CONVERSI ON OF 5- ( CHLORQVETHYL) - 2- FURALDEHYDE | NTO 5- METHYL- 2- FURO C ACI D
AND DERI VATI VES THEREOF TECHNI CAL FI ELD [ 0001] The present invention
concer ns wbheosyntisesi s of 5-nmethyl -2-furoic acid, incluscmgsesitieigooam de,
and thioester derivatives of such from 5-(chl oronethyl)-2-fural dehyde
(CMF). The nol ecul es so prepared are useful as internediates for
phar maceuti cal, food, and fragrance nol ecules; as well as fuel or fuel
addi ti Vef‘CONWN@MMEﬂWﬂ FURREDERICHEANTS 6 HIRTION. 200RBRALDBNehen cal s from
renewabl e feedstocks remains as one of the top priorities in the field of
green ch&FR¥RTINES THEREGH i ti on, chemical processes that can operate in a
catal yti eEém@rLemLD such that toxic stoichionetric by-products can be
avoi ded, will be essential in develo Ion -term sustainable routes for
mol ecul edOYHL] ThaRspseatinvention GejlserHpee SVGE‘F%SI 3ffi *rrt%&réssaési iPHudingesteoday ar e
nedi at ed ahfeOdig hidedRr G108 oPfuch -8R $i(dhichi i) 2lrsraldérpee@iMFRENARGIES IR av e
shown that certain all-organic scaffolds, i.e. containing only non-netal
at ons sUCHPEREAHERTU nUPTBGEIALes faT RPBRASRHtIc fpqdund figgrprse moleatesitidehhor us,
can act izpfa o aleBdadikiles. f ashi on and affect seem ngly non-obvi ous
transfornmations on reactive substrates. [0003] One such scaffold that is
capabl e GACARGYNAPRY r ansf or mati ons conprise heterocyclic rings in whi ch
three coqsmtrevgenathtomntoh@\,crhbmarafrr&n RheddbR fEQEBAS Pt asbne othd h * X
bei ng nitrogen, sulf silicon, or phosphorus (FIG 2). Upon treatnent
with a srﬁ?FtFﬁ'Bf'%esH‘ats‘ef'e'q Pf@Eesn FPST“@EM:I'@sddgté’ﬁecr‘ﬁt"éa'EP%quF*fea” oB§AgINGt
car benes catgiQitfashidh RGchandl kokRl@Rhiod &FiDBor6 it @n be EARSR, WiRbDQERSad € capabl e
of inparti ng very unusual reactivity on certain organic functional groups;
t he nost d\?\)@lqp'”éH’B%Fesrf‘o%ﬂa"baé?ieﬁ@“t?sﬁ%{tm‘o?c“lﬁﬁ%f ekt RUEPHT BhP R iorr oSy Etivat e
during mei @beldapane mbuSBd BfoubhiBe iibh BMIandCARIRIIIS rdc@B BRERARS Rifle {HIGE rat ar benes
focuses on the groupin R(RLN+=C-- XR ", whi ch have been terned

' N- het er 68341 ?”cf’r%?a'F Bféﬁ%%s (NERETRINIne2RY NPHEFTR! AT SBT3 AN dALPE-g Nitrogen,
Cl assi calshiuy, oRlg6le BYhes B b6aY RS 1 if a ERENFIcELRiBkardafflesdamiigly Yor-eRGli Ve
electrophiles, with a partial positive charge residing on the carbon atom
NHC or ganBRAtEPYRSs &n eactiveiy & of reversing this charge, in a phenonenon
known as [00UB)Oh&sgh schRALCthhtVd dayabledh eiiiantriRRtm SidREtofBliR BBt ROWiI BRI E a
parti al negatr ve charge in the al dehyde- NHC adduct >gysee Seebach_ Angewandt e
Chermi e | MEF H4ES CBPF&F“t'I":‘%I?tPri“b'H”ieﬁ'”EﬁrQP SR forrg, X34 "(Tg @f'j‘g PR CHE cal
I t er at Urs@cdhOdtpRbsPEor@X AATY).e8poR tredfdhiviBRSuitaBleibBieNBbde Mbfeculeypehdaddi ti ons,
and many ot her reactions where this internediate is invoked. [0004] Recent

publ i cat .s'ah'ézef* R VBIPR SN NaE VT BT RPSFERTt yheaer ca@f‘?sfafﬁcﬁ'i’a& %Davi s,

det ai | ed irapdntirgRery u@lsthl RGctRIPERSRaih bR ¥ €ibnabgrb @3] thé raaietmbrydm)derztowr al dehyde
(CMF) can be pr oduced froma nunber of renewable cellul osic an

heni cel | GFB&INE" ¢ EEIETOR KYT e WHYEE U LRI RPRI P('“éh%frt*gef“r&erlfﬁ@ﬂ@“ 24, 2170
(2009)) . réssartthe tﬁ)é’SQGaetS@temK@& oH & gBup®k mmg*:m >mer ahicraldiseen tehkmédsvagnost i ¢
to ster e%chem st ry.a gw_g%ycosr dic li nka%g uni t saccharides, and

wi Il conveFfoossedsp GAFETgioeRE Y S f'ﬁsé'c Y% REPTIDH OYT 2feoxy sugar s
or gl uconsiderea€d EShighPirdsctivalkelevrpKilds lwithR@aftibi@lodtiv@fchdrgh radidnd dhame Gabhohydr at es
has focused on the generatr on  of Sﬁ% %/%rox nmet hy I%h 2- fural dehyde (HWF) (See
Bi nder aRtPRANTCE R YT '8RINA ¢ G feiRg Bl° © %e REB"FOMEYF P 21B) ). Both CVF
and HWVF C@ﬁbobﬁg @&BM&I’/Mdrethha\l@dmé&bﬂbGn 6dWehBai alpSrtialPegaiBd dnbge fnicough cat al yti c
hydrogenafr 0 ?J tﬁh I-2 fural deh de or 2, 5 di _th | furan, or

el se oxi d‘df P‘BC dSth({fFé‘??bGﬁ SRFS R eHORE S e 8% °¥ pl astic
NONONEr . (ieﬁv@)@&}mEa‘errmzarrtdr&uﬂeaéntr@eearﬂdn@eftdartt)hbeermrresrerrttcytroaaembmsoarhdr s the
conversion of CMF to ﬁvéet hox net hyl fural dehyde (EM F) by Mascal (See
Ni kitin awaY Wﬁesrc%ﬁc“%ﬁé’@ H"ost%te@?gﬁteés' ‘1° §%rnational Edition 47, 47 (2008)),
whi ch hagoaeraastipablretichaven matkendsesedt tifeh&fva&&\ﬁdifICSItfd)rﬁrs riams td@ﬂ‘aiIHEI abfghi t s

ener gy con ent simlar t sol i n this regard
ENE Pai | QB8 P T SRR o U s b Poar e s oo

prone to oaretromamércdartolsroquurmneremdsrenademiocsst(mdrra@gar oy Nwithteuergod Fdez@ar eact i ve

aldehyde 0 3 0 chIoro hydes are substrates that have
been 2t i sh etihe FhisA TR R e AP KACERAr SR BE0 Sn. and
Bode Organic Letters 7, 3873 (2005)); Reynolds and Rovis Journal of the
Aneri can Cheni cal Society 127, 16406 (2005)); Chan and Scheidt Organic
Letters 7, 905 (2005)). N@chanrstrcally, after addition of the carbene to

t he aldehyde the negative charge at the al dehyde-carbon center will
elimnate chloride, affording an enol internediate (FIG 4). After

taut onmeri zation to the ketone, exogenous nucl eophiles, such as al cohol s,
water, or amnes, wll expel the azoliumnoiety and regenerate the

catal ytic cycle The resultant acrd ester, or am de, respectively, is

o, . __‘._l o, o - L Y o o




DESCRI PTI ON OF | NVENTI ON [ 0008] In one enbodi nent, the present invention
provides a nethod for preparing nethyl 5- methyl-2-furoate ester, in
greater twearoR02d3smel d. The net hod i ncludes contacti ng &CTarsasnd/0¢son? ai ni ng
nol ecul e of fornmula Il, a base, an organic solvent, a catalyst, and

met hanol , at 32 C, such that nethyl 5-nethyl-2-furoate ester is produced.

[ 0009] In another enbodinent, the present invention provides a nethod for
prepari n@yec;s*abélnnkagesmetﬁqbwmsachqwdeata@d BBt ert g.yncag;roeaxggre tddwiake yi el d. The
met hod i ncludes contacting a furancontai ni ng nol ecul e of formula Il, a
base, an S¥EBEATIOEIOY SyeARt O Bl CRATGACYS tSImiBR WOk fHARAId of trangSrop-cabgiudraeiat et hy|
S- et hyl hasftébl's&ﬂin@h@g%?]&éudn%f 3 (8 ?ﬂu@ﬁxdthy|BBhEﬁde%§@RMBEe@NnQE aRIAWLNGS [ 0010]

FIG 1 illustrates nolecules of formula | and fornmula |1, which are the

product s EAiaY & EnyisenmentakSciepcesn,74(3Q1 @) Botly (IIF 30 EMFcanserenveriekiavavarle [ 0011]

FIG 2 i |chéh$$a|fsaﬁrﬁrﬁar|ty|‘t\}ﬁ'o@|h‘é&5I%ﬂhﬁ/drB@ﬂQtto‘nYé 3rbrd-methyl-2-furaldehyde or 2,5-
5- (chl or onret ) - 2-fural dehyde to either

5- (et hoxy I%Wif/w?” Qr?'ifr%'ldﬂ%"iﬁaé f{rEM'Farb%)'atﬁrW*@Pﬁ%beSJser?é‘fﬁﬁ?'FSt'?”PD?%eéte (3)
dependi nqommbh,sartaclasemean@étom&me&%mt.oaattwé Xlersion@0dMi tolsl G 3 i1l ustrates
t he proposed cataﬁ*tlc cycl e mechani sm of present invention, along with

that of KBRS ‘?ifaéﬁﬁh\(ﬂ’é@’!fégyWSE%(SRH&“E%?@I%F%&EF@%?]C—“% 4

i |l ust ran&&ngt@ﬁs@&%}t@t47\/(@00191),%%&QJdee‘nahsttrsteefav&lam@tuewca&y@éris@csmsﬁa@ne

catal ysts, and their grotonation_m&th bases. _
of its energy content (30.3 MJ L-1). Though similar to gasoline in this regard, EMF failed to blend

with gasoline at an appreciable level, and is also prone to auto-oxidation upon extended standing by
virtue of the reactive aldehyde group (FIG. 3).

[0006] a-chloro-aldehydes are substrates that have been studied by Bode, Rovis, and Scheidt with
NHC catalysis (See Sohn and Bode Organic Letters 7, 3873 (2005)); Reynolds and Rovis Journal of the
American Chemical Society 127, 16406 (2005)); Chan and Scheidt Organic Letters 7, 905 (2005)).

Mechanistically, after addition of the carbene to the aldehyde, the negative charge at the aldehyde-
carbon center will eliminate chloride, affording an enol intermediate (FIG. 4). After tautomerization
to the ketone, exogenous nucleophiles, such as alcohols, water, or amines, will expel the azolium
moiety and regenerate the catalytic cycle. The resultant acid, ester, or amide, respectively, is
immune from further reaction with the catalyst. CMF can be considered as a a-chloro-aldehyde,
however the carbon-chlorine 6-bond is separated from the aldehyde m-bond by the furan ring
system. In functional groups wherein a -bond or m-system connects certain atoms, the group can
be considered as ‘vinylogous,” ‘doubly-vinylogous,’ etc. For example, an amide functional group with
a carbon-carbon double bond connecting the nitrogen to the carbonyl is called a ‘vinylogous amide.
In the case of CMF, the carbon-chlorine group and the aldehyde are ‘doubly-vinylogous,’ or perhaps,
‘furanylogous,” where the furan m-system connects the bonds, and thus preserves the reactivity.
[0007] The present invention describes the high yielding conversion of CMF and related derivatives
of 5-methyl-2-furaldehyde to 5-methyl-2-furoic acid and derivatives thereof using this novel
transformation, catalyzed by NHC molecules. CMF, which is produced from renewable carbohydrate
feedstocks, can be converted to useful products in a catalytic manner, without using transition
metals, pressurized hydrogen gas, or extremes of pressure or temperature.

DESCRIPTION OF INVENTION

[0008] In one embodiment, the present invention provides a method for preparing methyl 5-

methyl-2-furoate ester, in greater than 50% yield. The method includes contacting a furan-



[0014] Fig. 5is a schematic illustration of the reduction of glycerol to
1, 2-propanedi ol, or dehydration to acrolein. [0015] Fig. 6 is a schematic
i1l ustratworrorfo2sdsdazol i um or triazoliumring systens agCmisk@ophsobs c
agents. [0016] Fig. 7 is a schematic illustration of an exanple nethod
according to the present invention. [0017] Fig. 8 is a schematic
illustration of an exanple nmethod according to the present invention.

[0018] Ficghtaifing Boldcu@RRMAIIA F albhdeUsitord@hit SINveRd a SHidGO &1 AdIkbndRstisyed suipl ecul es.
[0019] Fig. 10 is a schematic illustration of chloroal dehyde attacked by

t he thi aZeAt MERYISTRTY £ o PBaester 5y €kt nati on of the chlori de.

Taut orer ifg@gd) mnbmeﬂmolﬁ%&n@e Bregiit H@Btie brovitiees RBMb@MoLpréblirichlethFssuscept i bl e
to hydrolysis. [0020 11 is a schematic illustration o di sparat e

react i vi tReYF2- f“ﬁ@ted?é{?r 'nugﬁeiaéerf FRBPE o't - o™ stfiol B P iR Gattstingsa fePe.  MODES FOR

CARRY! NG c6AeHinil g #ol b INENDHAIN NNBade NIAURERE AveAPPlat yABhAd eInanbi0R21c, duch Gener al A
nmet hod according to the present invention conprises preparing

5- nethylt@“?ﬁW&ﬁ@“@%?8”“?%%FﬂHPﬁ@“@§ter am de and thi oester derivatives
fr om CVF gr@zsprssRibtibNn OheRAWGALs bui | di ng bl ocks and fuel or fuel additives.
The first step involves contacting a nolecule of fornmula I, the catalyst,

a base, AR SNt tustgesapieculenef f&“W@ééWWé““ﬂﬁJbl”@SbﬁF fhs Prodictt ftper at ur es
bet ween I(hs@ggd eepdei@NForle sle@hamekiionThe

[0011] FIG. 2 illustrates the divergent reactivity of 5-(chloromethyl)-2-furaldehyde (CMF, 1) to either
5-(ethoxymethyl})-2-furaldehyde (EMF, 2) or ethyl 5-methyl-2-furoate (3) depending on the absence
or presence of catalyst.

[0012] FIG. 3 illustrates the proposed catalytic cycle mechanism of the present invention, along
with that of known oi-chloroaldehydes with NHC catalysis.

[0013] FIG. 4 illustrates representative precursor salts of N-heterocyclic carbene catalysts, and their
deprotonation with bases.

[0014] Fig. 5 is a schematic illustration of the reduction of glycerol to 1,2-propanediol, or
dehydration to acrolein.

[0015] Fig. 6 is a schematic illustration of thiazolium or triazolium ring systems as nucleophilic
agents.

[0016] Fig. 7 is a schematic illustration of an example method according to the present invention.
[0017] Fig. 8 is a schematic illustration of an example method according to the present invention.
[0018] Fig. 9 is a schematic illustration of glucose and derived molecules.

[0019] Fig. 10 is a schematic illustration of chloroaldehyde attacked by the thiazolium ring, followed
by elimination of the chloride. Tautomerization to the ketone provides an intermediate which is
susceptible to hydrolysis.

[0020] Fig. 11 is a schematic illustration of disparate reactivity of the acyl intermediate to provide
furoate esters.

MODES FOR CARRYING OUT THE INVENTION AND INDUSTRIAL APPLICABILITY

[0021] I. General

A method according to the present invention comprises preparing 5-methyl-2-furoic acid, including
ester, amide and thioester derivatives from CMF, as useful chemical building blocks and fuel or fuel
additives. The first step involves contacting a molecule of formula ll, the catalyst, a base, an organic

solvent and a reactive nucleophile, at temperatures between 10 degree C and 50 degree C. The



reaction is quenched with water, and hydrophobi c furan product may be
extracted with a hydrophobi c solvent and purified by silica chromatography.
The hydr opbabiz2#issan products may al so be isol ated by @cC3iuskéiaoisong
precipitation, or sublimation. The yield to nethyl 5-nethyl-2-furoate and
ethyl 5-nethyl-2-furoate are greater than 50% by this nmethod. In the case
of hydrophilic furan products, such as 5-nethyl-2-furoic acid, the product
may be puéaicaﬁéneﬁqulaychel& Wik Jvétartainemydrwhemﬂmamtddgan{a{; bSdkpbdeddidnan. [0022] 11.
Definitions used herein, the term "cat al refers to any atom or

gr oupi ng b‘fmﬁ?ﬁP'ét‘me@ts"‘”ﬁ' Ptfies By JicadEnateerprsy, h%WSF%’Pﬁ%P? Predigiotiit s with

respect taQo bdi€olLeddoy dvhiiEibn, |pﬁ30?|belt€n JoPsdfichfeh. tHGicdes me@d sCherj-&alroate
transformati on to 5-nethyl - uroic acid, and esters, anides, and

t hi oest er8d FtRAPESEY-ZrivEoaterersaiy thary 0% PEisHEtoR o8 &he caierdf BgipRhiliguran

SUper - St Qi BRh bi CmEUANLlIcREd Whd JodueSREGE plrieEMFuistl A2 HrecRatitr@d her ein,
the term’ N-heterocycl ic carbene” refers to any pol ycyclic or heterocyclic
or gani ¢ O1BEEes, which contains at |east two non-carbon atons, which

i ncl ude qoez2)itvengeshs and one fromthe followi ng: nitrogen, sulfur,
phosphorus, or silicon; as well as at |east one carbon atom These atons
are arr ar%éﬁd hereg hpiesn VA VEthEeferUip 8RY A e et e QG P HecHiss HAHRIFSEE" base, a

singlet cay @aaﬁomtrlclanfoomtawmreaoeetas BRIEMRLVHRNGQBleab B2k e d3irdd chéifical
heterocyclic rin 0 24 As used herein, the term "nucleophile” refers to

organic B ELTPEE t?léﬁate”%oznft“%ﬂ'cr‘?c'ﬁ PEELET I8 ér&f*ttP'B?Féﬁ%tﬂ“Fr\?@c SR Exanpl es
i ncl ude wed €ko beddr&OMM Sgualion&pbickidighiomRtr0kitieselithadtgdat tdumranol ,  propanol ,

and ot her al iphatic or aromafic groups; anjnes, including amonia, al kyI
anmoni a, 9731 R yseapmieiite teahd” *feF‘?r&‘iyﬂ‘szaé‘i’ﬁ?ﬁnﬁe%rsd? wﬁglvcvg{ﬁar RTBVEC | nel udi ng
hydr ogen ofddhit mdigculed/ehidhlckithind We le62 PAAHON SRB6H £6rms, hidh Bl ons higbdehj sned car bon
ani ons, such as al kyl -magnesi um or al kyl -1jthium species. [0025] As used

herein, tCRRTRHMOIBYEE "It8F R UL W°ﬁ%‘l°%1ﬂr§%c°6£b%| aé 2bEShRISIPRPT 2Py aci di ¢

speci es. TRase®smes@hkthngkdinbitd aGdy thetUipoh ﬂyaem&nch b&HhUl6ys blddf a gt not | imted
to, potassium car bonat e, cesium carbonat

1, 8-di azéfﬁ’?ﬁ?d’f'bf’@“W?)‘]a[ﬁ‘fﬂét(‘,’m'f°'étﬁ'6ed("b'§w)the RetfoQfiSZ8%i cycl o[ 2. 2. 2] oct ane
(DABCO) , [e0wh] ALlisagidréiflitneernOtnb@Eophiaes ferafo@rgdhis Mold&fds tHat comtifith reeheum
carbonate, |ithium carbonate, sodi um bicarbonate, potassi um bi car bonat e,

al kyl amieiREoN Rt KT Epeplesdplyce wetg ﬁ'%m'érﬁch‘ég‘g MeBeY e RE R EE O her ei n,

t he t er mprepbiglafd ote@ @B or bRHRIISerbuds;ambRE RNdiag Qﬂm&mjdwlarmoﬁ.m.aw
substituents, with the remaining atomc or bi t al FE ggeylsmg an

s- or bi talamﬁlé’a'r"‘1aﬁ§”ta%83r8r|“8r6f 8RS A HEPsa Wc'éﬂ?ﬁwdrﬁg% a{"(ﬁ' P88 used

her ei n, tspRiet;@ndMnetQFGBMEed caﬁbd/:ﬁl%s sticefaesig/- h@gnﬁ@thﬁderﬂill&l I\MﬂhrﬁEbeallée general ly

non- polar | ar rotic pol ar pr | sol v ani ¢ sol vents
i ncl ude, %?ﬁ%?é? ‘éseﬁgetre'i‘ﬁ?ﬁ tFré*bl e, re{eé{)?g}?fav ?)Sfcﬁ'?g %‘%&*HP gﬁﬁ??‘i '§8eIGi et hyl
et her, mabdayLisetut ibtheyturredt hﬁén,tlo@lhhyde BE eleab8imifae id, ﬁﬂ%,sluﬂﬂeé(ratﬁlﬁte teipthane,
cyclohexa benzene ue met hanol , et hanol s.well as hal ogenat ed
sol vent s CRYRS aJsSéﬁfaB%ﬁ’éw@%e&m%%@%k hEfE0 gl Pt 4ERCSk P,
1, 2- di chlqoihegtihar®herBisecaEBENBEIUDAEH {dIRFESbondR, h’ﬁhrurrﬁfag)aﬁﬁté; s&dlvents are
useful in the present |nv§nti on, %0_028%_I used herek the term
" hydr ophé’lﬂ"‘@”?el PURTHM PP 34 BTV entid 8 287 B} HAHLE bl e with water.
Extracti qmmhy@aa sereumemdxdleq ‘staglet catbenen @dfert tol¥lchr®6h 4t6mn betided h)ytl/vo et her, ethyl
acet at e, rr% é Bg] et her, hexanes, Pent ane, hept ane, cl ohexane
benzene, ¢t “H%W't e\ii%“l"i'”'%gsat?{*é{f ?JB' &8s %bﬂm\i’é'ﬂ??sa”s’d’ékﬂtabbfa% 8% of or m
di chl or oreti@send sadnimyp-bettslachl ori de, 1, 2-di chl or oet hane, or conbi nati ons
ther eof . [%ilﬁrAs ues)éé I!;ear'glﬁ Itf?entersmolo\r/g%mE ssolvztae'll;te rel'#esrse;ol‘sll)lvén?s V\Ehrl]cﬁ algrgggeeranly ncl)nn|:\>/o ar;t Fon.
polar aprotic, or polar protic solvents. Organic solvents include, but are not limited to,
tetrahydrofuran, acetonitrile, diethyl ether, methyl t-butyl ether, ethyl acetate, pentane, hexane,

heptane, cyclohexane, benzene, toluene, methanol, ethanol, as well as halogenated solvents such as



[ 0029] As used herein, the term "hydrophobic furan product” refers to
products of this present process which contain a furan ring, and are
general | ywonsolaaidse wi t h wat er. Hydrophobi ¢ furan produecs/useehods®p but are
not limted to, aliphatic and aromatic esters of 5-nethyl-2-furoic acid,

al i phatic and aromati c am des of 5-nethyl-2-furoic acid, and aliphatic and
aronatic t hi oesters of 5- nethyl-2-furoic acid. [0023] As used herein, the

t erm " hy drieRkbh, dichlobdthaRé, @&HH&H tetrdcRb@deS 1, b-QicisrOEtHEHe Sor @ mBikttiSnsRR&&Nt  process
whi ch contain a furan ring, and are eneral ly sol uble with water.

Hydr ophi |qt@rf>r@ﬁrafrf°b?r5m5eti§*%' AdIaRRetBETPe not 11 mited to.

5- net hy| {@ofe)noised ARG thd OB drbdobic Meh@ feérofo sPILERAIHIAGramAREBY Witk - f ur oi C
acid and derivatives. The method of the present invention involves

prepari ndvaf%r%ﬁacéﬁ'hﬂé{?ﬁ? REutroP L eigInesinded fu iRty &then et Pesfria methysduin
chemi cal ebidl, heemg, Jah@kd Beind, dtidNexaRE, bbhbehe, Bldhd, b3/88Ias haIpah dial BR=@ONT Ai Ni N
nol ecul es of formula I, in greater than 50%%‘1‘1‘] eld. The first step involves

cont act i RY"&° T*lﬂr%fﬂmbﬂ'ﬁ?'%ﬁ’ﬁ?tt‘?@ﬁenﬁft@& tvEchiride driflithlerqefhang opcesBinaiqieh as DBU,

an or ganitker&dl otBEHextraztisitoRéntd £4¢ isahyid kreforsanirkdddB)., a catal yst, such as an
N- het eroc clic carbene, and a reactive nucl egophile, such as al cohol s,

wat er, ¥4 Apyset hargin- §he I QY RRARPIF BrnPESE reéetrStélpf%H‘ﬁ%?fé*t'iﬁ”éseBtf from
about -7%rdé@sgmrah Eontath a15@n d@sr@%r&genAmtyerrsommlt}eMt@rnHy&moae@md step
i nvol ves separating the product nolecules of fornmula I extraction with a

hydr ophoﬂ?f‘t‘ﬂugb'm}@‘?t but §r6@ﬂt lidteg tongliPhaic érfda&tr‘é“a“f'ﬁ%er?PférrHetf“ﬂ)x'r?ﬁP'ﬁ%'

5- met hyl aRotht Patemanchned I vl 5-BethiR 2o 2cid, U OAb Rt bR oAt Bfiocttbanr £0% by
t hi s met hod. #0031] Useful products for the present invention include
mol ecul e B -FBFHAY |, wherein R of formula | conpri ses oxygen, sulfur,

and nit r oges;asand el @t fer“hy@fopFﬁlmi’fﬂTﬂdlh Brobucea B k&R 6dueB AR prebar@r ogen,
sul fur, nitrogen, oxygen, or ar onat i c or aliphatic conbl nation thereof.

[0032] | RSB EHRSHI TIPS g ﬁ”éj 3 e Aty sPIHRIe HiEh ‘B‘He FeUPRaEs e PEHTY f or

prepar i Nghchuamtiyd anhmiftéﬂrtGlSQ'néiWI drurdibgidret hod i nvoI ves contacting
f ur an- cont ai ni le of fornula |1, a base, an organic solvent, a

n
cat al yst | é”wgf‘é‘f’d for ’i’fe%‘”P%%E‘ﬁhlé'rF e agif a%&deavaf Wiperature of from about

- 78 degr gge feethed drak Ffd@gmtaﬁer(aon [rﬂ&)?es]oreloghngam RRaRmMkE MBREWes of Renyis Iesent
i nvention owdefsarret {) arln esters o nmet hyl - 2-furoic
g

f_5-
aci d. The'MBeREr AVl ‘i?é@"?f%tt'%‘é ef‘tirf 2ECBNEal AT Prepirortaetie 8o6f'sor nul a

11, a baseform@dll, o Gealdr €had 60¥ RaL., Tha fisadtéd ifBlves @REctAB a Alr&oldkininguch as
nmet hanol , et hanol Fro anol , butanol, or ot her allphatlc or arFE;matic

al cohol , MYEYe P adn® YAsE st 2Bl 3t RPN U Bes T BNIRBEW P8 degree C

to 150 d&ﬁtbl@sﬁ.‘ sCeh as an N-heterocyclic carbene, and a reactive nucleophile, such as alcohols, water,
amines or thiols, in a reaction vessel at a temperature of from about -78 degree C to 150 degree C.
After completion, the second step involves separating the product molecules of formula | by
extraction with a hydrophobic solvent, such as ethyl acetate. The yield to methyl 5-methyl-2-furoate
and ethyl 5-methyl-2-furoate are greater than 70% by this method.
[0031] Useful products for the present invention include molecules of formula I, wherein R of
formula | comprises oxygen, sulfur, and nitrogen; and wherein R’ of formula | comprises carbon,
hydrogen, sulfur, nitrogen, oxygen, or any aromatic or aliphatic combination thereof.
[0032] In some embodiments, the present invention provides a method for preparing 5-methyl-2-
furoic acid. The method involves contacting furan-containing molecule of formula Il, a base, an
organic solvent, a catalyst, and water, in a reaction vessel at a temperature of from about -78 degree
Cto 150 degree C.
[0033] In some embodiments, the present invention provides a method for preparing esters of 5-

methyl-2-furoic acid. The method involves contacting furan-containing molecule of formula Il, a base,



[0034] In sone enbodi nents, the present invention provides a nmethod for
preparing 5- nethylfuran-2-carboxam de, or a substituted am de thereof. The
met hod i rwol2oe#2¢353t act i ng furancont ai ni ng nol ecul e of PoTrask@ 1018089 base,
an organi c solvent, a catalyst, and an am ne, such as amonia, an aliphatic
or aromatic al kylam ne, or an aliphatic or aromatic dial kylamne, in a
reaction vessel at a tenperature of from about -78 degree C to 150 degree

C. [0035]anb@ar$@4merﬁmgly&egmsm altdnel, wde&emthanavgﬁanbp&oparnelvmm ar dfedrhod for
preparing 5- methyl furan-2-carbot hioic S-acid, or an g%atl c or aromatic

t hi oest er'RMABT % FPMatiRACORtI M B EFAFHR0 BTv 8" AL BARSAY T ﬁ@t“?“u‘i‘bo?Ht fRee NithEOnol ecul e
of fornmulgagddc.a base, an organl c solvent, a catalyst, and a thiol, such as
hydrogen sul fide, or an aliphatic or aromatic thiol, in a reaction vessel

at a tenﬂ%‘?%‘t‘t}U‘rsémﬁﬁmll"?dﬁ?ﬁ”ésb‘@ﬁf’rese%'”&F@@?ré‘ém@'ef6”‘2‘3‘8" fﬂ’é@{ﬁ%aé'”@ [ 0036] The CVF
used in tAenyPhrESLBdrbdxaMia8 ol HAULSRITEY S ESthbasy. 8% athod P& LettacBidfehur e, " 5-
(chl oronet hyl) - 2-fural dehyde", C6H5CI Q2. CMF can be produced from

car bohydr‘:%t@”'%rﬁ?'a‘i“ﬁoﬁ@r%i'éra|bésie an %ﬁi&'ﬁ“&‘@”%@?ﬁta&\{ﬂf‘ BRMMFE pal  or
forestry awaohe, a5 tali@aiidor aloMati @amaaqh@q)rbea%adua&%&mb@%mal i Yreadib®mM

5- et hyl - 2- fur al dehyde, 5-(hydroxynet hyl I)‘m 2-fural dehyde, or other furan
deri vat i VES® PH BTRH=HELE FPBARCUKHB IREeed t eiseeki1 led in the art of organic

synt hesi 5[001{@91353&%bﬁ&fd%en%utmgb{eaéneﬁvécnﬂén Sro@dep b BS@BY fob Pk 9N i ncl ude
nol ecul es of fornula 11 includin s well|l as other derivatives of

5- et hyl methyliprar HreMbRikIoc wRYT &1 37 2 g?haB‘F”f"B’i”ﬁ‘HTQ'°F?ter6%‘?‘?‘iﬂflT§‘°er§et€ﬁc' BYige,

fluori de,cohiang fden- cmah.ﬁl@m@cutecw feen@siy laberpdn@rgahetMARSS tdfiyei atde thiol,
trifluoroacetate, phenoxy, hydroxy, anmonium or other atons or gfroupi ng of
el ement s sR‘i‘?d’@\JPlVdf°§erbséﬂ|f'F? Gfi‘fbﬁﬂ %hait'ﬁ”taﬁ‘?r%at'&%% 51 ESHOT OSET A THeeEht afly st used
in the preseBbuti-TBWRALE OR 1608%Fde3eS t hose atons or groupi ngs of atons that
are known to affect unmpulong reactivity in al dehydes. For exanpl e,

N- het er odQ&i4l (I,heccﬁ’ll%?f’égtfteWéetserEH‘Pﬁ”&P?\c%seﬁm%Féifﬁ'i“PEc“&?f SHEMEr otycl i ¢ organi ¢
nmol ecul E$chﬁﬁd1ﬁ@}hynlszgraﬂélﬂfd@’] deHOgON GMEN bateduaddd ftRa&tboayeatd-tptaididae

follown mtrogr;1 sul fur, ghos horus, or silicon; as well as at |east
one car bOW'SE PRI bR Fengipd o ‘?"Feétr‘ib‘fé?itﬁsHe%’EFcﬁM5CW°Pﬁ&rPd%B%n tr eat nent

with an ayHnedeny ol dSkathyh2 Eird@dheddt 5- wrb@rhewb b-fUr@ddydesstotmeexiampl €s i ncl ude
organic or i noﬁﬁw?nl c salts of thjazoljum 4-triazolium imdazolium

and t et r £20PINFAYUBY TP EmEw %?§h?/?éf'1'”eﬁg‘ Bt ?’i'é‘?f OBt ¥R Know t o generate

si ngl et qeo3vgoesul s&ﬂrétésf@rtth@FsredASteﬁﬁ\u.ht.daatca.Hyab@cule@61Ifumenanumae@@mm43; ani on
groups such as cyani de, chlo ? : i_odi de. %Doos% The met hod of
the preséfft %K‘Féﬂfri"aﬁ‘i’e&%fr? %eéhyéé W?'%Q&V‘lfu‘f’heé‘f'”ﬁn‘iff‘gmi“f’é{lﬁ? PPt ure. The

t enper at Wu&ideAdnorhite, idd@B) p-t6Betlegfot@e, thetiindsd Pord@OF iR r&acetbde BENnIG Bfdddxy,F anges

for the tenperature include fromabout 10 de ree C to about 50 degree C

Still othiE °U'§@f?£l°eﬂﬁé?1t&r8§°rfgb°r“p'f‘%%f “Bitpe %ﬁ‘”ﬁ‘rt PRy E S PO Bbout 25 degr ee

C to abqu@38}5hedﬁgryﬁels£m@We@bfnt&kdnhbn doﬁ1phsh€tl’ﬂ£e1atdﬂ15|drgr@@;ﬁ)rﬁg@ﬁfa’%rﬁst'hahat ot her

tenperature ranges are Lllseful p resent mverhtl on. [0040] Methods

accor di ng"t8°th %?%%@Pm%%%‘??é?ﬁWtS‘ﬁ dEWleh & AT R A S OHU P IEAT 14%i t abl e

ti me dur abit@manyholseicl hdtérb®clid drgatit Qble @RB cddCairfing@ht ﬂ.ltrS@G@fwh b a2fkaddour s.

Q her usefu% r nggs jnclude fromabout 1 ho of skill in
ror&gﬁ I

the art W'f QI a8 & oREY St hRlesR e °6IEI\‘C8P|""6W§”aérab'e?ié‘éﬁf?r%f’%at?rﬂe present

I nvent i OfThese atoms are arranged in such a way that upon treatment with an anhydrous base, a divalent
carbon will form. Such examples include organic or inorganic salts of thiazolium, 1,2,4-triazolium,
imidazolium, and tetrazolium ring systems, as well as other systems know to generate singlet
carbenes. Still other useful catalysts include nucleophilic anion groups such as cyanide, chloride,
bromide, and iodide.

[0039] The method of the present invention can be carried out at any suitable temperature. The
temperature can be from -78 degree C to 120 degree C. Other useful ranges for the temperature

include from about 10 degree C to about 50 degree C. Still other useful ranges for the temperature



[ 0041] An organic solvent used in the present invention conprises solvents
which are mscible or immscible with water. O ganic solvents include, but
are not |woi20eh28353 tetrahydrofuran, acetonitrile, dietirgi/ustorengssonet hyl
t-butyl ether, ethyl acetate, pentane, hexane, heptane, cycl ohexane,
benzene, toluene, nethanol, ethanol, as well as hal ogenated sol vents such
as chloroform dichl oronethane, carbon tetrachloride, 1,2-dichloroethane,

or conbi RaLUORSH bRt BfegreEE ROELAF BaRECe 8.YNY BNKT irdhLarti@hreddie thite present

i nvention. [0042] A hydr ophobr c solvent in the present invention conprises
a sol ventetehi§MPeratuieratescirp e iU the Rigse®NvetioPr act i on sol vents incl ude, but
are not lfpddd) ffiHods actr@bd 1y kne@hdigitinvEHitidY kande @radBout BRE Ay kuitablbdiny! et her,
hexanes, pentane, heptane, cycl ohexane, benzene, toluene, as well as

hal ogenatd¥@tidpArHtIdmekRtionear it 53m 1 srcPRd R MYET OHst walvb aneeainguds

t et rachl ehidBout 1hdurdb £RPY. @RE BRRRin 1A arCRIMBbgRetiat ORS: otHRLliIBOuratlGh e

hydr ophobi ¢ sol vents are useful in the present invention. [0043] A base
used i n tPREYBBSRATEN IRNPETAY on can conprise an inorganic base. For exanpl e,
the cati qooo] Ab BRaddrsRert 3kdeth@pre@hkiddehtidRbAbriseaddvahik @hitiBe @aEbIBoMet Al , A
transition netal, a post-transition nmetal, a | anthanide or an acti_nide.

Al kal i miPEIEs HiEh Yﬁﬁ%r Preaningelvenés ingiden ity agegot iRied fq FyaRvdrof ermaeiondritncl ude
Be, My, G&thy&th@-%tlﬁﬁt—bu?ﬂ an&r &mgtetmt .adnsanb rhetaudae@sne &trohe\(anectrenze%l Fe, Co,
N, Cu, Zn, Y, Zr, W Re, Gs,
lr, Pt, Aﬂ“e”ﬂd“eé*r?dm'A‘tha”?h%S "“aerjtlab*rf""tﬁf’”ater‘?é°'b%i‘§§é“€‘a?ﬁ dB%Vmc@%{‘i’ HGH&?@ethﬁrﬂfdr oxi de,
phOSphat Rarb&ritlefrathBrid) DL ARAbBeth&e, G+eohRhLiond t&Hdother RS 46586ts bra uleR® present
invention can also conprise a nitrogen-containing organic nol ecul e. For
exanpl e, "HRGPEIFETBY"E¥2 hybri di zed amine, such as those contained in

pyri di ne,[o042] attht)@hab.aa;rve@m &@Bfe%YinﬁinhUﬂ @MipRgs a tdleRBhA Yl i@MIsOBle with
tripropylamne, tributylamne, N, Ndinme éamnoprldlne i m dazol e, or

pol ycycl |“@teérﬁXH%F§'°” WlYeHs ‘gguee; ot eé??%tﬁ“ t€§ 8[3“3\" h@? tihyaetare grdy t[?BU}

1, 4-di az@bree;y&lar@[saoeztaae] Q&ﬁﬁr@&y&@éﬁ@@)benzqhﬂ t’bwéhé dd Vg, as AAlbRRdtéBIvents

1, 5-di azabi cycl o& g her rel ated bases. [0045] A
base can B8 ab?hé%‘ At™ F"ﬁ '%[ﬁ&?etﬁ%’f ‘ii‘fb° @Q}H‘t”rd&tlrzochmpﬁ%t*}?ée Br‘é’glﬁ’ﬁ‘?t"i”ﬁventr on.
For exarrrarh@eofloth@ravdro&robrtsdttreocmaréuaarnn&t@pr@d@hormﬁtrdnc guantities with respect
to the | es tptoeurrrolar or sub-stoichionmetric quantities.
[0046] A ?r%‘ﬁlé&a%ftsetdhré "BPESEhIMVTHYERE FURPTEHH &8 PRET tRIEBPIREY conponent s
and reagestos okileWale bt bRAR IRl nfelfdl lah alkdliné &Rthatfictal, aft@hsiteokaiEadl,@,potthaRdition
conmponent s and reagents can include buffers sur f act ant S, addl tional salts,
and addi tr*r‘eéarlr:i‘l'a”&?f‘g%?ﬁa'g aCt[”tYGzr“r']a"F\e/ta'sE%E‘i%‘r' KI‘%PF\@HCSSA'%TWF 5¢8lir oat e.

1, 3-di rresnctuyé_sellvig;mﬁamrka Fansitioh medistrIuOsOB Y, ¢, MR,.F&,28, Niraal In, wasnisuspended
in tetrahydrofuran (46 nd ethanol 16.2 m). _

16" G no Al iy i B B RO e YK i Py U HE S0 SAY. T DI TRAESEHEN added and
t he reactchdshaheaideslidt, @ha&Bhdte, sélivfe, lﬂcﬁorﬁ& 6hacék3e84 mmol ) was di ssolved in THF
(8 m), 38(}14&3dged drorE)vf\]n se over the course of 60 mnutes, Stirring was
conti nue AR JERSi N8 REFENL MIRSHRSS" BiER ORG SRRINEIPEE T (PRtIINE °f8R%UC L i on t ook on
a deep r ecbleab.Ofor exéd¥ableran{ B30@r $p2 hybrased e, adeedhosabshtditea i gaghd, on extract ed

with ethyl et at The conbi ned or ganic extracts were pool ed
and washé?.u‘“K}v:F "t iséf’é°pybg§'ia@i°ﬁttfr8ﬁth8?}we Rﬁ‘é‘%’d&%&ﬁd”%ﬁtﬁéﬂt Nélacuat i on
preceded dsnd:tyanimopyraimal i@y plycyamires isctti@s { 4-8%abitcfil5. Aqetdat-eefdexanes) ,
whi ch furnl hed t r.as a _pa oW oi 1.56 73% vyield): 1HNVR 8
(CDC13) Zilél((?jazhtlﬂclo[%%l]ogﬁgj (DR%éﬁf?/(”dc"dTth“'\Tm eg‘ll,%g gzawcyéli43 ?noiﬁ J =
THz) , 3:4e(DBN) Stdther lelade Hates. 2H, J = 7Hz); 13CNMR 8 (CDC13): 158. 79,

156. 97, 3{4 4531 b 119. 13, 108 29, pg 60, 14. 9h 13. 89. 0048 Qhor.

Enbodi medP &1 GPgresiuie Frese Y B S BSH R8I PR Er SR YAt ¥y TBrgEM'E ol ecul e
that is pﬁr&ddﬂ%mlsﬂbeﬁ-&mﬁlﬁj&’ﬁﬁﬂc@Mnt&bkwith Mebgegt tothgaivies BECMA tip tB@efuesiaas t he
backbone for triac | ycerides, which are the primary source of cellular
ener gy dér ey ‘tr?eo'%{ﬁqg%ﬁ/'é'es as well as for phospholipids, which conprise the
lipid bilayer of cellular nenbranes. G ycerol's | ow t oxi ci ty and inherent
"sweet" taste has seen its inclusion into | ow calorie foods as a gl ucose
substitute. As a three-carbon, prochiral synthon, glycerol has been
utilized as a starting material for many pharmaceutical conpounds, as well
as academ c chem cal nethodol ogies. In recent years, the worldw de supply
of glycerol has increased dramati caIIy as the demand for biodiesel fuel
rises, and it is projected that 1.2 m’/ilion tons of glycerol will be
generated in 2010. See, e.g., Ot, L. Bicker, M; Vogel, H Geen Chem
2006, 8, 214, which is incorporated her ei n by ref erence. Triacyl gl ycerol s
(triglycerides) are typically harvested fromplant and algal material, then
transesterlfled vvrth short allphatlc al cohols to Ilberate the fatty acr ds

—yr a2 . S



[0049] A nunber of chem cal nethods for the conversion of glycerol to
commodity chem cal s have been exam ned. Many involve the further oxidation
of gl ycerwbD 202/¢353| at e derivatives, which have found u®eTius2¢ih®4§909 yner

i ndustry. The reduction of glycerol to 1,2- or 1, 3-propanedi ol can be
acconpl i shed using various platinumgroup netals and hydrogen gas at

el evated tenperatures (see Fig. 5. One particular nethod involves the
catal yti qOMXd{ea{ou@nthet,regény.ﬁ@h@An bRal@LRDde biher BRBoneRtsAnd reli@hts ¥riwdK, B. ;
Paul , S.; Capron ; Duneignil, F. ChenSusChem 2009, 2, 719-730, whi ch is
i ncor por é?@ﬁoﬁé?”éﬁ‘ WeBV FP@?Xérf‘@ﬁé’éherWﬂpP'ée”Ffd‘f‘d &a%f‘(ﬂfsé?ﬁ'l“%‘ttl'depﬁ@rs itself, this
process isgfeeapadl@tical hRYI Agtinaoneygens from glycerol through

non- hydrogenative conditions, and it is our supposition that acrolein can
be conbi ABAM Hemp/RRFthY REREVERAT 970l ecul es to generate fuel's or chenicals

of inter q%td.m&sﬁgiﬂl.mmm i@.aql bdide (G61Q) @m nqmﬁvadsagpame@h@@#ay@eofgswp and an
al kene gro rolein is hig electroghlllc and prone to

pol yner i i%{)tﬁ”Bﬁtha%“Piz ”I')s1 %ug'éﬁb'ﬁ\(ﬂ%% %}“%ef éF”edéﬁ‘érr“ 1 ??d””“l“?'b‘fﬁsd*l‘eyéé‘i‘eﬁl
Li mi ti ng ahd@e AGEHDh Bbdledd0BY PR ICVE L. 00N 13.84 6R8 | R ldls@ledinTBE [87:@f, hitihdagd
trimerization can afford six-carbon and ni ne-carbon nol ecul es,

r espect | VEIPYISe QNET 1R CRBHRCAPHMINGRF- SRTHE HaT G RPHBR YA TS 2 haver dRE fal | i nto

the propeihichugk trepekiidn t6ekidnQised r0d cdidr.ANSPOMLEEHI) VR thh a8¥dd i@k rbatebn Exanpl e
enbodi nents of the present invention pr ovide a method for generating a

di mor | 2@ FEBHMHED SBY osiat 3158 Mh TR RGRD L BRE SFack RERRIPISE SR 1 e ar bene

(NHC) catwadhyshes De{.&&%k]ovéﬂhvlezsoainaIsa%se@@&eonqd&awdag@ Afomdtrdspalor tlaem cal
behavi ors of carbenes, which have been known to inpart inverted reactivity

on cer t ai"ff8EPS tFY'dgetateHganes), yhish fugtitped thegite ﬁ?iaf’i}e veile A &b Bucteophi I i ¢

acyl groypsy: BRMR Rclbiz)Serkaan, s -Br)ragaw.1HOhedy), 4 81 (, ﬁdJ ﬂ#Q7934(:|5,83H)239 258,
which is incorporated herein by reference; Breslow, R J. Am Chem Soc.

1958, 80, 13§T¢1§P 873%); 13ENNFO QCEC'g)n%:'SéﬂBdﬁé%d“%@r é1i9r113b]598 ?%ﬁ%?%é@ 1582 cal | ed
" per si st gpd43) oePERRIINRKE encountered in nature in the formof vitamn Bl,

t hi am ne, which is involved in pyruvate decarboxyl ation and the subsequent
use of t IR tBEer-crrRpERalyEFrardAtedpreasicImelessle et iapiarucedin aredanse bxddr k by

Rovi s, quﬁgor?d’ﬂdmg'clh@r\gg asRSbRRBANEEGiad RE cSREDENE] arl e $ritdl adwdlor t 0 i ncl ude
a nmultitude of a-oxoacids and al dehydes in reactions that otherw se could
not occurelliRaeteray gprMenhirPB R sy ar (pEphosphglinids, whign compdsg s ligid bilyeref;  de

Al ani z, ZelRBiar mBaNkSes. Glycedol’s BMtoxkdt@MAd intREent 2004 tadid Bas s%l@‘rr@@&&wmtwm chis

i ncorporated herein by reference; Chan, A ; Scheidt, KA Og. Lett. 2005,
7, 905 9l calgrie {9905 38 2 BIEAsP PEFAYTRIAYREPIEERRTBRP. PrafipleHiteen. @YfeiRl NaRbsen. K.
BOde . uBlized\Ba @M E06H foMph#@&eut&&l&@mM& as"WHII%E‘ada@erﬁlM@%QQr ated
herein by ref erence. Under basic conditions, the thiazolium imdazolium
or tri azdSAIPIPEi9rg N SSFett RS Ht?tw°§§w'ﬁ%|%‘|p%'bﬁfiﬁ'ylc?r€' hayjarieased Apmatifp!lvies Wet ack

el ect r on-yd@bddFbradieca FlROIY], artel@iNt BbRctbS@Et 1K GillioRJons Afgtyegrowme%@netrstamsf er,
the acyl carbon center has in turn becone nucl eog1 ilic and wll attack

near by eletXP-GfPFeStt Loficker Mvdres: M iesrCheme ti0p el 4 Whidis insorReFaied | pr oxi nmal

nucl eof ugeremng reeérm@tw.mlgwc&&@mg@cames) bﬂattﬁfcara,l harved&wrom RISRSR a1 25
contenplated in the present inventi ules of acrolein can afford

the 5- viMRABLIgH BrSeT e ‘ﬁ'F*biH&%ﬁ"péﬁdf\Rh°h‘1‘ft?I tgeratezthef%ﬁvaa@sﬁroa* tR&C cascade

react i on glybtséldgreVitedd ThttLesBl pro@ictsQfispiey idEptiedePGy Chdr&ctdii € thywepakl:eitof
sim | ar catal %/SI s. dorius _and Bode have shown a transformation of a

similar tEpas W&P&'Fyﬁnﬁp%f'%{?rf‘%'%é'bﬁfé%ﬁIs%ﬂ"é‘s"t‘ﬂ““é’ﬁ”té‘ﬁ%ﬁ Prediist BEsgener at ed
via NHC ma}yym s, followed by internol ecular attack onto an al dehyde,

foll ovved g ring cI osure and expul sion of catal yst See, g., Sohn, S.S.;
Rosen, 491 Bpgraber 9f fipmisal merRod CRETRE C‘@&?f“”??f@dceri%wmf}i’g*?\(fhirﬁt‘saﬁha"?m| chis

i ncor por %’Ee@dexglﬁ‘lﬁ&i MdRY int@Ne@hERRRSr olBbdtSh 6 dlicerbl.to addIQE bdtsatives, whidgeie Chem
Int. Ed. 2004, 43, 6205-6208, which is incorporated herein by reference.

[ 0053] | foYAH3e 17 1he BPIHBYIMEEE Y SherBRHCRP RS ElYSSFP! B3 P7 &3-BORIAHR Wi ch wil | be
susceptl Rt@mbeh&A(sink Y4abids gl e kiodp mefRRaRd HOBREBAL atleRvitbEtembatiupB@eé s hi ghly
di sfavored entropically, so 13-hydride elimnation will occur followed by
ol efin i $Emdr ?%a‘taftlfwart%“%ﬂdf WPH%%‘? Bradvtigdsydratengf RYewt BaArobmsdity

chem cal, which is widely used in the food industry as a preservative.
Esterification of sorbic acid with methanol or ethanol under acid catal ysi s
wi |l generate nethyl sorbate and ethyl sorbate, respectively, which display
simlar nelting points and flash point’s to aviation fuels (flash point: 63C
and 69C, respectively; nelting point: -46C and -34C, respectively).

Hydr ogenati on of these conmpounds will provide nethyl and ethyl hexanoate
derivatives, which show even | ower values for the above fuel categories
(flash point: 45C and 49C, respectl veI y; rrel t| ng p0| nt: -71C and 67C

4 B Y " o o o o o o




[ 0056] The conversion of 5-vinyl butyrolactone to sorbic acid can conpri se

i sonerization by palladium The esterification of sorbic acid to a sorbate
ester carwoani2s¥3 aci d catal yzed esterification with aoTalSeahokgoodhe
esterification of sorbic acid to a sorbate ester can conprise conversion of
the acid to an acid chloride or mxed anhydride or carbonate and reaction
wi th an al cohol. The esterification of sorbic acid to a sorbate ester can
conpri se xagfniokadiran, Rfcatrbe M chelRMi, & anhirdichiniabe, £ e1opisbnghiagent or ot her
dehydrating reagent and reaction with an al cohol .  The hydr enation of a
sorbat e @XP@Prated hereindy migseitce Wle 89t aPQienER fHSHESEE tiTRIRRES OFPINE % nobl e net al
such as p%&ﬁg&mx@naﬁrmg&?@eram&gmmn Hyaﬂoganumecmo%ei and if 9Bur s@dpofitdnneni um
under el evat pressures of hydro as. [0057] Exanpl e enbodi nents of the
pr esent tWWé%WPBﬁ”&BﬁﬁP?@@“WW@UPHQPGé %”@Wﬁﬂﬁ%%ﬁﬁﬁﬁﬁaﬁvbﬁfdFWémﬁ@ihods
descri bechthettei n. Exanpl e enbodi nents of the present invention conprise
apparatuses for the performance of any of the nmethods described herein.

[0058] OLA%? | Bra wesp e corf%agf'dq*wee FAHRAG £ HhDRBRYRY AT ATHIN iTel | ul osi ¢

mat eri al nighly dle&t@hilid dn@ ne PoFhRridatiord, Bat id @it hapaRier Rhers@sitrronfdyeabi ve
energy dense liquid fuels. The direct reduction of a carbon- hgdr oxyl bond

i s heavi ILV‘ mgékrea?\?@rteéwot%f%ma?ﬁt@émweraﬁwneeﬁﬁﬂaﬁfﬂag?%ﬁa@a@f the-art

t echnol 0@h8sn £ahindQrBéh rBQedulRY, Pdsy&tiltIWhitIETRAMAEWESSen tHtaathbn PARS SHY &8 Of

hydr ogen as as well as a platinumgroup netal catalyst systemfor group
activat i 6#. NRECRFPEHLE SRECH E"’lﬁ'ﬁ?ﬁé?ﬁt@ﬁsﬂ"ﬁ?ts’”ﬁf %i’Pﬂt'@?ﬁ“B' E’@&]Blﬁl Hé°‘ﬂ”ﬁ§rsté° hydr oxyl s
as phosphed geghtompstionpRvidowedthby fop bdnaiatidd 4 dierlzed ot slacrblbid tirb@hithe.  There
are numerous deoxygenation protocols in the organic synthesis literature,

t hough né‘ﬁee°f5'fhefelﬁ‘éc¥‘écﬁﬁ”?e1”eﬂ\@c&@ 4fible in an aqueous environnment, nor will
they be f[om]ﬂﬁcEbyawafs@@l@ea@nta@é‘of\omsaémcmw| KeA&Viddeof @frbdhle g BIch mbs&#l ar

wei ght than the starting glucose nol ecule. [0060] Recent reports by Zhang
and Rai n&8HH) & REHGWA™ 5?“'8@1|°P6‘Tr€?§”is€b%ﬁ‘ﬁ’ieér‘Fal“”t?éi'ﬁ”ﬁoéeaaté"l‘w/cﬁiﬁtaéd t hr ough
sever al &U@&%hltl@acf/l(gfdﬁbsf SHeﬁJIg baasaﬁh [prAagimtrsem ﬁead 1@7g 18, Z&IZSSYwh|chBI owmn, H M;
Huang, tte,Jd. ng, ? e- st ep Conversion of
Cel I ul osé”cP@°@tqq)?HF8WFFé?rﬁVFTB\ﬁSPWr%{I’ A(”Hﬁ)?‘)m & ’x?é;?ssgtV & BLAT B m Cheni cal .
App. Cat |ncA’por@Eéla(BEr@|n by?@&&qce%laueal&rsis?eat chriBErRRE a@réaaoededaernaiafuréxytweeference,
Bi nder, J.B.; Raines mg em cal Transformation

Li gnocel A e ‘iti'nfé‘sag‘ rien‘f’?idﬁﬁ ‘aﬂ’m‘ieﬂg‘ F’P’Bﬁ"“?ﬂ%?@’%(ﬁ&l”d‘i‘&ﬁkn‘ecséi‘?%q“enﬁuse Am

Chem So06Gf thd @hicallidtdsmebR¥On dAB 5, mdtaDo Readne@orR BY RIVR, BdYe pd RAGMGAs Smal |
scal e reactions have shown that glucose can be converted to fructose using
chr omi ume¥RRNeAcyieg -°§°Fier?f’a"sd?t§"yit6?1'i"8 udejaciitiudesf Grentacids dPEaREeLy edeiRydr at i on
to hydr oxyetbyide Us itk R becltiMEdr comhtﬁnnglggtgltyélsoﬁeepé’@%%ﬁis'I\nT g)@%%n@‘ﬂ@r al l

yi el d, however the reaction conditions are not anenable to | arge scal e

pr oduct i GAYis. [ O08LChan-Sepafdd 17§, WhE AP, i isdirarresswdeteiey sefprergddamnd

devel Oped\ @Eﬁe@?'Kq\ @%t L@ltyﬁ)@ﬂ 7W09@§Q%@h |sQ1rcorE)g|%te9F19rg|H%f Feﬂa’?en@é Chow, K.Y.-
5- (chl oromet hyl') furfural fromcellulose directly. e.g., Mascal,

M ; Ni kit fiodeg. BAM. Crpmy %tzooﬂl%s}ﬁ@Il?Y THRVie ingreniated heralp Pmefswcq nto

Bi of uel . Un&@%gsw:com t}lué’ﬁwazoEQm |r%992%hurﬁlz>r tr.Zz%ﬂd’m V%steﬁg&p&mga%ﬁﬁk herein by
reference. Using acid, heat, Iithiumchloride, and bi phasi c reaction
setup, hy&epEbYibaterrEeckan-BricdewePpIbiesie) @ﬁﬂge@tﬁtﬂprmt@hﬁerrt@awi on

medi um anghb@RteHitds bl 138 heddtle naEEALSR VIR A Jebibf ALA@PhIRE, oCPRdeNE k! ON
reactions. [0006] The present invention provides a novel chemi cal

t r ansf or REET R Lo ITtRpal Rrevim! VidrgfugnarsheliadivelveeE oeplinteae Fe¥s€ti on to generate
furoate qeos s Wﬂ’ce%lam% HEPNEnRBventdbDRrd Mole RS &HatBRINQEN HHofsiee 5 f uel
surrogates. [0062] a-chl oroal dehydes have been shown to undergo an internal
oxi dat i orY'”V'E‘dM@FFtBVP? Rresdyetshom it Hiegetierugh @NBSterdpieadiae tgnsyifaning Péaf ed with

t hi am ne ochekﬁ'etéryéyt:I@mofbtﬁ:&)ab@f@Fﬂhﬂr%&alys%eglorl@s Hd BodaUNChGGna N. T.; de Al ani z,
J.R; Rovis, T. "Conversion of a-hal oal dehydes into acyating agents by an

i nt er nal t@éﬂ?ﬁ%‘a?‘é‘a’éﬁf'ﬁ?ﬂﬁré\a‘ﬁa’l’*vm MARtMERIESPNTE Plenea Burhegeneraled Vigm  Chem
Soc. 20044cl8ysisDRildined By AterhHEQIPRERE Slo Ledidihtelidurt 8] ecRsurEMa does not

contain a a-chl oroal dehyde per se; however the aromati c connection between
t he al del®yR¥& ARt FofS et I'??'I‘” b5 nfkasery ﬁés%’d@rjdvjbs“t AU ger- €V 1dBat i ve
effects, and can therefore be thought of as a "doubly-vinyl ogous or
phenylic" a- chl oroal dehyde. There have been no reports of a reaction of

t his ki nd.
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[0063] Fig. 9 illustrates schematically chl oroal dehyde attacked by the
thiazoliumring, followed by elimnation of the chloride. Tautonerization
to the kewoneiynessdes an internedi ate which i s suscept Polrast@hysdndl ysi s
by water or esterification by an alcohol. [0064] To facilitate catal yst
recovery, thiazoliumof triazoliumhetereocycle can be attached to a solid
support or supranol ecul ar construct, such as a calixarene or cyclodextrin

nol ecul e.1aBioaabAWhass iSptatt Nateird wrafmheeumr&ahtcs GFRPUAF REdWY cRCered to
rcycl odextrin erate nine tines faster than their free counterparts in the

anal ogoug® l:?@ﬂ“zé?ﬁzcbscﬁ?%ﬁ@ﬁlﬁ s KorPEsres P PReferkSBI , E. " A rCycl odextrin

Thi azol i yoas3htthikiotPREENHER M:ai & oF alyiid feeaBenmal Wi &mgke&mttbﬁmu)cﬂet rahedron
Lett. 1988, 29, 1635- 1638, incorporated herein by reference. [0065] An

exanpl e Enpsen- rfémrana@wmthg taﬁomq'iéh'm\e%féwpreﬂﬁﬂ/témcp'tynsorﬁrfw”@eeém@aw@t hod for
the conversion fé%wéort(y%'ﬂe#.ﬁ’rs%m)dn)t$ HfofrdJJo?’:J.catcﬂa aasx'daﬂ)Uh E’orﬁnlﬂo‘%'ity &%Fﬁ%ﬂ sing:

nucl eophilic addition of a carbene catal yst t he al dehyde of
5- (chl or avhish Fyidefyipsddin tie fepddndugyss apreedhiage: déemftsﬁt'on@f wilicsdmétht of t he

carbene cakalyst et\é‘é#ohm%@r Rk AR s will RonSYE 8y BIADN g LG sGBLRene catal yst

can conprise a thiazolium triazoliumor imdazoliumheterocycle. In such a
met hod,  tréreedtierhs vhighdisptly vienier resdtine eeints phfestarpinapigieypion dtesl (Jeshedifted®d  aqueous

sol uti on,,,0Eq O Aa0kiGS REYR SHPP RS 38k CRLA%NE! dbmgtiyl for mam de,
tetrahydragf u9r an, 9{:%1 (l)yrso ldrgrrl%mngenze%e 3to ugne ngrmgjg%?rgm trile. [0066] The

di spl aceempounds Wilerovde et anseatyl @ﬁg@noaﬁetdhﬂ\aﬁvealwmh&owm lewerppllesdorr eact i on

with any @l abm%é@atégonér(mba & APEQRAbec, SULRVERMeithg bHEOFL @ R34, Pr oduct
is generated. [0067] Al'though the foregoing Invention has been described in

some det d¢sPedyyelwhdig B a pdhpmaticrllyetiasian efrite deeansPesst or pur poses of clarity of

under st ar[g(')EﬂIQAn %ﬁp@ m%gd %&nta&ortdhwgt@trhg P@@Jn |n@éﬁ95r1e&b\ﬁc§e§a‘;nlaﬁ1t)d ﬁ)?{hteal n Changes
and nodificaftions may be practice |n the scope of the appended cl ai ns.

| n addi t icotyersieaeteveerplde alinéd fpel evnricids: seipigiatlehratine efspesralttesrrdisinr ef er ence in

its enti rc%t%lléoocomwﬂsa% aErblefRb 5 giﬁyll!)Jtyrglg&gher &R@Jr&cﬂwct#S Wlbhtoma\{ﬂoml l y
i ncorporated by reference. CLA claim
sorbic acid; esterification of sorbic acid to a sorbate ester; and hydrogenation of the sorbate ester to

a hexanoate ester. In such a method, the catalytic dehydration of glycerol to acrolein can comprise
reaction with one or more of potassium bisulfate, sulfuric acid, phosphoric acid, magnesium sulfate,
zinc sulfate or aluminum sulfate. In such a method, the catalytic dehydration of glycerol to acrolein
can be performed at temperatures between 473 kelvin and 673 kelvin, and can be performed in
batch processes and in continuous processes or combinations thereof.

[0055] The controlled condensation of acrolein to 5-vinylbutyrolactone can comprise reaction with
catalytic systems that affect inverted reactivity on acyl groups, such that they become nucleophilic.
In such an embodiment, the catalytic systems can comprise one or more of thiazolium, triazolium, or
imidazolium ring systems.

[0056] The conversion of 5-vinylbutyrolactone to sorbic acid can comprise isomerization by
palladium. The esterification of sorbic acid to a sorbate ester can comprises acid catalyzed
esterification with an alcohol. The esterification of sorbic acid to a sorbate ester can comprise
conversion of the acid to an acid chloride or mixed anhydride or carbonate and reaction with an
alcohol. The esterification of sorbic acid to a sorbate ester can comprise activation of the acid by a
carbodiimide coupling agent or other dehydrating reagent and reaction with an alcohol. The
hydrogenation of a sorbate ester to a hexanoate ester can comprise reduction by a noble metal,
such as palladium, platinum, rhodium, iridium, nickel, iron, or ruthenium, under elevated pressures

of hydrogen gas.
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1. Anethod for the synthesis of furan-containing nolecules of formula I
from furan-containing nolecules of fornula Il, the nmethod conprising: (a)
cont act i yoaofxmassdcont ai ni ng nol ecul e of formula |1, aPbagIS201a04890Qani c
solvent, a catalyst, and a reactive nucleophile in a reaction vessel at a
tenperature of from about -78 degree C to about 150 degree C, such that
furan-contai ning nol ecules of formula | are produced; (b) separating the

product noosq ekafple@nbb@BAl & the H¥seXtvemidhicORorat idlidudysibibioliapy sehevent , or
el se by chromat ography, distillation, sublimtion, or precipitation. 2. A

met hod aénei”r?d&‘i’ea?rwdlher%éraéwpﬂ? eﬂ?baﬁ'mﬁ'afﬁﬂﬁ}h%xerseeHﬁ‘ﬁP‘i'%“égmBrW@@?ra%sa%fur and
Ni t 1 0gen for t pefoMBhRof adSf tHa metrduaddarivkhir-@h.n R of fornula | conprises

car bon, h drogen, sul fur, nitrogen, oxygen, or any aromatic or aliphatic
conbi nat ilB¥P8I g@ﬁé@ﬂgﬁmEQEA method as in claim1, wherein R" of fornula |
conpri sego®3v] okd dRiytid dddRjsirdBon ch@moelematbmlsde.gn.fﬁkaﬁtoluw@wﬁe&iéldfe@rb%em

nmet hanesul fonate, trifluoroacetate henoxy, anmon

A
met hod af fat Péﬁe%flvﬁfrfrgyxﬁﬁ@ﬁé‘ﬂwffﬂé fﬁag'éf”t:raﬁﬁ'?%‘éé C%{h°r1 WS@QVéh?”é Sﬁ‘éévély 6. A
et hod asisiaboréd BemRodynaREIInA cdrhet AS B BB tdSRBeds 1BF dJirRIE MvdiRHghi Ni NY
organic base. 7. A nethod as in claiml, wherein the organic solvent is

m sci bl e SPRSFAUYEY BiEh Preguresof hyrepspeasss wall et aiabnym- gR&H%?‘éﬁaHaiahf% SGregHAi ¢
sol vent igfoup BEth&Gh DN Rurwhbdtird@tvBhted thS proBle Yy Reding thebdhyBloRisis dhoswhaer i n t he
catal yst conprises nucl eophilic anion groups consisting of cyanide,

chl ori de groHP%fﬂltaléed bMPhanEﬁﬁlioag) provide the olefih. There are numerous decxygenation protocols
in the organic synthesis literature, though none of these will be compatible in an aqueous

environment, nor will they be free of by-products, of which many can be of higher molecular weight
than the starting glucose molecule.

[0060] Recent reports by Zhang and Raines have shown that cellulosic material can be dehydrated
through several steps to form furan-based products. See, e.g., Su, Y.; Brown, H.M.; Huang, W.; Zhou,
X.-d.; Amonette, J.E.; Zhang, C. “Single-step Conversion of Cellulose to 5-hydroxymethylfurfural
(HMF), a Versatile Platform Chemical.” App. Cat. A: General. 2009, 361, 117-122, incorporated herein
by reference; Binder, J.B.; Raines, R.T. “Simple Chemical Transformation of Lignocellulosic Biomass
into Furanics for Fuels and Chemicals.” J. Am. Chem. Soc. 2009, 131, 1979-1985, incorporated herein
by reference. Small scale reactions have shown that glucose can be converted to fructose using
chromium catalysis in a dry ionic liquid solvent, followed by dehydration to hydroxymethylfurfural
(HMF). This reaction proceeds in good overall yield, however the reaction conditions are not
amenable to large scale production.

[0061] A report by Mascal has addressed these issues and developed an acid catalyzed procedure
for the production of 5-(chloromethyl)furfural (CMF) from cellulose directly. See, e.g., Mascal, M.;
Nikitin, E.B.; “Direct, High-Yield Conversion of Cellulose into Biofuel.” Angew. Chem. Int. Ed. 2008, 47,
7924-7926, incorporated herein by reference. Using acid, heat, lithium chloride, and a biphasic
reaction setup, hydrophobic CMF can be continuously extracted from the reaction medium and then
utilized for subsequent etherification or condensation reactions.

[0006] The present invention provides a novel chemical transformation on CMF, involving an
oxidative coupling reaction to generate furoate esters which may serve as “drop-in” gasoline or diesel
fuel surrogates.

[0062] o-chloroaldehydes have been shown to undergo an internal oxidation-reduction reaction to

generate ester products when treated with thiamine-like (Vitamin B1) molecules. See, e.g., Reynolds,
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10. A method as in claim1, wherein the catal yst conprises a N-heterocyclic
carbene or salt thereof. 11. A nethod as in claim1l, wherein the reactive
nucl eophiwe 20mpuisses water. 12. A nmethod as in clai m PCTAiserigiomsodhe

reactive nucl eophile conprises an alcohol. 13. A nmethod as in claim1,
wherein the reactive nucl eophile conprises an amne. 14. A nethod as in
claim1, wherein the reactive nucl eophile conprises a thiol. 15. A nethod

as in cl aimmdaaM)er ekdlis e HRRIE bAT MHIRIdeiSydEJiRBadBH gt u;l%grneee@ feddx0 35
degrees C. 16. A nethod as in claijm1, wherein the ﬁ hobi ¢ sol vent

op
conpr i sedeRlESRYIE bY Prcteophdlicicprhgnse e GRET S ORAPYY 126, 9 18 9519 incorporated

herein by reference. CMF does not contain a ¢-chloroaldehyde per se; however the aromatic
connection between the aldehyde and chloromethyl links these groups through conjugative effects,
and can therefore be thought of as a “doubly-vinylogous or phenylic” a-chloroaldehyde. There have
been no reports of a reaction of this kind.

[0063] Fig. 9 illustrates schematically chloroaldehyde attacked by the thiazolium ring, followed by
elimination of the chloride. Tautomerization to the ketone provides an intermediate which is
susceptible to hydrolysis by water or esterification by an alcohol.

[0064] To facilitate catalyst recovery, thiazolium of triazolium hetereocycle can be attached to a
solid support or supramolecular construct, such as a calixarene or cyclodextrin molecule. Breslow has
shown that thiazolium salts covalently anchored to y-cyclodextrin operate nine times faster than
their free counterparts in the analogous benzoin condensation. Breslow, R.; Kool, E. “A y-Cyclodextrin
Thiazolium Salt Holoenzyme Mimic for the Benzoin Condensation.” Tetrahedron Lett. 1988, 29, 1635-
1638, incorporated herein by reference.

[0065] An example embodiment according to the present invention provides a method for the
conversion of 5-(chloromethyl)furfural to a liquid fuel comprising: nucleophilic addition of a carbene
catalyst to the aldehyde of 5-(chloromethyl)furfural and loss of chloride ion; displacement of the
carbene catalyst with an alcohol. In such a method, the carbene catalyst can comprise a thiazolium,
triazolium or imidazolium heterocycle. In such a method, the reaction solvent can comprise an
appropriately buffered agueous solution, or organic solvent, such as dichloromethane,
dimethylformamide, tetrahydrofuran, chloroform, benzene, toluene, or acetonitrile.

[0066] The displacement of the carbene catalyst with an alcohol can comprise reaction with any
aliphatic or aromatic alcohol, such that a furoate ester product is generated.

[0067] Although the foregoing invention has been described in some detail by way of illustration
and example for purposes of clarity of understanding, one of skill in the art will appreciate that
certain changes and modifications may be practiced within the scope of the appended claims. In
addition, each reference provided herein is incorporated by reference in its entirety to the same

extent as if each reference was individually incorporated by reference.

12



WO 2012/024353 PCT/US2011/048009

CLAIMS

We claim:

1. A method for the synthesis of furan-containing molecules of formula | from furan-containing
molecules of formula Il, the method comprising: (a) contacting a furan-containing molecule of
formula Il, a base, an organic solvent, a catalyst, and a reactive nucleophile in a reaction vessel at a
temperature of from about -78 degree C to about 150 degree C, such that furan-containing
molecules of formula | are produced; (b) separating the product molecules of formula | by extraction
with a hydrophobic solvent, or else by chromatography, distillation, sublimation, or precipitation.

2. A method as in claim 1, wherein R of formula | comprises oxygen, sulfur, and nitrogen.

3. A method as in claim 1, wherein R’ of formula | comprises carbon, hydrogen, sulfur, nitrogen,
oxygen, or any aromatic or aliphatic combination thereof;

4, A method as in claim 1, wherein R” of formula Il comprises chloride, fluoride, bromide,

iodide, p-toluenesulfonate, methanesulfonate, trifluoroacetate, phenoxy, hydroxy, or ammonium.

5. A method as in claim 1, wherein the base comprises an inorganic base.

6 A method as in claim 1, wherein the base comprises a nitrogen-containing organic base.

7 A method as in claim 1, wherein the organic solvent is miscible with water.

8. A method as in claim 1, wherein the organic solvent is immiscible with water.

9 A method as in claim 1, wherein the catalyst comprises nucleophilic anion groups consisting

of cyanide, chloride, bromide, or iodide.

10. A method as in claim 1, wherein the catalyst comprises a N-heterocyclic carbene or salt
thereof.

11. A method as in claim 1, wherein the reactive nucleophile comprises water.

12. A method as in claim 1, wherein the reactive nucleophile comprises an alcohol.

13. A method as in claim 1, wherein the reactive nucleophile comprises an amine.

14. A method as in claim 1, wherein the reactive nucleophile comprises a thiol.

15. A method as in claim 1, wherein the temperature is from about 25 degrees C to 35 degrees
C.

16. A method as in claim 1, wherein the hydrophobic solvent comprises a solvent that is

immiscible with water.

13



