1 Production of hyd roxym eth ylIf u rfu ra | Technical Field The present invention relates to a method
of producing hydroxymethylfurfural. Background of the Invention  The diminishing fossil fuel reserves
and the globe warming effects have become major concerns. The search for sustainable, alternative
energy is of Bt ¥PiHip¥ftance. Biofuels are highly attractive as the only S§StaFI8RIEBFce of liquid
fuels currently. However, the replacement of petro{eum feedstock by biomass is limited by the lack of
highly efficient methods to selectively convert carbohydrates to chemical compounds for the biofuel
production. A practical catalytic process that can transform the abundant biomass into versatile

chemicals would also providp Foej ettt o P Hirdvosiieth pripegistocks.  Recently, much

effort has been devoted towards'convertin%%omass t0 5- hydroxymethylfurfural (H1v1F), a versatile
and key intermediate in biofuel chemistry atRFBEIEALGIRIdustry. HMF and its 2,5-disubstituted furan

derivatives can ritpaeesdseyrpetiideusiaiiased hiilibd@biesksidheyarargrabticiyadrumber of

catalysts that are active towards th a%h cll_rattli'(‘)(riu 8{ &%J%i;’lr{‘sl 49 Eg_hm 1-IMF. However, most of them
promote side-reactions that form undesir dqby-produc S ancpfturther rehydration of HMI? to form

levulinic acid and kerfiareizishing fespih facd | sereriien diithel stoBimplonyng affecss Sckbewskeas fructose.
Recent reppif#itsitaiesthemsseaainl thi- 3vmgihviimidazativncchiotide SHMINLL InRamsolvent and an

acid catalyst.tq e icieng%/ convert fructose to HMF with al%%ut 90% yield. However, such_system has
not be showPT8eCo AT g SEERaSHKfc ASISEE Ak Hsipive dSABSHRntStgafebu e limesic's group
has developewevtyahphapheystemolaspimdeisto fgatstogihas ét)ifasdie Bapehtipnianddktalbilization of

HIVE procligfs) Y ROmash AP lcb EN0ES: L AuRUAIES: SEIRTES 2008, 142 492 (). N

Chheda, Y. Roman-Lesidcov, J. A. Dumesic, Green C Zhang's grouprhas reported

a metal chiBdBiRérRt nepdecEgatetn maatislesatautieratacesgbvl s iraErdhd simdistose (83%

with Pt or Rijoghtleyide, @b ithéAAR)vanddlieqseviad arndrehinll Ghede with Gefedabl. Zhao, J. E.
Holladay, I—}.e %g?gg Z. C. Zhang, Science 2007, 316, 1597). There is a need for an improved

method for c%nver itig both fructose and glucose to HNIF in good to excellent yields, for example over
about 80%. Therkezrilso andedefioraniamprese dinvethd diderachn vertinginthdrisamesharidés to HMF.

Object of the drysntianyinhis.AaRiectaf dng RLesant i YaRKiaD:ig S BiaRAa I QYRIGPME Or at least

ameliorate one or mare of the agove isadvantages. It'is a further object to at least partially satisfy at

least one oP$ABIEEBVRIHSEYs FBdRAngdyits Imohisnbgpued fere depravites @prsekss tPmaking
hydroxymeglaybisiiiral-sedriuiding BieRsi Mhasacchardeyia aumbtalbtemaipxsaharni-hetarocyclic
carbene, wieigin. spid saaehiprde js.a.hexase of ajixtyre of exases, ora dimer, oligoer or polymer
or copolymer Of 2 hexOSe of of a mixtare thereor In anembo |mérrﬁ,t?1ere|spr0\ﬂd)edpa processfor

making hydrés§enetHiatuitoraledaspadiiy expbuiiigaad ducharidehisiatinetal covplar dhan
N-heterocyghe @R and formic acid. They are also often limited to simple sugar feedstock, such
as fructose. a
~ Recent reports illustrate the use of 1-H-3-methyl imidazolium chloride (HMIM Cl)
as a solvent and an acid catalyst to efficiently convert fructose to HMF with about 90%
yield. However, such system has not be shown to convert glucose, which is a more stable
and abundant sugar source. Dumesic’s group has developed a two-phase system
(aqueous/organic phases} for the separation and stabilization of HMF product((a) Y.
| Roman-Leshkov, J.N. Chheda, J. A. Dumesic, Science 2006, 312, 1933; (b) I.N.
Chheda, Y. Roman-Leshkov, J. A. Dumesic, Green Chem. 20087, 9, 342). Zhang’s group
has reported a metal ch}.oride/ionicliiquid system that gives moderate to good HMF yields
for both fructose (83% with Pt or Rh chloride, 65% with CrCly) and giucose (a record
high of 68% with CrCly) (H. Zhao, J. E. Holladay, H. Brown, Z. C. Zhang, Science 2067,
316, 13597). '
There is 2 need for an improved method for converting both fructose and glucose to
HMF in good to excellent yields, fof example over about 80%. There 1s also a need for an

improved method for converting other saccharides to HMF.



The following options may be used in conjunction with the above embodiment, either individually or in
any suitable combination.  The sac,charide may comprise a monosaccharide. It may comprise a
disaccharide. It may comprise an oligosaccharide. It may comprise a polysaccharide. It may comprise
(or may be) a mixture of any two or more of these. The monosaccharide may comprise fructose,
glucose or a mixture of these. The disaccharidednay be sucrose.  The exposing may be conducted
in a dipolar aprotic solvent The solvent may be,, or may comprise, an ionic liquid. The ionic liquid may
be, or may comprise, an imidazolium salt (e.g. halide, for example chloride). It may be, or may
comprise, | -butyl-13- methylimidazoﬁhﬁ’@l‘nl@fiﬁ@ InveRBabtal complex may be a transition metal
complex. It may he aCRppmiup geMPlAXR AHANBIME HNeXOIR vigstan complexer a
molybdenum complex or a nickel ct%lr?np ex or a palladium r%mglex or.a rutg%gj{ug ¢ gg%lgx or an

i ré fil complex or a

aluminiurABBRTHHE OBF iPhfaTBE5 PEOFRAT T8 mré of thess: 1T Ay be &

Crlll complgally SHiefiNzhieteronyelichearirenenmrdy. be monomeric. It may be dimeric. It may be

- oligomeric. It may be polymeric. Thg mplex of the N-heterocyclic carbene may be a metal
complex of an N-imidazole carbene tfor example a metal complex of a monomeric N-imidRzole

carbene, 07 ofia pelymeticiNrinidezdlcaniecas Bamakihe yboessshalialsomtomprisaithe step of
generating(the. metal complex of the N-heterocvclic-carheng: Jhe sterah genesaling.the metal complex

of the N-he?é)%nc%/cﬁics cg%ene may comprlse%eactlng a nitrogen heterocycle salt with a base in the

presencesefchasile &f aRe wRetal TTHEBESY HFE)Be Yot it LIRS I PREHPESBRLE additionally
comprise js@lating-tbeaydiexaathybtortoni.  The monosaccharide may be fructose and the yield of
hydroxymethyl furfural may be greater than abaut 80%. .Lhe monosacchatide may he gliicose and the
yield of hydrox{fmetAVl fu?%‘?ﬁfi‘r%‘%}t’oe gHrléméete_r than gﬁ%ﬁ% 0%.” %Crenetal complex o![ltrh;n
N-heterodyciosarbbpéuntiay! beoranjiad Rriving réradvarsf thehistexyrmatis faf-ttalfrom the
reaction rﬂpg%gycmt&@bgﬂgnt that the exposing is nonducted in an ionic liquid, said ionic liquid may be

recycled following removal of the hydroxymethylfurfural from the reaction minute. The tecycling may
comprise heatingeti AR GRS L t%‘l}llél\si\ﬁ%] T R tﬁleghygr%%&/vr%ecﬁlaﬁiltiuﬁéﬁlgle% E(gcfrefrom fur

sufficient iimeitmagmove amglatiesebstantgstherefrom.  In one embodiment there is provided a
process for making hydroxymethylfurfural comprising expo T:SI%fructose, lucose_or. miitxture, of these
a

to a chromium ComBRSEEH TR FETRPTES &P RER RS < g ﬁ%faéf:r?g?ﬁ‘ Fembodiment
there is prewidesharpko ae s fosanakiig Hydraxyorathidia ot eornpiding. mgenengtiisg @chrominm
compe: o8 R P SIS A b 0 e
fructose, glucese or & mixture of these. The disaccharide may be sucrose.
The exposing may be conducted in & dipolar aprotic solvent. The solvent may be, or
may comﬁrisa, an ionic Higuid. The ionic liquid may be, or may comprise, an 1midazoiium
salt (e.p. halide, for example chloride). It may b.é, or mey comprse, I-butyl-3-
methylimidazoiium chioride, |
The metal complex may be a irapsition metal complex. It may be & chromium
‘cornplex. or 2 titanium complex or & tungsten complex or 2 molybdenum compiex or 2
nickel complex or a paliadium complex or & rutheninm complex or an atumininm
complex, of it may be a mixture of any two or more of these. It may be a CrIl complex or
a Crlll complex.
The N-heterocyelic carbene may be monomeric. It may be dimeric. It may be
oligomeric. It may be polymeric. The metal compiex of the N-beterocyche carbene may
be a metal cémplex of an N-imidazole carbene for example a metal complex of a

monomeric N-imidazole carbene or of 2 polymeric N-imidazole carbene.



In another embodiment there is provided a process for making hydroxymethylfurfural comprising:
reacting a nitrogen heterocycle with a base in the presence of a chromium salt so as to generate a
chromium complex of an N-heterocyclic carbene; and exposing fructose, glucose or a mixture of these
to the chromium complex of the N-heterocyclic carbene in anionic liquicL  The present disclosure
also provides hydroxymethyl furfural when made by the process of the above aspect.  In another

. embodiment there is provided use of a metal complex of an N-heterocyclic carbene for making
hydroxymethyl finfural.  In yet another emhodiment there is provided use of hydroxymethylfurfural
made by the procsE BB S8FEEETOP DT NETETIIEY, RER RPN Ssabother
embodimeintthececiscpeabised Fhb afpebMmaderusing fydrexyimethyléurbirahaviichbashaern made by
the process, gl e Ahowe,aepecLinanoiligh Aspect.AIcie s pravided A piogess Jor miaking a biofuel
comprising: expasing a saccharide to a metal corrﬁ’ﬁex of an Noha erocycl?c carbené so as to
produce hyétoyyfrremsiiurhsrbisamay 3a pksgerethyaesxgmethyl furfural to prepare the biofuel;
wherein said sacghayidledsahaxeRRNR MBpHE AbNLXaSes H@-dimehAligeRek or polymer or
copolymer of a hexose or of a mixture thereof Brief Description of the Drawings A preferred
embodiment of the present invention will now be described, by way of an example only, with reference
to the accompanying drawings wherein:



4 Figure 1 is a graph showing the effect of reaction temperature on HMF yield from (m) fructose and (t)
glucose over 9 mol% of 6-CrCI2 (substrate/BMIM weight ratio = 0.2, 6h); Figure 2 is a graph showing
the effect of reaction time on HMF yield from (N) fructose and (*) glucose over 9 mol% of 6-CrC12
(substrate/BMIM weight ratio = 0.2, 100C); Figure 3 is a graph showing the effect of 6-CrCI2 loading
on HMF yield from (f) fructose and (4) glucose (sugstratehSMlM weight ratio = 0.2, 6h, 100C); Figure 4
is a graph showing the effect of substrate loading ©n HMF yield from (m) fructose and (*) glucose over
9 mol% of 6-CrC12 (6h, 100C); and Figure 5 is an XPS spectrum of the reaction intermediate of
6-CrC12. Detaile scription, of fe mer The inventors have found that
N-heterocyclic ca%%lge%lgc-nré? gt%ﬁ%%%ﬁé%%%a%%%%%ﬁ?ﬁ%@(s}ﬁ]-%fﬁir &% on?/%%si%ﬁ\%‘_fagémﬂharides such
as glucose &r figrettssethenhgleiraxhiiathylirarimeo@omiitxymetty) Pufcratdetd dee HivME).of he reaction
proceeds inyelativelw-higRield particularywpen an,ienieiquid solvent is employed. Mixtures of

suitable saccharides may also be used. The reaction may be used with monosaccharides (e.g.

- glucose, fructose?‘“dié%‘%@hﬁ?i&@?’(eﬁf EBCroSEYTBhy6Ea CeRbTRIe §8Y poty Serihtidelioping starch,
cellulose). Thag sataiagideyaayhe-thEeRe0famikite0fbexesasOr a gmet-aligemeg or polymer
or copolymer of a r;e>§0§e r T%Ea mixture thereo Thedreactiqén d%scribe pherperi%]gr@s %[i:e advantage that
it uses relati7a1y THexpeREve andiof reaaly Avaitabre stbstrafed “\iffeh i SoHE T A e Fepresent
waste materatsrvEopE ganipigo3ose Mol Wasiatkievediby comversidiofregthilosemagcording to
the process of smﬂﬂ,gg%é’%m%ﬂ NGbased satalvsts were gggg%&?cﬁg%%@zg% Qily lower HMF

yields from fructose and glucose than their monomeric counterpart eve ymeric NHC

based cataljetehHapdenaaeanige B saRye redidlasihsaness thersiemomeric counterparts. The
N-heterocyclic cagbene-raeiak-eaimRiex: May-Hadiaes ieoRivHCH W A1aSiH Salalyst-dhe acid

catalyst may be a, h_eteﬂroge_nequs acid aEaI st. It may be a solid heterogeneous acjd catalyst. It may
for example%’énanf&ﬂyﬁowgﬁsﬁeéﬁﬁ T ABBHEH Qi e iR SRRSO SREch et e is a
disaccharid@@&mmﬁbaﬂﬁmerﬁmaﬂyﬁaﬁchqﬁﬂe. The process may comprise hydrolysis of the
disaccharide, ollgﬁgsacchﬁrlde or odjvj%accghatggrea. The h%grola/gds may be an in situ hydrolysis. It may

be catalysed by the a%lllac%talg}:g% ¢ Suitable Zolvenits for the processp 5?855%0 ar aprotic Solvents. The
solvent maybgdmprisetrpifurasabeoraprisni liquid. A suitable ionic liquid is 1-butyl-3-

methylimidazoliymcghlaride . Qthetimidagaliun salis:aie.alseysuitable, The gounterion of the

imidazolium salt may be a halide, for example chloride. The Solvent may be a mixture of solvents, for
example a mixttire P PSIEFRroEIENEYs? TRESEIERTTalr dBfprreE it SArMguiel B ether with a
different dipolar aproliesedtveid (atielhamaimettiylfgidgamide, dimethylsulfoxide, _
hexamethylphosphorarnide etc,) The solvent.may primarily consist of the ionic liquid, e g greater than
about 50%, or gr&t-era?ﬁaﬁ‘abgébgﬂﬁ}go%%o% Soy Wg((gﬁfgor v%lu%rg?essThégrme%% plex of the
N-heterocyclipdcarpentyiiagisel sometzdisgmplex of an Nimirla7ole carbene. It may be a chromium 11
or chromium Hl,complex of grdlheteraeyclic Gathens. I ie d:hetergeydlic.carene(NHC) may be

derived from-imidazolium salt, or from_a substituted imidazoliuiin salt, in particular an N,N'-
disubstituted imida3OREPSRIE THT SIS, BIBRICE A Atd) BEAGHHf daZemiRalt, e.g. a pyridine
bisimidnolium salt.skhesiv-ie ey, henderves drepirar inidazolinium sali-ond ephpsyhstited
imidazolinium saltwtzgrticular an &N'-disubstinrjéed imidazolinium salt. The imida7olinium salt may be
a imidazolinium saft, & § S RGHRE T HAFDIMRIH LA The NHC may be an a,a'-dinitrogen carbon.
Each of the a-nitm%mmpgwﬁ%ﬂa&@%ymﬁmzmmﬁa@ag@@w,d?@gw&%ytuted with a
bulky group. They may both substituted with a bulky group (optionally with the same bulky group).
Suitable bu %r%lﬂoﬁ? & tbutyl, neopentyl, 2,6-dimethylphenyl, 2,4,6-trimethylphenyl, 2,6-
diisopropylphenyly 2nétbetriisbpdopsip teryietoovide substituentslontipenitge N-atoms by be,

independently, alkyl,Gr0uRs AL AL toupsaiiigteroaryl groups. Thus the NHC may be an
imidazol-2-ylidene. It may be an N,N'-disubstituted imidazol-2-ylidine, i.e, a 1,3-disubstuted

I
imidazol-2-ylidind® HhiR9BE SROARES LTI REsie wiagf Brior uraibdittee] marr2ofn 2% ftine, i.e.
a 1,3-di§ubsﬁﬁedt&miﬂm#feﬁgﬁdmgg a ﬂ@&metbi@hplex qf the N-heteropyclic carbene may be
soluble in the 50'1‘{1‘3{5& (QLIRENG FEAGHOR HAPSIY )l AN A HB&W?M&% Rfyped as a

homogeneous catalyst or as a heterogeneous catalyst. Particularly in the e of a polymeric complex,
it may be uddtichkas eReBrrseyE iRy esinisfex is used as a heterogeneous catalyst, it
may, optionally, %H%S&HF&%Q%H&Q&Q‘E%I&Q&E%}%J%%&QME%%;Q%Q%@H&@’ filration, =~
centrifugation or some combination of these. It may then be reused in a subsequent reaction if desired.
It may be reused WHRCEIESS HTCEBIERRICoaBtARAOF REBRIThAR 4BoltEEIRCHT e SEWAA b3S, 2 or 1%.
The metal c&m%@ﬁ;@ﬂe@q@%ﬂc&@rbene may be generated from the corresponding nitrogen
heterocycle salt by reaction with a base in the presence of a salt of the metal. The base may be
potassium t-butoxide or some other strong base, for example sodium hydride, potassium hydride,
NaN(TMS)2 etc. The base may be a sufficiently strong base to be capable of converting the nitrogen .

heterocycle salt to the corresponding N-heterocyclic carbene. Thus for example to generate a metal
comnlaey nf a 1 2- diciibetiited imidazol-2-viidine the corrececnondina 1 2-diciithetiited imidazolinim <calt



7 temperature of about 80 to about 120C, or about 80 to 100, 80 to 90, 90 to 120, 100 to 120 or 90 to
100C, e.g. about 870, 85, 90, 95, 100, 105, 110, 115 or 120C, or at some other suitable temperature.
The temperature may be selected so as to provigg an optimum yield or to obtain an acceptable yield. It
may be selected to provide a trade-off between poor yield and excessive by-product formation. It may
be selected to provide an acceptably low yield of by-product. The reaction may be conducted for
between about 2 and about 10 hours, or about 2 to 8,2 to 6,4 to 10,6 to 10,4 to 8 or 5to 7 hours, or
about 2, 3,4, 5,6, 7, 8, 9.0or 10 hours. The time may depend on the temperature. The reaction may be
conducted under%fﬁlﬁ]%ﬁlgf?ﬁ%xgﬁﬁeeéﬁg%flg%r nltF?)SIéer?v,a{:eati’%eo%od%%(ide, helium, neon, argon or a mixture
of any two whendread thederide is mhgxbes conductedtinfdisosspme: dihver,oXygercanialping gas
mixture. In &%gb%i%%l%?%g%rﬂl&%s@%pgpggﬁggeutﬂg%&educed pressure, e.g. an absolute pressure of

about 0.2 atmospheres or less, or about 0.1, 0.05, 0.02 or 0.01 atmospheres or less. In such cases at

least some byproducts may be re%??é@%e%%%eﬂ%ﬁ@@{a%iﬁyay enable recycling of the metal
oro nt without

complex of the N-heterocyclic carbene an the solve a separate step of removing the
volatiles.  The hymtedxysaethhiféanas] rSuuetcral beisisiatet. fron Hsedpserebivh piixtareby known
methods. These.inglLide Solvelkexagtionye S disivisthen xtaciiaaywater washing, column
chromatography, gas chromatography, hplc or a combination of any two or more of these. The
reaction may be conducted using fructose as a substrate, or glucose, or with a mixture of the two. If
suitable conditions are used (as described above), a yield of hydroxymethyl furfural may be at least
about 70%, or at least about 75, 80, 85 or 90%. Commonly the yield from glucose and from glucose
will be different.  The metal complex of an N-heterocyclic carbene may be recycled following removal
of the hydroxymethylfurfural from the reaction mixture. In particular, it may be reused in a subsequent
reaction, said subsequent reaction being the process for making hydroxymethylfurfural described
herein. This provides cost savings in the process and can be achieved with little or no loss of yield of
hydroxymethyl furfural (e.g. less than about 5%, loss of yield, or less than about 4,3 or 2% loss of
yield). In the event that the exposing is conducted in an ionic liquid, the ionic liquid may also be
recycled. Commonly, the product hydroxymethylfurfural is removed from the reaction mixture by
solvent extraction (optionally repeated solvent extraction). The reaction mixture (with the
hydroxymethyl furfural removed) may then be treated so as to remove volatile materials (e.g.
substantially all volatile materials, or at least about 80, 85, 90, 95 or 98% of volatile 8 materials) by
heating ancUor applying a vacuum thereto. Alternatively or additionally, removal of volatiles may be
conducted prior to removal of the hydroxymethylfurfural. In this context, "volatile" materials are
considered to have a boiling point of about 100C or less. The heating may be at a temperature of
about 80 to about 150C, or about 80 to 120, 80 to 100, 100 to 150, 120 to 150, 100 to 120 or 90 to
110C, e.g. about 80, 90, 100, 110, 120, 130, 140 or 150C. The vacuum may have an absolute
pressure of about 0.2 atmospheres or less, or about 0.1, 0.05, 0.02 or 0.01 atmospheres or less. The
time for said treating may be sufficient under the treatment conditions to remove the desired
proportions of volatile materials. It may be about 1 to about 5 hours, or about 1to 3, 2to 5 or 1.5t0 2.5
hours, e.g. about 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5 or 5 hours. The heating/vacuum may be applied in a
suitable apparatus, e.g. a vacuum chamber, a cyclone evaporator or some other suitable apparatus. In
some cases no vacuum is applied.  The production of hydroxymethylfurfural according to the present
invention may be conducted as a continuous process. In an example, saccharide(s) and catalyst are
continuously added to an addition zone of a reaction cycle, the resulting mixture is then held at a
suitable temperature for a suitable time (as described earlier) for reaction to form
hydroxymethylfurfural in a reaction zone of the reaction cycle, volatiles and hydroxymethylfurfural are
continuously separated in a separation zone and the solvent and catalyst recycled to the addition zone
for reuse. The reaction zone may have vacuum applied to it, so that volatiles are removed during the
reaction, and hydroxymethylfurfural is removed subsequently in the separation zone.  Thus in many
embodiments the present invention presents a new Cr-N-heterocyclic carbene (NHC)/ionic liquid
system that selectively produces hydroxylmethylfurfural (HMF) from glucose and fructose. This novel
catalyst achieved the highest efficiency known from both fructose and glucose feedstocks. The HMF
yields were as high as 96% and 82% from fructose and glucose respectively. The new system
provided high selectivity towards HAAT, and tolerance towards high substrate loading. It also allowed
for ease of recycling of catalyst and ionic liquid. The inventors have investigated N-heterocyclic
carbene (NHC)-metal complexes as catalysts for the sugar dehydration reaction. These ligands
offered a great deal of flexibility towards modifying the catalytic activity by varying the stereo and
electronic properties of NHCs. The conversions of fructose and glucose were tested over 1-butyl-3-
methylimidazolium chloride (BMIM) with different catalysts (Scheme 1). The NHCmetal complexes
were pre-generated by mixing imidazolium salts, Knu and metal 9 chlorides in N,N-dimethylformamide

(DMF) under heating for several hours before adding to the reaction system. In a typical reaction
nrotocol 100 ma of criaoar wae mived with 500 ma of RMAIM and 2 mnlo/4A nre-nrenared Cr-NlI1-1C



HNIF Scheme I. Conversion of sugars to HMF over NHC-metal catalysts. Several metals were
selected for the screening studies, but only Cr(ll) and Cr(lll) gave promising results. Unlike the
previously reported metal chloride/ionic liquid system, herein Cr(Il) and Cr(lll) showed similar activities
toward conv&miagffriigtese or glucose to HMF (Table 1). Table 1. Conver8icH & 280/1et21® HMF by
NI-IC-Cr catalysts.' entry catalyst Yield from fructose (%)Ibl BMIMDMSO Yield from glucose (%)Ibl
BMIMDMSO 1 1-CrC12 65 28 66 25 2 2-CrCI2

Figure 1 is a graph showing the effect of reaction temperature on HMF yield from (w)
fructose and (¢) glucose over 9 mol% of 6-CrCly (substrate/BMIM weight ratio = (.2,
6h); :

- Figure 2 is a graph showing the effect of reaction time on HMF yield from (=) fructose
and (¢) glucose over 9 mol% of 6-CrCl, (substrate/BMIM weight ratio = 0.2, 100°C);
Figure 3 is a graph shdwing the effect of 6-Cr(l; loading on HMF vield from (m) fructose
and {#) glucose (substrate/BMIM weight ratio = 0.2, 6h, 100°C);

Figure 4 is a graph showing the effect of substrate loading on HMF yield from (=)
fractose and (#) glucose over 9 mol% of 6-CrCl, (6h, 100°C); and
Figure 5 is an XPS spectrum of the reaction intermediate of 6-CrCl,.
Detailed Description of the Preferred Embodiments

The inventors have found that N-heterocyclic carbene-metal complexes are capable
of catalysing the conversion of éaccharides such as glucose or fructose to
hydroxymethylfurfural (5-(hydroxymethyl)-2-furaldehyde; HMF). The reaction proceeds
in relatively high yield, particularly when an ionic liquid solvent is erﬁployed. Mixtures of
suitable saccharides may also be used. The reaction may be used with monosaccharides
{e.g. glucose, fructose), disaccharides (e.g. sucrose), oligosaccharides or polysaccharides
(e.g. starch, cellulose). The saccharide may be a hexose or a mixture of hexoses, or a
dimer, oligomer or polymer or copolymer of a hexose or of a mixture thereof. The
reaction described herein has the advantage that it uses relatively inexpensive and/or
readily available substrates, which, 1 some cases, represent waste materials. For
example, 30% HMF yield was achieved by conversion of cellulose according to the
process of the invention. Polymeric NHC based catalysts were found to provide slightly
lower HMF yields from fructose and glucose than their monomeric counterparts, however
the polymeric NHC based catalysts have the advantage of better recyclability than the
monomeric counterparts. The N-heterocyclic carbene-metal complex may be used in
conjunction with an acid catalyst. The acid catalyst may be a heterogeneous acid catalyst.
It may be a solid heterogeneous acid catalyst, It may for example be a zeolyte. This may
be particularly beneficial in cases where the saccharide is a disaccha:idé, oligosaccharide
or polysaccharide. The process may comprise hydrolysis of the disaccharide,
oligosaccharide or polysaccharide. The hydrolysis may be an in situ hydrolysis. [t may be
catalysed by the acid catalyst.

Suitable solvents for the process are dipolar aprotic solvents. The solvent may

comprise, or may be, an ionic liqguid. A suitable ionic liquid is I-butyl-3-



68 32 65 25 3 3-CrC12 76 39 62 26 4 4-CrCI2 89 52 90 31
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methylimidazolium chloride. Other imidazolium salts are also suitable. The counterion of
the imidazolium salt may be a halide, for example chloride. The solvent may be a mixture
of solvents, for example a mixture of dipolar aprotic solvents. The solvent may comprise
an ionic liquid. together with a different dipolar aprotic solvent (such as
dimethylformamide, dimethylsulfoxide, hexamethylphosphoramide etc.)} The solvent may
primarily consist of the ionic liquid, e.g. greater than about 50%, or greater than about 60,
70, 80 or 90% by weight or volume.

The metal complex of the N-heterocyclic carbene may be a metal complex of an N-
imidazole carbene. It may be a chromium II or chromium TII complex of an N-
heterocyclic carbene.. The WN-heterocyclic carbene (NHC) may be‘ derived from
imidazolium salt, or from a substituted imidazoliuim salt, in particulaf an NN'-
disubstimted imidazolium salt. The imidazolium salt may be a bisimidazolium salt, e.g. a
pyridine bisimidazolium salt. The NHC may be derived from an imidazolinium salt, or

' from a substituted imidazolinium sal't in particular an N,N’-disubstituted imidazolinium

- salt. The imidazolinium salt may be a imidazolinium salt, e.g'. a pyridine imidazolinium
salt. The NHC may be an a,a’-dinitrdgen carbon. Each of the a-ni{:rogen atoms may be

 substituted. They may each, independently, be substituted with a bulky group. They may
both substituted with a bulky group (optionally with the same bulky group). Suitable
bulky groups are t-butyl, neopentyl, 2,6-dimethylphenyl, 2.4,6-trimethylphenyl, 2,6-
diisopropylphenyl, 2.4,6-triisopropylphenyl etc. The substituents on the nitrogen atoms
may be, independently, alkyl groups or aryl groups or heteroaryl groups. Thus the NHC
may be an imidazol-2-ylidene. It may be an N,N"-disubstituted imidazol-2-ylidine, i.e. a
1,3-disubstuted imidazol-2-ylidine. It may be an imidazolin-2-ylidine, It may be an N,N’-
disubstituted imidazolin-2-ylidine, i.e. a 1,3-disubstuted imidazolin-2~ylidine.

The metal complex of the N-heterocyclic carbene may be soluble in the solvent {or
in the reaction mixture) or it may be insoluble therein. It may be used as a homogeneous
catalyst or as a heterogeneous catalyst. Particularly in the case of a polymeric complex, it
may be used as a heterogeneous catalyst. If the complex is used as a heterogeneous
catalyst, it may, optionally, subsequently be removed from the reaction mixture by
precipitation, filtration, centrifugation or some combination of these. It may then be
reused in a subsequent reactioh if desired. It may be reused with a loss of catalytic activity
of less than about 10%, or less than about 5, 2 or 1%.

The metal complex of the N-heterocyclic carbene may be generated from the

corresponding nitrogen heterocycle salt by reaction with a base in the presence of a salt of
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the metal. The base may be potassium t-butoxide or some other strong base, for example
sodiumrhydride, potassium hydride, NaN(TMS); eic. The base may be a sufficiently
-strong base to be capabie of converting the nitrogen heterocycle salt to the corresponding
N-heterocyclic carbene. Thus for example to ganerafg ‘a metal complex of a 1,3-
disubstuted imidazol-2-ylidine, the corresponding 1,3-disubstuted imidazolium salt may
be treated with a strong base in the presence of a salt of the metal. The nitrogen
heterocycle salt may be a halide, e.g. chloride, bromide or iodide, or may have some other
counterion. The salt of the metal may be a halide, e.g. chloride, bromide or iodide, or may
have some other counterion. The counterion of the salt of the metal may be the same as or
different to the counterion of the nitrogen heterocycle sait. The metal may be a transition
metal. The metal may be chromium, titanium, tungsten, molybdenum, nickel, palladium, _
ruthenium or aluminium, or may be a mixture of any two or more of these. The reaction
may be conducted in a solvent. The solvent may be a dipolar aprotic solvent. It may be a
solvent that is not base sensitive. It may be for example DMF, DMSO, HMPT, HMPA or
some other suitable solvent. It may be a solvent for the heterocycle salt. It may be a
solvent for the base. It may be a'sélvent*for the metal salt. It may be a solvent for the
- metal complex of the NHC. It may be desirable to heat the reaction mixture in order to
form the metal complex of the NHC. In some cases heating may not be used. Suitable
temperatures are between about 20 and about 100°C, or about 30 to 100, 50 to 100, 2010
80, 20 to 50, 30 to 70, 50 to 80, 70 to 100 or 70 to 90°C, e.g. about 20, 30, 40, 50, 60, 70,
| 80, 90 or IGOOC. The reaction may be conducted for sufficient time for substantially
complete conversion. It may be conducted for about 1 to about 6 hours, or about 1 to 3, 3
to 6 or 2 to 5 hours, e.g. about 1, 2, 3, 4, 5 or 6 hours. The temperature and time should be
sufficient to form the metal complex of the NHC.
In the process of the invention, the sugar (fructose and/or sucrose) may be mixed
with the solvent (e.g. ionic liquid). A suitable ratio of sugar to solvent is about 20% w/w,
“or about 5 to about 30%, or about 5 to 25, 3 to 20, 3 to 10, 10 to 30, 20 to 30, 10 t0 25 or
15 to 25%, e.g. about 3, 10, 15, 20, 25 or 30%. In the case of glucose as substrate, this
may. be as‘hjgh as 50, 60, 70, 80, 90 or even 100% (e.z. may also be about 40, 50, 60, 70,
80, S0 or 100%w/w). The catalyst (metal-carbene complex) may then be added. A
suitable addition ratio may be about 1 to about 15 mol% relative to the sugar, or about 1
t010,1t05,5t015,10t0 15,510 10,110 3,210 5 or 2 to 4%, e.g. about 1, 2, 3,4, 5, 6,
7,8,9,10, 11,12, 13, 14 or 15 mol%. The addition ratio should be sufficient to obtain an

acceptable, optionally an optimal, yield of product. The reaction may be conducted at a
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temperature of about 80 to about 120°C, or about 80 to 100, 80 to 90, 90 1o 120, 100 to

120 or 90 to 100°C, e.g. about 870, 83, 90, 95, 100, 105, 110, 115 or 120°C, or at some

other suitable temperature. The temperature may be selected so as to provide an optimum

yield or to obtain an acceptable yield. It may be selected to provide a trade-off between

poor yield and excessive by-product formation. It may be selected to provide an-
acceptably low yield of by-product. The reaction may be conducted for between about 2

and about 10 hours, or about 2t0 8,210 6, 4 10 10, 6 to 10, 4 to § or 5 to 7 hours, or about

2,3,4,5,6,7, 8,9 or 10 hours. The time may depend on the temperature. The reaction

may be conducted under an inert atmosphere, e.g. nitrogen, carbon dioxide, helium, neon,

argon or a mixture of any two or more of these, or it may be conducted in air or some

other oxygen containing gas mixture. In some cases it may be conductied under reduced

pressure, €.g. an absolute pressure of about 0.2 atmospheres or less, or about (.1, 0.05,

0.02 or 0.01 atmospheres or less. In such cases at least some byproducts may be removed

as they are formed. This may enable recycling of the metal complex of the N-heterocyclic
carbene and/or of the solvent without a separate step of removing the volatiles.

_l ~ The hydroxymethylfurfural pfoduct may be isolated from the reaction mixture by
known methods. These include solvent extfaction-(e.g. diethyl ether extraction), water
washing, column chromatography, gas chromatography, hpic or a2 combination of any two
or more of these. | '

The reaction may be conducted using fructose as a substrate, or glicose, or with a
mixture of the two. If suitable conditions are used (as described above), a yield of
hydroxymethyl furfural may be at least about 70%, or at least about 75, 80, 85 or 90%.
Commonly the yield from glucose and from glucose will be different.

The metal complex of an N-heterocyclic carbene may be recycled following
removal of the hydroxymethylfurfural from the reaction mixture. In particular, it may be
reused in a subsequent reaction, said subsequent reaction being the process for making
hydroxymethylfurfural described herein. This provides cost savings in the process and
can be achieved with little or no loss of yield of hydr&xymethyl furfural (e.g. less than
about 5%, loss of yield, or less than about 4, 3 or 2% loss of yield). In the event that the
exposing is conducted in an ionic liquid, the ionic liquid may also be recycled.
Commonly, the product hydroxymethylfurfural is removed from the reaction mixture by
solvent extraction (optionally repeated solvent extraction). The reaction mixture (with the
hydroxymethyl furfural removed) may then be treated so as to remove volatile materials

(e.g. substantially all volatile materials, or at least about 80, 85, 90, 95 or 98% of volatile
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materials) by heating and/or applying a vacuum thereto. Alternatively or additionally,
removal of volatiles may be conducted prior to removal of the hydroxymethylfurfural. In
this context, “volatile” materials are considered to have a boiling point of about 100°C or
less. The heating may be at a temperature of about 80 to about 150°C, or about 80 to 120,
80 to 100, 100 to 150, 120 10 150, 100 to 120 or 90 to 110°C, e.g. about 80, 80, 100, 110,
120, 130, 140 or 150°C. The vacuum may have an absolute pressure of about 0.2
atmospheres or less, or about 0.1, 0.05, 0.02 or 0.01 atmospheres or less. The time for
said treating may be sufficient under the treatment conditions to remove the desired
proportions of volatile materials. It may be about 1 to about 5 hours, or about 1 t0 3, 2 to
5 or 1.5 to 2.5 hours, c.g. about 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5 or 5 hours, The
heating/vacuum may be applied in a suitable apparatus, e.g. a vacuum chamber, a cyclone
evaporator or some other suitable apparatus. In some cases no vacuum is applied.

The production of hydroxymethylfurfural according to the present invention may be
conducted as a continuous process. In an example, saccharide(s) and catalyst are
continuously added to an additicin zone of a reaction cycle, the resulting mixture is then

~ held at a suitable temperature for a suitabie time (as described earlier) for reaction to fbrm
-hydroxymethylfurfural in a reaction zone of the reaction cycle, volatiles and
hydroﬁcymethylfurﬁlrai are continuously separated in a separation zone and the solvent
and catalyst recycled to the addition zone for reuse. The reaction zone may hﬁve vaéﬁum '
applied to it, so that volatiles are removed during the reaction, and hydroxymethylfurfural
is removed subsequently in the separation zone. | '

Thus in many embodiments the present invention presents a new Cr-N-heterocyclic
carbene (NHC)/ionic liquid system that selectively produces hydroxyimethylfurfural

(HMF) from glucose and fructose. This novel catalyst achieved the highest efficiency
known from both fructose and glucose feedstocks. The HMF yields were as high as 96%
and 82% from fructose and glucose respectively. The new system provided high
selectivity towards HMF, and tolerance towards high substrate loading. It also allowed for
ease of recycling of catalyst and ionic liquid.

The inventors have investigated N-heterocyclic carbene (NHC)-metal complexes
as catalysts for the sugar dehydration reaction. These ligands offered a great deal of
flexibility towards modifying the catalvtic activity by varying the stereo and electronic
ptopeﬁies of NHCs. The conversions of fructose and giucose were tested over 1-butyl-3-
methylimidazolium chloride (BMIM) with different catalysts (Scheme 1). The NHC-

metal complexes were pre-generated by mixing imidazolium salts, KO'Bu and- metal
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chlorides in N,N-dimethylformamide (DMF) under heating for several hours before
adding to the reaction system. In a typical reaction protocol, 100 mg of sugar was mixed
with 500 mg of BMIM and 2 mol% pre-prepared Cr-NHC -catalyst. The reaction mixture
was kept at 100°C for 6 h. HMF was extracted by ether (three times). All experiments
were repeated, and the HMF yleld was conﬁrmed by both GC and NMR of the isolated
product.

Imidazolium Salts
Base
Ketal Chioride

DMF
80°C
|

’____
" 4/
H BMIMC]
se°c
- 3H,0

Fructose

HMF

Scheme 1. Conversion of sugars to HMF over NHC-metal catalysts. —

Seﬁerai metals were selected for the screening studiés, but only Cr(If) and 'Cr(IH)
gave promising results. Unlike the previously reported metal chloride/ionic liguid system,
herein Cr(II) and Cr(IIl) showed similar activities toward converting fructose or glucose
to HMF (Table 1)}.

Table 1. Conversion of sugars to HMF by NHC-Cr catalysts.?

entry | catalyst Yield from fructose (%)™ | Yield from glucose (%)™
BMIM DMSO BMIM DMSO
1 1-CrCl; 65 28 66 25
2 2-CrCls 68 32 65 25
3 3-CrCly 76 39 62 26
4 |4CrCh, 89 52 90 31
5 5CiCh |76 . 750 =
6 6-CrCly 96 41 8t 32
7 7-CrCly 03 e 70 26




6-CrC13 - 76 - 1611 6-CrC13 96 76 1711i 6-CrC13 98 -

WO 2009/154566 PCT/SG2008/000215
10
8 8-(CrClh), | — — 81 —
9 8-CrCl, 74 — 14 —
10 | 4-CrCl; 90 40 78 30
11 15CeCls |77 — 72 —
12 | 6-CrCls 96 40 78 32
113 | 7-CrCl; 83 - 81 _
144 1 g-CrCls 82 — 65 —
154} 6-CrCls — — 76 —
1169 | 6-CrCl; 96 - 76 e
179 | 6-CrCl; 98 - 76 —

[b]

[c]
[d]
le]
[f]

below.

Reaction conditions: 500 mg of solvent, 30 mg of sugar, 9 mol% of catalyst, 100, °C,

6 h, in air, unless otherwise stated.

Yield was determined by gas chromatography (GC) with internal standard and

isolated pure product.
Reaction was conducted under argon.

9 mol% of bipyridine was added to the reaction system.

Recycled reaction system from entry 12.

Recycled reaction system from entry 16.

Structures of carbenes used in the reactions summarised in Table 1 are shown

o o
o Ty

o

Sl

Remarkably, catalyst activity was found to be closely related to the stereo property
of the NHC ligands. 1-CrCl, catalyzed the dehydration fructose and glucose with HMF



76  [a] Reaction conditions: 500 mg of solvent, 50 mg of sugar, 6 h, in air, unless otherwise stated.
Yield was determined by gas chromatography (GC) isolated pure product. Reaction was conducted
under argon. 9 mol% of bipyridine was added to the reaction system. Recycled reaction system from
entry 12. R&¥IEW PS4 on system from entry 16. Structures of carbeneB UMW ctions
summarised in Table | are shown below. 11 yields of 65% and 66%, respectively (Table 1). Catalyst
with the isopropyl-substituted NHC ligand, 2-CrCIZ, showed similar efficiency as 1-Q-C12. In contrast,
the HMF yields from sugars were significantly increased using chromium catalysts with the more bulky

NHC ligand&idueh 688 andso6TE | rspesievalpidwibled i GriryFeltitisthiglsapsopsbsibstitedctose. It also
gave a HMipyéelgh of 8 5% fram glbrossinhichiasney acqrd-igh sificiancy, fae singesefgedstock.

There was no difference in yield for the metal catalysts with saturated vs. unsaturated NHC ligands.
The cataly SRR Wigs P 1SaIkF REICTRERARRF 4 1UaNG O GIHED BREBY TSHEHYI i )RR ne 6 and
1,3-bis(2,6NHiS tieaay) nkandipidag aitlidesen’ pvidac: theirghagt sdelds. obeitaomnderstand

the details of thi jon, bidentate ligand. 8 was examined. Interestingly, catalyst 8-(Cr)2
g0 HME SIS 13 Ho AT RN S B COT RO Sbor VR Ak 950 e fesuis
teddffatiamofer gronecdedsmpleXhweuidhaveldftoorer oty ifobihdingalithtaiylistrates and
itaing th geacton C onoLreacton ot eyt showmca oy oy EIME ol dege than 40%
Sifly \GHRke JE. urﬁ‘é‘a%&%%%ed"ﬁﬁt?euﬁgajn 2 E’a‘x%?fs% v B HMPoR (ges

and 1% from fructose and glucose, respective he reaction temperature was investigated between

80 C and 18@®-for bbihlits2ibsliispniagivibery!hivvgazedriidenature $ed teedowel BHRIF(34eld: higher
temperatung;gaye i ieRYRIRALSI MR, AU R HBHE) $R88 FEHBEH understand
the details of this reaction, bidentate ligand 8 was examined. Interestingly, catalyst 8-(Cr),
gave a good HMF yield (81%) from glucose, while 8-(Cr); showed a poor HMF yield
{14%). These results suggestcd that an over-crowded complex would bave a lower
activity in binding with substrates and initiating the reaction. Control reaction without
catalyst showed a very low HMF yield (less than 40% and 1% from fructose and glucose,
respectively). The reaction temperature was inve‘stigated between 80 °C and 100 °C for
both fructose and glucose. Lower temperature led to a lower HMF yield: higher
temperature gave rise to byproducts, mainly diformylfuran (DFF) (see Figure 1).
‘ Kinetics studies of this reaction over 6-CrCl, showedlthat the HMF" yield peaked
- at our standard reaction condition of 6 h for both fructose and glucose (see Figure 2}. The
HMF vyield gradually decreased at reaction periods beyond 6 h. This could be due to the
slow decomposition of HMF in the reaction system. HMF yield for fructose and glucose
after 6 h began to decrease as the NHC-Cr catalyst loading was reduced to less than |
mol% (see Figure 3). Generally, lower éataiyst loading would require a longer reaction
time to achieve a high conversion. However, in this system, the product could decompose
under the reaction condition, so longer reaction time would fead to lower yield of the
desired product. Thus, if a low catalyst loading of 1 mol% is to be employed, other
reaction qonditiohs have to be optimized to maximize the HMF yield.

The substrate/solvent weight ratio was also found to be important for the overall
efficiency of the reaction system (see Figure 4). When the fructose/BMIM weight ratio
was increased from 0.05 to 0.2, the HMF yield changed slightly from 95% to 94%. As the
fructose/ionic liquid weight ratio increased from 0.2 to 0.5, the HMF yield decreased
substantially to 70%. Further increase in the fructose/ionic liquid weight ratio did not lead
to significant variation in HMF yield. Remarkably, the HMF yields remained rather



Kinetics studies of this reaction over 6-CrCl2 showed that the HMF yield peaked at our standard
reaction condition of 6 h for both fructose and glucose (see Figure 2). The HMF yield gradually
decreased at reaction periods beyond 6 h. This could be due to the slow decomposition of HMF in the
reaction systEPEERAESAeId for fructose and glucose after 6 h began to dBEFESEeIHRINHC-Cr
catalyst loading was reduced to less than 1 molo/(iﬁsee Figure 3). Generally, lower catalyst loading
would require a longer reaction time to achieve a high conversion. However, in this system, the
product could decompose under the reaction condition, so longer reaction time would lead to lower
yield of themeSaasel ffddiét " Dhassthie alsnsediiiAt weighigasiol was varisddrbm APty &b Tother reaction

conditions ty erlar0¢; 0RtIMIL el MARMiFEADRIINE YRl whed bR HRSILRIBMANARLWMGION ratio was

also found to_be important for the overall eﬁicienc@ the reaction system (see Figure 4). When the
fructose/BRAF WasightreatRs ital thdrchiettro RMI St Domdikavie 3reiRiBR 5580t Shgfhly from 95%

to 94%. Asdinedkuctose/ionic liquid weight ratio increased from 0.2 to 0.5, the HMF yield decreased

substantially to 7Q0%. Further increase in.the fructose/ignic liquid weight ratio did pqt lead to significant
variation in HMF %%qullg%r rﬂsﬁy%aqﬁﬁ%%|&$§ SoRe A TR 1 Wﬁ%&@%’éfgﬁ% %) as the

glucose/Bddkdibieighttiationvasmyaraddrate Ga0bftedstéoks T hethtivhieyigidoovssmiaty skofiy decreased
(o 73%) when Ine QuugnseBYIMMSIGNL IO wagdncreased ad . In s Gasec BUIN Acted more like
an assisting reagent than a solvent. “The' ?ferent behavior of fructose and glucose in‘Figure 4
suggestedidifferentgossislese aotiornirrtichanieths Tor wletivedyfdedstyeks whethéhtatgducgieicose might
be first conygUedulelpsecRteuseaHRIN dhiMieRIPLIBMHE i it ldsrasfigheme 2). In

this case, fructose concentration'would be relatively low even when the glucose substrate loading was

high since $utsese WM farpsstinebriBdfrdaidsod amidSioirsrg tetsebiainm for ierestingly,
HMF yieldscat@oubiniadeueryyere Rbtaingd fosdier reagtion condusted imargenysdicair (Table 1,
entry 14 vs. entry 12). The NHC-Cr catalysts were alsg tested in dimethylsulfoxide ‘SDMSO). Much
lower HMFSSRNES WETS BISRREA% O RIS SE Fo8ids MR JiteR dowss B Tielfss"Sdfent (see
Table 1). AgaiinedafadysBuritidd (BRy IVt Catig agldsosh gfed Higher wifcieneytinsdaeTaMS D, system. HMF
Scheme 2. Proposed schematic. for. onversion of, glucose.to.FINIE he high efficiency of the
catalyst ané%%ue?’ ﬁ?g% %%%‘s"i{r%?%'%%% Ing rqelﬁ%nerst#é) ‘E’)’?gc%é%sef)f: lgl?ﬁ%ﬁrfig}levBeh@s@tgfg Sgﬁr\r/lé for industrial
scale-up. This reaction process would also allow for the continuous extraction of product, and the
recycling of catalyst NHC-Cr and ionic liquid. HMF would be the sole product in ether extraction when
the conversion of glucose and fructose was conducted at temperatures below 100 C. After the ether
extraction, the reaction medium was pre-heated at 100 C: emoeve the WO
2009/154566PCT/SG2008/000215 13 low boiling point com S) ‘Such as ether and water, and
then directly used in the next run by adding the sugar subgtrate, e recycled reaction system retained
high activity in the conversion of glucose and fructos%%ﬁ/,‘lf (Table 1, entries 16 and 17). The high
substrate loading agd the ease of catalyst and ighic liquid recycling make this system attractive for
icati suggested that NHC-CrClIx complexes play a

NBC coordinationth IM, reducing the cataljgic actiyity as in the case of 8- (COIl. In contrast, no
inhibition effect W4 observed with the addition of bipyritige ligantl in the case of 6-CrCI3 (I-IMF yield
of 76% from glucose) (Table 1, entry 15). Glucose is proposed tade cqnverted to fructose or HMF by
NHC-Cr complex via redox processes (see Scheme 2). Th\‘(%ﬁ%’ﬁ why chromium, which has
versatile oxidation states, is suitable for this reaction. X-ray phot##ectron spectroscopy (XPS)
indicated split pegis Jak ST aB3d< @0 &RAiE REASJaribe SRR IRERMiAte of 6-CrCI2. The
shoulder of Cr 2p3/2 and Cr 2p1,2 peaks at 577 eV and 587 eV, respectively, indicated the presence
of oxidized Cr species (see Figure 5). In summary, a new NHC-Cr/ionic liquid system has been
developed for theTpelestive:-giaversion eesugarsiontiVie His NRvsEYECohdabievpgtexgellent

efficiency and the highest INF yields reported thys far for bqth fructos d glucose feedstocks. The
M yicld SRS 44 RGHRCBR0E A8 SVT0YSrithCOTHIF ASEISsRP rc OIS THE By systerm
also allowesbfod ebseatifysafatytdtandbianmiiguichegoyalinprodrovided telecidimproficatilygtsimple

eXtraCtion,]@ﬁ%_\ﬁg%{g I%}%@tﬁaﬁ\{gr W@é&ﬁ%&a&e'gﬁgiﬂ%@cﬁ in ether extraction when the

conversion of glucose and fructose was conducted at temperatures below 100 °C. After

the ether extraction, the reaction medium was pre-heated at 100 °C for 2 h to remove the



PCT/SC20081000215 14 Claims: iJA process for making hydroxymethylfurfural comprising exposing
a saecharide to a metal complex of an N-heterocyclic carbene, wherein said saccharide is a hexose or
a mixture of hexoses, or a dimer, oligomer or polymer or copolymer of a hexose or of a mixture
thereof. 2.TW@ processesf claim 1 wherein the saccharide comprises a megivsaetsaidss 3. The
process of claim 2 wherein the monosaccharide comprises fructose, glucose or a mixture of these.

4. The process of any one of claims o 3 wherein thie exposing is conducted in a dipolar aprotic solvent.
5. The process of claim 4 wherein the solvent is an ionic liquid. 6. The process of claim 5 wherein
the ionic lidoid teilidguryl:® cometingite dado ke wihehloritiwater, dadthenplivesthssédiny haaof claims 1 to,
6 wherein the N:hates %S'L%réér 9%%%? ?‘ﬂ?@@é?&é‘& Jﬁg@&&ﬁr%{&#ﬁczﬁ%ﬁﬁ?&‘@i h adiiRciRrocess of
any one of claims 1 to 6 wherein the -ﬁeterocy lic carbene is"a polymeric “Reterocytiic carbene.

The procedbeotenyprsion of elairnss land drugheseio HdEtabloinsexies dGrandition Frethigiomplex.
10.The proggse-t qlaimmg WietRinie BRRRINGR: RSl GUMRIGH ISR yEQITHIAT: CRITRIRYem
attractive for industrial applications. | : '
The present results clearly suggested that NHC-CrCly complexes play a key role
in glucose dehydration in BMIM. Bulky NHC ligand prevented chromium from forming
multiple NHC coordination in BMIM, reducing the catalytic activity as in the case of 8-
{Cr)1. In contrast, no inhibition effect was observed with the addition of bipyridine ligand
in the case of 6-CrCly (HMF vield of 76% from glucose) (Table 1, entry 15). Glucose is
proposed to be converted to fructose or HMF by NHC-Cr complex via redox processes
{see Scheme 2). This may explain why chromium, which has versatile oxidation states, is
suitable for this reaction. X-ray photoelectron spectroscopy (XPS) indicated split peaks
for Cr 2p3p and 2p» peaks for the reaction intermediate of 6-CrCl,. The shoulder of Cr
2psp and Cr 2py, peaks at 577 eV and 587 eV, respectively, indicated the presence of
oxidized Cr species (see Figure 5).
~In summary, a new NHC-Cr/ionic liquid system has been developed for the
selective conversion of sugars to HMF This new system achieved excellent efficiency
and the highest HMF yields reported thus far for both fructose ahd glucose feedstocks.
The HMF vyields were as high as 96% and 82% for fmctése and glucose, respectively. The
new system also allowed for ease of-catalyst énd 1onic lquid recycling, provided sole

HMF product by simpie extraction, and was tolerant towards high substrate loading.



11. The process of any one of claims 1 to 10 wherein the metal complex of the N-heterocyclic carbene
is a metal complex of an-N-imidazole carbene. , 12. The process of any one of clafG3/BG2als/006215
comprising the step of generating the metal com.pletjxhof the N-heterocyclic carbene. 13. The
process of claim 12 wherein the step of generating the metal complex of the N-heterocyclic carbene
comprises reacting a nitrogen heterocycle salt with abase in the presence of a salt of the metal.

14. The procesSigifsstaim 13 wherein the base |spotaSS|um t-butoxide. - 15. The process of any.one
of claims 1 to 14 addlflonally comp risi |soI (é b? &&Wurfural 16. The process of
any one of claims 1 t0"15 whe m?ﬁe sacchamit YA E RS BRI hSIfurfural is
greater than absatuh80bto a méfl Tmpprockss Bitetyoopdiotalbines Whoelb saiiaseihifi¢e saccharide is
glucose and the.yield,of mmﬁ%mgz@éwwmwﬁgss fpp ARy o7 Q%o R IZAPERR0S, IPEAJAY
PCT/SG2008/000215 15 - 18. The process of any one of claims 1 to hereln the matal complex
of the N-heterddycheRasiER@ls recycled following removal of the hydroxymethylfurfural from-

thereaction mixture. 2; 19Tﬁbﬁmgeﬁama%m%f&@&&&@é@&%&b@&%&&%%ﬁ@ng IS
conducted in an-ionic Imwd,ﬁ?gd said i |o?T1 ;a%i“g is recycled foIIOW|n%removal of the

hydroxymethylfurfuraf from tHE RESEHS hergy FREBPOREETBIR SIPIE S T Riferein the
recycling compiseseheatimigriteofetzstion mixture following removal of the hydroxymethylfurfural

iherefrom for Suffcer, e 5, NGO S RRIFAGR VAL o BiREEsfy making

biofuel comprising:
o a dlpolar apmtxc solvent.

5. The process of claim 4 wherem the solvent is an jonic hquxd
6. The -process’ of claim’ 5 wherein the ionic hquad _is  1-butyl-3- .
methylumdamhum chloride, ' | | .
' 7. The process of any one of claims 1 to 6 wherem the N-heterocychc carbene is

a monomeric N-heterocyclic carbene -

8. - The process of any one of claims 1 to 6 wherein-tbe_ N~h¢terocyc]ic Earbeﬁe is
a pelymerlc N-heterocyclic carhene . | |

8. The process of any one of claims 1 io 8 wherem the metal complex is a

transition metal compiex.

100 The process of claim 9 wherem the transition metal complex is a chromium
complex. _ _ .
11. | The proéess of ény one of ciaims' ito 10 wherein the metal compléx of the .

) N-heterocychc carbene is a metal complex of an N-lmldazoie carbene
'. 12.  The pmcess of any one of cia;ms 1 to 11 comprising the step of generatmg _
| the metal complex of the Nwheterocychc carbene. '
13. The process. of claim 12 wherein the step of generatmg the. metal complex of
the N-heterocyclic carbege comprises reacﬁgg a nifrogen heterocycle salt with a base in the

' presence of a salt of the metal,

14. The process of claim 13 wherein the base i5'potassium t»bufoxide:
_ 15. . The process of any one of claims 1 to 14 additionally comprising isolating the
' hydroxymethylfmﬁ;ral

16.  The progess of any one of claims 1 to 15 wherem the sacchande is fructose‘
and the vield of hydroxymethylﬂlrfural is greater than about $0%. -

17 The process of any one of claims 1 to 15 wherein the saccharide is -glucose

and the yleld of hydroxymethylfurﬁlral is greafer than about 70%
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exposing a saccharide to a metal complex of an N-heterocyclic carbene so as to produce
hydroxymethyl furfural, and using the hydroxymethyl furfural to prepare the biofuel; \i&F & 2868/000215
saccharide is a hexose or a mixture of hexoses, or ?Sdlmer ollgomer or polymer or.copolymer of a
hexose or of a mixture thereof

18. The_prodessldf any one of claims 1 to 17 wheréin the metal coﬁplex o-f the
‘N-heterocyclic carbene is recycled fclloiving ﬁﬁoval of the hydfoxymethylfurﬁlrai from the
reaction mixture. .
19. - The process of any one of claims 1 to 18 wherein the exposing is conducted
. in .an jomic liquid, and said ionic liguid s -recycled following femovai of the
hydrox&methylﬁlrfurai from the reaction mixture. _ | . | '
. 20. T'hé- plrocéss of claim 18 or 19 wherein the recycﬁng comprises‘heating the
reaction mixmre _fqllqwing removal of the hydromeﬁhylfurﬁxral_therefmm.for sufficient
- time to remcive volatile sﬁbstancs;s thereﬁ'orri. ) | ' '
oL -A' process for making & biofuel comprising:
expoéing a saccharide to a fnetal complex .of an NJheterécyélic carbene 50 as to -
- produce hydroxymethyl furfural, and | ' '
usmg the hydroxymethyi furfural to prepare the bloﬁlel
wherem said saccharide is a hexose or a mixture of hexoses, or a dimer, oligomer or pblymér

or copolymer of a hexose or of a mixture thereof.
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