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INTRODUCTION 

Not too many years  ago, m s t  of our organic  chemical indus t ry  depended on coa l  
t a r  as a source of r a w  m a t e r i a l .  Today, petroleum serves  t h i s  r o l e ,  and 
r e l a t i v e l y  few chemicals are produced from c o a l .  I n  the  forseeable  f u t u r e ,  
t h i s  s i t u a t i o n  may be again reversed,  as petroleum becomes l e s s  a c c e s s i b l e .  
and the American energy companies turn t o  c o a l  a s  a source of l i q u i d  f u e l s  as 
wel l  as chemicals. 

One p o t e n t i a l  p repara t ion  of s p e c i f i c  chemicals, d i r e c t l y  from c o a l  or c o a l  t a r ,  
o r  from the  chars  and asphal tenes  produced during c o a l  l i q u e f a c t i o n ,  is  t h e  
r e s u l t  of a combination of  two s t e p s ,  one from t r a d i t i o n a l  c o a l  chemistry,  the 
o t h e r  from a novel r e a c t i o n  discovered a t  the Bureau of  Mines. This process  
a l lows  the  d i r e c t  conversion of c o a l  t o  a mixture of i s o p h t h a l i c  and t e r e p h t h a l i c  
a c i d s .  . 

EXPERIMENTAL PROCEDURES 

Prepara t ion  of Tributylphosphine Complexes of Dicobalt Octacarbonyl. - Addition 
of 2 moles of t r ibutylphosphine per  mole of Co2(C0)8 i n  petroleum e t h e r  results 
i n  evolu t ion  of carbon monoxide and p r e c i p i t a t i o n  of a yellow s o l i d ,  
C O ~ ( C O ) ~ - ~ P ( C ~ H ~ ) ~ ,  mp 120-121 (dec.) (from CH30H). This compound appears  t o  
be s t a b l e  to a i r  a t  room temperature when i n  c r y s t a l l i n e  form. When i n  so lu t ion .  
however, decomposition occurs  s lowly,  as evidenced by the  formation of a l i g h t  
brown p r e c i p i t a t e .  

A sample of t h i s  catalyst ,  s t o r e d  i n  a r e f r i g e r a t o r  f o r  6 months, exhib i ted  no 
decrease i n  c a t a l y t i c  a c t i v i t y .  

Conversion of C O ~ ( C O ) ~ - ~ P ( C ~ H ~ ) ~  t o  CO2(C0)6.2P(C4H9)3 (1) .  - A s o l u t i o n  of 
10 0. of yellow C O ~ ( C O ) ~ - ~ P ( C . $ H ~ ) ~  i n  110 m l .  of isooctane w a s  heated t o  r e f l u x  
(97 C) under a stream of n i t rogen  f o r  3 hours. 
t o  dark red-brown i n  c o l o r .  The hot s o l u t i o n  w a s  f i l t e r e d ,  and much of  t h e  
ro lvcnt  evaporated from t h e  f i l t r a t e  under ni t rogen.  
appeared upon cool ing.  
c02(co)6'2P(C&Hg)3, mp 120-12l0C. 

Decarboxylation of  Benzene Polycarboxylic Acids. - The procedure f o r  car ry ing  
out decarboxylat ions i s  i l l u s t r a t e d  by t h e  following example. 

A s o l u t i o n  of 5 g. of pyromel l i t i c  ac id  and 1 g. of C O ~ ( C O ) ~ - ~ P ( C ~ H ~ ) ~  i n  110 
m l .  of dioxane was heated t o  220' f o r  5 hours i n  a magnet ical ly  s t i r r e d  autoclave 
under an i n i t i a l  p ressure  of 2000 ps ig  of 1:l s y n t h e s i s  gas. The autoclave 
cooled t o  room temperature overnight  and was vented. 
removed and so lvent  evaporated under vacuum. 
s u f f i c i e n t  HC1 t o  convert  r e s u l t i n g  c o b a l t  salts t o  f r e e  a c i d s .  An a l i q u o t  was 

The s o l u t i o n  changed from yellow 

Red-brown crystals 
These were f i l t e r e d  o f f  t o  y i e l d  7.7 g. of  

The r e a c t i o n  mixture was 
The res idue  was treated wi th  



converted t o  t r i m g t h y l s i l y l  e s t e r s  (2 )  and analyzed by gas  chromatography on a 
6 f t .  by 118-inch-0.d. s t a i n l e s s  s t e e l  column packed with .3% SE-52* on 80-100 
mesh AW-DHCS Chrowsorb  G. 

DISCUSSION AND ReSULTS 

When c o a l  i s  c a r e f u l l y  a i r  oxidized i n  the  presence of a l k a l i ,  a mixture cons is t ing  
l a r g e l y  of aromatic a c i d s  i r  produced (3). This  m r k  w a s  o r i g i n a l l y  c a r r i e d  out  
t o  o b t a i n  product i n f o n s a t i o n  vhich could be u s e f u l  i n  deducing s t r u c t u r e  of c o a l .  
The product proved t o  be of s u f f i c i e n t  i n t e r e s t  i n  i t s e l f  f o r  a la rge  chemical 
company t o  do bench s c a l e  work on oxid iz ing  c o a l  t o  coa l  a c i d s  ( 4 , 5 ) .  
n a t e l y ,  t h e  mixed a c i d s ,  as obtained,  found no l a r g e  p a r k e t s ,  l a r g e l y  because 
of  the  complexity o f  t h e  product. Though c o a a r r c i a l i z a t i o n  d id  not occur ,  
i n t e r e s t  in coal  a c i d s  h a s  increased ,  and workers i n  l a b o r a t o r i e s  s c a t t e r e d  
around t h e  world have publ ished on t h i n  t o p i c  i n  recent  years  (6-10). Analyses 
of these fragmentary r e s u l t s  i n d i c a t e  t h a t  these coal a c i d  mixtures may contain 
up t o  95% (7)  benzencpolycarboxylic ac id  (BPCA), ranging a11 t h e  way from 
p h t h a l i c  a c i d  t o  m e l l i t i c  a c i d .  

I f  i t  were possible  t o  conver t  t h i s  complex mixture to one with but a few separable  
components, the o x i d a t i o n  of c o a l  and its d e r i v a t i v e s  might aga in  become promising. 
T h i s  second s t e p  In t h e  process ,  t h e  conversion of the  c o a l  a c i d s  to a simple 
mixture  r i c h  i n  i e o p h t h a l i c  and t e r e p h t h a l i c  a c i d r .  i r  now f e a s i b l e  a s  a r e s u l t  
of a r e a c t i o n  developed a t  t h e  Bureau of n i n e s  (11,12).  In t h i s  reac t ion ,  a 
s e l e c t i v e  decarboxylat ion of  BPCA is e f f e c t e d  by Co2(C0)8 and c e r t a i n  of i t s  
d e r i v a t i v e s .  

'Ihe r e a c t i o n  w a s  I n i t i a l l y  c a r r i e d  o u t  on anhydrides, r a t h e r  than a c i d s ,  and used 
Co2(C0)8 as a decarboxylat ion c a t a l y s t .  In a t y p i c a l  example, pyromel l i t i c  
anhydride i s  decarboxylated t o  i s o p h t h a l i c  a c i d  i n  9o I  y i e l d  a t  22OoC. 

Unfortu- 

0 0 

This  r e a c t i o n  is unique i n  t h a t  a p a r t i a l .  s e l e c t i v e  decarboxylat ion occurs .  
General ly ,  decarboxylat ions of aromatic  a c i d s  are non-specif ic  and d r a s t i c  (13- 
15) ,  the products  being t h e  parent  hydrocarbon. 

The r e a c t i o n  has  been a p p l i e d  t o  a number of benrenepolycarboxylic a c i d s  and 
anhydrides ,  with r e s u l t s  shown i n  t a b l e s  1 and 2. For decarboxylat ion t o  occur ,  
t h e r e  nust be 2 ad jacent  carboxyl groups, as i n  p h t h a l i c  ac id  or anhydride, only 
one of vhich is  e l imina ted .  In anhydrides, the carboxyl which i s  re ta ined  
predominantly ( 1 2 )  is t h e  one meta t o  a r i n g  s u b s t i t u e n t ,  such as  COOH, which . 
is  normally meta-d i rec t ing  i n  e l e c t r o p h i l i c  r u b s t i t u t i o n .  S imi la r ly ,  o r tho-  
para  d i r e c t i n g  groups ( 41 ,  C H 3 )  r e s u l t  i n  r e t e n t i o n  predominantly of a para 

Reference t o  a company o r  product name i s  made to  f a c i l i t a t e  understanding 
and does not imply endorsement by the U. S. Bureau of Mines. 
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carboxyl. These directional effects are not observed i f  the substituent is ortho 
to the two carboxyl groups, when apparently steric effects become important. 
When both ortho positions are occupied by large groups, as in 3,6-dimethylphthalic 
anhydride, no decarboxylation takes place. The free acids show less specificity 
than do the anhydrides. 
gives almost exclusively isophthalic acid, while pyromellitic acid goes to a 
2:l mixture of isophthalic and terephthalic acids. 

This is illustrated by pyromellitic anhydride, which 

TABLE 1. - Decarboxylation of benzenepolycarboxylic anhydrides 
with synthesis gas and Co2(CO)ga 

Quantity, Co2(C0)8 Product acid 
Anhydride mmoles moles or anhydride Yield, Z 

Ph tha licb 176 13 Benzoic 91 
Hemimellitic (1,2,3) 26 3 Benzoic 65 

Isophthalic 15 
Tr h e  1 lit ic (1,2,4) 26 6 Isophthalic - 100 
Pyromellitic (1,2,4,5) 23 12 Isophthalic 90 
Mellitic (1,2,3,4,5,6) 10 2 Me1 1 it ic 80 

~ ~ ~ ~~ ~ 

a Standard reaction conditions: 85 ml. toluene, 3500 psig 1 H2:l CO, 
5 hours at 200%. 
Solvent was 175 ml. toluene. 

TABLE 2. - Decarboxylation of benzenecarboxylic acids 
Quantity, Catalyst, 

Acid mnoles mmoles Product acid Yield, X 

Ph tha 1 ic 60 3a 

Hemime 11 it ic 25 1 9  

Hemime 1 lit ic 19 6a 

Trimesic (1,2,3) 25 1.5b 
Pyromel li tic 12 6C 

Pyrome llitic 25 1.5c 

Prehnitic (1,2,3,5) 8 3c 

Benzoic 
Benzoic 

Benzoic 

Trimesic 
Terephthalic 

Isophthalic 

Isophthalic 

Isophthalic 
Pyromellitic 

Terephthalic 
Isophthalic 

Terephthalic 
Isoph t ha 1 i c 
Trimesic 
Prehnit ic 

95 
40 
38 
56 
12 
90 
15 
30 
55 
35 
65 
4 
13 
25 
58 

a Reaction conditions: 
5 hours at 20OoC. 
Reaction conditione Co2(CO)7-2P(Cqi?g)3, 110 ml. dioxane, 2000 peig 
1 H2:l CO, 5 hourr at 220%. 
Reaction conditime: 
5 hours at 22OoC. I 

C02(C0)8, 85 ml. dioxane, 3500 psig 1 H2:l CO, 

C02(C0)8, 110 ml. dioxane, 2000 psig 1 H2:l CO, 
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In che decarboxylat ion of anhydrides ,  Co2(CO)8 func t ions  i n  c a t a l y t i c  amounts; 
t h e  same i s  t rue  f o r  p h t h a l i c  a c i d .  But i n  reac t ions  involving pyromel l i t i c  
a c i d ,  the Co2(CO)8 i s  consumed i n  the  course of  the  decarboxylat ion,  r e s u l t i n g  
i n  a mole of product per  mole of c02(c0)8. Since n e i t h e r  of  the  products of 
t h i s  r e a c t i o n ,  i s o p h t h a l i c  and t e r e p h t h a l i c  a c i d s ,  r e a c t  with Co2(C0)8 under 
normal decarboxylat ion c o n d i t i o n s ,  d e a c t i v a t i o n  of t h e  c a t a l y s t  must be the  
r e s u l t  of d i r e c t  r e a c t i o n  between i t  and pyromel l i t i c  acid.  

It has  been found t h a t  i f  one o r  two of the  carbon monoxide groups of Co2(CO)8 
a r e  s u b s t i t u t e d  by c e r t a i n  t e r t i a r y  phosphine l igands ,  t h e  r e s u l t i n g  complexes 
a r e  e x c e l l e n t  decarboxyla t ion  c a t a l y s t s  and are no longer  destroyed by pyro- 
m e l l i t i c  ac id .  
y l a t i v e  a c t i v i t y ,  t h e  complex formed by ethyldiphenylphosphine is  a n  a c t i v e  
c a t a l y s t ,  as is one from diethylphenylphosphine. Other phosphines which impart 
c a t a l y t i c  a c t i v i t y  are diphenylphosphinoethane and t h e  t r ia lkylphosphines:  
t r i e t h y l - ,  t r i p r o p y l - ,  t r i b u t y l - ,  t r i h e x y l - ,  t r icyclohexyl- ,  and t r i o c t y l -  
phosphine. 

The r e a c t i o n  of Co2(C0)8 w i t h  phosphines r e s u l t s  i n  two p r i n c i p a l  series of 
.complexes. A t  room temperature ,  o r  lower, the  usua l  product i s  t h e  r e s u l t  of  
l o s s  of one carbon monoxide and t h e  formation of  a yellow, i o n i c  c r y s t a l l i n e  
product  insoluble  i n  petroleum e t h e r  and so luble  i n  dioxane and acetone.  
complexes have the i o n i c  s t r u c t u r e  (16) 

Though t h e  complex with triphenylphosphine shows no decarbox- 

These 

CC~(CO 13 - ZPR~I+CC~ (~0143- . 
I f  these  complexes are hea ted ,  o r  i f  the  prepara t ion  i s  c a r r i e d  o u t  a t  e leva ted  
temperature ,  a second carbon monoxide is lost ,  and a non-ionic complex 
Co(C0)6*2PR3, i s  formed (1). 
s o l u b l e  i n  petroleum e t h e r .  

E i t h e r  s e r i e s  o f  complexes may be used f o r  decarboxylat ion.  While t h e  yellow 
salts  appear to be more s t a b l e  toward long term s torage ,  the  red-brown complexes 
are the  s t a b l e  ones a t  220° i n  t h e  r e a c t i o n ,  and are presumed t o  form i n  s i t u  
from t h e  yellow salts .  It is poss ib le  t o  form t h e  complexes themselves i n  s i t u ,  
though most of the work repor ted  here  was c a r r i e d  out  using preformed c a t a l y s t .  

Solvent  plays a c r i t i ca l  r o l e  i n  the  decarboxylat ion.  Many s o l v e n t s  are too 
r e a c t i v e  under the c o n d i t i o n s  used, r e a c t i n g  e i t h e r  by themselves (dimethyl- 
su l foxide ,  amines) or w i t h  t h e  a c i d s  o r  anhydrides  (amides, a lcohols ) .  
anhydrides  a r e  r e a d i l y  decarboxylated in  toluene,  a s  w e l l  as i n  o t h e r  s u i t a b l e ,  
i n e r t  solvents .  
acetone.  o r  methyl e t h y l  ketone.  
since i t  is  proposed as an e x t r a c t i o n  s o l v e n t  f o r  separa t ion  of the  coal a c i d s  (4). 

Severa l  complexes of o t h e r  t r a n s i t i o n  metals have been i n v e s t i g a t e d  as decarbox- 
y l a t i o n  c a t a l y s t s .  These inc lude  rhodium oxide,  i r o n  carbonyl and s e v e r a l  
phosphine d e r i v a t i v e s ,  manganese carbonyl ,  bis(tripheny1phosphino)palladium 
d i c h l o r i d e ,  and ch loro-  tris(tripheny1phosphino)rhodium. Each has been reported 
t o  show a c t i v i t y  i n  hydroformylation o r  carbonylation-decarbonylation reac t ions .  
Only rhodium oxide (presumably converted to a rhodium carbonyl)  has shown any 
a c t i v i t y  toward decarboxylat ion,  and t h a t  a c t i v i t y  was poor. 

The decarboxylat ion has  been appl i ed  t o  B E i z t u r e  nf zcide cbci ized  by oxldztior.  
of Coal ( 4 ) .  The r e s u l t s  of t h i s  decarboxylat ion a r e  shown i n  the  GC a n a l y s i s  
o f  t h e  a c i d s  before and a f t e r  the  r e a c t i o n  ( t a b l e  3). The i n i t i a l  mixture i s  
r i c h  i n  tri-,  tetra-, and pentacarboxyl ic  a c i d s ,  while the  product i s  mostly 

These complexes are red o r  red-brown and very 

The 

The a c i d s ,  being inso luble  i n  to luene ,  can be reac ted  i n  dioxane, 
This last  so lvent  is e s p e c i a l l y  convenient, 
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isophthalic and terephthalic acids. 
literature concerning both yields-and composition of coal acids, it is possible 
to speculate on a process that can turn a ton of coal into about 400 lb. of 
isophthalic and terephthalic acid with a value of five to ten times that of the 
original coal at today's market price. 

Using some of the data scattered in the 

TABLE 3. - Analysis of Coal acids 
Coal acids, weight percent 

Component Before decarboxylation After decarboxylation 

Benzoic 
Phthalic 
Isophthalic 
Terephthalic 
Hemimel li t ic 
Tr ime 1 1 it ic 
Trimesic 
Pyromel li tic 
Mellophanic (1,2,3,4) 
Prehnitic (1,2,3,5) 
Pentacarboxy lic 

. Mellisic 

Total . 

-- 
3.3 > 0.4 
2.8 
5.5 

10.1 
D- 

-- -- 
3.4 
Trace 

4 

10 
3 

Trace 

-- -- 
> 0.5 
Trace 
a 
a 

 ace 
Trace- ' 

25.5 17.5 

a Traces possibly present; not completely separated from pyromellitic acid. 

While the oxidation reaction has been applied only to coal and coke in the past, 
it is believed that other suitable aromatic sources can be used. These include 
coal tar, and the chars and asphaltenes currently being produced by the various 
coal liquefaction processes being investigated. A bench-scale unit to optimize 
yields of BFCA from various coals and chars is now in operation. 

As an alternative to decarboxylation of the total product, a portion of the 
pyromellitic acid present in the coal acids could be recovered by sublimation 
before decarboxylation. While this would decrease the overall yields of iso- 
phthalic and terephthalic acids, it would furnish a product with considerably 
higher value. 

coNcLusIoNs 

Controlled air oxidation of coal yields a mixture consisting largely of benzene- 
polycarboxylic acids. These acids can be partially and selectively decarboxylated 
to yield a product rich in isophthalic and terephthalic acid8 by means of catalysts 
derived from Coz(CO)8 by replacement of carbon mnoxide groups by certain tertiary 
phosphine ligands. 
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