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The objec t ive  of these  s t u d i e s  was t o  develop new methods f o r  t h e  e luc ida t ion  of the 
organic s t r u c t u r e  of l o r r a n k  coa ls ,  espec ia l ly  with regard t o  the  nature  of  the 
hydroaromatic groups, the  subs t i tuent  groups on aromatic  moiet ies  and br idging 
groups between aromatic moiet ies .  I s o l a t i o n  of the  nonaromatic groups in coal  could 
be achieved i f  the aromatic r ings i n  the s t r u c t u r e  could be oxidized without 
degrading the a l k y l  s u b s t i t u e n t s  on the aromatic r ings .  S e l e c t i v e  oxidat ion of the 
benzene r ing has  been observed i n  reac t ions  with t r i f l u o r o p e r a c e t i c  acid (L); 
however the severe condi t ions required with t h i s  reagent r e s u l t  i n  extensive 
degradation of the a l k y l  groups (2). Thus t e t r a l i n  gave succ in ic .  g l u t a r i c ,  and 
ad ip ic  ac ids  i n  the r a t i o  1:4:4(3). Confusion a l s o  resu l ted  from t h e  i s o l a t i o n  of 
d i f f e r e n t  products when d i f f e r e n t  acid concentrat ions were used i n  the oxida t ion ,  
e.g. cyclohexene-1,2-dicarboxylic anhydride was reported as  the product from 
t e t r a l i n  (L). 

Ruthenium t e t r o x i d e  is a usefu l  reagent f o r  the  oxidat ion of a lcohols ,  e t h e r s ,  
aldehydes, amides, alkenes and aromatic compounds (6). I n  the case of 
alkylbenzenes, the benzene r ing  is p r e f e r e n t i a l l y  a t tacked,  preserving any a lkyl  
subs t i tuents  a s  a l i p h a t i c  carboxyl ic  ac ids .  Stock has reported the  oxidat ion of 
I l l i n o i s  No. 6 coal  (z) using ruthenium te t roxide  i n  a coordinat ing cosolvent ,  
a c e t o n i t r i l e ,  which enabled the  oxidat ion t o  proceed with much higher  conversions 

We have reported the use of the ruthenium t e t r o x i d e  with a phase t r a n s f e r  
c a t a l y s t ,  a quaternary ammonium s a l t ,  i n  a carbon tetrachloride-aqueous system f o r  
the  ana lys i s  of a lkylnaphthalenes and a North Dakota l i g n i t e  sample (2). The phase 
t r a n s f e r  c a t a l y s t  t ranspor t s  the  primary oxidant (per ioda te)  i n t o  the  organic phase 
a s  w e l l  a s  removes the  carboxylate  products from the organic  phase. Improvement of 
the  yield is bel ieved t o  r e s u l t  from the avoidance of an i n a c t i v e  complex formed by 
the acid products with the ruthenium tetroxide.  This method was used previously f o r  
the  synthesis  of f a t t y  ac ids  from 1-alkenes (I?. 

A number of model compounds were oxidized with ruthenium t e t r o x i d e  i n  t h e  two- 
phase system so t h a t  the  method could be evaluated and compared with ruthenium 
te t roxide  oxidat ion I n  a c e t o n i t r i l e .  Reactions were c a r r i e d  out  as  reported e a r l i e r  
(3). Methods which did not requi re  d e r i v a t i z a t i o n  were devised f o r  the ana lys i s  of 
the  react ion products .  The aqueous layer  was analyzed on an ion  moderated reverse  
phase HPLC column (Aminex HPX-87H) using 0.008 N H2S04 as  t h e  e luent  (1 ml/min) 
( r e f r a c t i v e  index de tec t ion) .  3-Methyladipic ac id  was added a s  an i n t e r n a l  s tandard 
and the system was ca l ibra ted  f o r  malonic, succ in ic ,  g l u t a r i c ,  a d i p i c ,  and phtha l ic  
ac ids  ( s ing le  l e v e l  c a l i b r a t i o n ) .  The aqueous layer  was a l s o  analyzed by GC with an 
AT-1000 phase fused s i l i c a  c a p i l l a r y  column. This column was ca l ibra ted  f o r  
benzoic, phenylacet ic  and hydrocinnamic ac ids  using 2-methylbutyric acid as the 
i n t e r n a l  s tandard (mul t i leve l  c a l i b r a t i o n ) .  The carbon t e t r a c h l o r i d e  layer  was 
analyzed on an SE54 fused s i l i c a  column ca l ibra ted  f o r  the  aromatics ,  hydroaromatics 
and ketones and on t h e  AT1000 column f o r  the same ac ids  as above. Diphenic ac id  was 
extracted from the  carbon t e t r a c h l o r i d e  layer  with NaOH and analyzed by weighing the 
c r y s t a l s  obtained a f t e r  a c i d i f i c a t i o n  of the e x t r a c t .  

High conversions were observed f o r  the model compounds oxidized with Ru04 i n  the 
two-phase system with a phase t r a n s f e r  c a t a l y s t  (Table  I). The conversions f o r  
diphenylmethane and bibenzyl were a l i t t l e  higher  than when a c e t o n i t r i l e  was used as 
the  solvent .  Another ind ica t ion  of higher r e a c t i v i t y  f o r  ruthenium te t roxide  in the  

(2). 
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Table I. Oxidation of Model Compounds With Ruthenium Tetroxide and Phase Transfer  
Cata lys t  (PT ca t . )  

Compound 

Indan 

T e t r a l i n  

Diphenylmethane 

Bibenzyl 

Phenanthrene 

Conversion 

100% 

100% 

80% 

90% 

100% 

Product 

1-Indanone 
G l u t a r i c  Acid 
Succinic  Acid 

1-Tetralone 
Adipic Acid 
G l u t a r i c  Acid 

Ecnzcphanone 
Phenylacet ic  Acid 
Benzoic Acid 

Benzil 
Succinic  Acid 
Hydrocinnamic Acid 
Phenylacet ic  Acid 
Benzoic Acid 

Phenanthrenequinone 
Diphenic Acid 
Phtha l ic  Acid 

Product D i s t r i b u t i o n  
PT Cat. Acetoni t r i lea  

31 16 
64 77 

5 7 

26 8 
50 75 
24 17 

:E 3: 
70 41 
12 4 

1 
43 
45 

2 
10 

Trace 
35 
6 3  
I -- 

2 4 
92 91 

6 5 

a = Data from reference  5 .  

two-phase system over t h e  a c e t o n i t r i l e  system is the  g r e a t e r  y i e l d  of succ in ic  acid 
a s  compared with hydrocinnamic acid i n  the  oxidat ion of bibenzyl. 

Oxidation of t h e  a l k y l  s u b s t i t u e n t  groups a t  the  -carbon t o  g ive  the a r y l  
ketone occurred in a l l  model compounds. This was observed t o  a g r e a t e r  ex ten t  with 
indan and t e t r a l i n  and t o  a l e s s e r  ex ten t  with diphenylmethane, as  compared t o  the  
oxidat ion c a r r i e d  out with a c e t o n i t r i l e  cosolvent. The r a t i o  of g l u t a r i c  t o  
succ in ic  ac ids  r e s u l t i n g  from the oxidat ion of indan w a s  g r e a t e r  than 10 t o  1 f o r  
both oxidat ion condi t ions .  The r a t i o  of ad ip ic  t o  g l u t a r i c  ac ids  from t h e  oxidat ion 
of t e t r a l i n  was higher  when a c e t o n i t r i l e  was used. The s e l e c t i v i t y  of the  ruthenium 
te t roxide  reagent f o r  a r y l  versus  a l k y l  a t t a c k  thus v a r i e s  i n  the two methods with 
the  type of s u b s t r a t e  being oxidized.  Oxidation of the  PAH, phenanthrene, showed no 
di f fe rence  in product d i s t r i b u t i o n  between the two systems. 

The oxidat ion of l i g n i t e  (Beulah mine) with ruthenium te t roxide  proceeded 
rapidly a t  room temperature. The products from the oxidat ion in the  aqueous layer  
could not  be analyzed d i r e c t l y  by the  HPLC method because t h e  s o l u t i o n  was too 
d i lu te .  Diazomethane in e t h e r  was s t i r r e d  with the aqueous layer  f o r  two hours t o  
convert the  a c i d s  t o  e t h e r  so luble  e s t e r s ,  which were analyzed by GC (DB1701 
c a p i l l a r y  Column) ( s e e  Figure 1 ) .  Table I1 lists major components and the r e l a t i v e  
GC peak area  percentages.  

The major components were a l i p h a t i c  dicarboxyl ic  ac ids  and benzene 
polycarboxylic ac ids .  Very low concentrat ions of a l i p h a t i c  monocarboxylic ac ids  
were formed. Since s u c c i n i c  ac id  is present  in the  l a r g e s t  concentrat ions of the 
d iac ids ,  we may i n f e r  t h a t  a major s t r u c t u r a l  f e a t u r e  of the  l i g n i c e  is a 
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i TABLE I1 

CARBOXYLIC ACIDS FROM Ru04 OXIDATION OF BEULAH LIGNITE (See Figure 1) 

Peak No. Compound (as methyl ester) Area, % 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 

siccinic 
methylsuccinic 
glutaric 
methyl glutaric 
adipic 
unknown 
phthalic 
terephthalic 
isophthalic 
unknown 
benzene-1,2,4-tricarboxylic 
benzene-1,2,3-tricarboxylic 
benzene-1,3,5-tricarboxylic 
benzene-1,2,4,5-tetracarboxylic 
benzene-1,2,3,4-tetracarboxylic 
benzene-1,2,3,5-tetracarboxylic 
benzene pentacarboxylic 

10.7 
1.1 
7.6 
1 .o 
2.7 
7.7 
0.7 
0.4 
0.2 
3.2 
3.4 
4.2 
0.7 
5.7 
4.5 
5.7 
7.3 

A 

I 

dimethylene bridge occurring between aromatic moieties or present in a hydroaromatic 
such as 4,s-dihydropyrene. The model compound studies with diphenylmethane show 
that this method is limited in its applicability t o  the determination of single 
methylene bridges. Since malonic acid was produced in only trace amounts from 
oxidation of diphenylmethane, the absence of malonic acid in the lignite oxidation 
products does not rule out methylene bridges bewteen aromatics in the coal. 

The greater amounts of benzenepolycarboxylic acids relative to the 
benzenedicarboxylic acids which would be expected from naphthalene oxidation may 
seem surprising, however some of the acid groups were undoubtedly present in the 
coal before the oxidation. This aspect is being studied by labeling the original 
acid groups. 

In order to fully interpret the results of the lignite oxidatton with this 
reagent, the oxidation of several more model compounds will be studied. 
Quantitation of the methyl esters of the products from the lignite oxidation is also 
in progress. 
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Figure 1. 
Beulah 3 l i g n i t e .  DB1701 (0 .25  !J) FSOT 15m x 0 .32  mm. On-column in jec t ion .  
FID. H2 carr ier  ( 4 1  cm/sec a t  Z40°C).  

Methyl e s t e r s  of  products of ruthenium tetroxide oxidation of 

220 


