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I. Abstract 

A review of the information concerning the structure of Illinois N·o. 6 
coal obtained in this laboratory and elsewhere provides the basis for a pro­
posed structure for this bituminous coal. All the available. facts. concern­
ing reduction, reductive· alkylation, hydrogen atom exchange, oxidation, func­
tional group analysis and so forth have been used to define a structural 
segment consisting of about 1000 atoms with a molecular weight in excess 
of 6000. This work is discussed in Part A. 

The study of the reductive alkylation reaction of Illinois No. 6 coal 
in liquid ammonia has been directed toward the optimization of the reaction 
conditions for the achievement of maximum solubility. The latest results 
indicate that. about 55% of the original Illinois No. 6 coal can be converted 
to products which are soluble in tetrahydrofuran using potassium in liquid 
ammonia as the reducting agent and n-butyl iodide in tetrahydrofuran as the 
reducing alkylating agent. These observations are treated in Part B. 

The effort on donor solvent coal chemistry during this quarter was 
directed to the role played by pericyclic reactions in the liquefaction 
process. The reactivity of a number of donors has been examined including 
1,2- and 1,4-dihydronaphthalene. Although the research is not yet complete, 
the preliminary results indicate that free radical processes occur preferen­
tially. Thus, the pericyclic reactions appear to be unimportant at the 

·threshhold reaction temperatures of 350-425°C. This work is descr:i,.bed in 
Part C. 

II. OBJECTIVE AND SCOPE OF WORK 

A. Objective. 

The objective of this research is to define the structural features of 
coal which are important in conversion processes. 

B. Scope of Work 

TASK 1 Solublization Reactions 

The objective of this task is the development of methods for the conver­
sion of coal molecules to soluble materials. Methods for the non-selective 
and selective conversion of coal to polyanions and for the conversion of the 
polyanions to soluble products will be investigated. 

TASK 2 Quantitative Analysis 

The objective of this task is the development of semiquantitative methods 
for the determination of the course of the ~lkylation reactions and other signi­
ficant processes through the use of·isotopic labels and.other appropriate 
analytical procedures including chromatography and spectroscopy. 
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TASK 3. Application of the Procedure 

The procedures developed in tasks 1 and 2 will .be applied in a study of 
the structure and reactivity of a selected group of coals, coal macerals, 
and coal products. 

TASK 4 The Chemistry of Liquefaction 

The objective of this task is.the elucidation of the chemical reactions 
that occur to initiate and sustain.the liquefaction reaction. The reactions 
of molecules with deuterium atom labels will be studied to probe the course 
of these reactions. 

III. SUMMARY OF PROGRESS 

. A. Work During This Quarter 

The information in the literature concerning .the structure and the chem­
ical reactivity of Illinois No. 6 coal and other closely related coals has 
been assembled. The .various proposals which have been made in the.literature 
concerning the structure of this coal have been critically assessed. A str~c-. 
ture for this coal has been proposed based upon all the available information 
including research in this laboratory on t~e reductivealkylation and tetralin­
d12 exchange reactions. This work is described in Section IVA. 

The study of the optimization of the conditions for the reductive alkyl.a- . 
tion reaction· in liquid ammonia has reached completion. Potassium is the .be.st··· 
reducing agent in liqu~~ ammonia and the alkylation reaction which proceeds 
slowly is best accomplished in tetrahydrofuran over 48 hours. The new work is 
described in Section IVB. 

The role of pericyclic reactions in the liquefaction reactions of Illi­
nois No. 6 coal has been considered via .the study of 1,2- and 1,4-dihydro­
naphthalerie with selected compounds. The results suggest that free radical 
processes are much more important than pericyclic. processes. The resul·ts 
.are discussed in Section IVC. 

B. Publications During This Quarter 

.1. D.E. Hansen, H.H. King, and L.M. Stock, Hydrogen-Deuterium Exchange Reac­
tions of Tetralin with Coal-Related Molecules. Fuel and Petrochemical Divi­

. sion Preprints Am. Inst. Chem. Eng., ..!,. 356 (1980). 

2. The Reductive Alkylation of Illinois No. 6 Coal. Seminar Presentation, 
Gordon Research Conference, June, 1980 .. 

3. The Hydrogen-Deuterium Exchange Reaction of Tetralin-d1? with Coal and 
Coal Molecules~ Seminar Presentation, Stanford Research Institute, July, . 
1980. 
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C. Summary of Progress to Date 

TASK 1 Solublization·Reactions 

The reactions of lithium, sodium, and potassium with Illinois No. 6 coal 
in liquid ammonia were examined. The polyanions were then alkylated with n­
butyl iodide. It was observed that lithium and potassium were about equally 
effective at -33° and that these metals were both more effective than sodium 
under these conditions. 

The research work has also established that Illinois No. 6 coal reacts 
with potassium in liquid ammonia at -78°, -33°, and 25°. The coal anions .pre­
pared in this way are readily alkylated. Essentially the same amount of solu­
ble alkylated products are obtained at each temperature. The coal anion was 
prepared in liquid ammonia at -33° and 25°~ _It was then reacted with n~butyl 
chloride, bromide, and iodide. The iodide_was more effective for the conver­
sion of .the coal to a soluble product. than either .of the other two halides. 
It was also established that the use of a cosolvent during the alkylation and 
the use of longer reaction times were beneficial for the formation of the 
greatest amount of soluble product. The information thus far obtained es­
tablishes that the reductive alkylation reaction can be effectively performed 
at -33° or at 25°, that potassium is a more generally effective reagent and 
that butyl iodide is an effective alkylating agent. When the various reac­
tion parameters are· optimized the Illinois No. 6 coal is converted into a 
butylated product which is ab.out 55% soluble in tetrahydrofuran . 

. TASK 3 Application of the Procedures 

The information concerning the. struc.ture and .chemical reactions of .. Illi­
nois No. 6 coal has been assembled and critically analyzed. A structure for 
Illinois No. 6 coal that is compatible with the proton and carbon nmr spectra 
obtained for solid state samples and with chemical reaction data for oxida­
tion under several different kinds of conditions, for reductive alkylation 
and for tetralin-d12 exchange reac·d.ons has been proposed by L.B. Alemany. 

TASK .4 The Chemistry of Liquefaction 

The significance of phenolic compounds and·benzoic acid derivatives as 
acidic reagents at 400° has been examined. Study of the exchange reactions 
of tetralin-d12 and diphenylmethane in the presence. and absence of these com­
pounds and appropriate product studies have clearly established that phenol · 
does not serve as an acid under the·experimental conditions. Rather; the· 
phenolic compounds undergo exchange via a.free radical pathway. 

The reduction of styrene by tetralin at 400°C has been investigated. 
An unusually complex reaction mixture was obtained. The observations indi­
cate the complexity of the organic reactions of even relatively simple mole­
cules at high temperature. It is particuiarly significant to note that re­
combination reactions can lead to" adducts which can fragment by facile a­
scission reactions to yieid diverse products. For example, styrene reacts 
with tetralin to give 11% 1,3-diphenylpropane, 4% l_.methyltetralin~ and 7% 
1-methylnaphthalene. 

/ 
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The effects of organic additives ori the reduction of E-stilberie by tetra­
lin at 400°C have been studied. Additives such as coal, benzyl phenyl sulfide, 
9,10-anthraquinone, and tetracene in low concentration greatly accelerate the 
rate of reduction of E-stilbene by tetralin. · 

The significance of the concerted pericyclic reaction in the coal lique­
faction has been examined .. Study of the thermal·hydrogen atom transfer reac­
tions of reactive donors, tetralin, 1,2- and 1,4-dihydronaphthalene with 
anthracene, phenanthrene and E-stilbene suggested that the free radical path­
way is more likely. The reduction of tetracene by a mixture of tetralin-d17 and tetralin provided further expe·rimental support. The deuterium distribu= 
tion of the produced 5,12-dihydrotetracene is d0 :d1 :d

2
:d3 :d4 = 54:24:19:2:1. 

IV. DISCUSSION OF TECHNICAL PROGRESS 

PART A 

A Structure for Illinois No. 6 Coal 

by L.B. Alemany 

Suggestions for the structure of coal are not new--Given's in 1960 and 
Wiser's in 1975 are probably the most frequently cited.l Any proposed aver­
age structure for a given coal has significant limitations. Foremost, in 
light of the highly heterogeneous nature of any coal, there is no unique, 
repetitive structural unit. A proposed .. structure is merely a synthesis of . 
the data available. Because the available .dat.a are limited for any one coal, 
more than one reasonable structure can be drawn for~mos.t coals. A knowledge· 
of the full range of structures present is clearlyuseful, if not n~cessary, 
for predicting the chemical behavior of the· coal. Ideally, the propO$ed· 
structure is consistent with essentially all the information avail.9.ble on 
macromolecular Illinois No. 6 coal. However, the small, hydrogen-rich mole­
cules trapped within this network are not shown. Presumably this structure 
will be modified as additional investigations on Il~inois No. 6 coal provide 
more quantitative data of use in the elucidation of structure.· For example, 
we need more quantitative information on the relative amounts of the aromatic 
systems· present, on the nature of the hydroaromatic species pre.sent, on the 

·average degree of ring substitution, and on the intrastr.uctural relationship of 
these units. · 

The structure presented in Figure lA has :the.following features. The 
structural fo:mula, c456H397o48s9N3 (MW = 6~76i,. is consistent with the ele­
mental analys~s of the coal affer a correct~on ~s made for the amount of 
oxygen present in the mineral matter~ 

Only small aromatic ring systems, most frequently benzene, are present. 
Several investigations strongly support this feature. Alkaline cupric oxide 
oxidation of Illinois No. 6 coal has shown that benzene carboxylic acids con­
stitute 69% of the acids identified. 3 Sodium dichromate oxidation ·of Illi­
nois No. 2 coal, which. is similar, has shown that benzene, naphthalene, and 
phenanthrene moieties constitute over 90% of the aromatic carbocycles and that 
the number of naphthalene and phenanthrene moieties is less than ha,lf the 
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number of benzene moieties. 4 (The nearly identical values for the ratio of 
benzene carboxylic acids : naphthalene carboxylic acids given by Illinois No. 
2 and No. 6 coals upon alkaline cupric oxide oxidation also supports the be­
lief that these two coals would behave similarly upon sodium dichromate oxi­
dation.3) Other investigations, while yielding only qualitative results, 
are nearly as compelling in requiring that only small aromatic ring systems be 
present. Rapid (<2 min) thermal liquefaction of Illinois No. 6 coal has shown 
that the majority of the aromatic systems are benzene and naphthalene.s Poly­
cyclic aromatic systems are not hydrogenated under the reaction conditions .. 
Similarly, research with different electron transfer agents has led us to 
conclude that the reduction and alkylation of large, polycyclic aromatic sys­
tems in Illinois No. 6 coal is not a principal reaction. Indeed, all the· 
available evidence forces one to conclude that the aromatic carbon atoms in 
any bituminous· coal are not present in significant amounts as highly con­
densed rings, rather mono- and diaromatic rings predominate. 1 •5 

Sixty-nine percent of the carbon is aromatic. Several cp nmr investi­
gations on Illinois No. 6 coal;5,6 a pyridine-soluble, toluene-insoluble ex­
tract;7 and the pyridine-insoluble residue7 suggest that about 70% of the 
carbon is aromatic. Unfortunately, none of these spectra appear to have 
been obtained with rapid, magic angle spinning of the sample. Consequently, 

.. the aromatic and aliphatic carbon resonance bands overlap, and therefore, the 
amount of each type of carbon can only be estimated. The slight dependence 
(~everal per cent) of the relative amounts of aromatic and aliphatic carbon 
atom signal intensity on the cross polarization time introduces an additional 
uncertainty in the cp nmr data ·for any coal sample. 8 •9 Furthermore, in gen- · 
eral, the carbon atoms in any sample aJ;e. not: necessarily equally polarized; 10 
In spite of these difficulties, cp nmr with rapid, magic angle spinning is at 
least semiquantitative, as spectra of an unspe.cified Illinois bituminous coal 
obtained with and without cross polarization yielded similar values (=74%) for 
the percentage of aromatic carbon.l1 Clearly~ additional cp nmr studies with 

;> 

rapid, magic angle spinning and a variety of cross- polarization times would 
be useful in providing niore detailed information on the relative amounts of 
aromatic, aliphatic, _and etheral carbon atoms· in any coal. However, critical 
analysis of the data suggests that only minor refinements will be necessary. 

·Cross polarization data on the hydrogen distribution in any coal are 
very rare and have not been reported for Illinois No. 6 coal. However, 
Gerstein and his colleagues have obtained such data on Iowa Star vitrain, 
which is similar (e.g., 71% of the carbon is aromatic as determined by cp nmr 
with rapidA magic. angle spinning), and estimated that 31% of the hydrogen is 
aromatic. 1L In the proposed average structure for Illinois No. 6 coa,l, 27% 
of the h~drogen is aromatic, a modest difference. 

Hydroaromatic structures are present in this structure. This very gen­
eral feature has been well established by studies. of·catalytic dehydrogena­
tion of Illinois No. 6 coal.l3,14 However, as noted before, much remains to 
be learned about the hydroaromatic species present.· 

Forty-two percent of the hydrogen is benzylic, benzhydrylic, or trityl, 
which is consistent with other research in this laboratory on the exchange 
reactions of coal with tetralin-d12 ·at 400°. 
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· Polyamantanes are not present, as required by the work of Gorbaty and 
his colleagues.l5 . 

All the phenols and ethers.are reactive and are in a i : 1 ratio (4.8 
phenols and 4.8 ethers per 100 carbon atoms). Several investigations strongly 
support this feature. Liotta has shown that Illinois No. 6 coal with 11 oxygen 
atoms per 100 carbon atoms has very nearly 5 phenols per 100 carbon atoms, all 
of which react.l6 Given and his colleagues have determined that 50% of the 
oxygen in hvCb Illinois No. 6 coal is hydroxylic,l7 while Ruberto and Cronauer 
have determined that the etheral and hydroxylic oxygen in Illinois No. 6 Burn­
ing Star coal is in a 7 : 6 ratio.l8 The well established methods used in 
these three investigations to obtain these values make th~m particularly sig­
nificant. In contrast, the oxygen distribution 4 ethers : 5 phenols in the 
pyridine-insoluble residue remaining after extraction of Illinois No. 6 coal 
is less secure, as these figures were estimated so as to be.consistent with 
the other data. 7 Nevertheless, the estimated ratio is clearly reasonable 
in light of the more secure results. 

o~DihydroXybenzene derivatives are present in th~ proposed structure. 
Alkaline cupric oxide oxidation of Illinois No. 6 coal has shown that 3,4-
-dihydroxybenzoic acid forms.3 Identification of this and other characteris­
tic lignin oxidation products clearly suggests that lignin-like polymers 
were present in the early stages of coalification. 

Tertiary ethers are not present, as the likelihood of such highly 
.branched ethers surviving throughout coalification is low. 

Nonaryl carbon bonded to etheral oxygen constitutes 4.6%.of the car:bon. 
~yo and Kirshen have reported that cp nmr. indicates that about 4-5% of the 
·carbon in ·Illinois No •. 6 coal is --cH

2
-o-. 7 The -CH-0-unit is implicitly. in­

cluded in this designation. 

Four of the 48 oxygen atoms are in carboxyl groups (0.4 carboxyl group 
per 100 carbon atoms). Liottal6 and Ruberto and Cronauerl8 have recently . 
obtained evidence for the presence of a small amount (11% of the oxygenl8) 
of carboxylic acid functional groups in Illinois No. 6 coal. .. 

Work in this laboratory has established that 0-alkylation with 13c 
labelled butyl and methyl iodides provides three identifiable 0-alkylation 
products. The structure is compatible with these results. 0-Alkylation of 
the structure shownin Figure A1 would give etheral carbon cmr signal in­
tensities in a 15 : 29 : 2 ratio if none of the ethers underwent a Wittig 
rearrangement. Three Wittig rearrangements of secondary ethers .would give 
signal intensities in the 15 : 26 : 5 ratio indicated by the cmr spectra. · 
Also. in accord with the cmr spectra,· similar amounts of C- and a-alkylation 
would occur. 

Most of. the sulfur·· in this structure occurs in aryl sulfides or closely 
Tela ted s true tures, e.g. , dibenzothiophenes. · This is in accord wifh the 
only organic sulfur distribution reported for Illinois No. 6 coal, 9 with 
the organic.sulfur distribution reported for an unspecified Illinois coa1, 20 · 
and with the organic sulfur distribution reported for Illinois No. 2 coal, 
which is similar.4 · 
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Nitrogen occurs only in aromatic heterocycles, although, a carbazole 
moiety could have also been included.. This is in accord with the organic 
nitrogen distribution reported for Illinois No. 2 coal.4 Unfortunately, no 
such adata have been reported for Illinois No. 6 coal, although.the nitrogen 
distribution in the two coals is pr~bably similar.21 ·Work in this laboratory 
strongly suggests that the nitrogen-containing species are part of large 
macromolecules following the reductive alkylation reaction. 

The chromatograms for the reductively alkylated, soluble coal indicate 
that a large amount of high molecular weight material consistently formed~ 
Figure A2 shows.the same structure ·as Figure 32 but with lines drawn.to indi:­
cate the c-c, c-o, and c-s bonds that would most likely cleave upon reduction 
if no rearrangement reactions occurred. Only four relatively small fragments, 
with a composite molecular formula c34H41 o1s are cleaved.. A fifth fragment· . 

. (c12H10oN-) forms but is bonded to a structure not shown. The remaining struc­
ture ~c410H346o44s 8N2 ) is so extensively crosslinked that it can.cleave into 
only two large fragments that are also bonded to structures .not shown. While 
additional bonds can cleave, these two large fragments cannot break down intq. 
smaller fragments. Aliphatic chains (except highly _arylated ethane derivati~es), 
dibenzofuran moieties, xanthene derivatives·, and their sulfur analogs pr~vent 
the structure from cleaving into numerous small fragments under such mild condi­
tions. To be sure, some rearrangement reactions would in· all likelihood occur. 
Neverth~less, the qualitative aspects of·cleavage would remain the same. 

Number average molecular weight characterizat1on of coal-derived products 
can be very misleading because a relatively large number of small molecules 
may be produced.22 Weight average ·molecular weight characterization is,a·much 
more useful approach. The seven fragnrents shown in Figure A2 illustrate· this, 
as the four relatively small fragments constitute only 7.6% of·the weight~ 

Finally, Figure A3.shows the same structure as F'igure Al but .with the 
sites of C- and S-alkylation indicated. No alkylation is expected at the aryl 
carbanions formed upon the cleavage of diary! ethers or thioethers because 
these stronglybasic reagents would preferentially abstract comparatively 
acidic (e .. g., benzhydrylic) protons elsewhere in the coal. The amount of sul­
fur alkylated is not negligible. Unfortunately, the available data do not 
distinguish S-: from C-alkylation on the basis of C chemical shifts. The 
1>recise amount of C-alkylation cannot be depicted.a The Wittig rearrangement.· 
reactions of secondary ethers in this structure would not generate stable 
carbanions. Finally, structural elements are included in which protons can 
be abstracted from the reductively alkylated products initially formed to 
generate. resonance-stabilized carbanions that undergo additional alkylation. 

Research during the past five years has led·t~·a great.increase in the 
general understanding of coal structure. Because these molecules are so com­
plex it has been necessary to ·employ a diverse set of experimental procedures _ · 
to deduce the basic structural elements. :Some features remain unesfablished · 
and the structure that has been proposed here will require modification. How-. 
ever, this structure satisfies numerous· experimental.data including proton 
and c~rbon solid state nmr data, oxidation chemistry, functional group analysis, 
and information .available from several degradation react.ions including reduc­
tive alkylation and exchange reactions with tetralin-d

12
• 

· .• 



12 

· "References 
; 

1. D.D. Whitehurst, "A Primer on the Chemistry and Cqnstitution of Coal," in 
Organic Chemistry of Coal, ACS Symposium Series 71, J.W. Larsen, Ed., 
American Chemical Society, Washington, D.C., 1978, pp. 1-35. 

2. Liotta (private communication} has suggested that oxygen by difference be 
calculated after applying the following correction: % mineral matter = 
1.13(io ash) + 0.47(/o pyritic sulfur) as proposed by P. Given. 

3. R. Hayatsu, R.E. Winans, R.L. McBeth; R.G. Scott, L.P. Moore and M.H. 
Studier, "Structural Characterization of Cbal: Lignin-Like Polymers 
in Coals," in American Chemical Society, Division of Fuel Chemistry, Pre-:­
prints of Papers,~ (1), April 2-6, 1979, pp. 110-120. 

4. (a) R. Hayatsu, R.G. ·Scott, L.P. Moore, and M.H. Studier, Nature, 257, 
· 378 (1975); (b) R. Hayatsu, R.E. Winans, R.G. Scott, L.P. Moore, and 
M.H. Studier, "Oxidative Degradation Studies of Coal and Solvent Refined 
Coal," in Organic Chemistry of Coal, ACS Symposium Series 71~ J.W. Larsen, 
Ed,, American Chemical Socie.ty, Washington, D.C., 1978, pp. 108-125. 

5. M. Farcasiu, "Short Time Reaction Products of Coal Liquefaction and Their 
Relevance to the Structure of Coal,"· in American Chemical Society, Divisio·n 
of Fuel Chemis·try, Preprints of Papers, 24 · (1), April 2-6, 1979, pp. 121-
130. 

6. (a) D.D. Whitehurst, M. Farcasiu, 'and T.O. Mitchell, The Nature and Origin 
of Asphaltenes in Processed Coals, EPRI-AF-480, Electric Power Research 
Institute, Palo Alto, Calif., July 1977; "(b) Idem, "On ·~he Kinetics and. 
Mechanisms of Solvent Refining Coal,". in Preprints of the 1976:· Cpa·! .Chern...: 
istry Workshop, H.M. Peters and D.S .. Ross, Eds., "Stanford Research Insti"'- · 
tute, Menlo Park; Calif., 1976, pp. 101-124; (c)·'D.D. Whitehurst, "A 
Primer on the Chemistry and Constitution qf. Coal," in Organic Chemistry 
.of Coal, ACS Symposium Series 7i, J. W. Larsen, Ed., American Chemical. 
Society, Washington, D.C., 1978, pp. 1-35. 

7. F.R. Mayo and N.A. Kirshen, Fuel, 58, 698 (1979). 

8. D. Vucelic,·N. Juranic, and D. Vitorovic, Fuel, 58, 7.59 (1979). 

9. F.P. Miknis, G.E. Maciel, and V.J. Bartuska, "Carbon-13 NMR Studies of 
Coals by Cross Polarization and Magic-Angle Spinning," in American Chem­
ical Society, Division of Fuel Chemistry, Preprints of Papers, 24 (2), 
April 2-6, 1979, pp. 327-333. 

10. While protonated carbon atoms can usually be·fairly easily completely 
polarized, non-protonated carbon atoms frequently polarize less effi­
ciently and unequally. However, exceptions in·both classes are known: 
" • • • , polarization transfer does not readily occur in naphthalene 
or anthracene arid only marginal spectra can be obtained. Conversely 
spectra have been readily obtained on theirmethyl derivatives." Simi­
larly, hexamethylbenzene shows comparable signal intensities for the 
six equivalent aromatic and six equivalent -aliphatic carbon atoms. 



! . 

13 

The transfer of spin polarization from ~ to 
13

c via the static compo­
nent of the dipolar interaction .is· clearly not just an intramolecular, 
nearest neighbor interaction. -With apparently more than one pathway 
for the. transfer of spin polarization~ 13c atoms in different environ­
ments· can clearly· be unequally polarized, and thus, this can complicate 
the interpretation of the signal intensities of the various types of 13c 
atoms. A recent article on cp nmr applied to fossil fuels provides· 
numerous pertinent references that expand upon this very brief dis­
cussion. 

11. H. Henstock., J ~- Chern. ·Soc., 3.71 (1931) •. 

12. B.C. Gerstein, L.M. Ryan, and P,D; Murphy, "A Tentative Identification 
of Average Aromatic Ring.Size in-aniowa- Vitrain and a Virginia Vitrain," 
in American Chemical Society, Division ofFuel Chemistry, Preprints of 
.Papers, 24 (_1), April 2-6, 19:79, pp. 9.0-95. 

13. L. Reggel, I. \vender, and R. Raymond, Fuel, !!.]_~ 373 (1968). 

14. L. Reggel, I. Wender, and R. Raymond, Fuel,~. 281 (1970). 

15. (a) T. Aczel, M.L. Gorbaty, P.S. Maa, and R.H. Schlosberg, Fuel, 54, 295 
(1975); (D.) Idem, ''Studies on the Organic Structure of Coals," i;-Pre­
prints of toe 1976 Coal ChemistryWorkshop, H.M. Peters and D.S. Ross, 
Eds., Stanford Research Institute, Menlo Park, Calif., 1976. 

16. ·R. Liotta, Fuel, ~. 724. (1979). 

17. · z. Abdel-Baset, P.H. Given, and R.F. Yarzab, Fuel, 2!._, 95 (1978). 

18. R.G. Ruberto and D.C. Cronauer, "Oxygen and.Oxygen Functionalities in 
.. J:.·· ·•·. 

Coal and Coal.Liquids," in Organic Chemistry of Coal, ACS Symposium 
·.Series 71, J.W. Lars·en, Ed,, American Chemical Soci.ety, Washington, D.C., 
19.78, PP. 5o~7o. 

19-. A. Attar and F. Dupuis, "On the Distribution of Organic Sulfur Functional 
Groups in Coal," in American Chemical Society, Division of. Fuel Chemistry, 
Preprints of Papers, .1_l (2), March 12-17, 1978, pp. 44-53. 

20. Idem, "Data on the Distribution of Organic Sulfur Functional Groups in 
Coal," in American Chemical Society, Division of Fuel Chemistry, Preprints 
of Papers,~ (1), April 2-6, 1979, pp. 166-177. 

21.. ·R.E. Winans;, R.G. Scott, R..L •. McBeth, and R. Hayatsu, "Characterization of 
Heteroaromatics in Coals and Coal Products·," in American Chemical Society, 
Division of Petroleum Chemistry, Preprints of Papers,~ (2)", 262-267, 
March 23-28, 1980. 

22. ·R.M. Davidson, 'Holecular Structure of.Coal, IEA Coal Research, London, 
1980' p. 21_. 



.. ·--····-· 

14 

PART B 

Reductive Alkylation of Coal in Liquid Ammonia 

by C.I. Handy 

Introduction 

. During this quarter. attention has been directed toward the ·completion.. of 
certain aspec~s of the project. For purposes of comparison with previously 
obtained data, a reductive alkylation of Illinois No. ·6 coal was carried out 
at -33°C using sodium as the reducing agent. This completes the study of 
potassium, sodium and lithium as reducing metals. Similarly, Illinois No. 6 
coal was reductively ethylated at 25~C and the tetrahydrofuran solubility of· 
the product was determined. This experiment enables a comparison of ethyl 
and butyl groups for the solubilization of Illinois No. 6 coal. A reductive 
alkylation of coal incorporating all the reaction conditions believed to be 
.most favorable for enhanced tetrahydrofuran solubility was carried out. In­
related work a sa:nple of tetrahydrofuran-soluble butylated coal from a reac­
tion in which naohthalene was used as· electron transfer aeent._was reacted 
.with p~eassium and._naphthalene in tetrahydrofuran ~t room temperature and 

·protonated using ammonium chloride. The tetrahydrofuran-soluble material from 
this experiment, v1irs fractionated by gel permeation chromatography on. StyragelR 
columns, ·after removal of reduced and alkylated naphthalenes by conventional 
column chromatography, using silica gel as the suppo~t. 

Results and Discuss.ion 

-The results of the reactions are summarized in the following tables. 

·Table Bl. The Influence of Alkali Metal on the Conversion of Illinois No. 6 
Coal to Soluble Butylated Product at -33.0 in Liquid Ammonia. 

THF solubility, % 

Li 41 

Na 41 

K 52 

Wt of coal alkvlate 
Wt. of coal 

1.37 

1.54 

1.49 

aThe same quantity was used in all these experiments, 0.029 moles/g coal. 

. .-.~. 
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Table B2. Thet.Influence of Alkylating Agent on the Conversion of Illinois No. 
6 Coal to Soluble Alkylated Product in Liquid Ammonia at 25°C. 

Alkylating Agenta 
0.040 moles/g coal % THF solubility Wt. of coal alkylate 

Wt. of Coal 

Eti 33 1.41 

n-Bui· 41 "1.54 

a 
The same quantity of alkylating agent, 0.040 moles/~ coal, was used in 

each experiment. 

The results obtained inthis research suggest that the conversion of Illi-
. nois No. 6 C:oal.to a soluble product is favored when potassium is the alkali 
metal, n-butyl iodide is the.alkylating agent and a substantial reaction time 
is allotted for the alkylation reaction using tetrahydrofuran as a solvent. 
These criteria are summarized in Table B3. 

A marked improvement was observed. The tetrahydrofuran solubility of the 
product reached 56% in a first pass experiment, and~the ratio of the weight of 

·coal alkylall:! .to the weight of raw coal was 1.55. ·• · . 

Experimentai work is n~w being di~ected to~ard the factors governing the 
solubility of the coal products obtained by reduction, reductive alkylation, 
etherification _etc .• In this. connection, a sample of butylated coal obtained 
with potassium and naphthalene in tetrahydrofuran was treated with potassium v · 
and naphthalene in tetrahydrofuran and then with ammonium chloride. The coal 
~ompounds which were soluble in tetrahydrofuran were separated-from naphthalene 

Coal THF-Sol. Product 

!HF-Sol. Product 
K,ClOH8 

NH Cl .,... . THF-Sol. Product 
-4 . 

and its reductive alkylation products and subjected to gel permeation chroma­
tography. The results are summar-ized in Table B4. The elution profile of 
the chromatogram is shown in Figure Bland the-general elution pattern is 
presented in Table BS. 



Table B3. Reaction Parameters for Butylation of Coal. 

Wt. of coal 
ing 

1.1821 

Holes K 
g coal 

0.030. 

. n• 
Coal anion form 

time in bra. 

6.0 

n· 
Coal anion torm · ·Moles·n-Bul 

temp in °C g coal 

-33 .0.04 
in TifF 

Alkylation 
time. hrs. 

40 

Alkylation 
temp .• °C 

-33 to 25 

Wt. of coal al­
kylate in g 

1.8370 

Wt. of coal 
TifF-soluble .% TifF solu- alkylate/ · 
material in g bility Wt. of coal 

•1.0324 56.2 1.55 
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Table B4. Results from Gel Permeation Chromatography of a Butylated and Subse­
quently, Protonated Coal.a 

Fraction No. Wt. of material, mg 

17 0.0 

18 2.0 

19 19.1 

20 21.7 

21 .13.9 

22 11.6 

23 12.2 

24 10.8 

25 11.9 

26 11.2 

27 11.0 

28 .u.s 
29 13.2 

30 10.8· 

31 7.6 

32-+40 12.6 

Total 181.4 

aThe soluble product passed a 0. 9 to 1. 4ll frit •. The recovery of material· 
was quantitative. 
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Fiuu-re Bl.--Elution profile for reductive alkylation product. 



Table B5. Approximate Molecular Weight Ranges of Chromatographed Materials. 

Range 

9,200 < MW < 17,500 

3,600 < MW < 9,200 

600 < MW < 3,600 

a K,N,THF 

28.8 

10.5 

41.1 

19.6 

·Material, % 

~utylated Illinois No. 6 coal. 

b· Butylated coal treated with potassium and ammonium chloride. 

Conclusions 

b K,N,THF 

23.6 

7.7 

37.9 

30.9 

The results obtained from the experiments confirm thr!t: potassium is the · 
alkali metal of choice and that it is superior to lithium and sodium as a re­
ducing metal for the reactions in liquid ammonia. It is possible also to con­
clude that at 25°C, n-butyl ~odide is a better alkylatirtg agent than ethyl 
iodide, just as in previous experiments it was demonstrated that n-butyl 
iodide is more effective than methyl iodide, n-butyl chloride or n-butyl bromide 
at -33°· or at -78°C.4 

Only a few experiments directed toward the identification of the factors 
governing the solubility of the alkylated coals have been performed thus far. 
Consequently, no final conclusions can be drawn concerning the elution profile 
presented in Table B5. However, it is interesting that there appears to be a 
significant increase in the quantity of .low molecular weight material in the 
product. 

Experimental 

The alkylation experiments were executed in essentially the same manner as 
outlined in earlier Quarterly Reports.2-4 The gel permeation chromatography 
was carried out using StyragelR columns (Waters Associates) and distilled tetra­
hydrofuran as eluant, as described in a previous Quarterly Report.! 

References 
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Part C 

Donor Solvent Coal Chemistry 

by H.-H. King 

Introduction 

Virk and his associates .have proposed that concerted pericyclic reactions1 

may be significant in the liquefaction of coal. 2-5 They have studied the thermal 
hydrogen atom transfer reactions of reactive donors, .. , 1, 2- and ·1, 4-dihydronaphtha­
lene, with anthracene and phenanthrene. They reported that 1,2-dihydronaphtha­
lene reduces phenanthrene to 9,10-dihydrophenanthrene 1.6~fold more rapidly than 
1,4-dihydronaphthalene. On the other hand,·they found that 1,4-dihydronaphthalene 
reduces anthrat:en~ to 9,10-dihydroanthracene about 11-fold more rapidly thari 1,2-
dihydronaphthalene. These results are in accord with the concepts and advanced. 
by Woodward and Hoffmann concerning supra-supra group transfer reactions.! 

. . 
Research in this laboratory and elsewhere has revealed that hydrogen .ato~ 

transfer reactions occur readily by fre.e radical processes under the reaction 
conditions employed by Virk and his coworkers. ·Moreover, the sample of 1,4-di-· 
hydronaphthalene used by that research group was only 64% pure~ Accordingly, we 
reexamined ·these reactions using pure reagents. In addition, we also studied 
the reduction of E-stilbene which has the same electronic component (27re) as 
phenanthrene but is more reactive and employed deuter~ted.donors to test whether 
these reductions proceed by concerted or p1ultistep' reac"tic,ms. 

· Experimental Part 

Eguipment.--The equipment used in these experiments was described in a pre­
vious.report.b 

Materials.--Many of the compounds used in the new work were described in the 
vious reports. In addition, 1,2- and 1,4-dihydronaphthalene (97%) were obtained 
from Chemical Samples Co •• Gas chromatographic and NMR spectroscopic studies 
showed that the dihydronaphthalenes are at least 97% pure. 

Procedures.--The procedures used in these experiments were also described in 
the previous report.6 The experimental conditions employed are summarized in 
Tables I-III. 

Reduction of Tetracene by Tetralin-d12 .--'Tetracene (0.758.mmole), tetralin­

d12 (0.376 mmole) and tetralin (0.376 mmole) were sealed. in a 0.25 em i.d., 20 
em-long glass tube reactor and heated in a preheated sandbath at 350°C for 20 
minutes. The tube w·as cooled in air and opened. Tetralin and naphthalene were· 
washed out with hexane.. The deuterium distribution or 5,12-dihydrotetracene was 
analyzed by MS. The results are presented in the following section. 

.. · 
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Table I. 
·. a 

The Hydrogen Transfer Reactions 

Reaction Temp., oc .Time·, min. Donor (mmole) Acceptor (mmole) 

320 400 120 tetralin .(0. 758) phenanthrene (0.575) 

321 400 120 1,2-dihydronaphthalene phenanthrene (0.757) 
(0.759) 

322 400 120 1,4-dihydronaphthalene phenanthrene (0.758) 
(0.756) 

323 300 120 tetralin (0.758) anthracene (0.757) 

324 300 120 1,2-dihydronaphthalene anthracene (0.757) 
(0. 759) 

325 300 120 1,4-dihydronaphthalene anthracene (0.758) 

326 300 120 tetra1in (0.758) E-stilbene (0.758) 

327 300 120 1,2-dihydronaphthalene E-stilb~ne (0.758) 
(0.759) 

328 300 120 1,4-dihydronaphthalene E-stilbene (0.758) 
(0. 756) 

329 300 10 tetra1in (0.758) benzyl phenyl ether 
(0.761) 

330 300 10 1,2-dihydrona~hthalene benzyl phenyl ether 
(0.760) 

331 300 10 1,4-dihydronaphthalene benzyl phenyl ether 
(0.762) 

332 400 240 tetra1in (0.758) 1,2-diphenylethane 
(0.759) 

333 400 240 1,2-dihydronaphtha1ene 1,2-diphenylethane 
(0. 760) 

334 400 240 .. 1,4-dihydronaphtha1ene 1,2-diphenylethane 
(0.756) (0.760) 

. a. 
The reactants were sealed in a 0.25 em i.d., .·20 em-long glass tube reactor. 
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Results and Discussion 

The thermal stabilities of 1,2- and 1,4-dihydronaphthalene were determined 
in preliminary control experiments. The results are summarized in Table II. 

Table II. The Thermal Stabilities of Dihydronaphthalenesa 

Product Dist. (%)b 

Reaction Temp.,°C Time, min. Reactant % Conversion T DHN N 

335 300 120 1,2-Dl'lN '35.8 15.8 1.0 19.0 

336 300 120 1,4-DHN 64.2 14.5 28.7 21.0 

337 400 5 1,2-DHN 64.0 30.0 0.6 33.4 

338 400 5 1,4-DHN 92.7 27.8 2.10 43.9 

~ihydronaphthalene.(Q.76 mmole) was sealed in a 10 em-long glass tube 
reactor. 

bT = tetralin, 1,2-DHN = 1,2-dihydronaphthalene, 1,4-DHN = 1,4-dihydro­
naphthalene, N ~ naphchalene. 

These results indicate that dihydronaphthalenes are thermally unstable and 
either rearrange to the other dihydro isomer or disproportionate to tetralin and 
naphthalene. 1,4-Dihydronaphthalene is significantly more reactive than 1,2-· 
dihydronaphthalene and rearranges to form 1,2-dihydronaphthalene quite readily. 
On the other hand, only a very small amount of 1,4-dihydronaphthalene accumu­
lates in the reaction solution when 1,2-dihydronaphthalene is employed as .the 
starting material. 

The results for the hydrogen transfer reactions are summarized in Table III. 

Table III. The Hydrogen Transfer Reactions 

Conversion (%) in Donor 

Temp., °C Time, min. Acceptor Tetralin 1,4-Dihydronaph- 1,4-Dihydro-
thalene naphthalene 

400 120 Phenanthrene a 2 16 10 

300 120 Arithracenea 3 5 58 

400 120 Phenanthrene 5 11 12 

300 120 Anthracene 1 13 53 
300 120 E-stilbene 1 6 17 
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Table III.--Continued 

Temp.,°C Time, min. Acceptor Tetralin 

300 10 . BenzY:l phenyl 0. 7 
ether 

400 240 1,2-Diphenyl- 5 
ethane 

~f. 3. 

Conversion (%) in Donor 

1,4-Dihydronaph­
thalene 

0.4 

5 

1,4-Dihydro­
naphthalene 

0.5 

4 

The results obtained by Virk and his associates3 and in this laboratory are, 
.in general, quite comparable. However, there is a significant difference in the 
measured reactivity of 1,2-dihydronaphthalene with phenanthrene. Whereas the pre­
vious work suggested that 1,2-DHN was about 1.6~fold more reactive than 1,4-DHN ·· 
with phenanthrene, the new work indicates that there is no essential difference 
in reactivity. The results in Table II show. that the dihydronaphthalenes dis­
proportionate to tetralin and naphthalene within several minutes at 400°C, there­
fore, the actual initial donor is tetralin rather.than dihydronaphthalene. Thus, 
it is not surprising tha.t the conversions of phenanthrene with 1,2-DHN and 134-· 
DHN are the same. The lower temperature reactions with anthracene and E-stil­
bene show that 1,4-dihydronaphthalene reduces the .substrates more rapidly than 
1,2-dihydronaphthalene. These results are at variance with the predictions of 
the Woodward-Hoffman rules for concerted pericyclic reactions. Therefore, these 
reactions must occur in a stepwise fashion. A reasonable formulation for 1,4-
dihydronaphthalene is presented in .the equations. 

Theoretical calculations of the BDE's based on Benson's group additivity 
method give the results shown below. 
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00 .. oo + H· BDE1 = 82.8 kcal/mole 

• 

00 .. oo. + H· BDE2 = 80.0 kcal/mole 

00 .. • 

00 + H· ~DE3 = 81.6 kcal/mole 

The difference between BDE2 and BDE3 may be of the consequence of ring correction 
of the heat of formation. A ring correction of 4.8 kcal/mole, which is based on .. 
ring correction for 1,3-cyclohexadiene, is introduced for the heat of formation 
of 1,2-dihydronaphthalene. On the other hand, a ring correction of only 0.5 
kcal/mole based on the correction for 1, 4-cyclohexadiene is used for the heat. 
of formation of 1,4-dihydronaphthalene. Since th~ carbon-carbon bond length 
in the benzene ring is different from that of the ·olefinic douBle. bond, these 
ring corrections of steric strain for the cyclohexadien~s may not b~ applicable 
for the cases of dihydronaphthalenes.· Either the theoretical estimations cannot 
give the accurate BDE's without further modification ot the BDE's are not ade~ 
quate guidance here. In addition, the. reactivity of 1 ;.4-dihydronaphtha,lene is 
more favorable than that of 1,2-dihydronaphthalene by~a statistical factor of 2. 
At any rate, all the available facts shown in Table II suggest ,that 1,4-dihydro­
naphthalene is more reactive than 1,2-dihydronaphthalene. Therefore, the reduc~ 
tion of unsaturated hydrocarbons by 1,4~dihydronaphthalene will usually be faster 
than those by 1,2-dihydronaphthalene and the reactions will not~1d~pend· upon the 
orbital characteristics of the substrates. · · 

Virk also suggested that the decomposition of 1,2-diphenylethane or benzyl 
phenyl ether may proceed via the pericyclic pathways.2 .. The results in Table III 
show that the decomposition rates of 1,2-diphenylethane and benzyl phenyl ether 
are independent of the donor type. Therefore, the thermal decomposition of 1,2-
·diphenylethane or benzyl phenyl ether is most logically formulated as a unimole~ · 
cular .reaction to form a pair of radicals which abstract a hydrogen atom from 
the donor. 

The experimental results mentioned in the preceding paragraphs favor a stepwise 
.free radical mecha~ism for the hydrogen transfer reactions. To ·provide further 
experimental evidence, 100 parts of tetracene was .reduced by a mixture of 50 
parts of tetralin-d

12 
and 50 parts ·of tetralin. According to the predictions of 

the pericyclic pathway two hydrogen or deuterium atoms must be transferred from 
one donor molecule to the· acceptor molecule in each reaction.· Therefore, only 
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Tetracene + Tetralin-di2 

Tetracene + 1, 2-DHN-d10----,---....,.-t..-~ 

D H 

D H 

+ 1,2-Dihydronaphtha­
lene-d (1 2-DHN­
d ) 10 ' . 

10 

+ Naphthalene-d
8 

:) , 12-dihydrotetracene-d , d2 and d4 should be produced. However, the deuterium 
distribution of the proauced 5,12-dihydrotetracene is d :dl:d2:d

3
:d4 = 54:24:19: 

2:1. Control experiment shows that·the exchange reacti8n oetween tetralin-d12 and 5,12-dihydrotetracene is relatively slow, these results favor the stepwise 
free radical mechanism. Work on this project continues. 
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