iNGERI1BN iFQMHET SR atdptraiRMRH Eatdbent 7eact i on
is carried out at a tenperature between about 50 C and 200 C. In some
en3ddi menerd 2007C. amporgtcanrbpdinaents, yormai catal yiwally agfosdeteregonpucenrbaoptalyst
30nedi at ed reaction described herein, dehydrogenation/aromati zation
reaction is carried out at a tenperature3between about 50 C and 150 C. In
sonme enbodi nents, for any catalytically active heterogenous carbocat al yst
medi at ed reaction descri bed herein, dehydrogenation/aromatization reaction
is carried out at a tenperature between about 50 C and 100 C. In sone
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WO 2011/ 150329PCT/ US2011/ 038334 t enperature between about 75 C and 300 C.
In sone enbodi nents, for any catalytically active heterogenous

car bocat avp=01msai2at ed reacti on descri bed herein, PCT/US2011/038334

dehydr ogepabi Q¥ REQIB e d@bb @ AelcBRGA bRMAadich RAENdEY cAtied Bht alteP&aRLT €

bet ween about 75 C and 200 C. 5Sol vent [00140] In sone enbodinents, for any
catalytrcbﬁ%@ﬂadMnWQSﬁ@wedd@@ﬁ6u§1san%gnb@@mws$ e dinaeaselyiemdlotictve descr i bed
herein, a,_suitable sol ven avi activity toward the
car bocat a§EoetHS ol fiefiie BRFT bR e R SRR kbR 1

di chl or onedrhiadeut £ Alt@hpdretura bdrRtéErpaduos@NE L@ °Ci Nhlseme etbadiencand fdrhe
|ike. In other 10situations, solvents such as acetonitrile or DMF are used.
In Sone eAbogitshsheally aghveheterogensus carboenta pityradiated waetionrdeseiticd dicsdnvant s

i nclude s L, gan 141]
|1 ' heg SRR 88ar el BANR' o BhCHBNR, bARECDMol 36 MUY DU it
exanpl e, mmbomamﬁasﬁnanyeae@naﬂbemnpeh&a&gamgasamuaumgaahahMedamgmon

nmet hane) mhrcg s contact.ed. wth a 15heated catalytrcally acti

car bocat af§$Fibesheigcsn PeeRtiosrescion Lhearrie pirt & SLRpCryuredicty ¢8 BBfn%)r iSes a
liquid reagt psyo Mncsjanie%n%'ahﬁ&{@qbﬁ’\é%a%lﬁ%ﬂil Xétiv%%ete)fo%‘ﬁ%h &rl?ocatalyst
carbocatalyst as described herel n reaction Is ere ree "of
addiot i onamedntodenictiohmlesmibtt bercoase pxidati@achitam is ompicd sesata temperdturr@ act ant

whi ch is ¢aontacted th a alyticall ive rbocat as .descri bed
ot o1 . - whEREh o e and B0 X i §ns dmRdlinEte ot BRI Gb AR ane
20Funct | OR@brogb R Tarbb8AAG 2 mEdlats @ AR c BHIPALL AR Iforeih Ofn XiYatioatrédcyibh Al | Y
active heterogenous car bocat al yst nedi ated reaction descri bed herein, a

starting ewried pal atederppérsiwe: batecar abept €5 flaed BUhAT. broupsembadiments, Jacany
substrates nent un t ransforned
i U e B R A R Rt E L R e
i s 16 dl zeﬁhatldﬂteaaloaﬁab&rae@etueatertaﬁpermefe betWBérEatioans ehend 00gtd.onal group
is transforned , an _al cohol group is oxidized and a nitrile group IS

hydr at ed) [001A7F r(JrItlﬁerne srbedinEih £ Ay el ytigrbt 1eivaheigrapgpausaepsialysh an
organi ¢ ”Rteﬁfa'r@ 1%n'a8§crr%f6{1 fChf 2 BYalfEn Ee%gﬁéﬂ {ma %a%t hQ %t%mﬁsﬁa%t bed

herein (i. unctrona groups‘are s e reac condi tions).
For exanpbamealmmhyb°éhhdﬁOO§Cndﬁs@heawbdmnmdsrﬁneagbum@naﬂndmhwens

descri bed herein while allowing for conversion of a 30njtrile to a
car boxy! i BClgOBEROY GBS alyH rrltf? ttﬁireaéﬁ% SREPRASICTENf LR R GIOB DA i s

trapsf or mpgh dt% t&ﬁ ér%?é botwadd DeRdo 2O aHN9E6H 90, PiRnd HAtbRRend rRSfyor mati on.
For exanpl e, group is transformed to an al cohol and further

oxi di zed b@abmcabdehydbdmﬁgmnnwembWGuQQQIndﬁﬁaiﬁﬂ@ﬁhUB%@ﬂ&ﬁd&BﬁﬁAl[00144]
In sone e di.nments, f.or any catalytica ch e

car bocat alySEiuaraaudS FRRe pBr deberraeee WK eroaihd F aR a0ts CndhbuF f or
the react ;@Bodifchi, fo @nP L&l tiofllylRtivehéteroabriis cérb@@ﬂal%’t%edlﬂed;%&lon
enmbodi nents, for any catal ytically active heterogenous carbocat al

medi at ed desaeb¢d>lmer@esehydge@prh@ﬂetiqm is @frreled Qutrm\aéemmrﬁtyefr bgteyeen dwut a@tainén is

the o 10- 4 to bo 104 r enbodrne . any
catglytrcg&f aét%%% eH%S%ﬁoB%mEhfb @é? éh%?%%mﬁu Ee%%%y escrrbed
her ei n, thedtau:rdrteyc@ronmiemew hereird, b ydeésh t&ﬂtld)r&s@@rriel’d%uoHﬂaﬁﬂ'entp%raﬂtﬁe
(expressed in nmoles of product per mass of catal%st) Co- catalyst [ 00145]

In sone eR#yErHabRuS 25f6randd00 cat & sameampadiments, for pax ertyyedlysictive
car bocat ahételtolgé@cﬂﬁ%%fo‘éﬂa [R,gfta}ﬁédlat@ﬁi ASS6SH B&RLDGS R dn, 4 DRIERAGELRNTR &HHES

further conpri'ses a co-ca
out at a temperature between about 25 °C and 200 °C. In some embodiments, for any

30 catalytically active heterogenous carbocatalyst mediated reaction described herein, a
hydration reaction is carried out at a temperature between about 25 °C and 100 °C. In some
embodiments, for any catalytically active heterogenous carbocatalyst mediated reaction
described herein, a hydration reaction is carried out at a temperature between about 50 °C and
300 °C. In some embodiments, for any catalytically active heterogenous carbocatalyst

35 mediated reaction described herein, a hydration reaction is carried out at a temperature
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one enbodi nent, such a co-catalyst is, for exanple, carbon nitride, boron
nitride, boron carbon nitride, and the like. In sone enbodi nents, a

co- cat al WO 2081/1@0320xi dati on catal yst (e.g., titanium di exrds0ivmsgsanhese

di oxi de) . péiveSPRBUERDOMINB DS *CaLE Yrk@mbydiinchS, Br ISNYALI0GMBtAca: Cat al yst
(e. g, Pd/zZn0). 15Co-reagents [00146] In further optional enbodi ments, any
car bocat ahststogemalis serbdcatelasitnehatde swciitredeshabasi her¢in, olptdrarl regetioars padedut

in the presence of co rea ent such a ea ent is an
Lt 1 ome R e G Shorf i SRIEN dioul S X fod PG TR e il il 65

ol ecul ar caxlygedly fRfivé haeﬂorgls@us Icarbaaaaall_srgrm@ﬁite&itdaeﬂﬂdn de%Bnl%ﬂldieﬁrélﬁ rbal r eagent
may be a 20conpl enentary reagent having synergy with the procedures

desér i bedhydrpemregeticn igsargicheykat r@éemprrar‘p@ baremhout e@denpd $P0 3C Slipyome
oxi dati on ﬁlﬁéﬁﬁ{%hts £ 9398@[537{ agﬁ%@h&%x%g?JJu%l?ﬁlbeEﬁ?t&kt%édlit&?i‘e‘é@m o aphe”e
gr aphi e

oxi de or e oxi de 1's , and 1's Used fo
oxidationdﬁknhahmﬂmmaibﬁﬂsm@sﬁmaﬂﬁeséangdpuhydnampmhmmsbaamdfﬂﬂmoxiﬂahn@n
or hydrat|&$ of 25ot her react%ve substrates ( ., al knene al kynes or

ot her subsP? &t &ysuRsepbeimchiarfar fyy caipfy IYfaaerf‘c%%%f@aewa #Hbpgatalyst
dehydr ogepafi.a resarah'demlbea h@reﬁﬁarh %0 rdalfiSi g%ﬁrr%gtduygttaetg gfré ates. In

these reactions, graphene oxide or graphite oxide exerts |ts ytic
ef fldct thbﬂu@hldmnnﬁﬁ Gmné26®°@xenplary properties such as aC|d|c

propertie ydrative oxi dativ roperties deh natlon
b oper ¢ o130y dh bt ErBh@BRl Rhp? ol SRR oGRS Adp

Exanpl es  gfedfaf@S8adtRades@ibed AERIS B R¥AddnBatfon @ cdr &qddﬁéhlclaﬁaensﬂr&phene
oxi de or graphite oxide can be used for al cohol oxidation or for al kyne

hydratlonr%wﬂ@m@wmﬂdePt@UR@@p@ﬂBHGbﬁa@@@N@n@ﬁfﬂemdﬁ09f§pﬂn5@ﬂ@x|de is used
to cataly reaction of

d
ot onea &AM B ER b 20y iR NRER RE LRI RaBor SRS RIRA AR BB O 6

al sig showdedctibéd K348, & corgicaplioner axtele oRldagb@pbideasatatdeon & dasee fatht an
aut o- tandenrcataliﬁls in which al cohol and al kyne starting materials are WO

2011/ 1503 RYRCHt 19c0 3885 Ex el X Gnld seygreathodimenss parcany\eatalyticldy f or m
ketones ap 1v%|h%?e|i]c¥ gmb&g gépﬁl%afa%'a e ey dﬂg@& ﬁer%{hhh%é?ﬁ‘afeﬁsd[t %em

catal yzed hene oXI or grap |te oXl
cat al ysi stantiétﬁ omhabnmalsdehedmnpbmen igcatrtiel saea wegRedturtbeessanboald 3C t he

sanme time are catal yzed the additi raphene oxi de or r phlte
oxi de onl 9n<gﬂ(l0e°r<§t I&Sr?@et?é‘tlror‘iﬁfxﬁﬁs S a&Yﬁ@taﬁ)ré&elly B CRCEREENOR SRR

oxixat i ongAfatei4bddton CRAL B hPQirs QBRI on @ tHRIHASXi BERA AR shiRFL 49]
Graphene oxide or graphite oxi de’catal yzes a variety of oxidation reactions

in which tdetigatsahyst oatatsa t@mpcmalrobetmme algfut 25 Ctnth30d,’Ca Issdrheir at om
and/ or a ni onrln ani.c reactant ere i.ncl ude
The oxi datmBROERsyif dturERuCERRS: hRoEBHHS smEBRRLS TR dat § on
of nethyl JBRABENEScihOa E(ﬁﬁ!eﬁsa'h@ﬁ B?Fatntié’rﬁ okl ddabY-d6sden tiod 3tdc@Bn &f carried out at a

di substituted nethylenes such as diaryl methanes, to their respective

ket ones, m@aaéwydaebrg@narbwdr%r%?amdr 205°C. Jnshmasmbrdinsansehari angichielytisally

cy r.agen ated s lLe th i.zatian f tetralin to

e oo P ID e RSP BB SRR LA |

FI GURE 2, ta@aaﬁraﬁmuemdmemat@hawlbﬁ 133@@11»1&1@1 @ atis GinpetatGRibabwea abber 25 °C

OX|dat|on of alkenes (olefins) to dlones I n al kene oxidation, the ?raphene
a

oxi de or @b e Waorms ahadimens fasany catadvtioplly actireihgtaiesonays ¢aseocatalyst
transfor ”ﬁfehﬁ%d%a%%n%'eé%‘? gd h&reth Q'CBﬂc?enséE{bﬁ gg&ﬁe}ﬁhdﬁ%a&l%ﬁ%h&’&shéo carried

out by m Xxing graphene oxide or graphite oxi e al kene under
condi t i onscastibrt ﬁtchmeti(a)uahtl mmpxnadab beaweor athdue 5al°(<jeuné 300Re€. din sores f or med are
renpved 20dg é hF reactl1 IF Eg fraction dIFtl|hﬁ n
af t3@r war dsmbodimicnts, for any catalytically active héterogenous car ocata yst mediated r actlon
described herein, a condensation or tandem oxidation-condensation reaction is carried out at a
temperature between about 50 °C and 200 °C. In some embodiments, for any catalytically
active heterogenous carbocatalyst mediated reaction described herein, a condensation or
tandem oxidation-condensation reaction is carried out at a temperature between about 50 °C

35 and 150 °C. In some embodiments, for any catalytically active heterogenous carbocatalyst
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[ 00151] In specific enbodinents, the alkene is aromatic or aliphatic. In
speci fic enbodi nents, the alkene is unsubstituted (e.g., ethane gas),
nono-, diwotnil/150329t et ra- substituted al kene. I n some enipodiusenti®3s38he

al kene i SnRdfat BAdRAlcsdrbe@hBRM, §¥BREINIR MnSr thlRmAd K@M nldndershiddds al kene.
In further embodinents, the alkene is heteroaromatic, a cycloal kene, or a

25het er ocyagriven %@h@led@aaﬁtpi fempbtetmebetiveen alleit SAAE aad d0ASE. Il pimed t o,

cis-stil ben i.zed 0152] In
ddi ¢ onab ERBTeny oty SR HENE A RE kPR RT Lk B R et T
unsat ur at gekceibell RdreinS adrideAdation ©h &indsm @kidatiBgSosdeabatid rétibY iv@intksd out at a
cycl oal kyl heterocgwloalkyl or heteroaryl rings are also oxidized to the

cor Pes pon YT ais hedycearaheit 7§o°|¢e4né1r?c9@y€1 &1 3ng nPeAECRiSHOr prit exalytientlyr

th
Cenct i vi ¢ yRE e GRIbE ALORANRPREALRS LR B DO Al Bor
t he het er eadyth omdagsmcaﬁﬂeuMmuln‘bawam liscariiod @z at & tenperatodedetvipyenrabbitdi S,

pyri di ne, p4gq réjl ne, oxazole, thiazole, triazole (all isoners), tetrazole,
t hi ophene?l - thiofuran, indole, indoline and ot hers;

cycl oal kyg 0889ENGR s eieanHr?n & fdroa I&ﬁ!a é@@e‘f%félr 6&%&0\5@&11
2011/ 150329PCT/ US2011/ 038334 cy¢l opr pan cl openta cycl oh exar?’

cydcloohept mdiateairrdaabiloheiles:,nbhéhenency(dbb)adrkgdnaednﬁ ewestinsiEmaetdtion is carried out at
het er ocycl gal kyl s |n | ude olid er|d| d the like..[00153]
o o urt heaste et R G i RO G B ot Gt stifvisallar e
el ectroni QctWeQx@f%"r&geﬁ§us°c'farl§d&ﬁ§ﬂ§s@ﬁ1%dﬁ{e'ﬁ%&tl6ﬁ dBscribbdh&emhat he incorporation
of electron-donating or - 5w t'hdrawi ng substituents does not si gnl ficantly

af fect t héehyshxmtl@twn{@renndtl@ﬁlonm@acd@@ isrqatriqsl @ d ata teﬂmmursllvb@meata gut 0 °C

conprisin actron onatl I ou €10, .0

any ot hergn dtwdonﬁl dohat T n %nt%) or eﬁa%?éftr 8%9\9\?%\’}? %80]&0%%8/%%2}1

ni t150, hahﬁdla&rd raftioqtdasdribed ﬁeﬂeﬁp aewd&dsgﬂnmIﬂ@ogfaﬁmﬁonaé@uaﬂmahh@i &P ata
oxidation in the presence of carbocatal ysts described herein. Thus the

met hods ofenas@r%%.béﬁvqeﬁ abpiet (hilearchHW Lo ol sepeamporiagnty fecanyvatalytically
car bocat ah%éﬁie%e% rg%g@ﬁse&tﬂkb%& e;%t %M%te‘a'r‘é‘ef‘cn%}{'&E%?ﬁo%@h&feln' ity. [00154] In

sonme exenplary e I men ron s carrie a tenperature of
bet ween 16&1y6r<fg@dati02ﬂhr6‘mfmmtlandwcabm orcaaicdoowd 8t Mmmmratmmrbetmntabw%rc’lcy 24

hours in t ence of 00 wt % gr aphene. oxi de. or aphite o nor e
parti cul aF“P‘; (2% no)%on{e(ﬂﬁi@é}m?l’cts \ﬁ)’li %nya@ta.l@%é}ﬁ PAEE IFE%? CRAYS %ﬁﬂﬂaﬁgﬁ on of
catgl yst | pagdtdadsactioR@eldrB®Rd hEES dehRRNEMn/ABMaliBRPhirOR bR TPELA USRSt o S
described i n the sections above, are contenplated as within the scope of

any of th@nqntbﬂuhedem$ndbemr25tf€da@bm®é>®rlnbeme\mnbpdm&], farrangiickte heis albyr

th th | h bst t d t I
2 Tl o1 natETRTossap e SRR R S et BIER ) 2os owi dati on. | For

ex a”D' €, H&l@d@dgéﬁﬁidrﬂar%@ﬁ%oﬁ@éhcﬁw isCQRiddsiR aﬂa %ﬂlﬁéfat@;‘e erResnabbaot dche
sui tabl e or%l(ﬁl mal 20conditions for their oxidation. The rol e of

s ubst i t uef °*(gebrremeyenzhodiraerits, dos atyenatadytiseHy pethicrcteregenpecagbcatilyst i on

2? i Ioﬂt ger A dI r(ﬁ)arllﬁtl%%t Wsec%r‘t]){a% E%lelcai‘llé ﬁeﬁ]e roa‘%negﬁt(ggirso}%é 1za%1%n(%£ac 1&%152%%%'&’ outata
graphene @xipieataic tﬂfv@&hlabeutcm OﬁIBaﬂdS3 00sed hGomatkalbyaindnhe fA%aycaatyiion of

nmet hyl groups present on aryl rings, (e.g., methyl benzenes), to al dehydes.

By active heterogenous carbocatalyst mediated reaction described herein,
dehydrogenation/aromatization reaction is carried out at a temperature between about 50 °C
and 200 °C. In some embodiments, for any catalytically active heterogenous carbocatalyst

30 mediated reaction described herein, dehydrogenation/aromatization reaction is carried out at a

temperature between about 50 °C and 150 °C. In some embodiments, for any catalytically
active heterogenous carbocatalyst mediated reaction described herein,
dehydrogenation/aromatization reaction is carried out at a temperature between about 50 °C

and 100 °C. In some embodiments, for any catalytically active heterogenous carbocatalyst

35 mediated reaction described herein, dehydrogenation/aromatization reaction is carried out at a
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way of exanple, many nethyl benzenes, such as the nodel conmpound shown in
FI GURE 4, toluene, are very inexpensive. Oxidation of this substrate to
benzyl alwoholilishenzal dehyde, or benzoic acid is often @cfiSeulio3g3ss
perform anchealtiRYetv MAbL@BISY (T 8RILI00SE . tTH]oME b dARINA, for MG ey, the
carbocatal ysts described herein (e.g., graphene oxide or graphité oxide)
30prOV|dea@n@éwﬁmmquMﬂﬁwbdqmnh6bsmdmbﬂﬂgﬂm0ndﬁﬂé@@dhgemkldatlons of nethyl

RN AR T A s s S

sat ur at edanpa0d i@l | y unsaturated and/or unsaturated chains such as fatty
aci ds, or rings cycl oal kyl , heterocycl oal kyl, or heteroaryl rings are al so
oxi &i zed to ngorrespondi ng al dehydes. O her 35het erocycl e- containing

substrate r

2011/ 15030} Ul oA 5Bl Lot S, R ERLRE AL atocbiBRY YO
reacti vi tmedﬁk@lﬁbhcﬁ@n@fbscﬁﬂmﬂl heghs t saitt e sdi@dmdmmmetvleyﬂ has/utgslbwtmmﬁhty
heteroaryl rings |n1dazol pyrazol pyrrolidine,

Fca Ghat PG
pyri di ne, {PVas@HeH? Cata s dnene epbagigicat. achiorizgled splyeht i 4eifeF €y, tetrazol e,
t hi ophene g;cf 1 Methhfd, QEle&f&m It&%hﬁ)’roﬂl&ﬂ%é HﬁhWh&%Qﬁ&%he 1B%CIRBley! s such
as net hyl cycl ohexane, hyl cycl ohept ane 5(oxi di zed to the correspondi ng
al déhydes}ifuadinois, solvents sucﬂlmsewctoymhl@aplr IQME agushd.ab @meetodipymts,obdteliine, 4-

net hyl pi peridine, . and .t he |ike; u in br nched al k t he
ke Poo e ol G Lisprefid PR embindid Bhvaah R Ry ghegolo i AdPhi ng
substr at egtraRedrbErRAt i on of the electronlc propertles of the nethyl group
contai ning substrate (e.g., 10through the incorporation of

el ect r on- 4L} ndnéuﬂhamwhmaénmhgdlmm theueastion grolees mk@ng rﬁdruewnplleym
affect t henI 59l %treea% e d r(iJs ta 3 deg rae%np (eOdur%éthan 1 %ullé)sct act, ith.a
conpri si ng™ T PREFCEHREYER TSR TRY §F6uPs (& HoXY gy E@ﬁémrm or
anylsot her het@réatfnti@ORatingcagbardf)ysoss @se@ﬁdd(lferéﬂlt hda@mda da@! OLHAStIGE. J. ,
nitro, halo, or any other electron w thdraw n are anenable to

oxi dat i onCPAPHYSE 2 priEKkisaEaE Whidh Bsenpeary st ad@ﬁéagm ¥ apfbrcefapbocTiRlist ¢he
15net hods o] I agt

car bocat af ySpELiEhChd e KAEA RIERER, Ble GOMMh L@y P dnbfhopsosey
exenpl ar yr@m@dwmp?risss a kalattehaantivehiclaisrdoaticedtwiti a @atilgﬂﬂmlyabuveecamlﬁodmﬂwen
100 C and 120 C for a duration of 6-48 hou resen e of between

| ess than®l W%qd&wi%owmr%lgwabn@%@gosbie&eﬂ%Fnegﬁ gﬂpﬁr% SWiGacyE 00161] 1t
wi Iy be recogpi-zeshithglpsany conbination of catalyst |oadings, reaction
times, solvent and reaCtlon tenperatures, as described in the sections
above, ar @0dd2} erfplsaime dmbedmmenky, fortang cabypieallyf acivy hoterdgerowsmaduiicatehyss

descr) bocoRlBts, SLobel Ol Sn. o0 D MBS LSS MBI s e ores

catal yze %ﬂﬁpg SoineadcARuNtraths Stakt ichibb8n e LAY SteMinctfdhNg@8p is transformed

di aryl net Ranes, to ketones. Exanple disubstituted nethyl enes include

di phenyl &t g]afn substiptic chmipgisesxndillsend and an hléole@ranégplyrtbi: néoht?lph@ﬁ91ze‘l’<)eilb¢ie

[00163] | |t| n odi ent s ene turate artially

inga ut at S FEBORmET RS S5 Ntk TR RS e R SouRe PR g R el Bobb o,

rings such Cﬁ($d1@6&dlﬂai Kitile grodd mﬁj‘zd&ﬁt@@){ CIthaﬂtllfeﬂemb@ﬂlrﬂiBi’ﬂtS? boRE ﬁincfmm Sraihe

al so oxidized to the correspondlng ket ones. By way of exanpl e,

het er ocycPEs@i & Aizapicrlecils as nosefEsrtedsbysthe pseaﬁrlw epukitigns depsyibed hersin

(oxi di zed;to [ e

Car bocat af yeias GuERbHERRRRELAER SRR A G HIERD, R impErr AT Rugt i

substrat eﬁotaf]h‘:hlved umdldn eeacayn: todisassics@tbed harein @kﬂemlﬂce;dng cﬁorsdmmermlomolfar

react|V|t¥ % gh substrates include: disubstituted nethyl enes
1trlle to a car oxyhc act

[00143] In further embodiments, a functional group that is transformed is optionally
allowed to undergo more than one transformation. For example, a methyl group is
transformed to an alcohol and further oxidized to an aldehyde.

Turnover
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35where the nethylene is substituted with: heteroaryl rings such as

i m dazol e, pyrazole, WO 2011/ 150329PCT/ US2011/ 038334 pyrrol e, pyrrolidine,
pyri di ne,wpiparisoi2zne, oxazol e, thiazole, triazole (all PSDrEse&)/ 038384 azol e,
t hi opheneo¢1yapn. 1ntsbme b3 Aimdnhd @lr&n 'CQQBJti'cﬂgy ac@iRE helehfkaousdatioRathlykut ed
met hyl enes where the nethylene is sugstl tuted with cyclohexane,

cycl ohept mediatasyredasion diosamdsd hergal, dsutmercranentsy ferthe feosiiati i3 @d theoondpreof 107

et vt ene. 5l ELBPER00 AR AECBmEl SIS gl RN TERRROS, ot he
2- met hyl pyarbedatdisencdiutedRbBI0NRIcP@Ucd iR i@k fuhtver Kembdr@Bl®beactiomisfdar t her
aspect, for any disybstituted nethyl enes, perturbation of the electronic

propert i edeordyohdPr 4 ebayit 40 bdnian gkemp st sybadiasnt forgny catplybgly ackse

i ncor por at.| I - ! [~ Wi i i ot
St ani 11 cantr e S eRRpRA, RO U AN B SHD Scho B Bp AP 0
subst r at escacdrpisionitigomit Her0alee@tssod irtmoks iof grogiuoms n{ass of catalgithoxy,

di al kyl am noc or any other electron donating group) or electron wthdraw ng
groups (e.g.—ﬁ@—@&éé,a' . hal o, or any other electron wthdrawi ng group) are
anenabl e y dat,i [ ; I ein.
e L e e s SRS
carlfocat ameditagedprasientdestribed bemeing thearewdtove msixhirdbtrther campriigey a cotstalyB0 1B6] | t
wi |l be recognj zed that any c i,nat.ion of catalyst .|l oadi ngs,. reaction
s, - sopUNTbtRel e St rar Sabiss SiBud P BPTRE S P bne
above, ar garbQMhRAR, ah@thcakeWMid fdile EMBoARRREG, Plo-Bit¥lySfis hBxigMRatiAB N Sc.g.,
descri bed above or bel ow. Oxidation of Hydrocarbons [00167] In sone

enmbodi mentignivn disxaley Mapgdrieye dioxider loapecatbadimantyeseordasédt ivar ei n

20f uncti oash SN t%)%li %@arlltstf(eor }ad/gﬁ/ﬂjocar bon (e.g., nethane, ethane, ethene
or ot her ?/3’ odggr%onsc). Y5 Sk <M tati ons, a hydr ocarbon is oxidized to an

al cghol whercexqwesed to a catalytically active carbocatalyst for a suitable
|l ength of tinme and/or at a suitable tenperature. In a further option, an
ne

al cohol olM46} ordnfrdnieptipral mbpdistentsy prp sEbpcatslvph mednedygection daswibed

‘ . : i A
ger bofttet i Spfrfy Hatlies It g i RbEf St ABEROP LG ARG CHIAS bOr
met hane i scaguitds zrest dittonabdidirirg reagent suchpis ioatdd, hydrbgert preoxidxioctozed to

f or mal dehyde, or even further oxidized to formc acid. 00168] It
will be rg’@gifo)af BHY SR 2T éﬁyﬁ%oﬁmnﬁ&}er %%Bqlm@a% awé&?ltl%aéa?argﬁgt, #eBeti on

timgs, sobygpenRry Fcﬁ%éﬂt Al ih& FRREA! Wik he RScABRS deReMed RerlesuSRGE b PRSs

above, are contenplated as 30wmthi i the scope of any of the enbodi nents
descri bedMalvov perardinpak ovugedarcddivwaon osfdadrcslagdd. t o Ket ones or Al dehydes

[ 00169] .1 n al coh i datjon, .the graphene oxide or graphite oxide may
functi O(Harg)gc%a@rg?hp%y@%&a&a@{mggﬁ he transformation of primry or
secondar y (@139 0l GrapRerleRRide dr@sadet bXRIcKELRAGS a Qhrigh S8 Pasd®sns, MY BX3EWfoe Of
one such reaction is shown in FIGURE 7. The 35catal ysis reaction is carried

out by mi f¥idgfiayefpmertivated sbstertesye gpivdtocasbors anidion oxidatien eidhisiatiags of

2011/ 150329PCT/ US2011/.038334 under conditions. suitable  to .allpw oxidation
of The o BaRecatRARUIREIED AaRheL RIS DR Wik Al ab QB BB f:
reaction er cahd@sands.dekpdrop@ntiah eactiors Jfanadety odined slelyidasd alefetes. Sin
formed, or conbinations of ketones and al dehydes is forned. en, such as

( Oxy

anmbi ent ollpseIFactHNs agapHBE Oxisic ok graphitagxide eyatsdts anﬁévttCérffﬁChtarO%%ioaaﬁf in
the al cohglo 0%t dah foh Ol aLRIRXHABLAIAN deRAGLA A IR Py, 8¢RAkdIS| N
radi cal speoéél)es. Hggéf%gfo %@ceor{gcl nag o s%e?%#ﬁ ¢ % o%ﬂll&rgebr{t ) lt{ﬁe al cohol is
aromat i ¢ propatticphiehidrogdiagion propertsardsapepesicioghry cérobinaticnthticof.al cohol s
th f [ | i phati | . A di t di , th
TR P R IR S AT

or graphite oxide can be used for alcohol oxidation or for alkyne hydration as shown in

FIGURES 7-8. Graphene oxide or graphite oxide is used to catalyze the formation of a

chalcone through a condensation reaction of ketones and aldehydes. Examples of this

reaction are shown in FIGURE 9. As also shown in FIGURE 9, graphene oxide or graphite

35 oxide is used for an auto-tandem catalysis in which alcohol and alkyne starting materials are
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[00171] In additional enbodi ments, alcoholic groups present on saturated,
partially 10unsaturated and/or unsaturated al kyl chains, or rings such as
cycl oal kywo 2pattsox2eycl oal kyl , or heteroaryl rings are alPso/uszéidiozssd4to the
corres pongkiﬂ&e@'aﬂ&ﬁ%(ﬁ@t%d Iléype‘éﬁyel fto ?&%@ét@nesaﬁﬁ%fd%ﬁy&és%&%Héihﬁtlﬂtgof

nmol ecul es, such as i ndol'yl nethanol, 2- t hi ophenenet hanol are oxidized in
the pres embichohtochrlsonestiakije catabyaetby hedrmbens oxidoor praphity xadpondhaguto-

al dehydes 0017 ¢l e-con ainin u nd/ or othe
cyer s sulsetrRed@vai Tt RbELAELFLEL RO S PSR ERe RS R HeR e 8F

such substifcahsyzcd Ok dteiddiinhapedphshibsiité vt edphied eidasily oht@@&h@b@h@ﬁ

i m dazol e, pyrazole, rrol e, pyrrolidine, pyrldlne pi peri di ne, oxazole,

t hi &zol e, Of‘ihieéi%ﬂ@n(ﬁfa/ UREdRehelys oxidptiaus oif sulTyroaisHEnecompauads. t hi of ur an,
'”d°|eq2h9$ﬁbiﬁgh Eg ot hers; nethanol -substituted cycl oal kyl s such as
cycl opropane, cyc ut ane, cyclopropane cycl ohexane, cycl ohept ane

(oxi di zed[@0d49he Gaphespaidt dargralhiteoyiliechtalyanda 28ddthef sxidation reactions in

met hanol - s b%; tut ed heterocycl oal kyl s su%h %S pyrrolidin 4- piperidine
and the | "K¥ tb%ﬁt‘ﬁgit aC1§ O qrigoF e 95 el bopg haiABY 2dipst PiTgeyatom

conmpounds;, - 6%5‘[{19 Ac@Rt, Olixatng[ﬁ ¢ RaBGSdsARdIfdPIhe Bﬁfdrah@@ 0 ryd'?@éa'ﬂ?dﬂ@ | oﬁ&ﬂ%ﬁh' tued

substrates (e rough i ncor poration of electron-donating o
- Wi t0hdr avvbﬁ@k@wbm dlloua;lbmddtmsoﬁmtths] lgpmizéries amthley refpeetcte dldahyidep bandetdoryofel d

of the desire us ,subst e sing ei.ther el ectyon donating
groups ( ea bsq%‘gﬁ‘g ﬁ%ﬁneﬁlsﬁ?l’k% (i etﬁ%i‘}es’gtﬁﬁh gPeCEV%E?tPB?‘? H&Lat i ng

group) or d&iy@%greﬁﬁhdﬂ oAV s06h & B RFortRizBtion & dycRe, AtdZenEd §¥icotBer

el ectron wi thdrawi ng group) are anmenable to oxi ation in the presence of

car bocat akyempe thessomnpierdtine peictralimuormmephtbalantls of oxidation in the

presencgh £¢fatﬁ%¥%'ca¥j§<%0t've carbocat al ysts presented herein have w de
synt het » In certain exenplary enbodi nents, the oxidation
reastion [((016ay rifgdshouin 1ﬁw1@UR@I£rga@fhaﬁ¢lbﬁd@bpg@plﬁ& &xiddBriseddRN datalyileand y

between 75 C and 150 C, or_at a tenperature above 100 C, nore particularly

bet ween 10vidatigef ailsmet(oquw) tndianes dn alkenpmedaiony ihsergthege aﬁﬁﬁ PESERNER
d | Y % Th
oo v S, ShelPASeaiR I Sl BB Kl RE SRR RSP T N 0ROONE 20 The

parti cul acdtylysit rdaeiei isXPticdldve by atiking gfaﬁhemmed@m ahplatyaedaeithl therallkdne
reaction product .i.s 92:7 or better. WO 2011/150329PCT/ US201 038334
[00175] | kndzs 69%90%%1?19@&1&%8&%% sztﬁia%{ Fléeacﬁ}e&%O?%% ﬁ‘r(f ERTERRV

200 gwt % cafglyHk r@atctléﬁ)% & E}era&ﬂ)ngpd{ﬁtﬁlatlon 0L ARdqlt wi Il be recogni Zed

t hat any conbination of c¢atalyst |oadings, reaction tinmes, solvent and
reaction Uﬂﬂﬁbkaﬂump@nﬁasmh@mnmnbemeaﬂﬁnhwzsenammmsﬂmmeeInapenﬁ@ntenplated

as 5within the scope of any of th nts escri bed above, or | QW
i aat | oncBbOGREREGs ke Bl Pt iR Sostk optr doefon Sudn i
oxi de or gapi th&o%icddofiRtdnld, TtlfétzﬁkénléQs QXis@ﬁ%eh@ NiBdther eritfyddhéntankk Skédd des
to their correspondin di sul fi des and sul f oxi des, respectively. Exanples of

such reacts otiansgtienghbwhrther @nimdruents, thpalkendis rhgter@r@rp@tm picgclessenti et s,
t heth hi ol P&eroc%c ILéndee Exlagllpéa én'e(s: 1noc'iud% IP(P arte Inﬁt létglgo(il 1a-sﬂlb%1qd ﬁlm 3)

nbodi men or-su re ent t %
unsaturataﬁiﬂmd&ﬁmhuaﬁaﬁumab@ﬁh@h&yl chalns or rings such as cycIoaIkyI
heterocycloalk , or heteroaryl rings are also oxi di zed to the

cor r esponthH§2ki dnreddigesalsmbedinmets. absnc gipupnpresmt eR aaprascd. paitePhenol is
oxi di zed {ost[& &Qﬁ&/gﬁﬁﬂﬁgﬂkeﬁgd &a%lcrrlrglggg%rll@% }@l g4hd L086418y0xi di zed to

15t he correspon Ing sultoxide In the p graﬁh ne oxide or graphite
oxi de. heterocycloalkyl, or heteroaryl rings are also oxidized to the corresponding diones. Other

30 heterocycle-containing substrates and/or other cycloalkyl-containing substrates are expected
to show similar reactivity. Examples of such substrates include: heteroaryl ethenes where the
heteroaryl rings include imidazole, pyrazole, pyrrole, pyrrolidine, pyridine, piperidine,
oxazole, thiazole, triazole (all isomers), tetrazole, thiophene, furan, thiofuran, indole,

indoline, and others; cycloalkyl-ethenes where the cylcloalkyls include cyclobutane,
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[00179] Ot her heterocycle-containing substrates and/or other cyclic
substrates are expected to show simlar reactivity. Exanples of such
substr at esoi2ocl/13aE29 t hi ol -substituted heteroaryl rings ®athisasiliosssdazol e,
pyrazol e, cRy&prepdhe, B Rhiafe, G cloR¥Eand] RIohBHREL, afil BersOX@&RkSelodIRYIBARRS
triazole (all isoners), tetrazole, thiophene, furan, thiofuran, indole,

i ndol i ne, whars the heterocydoateylh arebidequybrotidmas, gtpceidoicoankyhslisuch as

(o o zeartasehe oa ARGl do SRS IRL R SO IRET b BN AL o e

het er OCyChﬁ)@Hﬁﬁéb 8f SubshatdaIRYE (0.1 ehroegh the ifioBSrhtiin & cddvtroh R nhtirtgeor -[ 00180]
In a further aspect, for thiol-substituted conpounds, perturbation of the

el eét r oni Withegpang substityents dpes nossigntiicrpilsaffect ic iselpted wiphd efécidadwdpor at i on
¢ el eotron” : ) . . . S Eelie
o fect  nEReBe Thhf s Cae IR RPN RE LBy BORR ML T cant Ty

conpri si ndiatidyldneino.sdredl odier dizn@dn dehagng gpsipl er gectrametfiladeywingigadpysl(am,no, or
any other electron donatin roup) .or el ectron wthdraw ng, groups (e.g.,
nitro, haPdéo %IOawnawﬂ&r cBreder M dAMIHOEIRUP R © gRetRRle torexidationdb e o

oxi dat i onp}efRer E&x?é&@aﬁ?st?&es%ﬁﬁ&ﬂ%&ﬁ.‘ Tﬁh&h@“fﬁéﬂé&?%@ o?ﬁ%ﬁ&{‘hin tlﬁ%{e“s‘é‘&%p' e,

bot h eIecPron ric entries 4-7) 30and electron deficient thiols (entries

8- 10) gavef edgtli¢adiytaciientabadtayysel msscofedthesin baweride venttetsuitghy.des

(94-999% . ver- oxi dati o i ncl udi ng N-oxi dation, i he case of 2-

b not oSy g BeRlalf bl bR ssernishat b PR RRGUAL has
been obsepm@deiv §$1°C BAP M EE RIraShirdtOnHl @h@h@u&%&%&l&?ﬂoﬁ@ﬂl tQ¢ her
transition netal -based oxidation catalysts. Thus the nmethods of oxidation

in the pressense obf-408tvelygiapladnepxatstargeapbie beidat mpieqrasti @bpheddnwiéad her ei n
have w de etic.utility.. 2011/ 150329PCT/ US2011/ 038334 [00181] It
W ber BSE'SalSihi Hehdized o - o ARE L R A Rl G,
tings, soksleait afdecace@ClchpRrdn@sak dtdiribed intic Sasiohs Re] dic thigeBplitddans
above, are contenplated as within the scope of any of the enbodi nents
descri bedWaB#\iae ssopsoif aiy oke gmbrdimaeats dgseriksgdahocoRrt eleW ng Conpounds

5[ 00182] ' ; t ' - g.,
ot aphene LIMSEP ALk ol BRLRRSENTINE oHSRGLL MSE AL afy 0ot
cont ai ni ngeamtpopiags rau dhwhsthangragieent exgle or prapaithykidecaelyzéy oxideeionl &ot ne or
other stable tertiary am nes) or N-heferocycle e. d.., ridine, .

pi per i di n@’fanﬂﬁ}?’rtﬁ? PEMAEC SIS 704 /5 €BR %gﬁmf%q%%&ﬁf@é@%_ sm@%@afr BRiPY

ot har ni t FQLRILYCHhERBRda860 UPR: dofe &Mub&itBakes: é’eg) |stent s ¥ H ARG

oxi dations of amnes to nitro, 10nitroso, diazo, and di azonium species. In
one enbodcemsiraintsoxitbiaoiorateh qithenateracionrbesvdee tige glkérenmylithasvrfaed of/ihel ds
correspondi al dehydes (e.g., benzal dehyde from benzyl am ne). [00183] In
a furt herc%{glg'étct, for nitrogen contai ning conpounds, perturbation of the
el ect r aiguQRndh 8% &y SUlgtnates (e.g., through the incorporation of
el ectron-donating or - wthdrawi ng substituents does not significant I%/

c

af fect thé00183] atdsushpival ig F6EUREA, deaniheagioxigp pogriaphite oidgsissiggrkiorcatabgze t
conprising_gither. el ectron donatjn oups,(e.g. t hox di al am,ho, or
oot ner SuRires B Ar Ry SEREhL P AR (¢ 6 e PRSIy R fabg

ni tro, hahay oexamiple ahiisrmetheCichadhewi subll kot Mgbd@! edHpovat 8hewe NARIGURB 4,
oxidation in the presence of catalytically active carbocatal éSt s descri bed
herein. tolugngoargapry|ipexgepsiveeOxidabehpia subdtataipbcaavhsioohel Sanztdebzdary st

| oadi ngs, tj.on: ti : a 1L.on. ; cri
o hege bR AR Sienede ) KERim PRl AFREHH AERAL Rt Pl dhndBR"] |
enbodi nenAscadagty, ldedcaaieurlyets deedribwd hexid@td. ogragifent wkide ®r graphite oxide)

bed
e

30 provide an expeditious, low cost route to effecting oxidations of methyl benzenes (toluenes)
to the corresponding benzyl alcohols, benzaldehydes, or benzoic acids.
[00158] In additional embodiments, methyl groups present on saturated, partially
unsaturated and/or unsaturated chains such as fatty acids, or rings cycloalkyl,
heterocycloalkyl, or heteroaryl rings are also oxidized to the corresponding aldehydes. Other

35 heterocycle-containing substrates and/or other cycloalkyl-containing substrates and/or other
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[00185] In additional enbodi ments, reaction of imnes with graphene oxide
or graphite oxide is expected to afford other oxidation products, such as
al dehydeswononiarsh22yl i ¢ aci ds. 25In certain cases, isol &Ciras2afi/osd3e4i m ne
N-oxi de oxjikahdsi8eeedH 44 shot ARSEE Rlabtivify. ExarmpRADIEEIDNBrAts Waluas: rﬁéthg'l to
hydrol ysis or during preparation of a particularly stable imne). [00186]

It will bsubstbwgghicterdanyhangssnyh eoimbideralé, ppragolecpyratlg.qryriobduicngysidineeact i on
times, solvent. and reaction tenperatures described in dhe sections
above, ar BrentirEnpr At el EPele FENERenE T FoRR, bifhend R RRARES
descri bediriply thdelin)@h@wthei) ciRebyi kY10 geshatsiriithylepdsticaise, n@hddlciodhepahown i n
FI GURE 6, graphene oxide or graphite oxide is used to catalyze a

dehydr ogefidisef todbe eqrerypondingtdehydeneantd eshersi heierparelasikydygich @s 2-
o . S ath il ' (
napht el sty IRE A 1 e S BIRA" SARTRL ABhUARORY h SEIBL ks and

chem strythedikgsef ul when conmbining this reaction with other reactions. WO
2011/ 150329PC§}; US2011/ 038334 [00188]. O her hgt erocycl e-cont ai ni ng

subst r at eVURA orlngttHERer@pRqct FOL G SYELRICHY L KRB SRR BHIRESISHENF S i | ar
reactivit I g : i ot j ines, 1, 2-
di hydr oq u?%%%%%e@hiﬁaaﬁgc ﬁg?lgf%ﬁggﬁwgﬁug r?ﬁ%@%@%@%ﬁ%@f “ur bat i on

of 10he el dooughrthe irppgpestioned clectrenddstataiges -{ehdrawirfy substugénts decs not

i ncor porat.i on of el ectron-donati - W. t hdr aw substjtuents does .not
o ont 1 caniengieRiscafict RS araysiPombe gl PN SrRLa st ST iRt
subst r at eglceedPddrating gRiubH &Y. g EmBGbk P i RNEMiMY 0B hBHRRe edron dORANER M oup)
di al kyl am no, or any other electron donating group) or electron w thdraw ng
groups ( eoggslectrintwishdrivaing, greupsdeyg., oithre halel ecanymthamcldstpawithgragriogigioual e
amenabl e 19 dehé L &Qﬁt i'oc%lninitﬁ| t1rheenp“8 SRS a?Jl s%sa(iel%or%t?etdq{e%!sirtlsT esst%ri bed
her ei n. 16166616@ us ?ttl'ue Ret ho e of d%ahy%crog%na PONn qon L he pr%seﬁce of
catial yti calethodaet oMeatiaribaeapeionst s itasealigdches @irbodaastspro@nsdichat i
utility. [00191] In exenplary enbodi nents, dehydrogenation reaction is
carried olbtvearidg syeheferdtliiye of between 100 C and 120 C for a duration of
6- 48 hour gogpit h : : % 9 i de or
00160 ih%% A %f&??gdﬁﬁéffw% isicafife ohPatt%?eQrﬂoeMu{wF RAGH SR :

R

gr aphi te oxi de. ' be recogni ze at ‘any conbl nhation o
cat al yst hwshid0Rgdor arduzasipi ofo-45 aviss, in ghglprsence ah detmeercledsdirpntlevifretp 4P e  as
descri bed,j,n b6 se6id-0N8: abgve, are contenplated as within the scope of
any of the nebodilrrentééé%deescr%bed above or below. Hydration reactions
Hy®0at i on[Wf6N kylhedll bordegonekthat2zay@omdsjatipn obibdylnst lbadimgst icoption tirmes,
graphene oxi de or graphjte oxide function as a catal ytic oxi t for
Phe transr e RGROLIs RS SR HERE ! §F s &hiof SR LA aSuPROHEY 0 ne
cor r espondiithth the kWP DL adPN6f GdleAlbYGinsentLREEHIRVA abSvES Bdl@d. out by mi xi ng
graphene oxide or graphite oxide with the al kyne under conditions suitable

(Mxidayerzal LsubstituadeM elfikAeres gonegt ones formed is renoved during the
reaction er - ﬁ?@) - 10on:s. [ %5 8.
[ 00194] Iﬁfos‘} %% if)i\\gghg?}vﬁlol n s,%’t @h§¥€§%§é?§g§§%k§a |1J(i:eslgr§§§(¥\{lopcﬁgati}zc. he
comger si ooxidatien ddifubgli@tedfmeth@emypiich agldkyyiartiahas) td ketodidseiBxamplephat i ¢
anal ogs. The conversion rate for al kynes is at |east 52% pore partjcularly
at | east dgupstituted methylenes gglugls dinhsnilmetiangpihiel ssnpdigshigrine carrrspeing i on
I's carriedi,Quiyl Wefollc 200 Wt % catal yst at 30100 C for 24 hours.

&

[00163] In additional embodiments, methylene groups in saturated, partially unsaturated
and/or unsaturated alkyl chains such as e.g., fatty acids, or rings such as cycloalkyl,

30 heterocycloalkyl, or heteroaryl rings are also oxidized to the corresponding ketones. By way
of example, heterocycle-containing molecules, such as 4-(p-nitrobenzyl)-pyridine (oxidized
to the corresponding ketone) are oxidized in the presence of carbocatalysts described herein.
[00164] Other heterocycle-containing substrates and/or other cyclic substrates are expected
to show similar reactivity. Examples of such substrates include: disubstituted methylenes

35 where the methylene is substituted with: heteroaryl rings such as imidazole, pyrazole,
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[00196] It will be recognized that any conbi nati on of catal yst | oadings,
reaction tinmes, solvent and reaction tenperatures, as described in the
sect i ons wbave/15632¢ contenpl ated as within the scope of pamyusSed11iobes34

enbodi Menpsrelese/idiathcaPAYANQ i REUAW. 0350l VR 281 {k50R29PETHISR0 L ARE334
Fwdrationbgg Aﬁ%énes top%]cqhgﬁgg [00197] 1n al kne hydgation, the graphene
oxi de or trepiene.duani heofway, hdelet indelines ard etheral disubstipnédiaathyfeoes where the

transf or mat i,on of. al.kenes, to the .corres di ng al cohal s. The .catal ysi,s
reaction MeBigin ST o e REcRiR e Siorienanry S SRHIAL N b ¢ he
al kyne 5upgiers (6Ridthet t®hs coreippli@gtketonbd)omdutiest diabsafutddngetal lsydevhcrbe

ket ones fornmed is renoved duringlthe reaction or afterwards., [00198] In

spedi fic Hrpathyien i substiutad pithdietesoqyaloabsartsisugh av2-masidpyrreliding - or
tetra-substi .ed. is aromatic or aliphatic. In sone enbodi nents,
t he a|kenng§M%8%F§£%§E§%§ﬂg?n ot her enbodi nents, the alkene is a trans

al kene. Ti®168Nvdnsifonhdrakgect, foharghdisubktutciGastbpiehése patcpates dfhlancléaronidiei r
al i phati c anal ogs, [00199] [|n.an exenplary enbodi nent,. the reactign is
carried oBfPfKich Oﬁwsmt%d@gL%}ty@é mhyieys -g-oﬁhrfnghng\sﬂ%@?rporaﬂ?rb@g BTNt

wi il be ! AGOHAL 6P dylulihy AXUEARIRAIIQRPligRR NS ORI AMRe IERGRD
times, solvent "and reaction tenperatures, as desc¢ribed in the sections
above, ar destodiperdoucailbds abstEes tdmpridifecigeoplectodn dompatiog gtdups énpooictory.s

descri bed ,ahoyve .or bel ow, ration of Nitrite 00201] In nitrile

ydr at | ondEH R aRE CHier HEeBem Gmadhe Bl BkpaRes O e e Bt Gyt i o
oxi dant f @ftrot Rflo! srams odrBlcc@fn @ﬁthﬂﬂabvﬁt%@r%uﬁparé BRcRYIE RSPONHIOAGN the

car boxyl at es and/ or carboxylic acids. e catalysis reaction is carried out

by m xi ngpigsenshenearbg¢agdyss deperbid hasciox iThes thictnethaisiod onidetion @ the gesence
conditions.sui;table to allow hydration aof the nitrile, The rboxylic acid
Cormed 1 oo SHVARS shv st rRtle PR et e Pl Sy B0 || Coe
recggni zefdober dnyilC berkicoadiza@nthef angabalbygiktioh OREAtAIGS:, lodERE! icabtidn tiass,

sol vent and reaction tenperatures, as described in the sections above, are
cont enpl at@ycHEngeaRiion tCHPCHEEpL apfleghhedm thysccippothavens coris@plarddsabove

or bel ovt \ 2 HILAH R R{ of L D50k AARORL LB IS dAL T on. L he gr aphene

oxi de or grap unctions as a catalytic oxidant for the
t r ansf apxaddno/Hydrvdanksist 0 t he correspondi ng am nes. The catal ysis

reaction is carried out by mxin raphene oxide or graphite oxide with the
i ne. unal0183hqilgseme egr@PéléI&ﬂné%gagfa&ﬂa m%wafﬂréﬁcaéﬁywr@@sqrfﬁegé?r%e ani ne

foryged i safRuoyed dWxidd f‘o‘?%_h{g@ﬁﬁ&ﬂb@ﬁ (&?., ARAfhEr MR ESethdRQFQer | T Wi T be
recogni zed that any conbi nati on of catalyst |oadings, reaction tines,

sol vent ahydroeabenspnin ewhertetiongs, hydsocddwons oadized ta dreals@wl vdias catpsvéto ar e
cont enpl at s wWthin the 0 of f t.he.enbodinents cri bed .above
peabetliohect Mo MRS SR A R dii e ottt et R R el o
Coupl i ng 1VOrARELHFRAS 49 MedhdISLRULEO D BRI is further oxidized to an aldehyde or a

ketone upon exposure to a catalytically activated graphene or graphite oxide for a longer

25 duration of time and/or at a higher temperature. For example, methane is oxidized to
methanol, or is optionally further oxidized to formaldehyde, or even further oxidized to
formic acid.

[00168] It will be recognized that any combination of catalyst loadings, reaction times,
solvent and reaction temperatures, as described in the sections above, are contemplated as

30 within the scope of any of the embodiments described above or below.

Oxidation of Alcohols to Ketones or Aldehydes

[00169] In alcohol oxidation, the graphene oxide or graphite oxide may function as a
catalytic oxidant for the transformation of primary or secondary alcohols to their respective
ketones or aldehydes. An example of one such reaction is shown in FIGURE 7. The

35 catalysis reaction is carried out by mixing graphene oxide or graphite oxide with the alcohol
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[ 00205] Graphene oxide or graphite oxide is used to catalyze the
condensation reaction of ketones and al dehydes to chal cones. According to
anot her ewbadivesni29 shown in FI GURE 9, an auto-tandem PCT/US2011/038334

oxi dat i ony Ry cahdiftnsAufiOble €OMIW DL dEEAL tRO alShdIS THe kbtdnSBdrtaldhlads formed
graphene oxi de or graphite oxide is used to catalyze the formation of
chal cone wiramaneddirong the eaadieon eredisrwvads.i Keones alessisifofmagdnonildghydss alauk is

al cohol s. .The ;al kynes and cohols are hydrated o xidized, to thei

cor r oepong i RITEPE: BUESS Fadhalut Bghndl YRR P e Rhkcr s on
bei ng cat gkyzadotinotlRen@lRpRans s thE tegmaphbiidain G alddhehotibgidget ones
or al dehydes undergo a C ai sen-Schm dt condensati on, al so catalyzed by the
gr aphene” B@FdN. oFhexagitiiondcasiipa gaytngogesd HHiag Faghiepe secicshal cone product s.

Thus, in verall ¢ C r i t . 0¥ phite
oxi de catgﬂezgg é%%gﬁgﬂggyﬁggﬁ%%%gogﬁ%%%gﬂﬁ?@%ﬁ@¥%%?ﬁ§%§(éﬁﬁﬁg%%ﬁgggrning
condensat t@tverdidi0R266} higher fbr aaghatccilholghaf foatteatuiphatinehablgky Aesording to
aut o-tandem synt hesi s of chal cones_ i s st efficient in many situations,
but each B?Otﬁﬂé’é'gjofigﬁ@}ti tBﬁélcP]é‘?Jil%lbﬁVé(gD a{CHh‘?lhe aut o-t andem synt hesi s may

al so be pﬁf(ﬁ%ﬂ‘gqn%ﬁ&ﬁ%ﬁél?hﬁodﬁﬁ’ n(tj,s‘?’é?cm%l?c %_rﬁgﬁi@g%n%n %t%%%%l)gﬁ&lﬁ dation

¢
and al kyne h tion are descri bed above. ucts o e reactions
maylOt hen besatwacd edd/pnuttshrgedsléplochaoss, grrapeneh oxiydwaliyl, detpduytiealiyl,de t o

form a chal cone., Ketones and,.al dehydes from.ot her | so be comhined in
e br o nRHEaR! gy R abo i p B Emb S HFndRY Byl of sriile.

[ 00207] Eﬁét@ﬂ’ék 1@-'c6ﬁ>tﬁfh|ir% mbEties ,suélﬁibzylndaly@ﬁ{éﬁ{anopzf’fﬁffo R:RRAZMbI A&k cohol ,
and p- 20nitrobenzyl al cohol. Exanple al kynes include phenyl acetyl ene,

p- met hoxy pridivgtl st heyresaece afivdrbocathlysts dhsonpedbereinl tertee easrespendmorldehydssanpl e
et onee | DS ARG PO BT AR RGA SR B S Rublh R areL gROER®

e es |In e nz

p- N\t hy ox yhgosalitidhydectivaigd Bxamiples 0b sivhabahysantlodd: heskanobadstiene  For
prepari ng chal cones, other substituted benzal dehydes m ght be enpl oyed.
Li kewi se, heferaryl pinas sushas dmidgrelsnvirazole pyrrakenpyralsings e¥idingHipsiingp| oyed.

[ 00208] | e I i agt:i i rried out
ot brpoy 2Bl BB Gt B Ol RS E TR SR ARG B 27, e
presence afdolirs aind bawrrs] metifdndbsubSfitedt Yrignkkphaneh axéydtopospage.agbiobetaaxi de.

[ 00209] Reaction conditions are optimzed for any reactj.on descyibed herein
to incr eagﬁ%9?8é1@d_@¥°ﬁ%§%lﬁ9¥ti@@8taﬁe (Qfﬁ_&??é) e ForropanAiee aBekt g de
reagt i ons oikR; GO DB IR TR Soyclolfky¥ sabiflad SyrRlidiRaa! pip@tindhnd 8R3ke 60%
at least 80% at |least 90% or at Ieasg>95@6 e turnover nunber for the

reaction [(M133] t He adudker aspect,Fo2mapolesbgduted compesndsf pastudshtion ofgre mass  of
catal yst). . 00210} I n exenpl ary, enbodi nents, th eactions.is

carri ed ofieciepEBRTE At pel SR SRRTHeTE e, i BEREPbFaiony

bet ween 7§lc6ir@N8onkdidg or -wWithdhw g sEPRRIRUIR s ABONEifiBMtIG afM the isolated yield
2011/150329PCT/U8201%/038334 nore particularly between 100 C and 150 C. In

certai n efbbdidasiradproduse Thwasulbsoates eoperising eshdrslaswpnderntmg@raypaneis120 C.
[00g11] | pne o cﬁgl?() airnrlrrllaontosa ' § C} éloc[,}r ; i({gralatiis bre{l]\ébeei’n lesctf 1%vaighpour's' ;rhes
ti M8 requited nay vary wth *The Y e or ealts on eatal yZea. bt 1S FAY
w1 be recoonitdekhld, vrtanoshee Oldbirdiadyithdia®ingCabad)ysé athodbl NYoxidadias in M1
times, solvent and reaction tenEeratures as described in the sections

H

above, ar Brege Ofpraperrlds dgserbed heseins dbpethsmetbgdsef oxKatiabighe ressence
descri bed0f"pa%{?tié)dﬁlygﬁi%’\éarbocatalysts presented herein have wide synthetic utility.

[00174] In certain exemplary embodiments, the oxidation reaction is carried out at a

30 temperature above 75 °C, more particularly between 75 °C and 150 °C, or at a temperature
above 100 °C, more particularly between 100 °C and 150 °C. The amount of graphene oxide
or graphite oxide used is at least 50 wt %, more particularly between 50 wt% and 200 wt%.
The conversion of alcohol to a ketone or aldehyde is at least 85%, more particularly at least

99%. The ratio of ketone or aldehyde:acid in the reaction product is 92:7 or better.
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[ 00213] Al though specific reaction conditions, turnovers and yields are
specified herein, the above conditions, turnover and yields may apply to
any reactwonodatsedzgzed by graphene 10o0xi de or graphite ®KTAS201EXA8RLES
[00214] The1p5ES aftanbtR¥EKchMarJRNLBEINRAL, RS reitdRr s tasdd bi YHBDOG @kl ence to
the foll ow ng exanpl es. These exanples are included to descri be exenplary
enbodi nen@@tal(vﬁtlaylagﬁcﬁrolﬂl@umt be interpreted to enconpass the entire

breadth o invention. 15 le 1 -.Preparation . of .G aphene oxide or
or aphi (o B30 Y S e RepdisRIAS shabiiER 3L PO S Bn RAE RGPS o o
in some exfesitaBd i@ cGOMeaipdfBury) ab degabex Rnat esctivASatiyve pat esntampRii 30 t 0
the following nethod. O hers were prepared using the Staudenmai er net hod.
Bot B net hoydtbintas seaps @f ippy af daicrbpfiencaiy dasqahed apoyoddw.A nodi fi ed Hummer s
met hod JSe r he graphite oxide. A 100 nL reaction flask was
char ge Jathicgy TPl [fads aphite (3.0 g; SP-1, Bay Carbon Inc. or Alfa
Aesar [99%0177110 (Chibbgatalysta sedit asaifrgthestibLide begaphitk @xide faclitatarict axiddtion olfar ,

and then cool ed . on_.an ice bath. The flask was then slowy charged with
Kvnat (9. 8152 ‘4/%‘iﬂﬁéeshto\Rh*ﬁ%‘ﬂ)f@ﬁ?%&ud@ﬂgQ?SI@H%PE?’@QGW%PW@?{YT%a @ of

addi Ui on $RS,cHkliBhd £ SGALEIUHOUIE 197 ALESHiinG SR RIBREGHERs Ghe HIS or
suspension fromexceeding 20 C. After stirring at 0O Ctor 1 h, the mxture
waslOheat esulfitle Bmr@nétor oruliphiic. The fl ask was then cooled to roomtenperature
and the r Lon was  quenched b our.i t m xture into 150 of .ice
AP e L R Ok A R R R S et o
dil uted tgnd@Rawl aﬂ@/b@uﬂr{gﬁﬁ;@ite&ﬂﬁylt dhaalsest rMdsRuéh AARCRAKSD tistcp&yloh ki1, O

hydrogen peroxide (7. . The resulting vibrant yellow 30m xture was then
filtered Eﬁdromé hiags wictatsoanxidiepddoie ¢dOiespeiding disulf{idesoornplipgdes. By wandf wat er
(4.0 L). The filtrate was nmonifored until fhe.. al wa utral. and. no
breci pi 1 aterels BEBAFALE IR ReRCaifbind i S mE AT Rl 8Bl

si liger ni tHeabofresponthg shifbid@irethe precidel df g gticsodiids om@ashitaldi®ct ed and
dried under high vacuumto afford the desired product (5.1 g) as a dark

br own powt¥H79 pé@tﬁlﬁralllet%raﬂé?k‘nﬁ?%ﬁé’dlglSPE’%W&’LS@P@PO@Q{I@E%W igulghyates are expected

2011/ 150329 : 3833 | ; Lop..of ' '
[ 00217] A%lsggwrﬁ@%ﬁgéjce%%ﬁ@f ﬁé‘gﬁg of F.%Crhgsegﬁ%@%sﬁhénlg@% ?‘%P%@Eﬁ%‘eg‘rh%%?ﬁl (6.0
g; SP-1, Bays &Chnbanidande, pyrazdld ayrhesapyrioddidie, gyriding, ipifle)idinepocenler thiedle,

| furi id (25 .nD, K2S208 (5 .9), P205 (5.q), tir b d th
the m xt ﬁ?@@@i&%ﬁr tt_etg@?elé &lgﬁh@;@ehf%r&ﬁ;g??ﬁ%ﬁ&gﬁsfn@h e apbPBES o room
t erper at Uﬁ%thah@%&wbsﬁtﬂf‘edd@ygl]bh'lg(glg'sﬁclg!_ﬁl%ﬁch rdfahB_MefoBlitahd c%logfb%aﬁee,f t

undi sturbed for a perio ut 8 urs. The pretreated graphite is
col | ect edcymjolfexhna, ay¢lomepsand (wridired toniht lvomatpendif@ aklehydes ¥ hed pthets; picttanel-i s

dried in ai,r .for, 1 da n ransferred.t.o 10concentrated H2SO4 (230 nL).
The i xt ussre oL SR s U O RS Aa D T G PO - i oh
af fords ajgbasl) caharahdria¥pdet, gor thi-siBdtRuted cadpbudndo ek ®riadibs bthe¥lectronic

controlled to prevent the tenperature of the suspension from exceedi ng 10C
The ni xt upe@pigics of sybsatathiols (¢.6r thraygh thednearpenarien psele¢iean-davatiegiont 35C f or

2 h,. The flask i.s then cooled to ra t rat,ure .and th acti.on is
qulicnoa BITSu T SRERLEAR OB R BT RS SR ol b BRTHRDY, 1 2 £ or
2 h at ropfduenPrisdubktatesldbenpriskipitict Sedttont dimbtith flotpd(ct®, rhethoty, WM t h wat er
and treated with a 30% aqueous sol ution of hydro%en peroxide (25 nL). The
resul t i ngdipikylapipoyasianygwiher glegiren denating graup) preeledroinyititiawivng srpuns (88
aqueous HElL. s t 9 ! i cl-WEANE te is
moni t or ed UNt ﬁ"lldgt(ﬁg‘%gl(gh\%ﬁe heég?rgw'rr]%gﬁ a é gﬁgp)\r,l\%g g@é@%bg% %antyg&}tls? hcl) Eh%r ved upon
t he addi t presemet ofiqarbocssalpas desoribd loareide For exainiplerboth dleatom rich (bineics 4—7)

20fjiltrate. The fi|tered sqlids. are collected and dried under high vacuum
to 3& ovi d énchelﬁq,t 101rent th?oqs (entries 8—10) gave excellent isolated y(ljel s of t{le respective

disulphides (94-99%). No over-oxidation (including N-oxidation, in the case of 2-

aminothiophenol) was observed in any of the reactions performed, as has been observed with
chromic potassium sulphate (CrK(SO4),¢12 H,0) and other transition metal-based oxidation
catalysts. Thus the methods of oxidation in the presence of catalytically active carbocatalysts

35 presented herein have wide synthetic utility.
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(11 g) as a dark brown powder. Exanple 3: Preparation of Gaphite Oxide
[00218] A 250 nL reaction flask is charged with natural flake graphite
(1.56 g; 8P-2011BaY3225Car bon Inc. or Alfa Aesar [99% 7- 1@C[riusp)11/038334L of
concent r aj@Ad 8! fIHHIE b fdcHgniZR thkt 4y BoRBimdtibh bE cAglysh loa")d‘ﬁj%]sare%Eﬂldn #ags, and
then cooled in an ice bath: The flaSk is then charged with NaCl03 (3.25 g;
note: in symentendexcNACEOPCiaturps, @b éwbbed oMbe segeasatmye, dro cotfemplytedans

i nsol ubi it KC104 .t hat Qr, react. under stirring.
add t 1 onal iEs SORH L6 TR ¥ab SR M QSRR REG IR “hour For 11
consec UDiiN&ridM NG 1rPeén @Walnﬁ&l(sorﬁ&p[nggedure is repeated for 3 d. The
resulting mxture is poured into L deioni zed water. The het erogeneous

di sper si ol00182k hdp opf pmbpdignenh ﬁwb%a@@éf%@wmbeﬂﬂ@@m ($rthetraplieng Oxide o

menbr ane ed.wth
addi ti ona%}ahfé?%%}lglgeéé r%[{ﬁgﬁ?@@h%ﬁo@%ﬁ%?%ﬁ%% ﬁ%é@ ?g[;dfu?'h er eggégll ids are
col | ect ed(agdtridthybaniuadephdnytimiviactiotiet Katie aviide aﬁurlifrs))dmthe(eiﬂo@l:legXe as a
dar k brown (gwder WO 2011/ 15032 PCT/ U8201 03833 Ex\)(smg e 4. Preparation
of gr apheﬁié"1 Ry d)épe[r@mg]'rr dé ﬁgcgﬁﬁ@pfl %N QXIEF OV HEHIQHORRE A t i on
chamber . éﬁ'hﬁltcﬁé‘ﬁa‘? FB%?§ ISnEQlttIC {%'dl%'stweﬁnﬁlcﬁlrdlr@ Gddrbné & RRAKStoditrg 150
cml, 1685 c%l 1280 § or cml Next | asma excited species of
oxylden ar eitahso ehazedar[dr mmmltphapemsgélmenatmbodmwm pvhidati@acf promarg hemiesr and
brought in contact wth. exposed .surface, of th r €. substr te The
or aphene Ko taar T Re LR S RoRdiBs ﬁﬁdgﬁ Vst Puth BRRRESE AT incln: 11
an FT-1R 83y UM Qffufthg JSpRs tokie YontLhigg @b RisPRakShaaon 3R cm 1,
1685 cm 1ﬁnﬁ128{) cml or fl%%bﬁcmll 0%‘ grap henemgylﬁl;bstsrate hasna | ayer of

gr aphene olxct@@n@promhléleesaf)@é@@atgmfef&ctér@fgh Ilm lheorgmaiph@ péclseibt-denading Bxanpl e
5 - Oxidatli enes 00220]

& aphene. SaESdrd SRR e bR e L ARG BT B B8 Sl a0k st

Al kignes aptbdabtsmhﬁmﬁﬁttm&ﬁrgtﬂge@thteﬂelemdnhﬁmaﬁﬁg aoupd @fd. Naethdhg gener al
reaction scheme for oxidation 150f cis-stilbene (an al kene) to benzil (a
di one) nagiabelaean, erangothoreleotron donsgiag gewp) onglegron widkdrpBngerowsde £t | bene
with 20 2% g 4 r a 56%
conver si \(I)\qr%l{?v?/é[slﬁg’gfr X%?egmﬁg{rﬁrgmp ?’lea&%llééjlogﬁ) %ﬁgg]%n%]ﬂée%b%ﬁ% O?IQ{rPtehs% ulted in
a 49% yi eprserldo olﬁeznzkytlaalmaom/hearbooanadyats doscpibathictis. wer e observed |n t he

reaction yp| cal repara [ o nmL vi al

char ged wm“ﬁtsg]r aﬂﬁ gﬁ%ﬁgcﬂ%m%f‘rd ?"O"‘né[rcaﬁﬂ%ﬂptaélo’éﬁ? gria @%3@3%58 re@PtéODstﬂrPF%ene
(560M) ,  (HGdR ah@rdchidn teﬁﬁo‘éra@ur@?%‘ﬁ&cﬁb@& {f thBctiodHBrolk Blre Wtteth ?ﬁ{bdsa%al ed
with a Teflon-l11ned cap under anbient atnosphere and heated at C for 24
h. After whbinrtbastdpem!aas ot hrpndbdimdnedasintiedrabowasr bdobed t o room

t enperatur.e.an [Washed wth CH2C12 (50 nL). The filtrate was collected and
t he SOIM@%W orated to obtain the crude product, which was then
purified po185] i ga aadiiienBt-toaidht(, HaéEdR oPiminddwidrigfapRéNtasanes: @spHifde

el uent) and the solvent was renoved under reduced pressure to obtain the
desired peyvdadtcxpapted tOSfooeid@dlepp@d@mrsprﬁéwhéuclwe%d%d@w| carbgayhc aadgor t ed
pr 92\9 ous| Yn Ien at hg L] ts%a tur eTpnlls -eoa)'((I: el Orlldatl nSho0 uct 1s S 1@“ g 3; 00222]
As Bunmar i LS e% clnzl The Bxidar i on oo Ci'ss éjlﬁ Shett 8PBenzi |
was opti rflrelﬁdfall\bﬁ \hatéﬁﬁmqb hﬁr@rol}}’sﬁ draadhpgrophragivRphe pertioxlade s@bledimaph)i t e

oxi de and the reaction 30tenperature. In_general, increasing the | oading of

gr aphene H¥188l or twlbb%rqceglmddéawé«fombl&aﬁ@n pbarirlysoacss BasiP HMehcr ease
the yield eyond
400 ut 50 1 Vyhify B cBRIHGLs o BHBLA: WERLBNRTRR RS cORBTREH R

r egar dl essvithfn the agipendé anx oflthe embgdaphts desaxbedebboadk befgw.however, at

tenperatures at
rrp Dehydrogenation reactions

[00187] As shown in FIGURE 6, graphene oxide or graphite oxide is used to catalyze a
dehydrogenation reactions, such as the aromatization of cyclic, hydrogenated species, for
example the aromatization of tetralin to naphthalene or dihydronapthalene to napthalene.

This dehydrogenation chemistry is useful when combining this reaction with other reactions.
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or above 100 C, yields al so decreased, presumably due to thernmal
degradation of the WD 2011/150329PCT/ US2011/ 038334 graphene oxi de or
gr aphi t e wei2det/s0d28t rat e. The use of a nitrogen at nosphece/useorilodssa4 of air,

was al so gom_b@r edythBctdobydM@borffih Betsab@RtdshBd RE BHUE by i 8Lsk iR arobgeigd.
Tabl e 1. timzation of t'he oxidation of cis-stilbene to benzil: effect of

graphene txihde omilgreptiivity. dxpdelds odsiaigubstrastinglu@Otatamydioheinelinsol 4t ed
%e:\lg (9 dih]ygl%qggazaoq%eg,na%d%}?e 1%@‘150 ng anbi ent 57 3 200 ng anbient 68 4 100
[00189] In a further aspect, perturbation of the electronic properties of substrates (e.g.,

5 through the incorporation of electron-donating or -withdrawing substituents does not
significantly affect the isolated yield of the desired product. Thus substrates comprising either
electron donating groups (e.g., methoxy, dialkylamino, or any other electron donating group)
or electron withdrawing groups (e.g., nitro, halo, or any other electron withdrawing group)
are amenable to dehydrogenation in the presence of carbocatalysts described herein.

10 [00190] Thus the methods of dehydrogenation in the presence of catalytically active
carbocatalysts presented herein have wide synthetic utility.

[00191] In exemplary embodiments, dehydrogenation reaction is carried out at a
temperature of between 100 °C and 120 °C for a duration of 6-48 hours in the presence of
less than 1 wt% to 1000 wt% graphene oxide or graphite oxide.

15 [00192] It will be recognized that any combination of catalyst loadings, reaction times,
solvent and reaction temperatures, as described in the sections above, are contemplated as
within the scope of any of the embodiments described above or below.

Hydration reactions

Hvdration of Alkvnes to Ketones

20 [00193] In alkyne hydration, the graphene oxide or graphite oxide may function as a
catalytic oxidant for the transformation of unsubstituted, mono- or disubstituted alkynes to
the corresponding ketones. The catalysis reaction is carried out by mixing graphene oxide or
graphite oxide with the alkyne under conditions suitable to allow hydration of the alkyne.
The ketones formed is removed during the reaction or afterwards. An example alkyne

25 hydration is show in FIGURE 8.

[00194] In specific embodiments, the alkyne is aromatic or aliphatic. The conversion rate
is higher for aromatic alkynes than for their aliphatic analogs. The conversion rate for
alkynes is at least 52%, more particularly at least 98%.

[00195] In an exemplary embodiment, the reaction is carried out with 200 wt% catalyst at

30 100 °C for 24 hours.

[00196] It will be recognized that any combination of catalyst loadings, reaction times,
solvent and reaction temperatures, as described in the sections above, are contemplated as

within the scope of any of the embodiments described above or below.

35
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44b 5 200 ng N2 58b 5 a Al reactions were performed using 50 ng of
cis-stilbene and 0.5 nL of CHC13 heated at 100 C for 24 h. b Yield

det er m newiolzg1111563bAIMR spectroscopy. Table 2. Opti m zat i @oTafS201h®3833%4 dat i on
of ci s-gtihbsnsrAipeRenzil-onsftect of graphene oxide or graphite oxide

| oadi ng 'and tenperature.” Eniry GO Tenperature Isolated yield (%9 1 25 ng
60C 5 2 2H)(}1§7]80@n811@6215'dm§011,(1g€g@phme oxide or graphite oxide may function as a

catalytic oxidant for the transformation of alkenes to the corresponding alcohols. The

catalysis reaction is carried out by mixing graphene oxide or graphite oxide with the alkyne
5 under conditions suitable to allow hydration of the alkyne. The ketones formed is removed
during the reaction or afterwards.
[00198] In specific embodiments, the alkene is unsubstituted, mono-, di- tri- or tetra-
substituted alkene and is aromatic or aliphatic. In some embodiments, the alkene is a cis
alkene. In other embodiments, the alkene is a trans alkene. The conversion rate is higher for
10 aromatic alkynes than for their aliphatic analogs.
[00199] In an exemplary embodiment, the reaction is carried out with 200 wt% catalyst at
100 °C for 24 hours.
[00200] It will be recognized that any combination of catalyst loadings, reaction times,
solvent and reaction temperatures, as described in the sections above, are contemplated as
15 within the scope of any of the embodiments described above or below.

Hvdration of Nitriles

[00201] In nitrile hydration, the graphene oxide or graphite oxide functions as a catalytic
oxidant for the transformation of nitriles to the corresponding carboxylates and/or carboxylic
acids. The catalysis reaction is carried out by mixing graphene oxide or graphite oxide with
20 the nitrile under conditions suitable to allow hydration of the nitrile. The carboxylic acid
formed is removed during the reaction or afterwards.
[00202] It will be recognized that any combination of catalyst loadings, reaction times,
solvent and reaction temperatures, as described in the sections above, are contemplated as
within the scope of any of the embodiments described above or below.

25  Hvdration of Imines

[00203] In imine hydration, the graphene oxide or graphite oxide functions as a catalytic
oxidant for the transformation of imines to the corresponding amines. The catalysis reaction
is carried out by mixing graphene oxide or graphite oxide with the imine under conditions
suitable to allow hydration of the imine. The amine formed is removed during the reaction or
30 afterwards.
[00204] It will be recognized that any combination of catalyst loadings, reaction times,
solvent and reaction temperatures, as described in the sections above, are contemplated as
within the scope of any of the embodiments described above or below.

Condensation Reactions and Auto-Tandem Oxidation-Hydration Aldol Coupling
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100 ng 100C 49 10 a All reactions were perfornmed using 50 ng of
cis-stilbene (neat) and heated at 100 C for 24 h. [00223] Utinmately,
opti m zedwoanditshaas were determ ned (50 ng cis-stil benecTaBRoIY3gPsaphene

oxi de or gjo2pkj tEGlQFhéH%’onie%r apRitebRide 108sc 10 edalhke BREREMRAHoNYRStRAAI ned

in 68%isolated yield. Using these conditions, thé reactivity of graphene
oxi de or §¢talpﬁ$|ané atsichpides 16 chaleongs oﬁhwdm@bsan@h@semlmhreem soea, in FEGURE ng

V\nthaseles nctlo ed| Tabl e 3,

the oo of! Erai-dBE GEfh AdEb i tREMER reds o R BTN BB e b or

el ectron- ‘gtabh@ife&wldﬁbr%mﬂ% oftidd inQdeditopitamee tﬂ’éefofrﬁﬁioﬁtcﬁ’dhylb@{djw@ﬁn hie-
respective dione product (entries 1-3; 12-50% . Additionall y cis-stil benes

that poss&sded reaction il gnceyessy figm iy raadﬁmh@}ﬁ olipsa Ikynestang gl cohols are

ci s-dini tﬁ?%ﬁfebggggld gRtS Mleﬁ)cbrr@%;iﬁaﬁgl ec@ﬂ e§ & al&&%&d}é e% i Xes tp({en try

nodest vyie ona Cl's-
5) gave pthreduaiidnibbing malalmbd)by’t tha @ra)lbl&he dxide ek gra@ﬁﬁ%mde\levﬂm ﬁhe Ikemﬁes dgrhese

results are supstanti al exi.sting i ques as the oxidation
of stil beﬁ]éigh)ﬁgs YRR al%en C\eﬁ@lg@ﬂ a%%%p%wcwgg qﬁ@ﬁsﬁs@apltﬁn%ab@w ut ed
ol efins ! grephfd 5x189rt5?§rﬁpzpfyn'@90ﬁ PR PHRER! Tl G RRrdiNGaliSR: 9 et al
catal ysts, as sel eni um oXI| chromat € speci es. .

Oxildat i onfcm‘natmm |tm|graphdmt0|xtdsttoecgraphae S)Kldletaelralgaeuslcmtg)l gmlph@m ealkyxw de or

graphite de a t a mat er i al.Product|sol ated yield 00 a All
reactlons8 F‘téonpéP$§ ﬁanﬁrsﬂ%gmn depfeii9nysi ng 50 ng of the substrate and

200 mg (4Q0020609 e cﬁfe@p&ﬁl ﬁn%&f Seotls SdaRYHeS irPXit6laribmL9RthEsik 8F clédcoed N

Tefl on-seal ed vi al s. Oxi dati on ‘of HydrocarbonsS Possessi ng
Met hyl or lswe@%yffmn@t@maps sﬂt@@p@@b@ﬂﬁ}%h of thepysiaetains pelormplacd mrthe autg- 5 i

vial was gana S syntWesm m {Igﬁg%e pe&émge% separately For example, methods of alcohol

15 oxidation and alkyne hydration are described above. The products of those reactions may
then be reacted in the presence of graphene oxide or graphite oxide to form a chalcone.
Ketones and aldehydes from other may also be combined in the presence of graphene oxide
or graphite oxide to form a chalcone.

[00207] Example alcohols include, benzyl alcohol, p-methoxybenzyl alcohol, and p-

20 nitrobenzyl alcohol. Example alkynes include phenylacetylene, p-methoxyphenylacetylene,
and p-nitrophenylacetylene were explored. Example ketones include acetophenone, p-
methoxyacetophenone, and p-nitroacetophene were explored. Example aldehydes include
benzaldehyde, p-methyoxybenzaldehyde, and p-nitrobenzaldehyde in these reactions. For
preparing chalcones, other substituted benzaldehydes might be employed. Likewise, other

25 alcohols, alcohols, or methyl ketones might be employed.

[00208] In an exemplary embodiment, a condensation reaction is carried out at a
temperature of between 80-150 °C for a duration of 14-24 hours in the presence of less than 1
wt% to 1000 wt% graphene oxide or graphite oxide.

[00209] Reaction conditions are optimized for any reaction described herein to increase

30 yield. They may also be optimized to reduce competing side reactions. In certain
embodiments, the yield is at least 50%, at least 60%, at least 80%, at least 90%, or at least
95%. The turnover number for the reaction is on the order of 10 (expressed in moles of
product per mass of catalyst).

[00210] In exemplary embodiments, the reactions is carried out at a temperature 25°C, or

35 above 75 °C, more particularly between 75 °C and 150 °C, or at a temperature above 100 °C,
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graphite oxide (100 nmg), substrate (50 ng), CHCl13 (0.5 nL) and a magnetic
stir bar. The vial was then sealed with a Teflon-lined cap under anbi ent

at nospherwoOand/tsebed at 70 C, 120 C or 120 C for 24 h. PCha/SL@a08838h

m xture %ré%ﬂc&%@&w‘é&llmpm hEPRY b Ulnecfh dRstagfed, i feb&foh? (50 nl).
The filtrate was collected and the solvent was renoved under 15vacuumto
obt ai n t heenneratercps between 19hi€andvb) tthen purified by silica chromatography

(CHC12, s, Et 0Ac/ C12 or CHeCl2/ h nes the el uent). The.

Ot dat  onlELE T dRSOMRSBIVRIG RS Feglia tie s FR0RD DeheMRube et e

cycl ohexepryadf) Wit tirhopasRrc&ioa cRalyfzed. med usi ng CDC13 instead of CHCL3 and
conversions were determned directly by 1H NVR spectroscopy. Al products
mat éhed sH¥2d2bs dbpilt beiercagiegsbihatcaysompinstion of Faialysidogings; wagliqyy émes, W0
2011/ 1503 / i zed | | {QUS
cubst r at oSty TN E LAz BB A€ Bbnc SRR LIA0H: Wb o oINS,

t hei r cor méhpoihdsaugeloetonef thodmbodaiantadoscriypdatuct or wedowng gr aphene oxi de or

graphite oxide (conditjons._ 50 ng substrate, 100 ng, gr aphene oxi or
graphite Hﬁ\léngl, oM shapgh epgsific regetprcongifions tW?PV?féﬁn%ﬁﬁE{gé‘WPg@gz‘?mghch as
5di phenyl prt i dhat i i f '
respectivgEf@?gﬁg%ﬁﬁﬁhﬁfﬁgpvgggggﬁ&gﬂgﬁ9ggﬁ%ﬁg?ﬁ%¥%§?ﬁvg%%%%g2§ﬁ¥%¥%ﬁg
(entory 6) pxidher papkitodxilgdr ogen and subsequent aromati zati on was observed.

In general, the oxidation of SUbStratﬁékﬁ%k£§g§Ubly activated benzylic
positions afforded the corresponding ducts in high yield (e.qg.

72%in thfomzﬂe ofheJirRANNL ERIONGAB) be KARY B &SitYod SHiBhréfeRNcS Hithe &llowing

bi benzyl (entry 2), 10wherein each nethylene is only activated by a single

phenyl subsannlesenthesaéfammlescird ewtusied del dgsiceibelexanfiplpy sthbod intenrognly Theés ced

yield of henzi.l. from,bibenzyl be due .to e.substrate's relatively high

ont or et PG nERBER R CEORsuTY e RIS IR EERI 3 v oxi di zed o

i tsisrespective carbonyl in higher yield than fluorene (entry 3).

Di hydr ophenant hrene, whi ch may be consi dered a};igid anangue of bi benzyl,
(H q ¢ A 1 ¥ Wi A [

al so under weBPEHe i DG HEH clwglacdiidyy descri bed above

als UGB AT S AP ITHIC |08 ¢ SY4p g g
suggest t Nzl L Vi . . I i r-mmi.ng a
subst r at el W2AeEcents fteht SR AP MK Bl Bulh SR ol At (AT
graphi t e oxdngged wadysephrad adtdoedink todtha folldwdfR 2ethotiH OdvERs specpriepacdpsiag the

anal ysis of the crude reaction m xtures showed no byproducts for nearly al
the subst SR BB ﬁofthﬁfl%tﬂ]%%fa Tiegpa éWF%PleeS_@é%}ﬁti on was 9, 10-

20djiphy dr ofjialg P.C €0 S dd Bt Murmdners MR A (aY B@ligd pRepTiotht bRipRite BAHETRA¢6MMmIAN
ant hr aqui none (i solated in 49% and 31% yi el d, ré%pectlvgly). I'n conpari son,
prior expencnenflaskbyasahheed withoweadalt flede gxapdiit (3.6 gd8hyid Bag €nagtondnc.@fr Alfa

9, 10-di hydr oa ré e to ant hracene when. i -wal |.ed,.carbon nanot ybes
(MiENTs) AR D s DS SRt A PEI e b SgPpitana B oo gy e &

oxi de, Wegeidébath. AhetMBk Wak @i sRiwGdhak¥$ tvith (BAAON (9.Pg) o¥drDi EWhicPaffoRiFadOU,
J.; Su, 25D. S.; PhamHuu, C; ZieSsel, R J. M. Catal. A: Chem 2009,
302, 119- a@aek lpredmipure. Hhevatp of Rddion gleepentrRiled cagfidly tggreventthge1. )
Virfual 1y, no ant hr agui none was. detect ed i,q.4h roduct m\xlur e, obtai ned
from the BNy aar s edRT SR oaHfle  tam B S lb s thlt Rotdonene

oxi de or gnph W lpstedat $5PEASE0.Y ht YheXlaginass ey 0o6led fadoodf teMPEMTiFe atdr
exanpl e, using graphene oxide or graphite oxide, tw substrates related to

9, 10- 30dHsyEreEan MRS Jueirbed beppuinsthe sHriuge myo hfimk of ieh wten BidakeA dpidhe
entry 8 ' d j; f Tl it |
Goscr | bod" 4p ot RHREERET Tk AER o b BARI N “EORHE WSS B PReg, g
h) . Napht hétherd®%agudosobditinh ahyttuees pb@xpledqddahl). iTRAYs ek Ri624ny iyell ay
respectively, in both_reactions; the correspondi di one (napht haqui none
nastnot osg%iurﬁews tﬁ_@’bﬁé@i il w%ﬁ@wmﬁ@%%}wﬁﬁﬁ) APhaahandn to
the convegip.0f)dTRE HltrABHRY BARSH AntiNGE hHNBRRECES NGBl re@pigRbene
oxi de or graphite oxide was al so found to oxidi ze substituted nethyl

benzenes tes bheivedapon dspwiddiongfaldetwy desurhehtoride or Svit hitragd toghe filtrate.

el et ron- b el S Gue® SRR G drig e L e Fnary o S St gredist e
cor r espongi ng) al slalh BeowRl BSE. SPedti:0hRT nioHealRSikhtigesconpar ed to met hyl

benzenes bearing neutral or electron-w thdraw ng groups.
35
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Tabl e 4. Oxidation of various hydrocarbons using graphene oxi de or graphite
oxide.' WD 2011/150329PCT/ US2011/038334 a All reactions were perforned in
0.5 L CHEO20ugisn2950 ng of the substrate and 100 ng (200TWiSA)11088334 aphene
oxi de or graphite oxide at 120 C for 24 h in Teflon-sealed vials. b Yield
determ ned by 11-1NVR spectroscopy. 5 Exanple 7 - Oxidation of Alcohols

[ 00228] Various al cohols may be oxidized to ketones or al dehydes using a
graphene or graphit oxide catalyst. Specific exanpl es are descri bed bel ow.
[00229] Neat,_benzyl vas heated to 100 Cin the presence
of 20 wt % 10gFéEHere 6K - : ide for 14 hours under anbient
conditions. The eneral reaction schene is shown in FIGURE 7. As FI GURE 8

i ndi cat es[Ooééprt/éﬁp%H\laﬁe?@tqnd}@k1%%@%“})@4‘%@@&%@?@&(@{9@ @;?r]d@adr

hi t |
Cemer at uban 0 A BTk RSl RS2 118 M ERRRRARLE sYRUIAIIEOS 0 KRR are
bet ween 3gy, P4@; (fogh snd 4 &[rE230H tlﬁmbheqmﬁnte ik htdted atri§°Offoit hé hr e tnhiture is

product afforded a m xture of benzyl : 3 nol ar
ratio, asTHBCEPRH HEPOBYCTCRINEE s B é&t © lﬁxtg%%ﬁw‘?&%ﬁ‘ag Péﬁmf bfthenzoi ¢
aci d (PhCLRH) d ;o NIVR
anal ysi s andt??%gl]hﬁéﬂgglﬂtﬁgﬂgtgcp?%% g%f@&ggmﬁ?gﬁgh&@§§§3§% aﬁgﬁg?%r
vvas r el easstiwdsheil mgtht\haelr @acl). ohhe 26410028 i dradanmian fabk dat}panddmnafwfed to

ctlvel cou pec r one sh d t hat. .t epe oxide
or 1 aph eenecsr et BR3P rioed gt Se8 s avoUb RSl &g
l nd| cat i ng nt Kalchta/f@r@ ARHE BSloRXI rﬁ‘&uﬁé YhaRIN bteadaitidﬁ% andfumQtcontrdmidab
functioned as a catalyst. The catal ytic activity of graphene oxide or
graphi te psevei thetsnparatire of d@rsnsperm@ldn thspm gyeedng A Q%DB@@Q@M@SQ@&M@%BM
t he inabi ||} f espondi t e the coho
OX|dat|onb(%§gﬂﬂcﬁ?%% ermde&% %e &@Eq% fh q‘6§%§ﬁ¥ (mlﬁp H%n%X|de

or graphi tenfxitae aus et eiictiohds qesdndaéd Wp(ﬁtﬁ‘ﬁ@tth@ﬂnﬂtﬁ& iaRpRIah e dffd’c&mtérhe
reaction mxture and filtered. The filtered nmaterial was characterized

usildg FT- Pl Sirredrfyr 2hat seoswisanparntae: dhaatisyresis gwsher ddnigd ity & dloWvdh Hetcrpeaks
in the sp 315 i h etch as
wel | as ngﬁ%{rg%%n%% t%fg?é)l gn e&‘{@ SIOI‘%]E?%IBG fhﬁt&ro‘g ér}gglgggzdst %éstghﬁl%@% stretch
and 1280 cﬂwﬂuQﬂki&ﬂﬁxmwaﬁtmﬁnﬂ&ﬁapmmMngedamﬁpﬂqu&mabﬁnmbhmoe$MBQHQfhnd

epoxi de a nce .signals were seen in the un FTIR
spect rum ﬁﬁ%db B W@rnztfhg fﬁtratfe&s@wemri d ypylt E%e @ e115 n%ta#é% Bhding to

the presepce; éﬂt%fls 6155%{3%&1' oﬁ”&f& RHdRidnb RIS DariiN @R Rridk QP SiwRr WRFaE: f3Qhe SEEN
in the unused catal yst.

20 filtrate. The filtered sohds are collected and dried under high vacuum to provide a product

(11 g) as a dark brown powder.

Example 3: Preparation of Graphite Oxide

[00218] A 250 mL reaction flask is charged with natural flake graphite (1.56 g; SP-1 Bay
25 Carbon Inc. or Alfa Aesar [99%; 7-10 um]), 50 mL of concentrated sulfuric acid, 25 mL
fuming nitric acid, and a stir bar, and then cooled in an ice bath. The flask is then charged
with NaClOj; (3.25 g; note: in some cases NaClOj; is preferable over KCIO; due to the
aqueous insolubility of KC10O4 that may form during the reaction) under stirring. Additional
charges of NaClOs (3.25 g) are performed every hour for 11 consecutive hours per day. This
30 procedure is repeated for 3 d. The resulting mixture is poured into 2 L deionized water. The
heterogencous dispersion is then filtered through a coarse fritted funnel or a nylon membrane
filter (0.2 um, Whatman) and the isolated material is washed with additional deionized water
(3L)and 6 N HCI (1 L). The filtered solids are collected and dried under high vacuum to
provide a product (3.61 g) as a dark brown powder.
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conductivity in the used graphene oxide or graphite oxide was al so neasured
to be 15 S/m which was a significant increase fromthe 2.2 x 10-5 S/'m
measur ed Wo 20hie150329sed catal yst. Col l ectively, these re®arits26uggssss t hat

t he graphene oxi de or graphite oxide catal yst undergoes a partial reduction
during the alcohol OX|dat|on reactlon The used graphene oxi de 15or
graphi te oxie i ] Agiteexédeoxi des or graphenes that have been
synt hesi zed by other nethods [00233] The catalytic function of the

gr aphene @02d9] orA grappbid wibsxitel s, praedecppmledcttan dhbmbet Thel stbstradndaeds nohe

al cohol by the graphene_ oxide or xi de, was also confifned. Under
anbi ent C@HHF% PBHQL MQeeil - E%@eaéﬁsab%bﬂﬁ%m 1&35 M gl 2850hsH e Ob % [ Alecri E:raTéIF’ét Wit h

t he sal COhPiaSI%Q@§Cl% Q@&@éyﬁfox %_%ir@ RbreQXY 96 4 ﬁa&lﬂ@ SEIbRlo AEkAARAGy | N
partlcula t he Ph Hto PK reaction wt ap ene oxide or graphite
oxi de was clpmnljeo lanétiromghltein canua'cttwidganemoauisspinﬁlceof thfetgeaphéme $ubstrge.offhe eact i on
tinme at 100 | i quot v fromth eacIio m xture c ned | ess
han 5 rmoPOPBHEIEP G AP O st 48 LB Co3 PRI WP EHELE Bltvas ot
able to pgReagsh df@hé QB shs SGes GHe PRIEEReakshit 3P3U &St 168bfent he280 anfiepe

oxi de or ?raph|Qe oxi de 25d|rectléioX|d|zed t he al cohol, oxygen woul d not
be needed! ke hThheraphencriabstrat basedayet o graphpecedde of oz3ngsctiserfrcsadt i on
maﬁoallo d to cgntﬁp e for another 24 hours at 100 C and anot her ali quot
was teste Egﬂ%ﬁhh& 8 § 23 nol % conversi on of the al cohol to PhCHQ,

further conflrnlng the catalytic action of the graphene oxide or graphite
oxi de. 30[00235] Furthernore, mhen the oraphene'OX|de or graphlte oxi de was

separat ed f rei ke X tayion, Olil Heengs d ' &4 9a¢e O grapaice exaihd to retain
ts oxida r o] | e
[00236] " TIS%E %P%én%%éﬁ%dog%ﬁ%ﬂhﬁs%Zﬁiei%*%ﬁ% G 1 0451 SR OMENE €=

situatio nSrevaﬂmr@metlmes refesed @lih ehd ot ah ottfinss hrlteh;eneml ﬁa&tloneschapaﬁurtomdaﬁoﬁ he
catalyst n at.nosp ki ng oxyg n or, other fi X|dants na be
usea. oba1r 1@6%@2@9@%@9%2‘@@71@ @ 35anq @Wé’ﬂ Se%md%lflﬁ%% e [ AR 8}

radi Ca' SREEH&Soft 5L BN HRbY %%Fg‘r%{%ﬁé oxid€ %¥ g%&%m Juneatked 1% t’@ 20

wt % gr aphene oxi de or graphite oxide and 20 wt l'ated hydroxytol ul ehe
( BHT) . BHI 5a¥{ @overstohevds@btrnddowhoh, afamhlsnétatloslpé ¢hleelsenb;l rbsulmd mg a d9%oyield.
st abl e, ngln reactive, radi rrest t he Oé‘bdatl on reaction or by

i nhi bitin d%ﬁ%%%ﬂ&hﬁwlé H)élprf?)‘ﬁ VG OBery S AaF Eactgh WRUE our s

reaction [00'221 IﬂiQQyﬁcal'ﬁ@;farétfbﬂna55r¥ﬁi%a¢%¥@ﬁa§f anwah %a{f)ﬁeﬁ’é &Qﬂ'@br to PhCHO
was observed. wever, when a 1:1:1 mass ratio o raphene oxi de or

gr &hi te BxipHise PHEHON: %Tcmstlh@ee@dngb CHA; fbdmd-)and mmag@etuastlzr@armT%
conversi Onla?wa% El%n leﬁec{' %tp' a%e'ﬁhgﬁge% S Ob Elr\rll %nt ;IEh Io?peﬁe?éj arg?ﬁe%%edt

l'i kely doe€ N6t IR raphene ae" oy oxXI S ab|I|9y to

oxi di ze t hg 2alic oliek theb’dictlbﬁmhﬁﬁlpld@elﬁﬁﬁnﬁm v@?ﬁlcdalted erddn fehPerapdyand
catalyst. This assessnent was further confirnmed %gtihheatl ng graphene oxide

or graphi tashedivgér €H2@1hé5(bméé§¢€éﬂ€ﬁted’%ﬂc8ﬂ?‘6ﬁ%ﬂ‘ piplyent W.ea%pqr@aéf% |n a

very spec
t heypr gs e%%ﬂag]ft rglgllgc gfcgd}ﬁlcgﬁ\}ehg%%é%y* crfifg{)@ ge@&ncg{rlmﬁéetgé gf(]‘ﬁ9 éﬁftﬁé Atifi | ed
spexst r oscOpi,Chlteyanckhai ﬁlereelsamlt)t@d thensdlvtmlt fvas nahdéved vatlermuddred poa‘ssu:re adlolethis

including ol efinjc specjes, alde Simlar 15results are
obt ai ned M5 dehF 3 %ﬁﬁ%}t%f{ g w H‘&E%%‘ﬁSR?F“tDWBP@% SpyEed piewousthiteh i s

known to ﬂ{e%é‘x%ﬁlrélshﬁgréa%ﬁbr?%'shé@ﬁ?ﬂFR}UIQ\E%Wd' ngly, the graphene or
graphite catalysis of alcohol oxidation |ikely proceeds via radical

speci es. [WMQ23B] Ahemnprirdatiioiapespend 2abe okidgtiapbiariestokenteobengh aphi t e
oxi de were studied,under, var d| t ons n_par ular, i,n the .
oxi dat | on SRy BT BARTGF s, Rifing B BhboTSads Rt C o rog e Hartin
catzl yst |(afdirigroVVas oMadidl SR cRas N BIR 18adPoMEr phetne @Rﬂl’e%trgfa?hmegxmammn
bet ween 25-150 C, and reaction trnme was varied between hour s
the reaction was found to increase the yield of the benzil product, though no improvement
was observed beyond 400 wt%. At low temperatures (< 60 °C), minimal conversion was
observed, regardless of graphene oxide or graphite oxide loading; however, at temperatures at

or above 100 °C, yields also decreased, presumably due to thermal degradation of the
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[ 00239] Sel ected reaction paraneters and results are presented in Table 5.
Al reactions in Table 5 were allowed to proceed for 24 hours. Loadi ng
(Mm% refwox0tiolsodze anount of graphene oxi de or graphit @CoRiSAe 1(08%3p4

prepared ByphliR JAEG! dg?aﬂrﬁﬂe%gihe%qgﬁﬁhté orR&isé of £ aRtdgeN affhashhdre; inJicgBRERE

oxi de or graphlte oxXi was prepared by the Staudenmaier method. Gaphite
was nat ur &ks flsakeplgredpbrittiein{ngd yteeis bomhe prnductorreldxvvﬁ@ o&égrarsc)\ PhCHO (%

refers to the co on _of b ,

refers to the cozi\lli’ |ho p%l?llzﬁé%n#thg%giﬁ@?n ?PCZ q% ‘ 0?%223%1&1{%0
the turnover numhside orgdhité@sideabsim@t ed as the ratio of the mol es of
oxi di zed product _to mass of graphene oxide or graphite 300xide. Tabl e 5.

Oxi dati on of benz cohol enzal de ben der vari ous
conditions. WO 20¥ff%|50329PCT/ 2011/ 035%%%&% %5&91 ite .A GO
GO EOGE @

1 0 mg ambient

2 150 mg ambient 57

3 200 mg ambient 68
4 100 mg Nj 44°

5 200 mg N, 580

* All reactions were performed using 50 mg of cis-stilbene and 0.5 mL of CHCl; heated at 100 °C for 24 h. ® Yield
determined by "H NMR spectroscopy.

Table 2. Optimization of the oxidation of cis-stilbene to benzil: effect of graphene

oxide or graphite oxide loading and temperature.”

Entry GO Temperature Isolated yield (%)

1 25 mg 60 °C 5
2 25 mg 80 °C 8

3 25 mg 100 °C 11

4 100 mg 100 °C 49
10

* All reactions were performed using 50 mg of cis-stilbene (neat) and heated at 100 °C for 24 h.

[00223] Ultimately, optimized conditions were determined (50 mg cis-stilbene, 200 mg
graphene oxide or graphite oxide, 0.5 mL CHCl3, 100 °C, 24 h) and benzil was obtained in
68% isolated yield. Using these conditions, the reactivity of graphene oxide or graphite oxide

15 toward other substrates was explored, beginning with a series of functionalized cis-stilbenes.
As summarized in Table 3, the use of substrates featuring strongly electron-donating or
moderately electron-withdrawing groups did not improve the isolated yield of the respective
dione product (entries 1-3; 12-50%). Additionally, cis-stilbenes that possessed strongly
electron-withdrawing groups, such as cis-dinitrostilbene (entry 4), afforded the desired

20 products in only modest yields (25%). However, weakly electron-donating cis-stilbenes
(entry 5) gave products in an improved isolated yield (68%). Nevertheless, these results are
substantial improvement on existing techniques as the oxidation of stilbenes or similar 1,2-
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al cohol

144 hour swandiic#babyst

1

.46 [00240] At tenperatures |ess than or equal
conversi on peaked at 73 nol % even with reaction tines as |long as
| oadi ng as high as 200 wt %

100 C, cop\ebstin@Bd bRERS tAfeid toespondiRg Hlb'n‘g%&ﬁ

50 wm %

Conver si on appeared to plateal at

to 75 C,

5At PemusSeaElwssss4 above

{8119 RR@Iehe Wsd bf he@di ng above
ours under these conditions,

i ndi cat i ngatelestoryuols ks sabeniwh(IVh exidatoakiromategpecienper at ur es above or equal to

100 C, an apprecLF

bhe desirabl e, was

| e unt  of . PhCOPH ich . not
observed and 1 ho UM arpegniary R ot TS e SRR BRSO Suedl o
| oadi ng, and reacirhphitetoxige.” Use of 200 wt % 10catal yst for a reaction time

of 24 hours at

% W an

_100 C afforded a high conversion rate of 99%w th
al dehyde: aci d ratifryof 92: #tartin@hdddd The turmeater numhediged yreidabl e 5

remai ned rel at
conditions, indicating that
activity. 15[00242} The sco

t
a
(0]

was confirmed using the reac

tion

catal yst cons¢spently reached maxi nal

reactivity,
ondi tions

f yfhe graphgne oxi de catal yst

0 wt% and 100 C for 24

hours. A variety of primary and s&condary benzyli® and aliphatic al cohols

were tested. The results of
al cohol nunmber 2 i the tab
al cohol nunber 3, a m xture
Cwith 200 wt %
gr aphi te oxi de.

al cohol s.

MeO

4

these tests are s

&%, 2ol % benzal

) ol bl e
WO 2011/ 150329P€"Y US2011/ 038334 og¢ aphene oxi de or

The reported results are for a reaction for 24 hours at 75

Cin 50 mﬂ@bgraphege oxi de o

§§§%§Fhite oxi de,

OMe MeO

ON

&Q

O Q

b

S
Lo © )

anmari zed in Table 6. For
e was agép f ound. For

S ed after” 24 hours at 100

ahl e 6. Oxidation of various
48%

OMe

25%
NO,

o 0

68%

12%

* All reactions were performed in 0.5 mL CHCI; using 50 mg of the substrate and 200 mg (400 wt%) of graphene oxide or

graphite oxide at 100 °C for 24 h in Teflon-sealed vials.

Example 6 - Oxidation of Hydrocarbons Possessing Methyl or Methvlene Groups

10 [00224]

In a typical preparation, a 7.5 mL vial was charged with graphene oxide or

graphite oxide (100 mg), substrate (50 mg), CHCls (0.5 mL) and a magnetic stir bar. The vial

was then sealed with a Teflon-lined cap under ambient atmosphere and heated at 70 °C, 120

°C or 120 °C for 24 h. The reaction mixture was then cooled to room temperature and

washed with CH,Cl, (50 mL). The filtrate was collected and the solvent was removed under

15

vacuum to obtain the crude product, which was then purified by silica chromatography

(CH,Cl,, hexanes, EtOAc/CH,Cl, or CH,Cly/hexanes as the eluent). The oxidation reactions

involving toluene, 4-nitrotoluene, cyclohexadiene, cyclohexene and cyclohexane were

performed using CDCl; instead of CHCl; and conversions were determined directly by 'H

NMR spectroscopy. All products matched spectroscopic data reported previously in the

20 literature.
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0:4 : 5 [00243] Overall, benzylic al cohols afforded the highest
conversion, particularly dibenzylic al cohols such as benzhydrol (nunber 1
i n Tabl e WP.200ykshazhexanol (nunber 4 in Table 6) showed EOMIUSREILOBB3BAL €S

simlar tekesgylAddmthsizeddn THbIRRNEASIR sHMALes (WIthRAEYIR ABthJRAL 8rddhs Showed
nodest conversion rates with no suifur oxidation, confirmng the al cohol
10sel ect i wictosuggessiudly camveirtpd to thed cotrespootivgdatoac ohd fumatirited arodgetowpivg

Exanpl e 8 - dration of Al kyn 0244] . Vari pus, al.kynes re reacted with
P ere. Bitp Rt e G oo b MBIk Byl E ¥ RS R B R B RS, o' bt
shown in Fabhie dxidé,0.5 i CHEG] | DNSC 1He4@hKkYRg svaR sibdetedsushah 15200 wt %
graphene oxi de or graphite oxide at 100 C for 24 hours. In exanple nunber

4, 24 nol dipbenyinethape Ry | IpHiatipe teraienhi thasoralasien pf Biguewectivedistancy In
Hydr at | onofif AL, QM &1 508 Biny BRI RORRE BT SRR 3 RRRGEA and

Dittyytier...
......... subsequent aromatization.was.abserved. In general, the oxidation of substrates with doubly . . . . .

oxi e’ washéllvaistHisniicaoaiot yBedRd g ORVEREG R SRR e B ts B even
at the rebadiyelyeasO¥f diBRerGich SHRRY AEYARr L QubdiSitds Julih& Bb&GRYlentry 2),

10 wherein each methylene is only activated by a single phenyl substituent, afforded decreased
yields of product (17%). The reduced yield of benzil from bibenzyl may be due to the
substrate’s relatively high conformational freedom, although diphenylmethane (entry 1) was
oxidized to its respective carbonyl in higher yield than fluorene (entry 3).
Dihydrophenanthrene, which may be considered a rigid analogue of bibenzyl, also underwent

15 dehydrogenation. Collectively, the results described above suggest that benzylic activation
may be the primary factor in determining a substrate’s susceptibility to C—H activation when
graphene oxide or graphite oxide is used as the oxidant.

[00226] 'H NMR spectroscopic analysis of the crude reaction mixtures showed no by-
products for nearly all the substrates explored in this study. The only exception was 9,10-

20 dihydroanthracene (entry 5), which revealed a mixture of anthracene and anthraquinone
(isolated in 49% and 31% yield, respectively). In comparison, prior experiments by others
showed the oxidative dehydrogenation of 9,10-dihydroanthracene to anthracene when multi-
walled carbon nanotubes (MWCNTs), a carbon-based material related to graphene oxide or
graphite oxide, were used as the oxidation catalyst. (Bégin, D.; Ulrich, G.; Amadou, J.; Su,

25 D. S.; Pham-Huu, C.; Ziessel, R. J. Mol. Catal. A: Chem. 2009, 302, 119-123; Fu, P. P_;
Harvey, R. G. Chem. Rev. 1978, 78, 317-361.) Virtually no anthraquinone was detected in
the product mixture obtained from the MW CNT-catalyzed reaction, a result which suggests
that graphene oxide or graphite oxide’s reactivity extends beyond that of MWCNTs. For
example, using graphene oxide or graphite oxide, two substrates related to 9,10-

30 dihydroanthracene, tetralin (entry 7) and 1,2-dihydronaphthalene (entry 8), were subjected to
identical reaction conditions as those described above (50 mg substrate, 100 mg GO, 0.5
mL CHCl3, 120 °C, 24-48 h). Naphthalene was isolated as the sole product in 24% and 26%
yield, respectively, in both reactions; the corresponding dione (naphthaquinone) was not

observed.
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5o0xi dation reactions, aromatic al kynes exhi bited hi gher conversion rates
than their aliphatic anal ogues. Al kynes are known to undergo hydration
under aciwDcotasi2ei ons at tenperatures above 200 C, soPCH/uUsgo1tiokssBy t hat
graphene y2de| O'nAHARBH kEtHRbAFrGah BF ¥iaBE nfdig &k YO e edpREH Rk HSRE | ON
due to the acidic nature of the graphene ‘oxi dé or graphite oxi de. 10Exanple
9 - Chal cereh@eraxhdesirgrahi©248ic Was adsot fppid tal oxpdiepsubatiiubad, methyl Bnpgneyial was

charged wj;t h 50-200 raphene g@xi.de or. graphite, oxid t hyl kgt one
o 51 kyne e Bra M s A8 OGRE, PG PP B K8 b s P s s n e
stir bar. intBfoYitidh ofdGoidle Bles@ai-Behating Rraupd efukp 8s hin@llylg@fole (dhedy Bbi ent
at nosphere_and heated at 80-150 C for 14-24 h. Afterward, the reaction

m xBur e 18iersled S5l coaresnondisraldediype produstdn Aipheniselated Wglehcampaigd ioppethyl  The
filtrat 1| ec | ted to obtain th d
roduct - Pare i eahEH A0 of SR il W BYEROTOC S O ol e T

chromat ography on silica gel, the desired product was dried under vacuum

[ 00247] The acidi ¢ an ygr oscopi c. properties inherent to graphene oxi de or
graphite 20oxi de %%blagnﬁéﬁéﬂ%o ofigps h:@?@asm-uﬁ@gra@@%%ﬁl? Bhsraphise
summarized in Takle8, a series WO 2011/150329PCT/ US2011/038334 of
coupling reactions 1 nvolving various acet ophenones and benzal dehydes was
peridor med neat by conbi ni ng equi nol ar quantities of the aforenentioned
substrates with a fixed quantity of graphene oxi de or graphite oxide. After
14 h at 80 (Entipie GO vartimdiRerimi a vacuum f iprodaéd on and t Iwlated
correspondi ng chal cone products were isolated by silica 5chronat€graphy in
good yields (66 to 85%. Although electron poor as well as eX&4d”n rich
aromat i ¢ compgund i 167 -,7 3; ner e
observed when various § , 2-pentanone, and
hexane- 2, 5- di one) were ©xf S : esul ts suggest that

t he graphene oxi de or graphite oxi de was no nctioni ng as an

graphite oxi de surface g hay favour abl e ar enne\gr aphene oxi de or
graphite oxide interact is gded. Tabl e 4 ng of acetophenones to
benzal dehydes.a Entry R-C(0)CH3 R -C(0O)H IS eld of 1 1 R= Ph
e
4 I N 0 80%
N F A
NO, |
N A
NO2
+
0
0
31%

6 “I' 85%
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R =

Ph 81%2 R = Ph R =p-NO2Ph 66%3 R = Ph R =p-CH30OPh 76%4 R = Ph R

=p- CH3Ph 80% 6 R =p-NO2Ph R = Ph 85% 7 R =p-CH3CPh R = Ph 68% 8 R
=p- CH3Ph WO 2611A150329 PCT/US2011/038334

10

15

20

7 24%

o
8 26%

9 _@_ 16%
OMe

-0

11 DAL

NO, OHC NO,

* All reactions were performed in 0.5 mL. CHCl; using 50 mg of the substrate and 100 mg (200 wt%) of
graphene oxide or graphite oxide at 120 °C for 24 h in Teflon-sealed vials. ® Yield determined by '"H NMR

spectroscopy.

Example 7 - Oxidation of Alcohols

[00228] Various alcohols may be oxidized to ketones or aldehydes using a graphene or
graphit oxide catalyst. Specific examples are described below.

[00229] Neat benzyl alcohol (PhCH,OH) was heated to 100 °C in the presence of 20 wt%
graphene oxide or graphite oxide for 14 hours under ambient conditions. The general
reaction scheme is shown in FIGURE 7. As FIGURE 8 indicates, acceptable variations in
weight percentage graphene oxide or graphite oxide are between 5-200 wt%. Acceptable
variations in reaction temperature are between 25-100°C. Acceptable variations in reaction
time are between 3 -144 hours.

[00230] Subsequent filtering of the reaction product afforded a mixture of benzylaldehyde
(PhCHO):PhCH,OH in a 1:3 molar ratio, as determined by "H NMR spectroscopy. No over-
oxidation to benzoic acid (PhCO,H) or other by-products was detected under these
conditions. NMR analysis and titrimetry of the reaction product mixture showed that water
was released during the reaction.

[00231] Atomic absorption and inductively coupled plasma mass spectrometry showed
that the graphene oxide or graphite oxide catalyst used contained trace or no amounts of
metals, indicating that the graphene oxide or graphite oxide and not a metal functioned as a

catalyst. The catalytic activity of graphene oxide or graphite oxide was further confirmed by
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74% [a]All reactions were perforned neat in 1 : 1 stoichionetry (0.5 mol
each) of ketone : al dehyde using 50 ng of graphene oxide or graphite oxide
at 80 C fwo 201/15032p00248] The ability of graphene oxi de @®@cTgrsaphiosss3oxi de to
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to benzyl al cohols. Entry R-C(0)CH3 R -CH2CH I sol ated Yield of
Ph Collectively, these results suggest that the graphene oxide or graphite oxide catalyst

undergoes a partial reduction during the alcohol oxidation reaction. The used graphene oxide

15 or graphite oxide is similar to r-graphene oxides or graphenes that have been synthesized by
other methods.

[00233] The catalytic function of the graphene oxide or graphite oxide, as opposed to
direct oxidation of the alcohol by the graphene oxide or graphite oxide, was also confirmed.
Under ambient conditions, when the graphene oxide or graphite oxide reacts with the alcohol

20 as a catalyst, ambient oxygen is the terminal oxidant. In particular, the PhCH,OH to PhCHO
reaction with a graphene oxide or graphite oxide was performed under a nitrogen atmosphere.
After 24 hours of reaction time at 100 °C, an aliquot removed from the reaction mixture
contained less than 5 mol% PhCHO, indicating that the alcohol oxidation reaction was not
able to proceed in the absence of oxygen. In contrast, if the graphene oxide or graphite oxide

25 directly oxidized the alcohol, oxygen would not be needed and a higher PhCHO yield would
be expected.

[00234] The reaction was allowed to continue for another 24 hours at 100 °C and another
aliquot was tested, showing only 23 mol% conversion of the alcohol to PhCHO, further
confirming the catalytic action of the graphene oxide or graphite oxide.

30 [00235]  Furthermore, when the graphene oxide or graphite oxide was separated from the
reaction mixture by filtration, it was found to retain its oxidative properties and could be
reused for multiple reaction cycles.

[00236] The low yield under a nitrogen atmosphere also indicates that, in situations where
it is desirable to diminish the oxidative capacity of the catalyst, an atmosphere lacking

35 oxygen or other final oxidants may be used.
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R = Ph 55%2 R=Ph R p- NO2Ph 36% 3 R=Ph R = p-CH3OPh 4 R =

p- NO2Ph R = Ph 55%5 R = p-CH3OPh R = Ph 48% [a] AIl reactions were
per f or redwoeat/ism29 : 1 stoichionmetry (0.5 mmol each) ofChaiSena/0383a4 cohol
usi ng 2001gmR39f OF ARIGRRNOMEIEIOF rh @ gpéc?es%@eox@daﬁ%@ plock &, néft PACH, 0PI
Reaction performed at 100 C. 15[ e] Not determ ned as p-net hoxybenzyl al cohol
was f oundwestrpgbd wethi2fevtlingraphansexedecwpaidnhito oside Erd 2P g dloutTlatsdem

oxi dati on; condensat i 0 G aphene oxi d r _graphite.oxi.de's ability
o et eot FRORPEE T Bine BT BR O A RE IR B uicoPLERIL bY s2Es BifEnones
was conbi pableyhdriregétaRhediealakitdereats iy cxdutios rextige osb@iihititiyg dioprbagitinpt at e

acid catal yzed condensations with al dehydes in a si r&gl e
5 the formation of radicals. After 24 hours reaction time at 100 °C, less than 5 mol%

conversion of the alcohol to PhCHO was observed. However, when a 1:1:1 mass ratio of
graphene oxide or graphite oxide:PhCH,OH:BHT was heated for 14 hours at 100 °C, a 26
mol% conversion of the alcohol to PhCHO was observed. This indicates that BHT likely
does not inhibit the graphene oxide or graphite oxide’s ability to oxidize the alcohol, but
10 rather impedes the oxidation of the reduced catalyst. This assessment was further confirmed
by heating graphene oxide or graphite oxide in the presence of cyclopropylcarbinol, which
reacts in a very specific manner, evidenced by the formation of olefinic species, in the present
of radicals. These olefinic species may be readily identified spectroscopically. This resulted
in the formation of number of products including olefinic species, but no aldehydes. Similar
15 results are obtained in chromic-acid mediated oxidation of the same substrate, which is
known to proceed using radical species. Accordingly, the graphene or graphite catalysis of
alcohol oxidation likely proceeds via radical species.
[00238] The oxidation properties of graphene oxide or graphite oxide were studied under
various conditions. In particular, in the oxidation of neat benzyl alcohol to benzylaldehyde or
20 benzoic acid, catalyst loading was varied between 5-200 wt%, temperature was varied
between 25-150 °C, and reaction time was varied between 3-144 hours.
[00239] Selected reaction parameters and results are presented in Table 5. All reactions in
Table 5 were allowed to proceed for 24 hours. Loading (wt%) refers to the amount of
graphene oxide or graphite oxide (GO) prepared by the Hummers method added to he
25 reaction mixture. graphene oxide or graphite oxide was prepared by the Staudenmaier
method. Graphite was natural flake graphite (Bay Carbon, Inc. or Alfa Aesar). PhCHO (%)
refers to the conversion of benzyl alcohol to benzylaldehyde. PhCO,H (%) refers to the
conversion of benzyl alcohol to benzoic acid. TON refers to the turnover number, which was
calculated as the ratio of the moles of oxidized product to mass of graphene oxide or graphite
30 oxide.
Table 5. Oxidation of benzyl alcohol to benzaldehyde and benzoic acid under

various conditions.
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20reaction vessel, as shown in Table 10. Conbination of a 1 : 1 nolar ratio
of phenyl acetyl ene and benzal dehyde with an equi mass quantity of graphene
oxi de or wyoaphitses2o0xi de at 80 C afforded the desired chalCtarseoiprsssact in
51% isolated yield, which was increased to 79% (>98% by NVR spectroscopy)
when two equiv of the al dehyde was used. It appears that sone of the

al dehyde was | ost via oxidation to its carboxylic acid (observed via NWR

25spect r oscopy ) AT LAl e ISE™ P EXCERS SUNsTT ArTVing the
reaction toward \ﬁllligﬁéﬁggCT?ﬁS§ﬁlllO 8334 foi\f gkﬂ?ﬁb t ar get ed

pr oduct . Regardless a_var betyi of al'kyne and“&ldehvd§\éer|vatTves wer e
successfully couplg§xu3|ng thﬂS neth@ﬁology“wTable 10 C0upllng of aryl
al kynes to benzal dehydes. a :

1R—PhR—Ph5‘i?o2R

[00240] At temperatures less than or equal to 75 °C, alcohol conversion peaked at 73
mol% even with reaction times as long as 144 hours and catalyst loading as high as 200 wt%.
5 At temperatures above 100 °C, conversion rates as high as 85 mol% were observed with
loading above 50 wt%. Conversion appeared to plateau at 6 hours under these conditions,
indicating decomposition of the catalyst. At temperatures above or equal to 100 °C, an
appreciable amount of PhCO,H, which may not be desirable, was observed and the content of
this acid increased with temperature, catalyst loading, and reaction time. Use of 200 wt%

10 catalyst for a reaction time of 24 hours at 100 °C afforded a high conversion rate of 99% with
an aldehyde:acid ratio of 92:7.

[00241]  The turnover numbers in Table 5 remained relatively constant at 10 mol/g
regardless of the reaction conditions, indicating that the catalyst consistently reached
maximal activity.

15 [00242] The scope and reactivity of the graphene oxide catalyst was confirmed using the
reaction conditions of 200 wt% and 100 °C for 24 hours. A variety of primary and secondary
benzylic and aliphatic alcohols were tested. The results of these tests are summarized in
Table 6. For alcohol number 2 in the table, 2 mol% benzaldehyde was also found. For

alcohol number 3, a mixture of products was observed after 24 hours at 100 °C with 200 wt%
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R = p-N2Ph 63%3 R=Ph R = p-CH3OPh 43% 4 R = p-t-BuPhb R = Ph 55%5 R
= p-NO2Ph R = Ph 19% 6 R = p-CH3OPh R = Ph 50% [a] Al reactions were
per f or redwoeat/ism29 : 1 stoichionetry of al kyne : al dehpd®/use13/088384 each)
using 50 PBipRENERENRaie SRIAR! THE FORYTcq rNit Gredbr 4 RAclord @ 23 4olhs at FH]
Reaction of this substituted phenyl acetyl ene derivative wth benzal dehyde
was used f©iheld ptelaienhgat exitdher grnbité ergderechani sm 10[ 0] The hi gh nel ting

poi nt (150 C) 16 of p-nitrophenyl acetylene limted mscibility, and
ultimately reactivity, under the conditions explored. [00250] The ability
of graphene oxi derdyle g5 axhdation X aeousaleabikl yze the af orenenti oned

hydrati on and oxi dation reactions in a single reaction vessel, and then
facilitate an acid- 15catal yzed C ai sen- Schnm dt type condensati on coupling
of the respective product SQ\f\QI‘ med g Prushuct Copsavaion

---------

;
&

[00243] Overall, benzylic alcohols afforded the highest conversion, particularly dibenzylic
alcohols such as benzhydrol (number 1 in Table 6). Cyclohexanol (number 4 in Table 6)
showed conversion rates similar to benzyl alcohol. 2-thiophenemethanol (number 5 on Table
6) showed modest conversion rates with no sulfur oxidation, confirming the alcohol

10 selectivity of the catalyst and its tolerance of functional groups.

Example 8 - Hvdration of Alkyvnes

[00244] Various alkynes were reacted with graphene oxide or graphite oxide to form their
ketone hydration products as shown in Table 7. In the reactions the alkyne was reacted with

15 200 wt% graphene oxide or graphite oxide at 100 °C for 24 hours. In example number 4, 24
mol% of 1-(4-ethynylphenyl)ethanone was also produced.

Table 7. Hydration of various alkynes.
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situ was al so denonstrated. As shown in Table 11, the conbination of
vari ous phenyl acetyl enes and benzyl alcohols (1: 2 nolar ratio) with

gr aphene wW®i208/16032gr aphi t e oxi de under conditions sim | CTUS241h038334
descri bed above afforded the desired chal cone products in up to 61%

i sol ated yields (94% conversion by NWR spect roscopy). This 20met hodol ogy
may prove usef ul gg éynt h&g&g wher e BRL vl ke{,@ﬁne%@gre | naccessi ble, or

unwant ed side reactions (e.q., irreversible fornation of ketols or M chael

addi tion products) are observed. Table 14. Coupling of aryl alkynes to
benzyl al cohol s. WO 201141 15@329 PCT/. QSZOll/ 038334 Ent ry R-CCH R - CH2CH
| sol ated Yield of ¥ 1R 3 Ph R = Ph?? 1{0/&' 2 R =FR¥R = p-NO2Ph 34%C 3 R =
Ph R = p-CH3COPh et

1

ez

R R

[00245] Graphene oxide or graphite oxide was also able to catalyze high conversion rates
in this reaction even at the relatively low 100 °C temperature used. As in the alcohol

5 oxidation reactions, aromatic alkynes exhibited higher conversion rates than their aliphatic
analogues. Alkynes are known to undergo hydration under acidic conditions at temperatures
above 200 °C, so it is likely that graphene oxide or graphite oxide catalyzes the alkyne

hydration reaction due to the acidic nature of the graphene oxide or graphite oxide.

10 Example 9 - Chalcone Synthesis

[00246] In a typical preparation, a 7.5 mL vial was charged with 50-200 mg of graphene
oxide or graphite oxide, methyl ketone or alkyne (0.5 mmol), aldehyde or alcohol (0.5 or 1
mmol) and a magnetic stir bar. The vial was then sealed with a Teflon-lined cap under
ambient atmosphere and heated at 80—150 °C for 14-24 h. Afterward, the reaction mixture
15 was cooled to room temperature and washed with 50 mL CH,Cl,. The filtrate was collected
and the solvent was evaporated to obtain the crude product. Following purification of the
crude product by column chromatography on silica gel, the desired product was dried under
vacuum.
[00247] The acidic and hygroscopic properties inherent to graphene oxide or graphite

20 oxide as a means to effect C—C bond-forming reactions. As summarized in Table &, a series
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b, d 4 R=p-N2Ph R =Ph 1 0% 5 R = p-CH3OPh R = Ph 50% [a] Al
reactions were perforned neat in 1:2 stoichionetry (0.5 mol of al kyne; 1
mol of awvocholisoirsi ng 200 ng of graphene oxi de or grapircrasSoxii@sssat 80 or
100 C for oPdupling kLtiGRARSIIRE vatio@hcbtoph&ldReS 4R tEdalaényHeOwes paksHhiiat
determ ned as p-net hoxybenzyl "al cohol was found to pol yrieri ze under these
condi t i ong¢at bycPmbingngreqhimplat §gandtieTpiethpiafsicmentionad sywirates (vitha [Qedof

on eyl | i ted mscibill : 7>
Cnder ' CheCRINBY €1 HE regr B of Erhif weiy W PRl GRS RO BRERbIV 8 025 1)
In a prel vagudal flte¥eeindmecorrtdpoading BRAlcdrdrodctsmasretisstat @by wiith GO (75 ny)

at 100 Cin CHC13 (0.3 nL) for 10 mn in a seal ed vessel. After workup by
di sSol ut i eoBRtagRPhyiygeot Balds (emtom Sxek rdthoygloriceson Beprs yveflgs (ckpgisen Hgh

filtratio . - - of 1 i{ ol vent,
the 1 hi ol Mgt g P Pe AR SR Rl R EP R o) P LRI B

quant it at varidug atipimtrspeded @.gli qehenl Reficatanping, dad h&Sanpar e diohe) d&apreeplotudsdsy
reported oxidative couplijngs of thiols using tal catalysts, significantly
| ess ti neé%graﬁe%qﬁmssaesc%sqﬁgﬁw té@%%fé@hﬁ@ﬁ&ﬁ@&a;ggap%% ofigisy gor merely
quant it at kyR«5GAchLY %e&%‘eﬂ&s%d do8R232k tfs aﬁﬁlﬁ\f\f@s bithel ABSt ﬂt?ss&@ lsQphcidmt ni mel
changes in the conversi on were observed upon I ncreasing the reaction tine
(entori es Bghlijty rithiited f@Oanwrim G@nladrébagpechcd 104laf groptent akgeor prapbucoxilent ry
6), increasi.ng the laading, to 60 wt% GO was found to. be sufficient to drive
Che 200w HHOA" Hase FRGHRBY ada%eﬁ%ﬁaP%%e@éﬁ&ﬁ@&pﬁs AXEEARFY 9N Shecdids o
found that variations in the reaction tenperature (ranging from 40-100 C
had a signifi cantT1é 8CCouPling e atdehrhettsyd Bbrralehyds.“di sul phi de product
(entries 7-10). At low tenperatures, mnimal yield of product was obtai ned;
however, a quantitative conversi oy was fjgenerally observed at reaction

tenperatures at or above 100 C i met | ds—of ' t he di sul phi de product
wer e obt ai ned when nat ural R R
Entry R-C(O)CH3 R'-C(O)H tsolated
Yield of 1

1 R =Ph R’=Ph 81%

2 R =Ph R’ = p-NO,Ph 66%

3 R =Ph R’ = p-CH3;0Ph 76%

4 R =Ph R’ = p-CH;Ph 80%

6 R = p-NO,Ph R’=Ph 85%

7 R = p-CH;0Ph R’=Ph 68%

8 R = p-CH;Ph R’=Ph 74%

15 ol All reactions were performed neat in 1 : 1 stoichiometry (0.5 mmol each) of ketone : aldehyde

using 50 mg of graphene oxide or graphite oxide at 80 °C for 14 h.

[00248] The ability of graphene oxide or graphite oxide to facilitate oxidations (e.g.,
alcohols to aldehydes, a reaction shown to be catalytic in molecular oxygen) was combined
with its ability to promote acid-catalyzed condensations. As shown in Table 9, in situ

20 oxidation of benzylic alcohols to their respective benzaldehydes in combination with
coupling to acetophenones was explored. Treating equimolar quantities of various alcohols
and ketones with graphene oxide or graphite oxide under similar conditions as those
described above afforded the expected chalcone products in isolated yields up to 55% after 24

h. denending on the substrates employed. While in sifu oxidations of alcohols have been
-52-



25 flake graphite, activated carbon, or hydrazi ne-reduced graphene oxide
were substituted for GO (entries 11-13). Likewise, only a |low yield of
di phenyl dveubphisae9( 3. 5% entry 1) was obtained in the &bTarse@1088380 under

ot herw s euée@??&i&@ly GORELIARAS drlBcbneslPe-Bised HBysts were re&l}ired and
2011/ 150329PCT/ US2011/ 038334 Tabl e 12. Optim zation of the catal yzed
oxi dat i onmaftutchio ptenels wergekipined eOsh wsingle p(a@0yt wasstsesyedar thewRetecYViBn
2R eaction g:poerc]:yrgrrnsvlvl(l)errllbgrgg{?ene S&f&"é‘%'r Q%Bl‘?engﬁﬁé" tv%ilars%sécg: ?0 ftalciﬁ?ate él'imil]al(r) %ngfeomm n 3.5
oxidation—condensation reactions. To confirm that the reactivities observed were not metal-
5 mediated, inductively coupled plasma mass spectrometry was performed on an aqueous
dispersion of graphene oxide or graphite oxide. The Mn content (KMnQO4 was used to
prepare graphene oxide or graphite oxide ) was found to be <1 ppb, similar to other native

metal contaminants such as Al (3 ppb), Pb (4 ppb), and Ba (1 ppb).

Table 9. Coupling of acetophenones to benzyl alcohols.”

o] OH
/{j)k + K@\ — 1
10 R R

Isolated
Entry R-C(O)CH; R’-CH,0H _
Yield of 1

1 R =Ph R’=Ph 55%
2 R =Ph R’ = p-NO,Ph 36%”
3 R =Ph R’ = p-CH;OPh ¢
4 R = p-NO,Ph R’ =Ph 55%
5 R = p-CH;0Ph R’ = Ph 48%

ta] All reactions were performed neat in 1 : 1 stoichiometry (0.5 mmol each) of ketone : alcohol

using 200 mg of graphene oxide or graphite oxide at 80 °C for 24 h.

ol Reaction performed at 100 °C.

15 d Not determined as p-methoxybenzyl alcohol was found to polymerize under these conditions.

Example 10 Tandem oxidation-condensation

[00249]  Graphene oxide or graphite oxide’s ability to effect hydrations of
phenylacetylenes to their respective acetophenones was combined with graphene oxide or
graphite oxide’s ability to facilitate acid catalyzed condensations with aldehydes in a single

20 reaction vessel, as shown in Table 10. Combination of a 1 : 1 molar ratio of phenylacetylene
and benzaldehyde with an equimass quantity of graphene oxide or graphite oxide at 80 °C
afforded the desired chalcone product in 51% isolated yield, which was increased to 79%
(>98% by NMR spectroscopy) when two equiv of the aldehyde was used. It appears that
some of the aldehyde was lost via oxidation to its carboxylic acid (observed via NMR

25 spectroscopy), and that the use of excess substrate aided in driving the reaction toward
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GO (300 wt/0) 100 10 min 100 3 GO (300 wt% 100 20 min 98 4 GO (300 wt %
100 30 min 94 5 GO (300 wt9% 100 60 min 96 6 GO (20 W% 100 10 min 81 7
WO 2011/150329 PCT/US2011/038334

formation of the targeted product. Regardless, a variety of alkyne and aldehyde derivatives

were successfully coupled using this methodology.

Table 10. Coupling of aryl alkynes to benzaldehydes.”

o}
=
+ H —_— 1
R R

5
Isolated
Entry R-C=CH R-C(O)H :
Yield of 1
1 R =Ph R’'=Ph 51%
2 R =Ph R’ = p-NO,Ph 63%
3 R =Ph R’ = p-CH;0Ph 43%
4 R = p-t-BuPh® R’ =Ph 55%
5 R = p-NO,Ph R’=Ph 19%°
6 R = p-CH;0Ph R’=Ph 50%
fal All reactions were performed neat in 1 : 1 stoichiometry of alkyne : aldehyde (0.5 mmol each)
using 50 mg of graphene oxide or graphite oxide at 100 °C for 14 h.
°] Reaction of this substituted phenylacetylene derivative with benzaldehyde was used to help
elucidate the coupling mechanism
10 d The high melting point (150 °C)' of p-nitrophenylacetylene limited miscibility, and ultimately
reactivity, under the conditions explored.
[00250] The ability of graphene oxide or graphite oxide to catalyze the aforementioned
hydration and oxidation reactions in a single reaction vessel, and then facilitate an acid-
15 catalyzed Claisen-Schmidt type condensation coupling of the respective products formed in
situ was also demonstrated. As shown in Table 11, the combination of various
phenylacetylenes and benzyl alcohols (1 : 2 molar ratio) with graphene oxide or graphite
oxide under conditions similar to those described above afforded the desired chalcone
products in up to 61% isolated yields (94% conversion by NMR spectroscopy). This
20 methodology may prove useful in syntheses where methyl ketones are inaccessible, or
unwanted side reactions (e.g., irreversible formation of ketols or Michael addition products)
are observed.
Table 11. Coupling of aryl alkynes to benzyl alcohols.”
// OH
oo,
R R
25
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GO (60 wt/0) 100 10 min 100 8 GO (60 W% 40 10 min 5 9 GO (60 w% 60 10
mn 22 10 GO (60 wt/0) 80 10 min 86 11 Graphite (60 wi/0) 100 10 mn 7 12

10

15

20

25

WO 2011/150329 PCT/US2011/038334
Isolated
Entry R-C=CH R'-CH,0OH ‘
Yield of 1

1 R =Ph R’ =Ph 61%"
2 R =Ph R’ = p-NO,Ph 34%°
3 R =Ph R’ :p'CH3OPh b, d
4 R = p-NO,Ph R’ =Ph 10%°
5 R = p-CH;OPh R’ =Ph 50%”

fal All reactions were performed neat in 1:2 stoichiometry (0.5 mmol of alkyne; 1 mmol of

alcohol) using 200 mg of graphene oxide or graphite oxide at 80 or 100 °C for 24 h.

fe] Performed at 80 °C.

fel Performed at 100 °C.

td Not determined as p-methoxybenzyl alcohol was found to polymerize under these conditions.

fel Performed at 150 °C. The high melting point (150 °C) of p-nitrophenylacetylene limited

miscibility, and ultimately reactivity, under the conditions tested.

Example 11 — Oxidation of thiophenol

[00251] In a preliminary experiment, thiophenol (25 mg) was treated with GO (75 mg) at
100 °C in CHCl; (0.3 mL) for 10 min in a sealed vessel. After workup by dissolution of the
crude reaction mixture in CHCl3 (50 mL) followed by filtration of the heterogeneous carbon
and removal of the volatile solvent, the thiol was determined by "H NMR spectroscopy
(CDCls) to have been quantitatively converted to diphenyldisulphide. Compared to
previously reported oxidative couplings of thiols using metal catalysts, significantly less time
was required (10 min versus several hours) to achieve quantitative reaction using GO.
[00252] As shown in Table 12 below, minimal changes in the conversion were observed
upon increasing the reaction time (entries 2—5). While 20 wt% GO afforded 81% of the target
product (entry 6), increasing the loading to 60 wt% GO was found to be sufficient to drive the
oxidation reaction to quantitative conversion (entry 7). We also found that variations in the
reaction temperature (ranging from 40—-100 °C) had a significant effect on the isolated yield
of the disulphide product (entries 7-10). At low temperatures, minimal yield of product was
obtained; however, a quantitative conversion was generally observed at reaction temperatures
at or above 100 °C. Minimal yields of the disulphide product were obtained when natural
flake graphite, activated carbon, or hydrazine-reduced graphene oxide were substituted for
GO (entries 11-13). Likewise, only a low yield of diphenyldisulphide (3.5%; entry 1) was

obtained in the absence of GO under otherwise identical conditions (100 °C, 10 min).
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Activated carbon (60 wt% 100 10 mn 10 13 Hydrazi ne-reduced graphene
oxideb 100 10 mn 23 (60 w% a Reaction conditions: thiophenol (25
ng), car bwo 20tyyses2and anount i ndi cated), and CDC13 (0. 3perjusasns3giconbi ned
in sealed 7.5 nlL Tahdé 12.d0ptirhigatiome tha GQ-eatplgzat axidationdif tad@noh’ Conver si on
of thiophenol to di phenyl di sul phi ggpnvas nonitored 11-1 NWMR spectroscopy
(CDC13) using 1,4-dinit r&eoﬁm @0) i ngegnal s rd. Prepared
according to previously repgrted nethods. | e Oxi dation of thiols
cont ai ni ng conpounds __ 10[ 00253] Using the timzed experi nental conditions
descri bed above (25 mgut hi obabod5 Mg Kkdiion0. 3 MWhacHCL3gverdd®%C, 10 m n), the
substrate scope of the netHedirfas toxphioréd. Ad"Shown in Table 13, a wide
range of thiols showed excellent conversion when treatged wth GO and their
pure disul phide produdts were obtained after SHOrt reaction timnes by
di ssol ution of the crdde F8aLI1Mgh ni xiUres in'°CACI3 (5 L), filtration of
t he residual carbon, penpwalGooftx15t hetwwol ati |2 m&ol ventesunder vacuum and
purification via coluan chogmé@gr aphyw The r®aeti vityyof al kyl thiols
(entries 1-3) appeared sligghioh v over dhan that of aryl thiols (entries
4-10), consistent with ourGoz,‘roe\t{,} ous ob%er vation t hat often exhibits
hi gher activity toward ar ene=fUdcti onili zed sUB% rates’. 4 6 7 As a
further indicator of pref&eéNt4dl reat®ivity BfMraryl tH ol s over al kyl
thiols, a 1. 1 nolar mi xt®oegsoefst hi ophenol anmdmb- butarethiol (total mass:
25 20ng) was treated withdd@owbd W % gpnder opt,f,m zed gonditions (100 C, 10
mn). Using 1H NMR speoct rgs%(%@%) t he %rude product m xture (63% conver si on)
was found to contain & 1.0 5.07: 2.9%wlar r'dfi"o of dPbutyl disul phide :
but yl phenyl di sul phi de™ di®FR%nG? ¥itsul PRi de, a8mirel | as? unreact ed
1- but yl sul phi de (34% 1and ?G%iﬁz‘)?ﬁﬂo" amowot of ummeact ed fhi ophenol (<5% .

13 Hydrazine-reduced 100 10 min 23

graphene oxide®
(60 wt%)

* Reaction conditions: thiophenol (25 mg), carbon (type and amount indicated), and CDCl; (0.3 mL) were

5 combined in sealed 7.5 mL vial for the time and temperature indicated. ® Conversion of thiophenol to
diphenyldisulphide was monitored by '"H NMR spectroscopy (CDCls) using 1,4-dinitrobenzene as an
internal standard. ° Prepared according to previously reported methods.

Example 12 Oxidation of thiols containing compounds

10 [00253] Using the optimized experimental conditions described above (25 mg thiol, 15 mg
GO, 0.3 mL CHCl3, 100 °C, 10 min), the substrate scope of the method was explored. As
shown in Table 13, a wide range of thiols showed excellent conversion when treated with
GO, and their pure disulphide products were obtained after short reaction times by dissolution
of the crude reaction mixtures in CHCI; (50 mL), filtration of the residual carbon, removal of

15 the volatile solvent under vacuum, and purification via column chromatography. The
reactivity of alkyl thiols (entries 1-3) appeared slightly lower than that of aryl thiols (entries
4-10), consistent with our previous observation that GO often exhibits higher activity toward
arene-functionalized substrates.” 7 As a further indicator of preferential reactivity of aryl
thiols over alkyl thiols, a 1 : 1 molar mixture of thiophenol and 1-butanethiol (total mass: 25

20 mg) was treated with GO (60 wt%) under optimized conditions (100 °C, 10 min). Using 'H
NMR spectroscopy, the crude product mixture (63% conversion) was found to containa 1.0 :
5.0 : 2.9 molar ratio of dibutyldisulphide : butylphenyldisulphide : diphenyldisulphide, as

well as unreacted 1-butylsulphide (34%) and a small amount of unreacted thiophenol (<5%).
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WO 2011/ 150329PCT/ US2011/ 038334 [ 00254] Perturbation of the electronic
properties of aromatic thiols through the incorporation of
el ectr on-worat/1sg320r -w t hdrawi ng substituents did not ecCgnistéiaassBy affect

the isol aL(ﬁQSXf el @fvatiBe of Rl @eoRic b tiesFkarshtAMRhRIs dRghehect ron rich
(entries 4-7) and electron deficient thiols (entries 8-10) gave excell ent

i sol at ed yicefpgsation of gleciren-deratinger Seitkdrpwhigdwbst{taent9dighnot Ngnideentlyoatfagat i on

(including N-oxidation, . in the case of 2- aninot.hiophenol s _gbserved in
by ot e ol Sl bapy el piR0%, Zor SiasfTh BRUMY IR e il ass i um
sul phat e ¢IGEirSEA)c2ont thiblR Pnt@&R-aDhgdvetdkad fint isoRtaIBlidls bagespxitdat i on

catal ysts. Table 13. Oxidation of various thiols using GO.' Reaction tine
Yi efSdb (/ disulpbides (RA-9973NapYRE-cxedation fingludme-oividation 1 therfiape 96210 nmin 97
10 mn 97a&1910@ﬂi8phenol) was observed in any of the reactions performed, as has been observed with
chromic potassium sulphate (CrK(SQO4),12 H,0) and other transition metal-based oxidation

catalysts.

Table 13. Oxidation of various thiols using GO.”

Entry Starting material Product Reaction time Yield? (%)

1 ~_-SH /_S\SJ 30 min® 77

s~
2 A "sH /_/_ s 30 min® 90
o o]
3 )l\ >—S\ 10 min 92
SH S <

)
Oy o
4 —@—SH s 10 min 95
NH,
NH,
s
5 SH \s@ 10 min 96
HoN

6 SH s\s 10 min o7
7 Meo—®—SH Meo < > S\ 10 min 97
s OMe
8 F—@—SH F < ) s\s <:> F 10 min 99
Br S,
9 B SH < > \ i
r_O_ S—O—Br 10 min o4

R F R .
F
F S,
F SH \ i
10 Q i 2 SAQ’F 10 min 98
F F
F F
F F
S OH .
1 HO_~gn no— s/ 30 min® 75
10
* All reactions were performed at 100 °C in a sealed 7.5 mL vial using 25 mg thiol, 15 mg GO
(60 wt%) and 0.3 mI, CHCl; for the indicated reaction time. ® Isolated yield after purification
by column chromatography.  Low yields (40-65%) were observed after 10 min; higher yields
were obtained after 30 min.
15
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99 10 mn 94 10 mn 98 30 mnc 75 10 a Al reactions were perfornmed at
100 Cin a sealed 7.5 nL vial using 25 ng thiol, 15 ng GO (60 % and 0.3
mL CHC13 worotisoizadi cated reaction time. b Isol ated yi @Cu/tskeig38334

purificati orgby, g0} yomimhsRhRLe-aphy. Low yields (40-65% were observed
after 10 mn; higher yields were obtained after 30 mn. 15 WO

201%/ 15:)32@9&51/ us2iphanybagsade ‘E&S%ngi@ed_t;) cfmh?la%]ﬁumhg@ﬂdeémsﬁ%d@atle@ @'@M}erl ;
o : o s e i 8605 oo
ai Lor 4 r Bot 1 SRR EE e AALRER ot BT e et

wer e obsegngd rdatidhmiaiteden & Siatlat AN tal dedcribéd Siovt] the rddeficievad 0 t hat
descri bed above, the reaction was 5optimzed with respect to GO | oadi ng,

reaéti on PRiPEEAMithacspapido(Hadaadsg. tqapion WEpEHtHE anddeacton tgwd Wigloupd el
300 wt % | & h\&oi N.af i ne t: - : ,
300 W ¥4 WRIFIkBAG, PSS NG S RILGLAL0R L RS PhAREE Y BEATHE Ren TRNEEE, o
| oadi ngs tes étproecraent inesotatdd gbldrwdstubrert bstehighypil@alidgy. Tismgh the loadiegaihscd

catalysts, GO 's | ow cqgst and heterogepeitfy ke it a practical choice. As
observed PFieHHECTAMISHERD e & ?lmusefgwﬁF g o bitst COhs fo“ﬁ?%_?
reactivi t}{et%%eﬁ’el?tz/%%‘%qt ﬁ@ggﬂﬁ%l@é 8L Belertdaan i HRERnHSED thiog gou[p(l)i8%56]

graphite, activatéd carbon, razi ne-reduced graphene oxide).
As 19unmmar reaedorisnmitainabreadtvity wasadhdenveahgbentarbohspdthateban@® warc osskfial, | y

converted to . their correspondj ng sul phoxi des usi ng. under optim zed

cond 11 ong Pt g uliRbTRE: o by teTedgeel arteddichon C 2 hy | Excel I ent
yi el ds of [g0286f arQehideniRdus rabld IWes Broad gl od sﬁl?hiﬂ%\baé?ﬁt%@@ssﬁlfll&er
purification by col utm chromatography, including those that featured

5-al kyl so@seiteditnthsir cotsespandiog sulphoxites usingct® omider antimizedgoadiions (S mg

ar enesubst it ut.e ul phi sl nflyence on the.yield. o

Ut phoxi adIBHE e RS E a1 OGR ATy R Sl e Pk pragiusins
oxiidi zed wRrdaihsDinahed cydes bler puiiEiceadn By cath®a tchmAefrhstye chaiad hese
(entry 9) was obtained in 81%yvyield under otherw se identical conditions.

20Conpar ethat Bapired, Puliel yubstperts etamaiioanin the cieatranig stractpigafitheaaee-02 or H202
as the oxdantked sulphides had a slight influence on the yield of sulphoxide product. For example,

an electron rich sulphide (entry 8) was oxidized in 96% isolated yield, whereas an electron
deficient analogue (entry 9) was obtained in 81% yield under otherwise identical conditions.
20 Compared to previously reported Ru and Fe catalysts (utilizing O, or H,O; as the oxidant),

GO provides increased yield and increased selectivity for the sulphoxide over the sulphone.
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QO provides increased yield and increased selectivity for the sul phoxi de
over the sul phone. WD 2011/ 150329PCT/ US2011/ 038334 Table 14. Oxidation of
vari ous swbDphiidess2by graphite oxide.' EntryStarting mat @ciraiSBeiomssssd’i el db 0
I 1is,,,, ..... ,Tahle 14.Dxidatid@O9ovariblis @FBIORRHY draplBR.oxide™, . .. "/-.,""S, .. ...
\./.\/S. /\.] 90% —aAH—teactrons—wereperforred—at—166—€C€-in a sealed 7.5
mL vial using 25 ngewul phi detartiddmangalGO ( 300 wto¥gct and 0. 3yt CHC13 for 24 h.
b Isolated yield after purrrrcatron oy coram cnronatograpny. 5 Exanple 14
Optinmi zation studies [00257] The oxidation ofQdi phenyl sul phi de using GO
was optinmzed with respect to-®8 | oading (Taht®& 15), read®%on tenperature
(Table 16), and reaction tinme (Table 17).

I

2 ~o- S\ ~oS\ 92%
q

3 SO \/\/S\/\/ 90%

o' U ¢

o o~ "

8 O/S\ OS\ 96%
MeO MeO

o o
Cl Cl

* All reactions were performed at 100 °C in a sealed 7.5 mL vial using 25 mg sulphide, 75 mg GO (300
wt%) and 0.3 mL CHCl; for 24 h. ° Isolated yield after purification by column chromatography.

S 85%

5
Example 14 Optimization studies
[00257] The oxidation of diphenylsulphide using GO was optimized with respect to GO
loading (Table 15), reaction temperature (Table 16), and reaction time (Table 17).
Additionally, to explore how dialkylsulphides behaved compared to diarylsulphides, the
10 oxidation of dibutylsulphide was optimized with respect to GO loading (Table 18).

Table 15. Oxidation of diphenylsulphide to diphenysulfone under varying GO

loadings.”
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Additionally, to explore how dial kyl sul phi des behaved conpared to

di aryl sul phi des, the 10oxi dation of dibutyl sul phide was optim zed with
respect twoGuiwextong (Table 18). Table 15. Oxidation ofCaiysh@nybssad phi de
to di phenysul fone under edgyyi ng GO | ggdi ngs.' \dondldibh1RP329 Entry GO
PCT/ US2011/ 038334 Comversiom (b 1T 25mg 322 50mg 51 3 7ong 89 4 100nmg 90
a All reactions were perfiormed at 10gng in a sealed3.5 nL vial with 25 ng
di phenyl sul phi de, the indicated amount of GO and 0.3 nL CDC1l3 for 24 h.
The products were extracted in CDCL30fd nL) and sepdated by syringe
filtration (0.2 !'.tmPTFE). b The indi cated conversions were determ ned by
1H NMR spectroscopy via iBntegration 70Mmgappropriate ndn-overl appi ng peaks
using 1, 4-dinitrobenzene as an internal standard. Table 16. Oxidation of

di phenyl sul phide to di phénysul fone ufdes varying reatdion tenperatures a

EntryReacti on ternperture Conversion (9
* All reactions were performed at 100 °C in a sealed 7.5 mL vial with 25 mg diphenylsulphide, the

indicated amount of GO, and 0.3 mL. CDCl; for 24 h. The products were extracted in CDCL; (1 mL) and

separated by syringe filtration (0.2 pm PTFE). ® The indicated conversions were determined by 'H NMR
5 spectroscopy via integration of appropriate non-overlapping peaks using 1,4-dinitrobenzene as an internal

standard.

Table 16. Oxidation of diphenylsulphide to diphenysulfone under varying

reaction temperatures.”

Entry Reaction temperture  Conversion (%)b

1 60 °C 0
2 80 °C 6
3 100 °C 89

4 120 °C 78
10

* All reactions were performed at the indicated temperature in a sealed 7.5 mL vial with 25 mg
diphenylsulphide, 75 mg (300 wt%) GO, and 0.3 mL. CDCI; for 24 h. The products were extracted in
CDCl; (1 mL) and separated by syringe filtration (0.2 um PTFE). ® The indicated conversions were
determined by "H NMR spectroscopy via integration of appropriate non-overlapping peaks using 1,4-

15 dinitrobenzene as an internal standard.

Table 17. Oxidation of diphenylsulphide to diphenysulfone under varying
reaction times.”

Entry Reaction time Conversion (%)b

1 13 h 24

2 24 h 89

3 37h 87

20 * All reactions were performed at 100 °C in a sealed 7.5 mL vial with 25 mg diphenylsulphide, 75 mg (300
wt%) GO, and 0.3 mL CDCI; for the indicated time. The products were extracted in CDCl; (1 mL) and
separated via syringe filtration (0.2 um PTFE). ® The indicated conversions were determined by 'H NMR
spectroscopy via integration of appropriate non-overlapping peaks using 1,4-dinitrobenzene as an internal

standard.

25
Table 18. Oxidation dibutylsulphide to diphenysulfone using various GO

loadings.”
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1 60C 0 2 80C 6 3 100C 89 4 120C 78 a All reactions were performed at the
I ndi cated tenperature in a sealed 7.5 nL vial with 25 ng di phenyl sul phi de,
75 ngy (3080w PH15G29 and 0.3 nL CDC13 for 24 h. The prodecraSemnm3ssssr act ed
in CDC13 (1 nL) and separated by syringe filtration (0.2 !.tmPTFE). b The
I ndi cat ed conversions were determ ned by 1H NVMR spectroscopy via
integration of appropri BR& non- over | &fbi ng peak&onysrsiep @3-~ di ni t r obenzene
as an internal standard. Table 17. Oxidation of diphenyl sul phide to

di phenysul fone under varying reacti o¥®mdi nes.' EntryReaction tineConversion
(%9 b 113h24 224h89 337h87 a All reactions were perfornmed at 100 Cin a
sealed 7.5 nL vial with 25 ng di phem$ul phi de, 75 A§ (300 wt% GO and 0.3
m. CDC13 for the indi catsd tinme. The5products were extracted in CDC13 (1
m.) and separated via syringe filtrati®n (0.2 !.tm I%FE). b The indicated
conversions were determned by IH NVR spectroscopy via Integration of
appropri ate non- oVEFFEPPTHGCPEaRS ust 1wy Y A-dirHi 7 Poberyefe "yt dH i nt er nal
standard. Tabl e F8MEPAtF BhCUEBUE M aPPdriveie o #iCPHe s st frafie usi ng

var Pous GO | oadi rystinee ey @O PITELDB2YPCTNS2 O 688334y 'ENY}R y GOConver si on

( % b 125 n'g 25 spectroscopy via integration of appropriate non-overlapping peaks using 1,4-dinitrobenzene as an internal

standard.

Example 15 Spent Catalyst from Sulfur oxidation reaction

10 [00258] To ascertain the fate of the GO used in the aforementioned oxidation reactions, the
residual carbon was separated from a reaction mixture containing 25 mg thiophenol, 15 mg
GO, 0.3 mL CDClI; after 10 min at 100 °C by filtration and the resulting material was
recovered by filtration, dried under vacuum and characterized.
[00259] Compared to the GO starting material, the FT-IR spectrum (KBr) of the recovered

15 carbon exhibited attenuated stretching frequencies ascribed to the C—-OH, C=0, and C-O
moieties. The FT-IR spectrum also revealed new signals attributable to the presence of
aromatic and olefinic species. The deoxygenation of GO was later confirmed via X-ray
photoelectron spectroscopy (XPS) and elemental combustion analysis. For example, while
the as-prepared GO exhibited a C : O ratio of 2.6 : 1 by XPS, the material recovered after

20 reacting GO with thiophenol showed a C : O ratio of 9.2 : 1.
[00260] Table 19 shows Elemental Combustion Analysis performed on samples of as-
prepared GO and the carbon material recovered after reacting thiophenol with GO (60 wt%)
at 100 °C for 10 min. The products were dissolved in 50 mL of CHCl; and the residual
carbon material was recovered by filtration and dried under vacuum.

25

Table 19. Summary of combustion analysis data.

Starting GO° Recovered Carbon”

Carbon 53.48 66.46
Hydrogen 1.80 1.49
Nitrogen  none found none found

Oxygen 39.27 29.39

Sulfur 0.76 1.09
Chlorine  none found 1.49¢
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250ng46 375nmg96 a All reactions were perfornmed at 100 Cin a sealed 7.5 nL
vial with 25 ng di butyl sul phide, the indicated amount of GO, and 0.3 niL
CDC13 forwd4ot/1stize products were extracted in CDC13 (1Ppeirjusacd/ossspar at ed
Sby syringe filtration @@pRapm PTR® 31 b The indpgaped conversions were
determi ned by 1H NVR SpeTTTOSCOpYy via Imntegration of appropriate

non- over | appi ng peaks using 1,4-dinitrobenzene as an internal standard.
Exanpl e 15 Spent @&Prailv étmo{ilﬁeé)ﬁﬁff@m rfetyyd d@k‘t@%@? Ofpteyabrgyesridoffyr heafi@ ﬁ%@?ﬂsS] To
ascertain the fatgoll, kHemitims 68 Arinbile atolenent. aned, GKidah 6n
reactions, ther em¢rlﬁbualent B & BORCAESN @@p@m&txedobéauem@rereea@tmcm Mat bt UT €

cont ai ni ng 25 ng *RTGPhenol, 15 ng GO, 0.3 nlL CDC13 after 10 min at 100 C
by filtration and the resulting material was recovered by filtration, dried
under vac gy d '

material, the ]E Gvrl%qilggltéeﬁré E%Snﬁ KBrrg%?% %ehtgaq;gg oggﬁé d%?ﬁ%%lﬁé %&ﬂé ﬁllg%’ed

att enuat edatsllyzeea otninbey dfrrelqtsté mmc&snsawﬂh ligkedrtno dhhmge@n(ﬂrd; re@=tthn canditicn

ties. ) m soreve ed ne attrlbtabletothe
oy eBence BVERE VRS RRG TR SR ST E Drebd sl B £ B Vet
| ater confiédcABel NdrdinXit "v@bf bP B%l@@i f%%éé%%kﬁ]%(iﬁ HRSGORY P Shbadichealsanent al
conbustion anal ysis. For exanple, while the as-prepared GO exhibited a C :

0 ratio oproyided bywbyofm@fnpkemlmlﬁemﬁl@ms Veitas\es.cblarges eand 20w Hetians gvitDow t h

t hi ophenol 00260] T 9, s

conbust 1 ofetdl Ger s Bk BithudPuheroRBeRhERNE A P URME v TR o
nmaterial fREOMBIS dlta[fntames t6 &t dniti dirhéRPHEMO linvahtibh EIchiBal Ndrdth i9&¢mpldPedGnf or
10 min. The products were dissolved in 50 nL of CHC13 and the resi dual
carlfon map@rs{) iging Wesny@iote ftal isgndefl that ghej fgHowing cdaimes defingide seepepdihe 25

s e G P e oK

Oxygen39. 2qid0ala8s betéwerdd theitb99 Chl ori nenone foundl 49c
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WO 2011/ 150329PCT/ US2011/ 038334 TOTAL95. 3199.92 Prepared via the nodified
Hummer s nmet hod descri bed above. b Material recovered after heating 25 ng of
t hi ophenowoOi2n11v13e32pr esence of 0.15 g (60 wt % of GO andPOTAISPd110B4338 at 100
Cfor 10 mn, followed by dissol utiopr@finishe crude m xture in 50 nk CHC13
and isolation of the carbon product by filtration. The 5chlorine content in
t he recddvYktd GQAM%}Soduct is beli eved to be due to t he presence of CHC13
t hat cannot be v(gg E‘m alﬂgr?ﬁr / hesanl SL dde{][rlonsltrate t hat
graphene oxi de orpe p% sy & yméggé”ilﬁz% Ccr?urpr‘))glr1 of "PEPEBed reacti ons
with little or nC(a):&tmmang el dtgarfi€a6ihp@UmdGaiRtda bata@ﬁcalwca%?@e&bodélfulw and
preferred enbodi nents of the present 1nvention have been shown and

deséri bed herein,® }trarwfqum%th@mmcqmpquﬁé%thstm pided tharcat{gticatly agthed  such
nmbod t
crbod rent o ar e, RAFNASE A O a9l GXARL RS o MTREPYSIOPEL B ATPype

wi t hout departi ngaftiooamtye i nvention. It shoul d be understood that various
alternatives to the e nts of the |nve ti.on described herein is

enpl oyed in 15pr£51qregﬁaf OhAI LIS gR the Saty utically aRieea IREEtiMbISEs) | ow ng
cl ai s &%lké}ﬁfohﬁ%fgﬁ?ﬁﬁe‘()f the invention and that nethods and structures
within the scope o hese clains and their equival ents be covered thereby.
WD 12011/ 150 332 9 PCTV Hd3aghdd 6B383842,Giliirdvs tMHATalY IR allly ALtvED ak I®icathlysAisrgeaihede f or

chem cal | nsf.or mH{ug an organi ¢ conpound, conprising: (a) contacting the
or gani & 1§ H'°a catal ytically active carbocatal yst: and 5(b)

transform ng t he TOA%hEd 6ORAHNAyNrEiR thh@talGeadlly abhR GabRhMlysERladny active
carbocatalyst to forma mxture of a reaction product and a spent or

parti aquydlswbquam@mgmﬁé@ﬂal 2. The method of claim1, wherein the

catal ytical ly acty,ve ¢ 0 St, IS z ite. 103. The
cat al yui cal 1y 2oL SRLPRFRNE! Lt AR RO

ar alghertﬁiaﬁ)éledﬁed)by gicogthbdre RIXHd&atures at abdut 3TB@ chEt Ised cﬁi" ! ¢b&) ﬁhi orvii@oei n
the catal ytically active carbocatal yst is an oxidized car bon- cont ai ni ng

mat er i M - 5. The method of claim1, wherein the catalytically active

carbocat al yst i1 ARGRARAFLELLEET, Moy NGOLIPGIFTehR LERINERR: Al 2DOU

3150 cm 1, 1685 cm
heterogenous catalyst.

7. The method of claim 1, wherein the catalytically active carbocatalyst provides a

20  reaction solution pH which is neutral upon dispersion in a reaction mixture.

8. The method of claim 1, wherein the catalytically active carbocatalyst provides a
reaction solution pH which is acidic upon dispersion in a reaction mixture.

9. The method of claim 1, wherein the catalytically active carbocatalyst provides a
reaction solution pH which is basic upon dispersion in a reaction mixture.

25 10. The method of claim 1, wherein the transformation is an oxidation.

11.  The method of claim 1, wherein the organic compound comprises a secondary
alcohol, the transformation is an oxidation and the reaction product is a ketone.

12. The method of claim 1, wherein the organic compound comprises a primary
alcohol, the transformation is an oxidation and the reaction product is an aldehyde.

30 13.  The method of claim 1, wherein the organic compound comprises an
unsubstituted, mono-substituted alkyne, the transformation is a hydration and the reaction
product is a ketone.

14.  The method of claim 1, wherein the organic compound comprises a di-substituted

alkyne, the transformation is a hydration and the reaction product is a ketone.
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CM . 6. The nethod of claim1l1l, wherein the catalytically active
carbocatal yst is a heterogenous catal yst. 7. The nethod of claim
1, whereiwotha/wses2al ytically active carbocatal yst provi @#e3/ts2@0/088a¢t i on

sol ution pH i chrheshagsd Bﬁélaiﬁppﬂwl%r&ﬁ%e%ﬁﬁﬁhib @oﬁpaﬁﬁpédn%ssg XhiiR; the

8. The nethod of claim1, wherein the catalytically active carbocatal yst

pr ovi demnaformaiean 88 hydraion end gid redtioh predugtisdi cerhophic aiidpersion in a
reaction m xture. .o Fhe thod of claim 1, wherein the catalytically
nottve.car bodat ai semsspetpid i IRuRg dle Saftir camri e P et Al bhon
di sper sil@hyt#) add tieaeddsftmetidt 14raeC-(250H. fdheingRbhdasfonGligh #a dikyNdh@fLhbthihe
transformation i s an oxidation. 11. The method of claim1, wherein
the5oré@HP@-conpound conprises a secondary al cohol, the transformation is
an_oxi dati onyand {6, (GAFLF AMPI OYRL:ih e kel AMTormation colrisdNEpTELARA ©f
claim1l, wheréin e organic conﬁounézconprlses a primary cohot, e

t r ansf clurmtandem iokidatiowkiyy dratioroaldahebuphieg reaadéd.on product is an al dehyde.

3013. The net hod of clajm 1, wherein the organi c conpound conprises a
unsubst i t ut e@ no%-rgﬁhé% Pt clpimy -2y grria the gganiF SARPAYHEGIYIISFSAROl ’?:brtg?i on

and the{rarn%%ht‘?céh i@%ﬁ%&é{ﬁfaﬁbﬁa@d ﬂﬁ@tré’a!gﬁon %fbdﬁ@ﬁs Matdied of claim 1, wherein the

organi ¢ conpoun nprises a di-substituted al kyne, the transformation is a
hydiat i on and.t hélheancthodof gaiodlovhdrsinghkezame comydind comprises an olefin, the

2011/ 150329PCT/ US2011/.0 .8334d .15, gh%.netqo f claim11, wherein the

or gani "8G %“68#69? 180, adythe pqaption Rradut st et i on is a hydration and
the reacti orpTaEHfthddof21a4@N18¥¥ldid 18CWHerein the olefinkfan IMRLIMERAINSHo-CHial M
1, wherein the organi c conpound conprises an al cohol or al dehyde, and the

t r ansf ortrraer tofa-sebstituGd®lpmd f or mi ng condensation with an al kyne or a

met hyl 5ket opne. 17. - The net hqd of,cl.aim 16, erein the G ond
oo i sEe metpef of i, PR oy Gl M TR s P vl

formati on conprises a an (0)4 on-'h

coupl i ng reat i onfhe method ofl@aiml eviEREAAkE Gxzatib @bipdundde@ipRises dhenige, gaai C
conmpound conprises an olefin, the transformation Is an oxidation and the
react i dRnplopAaian B §n oxigiabipre and e gearHan pEoduelds af aldehyde a cankpeylisiagid ofean N-

or gani ¢ epnpound conprises an olefin, the transformation is a hydration,
and the reaction product is an al cohol. 20. The nethod of claim 18 or
claim 18, wiBr ei rMichectbbddf ¢lains 1 anhdaeia whsdrghnit ecdmpommnios a ndthylthenzenoy the
tetra-substituted olefin.. 21. The nethod of claim 17 or claim19,
wher i TAPRETBREAN i oD Sxifafip age e iShioprupdus! SESBZ AR hod of ol ai m 1,

whepei n t he or ganfi FARPPHNGP TRIASER tR orHhiP Gombbihd M{b}ﬁi‘seg MBihinisd an
oxi dation and the reaction product Is an al'dehyde, a carboxylic acid or an
N- oxi demethylene, the transformation is an oxidation and the reaction product is a ketone.
25. The method of claim 1, wherein the organic compound comprises a saturated or
partially saturated carbocycle or heterocycle, the transformation is an aromatization or a
dehydrogenation, and the reaction product is an aromatic moiety.
25 26.  The method of claim 1, wherein the organic compound comprises a thiol, the
transformation is an oxidation, and the reaction product is a disulfide.
27.  The method of claim 1, wherein the organic compound comprises a sulfide, the
transformation is an oxidation, and the reaction product is a sulfoxide.
28.  The method of claim 1, wherein the organic compound comprises a nitrogen
30  containing heterocycle, the transformation is an oxidation, and the reaction product is an N-
oxide.
29. The method of claim 1, wherein the organic compound comprises an amine, the

transformation is an oxidation, and the reaction product is an N-oxide, a nitroso compound, a

nitro compound or a diazo compound.
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23. The nmethod of claim 1, wherein the organic conpound is a nethyl benzene,
the transformation is an oxidation, and the reaction product is a
benzal dehw0e011262329The net hod of claim 1, wherein the organiseoiansgseund

conprises a i SUbﬁieirhé{h&@offﬁﬁiml,Gﬂ%reihmﬁez(grﬁétﬂ@E% ddsialeddl op¥isgfat i on and

the reaction product is a ketone. - The nmethod of claim1, wherein
t he or duhiidized fpld badd.codhd sasfamsten myobigs dre astivationl df yhessy thyhtidiged C-H

car bocycl e . or hIelt efttglcyca{% thei trranrst{ mati' on is an aronatization or a
dehydr ogBALY IMaH™S ShTCERPIPRaA LA SRR 1Y% an aromatic noi ety. 2526. The
met hod of clzai m Ihewhehed of ¢lhien Ogiastia tEOGTROME domPoTId 18 St Raltlinkp’-t he
transformation is an oxidation, and the reaction product is a disulfide.

27. SThéwhitized Colfl bend and the Gpnsfamation mvebvga Hicact v dhconpybydigedC-H
sulfid [ i i dat i and the reaction product is a
sul fox?ot?ga%Iﬁera%g%&le%hrgr@?%%giggﬁ&éklg?eréx?&v\her ein the organi c conpound
conpri ses a 31 trogemabedof daini hovietietiecyaplesne okelctar graphae bride eatalyst an
oxidati.on, and the reaction product is an oxi de. 29. The net hod of
clai m f?awiﬁ_éraémstt%@(ﬁr@am%_{an?ﬁ%aﬁﬁa OE%IF?’B%%%d%n ani ne, the _
transformatian i sy, QkdAetE {8k l,afgﬁléérrfkgn{ P’k r€ ana‘t’lﬁ%ﬁ{e %}r\%o@ﬂe bkfxiode, a

nitroso conpound, a nitro conmpoun i azG conpoun
20111/ 15933106teCkiddS2A0ist 838 3Zddation, hydr8®n of kendeesdimd offan ok geinm compelned.ei n t he

or gani ¢ conpgund has east. one sp3- hybridized C-H .bond,. and the .

Cr ansf or mat 1gn 1 B akod fETaiat TR B oot ERoRy ks aroehl B e Bty
neans Ghe ERBhERRNRNS LaIhHe oRMdcBarPL FR aAhdS at least 1 secoRd andi€at@et hod of
claim1, wherein the organic conpound has at |east one sp2- 5 hybridized

C- H bortamperatire dleattleash®Cor nat i on i nvol ves the activati on of the

sp2- hybri di zgd CH ho an f t.h raphene oxi de or.graphite oxide.
o or ertaniod e JRET Bl P BRIRE s a0 LBy PaRR oL

32. The net of Cla erein 'te oxide

catigl ysdarioaetalideisasagss igast pft fRQdilivn tengitidphensd. oxi de or graphite oxide.
33. The nethod of claim 1, further conprising regenerating the graphene

oxi de or 10gi¥aphiths mtherkolelrian Ysvheagindhe grpliraeiosile o gEPaLF sridePr
Condensc%{ﬂno%gta&fst%lé)srsm%%ag{)%%ﬂﬂgn trﬁ{lsitionm%él%. The nmethod of claim 1,

wherein € organi c conpo broug I'n contact with the graphene oxide
or graphite 3xi deleahethysof dlaim & wharenolic ghphoapaskidt o geaphile akidéor at a

tenperature o t |least 0OC. ....35, The nmethod of claim1, wherein the
graphgﬁ@ﬂ&??‘[ﬁg’sgba_sd?séﬂl‘ﬂqsgR?%‘iﬁfébﬁlrloligﬁ%lt%’c@?t&ﬁyst has less than 1 part
perym |1 on Jgr ansyfd Aan§RLAlaim 1, whereid She rERGiITEHOARE &fa Mot citiclRhn t he

gr aphene oxi de or graphite oxide or carbocatal yst has less than 5 part per
bi | | i orortanamsimddoatc fetradking a pharma@duticTlreagent.hod of claim 1, wherein the

or aphene oxige oraraghi e oxidp or carbocatal vt hes | pes than 0 part per
consisting of butyraldehyde, butanoic acid, hexanal, hexanoic acid, benzaldehyde, benzoic acid,
cyclohexanone, acetone, acetophenone, benzophenone, naphthalene, benzil, propyl phenyl
25  ketone, benzyl phenyl ketone, 4,4'-diacetylbenzene, methyl octyl ketone, methyl ethyl ketone,
formaldehyde, formic acid, carbon dioxide, carbon monoxide, acetaldehyde, ethanoic acid,
phenanthrene, benzene, anthracene, anthraquinone, or fluorenone.

40.  The method of claim 1, further comprising filtration or centrifugation of the

mixture of the reaction product and graphene oxide or graphite oxide to produce a reaction
30  product substantially free of graphene oxide or graphite oxide.

41.  The method of claim 3, wherein the graphene or graphite oxide has a plurality of
functional groups selected from a hydroxyl group, an alkyl group, an alkenyl group, an alkynyl
group, an aryl group, epoxide group, peroxide group, peroxyacid group, aldehyde group, ketone
group, ether group, carboxylic acid or carboxylate group, peroxide or hydroperoxide group,

35 lactone group, thiolactone, lactam, thiolactam, quinone group, anhydride group, ester group,
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2038. The nethod of claim1l, wherein the reaction product is a

phar maceuti cal reagent or an internediate for naking a pharmaceuti cal
reagent. wo02011/138329The method of claim1, wherein the reattisonisgsduct is
sel ect edrifon@@ &b\, Qé&é{%r&@ﬁﬁbﬁia!caﬁl g%ugq&m gk&@hmﬁkeﬁy%@u@ dmiagl, d,

hexanal , hexanoi c acid, benzal dehyde, benzoic acid cyc ohexanone, acetone,
acet op Hsnoerainal @m@@mﬁ‘@nt&ﬂ@y anmtaplh@ulm0§mte lsanaindide, [.hb' dl@gtme{inéim%ﬂld@ S5ket one,

benzyl e etone a | benze et.one, et hyl
oehay " BRSREidkS bR et RGNS R B Mt oad flpthe. 5B 2 e omons de.
acet al dehyeebaz6hd) @6sEniasbekonp) hﬁs@nidaf@nmlmb@rl Z@ﬂﬁou@@tdﬂﬁ@ﬁ%n@nol ether,
anthraqU|none or fluorenone. The net hod of cIa|n11 further

compr i Silinbatd, promaticopheselic dhipk itFoeher ﬁho%fef,tdﬂ’émﬁs‘é@f sl e, swEoxidan sylfans,
pr oduct e r e

Sopr oauufo, ARABRERS, Bt g AR LR ihL 0 AE R ules BT AR

The netdatfdnohide) saifonyd, hahh@rtlabayatnbe @ﬁ(ﬂpthmh,es-hete@rcwai sﬁl@l oindidyldsl, a
pIurallty f fupctional groups | ected. from a hydr gr oup, al kyl
group, PARSRIRGE @Sp&ﬁfaulfﬁosah%ﬂ Wd@rfgmhogwa rﬁim p&@&h@ﬂ épda mige C.gr oup,
per oxi r
group, q%gr oggtie |@%§ rp(ﬂ %{ bo%hﬁff%%g%{%ﬁp&{% %n@?@%@%?r ﬁlgﬁpglﬁlg?ggféde
gr ddp, a’ﬁﬁhaaﬁmﬁe algl®u pl;lpltahc omalst aeatic aotidanhalohen chbra npda fliunen brapra apy!

anhydri.d ro est er 2011/ 150 29P / US2011/ 038334. ¢ onat e
A AT R e R AR s s
am nal 5] %e@d&ﬁhﬁiurat@@éﬁ&”ﬁlbﬁa bbta QaYANAL keton@! NIpRCYAN BhRurEkAARIBh HiR
hydrazi ne, hydrazide, car bodii m de, oxi me, oxime ether, N-heterocycl e

N- oxi deanh Wdfarduaze, dlhimrusm; m@ates@tm@aamamo nitiilosuitrite arthaeseregrour. ea,

| sour ea ho rg ate rSOt ?Hlet 1O orarf ?rom gie{)(’)r 151186I Is hatic, aromatic,
phenol i c tHPor ?%?cﬁa?lllﬂpé Fhi 8% g tH p O AMS U de, sulfoxi de,
sulfsone, sul4one, Tieuhéthod 6fa§tf§1lcd1,e oifulairﬁﬂllmlaﬁ'h&cmstﬁé tremifernesiogis caallfioot ¢
acid, sulfite, sulfate, sulfonate, sulfonam de, sulfonyl halide,

t hi ocy afigiometiicayith rerpast to the H@Pémdtffé'iaéyﬁ%lily gative ranhenngride PS/‘FatalizS%“c’s‘élpihl ne,
phosph te, thiophosphoric acid am de,
phosphgatﬁggeegﬁgﬁ %Fﬁ?f@kﬁﬁmgﬁf?&e@a ﬁg'e ester, phosphonate diester,
phosphi ne oxi3d&he fdeidrd any oharef clalmsdleé,ll,a&hepéiﬁthabrgmideommmmt&hﬂheram de,
hal ogen, chl oro, i odo, I uor o, gﬁ ono, ac hal i de, acyl fluoride, acyl
chlori cf@mpé’éﬁo%r%ﬁ’ilﬁéee%%wﬂ% ayang HEOYPS-cyani de, acyl azide, ketene,

al pga- beta upsehinRiikd o@%w bne 8f ARRADES B PG WA 8shik 85:8P&InddLRAG- bet a
unsat urat ed al dehyde, anhydride, azide, ‘diazo, diaZonium nitrate, nitrate
ester, mmm@mnemrMOrbelecmon dortagipng graupsest er group, orthocarbonate ester

group, O-hetgrocygle, orane roni,c ac bor oni ¢ The

Tt hod of ar: onel TSN A tire Brg aprain 2 e P adf Ay g ATaeS Sl yt i
or stoichi ongt ri cThM rbdttiof PR&RIct foPmbd 8cR@HB to BE nfMldl oftah§F EMiAE T4y e
graphene oxide or catalytically active graphite oxide or catalytically

act | ve car bd¥at al4 stethod for tragformies eoigenic spmanyndhrying 2 lpeions CtHhpnd, the

wh rnetnod %rrllslng: conmpound further conprises one or nore el ectron

Wi t dravvl ng £2044. The method of any one of clainms 1-41, wherein the
organic corrpou(\ag pfduidlhga c@@[mirchlﬂi}e@ctﬁ'@ adocatBlly et hBitifg0dhet Mdirt Fgudéroups.

45. The reaction m xture according to the nethod of an§ of clains
1-44. 46.The r &xsiosH Iﬁﬁwdéﬂfl& et aicabent Hig Ot t,FKeSSrfé@ hdddB£mangr b0
clainms 1-44. 47 A peihod for transform ng an organi c conpound having a

| east one C-H bond, the 25 nethod conprising: (a) providing a

catal ytically agtcbnmcmgtheoegaaicy@mp@mhd biithithgcangticallyratiec Eobadaaalyst,r ansf or m

Infrared (FT-IR featur apout m1,1685 cm1, 1280 cm r 1140
cm3P: and( tl)ereby trans rrmng tﬁea % (? ofc he organ?c compound, an convertjfng 816

41.

carbocatalyst to a carbon-containing surface, the carbon-containing surface exhibiting
an FT-IR spectrum with one or more attenuated feature at about 3150 cm'1,1685 crn'l,
1280 cm™, or 1140 cm™.

48. A reaction mixture for use in an oxidation, hydration, dehydrogenation or

35  condensation reaction, comprising:
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(b) contacting the organic conpound with the catalytically active

carbocat al yst, 30t hereby transform ng the CGH bond of the organic conpound,
and convewOi2og/t5h&9car bocat al yst to a car bon- cont ai ni ngPsunfSacie/03838€

car bon- cont ai nig)gnS¥FdaCBoRUNEDLIHN Ng an FT-1R spectrumwith one or nore
attenuated feature at about 3150 cm 11,1685 cm 1, 1280 cm 1, or 1140 cm1.
48. A reaction fh)xtaaradyticelly aefeveicartmaatelyistiar fagritatimathe pkidationd diddtiogenat i on
or 35condensati,gn reaction, comprising; .. WD.2011/150329PCT/ LUS2011/ 038334
(2 “an or gant c B EEE Rl R E e o e B e PR BT S RO o
facilitating thevinXicdaiha®n, paltypdr atillion med@hydr ogenati on or condensati on
reaction of the organic nolecule, the carbocatal yst having | ess than 1 part
per Smi | 1 i on 4%t al Thegaastiph anixae of dunhdStvicecip thecdaghosnialyst Girhehitsi ae o gore

Feat or & b0 F 00 PR [RA R by R SR 3688 oo’ POt I

reacti amhi xture of claim48, wherein the catalyst has | ess than 1000 wt %

graphene oxide or_graphite oxide, 1051 The reaction m xture of c|aim 48,

wherein the %rgaﬁm’? rﬁ%ﬂt@e&mléﬁ%%%lﬁ%%& R g st BRSPS I % ¢ o be

act ed %%he?é’oh'&@o%ﬁﬁ@%‘@xi&éi de or graphite oxide or carbocatal yst during
l y

the oxid on or po rization of the organic nol ecule. 52. The reaction
m xt0ur e of dlai mHUB, resvtion enirturhef daigadl,ovhendie thel @gouopoicses @mpalskerne.or

1553. The r ion m xtur f claimBb2, wherein the al kene, conpri ses an

ar omat e gbrends opetall fo Baped Wi oA BB Be 1T SSNREr o1 n 1 he
al kene GaHRAthBREd R hedhé BXidhtidh & Je®Rferization of the orgadR mdfd€uleeact i on m xture
of claim53 or claimb54, wherein the al kene is an unsubstituted, 20nono-,

di -, tri- or52% et réhegassionmuxeec of deine4s, wherein §8. orginac medestiicoempiigesane of
claim33 or claimb54, wherein the alkene is a cis or trans al kene.
alkene.
15 53.  The reaction mixture of claim 52, wherein the alkene comprises an aromatic
alkene.
54.  The reaction mixture of claim 52, wherein the alkene comprises an aliphatic
alkene.

55. The reaction mixture of claim 53 or claim 54, wherein the alkene is an unsubstituted,

20  mono-, di-, tri- or tetra-substituted alkene.

56. The reaction mixture of claim 53 or claim 54, wherein the alkene is a cis or trans
alkene.
57.  The reaction mixture of claim 48, wherein the organic molecule comprises an
alkane.
25 58.  The reaction mixture of claim 57, wherein the carbocatalyst facilitates the

oxidation of the alkane to an alcohol, aldehyde or carboxylic acid.

59.  The reaction mixture of claim 48, wherein the organic molecule comprises an
alkyne.

60.  The reaction mixture of claim 59, wherein the alkyne is an aliphatic alkyne or

30  aromatic alkyne.

61. The reaction mixture of claim 48, wherein the organic molecule comprises a methyl
group.

62.  The reaction mixture of claim 48, wherein the organic molecule comprises

disubstituted or trisubstituted methylene.
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57. The reaction mxture of claim48, wherein the organic nol ecul e
conpri ses an al kane. 2558. The reaction m xture of claim57, wherein the
car bocat avp=p11ii#ei2bi t at es t he oxi dati on of the al kane t @CanSaliaobrIB4
al dehyde or gzar bopd rbsetdfinghxture of clain62 m%rélﬁﬁfetdlmsmu@d%&hgén&&&h PRsES,
wherein the organic nol ecul e conpri ses an al kyne he reaction
nlxturel®ﬂ0@h@EW¥59 mhereln the al kyne is an allphatlc al kyne or
30aronatic Ky reac
organtc. ol Q! o HssssadsierORREI SR W EaGlon LR Ao RFRT ur
of cl aifix4fe. wherein the organic nDIecuIe conprises disubstituted or
trisubstituted nethylene. WD 2011/ 150329PCT/ US2011/ 038334 ~ 63. The
reaéti on m XBur e Bic rerciomnEaturgpietlainh4d, ehcasia thesarpanie ewlagslerppnwriscscodnpr i ses
a diaryl e The reaction m xture of claim48, wherein the
reacti&% &QﬁgggoPgl ggﬁéent free m xture. 565.The reaction m xture of
claim 48, whex ei rTicheawioganiktirerof daivl 48, adepsin SeSorgarfic mvbdcylcaonpesadar y
al cohol 66. The reaction m xture of claim48, wherein the organic
nDIecuV%DQGWﬁﬁF - an aromatic al cohol . 67. The reaction mxture of
claim 48, wherei GRS ol .
68. The reactlonnﬂ%ﬂﬁﬁgégggkgwg?%ﬁﬁg{gﬁheref%ﬁ?ﬁgg%?égﬁk%gﬁghgﬁwé%§ﬁp
comﬁrlsé$haunﬂnﬂmmr di substituted al kyne. 69. The reactlon m xture
of claim 48, wheregin the nono or |su%? eﬁlalk¥ne If aromatic
S

al kyne. 1570%The TEdEISU0R RGPk ET'RY HOtHE Y ORBTSFS @ mono
di substgrigiusgtitaleiungnts an al i phatic al kyne. 71. The reaction
m xture of claim48, wherein the catalyst has less than 1 part per billion
met al . 69. 72 ThEtreactioaanixme of cleiny 48,0fheedimthe meno erbsubishtutadenlicaicas gt
has Ie%ﬁ tq%ﬂﬁglpart per 20billion netal. 73. The reaction m xture
of cl aifif'48 Ei%in t he catal yst has less than 50 part per billion netal
15 70.  The reaction mixture of claim 48, wherein the mono or disubstituted alkyne is an
aliphatic alkyne.
71.  The reaction mixture of claim 48, wherein the catalyst has less than 1 part per

billion metal.
72.  The reaction mixture of claim 48, wherein the catalyst has less than 5 part per
20  billion metal.
73.  The reaction mixture of claim 48, wherein the catalyst has less than 50 part per
billion metal.
74. The reaction mixture of claim 48, wherein the metal includes one or more
transition metals selected from the group consisting of W, Fe, Ta, Ni, Au, Ag, Rh, Ru, Pd, Pt, Ir,
25  Co, Mn, Os, Zr, Zn, Mo, Re, Cu, Cr, V, Ti, Nb.
75.  The reaction mixture of claim 48, wherein the organic molecule is a sulfur-
containing compound.
76.  The reaction mixture of claim 48, wherein the organic molecule is a nitrogen-
containing compound.
30 77.  The reaction mixture of claim 48, wherein the organic molecule is a phosphorus-
containing compound.
78.  The reaction mixture of claim 48, wherein the organic molecule is a halogen-
containing compound.
79. The reaction mixture of claim 48, wherein the organic molecule is a silicon-

35  containing compound.
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74. The reaction mxture of claim48, wherein the netal includes one or
nore transition netals selected fromthe group consisting of W Fe, Ta, N
Au, Ag, RNO2Ru/158%29 Pt, Ir, 25Co, WMh, Gs, Zr, Zn, M, ReCT@$201T0383%4 Ti,
Nb. K. ThE ?eaEff&Pﬁﬁﬂﬁ‘re 9t )éfa%QlSO‘gvh&jeﬁ&' tHe 6%ani@"}ﬁ‘61@élﬂe iskheod%lg-@ﬁlﬁtﬁmmg
nol ecul e is a sul fur-containing conpound . The reaction m xture
of claunn4©un¢here|n the organic nDIecuIe is a nltrogen contalnlng

conmpound. 3Q/ reaction mxture o clalm e

ol beul'e 15 4 phodiseniien s g s Bt iR caRfURh b A A BhEaR fs

m Xt ur ecfftiod Indikfirt8, wherein the organic nol ecule is a hal ogen- contai ning
conpound. 79. The reaction m xture of claim48, wherein the
organi ¢ mol ul e The raacsionimshrast deim 45.mheircie Siepethegatalypips present on a solid
2011/159&%%FCT/U82011/038334 80. The reaction mxture of claim48,
wher ei 0 the organic nolecule is a boron-containi ng conpound. 81. The
reaction m xisur e THe redciommitursvbieelinn4g, vehcedin teaaixalry Sirtlies conppasaed in the
reaction m xture. 582. The reaction m xture of claim48, wherein the
carbocéPdW§§¥S|s present on a solid support. 83. The reaction mxture
of claim 48,4 4"mer”ﬁler}eééﬁ%n%1§%u‘ﬂé§f élﬁ'}ﬁ @?rwlfe? tHeS®Scatl §Ri zﬁltd?'zllaa"\tfon catalyst. 84.
The reaction mxture of claim8 eréin the co-catalyst Is an OX|éEﬁ|on
catlal yst. 1085. THEherreativh amxvirxdiiclenod8, dhdhancdBprifing theddicomg oksiizige an
addi ti onal, oxidi zing agent. 86. The reaction mxture of claim48,
wher ei f8%e mixture is for use in an oxidation reaction. 87. The
reaction mdgur e e ARoMiRiurdbedISinN4E, Rehchdin e Rixkifre i Ofor USEinlaR Ridavigh at i on
15reacti on. 88. The reaction mxture of claim48, wherein the m xture
i s for reasionn a dehydrogenation reaction. 89. The reaction nlxture of

¢l ai m 48, VWW el Ap ter}gacrgoﬁtnlﬁgiﬁlre of glgl%l wherem tl?eonqg( R ?st fo?ﬁserlg%cl} Id?ar‘elon
15  reaction.
88. The reaction mixture of claim 48, wherein the mixture is for use in a
dehydrogenation reaction.
89. The reaction mixture of claim 48, wherein the mixture is for use in a condensation
reaction.
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