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SYRTHESIS OF R-GLUCOSIBER, SUGAR ALCOHOLS, REDUUED SUGAR
ALTOHOLS, AND FURAN DERIVATIVES QF REY =0 SUGAR ALCOHOLS

THCHNICAL FIELD

{001 The present igvention relates to the syothesis 1.2.3,6-hexavetetrol

103, 14,3 hexanetriol, and 1,28 hexanetriol from {8 sugar aleobols or R-

BAUKGROUND OF THE IKVE

VEEON

{881 Reglycosides are known 1o be tmportand infermediates for the
production of fine cherrdeals, nchuding sugar-based surfactants. Ordinarily, R~
ycosides ave prepared by Fischer glveosidution of an Realoohol with a sugar, which

e

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

carbon o D OSt CORTNON SGRar I8

aegar and the vdroxy! group of the aleokel. T 1
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gluecose. Reglveosides can also be prepared by acid cutalvzed Fischer ghyeosidation of

glecose residues in a polysaceharide such as starch or cellalose with an aleohod,

resniis o oleavage of the glvensidic bonds in the polysaccharide via substitution of o

aleohol muietizn fornsing the free glucosides, Birong acids, elevated temperatures, and

glovated pressures are typi cs;ﬁiiy needed, A mechanizm compatible with milder

eonditions and utieing & leay expensive starting material, especially 8 starting material

3 &

¢ Hinited apphications, would be econemically advantageous, sapecially on
an indostngl seale.
M) Colhulose iy a primary component of plant matter, I8 non-mauritive, and
i3 nod widely ptilized outade of the paper and textite industries. Cellulose can be

rer, hyidrolyvsis is

converted o ghwose through ackd or enwymatic hydrolysis, hows
ditficult daoe to the robust erystaliine structure of celinloss, Koown acid hyvdrolysis
methods typically require concentrated sulfunie acid o schieve good yields of glucose.
{infortenately glecoss In the presence of conconirated sulfurk actd can degrade to form
Byrdroopyrethyifurfueal CHMP™) which in turn can Ruether polyrmenize inlo a tarry
substance Roown as humuans, The formation of HMY and tacoy buming segatively
impacts the vield of glucose and requires additional separation steps, Enzymatic

fpdrolysis methods Rnown 1o the art are also oapractical for Indostaial seale conversion



L

WO 2015/156803 PCT/US2014/033581

M
o
Y]
7%
e
jory
pond
o
%

4
]
o
»/

14
=
i
&

7
4
i
Fe4]
ons
:::

¢ to low veaction rates and expense and enzvines do no
hydrolvze colhulose that has been chemically modified.

0004} Recantly, Den

ug of al. reported the divect conversion of cellulose and

methanc! s methy! glocostdes fo the presence of an acid catmlvst, Deng of all, Ackls

catalysed Direct Transformation of Cellulose into Methvi Glucosides in Methanol at

5

Moderate Teroperaipres, 48 Chem. Conug. 2

)

SER-TO 2010 Various dilute minsrad and

orpanie acids were tested, with sulfric actd providing the best vield of methyl

cggin-type heterppolyacids were also tested, with HPW 04

36 methyl ghucesides. However, the conversion of ethaned in the
presence of HaPW ol resulted in a decreased vield of 42% ethyl plucosides. Solid
acids were tested, weith various forms of carbon bearing SO groups giving the hest
vield of methy? glucosides at 61%.

S Move recently, Dora et sl reported the catalyiic conversion of cellulose

3

into methy! ghicostdes over sulfonated carbon based eatalysts. Dora st al, B

Catalviic Conversion of Cellubose into Hish Yields of Methyl (Hucosides aver

sutfonated Carbon Bassd Catalyst, 120 Bloresouree Technology 31821 20120

Carbon based catalysis comtaining SO:H groups were synthesized and evabaated for the
conversion of cellufose in mothanol, Specifically, microcrystaliine celludose was

reacted with methanol sud the sulfonated carbon catalyst (30% by weight of the

microervataliine cellulose) at tomperatures from 1739

vigld of methyl ghucosides was obiatned atax
{9861 Toming to sugar alcobols, here ave currently no known processes for

producing sugar alcobads (Lo, hexitols or pentiteds such ax sorbitol and xylitol) from

alkyl glyvcosides by hydrogenation, Typieally sugar alcohols are produced by heating

unmadified sugars at elevated prossure in the presence of a hvdrogenation catalyst.
BB871 Recontly, Fukooka ef al. reported that sugew alvohnis could be preparad

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

activity for the conversion of collulose inte sugar aloohads with the chotes of support

o

“whuoka of al, Catalviie Corversion of Celludose into Sugay

matenial being boportant, 1

N

s, VIR Agnew. Chem. S285-87 {2006}, The mechanism involves the hvdrolysis

of cethidose to ghicase followed by the reduction of glucose 1o sorbidol and marmitol
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However the vields were at best around 30% conversion (o sugar alcohols, and the
eactions ook place ot an elevated pressure of 3 MPa.
[OBOR]  More recently, Verendel et all reviewed one-pot vonversions of

saceharides o small organiy molecules under a variety of vonditions. Verendel ot

[
4 ,.-

al., Latalviie One-Pot Prodaction of Small Orpanies from Polvsaccharides, 11 Synthexis

FOR77 201 Hydeolvais-hy-hydrogenation of celiulose under acidie condittorns and
elgvated pressuve was disclosed as vielding up fo 9% sorbitol, although these processes

were categorized as “by no means simple.” The direct hvdrolvsis-hydrogenation of

starch, inulin, and polysaccharide hvdrolysates to sugar aloahnls

[

jvad
“Z
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s supported metals
wer ydrogen without the additton of soluble acids was also disclosed, Ruthenium o
platinam deposiied on aluminas, a variety of weials supporied on activaled carbon, and
zeolites were reported av suitable catalysts for celluloss degradution. The effect of
iransiiion-metal panochsters on the degradation of cellnbiose was also disclosed, with

acidie vonditions yiekling sovbitoll A different stndy looked at the conversion of

o

cellnlose with varying crystallinity o polyols over supporied ruthenium cataly

ruthentum supported on carbon nanotobes giving the best vield ol 7
886%1  Thore romatns a need for costeffective methods of producing sugar
aleohols with high selectivity and through alternate pathways,

NAN

IS On yet another sulyedt, the modecnie 12,5, 6-hexanstetrol CHTG s g

T V(

usefnl mtormedinie in the formation of bigher value chemicals, HTO and other polynls
Baving forwer oxyvgen ateams than carbon atoms may be considered a “reduced polyols”
Corma ot al. discloses gonerally that higher molecular waight polvols confaining af least

fowr carbon atoms can be used fo manntacture polvesters, allyd resins, and

potvursthanes. Comaa et al., Chemical Routes tor the Transtormation of Bromass g

2443 (2007,

613 Sorbitol hydrogenolysis is knoven o produce HTG, although typically
the reaction conditions are harsh and non~economical, US Patent No, 4,820,880
discloses the pradoction of HT( involving heating 2 solofion of a hexttol i an organi
solvent with hydrogen at an elevated tomperature and pressure fn the presence of a
copper chromife catalyst, Exemplary starting hexitoly fnclude zorbtiol and manniiol.
Water was found 1o adversely affeet the reaction speed requiiring the reaction o be

performed  the absence of water and instead using ofhylene glycol monomethyl sther
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sethylens gi}-’t;}i monoethy! ether ay the sole sobvent, which pots g sefubility Bmidton
the amoant sorbiie! that can be reacted. Under such conditions the maxinmm

conceniration of sorbiol that was shown to be useful was 8,49 wifwt in sthviene ghve

menpamethy! sther, which provided a modar yield of about 28% HTO, In o similay

regction where the sovbitsd concentration was reduced o about 2% witfwt in glvend

monomethy! ether, the wedar vield o HTO was 38% however the low concontration of

-t

os such a process uneconomical, More vecently, US Patent No. 6,841,083

L1
i

discloses methods for the hydrogenolysis of S-varbon sugar aleohols, including sorbital,

-

involving reacting the starting material with hydrogen at a temperature of at legst 120

i the presence of & chenwn-containing multb-metallic solid catalvat, Nicke! and

vuthenium catalysis were disvloss

tor serbitol hydrogenolysis,
however these eatalyst predominantly produced Jower level polvols such as glveero! and
propyiene glveol and were not showy 1o deleciably ;:}.:‘{\,duce HTO or hexangiriols.
{0813} There remains a need for improved costeffoctive catalyst for
producing HTO from sugar aleobols and a need for alternative substrates other than
sagar aleohols,
HHHY Op another background subjet, the molecule 2.3
brsthydroxymethy etrabydroforan O SSHMTHEY i3 typleally prepared by the
catalyzed roduction of HME, This s impractival dus o the expense of HMF, harsh

reaction conditions, and poor vields, For example, US Patent No. 4,820,380 discloses

the comversion of HTO to 2. 5-HMTHE in ethelene glveol monomethe! ether with
fvdrogon at g pressare of at least 50 atmospheres, i the presence of a copper chromtie
catalyst, at a temperature i the range of T8I°C o 230°C.

4] Overalll there 15 2 need In the art o devise economieal methods fur

o

-

converting oplivtose 1o alkyl glvensides, tor converting alky! glveosides o sugar

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

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

SUMMARY OF THE INVENTION

B85 The present disclosore provides, i one aspect, methods of
Heghyeosides from acetyl celhilose pulp substantially without the formation of

degradation produets. Those methods involve heating an acetyl cellulose pudp in the
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presence of an aleobed of the formula ROM, where B v a C-0y alky! group, and an acid
catalyst setected fom the group cousisting of phosphonic acid and a sulfonic acid, fora

fume and at a fomperure sefficient to form an Re-plyvoside Saction from the acetyl

e

celiviose pulp, u preforred practices the acetyl cellufose pulp s devived fram a

3

monoeot species, fov example, a spocies selected frowm the group consisting of grasses,
corn stover, bamboo, wheat straw, harley straw, millet siraw, sorghom straw, and ries
sivaw, In exemplary embodimends the soid catalyvst s a sulfonie acld of the formula
RgS{}SH where R is an alkovl or eyvcloalkyvt group,

816 In ancther aapent the present diselosure provides methods of

pes)

ing sugar aleohols from alkyl glycosides,  These methods include contacting 4
sodntion containing an R-glycoside with a ydrogenation vatalyst for a thme and at ¢
temperaiire and a pressues sufficient 1o convent the R-glyooside 1o a mixture vomprising
the sugar aleobo! and ROH, where R i3 2 C-Cy alky! group. The hydrogenation catalyst
may contaim copper anddt rethenhum. When the hydrogenation catalyst comprises
copper and the solution shonld contains less than 2 ppm sulfide avdon and loss than |
ppm chifonde aons. Exemplary ruthenium catalysis ave selected from the group

1+

consisting of ruthenium supported on carbon, ruthenbuy supported on a voolie,

wted on Ty, and ruthentum suppovied on ALOs.
W7 In ancther aspect the fbregoing method are combined providing a
method of produsing sugar alcohols from acetyvlated cellulose pulp that includes

= ¥

generating an Reglycoside from scoryl cellidose pulp as desoribed above; and contacting
the B-glveoaide with g hydrogenation catalyst as further described above..
{0818 fu another agpoct the present disclosure provides methnds of making &

reducedt sugar aloohol including at least cne msmber selecied from the group consisting

These methods inchude

(/

of 1,45 hexanetriol, 2.6-hexaneterrad | and 12,38

comacting 8 solution comprising water and al feast 20% wiywt of & starting compound
selected from the group consisting of a €8 sugar aleohol and a Reglveoside of a C6
sugar, wherein B s & methy! or ethyl group, with hydrogen and a Ranoy copper catalys

for a time and at g temperatore and pressure sufficient © produce 3 mixture containing

one o nure of the a redused sogar aleohols with a combined sels cii\-ffsﬁ} vield of o feast
S wolmoel. Inomost advantagoous embndiments of these methods the reaction
solution comprises 20-30% wtiwh water and 45-55% of a U243 ghveol, Inan
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exemplary embodiment the solation comprises 20-30% wtiwt water and S0-35% wifwt
propylene ghyeol, These methods provide of a combined selectivity vield for ther
reduced sugar aleohols of at least 70% mol/mol. One specific embodiment of these
methods 13 @ method of making 1,25 6-hexanetetvol. This specific embodiment
5 inchides contacting a solution comprising 20-30% wifwt water, 45-35% of propylense
cast 0% wirwt of a starting compound selecied from the group consisting
of U6 sugar aleohol and a Reglveoside of a CF sugar, whereln R s g methy! or etlnd
group, with hydrogen and a Raney copper catalyst for a tinw and at & teraperature and

preasure sufficieny o prodoce s miknrs containing the 1,2,5.6-hexanctetro! with &

Pl
G
’/

selgetively vield of at least 35% wifwil, In most advantageons embodimends the
selectivity vield for 1,25, 6-hexanetetrol s at least 4% widwi,

8151 In vol another aspect, there s provided methods of making

fetrahydrofuran derivative st hvdroxvmethy Retrahydrofuran fram the

reduced sugar aleohol. In one ewnbodiment these wethods include contacting s mixture

)

b
<

S comprising £2.5.6-hexaneteirol with an acid catalyat selected from the group consisiin
of sulfunie acd, phosphonie acid carbore acid and g water tolerang pon-Bronsted Lewis
acid for g time and at a temperature and a prossure sufficient 1o convert the 1,2,3,6-
hoxaneigtrol to 2,3 bisthvdroxymethyl dotrahydrofuran,  In exomplary embodiments the
non-Hronsted Lewis aeid is a triflate compound such as of bismuth iriflate and

20 soandhen triffate. G other eremplary embodiments the soid acatalyst is sulfunic acid.
ina proforred ombodiment the actd catalyst is pheosphonic seid,

{8281 In cortain embodiments, the mixture forther nelundes 14,5 hexanetrind
and contacting with the acid catalyst Rwther converts the 145 hevanstriol o 2~

i tefrahvdrofuran, In certain evsbodinents the method includes making 2

25 hvdroxyethyl iieimi'}}";'i'f.'ﬂi‘i.u‘an by contacting a mixtore comprising 14,8 bexanetriol with
the same type of actd catalyals, Purther wethods may further inelude separating the 2+

Y

hvdroxyethyl fetrabvdeofaran from the 2.5 -bisthydroxymethyl potrahydroturan, Ing

v

particular further embodiment the separated 2,5 bisthydroxymethyl) tetrahydeofuran ia

contacted with & rhentom oxids catalyst o a time and a teraperatore sufficient o

o

‘
hd
<

comrvert the 2,5-bisthydroxymethylfetrahydrofiman o 10 hevanedicd.
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BRIEF DESCRIPTION OF THE DRAWINGS
021 Figure 1 shows svnthesis of R glocosides from acetviaied celhdose
over at acid catalyst i the presence of an R aloobol, andd synthesis of sorbitof from R-

TN o STQ 3CET . oy sery s byt crerogyasde s f e
glucostdes via bydrogenolysis over a hydrmgenation vatalyst according 0 cortain aspects

HIZ2] Plgure 2 shows synthesis of hexanetriols and 1,2,5.8 hexanetelrol via

hyvdrogenolvais of sor

-

rhite] anddor a C6 Reglucoside over a Raney nicke

aveording to other aspeets of the invention, and shows synthesis of 2,5 ¢
wirahydrofuran frove 1.2.5,6 hexanetorol, and syuthesis 2-hvdrox s\zm

0 tetrahydrofuran from 1,45 bexanetriol, cach by contant with a non-Bronated Lewis acid
according 1o vet anothey aspeot of the invention.

X

DETAILED DESCRIPTION OF THE INVENTION

{033 Synthests of Reglyessides from Acety! Cellulose Fudp. The present

ot
R

disclosore provides, in one aspect, methods of synthesizing Reglyensides from avetyl

X

et ioee 1 iy Shie yvposs N Gyl an act cataluer SR sa nmed gonerieall
cellalose pulp in the presence of ax alcohol and an acld catalyst. "R as used generically

m chentcal formudae thronghout the pressnt disclosere represents an alkyl maoiety,

cenerically refer {0 @ substance containing a glyeosidic bond (e, a type o

z'f-_,

P
a4
e
Pa
<
[47]
Pas
i
7y

’ /'
/;0

covalent bond that joins a sugar molecule to ancther funetional group, in s case an

28 A mctety), while ghucosides generically rofer to glveosides devived Bom glucase,

{241 The acetyl celhudose palp most suitable for use tn the methods of the
present disclosure i derived from @ monocnt speeies. Proferably, the monoent spoeies i
selected from the group conaisting of grasses, corn slover, bamboo, wheat straw, barley

straw, rallet straw, sorghum straw, and rive steaw, More preforably the monocot species

celiulose pulp may be preparsd by any method known in the

i
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o
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o
o
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mdustry, One nonel zmisﬁ.iz‘}g example of the p?ﬁp?&i‘&ii{}ﬁ of an acetyiated cellnlose pulp,

disclosed in WIPO Publication No. Wi 2013044042, involves treatment of

: b : s 1Y . " RO NSNS SV SN AT T R EETENI
cnnceliufosic biomass with a U actd (e, anaold contadning | or 2 carbon atoms)

followed by washing with 8 UGy soid-miscible organie solvend.
30 28] The alcohols most suitable for use in the methods of the present

disclosure are those containing between 1 and 4 carbon atoms: methanel, ethanol,
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propanal, atancd, and isomers thereofl The aloohnl is preferably present in at least a 521
weight ratio of aleohol to acetyl celhulose pulp

{B026]  The acid cutalyst most sudiable for use n the methods of the present
diselosure sulforte acids of the formula RSCGHH or phsosphonie asid. Suitable, but none
exclusive examples of sulfonie soids include dinonyhaphthalens sulfonde acid, 6-
amino-metolusnespionic acld {also known as 2-amine-S-methyvibenvene sulfonic acidy
atkyibonzene sulfonic aoids {sold as Calsofi® LAK-SS vehich is o Uuear alkylbenzene
sulfonic acid comprising 2 mintman 97% of C10-U16 alky! devivatives of
henvenesalfonic acld), branched dodecyibenzene sulforie ackd (sold as Calimulsed® BEM-

G4, and alkylarylsuifonic and (sold as Aristonio® acid). The wad catalyst may be

o oan amount of

foorke

homogenenus or bolerogeneous. The aoid catalyst ts proforably prosent

&

at foast §.5% by weight of the aleoho! and for cconomis reasons, preferably not wiore

o

than 4% by weight of the alcohol,
027 1o a tvpical process the acety) celtulose pulp 18 first washed in the

alechol of choice, which is most tpreally methann! or ethanol, although any Ty

H

aleohol may be wsed. The washed scetvl celinlose pulp i3 combived with the alcohw

and an acid catabyst o a reaction vessel and heated for a time and af & wemperatire
sufficient to form an R-glyeoside fraction from the scetyl cellulose palp. The roaction
vessel 13 they conled o voom temperatore. Typieally the condents are flleved 10 ramove

restdual unrescled midp. The lpdd Saction way be Rather sebjected o standard
separation methods sueh as Haguid extraction or distiliation to viekd a punified R~

}:i seanide Fraction.

{281 In the methods for synthesizing R- giycﬁsides provided hereln, reaction

iime and temperature can be varted. &l feraperatares above 253070 dogradation producis

negatively impact the vield of Reglveosides, At temperatures below 1309C, the acetyl

ceitulose pulp s not substantially solubiiized and the vield of R-glyensides is also

negatively impacted.  The preferred reaction tomperature 15 theretore 150-230°C. The

range of roavtion times in the methods provided hereln ia typieally between 15 nyiwies
and 45 minutes . Heating the aceivi eeliulose pulp at these tomperatures and times
soiubilives the acetyl cellulose pulp, solubilizes hydrophobie snlfonic acid catalysis, and

allows for the formuation of an Reglveoside fraction while aveiding the formation of

significant axmounts of degradation products such as HME.
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0291 Typically, the vield of Roglyoosides from these methods is betwoen

.

0% and 60% of the weight of the starting sugars in the acety! cellulose pulp. Other side

pec)

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

hydroxymethyl furfiral HME), and some soluble free sugars such as dexirose.
B30 Synthesis of Suger Alcoheb from R-glveosides, The present
disclosure provides, tn another aspest, methods of synthesizing sugar aloohols from Re

glyeosides in the presence of hydrogen and & hyvdrogenation catalvst as depicted in

e

Figore 1. An Sugar aleohols that can be synthesized by the present methods include, but

[

2

arz not fmited o, sorbiind, manndtol, iduiol, duletio], wlivol, and L d-sorbitan.
8831 The Reglycoside can be obtained frem 3 commervial source or sferbved
from any known method in the industry. T certain embodiments the Roglyeosids is

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

therefors the alkyl motety of the Reglveoside preferahly contains between | and 4

poss)

carbon atoms,  Other catalyeds sech ag various copper catalysis way also be usefia

When the hydrogenation catalyst iy selected as one conlalning copper, the R-glveosids

should contain mintmal anions, specifically fess than ¢ ppm solfide anions and less than
i pom ehlonde anions.

HHIRZ]  The hydrogenation catalyst s proforably acidic. Hydrogenation
catalysts comaining natheniam, including bui not limited o ruthendum supported on

carbon, rutheninn supporied on a veolife, rutheninm supported on IO, and rutheniom

supported on AL, partioniariy | eais of sugar aloohols,

e

7y

~ 1

bvdrogenation catalyst is preferably present i an amount of 1.5 -

X ~ R

N /)

glyeosisde, In oxenmplary practices using ruthenium on carbon the smmount was about 3%
by weight of the Beglveoside.

331 The methods melude combining the Reglyenside, hydrogenation
catalyat, and water ina reacior vessell Alr i3 ramoved from the reactor vessel and
hydrogen iz charged W o desired pressure at rooan tomperatieg, The reacins s then
heated 1o 8 temperature for & Hme sutficiont to convert the Reglveoside 1o a muxture
comprising ¥ sugay alechol. The teraperatore should be at least 130°C and the pressure
al least 600 pal. Lower lomperatores and prossores resoll in snbstantially reduced yield

of the sugar alenhol. Suitable tomperatures are betwesn 100°C and 22090 Most

typically the temperature should betwesy between 17070 and 193°(, with a tomperature



v

[y

98

errt

P

41

LN

WO 2015/156803 PCT/US2014/033581
10

of about 18090 belng most preferred. Suitable pressures are 800 - 1000 ‘;‘i with

b

joncs

exemplary pressures being about 830 psi. The reaction fime is typically 2 - 4 hours,
{34 Under preferved conditions the Reglyeoside conversion rate veaches
nearty 1000 with o mlar comversion rate to sorbitol of at least 83% In certain non-
Brmiting examples using purified Replveosides the molar conversion rate reached 87%
ar oven 1%,
{B835]  Synthesis of 1,25, 6-hexanstetval and hexaneirioh, Inn another aspect,
the present disclosurs provides mwthods of synthesiing a desived compound including

at least one member selocted from the group consisting of 14,8 hexanetriol, 1.2

hexanetetrol, and 1.2 6-hesanetriol, from a starting compound that s a U8 Reglveoside

or Ut sugar aleohol prosent as at least 20% wifwi in s sohution comprising water b

%’C:

bydrogenation with hydrogen tn the presence of g Raney copper vatalvst, The Raney
copper catalyst may be oblained from g conmmercial source (tg., WR Grace & Co,
inited NMates or prepared by methods known o those of (.‘si‘di‘:_&i‘}" skill in the art.
Typleslly the method of preparation of a Raney copper catalyst involves alkall treatment
ot a copper aluminum alioy to etch away aluminum from a sarface portion of the alfoy,

0036]  Prof

rably, the Baney copper catalyst is deploved as a fixed bed ina
reactor and s prosent at 396-30% of the weighi‘ of the starting compowd, {n conlrast 1o
i copper chrotoite catalyst deseribed o UR, 4,820,080 or other copper catalysts such
as sponge copper (sep Example 6} the reaction with Raney copper can be porformed in

L3

the presence of water with bigh molar selectivity for , 1.2

S

.

5.6 hexanetedrol, 1.

S-hevanetrio] which pormits the starting material ©© be dissolved 1o

P Rphvet, with the

S0% widwt or more of the reaction mixiure when water s the o
sominined seleoitotty = ~< 3 3
combinest selectivity oy the destred compounds is &8 least 30% molinol,

3T Allhoogh o sotoe ewmboditaents witer may be the only solvent, in
pavticuiarly advaniageous embodimenis the solvent is g nuixsture of 20-30% wifwi waler

and 4555850 wttwt of 2 U2-O3 giveel, In this case the starting material can be from 158%

poed
bae

o 38 wifwi of the reaction mixtuze. Iy the most advartageons embodiments the (32

U3 glyent s propylene glyeol, In preferred practives the starting material (U6 sugar

aloohol or €6 alky! glveoside} s at least 209 wifwt of the reaction mixhse. In

exemplary embodiments the starting material 5 about 28% wttwt of the reaction

nxture. While not being bound by theory, it is believed the nuixture of watry and
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propylene ghyeol strikes an optimal balance of having ‘ﬁnﬁ;& water to solubilize up w

o~ AN

35% of the starting material while the prosence of enough C2-C3 glyvod permiss owore

e
poes
(¢}
P
jaos
e
%
14

il

5
£
o
i
o
v
)

hvdrogen 1o be solabilived s the regetion mixtare and forther prolonging the

of the Raney copper catalyst,  When the sturting material s a 06 Regl €8
sugar atcobhol, the resetion with Raney copper under these conditions has a high

selpctivity for HTO and 1,4.5 hexanetriol, with these combianed species aceounting for
over 0% and o most case aver 70% of the molar vield, Typieally the HTO tseld

Yo wrd more typdoatly at least 40% of the meolar vield from the

10638}

- suibised of the methods involves the syrghesis of HTO from U8

P

Beghyeosides in the presence of the Raney copper catalyst, The R-glveoside can be

obtained from a comunorciad source or dertved fromy any known method in the ndustey,
in cortain enmobdiments the Reglveeside s an othy! glucoside olvained from aciviated
cettusiose pulp as provicusly deseribed heretn, The reaction, however, can use any R-
glvonside where the R gronp s a O to C4 alky! group. Most preferably the R group is
methy! or ethyl, with the most commonly available glyeosides being methyl glueosid
or ethyl glucoside

IR A second subsot of the methods invedves the synthesis of HTO frovwg U9

sigar aleohols o the presence of the same oal The sugar aloohoels can be obtained

from 2 commercial souwree or derived fror any krown method in the industry, In certain
embodiments the sugar aleohols may be obtained by hydrogenation of 06 sugars or U6
Reglyeosides. For example, sorbitad s typically oblatved by bydrogenation of glucose

over a Raney mickel catadyst. Bthyl ghucoside may be obtained hydrogenation of an

’.1

=

acetyl celhdase g s%;. socording o the methods previously deseribed herein,
106481 The methods inclade in one aspect, combining the Reglycoside or sugar

o

aloohol with water and optionally and wove preforably with the U2-06 ghveoting
reaction vessel preforably vontaining @ fixed bed of Ravey copper. Alr ts ramoved from
the reactor vessel and hyvdrogen s charged 1o 2 apecifiod pressure al room temperate,
The reactor ts then heated to a temperature and for a tme sufficient to convert the
stavting materials fo-a mixiure containing the destred matevials, which i the case of C6
sugar alcohol or €6 Replyeoside wilf be a mintare o HT and 1A4S hexanetriol, Under

the bost reaction condittons over 8% of the starting material s converted with a
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;

selpetivity for HT and 1,45 hexanetrio! being least 303 mol/mel when only water s

Lo

used or greater than 80% and even grester than 70% when a combinatinn of water and

or o3 ghyeol such a8 propylene glveol is wed as the sobvent. Under such conditions

,.
It

HTO s Jeast 35%% and more preferably at loast 40% of the nw/mol vigld from the
starting maternal,
[00d1] o the methods By synthesizing HTO provided herein, the pressure,

teraperature, and reaction time can be vantied, Preferably the tomperaturs I8 botween

P75 and 250°C0 In exomplary smbodimends the temperature 190°C
pressure i preferably between 300 pst and 2500 psi. In more typieal embodimends the
pressurs i8 betwesn &80 and 2000 pai. Iy certain exemplary srnbodiments the pressure

is about 1800 pai. toa batch reactor, the reaction time {s profovably between 1 howr and

«

4 hours, and mere proforably i 3 eaws, {n a continuoas reaction svstem the fnpat

stremm of stavting materials and the How rate of hydrogen are adiusted o oblain an

ey

opiimal restdence time of the starting materials in vontact with the Raney copper

N

catalyst. In typical laboratory scale examples, the
mithiers/minute and the sorbiind solutinn flow rate was
obtaining an average residenve time of 2 howrs.,

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

wethods of bydrogenolyats of OF sugara or Reglocosides produce other polyvols, such

i
H

1.2.5 hexanetriol | 1.2 butanedicl, 1,23 butavetriod, propyiene glveal, ethyvlene glyvood

H

andd small ameunts. Under condiions where HTO synihesis s optimuny, such as in the
presevce of propylens ghyeol and water, 1.2 butanadiod is the third major product wmade
atter HTO and 14,8 hexanetriol,

MY Similacdy, U5 sugar alcobols such as ribotol, xylitol and amabiiol, and

Reglveosides may alse be subject o hydrogenolysis over Raney nickse! ax provided

~

herein, resulting in the production of 12,5 pontanciriod ss the doninant product, along

with 1,2 butanediol, 1,24 bulavetriol, glveerol, ethviene ghyeol and proprylens glyeol

\\ N

Ervthriiol may alse be reduced by hvidrogonolysis over Ravey nickel o form 12

"{

4 hitatnetriel, 1.3 hutatansdiol,,

\

bratnediol gs the dominant product, along with 1.2,
propyiene giveol and ethylene glyeol
3044  Inbramelecular oyvclization of polyels to tetrghydrofuran

2

derbvatives An impovtant use of HTO and the hexanetviols, pactioudardy 148
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hexanetrind, ia that these molecules can readily um‘?erga‘} ntermclecular oyclzation in
the presence of an ackd w form usein! totrahvdroturan (THE ) dentvatives as shown in
Figure 2. The oyelization reaction is g dehvdration, which releases & water molecnle
form the polvols. The two dominant polyvols from Raney nickel catalvaed
hydrogenolyais of a C8 sugar aleohol are HTO and 1.4,5 hexanetrioll HTO undergnes
cvelization to forw 2.5-bisthydroxymethyletrabvdrofuran (2.8 HMTHE) which s

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

same conditions L4,.3 hewanetriohwndergoss eyehemtion o form 2-hydoxyethyl

e

fleld,

josss

ic:n‘zzﬁ:é}-‘(Eh_s-m{ius‘ 1, which is g valuable solvent and usetul in the pharmacentios
Advantageousty, the acid catalvred ntrasnolecudar ovelization of these compounds to
their respective THE derfvatives allows for casy separation of the THE derivatives from
one anether and from the starting sugar alechols and hexans polvols that may remain
anreacted.

{8045]  As mentioned in proforred cmbodiments the acid catalyst is proforabdy
sefected from the group consisting of sulfuric actl, pheosphonie actd, carbonic acki ar a
water tederant non-Bronsted Lewis acid, It was surprisingly discovered that phosphorsie
acid present as a howogenons catalysl works exceptionally well, while phospbeorie acid
does not work at all ander most condiions. 1t may also be the case that beterogenos
phosphonie soid vatalvais uch as were used for formation of glveosides, may also be
wsefnd,

H846] A waler tolerant pon-Bronsted Lewis acid 18 & molecular speaies that
accepis slectrons n the manner that hydrogen accept electrons o a Bronsted acid, bt

%1 in the

HSes an accepiar spevies other than hydrogen, and that v resistant to hydeoly
oresence of water.  Exemplary water tolerant non-Bronsted Lewis aclds are triflate
compound exemplified herein by hisnnth (HD teifhade and scandibwn (1) tritlate. Other
suiiable triflates include, but are not Hmited to, sifver () triflate, zine (1) viflate,

v n

gatfiom (1) wiflate,, neodyminm (HD wriflate, ahuoinum wiflate, indium (D rillate,

pss)

(1) wiflate, lanthanum () wiflate, fvon (1D triflate, vitrtom (JH) wiflate, dallnem ()
iriflate, gadolininm {1 triflate, holmium (1) riflate, praseodymium () triflate,
vopper (1) riflate, samarham (1) triftate, yiterbium (1) trillate hydrate, and nickel ({1}
iriflate,. Other suliable water iolerant non-Broosted Lewis soids inchude, but are not

Hnited to, Bennuh (I chloride, indium chloride tetrahvdrate, tn {11 chionde,
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atuminum chloride hexahvdrate, sthver (1) acolate, cadmiom sulfale, nthamun oxide,

copper {1} chioride, copper (1) chloride, Hihium bromide, and vatheniwn (1) chioride,

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

starting materials in the reaction wixture. N another alternative avid catalyst iz

% '."}u\ BTN ‘ \\hi&i

ated performing the reaction in water, under pressure
and w the presence of carbon dicxide.

0471 The wethods comprise combining HTO, any of the bexaneiriols ora

muxture of the same with or without any residual unreacted sugar alcohol or 6C R~

giyeoside with the acld catalyst,  In one practice the HTO and the hexaneiriols may first

o)

e separated form one another, for example by distillstion. In other praciices the sutire
reaction mixhre resulting from hydrogenolysis of the supar aloohol or 80 Reglveoside
over Raney vopper can be used and the subseguent THE dertvative separatod thereafior
by distillation, I the case where the acid catalvst is sulfuric acid or a non-Bronsted
Lewin acid can&pmnd., the reaction mixtore is preferably placed under vaomam of less
wan .4 pat and heated for a time sufficient to convert the baxanetriols and the HTO
their respeciive wirahydrofuray derbvatives desoribed above, When the reaction i done
in the presence of carbonic actd, it performend wnder pressuve, typioally at least 623 psi.
{O048]  In the methods provided herein, the lemperahire, pressure, and reaction

fune can be varted, When the avid catabvs

118 ned gonerated from OO, the tomperaturs

Send PA0OC o methody using salfuric acid or infifate

18 preferabily between THY

alysts, the temperature, pressure, and reaction time can be varied. Preferably

o

texnpreraiare 18 between 12070 and 1300, Temperatures below 120°C fail to provide

sutficient therms! energy to effectuate ring cleswre. Temperatures above 130°C inducs

formation of unwanted side products. When s wriflate, sach as bismuth writlate or
scandinn iriftate s used as the acid catabyst, the temperature is more proferably abowt
130°C,

0048 Fusther, the acid cataly

vacnmm o faciiitate removal of the water formed hy the debvdration and subseguent

Y

wad ovelization preferably takes place under

recnvery the desired THE dertvative products. The vacnom is preforably within the

pressure mange of 3.0 t0 6.0 pal. Proasures below 3.4 pst may case some of the destred

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

Fresaupres above 6.0 pst fal 10 revaove the water formad during the reaction. Lower
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H

pressures such as less than 8.4 pst, ov even 0.1 paif are weful for the subseguent recovery

of THE derfvatives with lower vapor pressures and/or higher botling points,

s

IO050]  Suitabde reaction imes are 1 &0 4 hours. In some embodiments the

C

reactions e complete n less 1- 2 Bours, and in some embodiments abont 1 hoar

{51 The non-Hronsted Lowis acid catalysts usefud hereln are all water

levant,  Prefevably the non-Bronsted Lewis soid catalvst is a metal triflat

the non-Bronsted Lewis soid catalyst s homogeneous. In particular embodiments, the

s

aon-Bropsted Lewis actd catalyst is selected from the group consisting of Bemuth
wittate and seandium wiflate. The triflate aoid catalyst load ts preforably between 0.5
moke percent and § mwle pergent based on the stariing polyol, and more preferably
present i an amount of | mole pervent hased on the starting polyol materials,

B3] o addition 1o the above compounds, other polvols obtained by Raney

e'-'i

nickel catalyzed hydrogenation of 08 sugar alcohols or Reglucosides include, 1.2

hexanettiol, 1,25 hexane triod and 1.2.4 butanetdiol Acid cata

'”

vzed oyelization of these
cormpound predominantly forms Lmethano! tetrahydropyranal, §-
methyitetrabydroturan 2-muethanol, and 3-dydroxy tetrshydenturan, respectively.

JOOS3L Further, a U5 sugar sloohols may also be veduced 1o fower polvols over

Raney nickel, When a CF sugar alechol s used, the dominang reduced ;wi\ ol iy

peranst Auid catalyeed oyelization of this compound predominantly forms

gi}i}:’:?*i'i As shown in Table | below, clearly full conversion of the polvols to
ther cyelized derfvatives i3 possible. &s demonstrated iy Table 1 and by certain non-

Hroiting examples, when nearly full conversion of the sturting sugar alcobho! was

achizved, up to a 3% mol/mol vield the oyvelized THF derivatives can be ablained from
thelr respective starting polvol compounds. Az used horeln, “nearly full copversion”

means at least 97% ot the stariing compound or compounds are consumed in the
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Table 1

% conversion te g ¥C clic derivative

total % products
;:«,sa:iiszeci from
provducts | converted
products

wial ¥
CONVETSIO

S hexanetetrol, orude mixture 25
\6 heoxar zwfc*v“, erude mikiure 28% 21%

§'\ pm-\aﬂzsﬁizml pmc Ha% 50%
1,24 bolanetniol, pare 88% 755
a0 exanetniod pure 1% 3%

HEISSL  The 2,.5-bisthyvdroxymethyl) otrahvdroforan and other THF (and
pyrany derivatives mads from the polyols can be readily separated from one another and
from wreacied polyols by distiilation,  The 2.5-bisthydvoxymethyl) fetrahydrofuran
can be subsequently converted 0 1,0 hexanediol via oxidation of the fiman ring by
contact with a thentwm oddde catalyst for & tme and a temperature sufficlent to

X

convert the 25-bs{hydroxymethyietrahydrofuran to 16 hexanediol,

I

Preforrably the rhontum oxide vatabyst further includes silicon oxide.

HHIS6] The examples that follow are provided to Slustrate various aspects of

Ll

the nvention and are not intended © Tmd the invemtion in any way, One of ovdinary
skl i the st may use these examples as a guide to practice various aspects of the

N

mvention with difforent sources of scotyl celludose palp,

florewt aleohols, ditforent
acid catalyste, differcnt hydrogenation catalysts, different polvol mixtures, or different

3.
£

conditions without departing from the scope of the lnvention disclosed.

Exarnpie 1: Preparation of ethyl glyeosides fron aceytiated cormn stover pulp
§§§€}§é’?§ Avetylated com stover pulp obiained by the mothod desoribed 1o PCY
Puhlication No, WO 201 3044042 was washed with ethanol, Hlered, oven dried, and

ground. A 73 millilier antoclave reactor was charged with 2 grars of the washed,

;iw

40 grams of devatured sthanol, and 8.2 grams of methunesalionic ackl,

S

HARERH TR

The regotor system was heated to 18370, After the sol emperatire was reached the

3

regotor contents were held af 18370 for 30 minuten, The reactor was cnoled to room
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iernperature and the contants were fitere

P2y

1 About §.84 grams of dried, residual pulp

was remnoved from 44,14 grams of filivate, The vield of ethyl glucosides in the filrate

as & welght percent of the sugars from the stanting solubilized pulp was 34%

S Examnple 20 Preparation of methy! glveosides from acevtladed com stover pulp

[O038]  Acetylatesd conn stover pulp was washed with ethano!, filisved, oven

o~

dned, and gromnd. A 75 millillier smoclave reactor was chargad with 2 grams of the

)
=

washed, grownd pulp, 40 grams of methanel, aud 0.2 grams of methanesudfonie acid.
The resctor system was heated t0 1R5°C, After the sef temperature was reached, the
1Y reaotor comteuts were held st 1830 for 30 vadnutes. The reactor was covled to room
tomperatire and the contents were filtered. About 0.93 grams of dried, residual pulp

wis reyneved from 44.72 grams of filirmte. The vield of monomethvt glucosides in the

fltrate as a molar percent of the starting sugars in the pudp was 45%.

(4]

-

20 3}

Example 3 Preparvation of methyi glycosides from sceyvtiated vorn stover pulp -

varieus goeids

{BO59] The procedure desoribed in Example 2 was followed using variows

2

reaction tmes and femportures and varfous acids resulting in the molar vields of

monometiiy! glocosides shown in Tabde 20 EM 299 33 a branched dodecylbenzens

28 sulfenic soid (sold as Caltmuolse® BM-), LASS s alivibenvene sulfonic acids {sold

B LAS-BY, pT8A I3 para~-toluene sulfome acld, MEA i3 wethanesultonic
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HLE0 L LASSY HENTY &RA

Temp {85 1S 204 {85

Time {min} i3 1§ 36 30

modar vield of prodacts feom niftad dextrose

HMY .18 .56 {31

ety {34 ;49 g3 124
fevalinate

daxirose 147 2.98 43 2.3%

tevoshicosan 136 1.4 2SR 148
fatal

mmopomsthyl 8.3 451 5585 15.82

glusoaidas

Example 4 Preparation of sorbitel frow methyl glucoside ~ lower tomperature

&
&

{068 A mixtare of 801 grams of methnd glucoside, 10,1 grams of Ru, and

e

306 milliders of water was added to an autoclave reactor fitted with tempera

pressiwe condrollers. Alr was removed by bobbling hyvdrogen trough the dip-tube

tmes. Hydeogen was charged at 8350 psi at room temperatuze. The mixture was hoated

10 14050 and held gf that temperature for 3 hours. The reactor was cooled o room

N

terperature and the remaining hydrogen was refeased. The reacior contenis were

?\"
filtered to remove the catalyst. The filirgte was evaporated under vacuum to obtain less

than 5% vield of sorbitol and a large amount of wnreacisd methy! glucostde )

T &

Bample 50 Preparvation of sorbitol from methyi glucoside ~ higher tomperaturs

6T A mixture of BT grams of methe] glocoside, 1001 grams of Rw/O, and

300 nuitibtors of water was added o an autockave reactor fitted with lemporature and

pressure vontraliers, A was removed by bubbling bvdrogen through the dip-abe 3

times, Hydvogen was charged gt 850 psd at roown ipvapersture. The mikiure was heated

o 1687 el hedd wt that temperature for 3 howra, The reactor was conlad to room

femperatnre and the romaining hydrogen was released. The reacior contents wers

filtered 1o remove the catalyst, The filtrate was evaporated under vacuum ¢ obain $7%

> SRl iteed strred o wmvaadl shrmved it oy E yariwesn s besd v [ TTTEE PN
vield of sorbitod and 2 small awount ol wareacied methy! glocoside,
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Example & Preparation of sorbitol from wethy! glucoside

Ed
kS

621 A mixnure of 801 grams of methy! glucoside, 10,1 grams of R, and

SO0 muitihters of water was added (o an sutoclave resctor Rued with tfomperaturs and

pressure controllers. Al was ramoved by bubbling hydrogen through the dip-tube 3

S times. Hydrogen was chavged at 850 psi af roowm femperature, The mixinre was heated
to EROSC and held at that temperature for 3 hours. The reactor was cooled to room
emperature and the remaining hyvdrogen was released, The reactor comtents were
fifered to rerove the catalyst. The filirate was evaporated under vagum to obain
F vield of sorbitol

1
tasnple 71 Prepavation of 1.2,5,6 hexaneteirol from methvl gluceside in water

with aponge copper catalyst -~ comparative © xample
{863 A mixture of 801 grams of mothy! glucoside, 24,8 grams of sponge

copper, gnd 300 mitilters of water was added 1o an autoclave reactnr fitted with

H

1

femporature and pressuve condrolters. Al was removed by tubbling hyvdrogen throug

dip-tube 3 times. Hydrogen was charged at 850 pai at room tomperature. The mixtuee

was heated 10 2253°C and held at that tomperatire for 3 hours. The reactor was cooled to

X8

room temperature and the remaining hydrogen was released. The reacior contents were

EHEN

o remove the catalyst. The Hltrate was evaporated under vacoum to obtain

284 125 6-hoxanetetrol (153% wifwi) and sorbitol {859 wifwi).

Example 8 Preparation of 1,258 hexaneletrol from sorbitol in waler with
Raney copper fow prossure
{B864] A Ravey copper catalyst way Joaded fntoe a fixed bed reactor system,
25 The reactor was charged with hydrogen at 500 psi, and the hydrogen flow rate was

maniained at 1000 mitlilitoryminute, The regctor was ha

A sohution of

PRI

SOV wetfevt sorbtiol and waler was fod through the reactor system al @ rate where LHSY

£

= .5 The conversion of sorbitol was O8.5%, with a S.8% weight vield o L2356

hexaneistrol
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ater with

txampls & Preparation of 1.2,3.6 &

3\2 mt‘\ \{m}rww

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

R

example 7. Hydrogen was charged at 1800 pst, and the hydrogen flow vate was

£y

S maintained gt 1000 wullilters/mipute. The reavtor was heated 10 205%C. . Agsin g

L

sotution of S0% wiiwt serbitol and waler was fod theough the reacior system at a rate

wheve LHEY = 0.5, The conversion of sorbito! was 73%, with a 28,896 selective weight

vield of 12,5 6-heanetetrol, Other polvols were pressut bat not gquantified.

R Example 10 Prepavation of 1,2.5,6-hexanctetrol from sorbitol in water/prapylene
glyenl with Raney copper
{66 Solutions containing 25%wiiwt sorbainl, about 25%wtiwt water and

N

aboat 309 weight propylene glyeol as shown in Tabde 3 were passed thvough a Bagey

C&"“
-
o
<
s
[
s
R
>
bas
7

copper fixed bed reactor system as deseribed in Examples 8

L5y

proxsurs of 1RGO psi. The §.’<’.Su§§ing reaciion mikture was analyred for propyviene ghyeol
£ hexanediol {12-HDOY, 1,2 butanedio! (1L.2-BDO), Lig

AN HTO and 1,2

(PG el

3,6 heganetetrol

a%?rioif_ {1 ,35\451{3}\ 14,5 hexaneirio

AN

3

&-HTOY with the vesalis shown in Tahle 4,

-
o0

Sample Fased Yemp Prassure LHSY M2 fow
Frapylens | Sorbitol
i Glyeol % ) watar % C Ba viifrain

Jh
5
o
™~
4
A
I
$ot
ot
223
bt
<
Py
e
o
3
g
>

50 2% a5 210 18G4 8.5 884G
58 25 5 210 IA0Q 4.5 ]84
5 5 25 218 1800 2.5 200

Mg
1204 53 25 35 10 1800 LA

23
oG
o
[
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Table 4

Sarbitot
Conversion PG Molar Selectivity {88}

o
i
s
f.’
821

(2 1,2~ .26 1 145 11356

*

D % % G HOG BO HYO MY HTO
1118 8% 535 13.23 314 1878 5 3271 3508
XPi-

1138 a9 52,38 1 1243 3133 15,58 5.386 32,15 17.83
X9
117 99 48,83 1 1148 31 1385 5.24 281 3787
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XPi
1127 R 43,04 1158 333 13.84 2.61 3583 IR 48
1304 84 48 8% 1046 294 10.38 551 2854 48,12

Exaraple 11 Conversion of 1,2,3.6 hexanstetrol 0 2,5+
hs{hydreymethyidetmahydrofuran with sulforie acid
6T A solution of 0.6 grams of ponventrated sulfurie achi and 36 grams of

S

SO for 1 ohowur, The

of was meacted under vacwan G20 o) at 1289

safution was eooled 1o room temperature and then neotralized by adding 50 milliliters of

water and 3 grams of caloium carbonate. The soludion was fltered and then
concenirated ander vacuum 10 oblain about g 96% vield 6l 2.5+

bisthydrexymethyewabvdrofiran,

&

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

histhydroxymethyDieteabydrofuran with bismoth miflate

N

frarn

[BO08] A solution of T milligrams of bismuth triflgte and 1S4 gramns ofa

sorbifol hyvdrogenolysis nuxnes containing 33% witwi 1,25, 6-hexanctetrel was reactad

under vactn {less than Storr) at 130°C for 2 howrs The sohubion was cooled {o room

N

ternperatara. A sample analyeed by high performance haqud chromatography (HPLO



S
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o
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showed full conversion of the 135, 6-hoxanetetro! and mdicated that 93.49% of the

i

theoretical vield of 2,5-bisthvdroxymethviMetrahvdrofivan was obtained.
Example 130 Conversion of 1,256 bexanetetrel to 2.3
histhydroxyimethyDietrahvdrofuran with scandium triflate

{0651 A solution of B9 milhgrams of scandiuoy tniflade and 163,57

soehitel hydrogermohyais mixtore containdng 33% witwi 12,5, 0-heoravetetral was reacted

PSRN

ey vacoum (ess than 5 torry st 13070 for 2 hours, The solution was cooled {0 room

£y

temperative, A sample avalyzed by HPLC showed {bll conversion of the 1,256+
hexanetetrol and indicated that 81.3% of the theoretical vield of
bisthydroxvmethyl Hetrahydrofiran was oldained.
Example 14 Conversion af 1,2.5,0 hexanetetn! 0 2.5+
his(hvdrosymethyetrabydroforan with bismuth miiate
{88781 A mixture of 344 milligrarns of 1,2,3.8 hexanetervol and 24 nailligrans

of hismuth wiflate was reacted under vacoum (200 rorsy ar 130°C for 2 howrs. The

3

ting residue was vonded 0 rocan Wwinperatirs, A sorople analyzed by gas

A

chromatography indicated that the residue contained 1.24% (by weighty ot the starting
hexane- 1,25 6-tetrod and 61.34% (by weight) of the desived {teirabydratoran-2.5,-
divhidimethanel

Example 14 Conversion of 1,2,5,6 hexanstetrol to 2,5+

sthydroxvmethyl Hetrahvdrofuran with phsoaphonic acid

e
A
o
s
hid
s
Y
e
s
o

71 A three neck, 300 mi round bottomed flask equipped with

cnated magnetic stiv bar was charged with 300 g of & wesophasic, offvwhite oif

comprised of ~42 wi¥% 12,3 f-hexanctetrol and 3.44 g of phosphonie aoid (PO 5

mol¥ relative to HTOL One neck was capped with a ground glass jodm, the cemler with
a sleoved thermowell adapter fitted with a thesmocouple, and the last a short path
enndenser affived to a dev-ice cooled 250 mb pear-shaped receiver, While vigorously
stirving, the mixtre was heated to 150°0 under vaouum {20 wrr) for 4 hours, After s

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

fornishing 3.06 g O analvsly indicated that 93 wol% of the HTO had been converted

and the selectivity vield for 2,5-bisthydroxymethy petrahydrofiran was 8% molimaol.
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Example 160 Preparation of tetrabydrofarmn-2~ methanol o 1,23 pentanetriod

iy

§§§§'§‘?‘Z§§ A mixture of 103 grams of pentane-1,2. 8- triol and 37 milligrams of
amuth tnflate was reacted under vacuu 200 fore) at 130°C for 2 hours. The res
residue was cooled 1o room temporature. A samplo analyveed by pas chromatography

indicated that the restdue contained 36.24% (by weighty ot the

oy

stariing pentane~-l

iriol ant SOU3T9% by waight) of the desired (eirahydrofuran-2-vhmethanol.

Example 170 Freparation of 3« tetrabydenfurano! froem 1,24 butanetriol

IBOT3 A mivtore of 1.00 grams of 1,24 butanetriol and 82 willigran of
basmuth triflate was reacted under vacuum (200 torrd at 13070 for 2 howrs, The resulting

residug was cooled to room temperature. A saunple analyzed by gas chrommtography
indicated that the residue comtained 12.536% (by wed

ighty of the starting bulane-1,2,4+5

b

s

103

Example 13 Preparation of Somethyletrabydrofran-2- methanol from 12,8

ER

hexanotriod

(8741 A mixture of $17 milligrams 12,5 hexanetriol and 40 milligrams of
hismuth frithate was reacted ander vacuum (200 oy at 1389 for 2 bours, The resulting
residue was cooled 1o room temperature, A sample analyzed by gas chwomutography

indicated that the starting hexane-1,2.5-tin! was completely converted and that the
residue contained 75479 (hy weighty of the desired wethyltedrahvdrefuran-2-

methanol, Also produced at a 7.42% weight vield was the isomer Z-methyl-4-

Exampls 19 General analvtical protocal for ring oyelization
W8TS] Upon completion of the resctant debydeative eyelizations as desenbed
i examples 11418, o sample of the reaction mixture was withdrawn and diluted with
enough water to produce a 1-3 mgfal. solution. An aliquot of this was then subjected to

high performance Hguld chrovsatography (HPLCY for quantification using an Agilend

-

12008 sevies instnuiment and enmploying the fnllowing protocolt A T pl sample was

injecied oo a 300 mo < 7.8 mm RioRad® organic acid colama that was pre-

g -.\\.‘
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equilibrated with an 3w salftrie sold mobile phase and Howed &t g vate of 0.800

wi/min. The mobile phase was held tsocratic and molecular targets eluting from the

colun al signatare tmes deterntined by refractive index detection (RIDL A

guariditative method for sach analyle was established priny to injection, applying linear

regresston analyaiy with correlation coefficienis of at least §.993

&
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claim 8, wherein the temporature
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¢ wsthod of elair 1 wherein the mixture further inclndes 1,.4,8 hexaneuriod
ard contacting with the actd catalyst further converts the 1,43 hexanetriol 1o 2-hvdroxvethyl

tetvahvdrofuran,

13 The method of olabm 12 further including separvating the 2-hyvdroxyethyl

tetrahvdrofuran from the 2,5-bisthyvdroxymethyDieteahvdrofiran.

A

b4, The methond of claim 1, wherein the acld catalyst is present In an amount

o ~

Between 0.5 mol and § sl based on the amount of the 12,5, 6-hexanstelrol,

15, The method of claum 1, further comprising separating the 2.5+

bisthydrexymethyl) tetrahydrofivan from the mixture and contacting the separated 2,3~

tetrahydrofuran with a rhenium oxide catalyst fora time and a

o

temperaturve sufficient o convert the 2,5 -Wsthydroxymethy itetrabydrofuran to 1,6

Che method of claun 14 wheretn the rhondurn oxtde eatalyst further coauprises

17, A method of making 2 bydrosyethy ! istrahydeofiran comprising, contacting

mixtwre comprising 14,3 hesanetriol with an acid catalyst selected from the group conaisting

¥

of sulfimte acid, phosphorte acid, carbonic seid, and g water teolerant non-Bronsted Lowis

c

actd for a time, and af suve and temperature sufficien fo comvert the 143 hexanetriol o

2h i

hvdroxyetiyl tetrabvdenioran,

iR, The method of claim 16, wherein the water olerant non-Bronsted  Lewis acid

catabyst 13 a niflate compound.

19, The method of clabim 16 wherein the tflate compound is selected from the

group consisting of bismuth wriflate, scandiwm trithae, and sulturic acid,

.

24, The method of oladm 1, wherein the resction mixture s hagted o a

wmperature between HHC and 150°C,
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21, The method of cladm 1, wherein the mixiore Is condacted with the catalvst

ander vacnan pressure of batween 3 and & psi.

220 The method of claim 1, whorein the pressure 1s 0.4 pal or leas,

23, The methaod clatm 1 wherein the aoid catalvst s sulfurio soid

24, The method of claim 1, wherein the acid catalyst is a water-tolerant non-
Hronsted Lowas acid,

25, The method of claim 1, wherein the acid catalyst 13 phosphonic acid,



