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IntroduCtion

Liquefactionofcoal by depolymerizationinan organicsolventhasbeen

studiedforseveralyears,The liquefiedcoalextractwhichresultsfrom

such a processis far moresuitablefor conversioninto.liquidfuelby

hydrogenolysisthanisthe untreatedcoal, Investigationson thechemical

structureand the reactivesitesofcoal can helpto selectuseful

reactionsforthe productionof liqiudsfromcoal.Sternberget al,

demonstratedthat the reductivealkylationmethodtransformsbituminous

coal intoan enormouslysolublesubstance,irrespectiveof the mild

reactionconditions1. The effectivenessofnewly introducedalkylgroups

for thedisruptionof intermolecularhydrogenbondsand pi-piinteractions

betweenthearomaticsheetsincoalmacromoleculeshasbeen

recognized1"3.

lt hasbeenreportedby 1onasiaket al. thata C-alkylationreaction

usingsodiumor potassiumamide in liquidammoniacanbe usedto

introduceatkylgroupsat acidiccarbonsites4 Severalotherresearch

groupshavebeen investigatingthesereactionss-s.A methodhasbeen

developedrecentlyinthis laboratoryfor the solubilizationof highrank

coalse. In thepreviousreportsit was shownthat n-butyllithiumand

potassiumt-butoxidein refluxingheptaneproducedcoalanionswhich

couldbe alkylatedwithdifferentalkylhalides.Suchalkylatedcoalswere

solubleupto9_/o insolventslikepyridine.Thoughthe solubilizationof

co=aidependedvery muchonthe lengthof the alkylgroup,it alsodepended

very muchonthe natureof thebase used.Strongbasesliken-butyl

lithium(pKa,42)can cause protonabstractionfrom aromaticstructures,

if themoreacidicbenzylicprotonsare absent.The utilityof this

procedure,initiallydevelopedand usedby Miyakeand Stock,hasnowbeen

testedwith the highoxygencontaining,lowrankillinoisNo.6andWyodak



' icoals. BothII!ino,sNo.6 and Wyodakcoal containsulbstan_al amountof

• phenolichydroxylgroups.Thesephenolicgroupswereexhaustively

methyla_ withtetrabutylammoniumhydroxideand methyliodide,sothat

the !nfluenceof C-alkylationcouldbe uniquelyevaluated.Otherreactions

were carriedoutwiththe rawcoals insteadof theO-methylatedcoal.

Recent resultsonthe lowrankcoalsare discussedin this report..

IExperimen.tal

Materials:

Coal samplesusedinthispart of the projectwereIllinoisNo.6 hvc

bituminousandWyodaksubbituminous,bothsuppliedby ArgonneNational

Laboratory.Theanalyticalvaluesof boththesamplesare summarizedin

Table 1. Thecoalsamplesweredriedat 110°C (refluxingtoluene)under

vacuumfor48 hou,'spriortouse. The solubilityof theoriginalcoals in

pyridinewere27 end 9% (daf) for IllinoisNo.6and Wyodakcoals,

respectively.

Hoptane(Aldrich)was purifiedby shakingwithconcentrated

sulphuricacid followedby distillationandthenstoredin presenceof

Molecularsieve5A. Alkyliodides(Aldrich)suchas iodomethane,

ioclobutaneand iodooctaneweredried by molecularsieve5A.

Iodohexadocanewas keptproperlysealedinthe refrigerator.Pyridineand

chloroformwerepurifiedby distillation.The otherchemicalssuchas

n-butyllithiu,_(1.6M solutionin hexane),potassiumtertiarybutoxide,

sodiumamide,ammoniumchloride,tetrabutylammoniumhydroxide,

potassiumtrirnethylsilanolate,methanoland hexanewere usedas

receivedfromAldrich.

.._1 reactionorc:cedureforcoal alkylation

BothIllinoisNo.6 and Wyodak coalswere methylatedwith

tetrabutylammoniumhydroxideand methyliodidebythe methodof

Uotta10.About25 gramsof coalwas suspendedin drytetrahydrofuran



(150 mi) a_d stirredfor 30 minutes,Tetrabutylammonium.hyoroxide(80

ml, 91 mmoles)wasaddedand the mixturewasstirredovernight.Then

methyliodiCle(25.4 grams,179 mmoles)was addedto the reaction

mixtureand stirredfor48 hours.The reactionmixturewasthenacidified

with1N hydrochloricacidtopH, 2. The flaskwasthenplacedon a rotary

evaporatorto removetetrahydrofuranandthe productwasfilteredand

washedwith5,0%aqueousmethanol(about2L). Thisprocesswas repeated

one moretimetoensurethatali the phenolichydroxylgroupswere

rnethylated.Afterthoroughwashing,the productsweredriedat 110°C

undervacuumfor 48 hoL=rs.The infraredspectraof the productsshow

substantialdecreaseinthe hydroxylstretchingfrequencyaround3300

cm"1. TheseO.methylatedIllinoisNo.6 and Wyodakcoalswereusedas

startingmaterialsforali the reactionsdescribedinthesubsequent

paragraphs.

The C-alkylationreactionof thecoalsampleswerecarried

out inthe samemanneras reportedinthepreviousreports.Ina flame

driedthreeneckedround-bottomflask (500 ml), n-heptane(170 ml),

potassiumt-butoxide(45 mmoles).andn-butyllithium(45 mmotes)were

added.Afterthe mixturewasstirredfor 30 minutesat roomtemperature,

the coalsample (1.0gram)was addedandthesolutionwasrefluxedfor6
i

hours.The initia_lblacksolutionturnedbrownwhenrefluxingbegan.To

thiscoalanion,the alkylhalide(60 mmoles)in n-heptane(50 ml)wasl

addeddropwise,aftercoolingthe flaskto0 °C. The mixturewasstirred

for 48 hoursat roomtemperature.

Al_erthereaction,the remainingbasewasquenchedwith

ammoniumchloridefoltowedby methanol.Thenthesolventandthe excess

alkylhalidewere evaporatedwith rotaryevaporatorand then

subsequentlyat 100 °C undervacuumfor 12 hours.The productwas

washedwithacidifiedwater+methanolmixture(3:1 volumeratio),

aqueousmethanol(3:1) (about20 L) andfinallywithn-hexane(about4L).



The productwascollecteClanddriedtoconstantweightat 11U°C under

highvacuumfor48 hours.A partof thedryproductwassubjectedto

Soxhletextractionwithpyridine.The numberof alkylgroupsintroduced

per 100 toolcarbon were estimatedfromtheincreaseinweightof the

recoveredproductrelativetothe coalsampletakeninitialtyforreaction.

Controlexperimentswereconductedbytheadditionof ammoniumchloride

followedby methanol,inplaceofalkylhalide,after6 hoursof coal

anionisation.

Reactions of thecoalwithsodiumamideinliquid

ammoniawasconductedby a similarprocedureas describedpreviously6

A typicalreactionwas carriedoutasfollows: Liquidammonia(200 ml)

was condensedina flamedriedthreeneckedflask (500 ml)and sodium

aJnide(45 mmoles)was added.The reactionmixturewasstired,andafter

15 minutes,coalsample(1.0grams)wasaddedand thereactionmixture

was leftforstirringat -75 °C for 6 hours.To thiscoalanionsuspension,

the alkylhalide(60 mmoles)intetrahydrofuran(100 ml)was added

dropwisefora periodof 30 minutesandthetemperaturewasgradually

increasedto roomtemperaturebystoppingthe supplyof dryiceto the

ethanolbath.Duringthisperiod,ali theammoniaevaporated.Then

additionaltetrahydrofuran(100 ml)wasaddedto the mixture.After48

hours,theexcessbasewas quenchodbythe additionof ammoniumchloride

followedbymethanol.The reactionwas conductedundera flowofdrj

nitrogen.Afterthe reactionwascomplete,thesolventand theexcess

alkylhalidewere evaporatedby usinga rotaryevaporatorand

subsequentlyat 90 °C undervacuumfor12 hours.The productobtained

waswashedwithaqueousmethanol(methanol:water,1:3 volume

/volume)thoroughly(about20L).Lateron itwas alsowashedwithhexane

(about4L). The washingprocedureswerecarriedout innitrogen

atmosphere.The productwascarefullycollectedand driedtoconstant

weightat 110 °C undervacuumfor48 hours.A partofthealkylated



' i
productwas subjectedtoSoxhletextractionwithpyridine.Control

, experimentswereconductedbyquenchingthecoalanionswithammonium

chloridefollowedbymethanol.

Arlalvsisof the Products;

Solutionphase13C-NMRand2H-NMRspectraweremeasured

usinga VarianXL-400spectrometer.FT-lRof the productsweretaken
• ' i

usinga NicoletModel20SX spectrometer.Potassiumbromidepelletsof

the coal products(2-4 wt.%)weredriedat 90 °C for 24 hoursbefore

recordinga spectra.

Results and Discussion

The analyticaldata inTable 1 showsthatthe lowrankIllinoisNo.6

and Wyodakcoalsare richinoxygen.The etherand esterlinkagesare

presumablyimportantinbindingthecoalstructure.However,previous

workon IllinoisNo.6coalwithpotassium/naphthalenesystems,where

severaletherlinkagesarecleaved,hasn't enhancedthesolubilityof this

coal significantly11. lt maybe thatthe highlycrosslinkedstructuredoes

notexperiencemolecularweightreductionswhenthe fragmentsare

formed by ethercleavage.

Alkylationon phenolicoxygenatomincreasesthesolubilityof

thecoal as showninTable 2. As the tableshows,for IllinoisNo.6coal,the

O-methylationreactionincreasesthe solubilityfrom 27% to34%.

However,thenatureand lengthof thealkylatingagentdoesnotalterthe

solubilityappreciably.O-Methylationismoreeffective,,elatively

speaking,forWyodakcoal;thisreactionenhancesthesolubilityfrom9%

to 35%, a factorof3.5. However,the sizeof thealkylgroupis notan

importantfactor.Hydrogenbondingthroughthe hydroxylfunctionalgroups

hasbeen proposedasan importantintermolecularlinkage inthecoal

structure10.Oncethe hydroxylgroupsarealkylated,the hydrogenbonds

are cleaved andthecoalstructureis disrupted.Apartfromthehydrogen

bonds,the strongcovalentbondsare notaffectedby O-alkylation.



The resultsotC-alkylationreactionsarepresentedin Table

, 3. AlmostaliC-alkylationreactionson theselowrankcoalswerecarried

outon theO-methylatedcoals ratherthantherawcoalsothatthe

consequencesof theC-alkylationreactionscouldbe defined. Miyakeand

Stockreportedearlierthe highsolubilityof thehighrankcoalsthrough

non-reductiveC-alkylations.Two differentbaseswereused-sodium
,e

amide (pKa-35)12andn-butyllithium(pKa-42)12.The effectof thesetwo

baseson alkylationandsubsequently,onsolubilization,are showninTable

3. Sodiumamide,theweakerbase,can onlyremovethebenzylicprotons,

butn-butyllithiumcanalsoabstract aromatichydrogens.However,inlow

rankcoals,thl_abundanceof hydroaromaticstructuresobviatethe

abstractiono1!aromaticprotons. AsTable 3 shows,there isnotmuch

differenceinthe solubilityof the productsobtainedwithdifferentbases.

For Wyodakcoal,thesodiumamide systemalwaysgave moresoluble

productsthanthe "superbase"systemforthesamealkylatingagent.

The mostimportantaspectsof alkylationandsolubilizationare

displayedin Tables4 and 5. The observationsrepresentedinTable4

revealthatthesolubilityof O-methylIllinoisNo.6coal is notgreatly

enhancedby designedC-alkylationreactionsusingmethyl,butyl,octyl

and octadecyliodides.The experimentwithoctadecyliodideseems

anomalousandwilbe repeated.

The resultsforWyodakcoalinTable5 are veryencouraging.

The n-butyllithium/ potassiumt-butoxidesystemchangesthesolubility

appreciably,from16% forthe C-butylatedO-methylcoal to44% for the

C-octadecylatedO-methylcoal.The resultsforthesodiumamidesystem

are even morestrikingwitha solubilityof 87% beingrealizedforthe

C-octadecylatedO-methylcoal.The highyieldof solubleproductobtained

in thisinstancepromptedus toexaminethesamplecarefullyandthe

result,whichisb._sedonthe residueweight,seemssecure.
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Table 1

, Analyticaldataof coalsamples

IllinoisNo.6 Wyodak

Ultimateanalysis(wt%)

C 77.8 72.0
=

H . 5.7 5.7

N 1.4 1.0

S 2.6 0.5

O (bydifference) 9.1 20.5

Ash 16.2 9.2

Maceralanalysis(wt%)

Vitrinite 88.0 89.0

Inertinite 9.0 10.0

Liptinite 3.0 1.0



• Table 2

, Effectof O-alkylationandacylationonthe solubilityof lowrankcoals.,

1. IllinoisNo.6 coal

Alkylating Base Alkylated Pyridine

agent coal reco- solubility
,1+

' vered(wt%) (wL%,daf)

1. Nii - - 27

2. CH3i TBAH* - 34

3. C8H171 KO-I 33

4. C16H331 KCH 192 36

5. C3H7COCI Me3SiOK 102 38

6. C7H15COCI iVle3SiOK - 36

2. Wyodakcoal

1. Nii - - 9

2. CH31 TBAH* 35

3. C8H171 TBAH 37

4. C16H33i TBAH 39

* TBAH = tetra _utylammoniumL:l_/droxide
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• Table 3

, Influenceof the baseon C-octylationwithn-octyliodide,

1. IllinoisNo.6 coal

Coal Base Temp. Solvent Pyridine

" °C solubility

wt"/,,_daf)

1. raw - - - 27

2. raw KOH 25 THF 33

3. (OMe) n-BuLi 98 heptane 43

KtBuO

4. (OMe) NaNH2 -75 Liq.NH3 32

2. Wyodakcoal

1. raw - - - 9

2. raw TBAH 25 THF 37

3. raw n-BuLi/ 98 heptane 33

KtBuO

4. (OMe) n-BuLi/ 98 heptane 20

KtBuO

5. raw NaNH2 -75 Liq.NH3 40

. 6. (OMe) NaNH2 -75 Liq.NH3 43



, Table 4

Influenceof the alkylgroupon solubilizationof IllinoisNo.6 coal

with n-Butyllithium/ tert. butoxide as base

Coal Alkyl halide Pyridine

solubility

wt% (daf)

1. raw - 27

2. III.No.6(OMe) - 34

3. III.No.6(OMe) NH4CI 40

4. iii.No.6(OMe) CH31 46

5. III.No.6(OMe) C4H91 39

6. III.No.6(OMe) C8H171 43

7. III.No.6(OMe) C16H331 22



Table ,5

Influence of the alkyl groups on solubilizationof Wyodak coal.

(A) With NaNH 2 as base

Coal Alkyl halide Pyridine

solubility,

(wt %, daf)

ii i,, , i

1. raw - 9

2. Wyodak(OMe) - 34

3. Wyodak(OMe) NH4CI 25

4. Wyodak(OMe) C8H171 43

5. Wyodak(OMe) C16H331 87

(B) With n-BuLi/KtBuO as base

1. raw - 9

2. Wyodak(OMe) - 35

3. Wyodak(OMe) NH4CI 23

4. Wyodak(OMe) C,_Hgl 16

5. Wyodak(OMe) C8H171 20

6. Wyodak(OMe)* C8H171 44

* 100 mmoles of base used insteadof the usual45 mmoles.
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