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Abstract
t

C-Alkylation has been utilized in _e s_luSIization of various coals; Low rank, high oxygen

IUmois No,5 coal was a_ylate_ with diffe_'entalkylating agents under different con_tions to

deterrr_ne themost suitable reaction conditions. A new method of afi_y,latmg coal with n.buty!

lithiumandpotassiumtertiarybutoxideinrefluxingheptanehasbeenstudied.The influenceof

thesolvcmforalkylationon thepyridinesolubilityoftheproductwas studie,d. The pyridine

solubilityoftheproductsobtainedwithn-bulyliodiderangedfrom39% forthere,actioninheptane

to51% forthereactioninmtmhydropyran.Tetrahydrofuran,incontrast,producedonly33%

pyridinesolubleproduct.Thereactivitypatternforalkylationwas detcrminexlbydeuteriumand

carbonNMR spectroscopyoftheproductsthatwereobtainedwithdeuteriumandcarbon-13

labelledalkylatingagents.



i

' Introduction

The objective of our work is liquefac_on of coal by depolyn_rization under mild conditions.

Investigations of dds kind on the chemical structure and the reactive sites of coal can help to select

useful reactions for the production of liqiuds _om coal. Stcrnberg ct al. demonstrated that the

reductive alkylation method u'ansforms bituminous coal into an enormously soluble substance

under very mild reaction conditions. I The effectiveness of newly introduced alkyl groups for

the disruption of intermolecular hydrogen bonds and pi-pi interactions between the aron_atic sheets

in coal macromolecules has be,en recognized. 1"3

lt has been reported by Ignasiak ct al. that a C-alkylation reacdon using sodium or

potassium amide in liquid ammonia can be used to introduce alkyl groups at acidic carbon sites. 4

Several other regearCh groups have investigated the_ reactions,s4_ and a method has be_n

developed rezently in this laboratory for the solubilization of high rank coals.9 In the previous

,,'erorts it was shown that n-butyl litlfium and potassium t-butoxide in rcfluxing hcptan_ produced

nal anionswhichcouldbealkylatedwithdifferentalkylhalides.Suchalkylatedcoals(high

ranking)were92% solubleinpyridine.Thoughthemlubilizationofcoaldependedverymuch

onthelengthofthealkylgroup,italsodependedverymuch onthenamm of_e baseused.Strong

basesliken-butyllithium(pKa=42)cancauseprotonabstractionfromaromaticsu'uctm_s,ffthe

moreacidicbcnzylicprotonsarcabsent.The utilityofthisprocedure,whichwas initially

developedandusedbyMiyakeandStock,hasnow bccntestedwiththehighoxygencontaining,

!owrankPRinoisNo.6andWyodak coals.BothIllinoisNo.6andWyodak coalcontainsubstantial

amountofphe_Jolichydroxylgroups.Thesephenolicgroupswereexhaustivelymcthylatcdwith

tctrabutylamn_niumhydroxideandmethyliodide,sothattheinfluenceofC-alkylationcouldbe

' uniquelyevaluated.Some reactionsw_'ecaniedoutwiththemw coalsinsteadofthe

O-methylaledcc_l.Recentresultsond_elowrankcoalsarediscussedinthisreport.

Experimental

Martials •

• Coal samples used in this partof the project wer¢ Dlinois No.6 hvc bituminous and Wyodak

sabbituminou_,vothsuppledbylhcPremiumSample Program of ArgonneNational_tory.
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' The coal samples were dried at Jl0 oc (reflu×ing toluene) under vacuum for 48 hours prior to use.

. The solubility of the original coals in pyridine were 27 and 9% (da.f)for Illinois No.6 and Wyodak

coals, respectively.

Heptme (Aldrich) was purified by shaking with concentrated sulphuric acid followed

by distillation and r_en stor_ in presence of Molecular sieve 5A. Other solvents used in the course

of this study like tetrahydropyran, 2,2,5,5-tetramethyltetrahydrofuran, pentane, etc. were

purchasedand stored overmolecularsieve5A. Alkyliodides(Aldrich)suchasiodorncthane,

iodobutaneandiodo_taneweredriedbymolecularsieve5A. Deuteriumoxide99.8%D (Aldrich)

was usedasobtained.Iodomcthane-]3Cwith99.3atom% ]3C (IsotecInc.)was alsousedas

obtained.Pyridinewaspurifiedbydistillationandstoredoverpotassiumhydroxidepellets.The

otherchemicalssuchasn-butyllithium(1.6M solutioninhexane),potassiumtertiarybutoxide,

ammonium chloride,methanolandhexanewereusedasreceivedfromAl&ich.

Typical reag.li__t_dure for coal alkylafioa

Illinois No.6 was methylated with wtrabutylammordum hydroxide and methyl iodide by

themethodofLiotta.I0 About25grottosof coalwas suspendedindrytetrahydrofuran(150ml)

andstirredfor30minutes.Tetrabutylammoniumhydroxide(80ml,91mmoles)was addedand

themixturewas stinv,d overnight.Then methyliodide(25.4grams,179mmoles)was addedto

there.actionmixtm_andstirredfor48hours.ThereactionmixturewasthenacidifiedwithIN

hydrochloricacidtopH - 2. The flaskwasthenplacedonarotaryevaporatortoremove

tetr_ydrofur',tnandtheproductwasfilteredandwashedwith50% aqueousmethanol(about2L).

ThisprocesswasrcpeateAonemoretimetoensurethatallthephenolichydroxylgroupswere

mcthylated.Aftertholx)ughwashing,theproductsweredriedat1I0°Cundervacuumfor48

hours.The infi'arexlspc,traoftheproductsshowsubstantialdecreaseinthehydroxylstretching

frequencymound 3300cr_"I.TheseO-methylatexlIllinoisNo.6coalswereusexlasstarting

materialsforsomeofthesubsequentreactions.

The C..alkylationreactionofthecoalsampleswerecarriedoutinthesamerammer

as reported in the previous reports. In a flame dried thr_ necked round-bottom flask (500 ml),

° n-heptane(170ml),potassiumt-butoxide(45mmoles)and n.butyllithium(45nnnoles)were

added, Ai'Icrthemixturewass6nv,d for30minutesatroom temperature,thecc_ sample(I.0



" gram) Wasaddedand the solution was refluxed for 6 horn's. The initial bla,ck solution turned

brown whenrefluxing began, To this coal anion, the alkyl halide (60 mmoles) in n-heptane (50

ml) was addeddropwise, aftercooling the flask to 0 °(2. The mixture was stirred for 48 hours at

room temperature. Mter the reaction, the remaining base was quenched with ammonium chloride

followed by methanol. Then the solvent and the excess alkyl halide were evaporated with a rotary

evaporator and then subsequently at 100 o(2under vacuum for 12 hours. The product was

washed withacidifiedwatex-methanolmixture (3:1 volume ratio), aqueousmethanol (3:1) (about

20 L) and finallywith n-hexane (about4L). The product was collectedand dried to constant

weight at 110 oC under high vacuum for 48 hours. A part of the dry productwas subjected to

5oxhlet extractionwith pyridine. The number of alkyl groups inmxtuced pcr 100 mol carbon

were estimatedfromthe increase in weight of the recovered product relative to the coal sample

taken initially for reaction. Control experiments were conducted by the additionof ammonium

chloride followedby methanol, in piace of alkyl halide, after 6 hours of coal anionisation.

: Solvents other than heptane were tried in some of the experiments

described later, but the reaction conditions reina'mealthe same. h_one reaction, the coal sample

was treated with the "superbase", at roomtemperature. Another reactionwas carded out in

which, instr.,adof the addition of alkyl halide to the coal anion, the coal anion-basemixture was

added to the alkylhalide ali at once. These variations in the reaction conditionswere pefforn_ to

achieve optimumC-alkylationand soh_bilization.

Analysis of theProducts:...... T ....

Solution phase 13C-NMR and 2H-NMR spectra we_ recorded u_._ag a Varian XE-400

spectrometer. FT-IR of the products were taken using a Nicolet Model 20SX spectrometer.

Potassium bromide pellets of the coal products (2-4 wt.%) were driedat 90 0(2for 24 hours before

reoarding a spectra.

Results and Discussion

ChflyIllinois No.6 coal andits derivatives were studied in this phaseof the work, In

thc prgvious report,11 the dependenceof the solubilityon thenatureof baseused for alkylation
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was studied.Therewasnotmuch differenceinthesolubilityoftheproductswhen sodium

amidewas usedinsteadofn-butyllithium/potassiumtertiarybutoxide.Alsoitwasshownthat

thesolubilityof_llinoisNo.6coaldidnotdependonthedimentionsofthealkylhalideusedfor

alk_lation.11

Recently, investigations were carried out on the nature of the coal anions

produced, the position of the carbon atoms in coal being alkylated and the effect of solvent on the

pyridine extractibility of the coal. The O,methyl coal was treated with super base, as has been

described before, and the "coal anion" was quenched with deuterium oxide. This reaction was

used to prepare a "blank coal" sample, in which the acidic hydrogen atoms in coal (which were

abstracted by the base) would be replaced by deuterium atoms. The positions of deuteriums could

be detemained by the 2H-NMR of the pyridine extract of the product. The 2H-NMR spectrum

of the pyridine extract is shown in Figure 1.

Next the O-methyl coal sample, after the treatment with super base, was quenched with

iodomethane-C13. This was done to locate the positions in coal being alkylated. "lhc C13. MR

spectrum of the pyridine extract of the product is shown irl Figure 2. The signals in the spectra

indicate that substantial C-alkylation takes piace together with O-alkylation. The nature and

positions of the frequencies in the region around 15-30 ppm are consistent with the idea that

benzylic or flourenic positions in coal arc being alkylated. The O-methyl products may arise

becausecertainethersor hetrerocyclesinthecoaltmdergocleavageduring thereaction

sequence. Attemptsarebeingmade toachievebetterspectroscopicresolutionsothatmore

definiteconclusionscanbedrawn.The samereaction(i.e.treatmentwithsuperbasefollowedby

iodomethane-Cl3)wasalsocarriedoutwiththepristineIllinoisNo.6coalsample.The C13

spectraofthepyridinesolublepartoftheproductisshowninFigure3. Thereisnotmuch

differenceinthespectrumofthisproductwhencomparedtoFigure2. ExtensiveC-alkylation

takespiacetogetherwiththeexpecteddegreeofO-alkylation inthisrawcoal.

To besure,thatthebroadsignalsthatappemintheFigures2 and3 areduetothe

C13 label introduced into the coal and not due to the carbons present in coal itself, a C-13

_ specmam of the pyridine soluble part of the blank O-methyl coal was obtained ( Figure 4). The

: blank sample was prepared by the reaction of O-methyl minois No.6 coal with super base followed



• " by the addition of ammonium chloride/methanol. As is evident from the Figure 4, none of the

• carbon atoms present in coal are observed in the C-NMR spectra. The only signals that appear

are due to pyridine-d 5 (solvent) in the low field and the signal near 80 ppm is due to chloroform-d

(standard). Thus it becomes evident that the major signals in Figures 2 and 3 are entirely due to the

labeled methyl groups and not due to carbon atoms from the coal.

In subsequent reactions using the super base system, the role of fl_e solvent

was studied. Bates, who had used this procedure to trialkylate dimethylphenols, ._,uggestedthat

heptane was the solvent of choice .12 Heptane, being a non-polar solvent, is certainly not the

best solvent for ionic reactions. Also it does not swell the coal as well as certain other solvents.

Thus, much of the coal structure, except for the surface, may remain inert to the reaction. Hence

the efficiency of the reaction may be reduced. The most obvious solvent for the alkylation

reaction would be tetrahydrofuran. It is also a very good solvent for coal swelling. But the use of

tetrahydrofuran as the solvent failed. The pyridine solubility of the alkylated products ,:lecreased

from 39% ( in hep_le) to 33 % (in tetralaydrofuran). The main reason is probably due to the

decomposition of the solvent (tetrahydrofuran) in strongly basic medium. The solvent undergoes

deprotonation in presence of the strong base and forms the tetr, daydrofin'anyl anion. This anion is

the potential structure for the formation of stable acetaldehyde anion and ethene. Most likely, the

tetrahydrofuranyl anion undergoes irreversible decomposition to ethene and acetaldehyde anion ;13

the latter then undergoes base catalyzed polymerization.

I,

CH2=CH 2

In fact when the reaction products obtained from tetrahydrofuranwere washed and filtered, a

deep red colored solution was obtained (it was not obtainezl when any other solvent was used). It

is assumed that this coloration is due to the polymer formation, but this point was not tested.

Thinking that the high temperature of the reaction (67 oC) might be

responsible for the decomposition of tetrahydrofuran, one reaction was carried out at -46 0(2,

without changing any other parameter. But once again the color of the wash solution was red and



the pyridine solubility of the product was even worse (Table IIa ).

• Thus we needed a solvent which could play the same role as tetrahydrofuran. The

use of 2,2,5,5-tetramcthyltetrahydmfuran and tetrahydropyran gave very encouraging results.

The probable reason is that both these solvents are stable in basic nmdium. The former solvent

has no protons that can be abstracted by the base which eliminate the path to acetaldehyde anion.

• -:=_ .... _ decomposition

_ decomposition

So, at least theoritically, tetramethyltetrahydrofuran should react like

tetrahydrofuran, though it is bulkier. The other solvent, tetrahydropyran, does not decompose

either in strong base to form any stable anion. The pentamethylene bridge makes

tetrahydropyran more stable than tetrahydrofuran in strongly basic medium.

(_ _ ___ decomposition

Hence we expected better results with these two solvents because they can

penetrate the coal structure and transport the other reagents. As shown as in Table II b, the

extent of carbon alkylation does not differ very much but the pyridine extractability of the

products differ considerably (Figure 2). The pyridine solubility of the products increase from

33% in tetrahydrofuran to 45% in tetramethyltctr_ydrofuran to 5I% in tetrahydropyran. Silmilar

results were also obtained for a different set of experiments when the alkyl halide was changed

from n-butyl iodide to n-octyl iodide. The results are presented in Table II c. Hence we can

conclude that C-alkylation reactions with "super bases" are more successful in tetrahydropyran

than in heptane.

The _sc of pentane as a solvent at room temperature did not increase the

solubility. The results are shown in Table IIL Various procedures were tried to get an ot,timum

cot_tion for alkylation. In one particular reaction, after the coal was refluxed with base, the

mixture was poured into the alkyl halide so that the concentration of the alkyl halide remained in

excess. Both the extent of alkylation and solubility did not change very much. In yet another



: reaction, after the addition of alkyl halide to the coal anion, the reaction mixture was quenched

with ammonium chloride - methanol after one hour (normal reaction time is 48 hours). As

shown in the results in Table III, the pyridine solubility of tile product was low. The extent of

reaction probably was not sufficient enough to give a more soluble product.
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Calculations :

In the reaction where the O-methylated Illinois No.6 coal was treated with super base, and

quenched with deuterium oxide, the number of anions formed per gram of coal was calculated

from the number of deuterium atoms incorporated.

Reaction- /
super base

Ill. No.6 (OMe) heptane, reflux { III. No.6 (OMe) }-n + n Bull

{ III. No.6 (OMe) }-n D20 _ { Ill. No.6 (OMe)-d n } + ' OD-

The 2H- NMR of the pyridine extract of the product is shown in Figure 1.

CD2Cl 2 (99.6% ; Aldrich ) _vasadded as the intenial standard.
i

Volume of CD2CI2 added = 0.5 I.tl

Weight of CD2CI2 added = 0.681 x 10.3 grams

and 0.681 x 10-3 grams ofCD2CI 2 (99.6%) - 93.914 x 1017 atomsofofD

Integration ratio ( from Figure 1) = 4.61

lc- atomsof 'D' inCD2Cl 2 - 4.61

atoms of 'D' in coal

atoms of 'D' in coal -- 93.914x 1017 /4.6! - 20.372 x 1017

Amount of coal sample taken for the NMR - 0.005 grams.

Thus, in 0.005 grams of the coal, deuterium atoms present = 20.372 x 1017

Therefore, in 1.0 gram of the coal, deuterium atoms present - 4.0744 x 1020

Thus in the pyridine soluble part of the product, deuterium atoms present = 4.0744 x 1020atoms

pcr gram of coal."
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Table I.

Pyridine solubility of the O-methylated Illinois No.6 coal treated with "superbase" and quenched

with various electrophiles.

Coal type Nature of the electrophile Pyridine solubility (wt%)

IlL #6 (OMe) NH4CI / MeOH 40

" D20 42

", 13CH31 46

Raw Ill #6 13CH31 35
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Table II _ :

Influence of the _mpcraturc of re,ae_on on the pyridinesolubility of the productin

tetrahydrofuran.

III.#6 (OM¢) _ n-butyliodide- ..... r .............. _ ProducT,,
reflux

, _,,.N,_ .... _ ..... ..,,..; _--.--_--_--_-'- - ........ ._r.. - - _ _.,_

Coal solventof Reaction Numberofalkyls Pyridine

used alkylation tem_r'amre (oC) per I00 c_l:_ns s soI11_bility(wt%)

Ill. #6 (OMe) THF .46 4.1 30

IU.#6 (OMc) _ .67 4.2 33

: TableIIb :

Influenceofthesolventofalkyiation,onthepyridinesolubilltyoftheproduct.

IlL #6 (OMe) _r_ _ n-bt_tyl iodide Product._ -..... . IIIII illl ._

• reflux

Coal solventof Reaction Numberofa_kyls Pyridine

used _rylation .temperature(oc) per100carbonsa solub_ty(w_%)

...... -,, ,,._ - =,,_.................. :. - - .... _ _ _.,.m _ _ - .,..n,.,....,_ . -

111.#6(OMc) heptane 98 4,5 39

Hl. #6 (OMe) THF 67 4.2 33

111.#6 (OMc) tetramethyl- 112 3.2 45

tetrahydrofuran

111,.#6(OMe) tetrahy&'opyr-88 3.9 51

a'rbcdegreeofalkylaaonwasestimatedfrecn_e incre,a_ m weightafterthereaetioa,



. TableH c :

Influence.ofthesolvent.ofalkylation,on t.kepyridinesolubklityof.the,product

superba_____ n-octyliodide--- " r ..... _w, rJ l_rod UlC, t.

Ill.#6 (OMe) reflux

...... ii_,,,,4_,_,.:........ ...... ,_J _- _.J. _ , , _.

Coal solventof Reaction Number.ofalkyls Pyridine

used alkylation tempera.turc(oc) pcrI00carbonsa ,solubility(wt%)

111.#6 (OMe) heptane 98 2,4 43

Ill, #6 (OM¢) tctmhydro- 88 3.4 51

-pyran

aThe degree of alkylation was estimated from the i.ncrcasc in weight, ttftcrthe,reac_on.



Table III :t

Effect of changes made in tJlereaction condidons of alkylation or=the pyridine solubility of the

products.

Ill. #6 (OMe) .super base .--- .....n-butyl iodide.. . _._ Product.
reflux

Coal so!ven_of Reaction Natureofchangein Pyridine

used alkylation temperature(°(2) thereactionconditio_ solubility(wt%)

IlL#6 (OMe) heptane 98 alkylhalideadded 39

:othecoalanion

(normalway)

Ill.#6 (OMe) pentane 25 " 41

Bl.#6 (OMe) hep_e 98 coalanion_Ided to 32

thealkylhalide

solution(inverse

addition)

RL #6 (OMe) heptane 98 alkyl halide addedto 33

the coal rationasusu-

al, butthezr,action

mixture wasquenched

afterIhour,insteadof

the usual48 hours



Figure 1. 2rI.-NMR.sI_ctraof ILLinoisNo.6 (OMc)ooal treacx_:lwith"superbase"andquenched
with deuteriumoxide(pyridine solublepan).
'lhc ratio A t B = 4.61

r
q" ,,
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Pigure2. 13c-NMP.spectraoftheprodm(pyridinesolubte.pert)ofthe_-eon ofIn#6(OMe,)
coal with superbaseandi3C- iodomethane.The reglonof intent is between10 to 65
1Nnm



Figt_ 3. 13C- NMR spectra of theprod_t ( pyridine soluble part) of the reaction of raw Ill #6
coal with super base and 13C- iodomethane, The region of interest is between 10 to 65
Mp-I.
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Figure 4. 13C-NMR spectraof the product( pyridinesolublepart)of the reactionof I11#6 (OMe)
coal with superbase andammoniumchl_de / methanol.
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Figure 5. The influenceof thesolvent of alkylationon thepyridine solubilityof the products.






