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Coal Solublilzatlon. Promotion of the C-Alkylatlon Reaction
by n-Butylllthlum and Potasslum t-Butoxlde.

Kuntai ChatterJee,1 Mlklo Mlyake11 and Leon M. Stock*

Department of Chemistry, The University of Chicago

Chicago, illinois 6063?

ILink Foundation Fellow, 198tj -1990.

_IDepartment of Applied Chemistry, Osaka University, Japan.

A new base catalyzed C-alkylationrc:action_hatemploys a mixw.rcof n-butyllithium

and potassium t-bu;oxide in refluxing heptane to produce coal anions that m'e

subsequently treated with n-alkyl halides at 0 oC has been developed. Almost

quantitative pyridine solubilization was achieved by C-octylation of a Lower

Ki_nning coal, PSOC1197. C-Octylation was less successful for the solubilization

of bitumi_ovs minois No. 6 coal, APCSP 3, and subbituminous Wyodak coal,

APCSP2, which gave 35 and 33% soluble material, respectively. Their O-methyl

derivatives yielded 43 and 20% soluble material in the s+_me reaction. The

observationsarc in accord with the concept of Ouchi and his associates that higher

rank coals, although more aromatic in character, have m lower degree of

polymerizationthan low rank +coals.. Rel.atively mild chemical re;actions,such as C-

alkylmion, that lead to modest changes in _aolecular dimensions, cim dJ.srupt

imermolccularfor_s and accomplish solubilization.



Introduction

Most chemical reactionsthat have been investigated for the transformationof coal

to soluble products disrupt strong covalent linkages.t,2 More recently, interest has

be,cn directed to simple alkylation reactions that can alter the non-bonded

intermolecular interactions that contribute to the binding of large coal molecules in

the solid state,z These strategies are based on the idea that the introduction of an

O-alkyl group can eliminate hydrogen bonding interactions and the introduction of a

C.alkyl group can disrupt intermolecular polarization forces. Whereas, O-alkylation

does not genemUy enhance the solubility of either high or low rank coals to a

significant degree,2, _ C-Alkylation is especially effective for some high rank

coaL,,3-10 Indeed, C-octylation with sodium amide in liquid ammonia converts at

least one low volatile bituminous coal from the Lower Kittanning Seam, PSOC

1197, in which polarization forces are clearly more important than hydrogen

bonding forces, into a substance that is 90% soluble in pyridine.9

The strengths of the bases that were used in the alkylation of this high rank coal

influenced the results significantly. There was _ clear change in the solubility of

the products that were obtained from the Lower Kitmnning coal with sodium

hexamethyldisilazide (pKa 26), sodium amide (pKa 35) and lithium diisopropylamide

(pK a 36). 9 The weakest base, sodium hexamethyldisilazide, provided only 16q,

soluble mzt_al during butylation, whereas the stronger bases, sodium amide and

lithium diisopropylamide produced more than 50% soluble material in the same

reaction.9 These observations suggested that o_her stronger bases might be even

_ more effective reagents for zolubiIizadon, and led us to consider the use of n-

butytfiddum (pKa 42) for C-alkylation. 'l'his reagent should be able to abstract

protons from the weakly acidic m'omatic carbon acids, PKa>35, as well as from the

relafiveJy strong benzylic carbon L-i&, pKa<30.



The use of alkylli_ium bases in coal chemisu'y is not new. Lazarov and his

coworkers used n-butyllithium in tetrahydrofuran for the alkylation of some, carbon-

rich Bulgarian and German coals.6 They reported that the maximum solubility in

tetrahydrofuran, 38%, was obtained for a bituminous coal containing about 88% C.

Chambers and his coworkcrs pcdormed C.alkylation reactions on the Lower

Kitumning coal, PSOC 1197, with three alkyllithium bases with nominal pica values

between 19 and 31.8,10 They carried out the reactions in a selective way to

investigate the carbon acids in this coal, and only low solubilities were realized for

thrice-alkylated reaction preducts.S,10

Our initial attempts to use n-butyllithium in tetrahydrofuran or n-butyllithium with

tetramethylethylene diamine in tetrahydrofuran failed. 9 These reactions produced

much lesssolublematerialthan desired.After additionalpreliminarywork, we

foundthata l:lmixtureof n-butyUithiurnand potassiumt-butoxide(conveniently

designatedas superbase) was much more effective,n-Buvfilithiumis itselfa

strongbsse;however,ithas been shown thatpotassiumt-butoxideenhancesits

basicity in an unprecedentedmanner.ll When treatedwith superbase,

hydrocmlbonsinthe low acidityrange, pK a 35- 50, undergo cleanhydrogen-

metal exchange.11 The reasonsfor the successof thisreagenthave not been

esmblish¢_d,and severalviableinterpretationshave beenadvancedby otherworkers

in the field. Specifically, it has been suggested that the alkylpotassium compound,

which cma bc formed hl an _xchange reaction and can bc isolated under suitable

conditions, is the active organometallic reagent, lz Schlosser, however, has shown

that such comtmunds, ,%r example n-butylpotassium, arc inferior to super base. sl

He alternatively hB_ suggested that the alkoxide anion enhances the reactivity of

the alkyllithium Oy the formation of mixed clusters of the organometallic compound

and the metallic alkoxide. 11 lt has also been proposed that the alkoxide anion
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kinetically enhances _he pro.ton uansfer reactions of the thermodynamically strong

alkyllithiumbase.D

We were led to investigate super base by the workof Bates and his coworkers,

who exploited the high basicity of this reagent to convert dimethylphenols to

diethylanisoles.14 _n the present study, super base has been applied for the C-

a_kTlation of one low and one high volatile bituminousco_l and a subbituminous

coal. The work with the higher r_k bituminous coal with its low oxygen

content and very low phenolic content was successful, and the unmodified lower

rank coals were then stu_ed. Subsequently, these low rank coals, which are rich

in phenolic groups, were methylated with tetrabu_lammoniumhydroxide and methyl

iodide to obviate the complications of the high negative charge density that would

be produced in the coal macromolecule by the basic reagents. This strategy

enabled the exclusive assessment of C-alkylation on their solubilization.

Experimental Sect|on

Materials. A l_ower Kirtanning coal, PSOC 1197, was obtained from the

Pennsylvania State Umversity Sample Bank and an Illinois No. 6 bituminous coal,

APCSP 3, and a Wyodak rubbituminous coal, APCSP2, were supplied by the

Pren_um Sample .¢_rogramof the Argonne National Laboratory.The analytical dam

for all the coals are smm__arizzdin Table I. The coal samples were dried ac 110 oC

under vacuum for 48 hours prior to use. Ttle solubility of the pristine coals in

pyridine were 5, 27 and 9 % (daf) for the Lower Kinanning, Illinois No. 6 and

Wyodakcoals, respectively.

n-Heptane (Aldrich) was shaken with concentrated sulphuricacid, and sub,_equently

distiLled. The purified solvent was stow.,d in the presence of molecular _ieve 5A.

iII,I, n I_Ill'II 'IT' I li _II 'II_II ''IIII11'I 'rillIii
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Methyl, n-butyl and n-octyl iodides (Aldrich) were also dried by molecular sieve

5A. Pyridine was purified by distillation. The other chemicals such as n-

butyUithium(1.6 M solution in he:,ane), potassium t-butoxide, tetrabutylammonium

hydroxide, dibenzofuran, ammonium chloride, methanol and hexane were used as

received from the Aldrich Chemical Company.

O.Methylation. Both IllinoisNo. 6 and Wyodak coals were methylated with

tetrabutylan_onium hydroxide and methyl iodide by the method of Lio_ and his

coworkers.lS The coal (25 g) was suspended in dry tetrahydrofuran(150 mL) and

stirredfor 30 minutes. Tcu'abutylammonium hydroxide (80 mL,91 n'unolcs) was

added and the mixture was sdr_l overnight. Then, methyliodide (25.4 grams,179

mmoles) was added to the reaction mixture, which was stirred for 48 hours. The

reaction mixture was acidified with 1N hydrochloric acid to pH 2. The flask was

then placed on a rotary evaporator to remove tetrahydrofurax_,andthe product was

collected by fil_ation and washed with 50% aqueous methanol (about 4L). The

methylat;o_was repeated a second time to ensure that ali the phenolic hydroxyl

groups were methylated. After thorough washing, the products were dried at

110 oC under vacuum for 48 hours. The infrared spectra of the products of both

coals showed substantial decreases in the hydroxyl su'etchingfrequencie_ near 3400

cm"1 together with increases in the carbon-hydrogen stretching frequencies near

2850-2900cm'1. New carbon-oxygen stretching frequencies near 1250cm-1 due to

the methyl ethers were also evident. From the increase in weight and from the

elemental analysis of the products, it was determined that about 5 and 4.3 methyl

groups pcr I00 tool carbon were introduced into Illinois No. 6 and Wyodak coal,

respectively during the O-methylation. These O-methylated Illinois No. 6 and

Wyodak coals were used as starting materials for all the _cacfions described in the

subsequentparagraphs.
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Reaction Procedure for the Coals. The C-alkylation reactions of the coal

samples were carried out essentially as reported by Bates and his coworkers. 14

n-Heptane (170 mL), potassium t-butoxide (5.04 g, 45 mmoles) and n-butyllithium

(30 mL 1.6 M solution in hexane, 45 mmoles) were added to a flame dried flask.

The mixtm-e was stirred at room temperature for 15 minutes, the coal sample (1 g)

was added, and the solution was refluxed for 6 hours. The initial black solution

turned brown when refluxing began, n-Butyl iodide (11.0 g, 60 mmoles) in n-heptane

(70 mL) was added dropwise to this coal anion suspension, after cooling the flask

at OoC. The mixture was stirred for 48 hours at room temperature to ensure

complete alkylation of the coal anions. The residual base was quenched by adding

ammonium chloride and methanol. The solvents and the excess n-butyl iodide were

removed by a rotary evaporator. The product was carefully collected and washed

with dilute aqueous hydrochloric acid (2 L), aqueous methanol (3"1, 20 L), and n-

hexane (4 L). The product was dried to constant weight at 110 o(2 under vacuum

for 48 hours. The number of alkyl groups that were introduced per 100 tool

carbon was estimated from the increase in weight of the product.

A portion of each product was subjected to Soxhlet extraction with pyridine. The

i solubility of the coal was verified in some experiments by filtering the solution

through a Nucleopore polycarbonate membrane f'dter (pore size 0.8 _m); the residue

on the filter was always less than 2 mg per gram coal. In other representatative

cases, the isolated soluble solid coal was redissolved in pyridine and a readily

f'flterable solution was obtained. These facts establish that the products were truly

soluble in pyridine.

Reaction of Dibenzofuran. The reaction of dibenzofuran was conducted in a

similar manner. Dibenzofuran (0.84g, 5 retool) was allowed to react with n-



butyllithium (15 mL 1.6M solution in hexane,22.5 mmol) and potassium t-butoxide

(2.52g, 22.5 retool) in refluxing heptane (100 mL) for 6 hours. Methyl iodide

(7.1g, 50 retool) was added at 0 oc and the mixture was stirred for 48 hours at

room temperature. The excess base was neutralized with ammonium chloride and

methanol, the solvent and the remaining methyl iodide were evaporated and the

product was extracted into ether which was washed with water and dried over

anhydrous magnesium sulphate. Ammonium chloride and methanol, rather than

methyl iodide, were used to neutralize the reaction mixture in another experiment.

The productdistributionswere established by conventional GC-MS procedures.

Analysesof Products.Solutionphase13C and2H NMR spectraof theextracts

of thealkylatedcoalswererecordedusinga VarianXL-400spectrometer.FT-IR

oftheproductswererecordedwitha NicoletModel20SX spectrometer.Potassium

bromidepelletsof thecoalproducts(2-4wt% ) weredriedat90oC for24hours

beforerecording the spectra.

The analysisof theproductsthatwereobtainedfromdibenzofuranwas conducted

by GC-MS usingHewlettPackard5970 sede.smassdetector(70ev)colmectedto

5890 gaschromatograph(OV-I01 capillarycolumn,I00-180oc,5OC/rnin).The

IH-NMR spectrumof theproductin chloroform-dwas recordedwiththe

University of Chicago 500 MHz spectrometer.

Rosuitst and Dlst_lstlon

As already mentioned in the Introduction, ali the reactions that were carried out

with super base in tetrahydrofuran were unsuccessful. The degree of alkylation

was low and the solubilities of the products were extremly low. Even though

tetrahydrofuranwould have been en ¢xcellant solvent for the alkylation of coal, it
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could not be used with super base. Although alkyllithiums can be used

successfully in tetrahydrofuran at very low temperatures, it is weU known that these

reagents are consumed through the cleavage of the solvent via a-lithiation at

ambient temperatures.IS This consideration led us to adopt Bates's conditions; 14

fortunately, the reaction_ of the coals could be successfully carried out in heptane.

We began our work with the Lower Kittanning coal, P$OC 1197. This high

rankcoal is only 5% soluble in pyridine. Previous workestablishedthat sodium

amidepromotedbutylation yielded a productthat was 50%soluble in pyridine.9

However,Chambersand his coworkersfound that only 1.8 methylgroupsper 100

rnol carbon were introduced into this coal by three succo:sive treatmentswith
o

differentalkyUithiumbases and that the thrice methylatedcoal was merely 30%

soluble in pyridine.S,10

The results for the super base promoted C-alkylation reaction of Lower Kittanning

coal are summarized in Table II.

The information for the C-butylation reactions with sodium amide in liquid

ammonia and with n-butyl lithium in tetrahydrofuran arc included with the results

for the super base in heptane for convenient comparison. The butylated products

that were obtained through the reaction of n-butylUthium in tetrahydrofuran _:

through the reaction of sodium amide in ammonia were 10 and 50% soluble in

pyridine,respectively. In contrast,butylationwith superbase in heptaneprovided

a 90_ soluble product. There is evidently a direct relationship between the

strength of base and the solubility of this C-alkylated coaL The information that

is presented in Table H suggests that about 4 butyl groups pet 100 tool carbon are

introduced into the coal in the sup_ base system. The _ons with n-butyllithium
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alone and with sodium amide inu'oduce about 1 and 2 butyl groups per I00 rnol

carbon, respectively.

Super base is a_ especially effective reagent for the r.ll_lation and solubilization of

this coal The reason for its effectiveness was explored by determination of the

' degree of solubilization that could be realized by trea_.ent of ft'lecoal with base

and protonation. Unreacted coal is only 5_ soluble in pyridine, and the reaction

with sodium amide in liq,,id w.:monia followed by protonation yielded a product

that was 9% soluble in pyridine.9 On the basis of this observation, it was

concluded that modest concentrationsof sodium arnide did not significantly alter the

molecular framework through hydrocarbon elimination reactions or other base

catalyzed fragmentation reactions.9 However, when the reaction was performed

with super base "n heptane and the intermediate was ucated with ammonium

chloride in methanol, the recovered coal was 39% soluble in pyridine. Clearly, the

base alone must have altered the molecular _nmctureeith_' throughbase-catalyzed

rearrangement reactions or, more probably, through hydrocarbon elimination

reactions, such as the one shown in equations (1) and (2), that could reduce the

dimensions of the macromolecule.

i

Coal -_ Coal + .Coal (2)
CoaJ
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Carbon-carbon bond cleavage reactions of this kind arc uncommon. However,

Grovenstein°s review indicates that benzylic anions can readily be cleaved from

carbanions.l? Under normal circumstances, base catalyzed readdition reactions are

expected to take place. However, we propose that the hydrocarbonunits in the

coal are adequately suained such that bond cleavage reactions, equations 1 and 2,

would release strain energy within the coal macromolecule and be irreversible.

Further investigations on the base promoted carbon-carbon bond cleavage reactions

in hydn_arbons are currentlyunderway.

J

In any event, the results imply that these elimination reactions are much less

significant with weaker bases, and we infer that the stronger base increases the

concentrationof coal carbanionsin the reaction medium and, therefore, increases the

opportunity for tautomerizationand fragmentation reactions. "lXese fragmentation

reactions probably have appreci::ble activation energies and their rates may be

significandy enhanced in heptane at 98 oC. In point of fact, the reactions of

Lower Kittanning coal that were performed with super base under identical

, conditions, but at room temperature, yielded only 18% soluble material.

Consequently,we infer that the rates of the fragmentationreactionsof the anions in

coaJ depend not only on the concenu'ation of carbanions but also on the reaction
i

temperature. The much higher degree of solubility (92%) that is achieved after

treatment with base and C-octylation presumably results from the disruption of

ir_termolecular polarization forces by the long alkyl groups as discussed

previously._

We further explored the scope of the reactions of super base by the study of

two lower ranking coals. The results for Illinois No. 6 and Wyodak coal are

summarizedin Tables rn andIV.
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The low rank coals contain large amounts of oxygen atoms, and a sign_cant

portion of them occur in heterocycles.18 Hence, we studied dibenzofuran to
r

investigate the chemical reactions that might occur with tlw,se substances in the coal

under the influence of super base. In the fwst experiment, dibenzofuranwas treated

with super base in refluxing heptane for 6 hours, and the reaction mixture was

quenched with ammonium chloride and methanol. Analysis of the product showed

that 95% of the starting material was recovered, and about 5% of the cleavage

product, 2-phenylphenol,'was obtained.

q

In the next experiments, the reaction mixtures were trezted with methyl iodide. The

re_ction with dibenzofuran was performed in a similar manner to that of coal.

Excess base as well as excess metLyl iodide was used. Many products including

mono-, di-, tri-, and even heptamethyl derivatives were observed in the GC-MS

analysis. A reaction pathway for the p,_rmethylationreaction is shown in Scheme 1.

Initially, a hydrogenatom is abstractedfrom the aromatic ring to provide the onho-

metallated compound. The initial met'tylation reaction yields 2-methyldibenzofuran.

The methyl hydrogen atoms are benzylic and more acidic than the aromatic

hydrogen atoms. Thus, subsequent anionization occurs t_tthe benzylic position and

the second methyl group is introducedselectively at the benzylic carbon atom.

Since the main emphasis was to study the influence of C.,alkylation on

solublization, the O-methylated coals were used as startingmaterialsfor most of the

reactions. The results for Illinois No. 6 coal, Tables HI and IV, show the

influeI,_: of the base that was used for C-alkylation on solubllizadon. About 27%

of the pristine coal sample was exwactable in pyridine. The octyla_._l products

with potassium hydroxide, sodium amide and super base produced 33, 32 and
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43% soluble m,ateritls, _spectively. Super 'bLueis ,¢|eady a more effecti_/e reagent

that th,e o_er bases.

The en_es in Table IV show the influence of the size of the eft;yI group on

solubility. The pyl_cl_,_esolubility of the products that were obl_l,m...'l,after the

reactic_n_xt=_ were quenched w_h eI¢ctrop,t_es ranging from _atmmonium

c'hlori_ .to oc_l iodide v¢_ not vcry,'.di,ffercnt, There it no coc_latic,n bct_vccn

,the nature of a_"yl g_,up and solubility,, I]linois No. 6 coal beha,,lesentirely

d_fferendy _an I_wer Ki_anning coal in the sense that the le,nstthot' the alkyl

group does not--,_lter solubiI',ity. The ,results that have been ob_ined/ tor the C-

alkylation of these two c_s parallel the obser..',ationsof Wschowska and hor

collaborators fortheretlu,ct_ve_l_don ofhigh m_d low rank coa_:s.19

We were s_]_risedby the observation ,that no more than 2 m 4, C-aLkyl gro,vps

wereinrz_ucedintoxhecoal,especially,becaused2benzofurm_so_lily,experienced

= multiple alkylatic,n, This _,d rrmx_yo_er a_,tivatedaromadc compounds are re,acIi_y

meud,latedby strong bases and s.lkv]ated,2e Several experfsnentswere conducted _o

_vestiga:e this fea'rareof the ,reaction with coal. F_t, _ere was no e_ctence f_

themetal]salonofmo,marieco_pou.nd_iJ_.BHnoisNO,6 ,co_.When thecoalanion

was quencl_edwithdeuteriumoxide,no deuteriumtigris]was obter_,edin rh,..

aromaticregionof the2H NMR s_rum of ,_eprodttcutt_tt:weresolub,].ein

p.yrid_e.S,eco_,ifthe tYkylado,nx_actton_ wi'thcoal_ :i_tdo¢l_with pure

diben.u_funn,Schem__,fm-th,e_a_._o,r_i,_do,n Isi_evita.ble_d ethylm_d isop_pyl

ded_Ives,hou_ be produced.,For one r/'dng,..the,degreeofaXkytadc_nwou_d.be

much h.igl_ertlutnwhat was obtained.Hence i_ is spec_tla.t_dthl_ta1_ough

dibenzofu_n u.ndergocsmc,m}Jatio,nwith s,upcr 'base, n',uchre,sc,_ons c_u no,t take

pi_ _L_' This i_ q_dtereaton_k because co_. h_ ot_c_ _rc :_ci_c pro,to,ns
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which are readily abstracted by the strong base, in p_efe,rcnce to the aromatic

hy_ogens.

The nature,ofthecarbonacidsinIllinoisNo.6 coal was.studied.bymethylation

with methyl+L+Ciodide. The /-+C NMR spectrum of the pyridine extract of the

product,whichcontainsabout46% oftheorganicmatter,is.showninFigureI.

Unfortunately, _e resonances of the methyl-13C group span a broad ange and the

spectroscopic r_sult_ do not provide precise information on _he sites of C-

methylation. Nevertheless, ccnaJn aspects of the sp_ctntm deserve mention. The

very sharp sign,s .n_.-r 47, 29, 20, and 12 ppm _se from the presence of

_sidual tetrabutylammonium hydroxide. Most of the lSC signal intensity ap_

from II to28 ppm. Elementsof thisbroadsignalarcconsistentwithChamber's

n +viewS,10thatbe,zyUc and fluorenyllcpositionsatc selectivelymethyleted,

Pm'ticularlyst_ngsignals0ccittnem' 18 and 25 ppm. Althoughitisunwiseto

make structur..Jassignmentson the basi.sof chemicalshiftdataalone,these

resonancesarecompatiblewiththeproductsof methylationoffiuorenylderivatives,

the resonm'_ceof the methyl group in 9-methylfluorene is m 18 ppm, and with the

productsof methylationof a-alJ_,!_nzylderivatives,the_sonanceof themethyl

group in Be simpleat o_.+.+Ikylbcnzylderivative, isopropylbenzene, is at 24 ppm+

The bro_ bandof'resonancebetween15 and 30 9pm areconsistentwiththe

methylationofa v'srietyofcompoundsrangingf_m,,forexample,dimrylme,thanes,

.l_e r_sonm_c¢ of the me_thyl group in l,lo, iiphenylethm'_e is at 22 ppm, to

dJ),lyd_roph¢n,mtfilhtq_Itlts,the regonalloe Of the ,methyl group in 9-methyl-9,10-

+d.ihydm_,_mm_elm is _t 20 ppm+ The absence of pmmi_an_ signals near 27 and

31 ppm, whichcouldarisefrom 9,9-dimethylfluomneand 2,2-dipheny_propane,

' reapecl_'_y, impU_s that d:iaik_l_oo isnot a s/_,mmt reaction. Inspi_ of the

I

+=
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presence of excess base in the reaction medium, dimethyladon does not appear to

Occur.

Previous studies have also shown that benzylic alkylations are prominant in

reductive alkylation reactions.21 One very significant difference that dtsdng_ishes

superbase promoted C-alkyla_on ft'ore reductive C.alkylation deserves mention.

During reductive alkylation,aromatic compounds are converted to dihydroderivatives

which undergo methylation to yield substances that contain methyl groups bonded

to quaternary carbonatoms of cte'bocy,:lesas ilIus_',ed in equation(3).

Compounds of this kind exhibit resonances near 30 ppm. Such frequencies are

absent from the sF..cwJm of the C-alkylation products in Figure I.

The _,,ons_ce_ near 55 and 60 ppm reveal that O-methylation of the O-methylated

I_linois No. 6co_ also takes place. About 4 methyl groups per I00 tool C are

introduced during the C-alkylation, and the ratio of C- w O-methylation is

approxima_el't7. These results suggest that about 0.5 new O-methyl groups per

I00 tool C are induced into the O-methyl Illinois No. 6 coaL Previous studies

eva_Jwl¢ _owed thxt it was gtable to super base and that ¢mhometallaltionrath_

than carbon-oxygen cleavage takes place.la Hence, O-methyl bond cleavage

followed by remethylafion wi_ the labelled compourtd can be ruled out. The '

treaunent of dibenzofm'_ with super base under the conditions of coal alkylation
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reactions led to the formation of 5% 2-phenylphenol• Thus, we infer that the new

labelledO-methylgroupsarisethroughbasepromotedcarbon-oxygenbondcleavage

reactions in diaryl ethers and heterocycles.

lt is pertinent that reductive alkylation reactions cleave about two carbon-oxygen

bonds per I00 tool C in Illinois No. 6 coal,21 and that the products of reductive

alkylation arc considerably more soluble than those obtained from super base

alkylation• These results imply that the solubilization of Illinois No. 6 coal is

significantlyenhanced by carbon-oxygen bond cleavage and that such covalent bond

cleavage reactions are more importent for solubilization than the disruption of

polarization forces or, hydrogen bonding interactions by the introduction of O- and

C.alkylgroups.

The zcsultsfor the subbituminousWyodak coal are showninTables III and rV.

Surprisingly, sodium amide provides a mo_ soluble product than super base for

both pristine and O-methylated Wyedak coal. The pristine coal is only 9% soluble

in pyridine. Super base promoted octylation of Wyedak coal produces 33% soluble

material,but mere O-octylationwithtetrabutylammoniumhydroxide,produces even

more solublematerial,37%. With sodium amide,theproductis about40%

solubleinpyridine.None oftheotherreactionconditionsyieldedbetterresultsfor

thiscoal,

The reactions of O-mcthylated Wyodak coal with super base and different

electrophUes arc summarized in Table IV. lt was surprising to fred that the

products that were obtained in these reactions were less soluble than the l_oducts

with sodium mnide. The reason fm" the "failure" of super base to improve the



solubilization of Wyodak coal is not understood. We hope to obtain more

information about this observation in our future work.

One of the most notable features of the work with super base and the other C-

alkylation reactions centers in the observation that greater success is realized with

higherrank coals. Lazarov and his associates pointed out this fact in their work

with Europeancoals,6 and our work with Lower Kittanningcoal is paraUedby the

observation at the Argonne National Laboratorythat PocahontasNo. 3 coal, APCSP

5, which contains 91% C, is converted by super base to productsthat are at least

55% soluble in pyridine32

A few points about the nature of the super base promoted C-alkylationneed to be

mentioned before we discuss the reasons for thi_ difference. The coal reaction

system is quite complex and an adequate interpretation of the results requires an

appreciation of several aspects of chemisu3,. First, irreversible reactions occur

between the carbon acids in the solid coal and the bases to provide butane and the

coal anions which remain in the solid phase. Second, concunent proton transfer

reactions take piace between the anions that are formed f_t and the other carbon

acids in the coal and promote the formation of an equilibratedmixtureof the most

therm_ynamica_y stable coal anions. Third, the addition of the alkylating agent

initiates a new set of reactions betwen the anions end the electrophile, These

reactions are rapid, but proton transfer reactions of the carbon acids in coal may

continue during this step. Under these circumstances, both kinetic and

thermodymunicfactors could influence the ouw.ome of the tolubilization_ment_

Proton transfer occur reversibly, but alkylation is an irreversiblereaction. The

situationis illustrated in Scheme 2 for two different carbon acids in coal.
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The physical organic analysis of this problem is embodied in the Curfin-Hammett

principle._ if the rates of the alkylation reactions with rate constants k2 and k3

are slow relative to the rate of proton transferwith rate constants kI and k.1, then

the ratio of the individual alkylated products, CoaIRICH3 /CoalR2CH 3, would

reflect the activation energies for the alkylation reactions. However, if the rates of

the alkylation reactions are fast relative to the rates of proton transfer, then the

product ratio would depend on the relative thermodynamic stability of the

carbanions. The more stable the anion, the greater the yield of its alkylation

product. The simple situationfor a homogeneous solution is greatly complicated _y

the heterogeneity of coal. Nevertheless, our results and Chamber'sresults appear to

be best accommodatedby sn explanation that is based upon the reactionpathway in

Scheme 2 and that presumescarbanion equilibration. For example, we were unable

to detect products of alkylation at aromatic carbon atoms even though the bases

that were used in the reaction were capable of abstracting protons from such

positions. Thus, i,t is reasonable to presume that aryUithiumsmay be formed in

initial reactions, but are convened to more stable substances in subsequent

equilibriumcontrolledprocesses.

The differences in solubility of the alkylated high and low rank coals presumably

depend upon an array of factors including major differences in molecular structures

of the original coals and the arrayof inter- end intrmnolecularforces that operate in

the liquid and solid state. We believe that the differences in the effectiveness of C-

alkylation for the solubilization of low and high rank coals originate in the

differences in molecular structure, lt is very well known that many properties of

coal are a discontinuous function of rank,_ and we advanced the view that bad

lneviously been suggested by Wender_ that the success of C-alkylation depended

upon the degree of coalifi"cation, with higher rank coals more susceptible to
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_lubili_fionasa consequenceof_ek lessenedstructuralcomplexity#Inpointof

fact,Ouchiand his_workersl_int_oul thattheaveragemolecularweights

observed for the high rank coals seem to be smaller than the correspondingvalues

for the low rank coals, and proposed that lhc high ranking coals had more highly

condensed aromatic rings but a lower degree of polymerization.26 More recently,

Lar_n and Wei have also concluded from their work that the amount of pyridine

extract and ,average molecular weight increases with lhc rank upto a carbon content

of 86%.27 On the basis of the increase in _e quantity of the extractablematerial

with rank and change in molecular weight of the exu'acts, they also conclude that

the coalification process is a net depolymerization.Z7

Our results are compatible with this concept. The lower degree of solubilizationof

the low rank coals is compatible with the notion that the macromolecular network

is larger and more complex. In this situation, a low degree of C-alkylation is

inadequate for the achievement of solubilization because covale_nt bonding and

molecular dimensions dictate the outcome rather than intermolecularinteractions such

as hydrogen bonding or polarization forces. Thus, for the low rank coals,

conventional bond cleavage is required for depolymerization and solubilizationo In

contrast_ the lower degree of polymerization of high rank coals reduces the

challenge considerably. In some situations, it may only be necessary to disrupt the

intermolecularpolarization forces between the aromatic and hydroaromaticmolecules

to achieve solubilization. As has been mentioned earlier,_ destruction of such

interactions lead to almost quantitativesolubilization for the high rank coals.
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Table, L Analytical Data for the Coals.

Lower Illinois Wyodak

Kittanning No.6

PSOC 1197a APCSP 3b APCSP2b

ultimateanalysis,wt%

C 89.6 77.8 72.0

H 4.8 5.7 5.7

N 1.8 1.4 1.0

s 2.6 0.5

0 (by difference) 2.6 12.5 20,5

ash 10.3 16.2 9.2

maceral analysis, wt%

vitrinite 94.4 88.0 89.0

inertinite 5.6 9.0 10.0

lipfini_ 0.0 3.0 1.0
e

aThe datawereprovidedby the Pennsylvania State University SampleProgram. bThe

datawereprovidedbythe ArgonneNationalLaboratoryPn)mium SampleProgram.
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Table II. Results for the C-Alkylation of PSOC1197 Coal.

reaction conditions: ,,_, ' electrophile alkyl groups solubility,

base,solvent,temperature, _ per I00 wt% in

time. toolC a pyridineb

n-C41-IgLi+ t-C4H9OK(I:1),n-heptane,98°C, NH4CI - 39

6 hours.

n-C4HgLi+ t-C4HgOK(I:I),n-heptane,98oC, n-C4Hgl 4.0 90

6 hours.

n-C4HgLi+ t-C4H90K (1:1), n-heptane,98 oC, n-CsHITI 3.0 92
6 hours.

NaNH2, ammonia,-75 °C, 6 hours n-C4I-IgI 2.5 SOC

n-C4HgLi,THF,25oC,6hours n-CaHgI 1.0 10c

aThe numberofalkylgroupsthatwereintroducedwas estimatedfromthegaininweight,

theresultsaregiventothenearest0.5.bApproximately5wt% oftheoriginalcoalcouldbe.

extractedinpyridine,eReference9.
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Table m. Influence of the Base on C-Octylation of Illinois No. 6 Coal (APCSP 3) and

Wyodakcoal (APCSP2).

coal reaction conditions : octyl groups solubility,

base, solvent, temperature, per wt % in

time. 100 tool Ce pyridineb

IP_nois No. 6

pristine KOH, THF, 25 0(2, 6 hours 3.5 33

(OMe) n-C4H9Li + t-C4H9OK (1:1), n-heptane, 2.5 43

98 °C, 6 hours.

(OMe) NaNH 2, ammonia, -75 o(2, 6 hours 2.0 32

Wyodak

pristine Bu4NOH, THF, 25 0(2, 6 hours 3.0 37

pristine n-C4H9Li + t-C4HgOK (1:1), n-heptane, 2.0 33

98 °C, 6 ho_.

pristine NaNH 2, ammonia, -75 oC, 6 hours 2.5 40

rOMe) n-C4HgLi + t-C4HgOK (1:1), n-heptane, 2.5 20

98 °C, 6 hours.

(OMe) NaNIt 2, ammonia, -75 °(2, 6 hours 2.0 32

t The number of octyl groups that were introduced was estimated from the gain in weight,

the results are given to the nearest 0.5. b Approximately 27 wt% of the Illinois No. 6 coal

and 9 wt% of the Wyodak coal could be extracted into pyridine.
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• Table IV. Influence of the Alkyl Group on Pyridine Solubility of Illinois No. 6 (APCSP 3)

and Wyodak (APCSP 2)Coal. a

com elecu'ophile alkylgroups per solubility,wt%in

100mol C b pyridine

Illinois No. 6

(OMe) - - 34

(OMe) NH4CI - 40

(OMe) CH3I 4.0 46

(OMe) n-C4H9I 4.5 39

(OMe) n-CsHlTI 2.5 43

Wyodak
(OMe) - - 35

(OMe) Nt-_CI - 23

" (OMe) n-C4Hgl 2.0 16

(OMe) n-CsHI-/I 2.5 20

(OMe) n-CsH17I 2.5 44e

a Ali the reactions were carried out with 45 mmoles of super base per gram of coal in

refluxing heptane as described in the Experimental Section.bThe number of alkyl groups

thatwereintroducedwas estimatedfromthegaininweight,theresultsaregiventothe

nearest0.5.eAboutI00mmolesofthebasewas usedinthisexperiment.
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Scheme 1. Propond mechanism for the Introduction of more than ou_e methyl
• group In dlbonzofuran.

_ 2" Mel _ and so forth

, ,, l_ _ .-,'_

H CH2CHa
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Scheme 2, CurUn.Hammstt analysis of coal alkylation.

kl
(COAL)R1"M" . (COAL)R=H (COAL)R="M.....__ . + (COAL)R1H

k.1

I
k2 CH31 k._l CHsl

f

(COAL)RI-,CH= (COAL)R=-CH=






