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SYNTHESIS OF REDUCED SUGAR ALCOHOLS, FURAN DERIVATIVES

THCHNICAL FIELD

{001 The present invention relates to the syathesis 1.2.3,6-hexavetetrol

O LA hexanetriod, and 1,28 hexanetriol from {8 sugar aloobols or R-

BAUKGROUND OF THE IN

FHIN

{88 Reglyveosides are bnown 1o be tmportant buenmediates for the

ANy

prasduction of fine chendeals, ncluding sugar-based surfactants. Ordinarily, R-

N
X

ghyeosides ave propared by Fischer glveosidution of an Realoohol wiih a sugar, which

involves the actd catalyred formation of a glveoside bond hetwesn the acetal or ketal

./

carbon of the sugar and the hvdroxy! group of the aleobol. The most comumon sugar is

gluecose. R-glycosides can also be prepared by acid cutalveed Fischer ghycosidation of

ucose residues in a polysaccharide such as starch or cellulose with an alcobel, which

resnits w oleavage of the glvensidic bonds in the polysaccharide via substitution of o

alcohol moieties fovaning the free glweosides. Strong acids, elevated temperatures, and

elovated pressures are typically needed. A wechanism compatible with milder
eonditions and utilizing a leay expensive starting material, especially 8 starting material
with otherwise Hmtied applications, would be coonomically advantageons, gspecially on
an indastrial seale

MY Collulose v a primary component of plat matter, 8 non-nutritive, and
i3 ot widely wtiiized outade of the paper and textite industries. Cellulose can be
comverted o ghwose through acid or engymats hydrolysis, howsver, hydrolysia s
ditficuit daoe to the robust erystaliine structre of celinless, Kanown acid hyvdrolysis
methods typically vequire concentrated sulfunie acid o schieve good yields of glucose.
infortunately glocoss In the presence of concenirated sulfurie actd can degrade to form
byddrooyrsthyifurfival CHMP™) which in turn can Rether polyomenize inlo a tarry
substance Koown as bumans, The formation of HME and tarvy buming pegatively
impacts the vield of ghicose and requires additional separation steps, Enzymatic

fydrolysis methods Rnown o the art are also aapractical for indnstaial seale conversion
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of celhdose & glucoss due to Jow reaction rates and expense and enzyvimes do no
hydrolvze colhulose that has besn chemivally modified.

[6004]  Recantly, Deng et al. reported the divect conversion of cellniose and

methanc! into methy! glocosides fn the presence of an acid catalyst, Deng ot all, ¢

catalysed Direct Transformation of Cellulose into Methvi Glacosides in Methano! at

Maoderate Tomperatmres, 40 Chern, Conon, 2668-70 (20101 Various dilite mineral aud

)

organic ackis were tosted, with sulfuric acid jp’s.'o's-'iding.; the best }f‘ia’.id of mwth ;i

. However, the conversion af
presence of HaPW ol resulted in a decrensed vieh! of 42% ethyl plucosides. Solid
acids were tested, with various forms of carbon be aring SO groups giving the hest
vield of methy? glucosides at 61%.

S Move recently, Dora ot ol reported the catalyiic conversion of cellalose

3

into methy! ghicostdes over subfonated carbon based catalyste. Dova et al,

Catalviic Conversion of Celludose inte Hinh Yields of Methyi Glucosides over

sutfonated Carbon Based Catadyst, 120 Bloresowres Technology 31821 20120
Carbon based catalysis comaining 8O5H groups were synthesized and evaluated for the
conversion of cellulose in methancol, Specifically, microorystaliine cellufoss was

&

reacted with methano! snd the sulfonated carbon catalyst (30% by weight ol the

IO a

mic;‘@@r}fﬁiaﬁ§‘iizﬁ-\a‘f cetlulose) at temperatures from | A maximum 9

vield of methyl ghucosides was obtained at a reaction time of 13 minatk

{9861 Toming to sugar alcobels, here are currently no known processes for
producing sugar alcobols (Lo, hexitols or pentiteds such as sorbitol and xylitol) from
alkyl glyeosides by hvdrogenation, Typleally sugar alcohols are produced by heating
unmadified sugars at elevated prossure in the presence of & hvdrogenation catalyst

BB87T Recontly, Fukooka et all reported that sugar alvohols could be propared

from collnlose using supported platinnm or ruthenium catalysis, which showed Ingh

activity for the converaion of collulose into sugsr alooheds with the chotee of support
matenial being boporfant. Fubuoka ef sl Calalvtic Conversion ot Collnlose o Susay

HE Agnow. Chom S285-87 (2006}, The mechanism mvolves the hvdrolysis

of gel

cthidose to ghicose followed by the reduction of glucose o sorbitol and mannitol,



o

L5

()
R

WO 2015/156802 PCT/US2014/033580

Ay KR TR

However the vields were at best avound 30% conversion (o sugar alcohols, and
eactions ook plave at an elevated presaure of § MPa.
[OBOR]  More recently, Verendel et all reviewed one-pot vonversions of

H

selvsacoharides into small organiv molecuies wnder a variety of vonditions. Ve

spded oy

—

a.i‘., Catalytie One-Pot Production of Small Orpanies from Polvsaccharides, 11 Synthexis

o777 201 Hydeolyais-by-hydrogenation of ceflulose under acidie conditions and
elgvated pressure was diselosed as vielding up 1o 90% sorbitol, although these processes

were categorized as “by no weans simple.” The divect hyvdrobvsis-hydropenation of

r/c,

stavch, inulin, and polysaccharide tydrolysaies t sugar aleoahnls by ¢

3 sapported metals
uncder hiydrogen without the addition of soluble acids was also disclosed. Rutheniom or
platinom deposited on shuninag, a variety of weials sapported on activated carbon, and
zeolites were reported as suitable catalysts for coltuloss degradation. The effect of
iransiiion-metal panochsters on the degradation of celiohiose was also disclosed, with
acidie vonditions yickling sovbitoll A different sindy looked wt the conversion of

<

cellulose with varying crystallinity into polvols over supported ruthenium eatalvats, with

*..‘,\.

ruthentum supported on carbon nanotebes giving the best vield of 73%¢ hexitols

886%1  Thoere romains a need for costeffective methods of producing sugar
sicohnls with high selectivity and through alternate pathways,
NN

IS On yet another subgedt, the modecnie 12,5 6-hexanstetrol CHTO s g
usefnl ntormedinie in the formation of bigher value chemicals, HTO and other polynis
Baving forwer oxygen ateams than carbon atoms may be considered a “reduced polyels”
Corma ot al. discloses goverally that higher molecular weight polyols confaining at least
tour carbom atoms can be used to mamdioture polvesters, allovd resins, and

potvursthanes. Cormma et al., Chomical Boutes tor the Transtonmation of Brsmass ne

2443 (2007,

613 Sorbitol hydrogenolysis is known o prodace HTO, although typically
the reaction conditions are harsh and non~economizal, US Patent No, 4,820,880
discloses the produection of HT( involving heating & solntion of a heositol tn an organic

svent with hydrogen at an elevated tomperature snd pressure iy the presence of
copper chromite catalyst, Exemplary starting hexitols fnclude sorhiiol and mannitol.
Water was found 1o adverssly affeet the reaction speed requitring the reaction o be

performed 1w the absence of water and instead using ethylene glycol monomethyl athey
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v ethylens glyen! monoethy! ether as the sole solvent, which pats a sohubility limit on
the ameant sorbito! that can be reacted. Under such conditions the maxinum
conceniration of sorbitol that was shown to be useful was ©.4% wiiwt in sthviene glveo]
moswonieibyl sther, which provided a medar vield of about 28% HTO. In a similar
reaction where the sorbital concentration was redoced to about 2% witiwt in ghyond

monomethy! ether, the wedar vield of HTO was 38% however th

o8 such a provess unsconomical, More recently

L1
i

jory

iscloses methods for the hydrgenolysis of S-varbon sugar alcobols, fncluding sorbital,

g reacting the starting matenial with hydrogen at a temperature of at least 121

wn the presence of & chentwmn-containing mult-metallic solid catalval. Nicks! and

rutherium catalysts were disvlosed as traditional catalvsts for sorhitol §‘,‘-.}”{"§'§‘0§§€§‘:{‘}i}-’i;'i;\:,

T

however these eatalyst predominantly produced lower fovel polvols such as ghy

propyiene ghve

fand were not showy {o detectably ;:}mduce HTO or hexanetriols.
{0813} There remains a need for improved costeifoctive catalyst for
producing HTO from sugar aleohols and & need for alternative substrates other than
sagar aleohols,
HHHY Op another backgronnd subjest, the molseule 2.3
brsthydroxymethy otrabydroforan (2, S-HMTHE™ §s typically prepaved by the
catalyzed roduction of HME. This s impractical due 0 the expense of HMF, huash

reaction conditions, and poor vields, For example, US Patont No, 4,820,880 discloses

the conversion of HTO to 2. 5-HMTHE in cthylene glveo! monomethy] sther with

fvdrogoen at g prossare of at feast 50 atmospheres, in the presence of a copper chromite

catalyst, at a temperature i the range of 180°C o 230

{014] Overalll there 15 a need in the art 1o devise sconomical methods fv

converting optivtose 1o alkyl glvensides, for converting alky! giveosides o sugar

alcohols, for converhing sugar aleohols o HTQ aud other reduced polyols, and for

making usefid dectvatives of such reduced polvols such as 2.5 HMTHEF,

SUMMARY OF THE IGVENTION

s

GISL The preseat disclosore provides, in one aspect, methods of synthesizing

e,

Heghveostdes trom acetyv! colhdose pulp substantially withowt the foration of

degradation produets. Those methods involve heating an acetyl celtulnse pudp inthe

bed
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presence of an aleobed of the formula ROM, where R i a GOy alky! group, and au acid
catalyst setected fom the group cousisting of phosphonic acid and 2 sulfonic acid, fora
fime and at 2 temperature sufficlent to form an Reglyeoside fraction from the acetyl
celiviose pulp, In preforred practices the acety] celfulose polp is derived from a
monoeot species, fov example, a spocies selected frow the group consisting of grassey,
corn stover, bamboo, wheat straw, harley straw, millet siraw, sorgham straw, and rics
sivaw, In exemplary embodiments the acid catalvst iss a sudfonde acid of the formula
RgS{}SH where R is an atkovd or eyveloatkyl group,

H81e]  In ancther aapent the presend discloswe provides methods of

pes)

ing sugar aleohols from alkyl glyeosides,  These methods ncluds contacting

sotation containing an R-glycoside with a hvdrpenation catalvst for a time and at s

temperaiire and a pressure sufficient 1o convert the R-glyeoside to a mixture vomprising
the sugar aleobo! and ROH, where R is 2 -y alky! group. The hydrogenation catalyst
may contaim copper anddt rathenium, When the hydragenation catalyst comprises

copper and the solution shonld contaius less than £ ppm sulfide anion and less than |

ppm chifonde awions, Exemplary rutheniury catalysis ave selected from the group

1+

consisting of rthenium supported on carbon, ruthenbun supported on a zoolie,

sovted on Ty, and ruthentum suppovied on AhOs.

W7 In ancther aspect the foregoing method are combined providing &

method of produsing sugar alcohols from acetylated cellulose pulp that includes

= ¥

generating an Reglycoside from scoryl cellidose pulp as desoribed above; and contacting

the B-glveoaide with a hydrogenation catalyst as further describad above.,

IB8I8]  fu another agpoct the present disclosare provides methods of making a

reducest sugar aloohol inclnding af least one member selected from the group consisting

4,5 hexanatriol, 2. 6-hexanstemad | and 12,50 hexanetetro. These methods inchude
aeting a solntion comprising water and at feast 20% wifwt of & starting compound

selected from the group consisting of a €6 sugar alechol and a Roglyeoside of a 86

sugar, wherein B s & methy! or ethyl group, with hydrogen sud 8 Ransy copper catalyvs

o

for a time and at @ teroperature and prossure sufficiont to produce g mixture containing

one or nure of the a redused sogar aleohols with a combined selectively vield of af teast
S wolmoell Inmost advantageous ernbodiments of these methods the reaction

N o

solution comprises 20-30% wtiwt water and 45-55% of a U200 fnau
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&

exemplary embodiment the solution comprises 20-30% wfwt water and S0-35% wifwt

propyiene glhveol These methods provide of a combined ity vield for ther
reduced sugar aleohols of at least 70% mol/mol. One specific embodiment of these
methods 13 @ method of muking 1,2.5 6-hexanstetvol, This specific smbodiment

inchudes contacting & solution comprising 20-30% wiiwt water, 45-35% of propylene

9% wifwt of @ starting componnd selecied from the group consisting

mmnn

of U6 sugar aleohol and a R-glycoside of & OF sugar, wherein R is g methy! or ethy
grouy, with bvdrogen and a Raney copper catalyst for a time and st & temperature angd
preasure sufficient o prodoce g miktre comiaining the 1,2, 5.8 hexanctetrol with a
selpetively vield of at least 35% wifwl, In most advartageons srbodinents the
selectivity vield for 1,25, 6-hexanstetrol 13 at Jeast 409 wifwd,

(8151 In yol another aspect, there is provided metheds of making

fetra ‘: vdrofuran derivatives sueh as;

bis{hydroxymethyl getrabydrofiran from the
reduced sugar aleohol. In one ewbodiment these methods inchude contacting & miktore
comprising 1,256 -hexanctedrol with an avid calalval selected from the group consisting
of sulfunie acd, phosphonic acid carbore acid and g water tolerant nou-Bronsted Lewig
aoid for g tme and at a temperature and a prossure sufficient 1o convert the 1.2,3,6-
exaneigirod 1o 2.5 bisthvdroxymethyl terahydrofuran, o oxomplary embodiments the

non-Hronsted Lewis aeid is a triflate compound sach as of blemuh iriffate and

seadhn triflate. o other oremplary embodiments the acid acatalyst ia sulfuric ackd
in 2 proforred ombodiment the actd catalyst is phsosphontc acd,

82681 In certain embodiments, the mixture further Ineludes 143 hexanetrin
and contacting with the acid catalyst further comverts the  1LAS hevavetriol to 2~

by

ethyl tetrabvdrofuran. In corialy embodimensts the method includes making 2

H
P

byvdroxvethyd iieimi'}}";'i'f.'ﬂi‘i.u‘an by contacting a mixtare comprising 14,5 bexanetriol with
the same type of actd catalyals, Purther wethods may further inglude separating the 2-
hydroxyethy! tetrabvdroforan from the 2.5 bisthvdroxymethyhtetrahydrofran, Insg
particular further embodiment the separated 2,5 bisthydroxymethyl) tetrahydeofran is
contacted with & rhentom oxids catalyst for a time and & wmperature sufficient to

o

conrvert the 2,5-bisthydroxymethylfeteahydrofiman (o 1.0 hoxanediol.
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2] Figure | shows svnthesiy of B glocosides from acetviaied celhdoss
over at acid catalyst i the presence of an R alcobol, and syathesis of sorbitof from R-

Taoacines e LI T Y TUTE IR ORI SN S ST U I
glucosides via hydrogenolysis aver a hvdrogenation catalvst accondi

HZ2] Pigure 2 shows synthests of hexanetriols and 1,2,5.8 hexanstetrol via

hydrogenslyais of sorbiiol and/or a U6 R-glucoside sver a Raney wickel catalyst

according to other aspeets of the invention, and shows syuthesis of 2.5 thydoxymethyl
wirahydrofuran frovn 12,56 hexanctowol, and syuthesis 2-hvdroxyethyl
0 tetrahydrofuran from 1,45 hexaneiriol, cach by contact with a non-Bromsted Lewis acid
according 1o vet another aspest of the inventiou,
DETAILED DESCRIPTION OF THE INVENTION

{033 Synthesis of Reglyessides from Acetyl Cellulose Pudp. The present

P30 dwclosure provides, in one aapect, methods of synthesizing Reglyensides from avetyl

cellalose pulp in the presence of an aleohol and an achd catalvst. "R as used generically

m chentical formudae thronghout the pressot disclosure represents an alln! medety.

z'f-_,

cally refer {0 8 substance containing a glyeosidic bond (L. g type ol

covalent bond that joins a sugar nolecule o another funetional group, n this case an

~

28

A mstety), while ghucosides generically refor to plyeosides devived Brom glucose,

{241 The acetyl celhudose palp most suitable for use 1o the methods of the

1
H

IR

presont disclosure v derived from g monocot speeies, Preferably, the monoent spogies i
selected from the gronp consisting of grasses, corn stover, barboo, wheat straw, bavley
straw, rillet straw, sorghum straw, and rive staaw. More preforably the monocot speciss

2

s corn stover. The scety! cellulose pulp may be prepared by any method known i the

i
A

-

P

mdustry, One now-lniting example of the p?ﬁp?&i‘&ii{}ﬁ of an acetviated cellnlose pulp,
disclosed in WIPO Publication No. WO 201 3044042, mvolves trzatment of

N

anceifulosic biomass with a C-Ur actd (ue. anacid contadning | ov 2 carbon aloms)

followad by washing with a C-Cy soid-miacible organie solvend.
30 HWH2S] The alcohols most suitable Bor use 1 the methads of the present

dinclosure are those containing between 1 and 4 carbon atoms: methanol, ethanol,
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propanal, atancd, and isomers thereof, The aleohol is prefevably present in at least a 571
weight ratio of aleohol to acetyl cellulose pulp

{B026]  The acid catalyst most suttable for use in the methods of the prasent
diselosure sulfore acids of the formula RSCGHH or phsosphonie azid. Suitable, but non-
exclusive examples of sulfonie soids fnclude divonylvaphthalens sulforic scid, 6+
amino-metolusneaptonic acld {also known as 2-amine-S-methyibenvene sulfonie acid),
atiyibenzene sulfonic acids (sold as Calsofl® LAR-99, which iy & Husar albyibenzens
sulfonic acid comprising 8 mintmam 97% of CIO-C16 alky! derivatives of
henvenesalfonic acid), branched dodecyibenzens sulforde sold (sold as Calimolse® EM-

G4, and alkylarylsnifonic and (sold as Aristonio® soid), The avid catalyst way be

ey

homogenems or beterogensous, The aad catabyst s proforably present inoan goount of
at foast §.3% by weight of the aleohol and for eoonomic ressons, preferably not wore

than 4% by weight of the alcohol,

027 o a typical process the acety] celtulose pulp is first washed b the

aloohol of cholee, which i most typreslly methans! or sthanol, although any £

H

aleohol may be wsed. The washed scetvi celiulose pulp is vombined with the alcobol
and an acid catalvst in & reaction vessel and heated for a time and at o teraperatire
sufficiend to form an R-glyeoside fraction from the scetvl celludose pulp. The roaction
cessel 13 then conled o voon femperatore. Typically the condents are filleved 0 ramove
restcdual unrescied midp. The lpdd Gaction woay be Rather sebjoscted to stanlard

‘

separation methods sueh as Haguid extraction or distiliation to viekd a punified K-

e

ghveoside Hachion.
28 In the methods for synthesizing Reghycosides provided heroin, reaction

iime and temperature can be varted. Al teruperatures above 2507 dogradation products

negatively impact the vield of Reglveosides, Al tormperatures below 130°C, the acetyl

ceitulose pulp s not substantially sohubilized and the vield of Reglyeosides is also
negatively impacted.  The preferred reaction temporature 15 therefore 150-250°%C, The
range of roavtion times in the methods provided hereln ia typieally between 15 nunuies
and 45 minutes . Heating the aceivi celinlose pulp at these tomperatures and thimes
sefubilizes the acetyl cellulose pulp, solubilizes hydrophobic sulfonic acid catalysis, and

allows for the formuation of an R-glveoside fraction while aveiding the formation of
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Q

0291 Typically, the vield of Replyvosides from these mothods is between

.

20% and 60% of the weight of the starting sugars In the acetyl cellulose pulp. Cther side

products of the methods may includs Jevoglucosan, levalinates, Axfurals such a

hydroxymethyl furfiral GIME), and some soluble free sugars such as dexirose.

B30 Synthests of Suger Alcohob from R-glyeosides, The present
disclosure provides, in another aspest, methods of synthesizing sugar aleobols fram Re
glyeosides in the presence of hydrogen and a hyvdrogenation catalyst as depicted in
Figore 1. An Sugar aleohols that can be synthesized by the present methods inchade, bt
arz not imitted o, sorbiind, manndtol, iduol, doletio], wlitol and | d-sorbitan.

3L The Reglveoside can be obtained from a commuercial source or derived
from avy knows method in the industry. In certain embodiments the Reglyeoside i

derived from acetyl colluloss pulp according to the previously described metheds, and

therefore the alkyl motety of the Reglycoside preferably contains between 1 and 4

carbon wtoms.  Other catalyats soch as varfous vopper catalvsis may also be useful.
hen the hydrogenstion catalyst i selected as one conlaining ©
should contatn mintmal antons, specifically less than 2 ppm salfide anions and less thay
i pom ehlonde anions.

0321 The hyde

cenalion catalvs is preforably avidie, Hydrogenation

¥ais comtaining ruthentom, including bat not Hmited 1o ruthenium supported on

carbon, rutheninn supporied on a veolite, nutheninm supporied on TIO:, and ruthenium

paricniariy

~ X

i?;}r{iir:}o‘\"i;as catalyst i preforably present in an amoun

X »

,.

glveaside, in exemplary practices wsing nuthentum on carbon the amount was abowt 39%
by weight of the Beglyroside.

{33]  The methods mehule combining the Re-glyenside, hvdrogenation
catalval, and water 0 » reactor vessel, Al Iy removed from the reactor vessel and
hydrogen 18 charged 0 a destred pressure at oo fomperaturs, The reacinr 15 then
heated 1o 8 temperature for s Hme sufficient 1o convert the Reglveoside 1o a moxturs

comprising ¥ sugar alechol. The teraperature should be at fvast 1530°C and ¢

al least 600 pal. Lower lomperatires and pressnres resul in substantially reduced yield

of the sugar alenhol. Suliable tomperatures ave botwesn 160°C and 22070 Most

o

typically the tomperature should between between 17070 and 19070, with a tomperature

- A ~
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of about 18090 belng most proferred. Sutlable pressures are §80 ~ 1000 ‘;‘i with

joncs

exemplary pressures being about 830 psi. The reaction ime i typically 2 ~ 4 hours,

{34 Under preferved comditions the Reglyeoside conversion rate reaches
nearty 1000 with o mwlar conversion rate to sorhiiol of at least ¥3% In certain non-
Lrmting examples using purified Reglyeosides the molar conversion rate reached 87%
or even 1%,

{B635)  Svathesis of 1,25, 6-hexanetetral and hexanetvisis, i another aspoct,

the present disclosurs provides mwthods of synthesieing a desired compound including

at least one member selocted from the group consisting of 14§ hexanetriol, 1.2.3
heganstetrol, and 1.2.6-hexanetriol, fom a starting compound that i3 a U8 Reglveoside
or U6 sugar leohol present as at least 20% wifwt in s solution comprising water by
bydrogenation with hydrogen tn the presence of s Raney copper vatalvst, The Raney
copper catalyst may be oblained from g conumercial source (a.g., WR (rrace & Co,
inited Mates or prepared by methods known o those of (:s.r»:iia_zs\r}’ skill 1o the art.
Typleslly the method of preparation of a Raney copper catalyat involves alkall reatment
ot a copper aluminum alioy to etch away aluminum from a sarface portion of the alfoy.

0036]  Prof

N od as a fived beding

rabdy, the Raney copper catalyst s depl

reactor and §s present at 396-30% of the weight of the starting compound. In contrast o
)t‘\

i copper chrotoite catalvst deseribed In U, 4,820,080 or other copper catalysts such

as sponge copper (sep Example 63 the reaction with Raney copper can be porformed in

S

.

the presence of water with bigh molar selectivity for |, 1.2,5,6 hexanstetrol, 1,
S-hexapetrio] jwhich pornuts the starting material to be disselved
S0% widwt or more of the reaction mixture when water te the only sobvent, with the
combinesd selectivity for the desired compounds 18 w8 Jeast 50% molimol,

HIISTL  Allhoogh mosoroe embodiments water may be the only solvent, in
pavticuiarly advaniageous embodiments the solvent I8 a mixturg of 20-30% wiiwt waler

1 this case the starting waterial can be from 158%

3% wifwt of the reaction mixture. I the most advantageons embodiments the (2.

3 glyent s propylene glyeol, Tn preforred practices the starting material (U6 sugar

aleohol or €6 alky! glveoside} s at least 20% wifwt of the reaction mikhme. In

exemplary smbodiments the starting material is about 23% wifwt of the reaction

nuxiure. While not being bound by theory, it is belioved the wixture of watrr and
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nns,

propylene ghyeol strikes an optimal balance of having ennugh water to solubilize up o

35% of the starting material while the prosence of enough C2-C3 glyvend permis more

hvdrogen 1o be solubilized i the regetion mixture and further prolonging the e

of the Raney copper catalyst,  When the starting waterial fv a U6 Reglveoside or £8
sugar aleohol, the roscfion with Raney copper under these conditions has a high
selpctivity for HTO and 1,45 hexanetriol, with these combined species acenunting for
over 6% and 1o most case over T0% of the molar vield, Typically the HTO uself

H

Yo annd more typcally at least 40% of the molar vield from the

acconnds for at feast 35
Starting materal,

0638] A Bt

subiset of the methods wvobves the synthesis of HYO from 8
R-glyeosides in the presence of the Raney vopper catalyst, The Reglveostide can be
obtained from a comunerciad source or dertved frovy any known method in the ndustey.
in cortain enobdiments the Reglveeaide s an othyl glucoside oltained from actvlated
cetusiose pulp as provicusly desoribed heretn, The reaction, however, can use any R-

glvonside where the R gronp s a O to C4 alkyl group. Moad preforably the R group is

&

¥

methy! or ethyl, with the most commumly available ghyeosides boing methyl glucoside

or ethyl glucoside
3R A second subsot of the muthods fnvelves the synthesis of FHTO frovn U6

sugar aleohols i the presence of the same The sugar aleohols can be obtained

from 2 commercial souree or derived from any known method in the industry, In certain
embodiments the sugar aleohols may be obtained by hvdrogenation of C6 sugars o U8
Reglyeosides. For example, sorbital s typically obtatned by hydrogenation of glucoese

ovey a Raney nickel cals Frhvl ghucoside may be obtained hydrogenation of an

=

acetyl celhulase ps.s%;*s aceording o the methods proviousty desertbod herein,

[648]  The mothods include i one aspect, combimung ¢

aloohol with water and optionally snd wove preforably with the U2

reaction vessal preferably containing a fixed bed of Ravey copper. Aly s removed trom

the veactor vessel and hydrogen is charged 1o 2 apecified pressure al roors lewmperaturg,
The reactor ts then heated to a temperature and for a e sufficient to convert the
stavting materials fo-a mixire containing the destred watenials, which tn the case o C6
sugar alcohol or €6 Replyeoside wilf be a mixtare of HTO and 14,5 hoxanetriol, Under

tion conditions over $8% of the starting material is converted with a
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seleetivity for HTEY and 1,43 hexanetrin] being least 3% molmeol when only water
used or greater than 60% and even gregter than 70% when a vombination of water and
£22 or o3 glyeol such as propylene ghyeobis wsed as the solvent. Under such conditions
HTO s Jeast 35%% and more preferably at loast 40% of the mo/mo! vigld from the
starting maternal,

[0041] o the methods Sy syathesizing HTO provided hersin, the pressure,

teraperature, and reaction time can be vanted. Preferably the temperaturs 18 between

P75 and 250°C0 In excomplary smbodiments the temperature 190°C
pressure §s preferably between 300 pst and 2300 pst. In more typloal embodiments the
pressurs i3 betwesn &80 and 2000 pai. I certain exemplary embodiments the presswre
is about 1800 pai. 1o a batch reactor, the reaction time is proforably between 1 hour and
4 hours, and mere proforably i 3 heaws, o a coninmions reaction system the inpad
stream of stavting muaterials and the fow rate of hvdrogen are adiusted to obtain an
opiimal residence time of the starting materials n contact with the Raney copper
catalyst. In typical laboratory scale examples, the
nithilitors/mine and the sorbiiol solutinn flow rate was
obtaining an average residence time of 2 bours,

42T In addition to the major hexanetriods discussed above, the sam

wethods of bydrogenalvsts of O sugars or Reglocosides produce oiher polvels, such a

1.2.5 hexanetriol | 1.2 butanedicl, 1,33 botavetriol, propylene glvend, ethylene glyeod

H

andd small amounts. Under condiions whore HTO synibesia s optimum, such as in the
presence of propylens ghveo! and water, 1,2 butanediol s the thivd major product made
after HTO angd 14,5 hevanetrioh

I3 Similarly, €5 sugar aleohols such as ribotol, xylitol and ambiiol, and

o

Reglveosides may alse be subject o hvdrogenolysis over Raney nicke! as

'/
St
Rod
e
[}
b
P
|3
[y
[53

~

hevon, resulting in the production of 12,5 pentanciriad as the donddnant product, along

with 12 butanediol, 1,24 bualanetriol, ghveerol, ethvlene ghyool and propylens glyeol

NN

Ervthriiol may alse be reduced by hvdrogenolyas over Raney nickel o form 1.2

3

4 hutatnetriel, 2.3 budatanadiod,,

\

suatnediol as the dominant product, slong with 1.4,
propyiene giveol aud ethylene glyeol
B8044]  Intramelecular oyelivation of polyels to tetrabivdrofuran

2

derbvatives An impoviant use of HTO and the hexanetviols, pactioudaely 14,8
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nexanetrind, i that these molecules can readily um‘?erga‘} mternelecular ¢

Hon
the presence of an ackd o form usefnd tetrahydroturan (THE dertvatives as shown in
Figure 2. The oyelization reaction is g dehvdration, which relesses 2 water molecnls

form the polvols. The two dominant polvols from Ravey nickel catalyeed

hydrogenolyais of a €8 sugar aleohol are HTO and 1.4,3 hexanetriol, HTO undergnes

cvelization to forw 2.5-bis(hydroxvmethyltetrabvdrofuran (0.5 HMTHE) which is

~

uselnd starting material for the preparation of polymers or 1.6 hoxanediol. Under the

same conditions 4,3 hexanetrioh wndergoes evehimion io form 2-hydoxyethyl

Seee
e

ié;%n‘zzféi}’(Eh_??e}ﬁns‘; witich i3 g vahuable solvent and usefud in the phanmacentical feld,
Advantageously, the acid catalvred Inframolecudar ovelization of these compounds to
their respective THE dertvatives allows for casy separation of the THE derivatives from
one anether and from the starting sugar aleohols and hexane polyols that may remain
anreacted.

{8045 As mentioned in preforred embodiments the actd catalyst s proforabdy
sefected from the group consisting of sulfuric actd, 'f)i};zz.-:ssphmtai acti, carbonic ackd ar a
water tederant non-Bronsted Lewis acid, It was surpriningly discovered that phoaphonie
acid presend as a howogenons catalvat works exceptionally well] while phosphorie acid
does pot work at all ender most conditions, I moay also be the case that beterogenous
phasphenic soid vatalvals uch g were used for forution of glveosides, may alsa be
wsefnd,

{8461 A waler tolerant non-Bronsted Lewis acid 18 a molecudar species that
accepts slectrons in the manner that hyvdrogen accept electrons 1 a Bronstesd acid, but
HSes an accepiay species other than hydrogen, and that is resistant to hydrolysis in the
oresence of water.  Exemplary water tolerant non-Rronstod Lewis acids are triflate
compound exemplified herein by hismnth (HD tritlate and scandiun (1) titlate. Other
suttabie writlates nclade, but are not Hmited to, sitver (I triflate, zine (1) viflate,
gattiom (11 wiflate,, neodymiam (U triffate, aheninum wiflate, indium () siflate, tin
(1) wiflate, lanthanurn (I wiflate, fron (11 wriflate, vitviom (JH} wiflate, dalbham ()
triflate, gadolininng (1) triflate, holmivm (11} triflate, praseodymium (1) wriflate,
copper (1) iriflate, samarham (U triflate, yoterbiom (1) triffate hydrate, and nickel {11

wiflaie,, Other sutisble waler inlerant non-Bronsied Lewls soids inchude, but are not

Hmited o, blsmuth (1D chloride, indium chloride totrahydrate, tin (30 chdonde,
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i4

atuminum chloride hexahvdrate, sthesr (1) acolate, cadmiom solfate, lanthamm oxids,

3

copper {1} ehionide, copper (11 chioride, Hibiun i.:*{):snide, and rathennan (U chloride,

Preferably the acid catalyst is present in the range of 0.05% 10 5% molimol of the

starting waterials in the reaction wixture, Sl another allernative avid catalyst iz

carbonic acid, which can be generated performing the reaction in water, wnder prESSUTeS

and i the presence of carbon dicxide

Y

§§§§§»"§?’§ The wethods comprise combining HTC, uny of the bexanetriols or a

N

axiure of

e samne with oy without any residual unreacted sagar alcohol or ¢ 8-
f NN k Ny fioven 13 H N - Sgenen . O AP
glycoside with the acid catalyst, In one practice the HTO and the hexanetriols may first

b separated torm one another, for example by distillation, {n other praciices the sutire

reaction mixture resulting frem hydrogenolysis of the sugar alonhol or 80 Reglveoside

over Raney vopper can be used and the subseguent THE dertvative separated thereafier
by distillation, I the case where the aoid catalyst is sulfuric acld or 8 non-Bronsted
Lewss aoid compound, the reaction mixiure is prefevably placed ander vanwum of less

than (.4 psi and heated for atime suificient o convert the hoxanciriols and the HTO 1w

their respective wirahydrofuray derbvatives desoribed shove. When the reaction is done

in the presence of carbonic actd, it performed snder pressure, tvpieally at least 625 psi.
{0048]  In the methods provided herein, the lemporahure, pressure, and reaction

time can be varied, When the acid catalyst s ned genersted from 0, the tomperaturs

38 proferably between 1HOC and 150°C, In methods using solfarie acid or infifhie

alysis, the temperature, pressure, and reaction time can be varled. Prefer

o

temperainre 1s between 120°C and 13070, Temperatures below 126°C faill to provide

sufficient thermal envrgy to effectuate ving closure, Temperatures above 1530°C inducs

formation of unwanted side products. When g wriflate, soch as bismuth triflate or

: 5 <

scandium iriftae 19 used as the acid catalyst, the tempersture s more preferably abot
{0049 Further, the acid catalyeed ovelization preferably takes place under
vacunm o faciiitate romoval of the seater formed by the debdration and subseguent

recovery the desired THE dertvative producis, The vacaom is preferably within the

pressure range of 3.0 10 8.0 pot. Preasures below 3.0 pst niay cause some of the desired

THE derivatives having low boeiling points and high vapor prossures to ovaporais,

Hresaures above 6.0 pst fal o revaove the water formed during the reaction. Lower
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LR

H

pressures such as less than 8.4 pst, ov even 0.1 psi are wetul for the subsegnent recovery

of THE derfvatives with lower vapor pressures and/or higher boiling poiats.

s

I0050]  Suitabde reaction fimes are 1 o 4 howrs. In some embodiments the
reactions e complete tn less 1- 2 hours, and in some smbodimenis abant 1 hoor

{S1] The non-Bronsted Lewis acid catalysts useful heretn are all watar

levant. Preferably the non-Bronsted Lewis aoid catadyst is a metal triflate.
the non-Bronsted Lewis soid catalvet iy homogensous, In partfcular embodiments, the
aon-Bropsted Lewis actd catalyst is seleoted from the group comsisting of bemuth
wittate and seandium wiflate. The tiflate acid catalyst Ioad is preforably between 0.5
moke percent and § mwle pergent based on the starting polyol, gad more preforably
present i an amount of 1 mole pervent based on the stavting polyol materials,

832 1o addition 1o the above compounds, other polvels oblained by Raney

nickel catalyzed hydrogenation of C8 sugar alcohols or Reghucosides include, 12,6

hesanstriol, 12,5 hexang trich and 1.2,4 butanetriol. Acid catalyzed oyelization of these
cormpoand predominantly forms Lanethann! tetrahydropyranal, §-
methyitetrabivdroturan Zomuethanol, and Ydydroxy tewrshydenturan, respectively.

JOOS3L Further, a US sugar alonhols may also be redhicad 10 fower polvols over
Raney nickel, When a CF sugar aloche! is used, the dominant redoced polvel i 1.2.8

e

pemtanetricl, Ao catalyeed ovelization of this compound predominanily forms
tetrahydroturan-2 methanoel,

JO054]  As shows in Table 1 below, clearly full converslon of the polvols
therr cyelized derivatives is possible. As demonstrated o Table 1 and by certain non-
Hrotting examples, when nearly full conversion of the sturting sugar alcobo! was
achizved, up to & 3% mol/meol vield the ovelized THF derivatives can be obilained from
thelr respective starting polvol compounds, As used herein, "newrly full conversion”™

means af ivast 97% compound or compounds are consaned i the

reaction
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Table 1

% conversion te g ¥ clic derivative

wial ¥
CONVETRIon

provducts | converted
products

55
Pt
L
ard
{3

& hoxanetetrol, orude mixture 5%

5
WREY ‘tt.’f\“?"‘\ erude mixture 2%

fe®)
POy
-{,; 5

_\i\, DR i’iﬁi‘{}s;':ii;‘i{}i\ ‘pa:z.‘e 6% 50

1,24 bntavetriol, pure {83 7594

T R Yvaare Syt vag g 08N G
12,5 hexapetriod pore 1% 3%

»

HEISSL  The 2.5-bis(hydroxymethyl) tetrshydrafonn and other THF (and
pyran derivatives mads from the polyols can be readily separated Hrom one another and
from urercied polyols by distiilation,  The 2 5-bisthydrosymethyl) fetrahvdrofuran
can be subsequently converted to 1,6 hexanediol via oxidation of the fwan ring by
contact with a thentwm oddde catalvst for a thme and a temperature sufficient to
convert the 25-bs{hydroxymethyietrahydrofuran to 16 hexanediol,

I

Preferrably the rhonium oxide vatabyst farther includes stlicon oxids.
RG] The examples that follow are provided to Blustrate various aspects of
the fnvention and are not ntended © Hmit the invention inany way, One of ovdinary

%

skall in the aet may uee these examples as a guide to practice various aspects of the

invention with different sources of seetyl celiudose pulp, different aloohols, difforent

>

acid catalyste, differcut hydrogenation catalyste, different polvol mixtures, or different

conditions without departing from the scope of the invention disclosed.

Exarnple 1: Preparation of ethyvt glyveosides frow acevilated com stover puip
§§§€}§é’?§ Avetylated com stover pulp abtained by the method desortbed g PCY

Puhlication No, WO 201 3044042 wan washed with ethans], Hliered, oven dried, and

ground, A 75 millilder antoclave reactor was chavged with 2 grams of the
ground paip, 40 grams of desatured sthanoel, and 3.2 grams of methanesalfonic actl,

The regotor system was heated to 1857°C, After the set iemperature was reached the

3
3

reactor contents were held af 18570 for 30 minotes, The weactor was cooled 1o room
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fermperature and the contents were Hltered. Abont (.84 grams of dried,

vesidual pulp
was reroved from 44,14 grams of filia

.
e
oAl

e The vield of ethyl glucosides m the filtrate
as a weight percent of the sugars from

fag)

the starting solubibized pulp weas 34

S Exarnple 2r Preparation of methy! glveosides from ac
[BOR8L  Acetyviat

eyvtiated com stover palp

ot con stover pulp was washed with ethancl, fillered, aven
dried

ned, and ground, A TS millilier antockave reactor was charged with 2 grams of the

washed, grownd pulp, 40 grams of methanol, and 0.2 grams of methanesultonie acid.

The resctor systen was heated t0 1853°C, Afer the set terperature was reached, the

reactor contents were held st 1880 for 30 mirges. The reactor was cooled (0 room

tomperature and the contents were filtered, Al 0.93 grams of dried, restdual pulp

was rernoved from 44.72 grams of filrate, The yield of

mencmethyl ghucosides w the

B

Birate ax a molar percent of the starting sugars i the pulp was 43%.

-

X Nt £

{ ghycosides from acevtiated corn stover pulp

{80581 The procedure described in Example 2 was followed wsing variows

reaction tmes and temperatures and various solds resuliing in the mobar vields of

monometiiy! glocosides shown in Tabde 20 EM 299 43 a branched dodecyibenpene
2

sulfonic aoid (sold as Calimulse® BM-8N, LASSH v alkyvibenzene sulfonic acids {sold

o8

pTSA by para~tohiene sulfome acid, MBA 13 wethanesulfonic

Y
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EMES9 T LAS9R L pTSA MEA

Temp {85 1S 204 {85

Time {min} i3 15 30 Rt

modar vield of praducts rom nitisd dextrase

WMF ] 009 6561 un
ety
meanh b iael sae] w2l 22

fevalinate

daxirose 147 2.98 1.3 2.3%

fevoghwosan 136 1.4 Y {8
fotal

yaopamathyl 48.31 45 55,85 15.02

'5\; aoasides

Example 4 Preparation of serbitel frow methyl glucoside ~ lower tomperature

&
&

00681 A wmivtore of 8001 grams of methy] glucoside, 101 grams of R/, and

306 milhitders of water was added 1o an autoclave reactor fitted with tomperature and

pressiwe condrollers. Adr was removed by bobbling bydrogen through the diptube

tmes. Hydrogen was charged at 850 psi at room temperature. The mixture was hoated

10 14050 and held b that temperatare for 3 hours. The reactor was cooled 1o room

N

terperature and the remaining hydrogen was released. The reacior contents were

e
fitterad 0 remove the catalyst. The filirate was evaporated under vacuum to obtain fess

than 3% vield of sorbitn! and a farge wmount of wireacied methy! glucoside.

T &

X

mple 50 Prepavation of sorbitol from methyl glucoside — higher tomperanwrs
6T A mixture of B0 gramy of methyl glocoside, T0.F grams of R/ and

300 nuitibtors of water was added to an atoclave reactor figed with lemperanure and

pressure vontraliers. A was removed by babbling hvdrogen through the dip-tube 3

times. Hydvogen was charged gt 850 psi at vocn wmperstire. The mixture was heated

edd wt that temperature for 3 howa, The reactor was cooled to room

femperatare and the remaining hydrogen was released. The reacior contonts wers

filtered 1o remove the catalyst. The filivate was gvaporated under vacuum te oain &

15

vield of sorbitol and a small amows ol wweacied methyl glucoside
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Example & Preparation of sorbitol from wisthy! glucoside

621 A mixnture of 801 grams of methyl glucoside, 10,1 grams of R, and

SO0 muitihters of water was added to an autoclave reactor fited with temperature and

prossure controllers. Al was ramoved by bubbling hyidrogen through the dip-tube 3

3 Hmes. Hydrogen was

bat 830 psi al roow temperative, The mixture was heated
to IROSC and held at that temperature for 3 howrs. The reactor was coofed to room

temperature and the remad xing hydrogen was released, The reactor contants were

fiftered to reroove the catalyst. The filtrate was gvaporated under vacm o obiain

1% vield of sorbitol
)
rample 7 Preparation of 1.2,5,6 bexanetetrol from methyv glucoside in water

with sponge copper catalyst ~ comparative sxample
08631 A mixtore of 801 grams of wethy! glucoside, 24.8 grams of sponge

copper, gnd 300 mitiiers of water was added 1o an amuociave reactoy fted with

3

I3 demperature and pressuve controllers. Alr was removed by bubbling hydrogen throug
dip-tube 3 times. Hydrogen was charged at 850 pai at room tomperative. The mixture
was heated 10 225°C and held at that temperature for 3 hours. The reactor was cooled to
room teraperature and the rematning hydrogen was released. The reactor contents were

to remove the catalyst. The Gleate was evaporated under vacaom to obtain

28 G-hoxanstetrol (153% wifwl) and sorbitol {859 wifwi).

Example 8 Preparation of 1,258 hexaneletrol from sorbitol in waler with

Raney copper low prossure

o

{0641 A Raney copper catalyst was loaded o a fixed bed reactor system,
25 The reactor was charged with hydrogen at 600 pa, and the hydrogen flow rate was

wiainiained gt HIO0 millilitery/mingte, The regotor was heatod 1o 27

A selution of

PRI

SO% weifevt sorbiiol and waler was fod through the reactor systom af a rate where LHSY

&

= .5 The conversion of sorbitol was 88.5%, with a 5.8% weight vield of 1236+

hexaneistrol
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Example & Prepavation of 1.2,5,6 hexa

SUEY COPPET
Ransy copper

{863} Raney copper catalvat was loaded inlo a fixed bed reactor svstem as in

R

example 7. Hydrogen was charged at 1800 pst, and the hydrogen flow rate wa
maintained at 1000 milliives/minute. The reuctor was heated to 205°C. | Againa

sotution of S0% wifwt serbitol and waler was fod through the reactor system at a rate

b

where LHSY = 0.8 The conversion of sorbitol with 8 28.8% sefective welght

vield of 12,5 6-hexascletrol, Other polvols were pressut but not gquantified.

Example 10 Prepavation of 1,2.5,6-hoxaneietrol from sorbitol in water/prapylens
glyenl with Raney copper
{B8ae]  Solutions contaiming 25%wiiwt sorbiiod, about 23%wiat waler and
abnat 30% weight propylene glyeol as shown in Tabde ¥ were pussed through a Rasey

copper fixed bed resctor systom as deseribed in Examples 8 and 9, &l

The §f<’.:§u§§ing resciion mikiure was analysed for

3 A

5.6-HTOY with the vesolia shown in Table 4

Table 3

Sampie - Feed Temp Prassure LHSY M2 How

Fropyleng | Sorbitol
i Glyeol % ) watar % C Ba riifrain

s
P
o
"
]
o
s
1
A
pa
oy
ot
[
g
<
Py
g
P
3

o
>
&

7,
2
41
i~
19
[
P
ps
"
e,
[
e
243
s
<

50 2% 45 210 18G4 8.5 884G
54 25 5 210 1800 4.5 ]84
S0 5 25 218 1800 2.5 200

Mg
1204 53 25 35 10 1800 LA

#x3
oG
s
[
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Table 4

Sarbitot
Ssnipde | Conversion FG Molar Selectivity {88}

3= 1,2~ .26 1 145 1 1356

i %% % £G HOO BOG HTO HTO HYQ
9% 52.5 13.23 314 15,76 5 3271 1 3508
99 52,39 | 1243 1.33 1558 5.36 32.15 37.83

Qg 4353 1148 3.1 1385 5.34 281 37 R?
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Exaraple 11 Conversion of 1,2,3,6 hexanstetrol 0 2,5+

bisthvdroxymethyietmhydrofivan with sulforic aoid

5 6T A solution of 0.6 grams of conventrated sulfuric achd and 36 grams of

AN

was reacted under vasnam G20 o) at 12090 for 1 howr, The

by

safution was eooled (o room teraperature and then neotralized by adding 3O milliliers of

~a

water and 2 grans of caloium carbonate. The solafion was fieed and then
concenirated ander vacuum 1 oblain about 4 86% vield ol 25~
19 bisthydroxymethyDietrabyvdrofiran,

&

Example 120 Conversion of 1,2.5,6 hexangteiral to 2.8

hig(hydroxymethyDictrahvdrofiran with bismuth wiflate
JGU68] A solotion of 11O milligrams of bismuth willate and 15141 grams of a
IS sorbiiol hvdrogenolysis mivture comtaining 33% wifwt 1,25, 6-hexanetetre! was reactad

under vacten {ess than Sorr) at 130°C for 2 howrs The solubion was cooled 1o room

ternperatare. A sample analyeed by high performance haqud chromatography (HPLO)



s

rewed
o

(9]

o

-~

30

WO 2015/156802 PCT/US2014/033580
22

A

showed full conversion of the 12,5, 6-hexanetetro! and mdicated that 93,49 of the

i

thearetical vield of 2, 8-bisthydroymthyviMetrahvdrofivan was oltained.

Example 130 Conversion of 1,256 bexanetetrol to 2.3

histhydroxvmethyDietrahyvdrofuran with scandium triflate

H886%] A solution of 89 miihipramg of scandivan niflate and 163,57 wramns of a
i P &

sorhitol hydrogemohyais mixtore containdnyg 33% witwt 12,3 6-heoranetetrn! was roactad

Y

ey vacuum (less than 5 torry at 13070 for 2 hours, The solution was cooled {0 room

temperative, A sample analvesd by HPLO showed bl conversion of the 1,25

hexanetetrol and indicated that 91.3% of the theoretical vield of

froxvinethylHetrahydrofoan was obtained.

Example 14 Conversion af 1,2.5,0 hexanetetn! 0 2,5+
his(hvdrogymethyDetrabydroforan with bismuth miiate
{0078 A mixtere of 344 mulligraros of 12,58 hevareterol and 24 nniligrans
of bismuth wiflate was reacted under vacuum {200 oy at 1300°C

T4

resuiting residue was conded 9 room tmperatre. A sarople apal

chromatography indicated that the residoe contained 1,24% ii*\ \.xfeigzlf?li‘i_} of the starting

hexane-1,2.5 6-tetro! and 61.34% {by weight) of the &

diviidimethane

] 20 T

Example 14 Conversion of 1,2,5,6 hexanstetrol to 2,5+
Sis{hyvdroxymethyl Hetrahydrofiwan with phsosphonic aeid

BT A throe nedh

¥

g v
§
i

300 mL roamdd bottomed flask equipped with a }

'y

ated magnetic stir bar was chavged with 300 g of & wesophasic, off~white oif

A A -

comprised of ~42 wib 1,2.5 f-hexanctetrol and 344 ¢ of phosphonic acid (PO 5

2

noi% relative to HTOL One neck was capped with & grounsd ghs

ass jodm, the comter with

ror

a sleoved thermowell sdapter fitted with a thesmocoaple, and the last a short path

reeq

comdenser affived o a dry-ice vooled 230 mi. pear-shaped receiver, While vigorously
stirving, the mixture was heated o 150°0 under vaouurn {30 ey} for 4 howrs, After s

time, the vacuum was broken and residusl, light colored oif cooled, and weighed,

at,

furnishing 3.06 g GC analvsiy indicated that 98 wel% of the HTO had been converted

b

[
wooh.

and the selectivity vield for 2.5-bisthydroxymethy! Retrabivdrofivan was 8% a 1ok



)

)

o]
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Example 180 Freparation of tetrabydrofaran-2~ methanol frow 1.2.3 pentanetriol

BT A muxtuwre of 105 grams of -pem;’-’;_n_a--i,;,,5~~§_riaﬁ§ gnd 37 milligrams of

A I Oy

biamanth riflate was reacted under vacuuns (200 torr) at 130°C for 2 bours. The resulting
residue was covled 1o room temporature, A sample analyvzed by gas chromatography
ndic wy waighty of the starting pentane~!

oy

friol angd SO3T79% {by v he desired {(otrahydrofuran-2-vhnwthanol.

Example 170 Preparation of 3+ tetrabydrofivane] froan 1,24 butanetriod

IBOT3 A wmivtore of 1.00 grams of 1,24 butanetriol and 82 willigravs of

basmuth triflate was reacted under vacuum (200 tored at 1307 for 2 hours, The resulting

residue was coolod 1o room temperature, A sample analyzed by pas chromamtography

indicated that the residue contained 12.56% (by weighty of the starting butane-1,2 d-irind
and T635% {by wedght) of the desired tetrahydrofran-3-ol
Exanple 18 Preparation of S-methylictrabydrofiran-2- wethanol from 125
heyanotriol
(8741 A mixture of $17 milligrams 12,5 hexanetriol and 40 milligrams of
bigmuth feiflaie was reacted ander vacuum (200 torrd at 1307 for 2 hours, The resulting

1T

restdue was cooled 1o room tempersture, A sample analyzed by gas chronutography
indicated that the starting hexane-1,.2.5-tin! was completely converted and that the
residue contained 75479 (hy weight) of the desired wethyltetrahydroforan-2-
methanol, Also produced at a 7.42% weight vield was the isomer Z-methyl-4-
teteahydropyranol,

Example 19 General analvtical protocal for ring oyelization

W8TS] Upon completion of the resctant debydrative eyelizations as desenbed

i examples 11-18, a sample of the reaction mixture was withdravwr and diluted with
enough water to produce a 1-3 mpdml solution. An aliquot of this was then subjected to

high performance Hguld chroreatography (HPLCY for quantification using an Agtend

-

<

NaR

12008 serigs instnunent and emploving the following protocoll A T pll sample

injecied oo a 300 mm < 7.8 mm RioRad® organic acid colama that was pre-
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equilithrated with an § wh salirie scid mobile phase and Howsd ot 2 vate of §.800
wi/min. The mobile phase was beld tsocratic and molecular targets eluting from the
colun al signatare tmes determined by refractive index detection (RIDL A
ariditative method for sach analyte was established prior to injection, applving lineay

regresston analyaiy with correlgtion coefficionis of at least §.995
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CLAIMS

A method or making & reduced sugar aleohol including at least one member
selectadd from the group consisting of 1235 —pentanetriol, 14, 5-hexanctriel, 1,2.6-

heranetetrol, and 1,2.53.8

sxaneteirol, comprising,

coptaching a solufion comprising waler and ol loast 20% witwt of & starting
compound selected from the group consisting of a sugar alechol and a Reghveoside of a
sugar, wherein R s a mothyl or othy! group, with hydrogen and 2 Raney copper catalvsl for a
e and at a temperature and pressuve safficient 1o produce a mixture comaining one or mote

20

of the reduced sugar alechols with a combined selectively vield of af least 30% molmnl,

o The method of olaim |, wherein the starting compound i 8 €8 sugar aleohal
selected from the group consisting of sorbitol, manntiol, ididiol, daloitol, taliol, and L4

sorbatan and the reduced sugar aleohol s gt least one of 1,4

,.

hexanedriol and L2506

hevanetetml

30 The method of elaim | whereln the starting compound is a methyl or ethyl

gluenside and reduced st

R

gar aleohol 1w at least one of 14,5 hexanetviot and 1,236«

-
foecs
£
o
w2
&
¥
o
Ie]
o
o
o

%
H
i

4. The nwthed of claim 1, wherein the femperatire 18 175%¢

pressure 18 between SO0 pst and 2500 pst.

B3

S0 The method of claim 1 wherein the solotion comprises ZH30% wiwt water

& The method of oladm 1 whersin the solution comprises 20-30% wifwt water

wifwt propylens glyeol

7. The method of claim § wherein the combined selectivity vield is at les

vt Fye e b
ISIER £ TN

& The mothod of olaim & wherein the starting compound is sorbitol and the
reduced sugar aleobol is predominantly 12,5, 8-hexanetetvol formed at a vield of at least 358%

molmnt
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8. The method of clatm & wherein the wheretn the z\i’:ﬁz*i.ing compound iz a methyl
or ethyl shucosid the reduced suvar adoohol § v 12,8 6-hexanet
oF ethyi glucoside and the redused sugar alechol is predominently 12,5, 6-hexanetetrnl

formed at vield of af least 35% mol/mol

10, The method of claim 9 or 10 further comprising contacting the 1.2,.5,6-
hexanetetrol with an acid sslected from the group consisting of sulfirie acid, phosphonic

acid, carbome scid and g water tolerant non~Bromsted Lewis acid for a time sufficient o foem

2.5 bisthvdoxymethyl) tetrahivdofuran,

i The methed of claing 11 wherein the §] s separated from the

mixtore prier o vontacting with the acid,

Welaima 1 whersin the slarting compommd s a U8 sugar alcohol

% 1

from the gronp vonsisting of xyliinl, ribotel, and srabintiol and the reduced sugay

3
:

P PR
SEROTRQ

aleobol 18 predondnantly 12,5 -pentanciviol

13, The method of olati | whereln the Raney sopper catalyst is deploved as ¢

fixed bed calalyvat in g reactor,

14, The method of claim 1 wherely the starting compound is at least B owiiwt of

13 A method of making 1,25 0-hexanetewel comprising,

com‘ac;ing a solution comprising 20-30% wifwt water, 43-53% of propylong

{6 sugar aleohol and a Reglyeoside of a Cf sugar, wherein R ix g owthy! or ethy

hydrogen and a Ravey copper catadyst for o time and a1 a torperatore and pressure s

to produce 8 mixiure contaiming the 1,25 S-hexaneteirol with a selectively vield of at least

whexaneietrol

H, The method of olaim 15, wherein the selectivity vield for 12,5
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17, The method of olaim 15, whersin the Raney copper catalyst is deploved a8 a

1§, The method of clatm 15, whereln the supay alocho! andfor Reglveoside is

~ -~

contacied with the catalyst &t # temperature bedween 17370 and 2530°C and at a pressure

el

betwesn S pei and 2500 psi

19, The method of cheim 13 wheretn the propyvlene glyonl i S6-339% wiwt of the

(R

solution mul the starting compound 18 ot least 2396 wi/wt of the sohuion,

20, The method of elaivo 13 further comprising contanting the ‘s,,';E,S,(&»-.‘i‘;a-:.xaac;onni

{,

with an actd selected from the group comsisting of sulfurie acid, carbonie acid, phosph

acid and a water tolerant non-Brovsied Lewis acid for a How sufficient to form 2.5

tetrabovdoforan,

21 The method of claim 20 wherein the 1,2,5.8-hexaneteiral is separated from the

witure prior o confacting with the acid.



