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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) J.N.
Chheda, Y. Roman-Leshkov, J. A. Dumesic, Green Chem. 2007, 9, 342). Zhang’s group
has reported a metal chloride/ioniclliquid system that gives moderate to good HMF yields
for both fructose (83% with Pt or Rh chloride, 65% with CrCl,) and glucose (a record
high of 68% with CrCl,) (H. Zhad, J. E. Holladay, H. Brown, Z. C. Zhang, Science 2007,
316, 1597). |

There is a need for an improved method for converting both fructose and glucose to
HMF in good to excellent yields, fdr example over about 80%. There is also a need for an

improved method for converting other saccharides to HMF.
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complex, or it may be a mixture of any two or more of these. It may be a Crll complex or
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The N-heterocyclic carbene may be monomeric. It may be dimeric. It may be
oligomeric. It may be polymeric. The metal complex of the N-heterocyclic carbene may
be a metal complex of an N-imidazole carbene for example a metal complex of a
monomeric N-imidazole carbene or of a polymeric N-imidazole carbene.

The process may also comprise the step of generating the metal complex of the N-
heterocyclic carbene. The step of generating the metal complex of the N-heterocyclic
carbene may comprise reacting a nitrogen heterocycle salt with a base in the presence of a
salt of the metal. The base may be potassium t-butoxide.

The process may additionally comprise isolating the hydroxymethyl furfural.
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N-heterocyclic carbene in an ionic liquid.
The invention also provides hydroxymethyl furfural when made by the process of
the first aspect.
In a second aspect of the invention there is provided use of a metal complex of an
N-heterocyclic carbene for making hydroxymethyl furfural.
In a third aspect of the invention there is provided use of hydroxymethylfurfural
made by the process of the first aspect for producing a fuel, e.g. a biofuel.
In a fourth aspect of the invention there is provided a biofuel made using
hydroxymethylfurfural which has been made by the process of the first aspect.
Brief Descnptlon 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:
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readily available substrates, which, in 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 disaccharidé, oligosaccharide
or polysaccharide. The process may comprise hydrolysis of the disaccharide,
oligosaccharide or polysaccharide. The hydrolysis may be an in situ hydrolysis. It 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 liquid. A suitable ionic liquid is 1-butyl-3-
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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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or about 5 to about 30%, or about 5 to 25, 5 to 20, 5 to 10, 10 to 30, 20 to 30, 10 to 25 or
15 to 25%, e.g. about 5, 10, 15, 20, 25 or 30%. In the case of glucose_ as substrate, this
mayl be as*high as 50, 60, 70, 80, 90 or even 100% (e.g. may also be about 40, 50, 60, 70,
80, 90 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, 1t0 3,2 to 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



be treated with a strong base in the presence of a

salt of the netal. The nitrogen heterocycle salt may
weooa/1haké de, e.g. chloride, brom de or iodi dePCD8GIA000215

have sone ot her counterion. The salt of the netal may

be a halide, e.g. chloride, 7brom de or iodide, or nmay

have some ot her counterion. The counterion of the salt

of the netal may be the same as or different to the
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50, 60, 70, O 90 or eyven 100% (e.

mixgppof the, twao If gejtable comtionspatsy u@o&ﬁ//%cnbﬂﬂlea@aehwgteld of
hyd{addfghéﬁl AlrRE M %g%@la?l@asmut hen, Be a@ﬁgﬁdabo@t 7‘5“8‘0&%15 ®r 90%.

it1on rati bout 1 to about
Commpely itheeyield frdm gbxqgma}ndcfroralgbwpselwﬂbbeldlffemnt o 5 5to
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obt. ai
reused in a su%sequent reaction, said subsequent reaction being the process for making

on)é water

hydroxymethylfurfural described ‘herein. This provides cost savings in the process and
can be achieved with little or no loss of yield of hydrexymethyl 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
exposi.ng‘ 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



acceptable, optionally an optimal, yield of product.

The reaction may be conducted at atenperature of about
w@ovasabout 12C0C, or about 80 to 100, 80 to BO/SOM0$/000215
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uct may be isolated fromthe reacti tur
conficih Shet HBROR eI%TQC‘?SFrclfIrbcPé‘ SEAYRRe S SR salyst are
contihuRubly! ad@bd & are4ddiB6A MY of yRlaBlion\Bsall, 1Be ré?‘sﬁitilﬂgﬁmxture is then
chr omat ogr aphy, gas chronat ogr aphy, hpI c or

- heldcas tsuriahle ssmperatareyfor avenitableine (asfdeserthed earlw@ fpéé@@@ﬁuﬁhto form
: hydﬂi%ﬁrggglgmﬁft tﬁﬂ H1S{eBGidl %h? SSE Ahe 2 ré&éP?ﬁr %latlles ~and

or W a mxture o tdbl
hydmmnhlethylfuefumi aral samtirmasslyj esparatbédn abswm)mom zgnehud die solvent

t.h ur fur.al be at ast about 70% .
and JYLEETRR by aaitiBn 23R 57 Fail, TRE AR, A angy bt vacuum
appIﬁd’thm 1g |sb| cm ®oRtils fafmmlveu: @@tngnihk Iredetiof] dntidiyarxymetiglfurfural

)i of an N-heterocyclic carbene nay be
is remyyé P%tzfeﬁleﬂ g R H SERATRNRD ZBF- t he

hy 900 %Y Alhy) ¥ﬁ1i)Hdhfﬂéh%| thé bfé@érft hvdntiak bfé%@ntgrh)ﬁtew @r—NLHEterocychc
particular, it may be reused in a subsequent reaction,

carbsn¢ (NEID4enigehquid esysten has eselestively pmdge@shfdmxyimthyéﬁlrﬁlral
‘(Hl\i%d{r&)ﬁy ‘E&yaﬁlﬂrﬁ&gge qﬁ%cﬁévt%?ga{é ~ aneJ N fhe %S{j Eﬁ‘lcwncy

n s 1n Focess an pe &chi eve
knownhn tftdne both ﬁnmz:tdmemd@ﬂucps@faédsibcl&syﬁfh@mnﬁtykeyds Wwerefaghigh as 96%

and (&"/g frI es?rucp ose 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 catalytic activity by varying the stereo and electronic
prbperties of NHCs. The conversions of fructose and glucose 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



about 5% loss of yield, or less than about 4, 3 or 2%
| oss of yield). In the event that the exposing is
w@eonndustsedd in an ionic liquid, the ionic |iquiBCTEeg2008/000215
al so be recycled. Commonly, the product
hydr oxynmet hyl furfural is refioved fromthe reaction
m xture by solvent extraction (optionally repeated
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1 NYqIGRy] Met g5t urTur alog 6 75
2 2-CrCl, 68 32 65 25
3 3-CrCl, 76 39 62 26
4 |4CrCl 89 52 90 3
5 [5-CrCh 76 — 50—
6 6-CrCl, 96 41 81 32
7 7-CrCl, 93 — 70 26




(HWF) from glucose and fructose. This novel catalyst
achi eved the highest efficiency known from both

wo ewetinses and gl ucose feedstocks. The HVF yi el BIST/862088/000215
as high as 96% and 82% from fructose and gl ucose
respectively. The new systel® provi ded high selectivity
towards HVF, and tol erance towards hi gh substrate

|l aadina -t al cao - allowad for ease of ror\upl | ng nf
6 al-se—all owedfor yeli-ng
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12 it ne C Pger& ons 436 fructo and gt UGGSE Were
t @St ed bver butyl -3- nmethylin dazoli um chl ori de
13 (BVIGACIN t h| @Bf ferent eatal ysts| §Scheme 1)— The
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[a] eRpmtlomnmhnm éO® e{m‘tsehzenaﬁﬂ mighef duipfr, §inedl% efamtalyst, 100, °C
g ””e%é%s tg S n NMR of the isolated product. '
F &cl“o%‘e D %r%eh 1 Conversion of sugars to HW
[b] oYeasld NvKs- debminedibgl yast shrofatogtaphy @C) witheineersa| @aridaed and
for the screening studies, but only Cr(Il1) and Cr(I11)
giekated RIS BIOHECtr esul t s, Unli ke t he previously reported

[c] ”Rteﬁ’étloﬁm&rcbgcﬁfckéaﬂhﬁe} argghd system herein Cr(11) and
1) showed simlar activities toward converting

[d] fPuml bipyriglingwascadded ppbe rqagbipp systemTabl e 1.
I by NHC-Cr catal ysts. entry
[e] S&%ﬁ“&i‘ftr%ﬁt@ﬁég’#‘?@rﬁﬁ}“ﬁuc g/g% (% LbJ Yield from gl ucose
[f] ( RetyxledBihdiioDsiemdvh BAMBOIA. 1-CrCl 2 65 28 66 25 2
2-Crd 2 68 32 65 25 3 3-Crd 2 76 39 62 26 -

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

e Ot ok

below.

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



4 4-CrCd28952903155-Cd276 - 50-66-Crd2

96 4 1 8132 7 7-Cd2 93 - 70 26[a] Reaction
wae@awdits4sens: 500 nmg of sol vent, 50 ng of sugarPCOSGEW08600215

of catalyst, 100 C, 6 h, in air, unless otherw se

stated. [b] Yield was deterlti ned by gas chromat ography

(GC) with internal standard and isol ated pure product.
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actiiityl fay bMHEg' WHRRtbstrates and 1mt1at1ng the reaction. Control reaction without
| ,"3-bis(2,6-diiso henyl ) 'm dazol yl i dene 6 and
catalysostiomey 2 very tiw EOBF piold (ot ahert 405 aas &4 fromi faemese and glucose,
respgréqvg,ygJ e?g? retaﬁ{] %19 Feglip%etr t%%l vgf%s)s lalggﬁtlb eé;dfqeé\g'leﬂegle%f @ ryljld t1'66 °C for
botlﬁ)fﬁmo@e Cand! gt@b&stmmérytenq@taahms led8td @ )&v@aHMB geldd higher

yi el d fromglucose, while SGéCr)l shovveda
temmm%aveyiswcu xpr_q%cts e difermylfuan e gt Dan

inétl3 %s c\ﬁgh' lode d’hénl ch %lff)\e@erd tﬁ&ttthé/ HNF gféld peaked

blnlngvm es an I'ng the reacti

Cat oﬁmﬁrrdafd fe@¢titini cmdmohluﬁlﬁth foabathy&mctsslecmdcglmove(s;e Fayure 2). The
| d I th 40%,. and 1%
HM5| ﬂﬁ% {ggadu y %gcsreaseg ra]lt reacst)loar{] perzll'o sfbre?fcr)rr]ch 6 lflc s cou[]dd 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 1
mol% (see Figure 3). Generally, lower éatalyst 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 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



respectively). The reaction tenperature was

i nvestigated between 80 C and 100 C for both fructose
wapwgF4seose. Lower tenperature led to a | owerPEIVEG2008/000215

yi el d: higher tenperature gave rise to byproducts,

mai nly difornylfuran (DFF) 12see Figure 1). Kinetics
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Scheme 2. Proposed schematic for the conversion of glucose to HMF

The high efficiency of the catalyst and the high substrate loading render the
process of the invention very attractive for industrial scale-ﬁp. 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 for 2 h to remove the
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In summary, a new NHC-Cr/ionic liquid system has been
devel oped for the selective conversion of sugars to
wokG69/134566 new system achi eved excel | ent ef fi cPensg20a8/000215
t he hi ghest HWF yields reported thus far for both
fructose and gl ucose feedstbcks. The HW yields were
as high as 96% and 82% for fructose and gl ucose,
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11. Th_e 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 claims 1 to 11 comprising the step of generating the
metal complex of 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 a base in
the presence of a salt of the metal. )

14. The process of claim 13 wherein the base is potassium t-butoxide.

15. The process of any one of claims 1 to 14 additionally comprising isolating the
hydroxymethylfurfural. '

16. The process of any one of claims 1 to 15 wherein the saccharide is fructose
and the yield of hydroxymethylfurfural is greater than about 80%.

17.  The process of any one of claims 1 to 15 wherein the saccharide is glucose
and the yield of hydroxymethylfurfural is greater than about 70%.
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