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INTRODUCTION 

In  r e c e n t  y e a r s ,  a g r e a t  d e a l  of  a t t e n t i o n  has  been d i r e c t e d  towards coa l  
as an a l t e r n a t e  s o u r c e  of gaseous and l i q u i d  f u e l s  and chemicals  which are c u r r e n t l y  
d e r i v e d  from petroleum. Liquefact iopl?f  c o a l  by c a t a l y t i c  hydrogenat ion w a s  demon- 
s t r a t e d  by Bergius  a s  e a r l y  as 1912. Subsequent ly  o t h e r  methods f o f 2 y a l  l ique-  
f a c t i o n  have been a t tempted  and the k i n e t i c s  of hydrogenat ion s Fyj ied .  Coal can 
a l s o  b e  l t f y e f i e d  by hydrogen donor molecules ,  such as t e t r a l i n  
an threne .  The i n i t i a l  r e a c t i o n s  are thermal  c leavage  of carbon-carbon o r  carbon- 
oxygen bonds, r e s u l t i n g  i n  f r e e  r a d i c a l s .  I n  t h e  absence of  hydrogen, f r e e  r a d i c a l s  
polymerize producing h i g h  molecular  weight s o l i d s .  
are p r e s e n t ,  t h e  f r e e  r a d i c a l s  are s t a b i l i z e d  r e s u l t i n g  i n  low molecular  weight 
l i q u i d s  o r  gases .  
s t r u c t u r e s  can f u n c t i o n  i n  a similar manner. 

and octahydrophen- 

But i f  hydrogen donor molecules 

T e t r a l i n  i s  a n  e f f i c i e n t  hydrogen donor molecule b u t  many o t h e r  

Many c o a l  l i q u e f a c t i o n  processes  are c u r r e n t l y  i n  developmental s t a g e s  - 
b o t h  c a t a l y t i c  and n o n c a t a l y t i c .  These processes  u s e  coal-der ived (an thracene  o i l )  
or petroleum-derived (decant  o i l )  s o l v e n t s .  To enhance c o a l  d i s s o l u t i o n ,  they may be  
prehydrogenated o r  hydrogenated i n - s i t u  and t h e  hydroaromatic  hydrocarbons thereby 
formed par take  i n  t h e  format ion  of low molecular  weight compounds from c o a l .  An 
impor tan t  aspec t  of  c o a l  l i q u e f a c t i o n  processes  is t h e r e f o r e  a b a s i c  understanding of 
t h e  s t r u c t u r e  of t h e  hydroaromatic  molecules. Informat ion  i s  needed on t h e  types  
t h a t  a r e  present  i n  a r o m a t i c  s o l v e n t s ,  t h e  s t r u c t u r e s  t h a t  are produced upon hydro- 
gena t ion ,  t h e i r  r e a c t i v i t y  and t h e  amount of  " t r a n s f e r r a b l e "  hydrogen they  may conta in .  
The modus operandi  t h a t  has  succeeded i n  petroleum chemis t ry  i s  s e p a r a t i o n  of  a 
complex mixture  i n t o  s i m p l e r  f r a c t i o n s ,  fol lowed by t h e i r  composi t ional  a n a l y s i s  by 
spec t roscopic  techniques.  The s a m e  method has  been adopted here  wi th  promising 
r e s u l t s .  The b e s t  spec t roscopic  technique capable  of so lv ing  t h e  problems posed 
above i s  carbon-13 NMR spec t roscopy.  However, because of t h e  r e l a t i v e  novel ty  of 
t h i s  technique,  very  l i t t l e  s p e c t r a l  in format ion  is a v a i l a b l e  on hydroaromatic 
hydrocarbons and t h e r e f o r e  a n e c e s s i t y  a r o s e  t o  develop our  own. This  paper  i s  a 
d i s c u s s i o n  of s p e c t r a  and s p e c t r a - s t r u c t u r e  c o r r e l a t i o n  of model hydroaromatic 
hydrocarbons, r e l a t e d  compounds and f r a c t i o n s  from p a r t i a l l y  hydrogenated condensed 
aromat ic  hydrocarbons. 

RESULTS AND DISCUSSION 

I S p e c t r a l  Assignments i n  Model Compounds 

The numbering scheme and s t r u c t u r e s  f o r  t h e  s i x t e e n  compounds s t u d i e d  a r e  
presented  i n  F igure  1. 
s e v e r a l  techniques.  
qua ternary  aromatic  c e n t e r s  were separa ted  from those  due t o  carbons d i r e c t l y  
bonded t o  hydrogens, by examining t h e  off-resonance spectrum i n  which t h e  former 
r e t a i n  t h e i r  s i n g l e t  s t r u c t u r e .  

Assignments of resonance p o s i t i o n s  were accomplished by 
A s  a sf3f ' t ing poin t  f o r  making t h e  assignments ,  resonances of  

Furthermore, t h e r e  are d i f f e r e n c e s  i n  t h e  r e l a t i v e  
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s e n s i t i v i t y  and t h e  s h i e l d i n g s  between t h e s e  two types  of carbon atoms. Quaternary  
carbons,  under normal ins t rumenta l  condi t ions ,  do not  a t t a i n  t h e  f u l l  n u c l e a r  Over- 
hauser  enhancement and t h e r e f o r e  t h e i r  resonances appear  wi th  reduced i n t e n s i t y  and 
they  a r e  desh ie lded  more than  t h e  protonated carbons. Also, empir ica l  chemical  s h i f t  
a d d i t i v i t y  c o r r e l a t i o n  and known informat ion  on model compounds were used i n  ass ign-  
i n g  v a l u e s  t o  a given carbon atom. 

The r e s u l t s  f o r  t @ f a l i n  (I) i n  C D C l  
r e p o r t e d  f o r  p e a t  t e t r a l i n ,  b u t  our  v a l u e s  are about  1 ppm u p f i e l d  from t h o s e  i n  
n e a t  t e t r a l i n ;  prpbably due t o  so lvent  e f f e c t .  
a long  a n  a l k y l  cha in  i s  t o  s h i f t  t h e  s h i e l d i n g  of  ~ 7 7  a-carbon by +23.0 ppm, t h e  6- 
carbon by +9.5 ppm and t h e  y-carbon by ca. -2 ppm. This  in format ion  a l o n g  wi th  
t h e  r e s u l t s  f o r  t e t r a l i n  i s  u t i l i z e d  i n  a s s i g n i n g  v a l u e s  t o  carbon atoms i n  2 ( a r ) -  
b u t y l t e t r a l i n  (11). The c o n t r i b u t i o n  of t h e  aromatic  r i n g  of t h i s  molecule  a l o n g  t h e  
b u t y l  cha in  i s  almost  i d e n t i c a l  t o  t h a t  observed i n  n-butylbenzene. The e f f e c t  o f  
t h e  cha in  on t h e  s a t u r a t e d  r i n g  i s  marginal. The s h i e l d i n g s  of C-6 and C-7 are 
unchanged, bu t  a double t ,  d i f f e r i n g  by 0.4 ppm i n  chemical s h i f t ,  i s  observed around 
29 ppm. 
i n  s u b s t i t u t e d  cyclohexanes. Therefore  t h e  l i n e  a t  29.1 ppm is  ass igned  t o  C-8 
and t h e  l i n e  a t  29.5 ppm t o  C-5. Natura l ly ,  more pronounced e f f e c t s  have t o  be 
expected on t h e  s h i e l d i n g s  of a romat ic  carbon atoms. 
NOE t h a t  resonances a t  139.8, 136.6 and 134.1 ppm are due t o  t h r e e  qua ternary  c e n t e r s  
i n  t h e  molecule. 
i n c r e a s e s  t h e  C-4a s h i e l d i n g  by -3.0 ppm. 
So C-2 i s  given t h e  v a l u e  139.8 ppm and C-4a 134.1 ppm. 
are i n  Table I .  

are i n  good agreement w i t h  t h o s e  

The c o n t r i b u t i o n  of t h e  phenyl  group 

3 

An u p f i e l d  s h i f t  of(g,4 ppm i s  similar i n  magnitude t o  t h e  & e f f e c t  observed 

It is evident  from t h e  reduced 

Butyl  s u b s t i t u t i o n  decreases  t h e  C-2 s h i e l d i n g  by +14.0 ppm and 
The lat ter i s  t h e  f a m i l i a r  "para" e f f e c t .  

The r e s t  of t h e  assignments  

Assignment of  v a l u e s  t o  carbons i n  2(ar)-n-butyl-8-n-hexyl t e t r a l i n  (111) 
is  at tempted,  cons ider ing  (I) and (11) as models. The c o n t r i b u t i o n  of a cyclohexyl  
r i n g  alop5)an a l k y l  cha in  can be  der ived  from t h e  r e s u l t s  publ ished by Adams and 
Lindeman and are s i m i l a r  b u t  no t  i d e n t i c a l  t o  t h o s e  of a phenyl r i n g ;  a-carbon is 
deshie lded  by ca .  +24 ppm, B-carbon by ca .  +4 ppm, and t h e  y-carbon i s  s h i e l d e d  by -2 
ppm, compared t o  t h e  parent  a lkane .  The c o n t r i b u t i o n  of t h e  hexyl-c n t o  t h e  r i n g  
carbons c t9 ,be  a s c e r t a i n g d  from t h e  r e s u l t s  on s a t u r a t e  hydrocarbonsFef and a l k y l  
benzenes. C-aa, due t o  t h e  hexyl  group on C-8, exper iences  a d e s h i e l d i n g  B- 
e f f e c t  and a s h i e l d i n g  y-ef fec t .  These combined e f f e c t s  would p l a c e  i t s  chemical  
s h i f t  4 ppm downfield from t h e  corresponding va lue  i n  t e t r a l i n  o r  b u t y l t e t r a l i n  and 
s o  t h e  va lue  141.2 ppm is  ass igned  t o  C-8a. There appears  t o  be  y - e f f e c t  on C-1, 
s imilar i n  magnitude t o  t h a t  observed, f o r  example, i n  n-butylbenzene: a n  u p f i e l d  
s h i f t  of 0.5 ppm. C-2, C-3, C-4 and C-4a are unperturbed.  A normal a l k y l  cha in ,  
longer  than C4, decreases  t h e  s h i e l d i n g  of s u b s t i t u t e d  carbon by ca .  +9 ppm and SO 

one of t h e  l i n e s  around 37 ppm is  due t o  C-8. B-effect of lesser magnitude would 
p l a c e  t h e  resonance of C-7 around 27 ppm. C-5 i s  l e a s t  per turbed  and so its chemical 
s h i f t  va lue  would be 29.5 ppm. Reca l l ing  t h e  a, 6, and y e f f e c t s  of a cyc lohexyl  
r i n g  a long  t h e  a l k y l  cha in  and remembering t h a t  t h e  cha in  i s  n-hexyl, t h e  chemical 
s h i f t  va lues  t o  be  expected f o r  a ,  6, and y carbons t o  t h e  r i n g  i n  t h e  hexyl  cha in  
are r e s p e c t i v e l y  about  37, 27, and 29 ppm. 
t h r e e  p a i r s  of  c l o s e l y  spaced l i n e s  and s o r t i n g  them out  i s  indeed a problem. The 
chemical  s h i f t  v a l u e  of C-5 i n  (11) and (111) can be expected t o  be i d e n t i c a l .  So 
t h e  va lue  29.5 ppm is  ass igned  t o  C-5 and 29.7 t o  C-8y. I n  t h e  off-resonance experiment 
t h e  l i n e  a t  37.2 i s  s p l i t  i n t o  double t ,  whi le  t h e  l i n e  a t  37.7 i n t o  a t r i p l e t .  So 
t h e  former is ass igned  t o  C-8 and t h e  lat ter t o  C-8a. The d i s t i n c t i o n  t h a t  has  been 
made between C-7 and C-8B i s  a r b i t r a r y .  
except  t h e  one a t  20.1 ppm,iwhich has  t o  be a s s o c i a t e d  wi th  C-6. 

This  mutual i n t e r a c t i o n  has  r e s u l t e d  i n  

We have so f a r  accounted f o r  a l l  t h e  l i n e s  
The u p f i e l d  d i s -  
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placement of C-6 (3.5 ppm) relative to that observed in (11) indicates a y relation- 
ship between the hexyl chain and C-6. All the four carbon atoms in the saturated 
ring of tetralin are not coplanar(Y6fh the aromatic ring. A 'half-chair' and 'half- 
boat' conformations are possible. We think that the carbon atoms 6 and 7 are 
above the pla@)of the aromatic ring and consequently C-6 experiences an upfield y 
steric shift. 

Chemical shift values for carbons in three gem substituted tetralins are 
given in Table I. The assignment of chemical shift values in 8,8-dimethyltetralin is 
facilitated by careful intensity measurement and the decoupling characteristics of 
signals. There are two interesting changes relative to tetralin; 16.2 and 4.3 ppm 
downfield shifts of C-7 and C-8, respf€fively, which is analogous to the shifts 
observed in 1,l-dimethylcyclohexane. In 8,8-diethyltetralin (V), C-8 is further 
deshielded while the effect of ethyl substitution is the upfield displacement of C-7. 
Downfield displacement of C-8 is due to E-effect while the upfield displacement of C- 
7 is due to ' y '  relationship between the methyl carbon of ethyl group and the C-7 
position. T t 4 a  trend is noticed in the transition from methylcyclohexane to ethyl- 
cyclohexane. In 8,8-dibutyltetralin (VI), the shielding of C-8 is slightly in- 
creased, while curiously enough, the shielding of C-7 is decreased by +1.3 ppm. We 
have not understood these effects. The oth?g,TPynges are qualitatively similar to 
those observed in substituted cyclohexanes. 

Results for 9,lO-dihydrophenanthrene ( V I I )  and sym-octahydro nanthrene @e (VIII) in CDC13 are similar to those reported by Retcofsky and Friedel in neat 
liquid. But C-1, C-2 and C-3 in (VII) and C-4a and C-loa in (VIII) are not identical 
as suggested by their results. The carbon chemical shifts in (I) and ( V I I I )  have 
been calculated by them by considering these structures as being benzene ring in 
which pairs of adjacent hydrogens are progressively replaced with six-membered 
hydroaromatic rings and equating them to appropriate multi-methyl substituted ben- 
zene. This scheme has provided values for the chemical shifts of aromatic carbons, 
agreeing well with the observed results. It remains to be seen whether this method 
is applicable to other molecules considered here. For example, is it possible to 
predict the shielding of aromatic carbons in 1,2,3,4-tetrahydrophenanthrene knowing 
the values for carbons in ltiZfimethylnaphthalene? 
been studied by carbon NMR, 
dimethylnaphthalene. Spectral information on a variety of multi-methyl substituted 
naphthalenes may facilitate assignment of values to carbons in partially hydrogenated 
pyrenes also. In the absence of such information, assignment of chemical shifts to 
appropriate carbon atoms in structures (VII) to (XVI) is accomplished by comparing 
the results with those of parent aromatic compound, among themselves and by other 
considerations. 

Several dimethylnaphthalenes have 
but no detailed information is yet available on 1,2- 

In ( X ) ,  the shieldings of carbons in positions 4b, 5, 6, 7 and 8 should be 
comparable to those in the corresponding positions of phenanthrene. So the lines at 
122.7, 125.5, 125.6, 128.1 and 131.2 are associated respectively with C-5, C-6, C-7, 
C-8 and C-4b. To select values for other carbons, the molecule is considered as 
perturbed phenanthrene. The effect of saturated carbons is most pronounced at 
positions 10, 4a and loa. A deshielding of +1.5 ppm is reasonable for C-10 and so 
the line at 128.3 ppm is assigned to it. The shieldings of C-4a and C-loa are 
expected to decrease by about +2 ppm and they are assigned the values 132.7 and 133.9 
Ppm, respectively. These assignments leave u s  with two lines, one at 132.2 ppm and 
the other at 124.5 ppm. For obvious reasons, the former has to associate with C-8a 
and by the process of elimination, the latter with C-9. C-9 is shielded due to the 
Para effect, which raises the question why C-8a is not experiencing a similar para 
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e f f e c t .  
and 2-methylnaphthalene (2-MN), r e l a t i v e  t o  naphthalene provides  a s a t i s f a c t o r y  
answer, a l though q u a l i t a t i v e .  
i t  i s  deshielded i n  2-MN. C-4a exper iences  similar e f f e c t s ,  bu t  t h e  magnitudes of 
t h e s e  e f f e c t s  a r e  not  i d e n t i c a l  a t  t h e s e  two c e n t e r s .  The combined e f f e c t  of methyl 
s u b s t i t u t i o n s  a t  p o s i t i o n s  1 and 2 is an u p f i e l d  s h i f t  a t  C-4 and no change a t  C-4a. 
C-4 and C-4a i n  12-DMN corresponds t o  C-9 and C-8a r e s p e c t i v e l y  i n  (X). The ca lcu-  
l a t i o n  of chemical s h i f t  v a l u e s  f o r  carbons i n  lZ-DMN,  s t a r t i n g  from 1-MN and Z-MN, 
al though unorthodox without  t h e  knowledge of s ter ic  e f f e c t  due t o  s u b s t i t u t i o n s  or tho  
t o  each o t h e r ,  has  provided some informat ion  on t h e  s h i e l d i n g s  of  C-9 and C-8a due  to 
hydrogenation of one of t h e  te rmina l  r i n g s  i n  phenanthrene. Our assignments  a r e  
f u r t h e r  s u b s t a n t i a t e d  by t h e  spectrum of octahydrophenanthrene (VIII) r e l a t i v e  t o  
1,2,3,4-tetrahydrophenanthrene. 
s i t y  i n  t h e  r e g i o n  where aromatic  carbons absorb.  
ass igned  t o  C-8a and C-loa and t h e  l i n e  a t  134.0 ppm t o  C-4a and C-4b. The combined 
e f f e c t  of two s a t u r a t e  r i n g s  on t h e  qua ternary  carbons r e s u l t s  i n  t h e  merging of 
l i n e s  due t o  C-4a and C-4b t o  a s i n g l e t ,  wi th  a s i m i l a r  e f f e c t  on C-loa and C-8a.  
The e f f e c t  of a s a t u r a t e d  r i n g  on C-10 i n  (X) i s  a decrease  i n  s h i e l d i n g  by +1.4 ppm 
and on C-9, an i n c r e a s e  i n  s h i e l d i n g  by -2.4 ppm, compared t o  phenanthrene.  C-9 and 
C-10 a r e  subjec ted  t o  similar changes by t h e  o t h e r  s a t u r a t e d  r i n g  i n  (VIII). 
sh ie lded  by about  t h e  same magnitude and t h e  s h i e l d i n g  of C-9 i s  decreased  by f 2 . 0  
ppm. The combined e f f e c t  of i n c r e a s e  and decrease  i n  s h i e l d i n g ,  due t o  t h e  success ive  
hydrogenat ion of t h e  o u t e r  two r i n g s  i n  phenanthrene,  r e s u l t s  i n  t h e  same resonance 
frequency f o r  C-9 and C-10. 

The next  i n t e r e s t i n g  p a i r  of compounds i n  t h e  phenanthrene c l a s s  a r e  9,10- 

An examination of chemical  s h i f t  of carbons i n ( & y e t h y l n a p h t h a l e n e  (1-m) 

C-4 exper iences  a s h i e l d i n g  para  e f f e c t  i n  I-MN, while 

The spectrum of VI11 has  t h r e e  l i n e s  of  equal  in ten-  
The l i n e  a t  t h e  lowest  f i e l d  i s  

C-10 is 

dihydrophenanthrene (VII) and i ts  dimethyl  d e r i v a t i v e  (IX). A s  observed i n  o t h e r  
molecules  i n  t h i s  c l a s s ,  para  s h i e l d i n g  e f f e c t  i s  evident  i n  (IX). But more i n t e r -  , 

e s t i n g ,  t h i s  molecule c o n s t i t u t e s  another  example of t h e  r e c e n t l y  r e p o r t e d  deshie ld ing  
' 6 '  e f f e c t ,  where s u b s t a n t i a l  dow@jeld s h i f t s  are found i n  compounds c o n t a i n i n g  
s p a t i a l l y  i n t e r a c t i n g  6 func t ion .  In t h e  two p a r t i a l l y  hydrogenated phenanthrene 
molecules  t h a t  we have so f a r  examined, ass ignment  of v a l u e s  t o  q u a t e r n a r y  c e n t e r s  
w a s  accomplished by t h e  procedure mentioned e a r l f f 6 ) a n d  by us ing  t h e  r e s u l t s  on 
phenanthrene publ ished by Ozubko and co-workers. In (IX), methyl s u b s t i t u t i o n  i n  
s t r a t e g i c  p o s i t i o n s  provided a n  a d d i t i o n a l  handle  i n  s e l e c t i n g  v a l u e s  t o  qua ternary  
carbons.  The spectrum of (IX) has  t h r e e  l i n e s  wi th  reduced i n t e n s i t y  a t  141.3, 135.1 
and 134.7 ppm, of which t h e  last one i s  t h e  l e a s t  i n t e n s e .  Quaternary carbons i n  
p o s i t i o n  5 (4) and 8a ( l o a )  have pro tons  i n  o r t h o  p o s i t i o n s ,  w h i l e  t h a t  i n  p o s i t i o n  
4a (4b) i s  devoid of pro tons  i n  i t s  irpnedfate v i c i n i t y .  It is reasonable  t o  expect  
t h a t  r e l a x a t i o n  i s  determined by t h e  
C-4a should have t h e  l o n g e s t  r e l a x a t i o n  t i m e  (T ) .  Based on t h i s  c o n s i d e r a t i o n ,  t h e  
l i n e  a t  134.7 ppm is  ass igned  t o  C-4a (C-4b). h b s t a n t i a l  downfield s h i f t  (6.6 ppm) 
due t o  ' 6 '  s h i e l d i n g  e f f e c t  is observeflgyr C-1 i n  7,12-dimethylbenz[a]anthracene 
compared t o  7-methylbenz[a]anthracene. 
p o s s i b l e  due t o  mutual ' 6 '  e f f e c t  added t o  t h e  downfield s h i f t  due t o  methyl s u b s t i -  
t u t i o n ,  compared t o  C-5 i n  (VII). 
and t h e  remaining l i n e  a t  135.1 ppm t o  C-8a ( l o a ) .  The d i f f e r e n c e  i n  t h e  r e l a x a t i o n  
times (T ) between C-4a (4b) and C-8a ( l o a )  sur faced  i n  t h i s  molecule  due t o  -CH3 
s u b s t i t u k i o n  a t  C-4 (S), and permi t ted  a n  unambiguous assignment t o  quaernary c e n t e r s ,  
and has  a l s o  helped us  t o  understand t h e  spectrum of (VII) and o t h e r  l i n e s  i n  t h e  
spectrum of (IX). Carbon chemical  s h i f t s  i n  t e t r a l i n  fo l low t h e  t rend  i n  o-xylene.(6) 
SO i t  is reasonable  t o  expect  t h e  t rend  i n  9,lO-dihydrophenanthrene t o  be  s i m i l a r  t o  
t h a t  i n  2,2'-dimethylbiphenyl. 
l a t t e r .  Nevertheless ,  approximate v a l u e s  f o r  t h e  chemical  s h i f t s  of q u a r t e r n a r y  

C- H d ipole-d ipole  mechanism and consequent ly ,  

A l a r g e r  downfield s h i f t  f o r  C-5 ( 4 )  i s  

So t h e  l i n e  a t  141.3 ppm is a s s i g n e d  t o  C-5 (4) 

But no s p e c t r a l  in format ion  is a v a i l a b l e  on t h e  
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carbons  can be c a l c u l a t e d  from t h e  chemical s h i f t  v a l u e s  of carbons i n  biphenyl . (15)  
This  c a l c u l a t i o n  i n d i c a t e s  t h a t  t h e  resonance of C-4a (4b) i n  (VII) should be  a t  a 
lower f i e l d  than  t h a t  of  C-8a ( l o a ) .  Upon -CH s u b s t i t u t i o n  i n  p o s i t i o n s  4 and 5, 
t h e  changes t ha t  can be expected are t h e  s h i e l a i n g s  of C-8a and C-loa t o  be prac-  
t i c a l l y  the  same, whi le  t h o s e  of C-4a and C-4b t o  b e  increased  by about  -2.5 ppm. 
The l a t te r  is a m a n i f e s t a t i o n  of y s t e r i c  e f f e c t .  These changes a r e  indeed observed, 
s u b s t a n t i a t i n g  t h e  assignment  of v a l u e s  t o  C-8a ( l o a )  and C-4a (4b) i n  (IX). There 
a r e  f o u r  l i n e s ,  t h r e e  of  which are c l o s e l y  spaced, i n  t h e  spectrum of V I 1  c o r r e s -  
ponding t o  f o u r  pro tona ted  a romat ic  carbons.  Methyl s u b s t i t u t i o n  s e p a r a t e s  t h e  t h r e e  
c l o s e l y  spaced l i n e s  and t h e  s e p a r a t i o n s  have been u s e f u l  i n  a r r i v i n g  a t  f u r t h e r  
ass ignments .  Methyl s u b s t i t u t i o n  decreases  t h e  s h i e l d i n g  of C-6 and i n c r e a s e s  t h a t  
of C-8, l eav ing  t h e  v a l u e  of C-7 unchanged. The para  s h i e l d i n g  e f f e c t  -2.4 ppm is 
s i m i l a r  i n  magnitude t o  t h a t  observed i n  o t h e r  aromatic  s t r u c t u r e s .  The complete 
ass ignments  are i n  Thole  11, a l o n g  wi th  t h o s e  f o r  t h e  s a t u r a t e d  carbons.  

The next  c l a s s  of  compounds which have been i n v e s t i g a t e d  are pyrenes and 
p a r t i a l l y  hydrogenated pyrenes.  The spectrum of 3-n-decylpyrene (XI) is included,  
a l though i t  i s  not  a hydroaromatic ,  t o  understand t h e  spectrum of 4-n-decyl-1,2,3,6,7,8- 
hexahydropyrene, and a l s o  t o  assess t h e  c o n t r i b u t i o n  of a mult i -nuclear  aromatic  
s t r u c t u r e  a long an a l k y l  cha in .  Shie ld ings  a t  carbons 1,5,6,7,8,9,10,13 and 1 4  a r e  
similar t o  those  f o r  t h e  corresponding carbons of pyrene (XVI). Amidst t h e  group of  
l i n e s  corresponding t o  a r o m a t i c  carbons d i r e c t l y  bonded t o  protons,  t h e r e  i s  a l i n e  
a t  125.0 ppm wi th  reduced i n t e n s i t y ,  which has  t o  be a s s o c i a t e d  wi th  qua ternary  
c e n t e r s  and we  th ink  t h a t  i t  corresponds to( f$y  l i n e  a t  124.5 ppm i n  t h e  spectrum of 
pyrene,  which is ass igned  t o  C-15 and C-16. The theory  p r e d i c t s  t h a t  C-15 and C- 
1 6  should have s i m i l a r  chemical  s h i f t  t o  o t h e r  br idgehead p o s i t i o n s .  
a b l e  t o  expla in  both of t h e s e  u p f i e l d  s h i f t s  wi th  a n  a n i s o t r o p i c  r i n g  c u r r e n t  i n  t h e  
p e r i p h e r a l  r ing  carbons. The l i n e  a t  t h e  lowes t  f i e l d ,  137.1 ppm, i s  ass igned  t o  C- 
3. The s h i e l d i n g  of C-2 i s  l i k e l y  t o  be s l i g h t l y  decreased and so t h e  l i n e  a t  126.3 
ppm is  assigned t o  i t .  
a g a i n  a t t r i b u t e d  t o  a y steric s h i f t .  
ppm. 
e f f e c t ,  and so t h e  l i n e  a t  128.5 ppm i s  ass igned  t o  i t .  
pprn i s  assigned t o  C-12. 

It is reason-  

The u p f i e l d  s h i f t  of 3.9 ppm a t  C-4, r e l a t i v e  t o  pyrene i s  
The remaining two l i n e s  are a t  128.5 and 129.6 

By d e f a u l t  t h e  l i n e  a t  129.6 
The s h i e l d i n g  of  C - 1 1  is expected t o  i n c r e a s e  by about  -2.5 ppm due t o  para  

We have s u f f i c i e n t  ev idence ,  cons idered  l a te r ,  t o  b e l i e v e  t h a t  the  di-plus  
t r i a r o m a t i c  f r a c t i o n  of hydrogenated pyrene c o n t a i n s  symmetric hexahydro and t e t r a -  
hydropyrenes. Symmetric te t rahydropyrene  i n  pure  form has  been s tudied  by u s  and by 
s u b t r a c t i o n ,  t h e  chemical  s h i f t  v a l u e s  f o r  carbons i n  symmetric hexahydropyrene have 
been obta ined .  This  i n f o r m a t i o n  i s  u t i l i z e d  i n  understanding t h e  spectrum of  4-n- 
decyl-1,2,3,6,7,8-hexahydropyrene (XII) .  I n  (XV) t h e  chemical s h i f t  v a l u e  f o r  t h e  
carbons  a t  p o s i t i o n s  4,5,9,10 i s  123.4 ppm. Alkyl s u b s t i t u t i o n  a t  C-4 has  least 
e f f e c t  on C-9 and C-10. and  so they  a r e  ass igned  t h e  v a l u e s  123.5 and 122.5 ppm, 
r e s p e c t i v e l y .  The o t h e r  l i n e  which w e  b e l i e v e  i s  due t o  a protonated a romat ic  carbon 
i s  a t  126 .1  and i s  a s s o c i a t e d  w i t h  C-5. 
Again, t h e  l i n e  at  t h e  lowest f i e l d  is  ass igned  t o  C-4. 
effect  should be less pronounced i n  t h i s  compound compared t o  pyrene; consequent ly ,  
t h e  s h i e l d i n g  of C-15 and C-16 is expected t o  be  comparable t o  o t h e r  br idgehead 
carbons .  
1 3  and 14.  

The s h i e l d i n g  i s  decreased more than expected.. 
The a n i s o t r o p i c  r i n g  c u r r e n t  

However, t h e  NOE i s  less a t  t h e s e  two c e n t e r s  compared t o  p o s i t i o n s  11, 12,  
The ass ignments  are given i n  Table  111. 

The assignment o f  v a l u e s  t o  s a t u r a t e  s ide-chain and r i n g  carbons i s  less 
complicated.  
t h o s e  f o r  r i n g  carbons a r e  included i n  Table  111. 

The v a l u e s  f o r  t h e  s ide-chain carbons are given i n  Table I V ,  w h i l e  
S h i f t s  f o r  s ide-chain carbons i n  



(XI) and ( X I I )  should be close and by comparing the spectrum of these two compounds 
upfield from 35 ppm, the lines due t o  hydroaromatic carbons are selected and their 
shielding should be comparable to corresponding carbons in symmetric hexahydropyrene, 
except for C-3. y steric shift, observed in other structures, increases its shield- 
ing. The chemical shift values for carbons in symmetric tetrahydropyrene are given 
in Table 111. 
hexahydropyrene and its values are also given in Table 111. 

I1 Compositional Analysis of Fractions 

The other compound that we have studied in this class is 1,2,3,9,10,11- 

From Hydrogenated Condensed Aromatics 

In our studies on induced dissolution of coal by hydrogen donor solvents, 
several solvents in bulk quantities were prepared. They can be divided into two 
classes. One, resulting from the hydrogenation of fairly pure aromatic compounds and 
the second, from the hydrogenation of coal and petroleum-derived oils. The major 
effort in this study was the separation the solvent and the reaction products into 
mono- and di-plus triaromatic fractions(*') and the examination of the fractions by 
different spectroscopic techniques to understand the reaction mechanism. Carbon-13 
spectra of some of the fractions from the hydrogenated phenanthrene and pyrene model 
solvents are considered here. The composition of the fractions, even after separation, 
is extremely complex due to unconverted parent aromatic compound or compounds and 
numerous products resulting from cracking. However, the major contributions to the 
intensities in the saturate region are from hydroaromatic hydrocarbons, facilitating 
their recognition in the mixture. 
be discussed in a future publication. 

The simplest system is di-plus triaromatic fraction of hydrogenated pyrene. 
In the region where saturated carbons absorb, three lines are observed at 31.4, 28.3, 
and 23.3 ppm. Resonance line positions of aromatic carbons are at 135.3, 134.0, 
130.6, 130.1, 127.0, 125.9, and 123.4 ppm. From our previous experience, it is 
obvious that the line at 28.3 ppm is due to the four equivalent saturated carbons of 
tetrahydropyrene and the other lines associated with this structure are in the 
spectrum. The line at 31.4 ppm is twice as intense as the line at 23.3 and the one 
at 123.4 ppm. which does not belong to symmetric tetrahydropyrene, splits into a 
doublet in the off-resonance experiment. These observations suggest that these three 
lines in the spectrum are due to symmetric hexahydropyrene and the resonance lines 
due to quaternary centers are at 134.0 and 130.1 ppm. The structure of this,compound 
is included in Figure 1 and complete assignments in Table 111. There is no evidence 
for the presence of unsymmetric hexahydropyrene, which can be recognized because of 
bridgehead saturated carbons in the structure. The spectrum of di-plus triaromatic 
fraction of hydrogenated phenanthrene is also complex. However, if weak lines are 
ignored and only intense lines are considered, they account for two structures: 9.10- 
dihydrophenanthrene and 1,2,3,4-tetrahydrophenanthrene. The spectrum of the mono- 
aromatic fraction also has several lines, but intense lines are due to symmetric 
octahydrophenanthrene. 
hydrogenation of phenanthrene are 9,10-dihydro-, 1,2,3,4-tetrahydro- and symmetric 
octahydro-derivatives. 
products are formed, some of which are due to ring openings. 

The analysis of real solvents is underway and will 

The major hydroaromatic hydrocarbons that are formed on 

But unlike in the case of pyrene, a large number of other 

It is accepted that the induced dissolution of coal is by hydrogen transfer 
from hydroaromatic hydrocarbons and so an effort was made to understand the carbon-13 
spectra of model compounds and solvents. 
prohibitively expensive to use pure compounds or model solvents as a source of 
hydrogen. 

In a large scale process, it would be 

Hydrogenated coal and/or petroleum-derived solvents are attractive 
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s u b s t i t u t e s .  
o i l s  and have i d e n t i f i e d  s e v e r a l  hydroaromatic s t r u c t u r e s  i n  them. However, t o  
unders tand  t h e  k i n e t i c s  of hydrogen t r a n s f e r  r e a c t i o n  and thereby f u r t h e r  improve t h e  
c o a l  s o l v a t i o n  process ,  t h e  r e s u l t s  have t o  be q u a n t i f i e d .  The c l i c h e  t h a t  carbon-13 
NMR spec t roscopy i s  a n a l y t i c a l l y  d i f f i c u l t  is no longer  t r u e .  Work is i n  progress  i n  
o u r  l a b o r a t o r y  t o  overcome some of t h e  problems i n h e r e n t  t o  q u a n t i t a t i v e  carbon NMR 
and i n i t i a l  r e s u l t s  are g r a t i f y i n g .  
ena ted  r e a l  s o l v e n t s ,  q u a n t i f i c a t i o n  of r e s u l t s  w i l l  be  t h e  s u b j e c t  of f u t u r e  r e p o r t s .  

We a r e  examining by carbon-13 NMR hydrogenated an thracene  and decant  

The composi t ion of hydrogenated and unhydrog- 

EXPERIMENTAL 

M a t e r i a l s  

Compounds I and V I 1  were obta ined  from Aldr ich  Chemical Company, Inc .  and 
compound X I 1 1  from K and K Labora tor ies ,  Inc .  Compound X is an AF’I r e f e r e n c e  mater- 
i a l .  Compounds I V ,  V and V I 1 1  were s p e c i a l l y  prepared f o r  us by Oklahoma S t a t e  
U n i v e r s i t y .  
U n i v e r s i t y .  A l l  compounds and s o l v e n t s  were used wi thout  p u r i f i c a t i o n .  

Spec t ra  

The r e s t  were drawn from t h e  hydrocarbon bank of Pennsylvania  S t a t e  

Nuclear magnet ic  resonance s p e c t r a  of 1 3 C  i n  n a t u r a l  abundance were obtained 
by t h e  pulsed FT technique  a t  20 MHz on a Varian CFT-20 spec t rometer ,  which is equip- 
ped w i t h  620/L computer wi th  16K memory. 
f i c i e n t  number of t r a n s i e n t s  have been accumulated, were smoothed wi th  an  exponent ia l  
f u n c t i o n  and Four ie r  t ransformed.  Samples were s t u d i e d  i n  8 m OD tubes  a t  a concen- 
t r a t i o n  corresponding t o  about  200 mg i n  a t o t a l  volume of 1 . 4  m l  and a t  a probe 
temperature  of 36°C. 
used a s  a f ie ld- f requency  l o c k  and chemical s h i f t s  a r z ’ i n  ppm downfield from i n t e r n a l  
TMS. 
l a t e r  as t h e  s i t u a t i o n  demanded, off-resonance decoupl ing and suppressed NOE s p e c t r a  
were obta ined  t o  f a c i l i t a t e  s p e c t r a l  ass ignment .  

The f r e e  i n d u c t i o n  decays ,  a f t e r  a s u f -  

The s o l v e n t  was i n v a r i a b l y  C D C l  The d e u t e r a t e d  s o l v e n t  w a s  

The i n i t i a l  spectrum i n  each c a s e  was obta ined  w i t h  p ro ton  n o i s e  decoupl ing;  

4 4  
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Table I 

1 3 C  SHIELDINGS FOR R I N G  AND SIDE CHAIN CARBONS I N  I - V I  (6' FROM TMS) 

Compound 

Position 

c- 1 
c-2 
c- 3 
c-4 
C-4a 
c- 5 
C- 6 
c-7 
C-8  
C-8a 
c- 2a 
C-26 
c-2y 
c-26 
C-8a 
C-8B 
c-8y 
C-86 
C-8E 
C-85 

I I1 

129.0 129.0 
125.4 139.8 
125.4 125.7 
129.1 129.0 
136.9 134.1 

29.4 29.5 
23.4 23.6 
23.4 23.6 
29.4 29.1 

136.9 136.6 
35.4 
34.0 
22.6 
14.0 

- -  111 
128.5 
139.7 
125.6 
128.8 
134.0 

29.5 
20.1 
27.6 
37.2 

141.2 
35.5 
34.0 
22.5 
14.0 
37 .7  
27.7 
29.7 
32.1 

1 4 . 1  

- 

22.8 

Table  I1 

I V  

126.5 
126.0 
125.3 
129.1 
135.6 

30.9 
20.0 
39.6 
33.7 

145.3 

- 

31.9 

V 

127.0 
125.5 
125.0 
129.0 

30.8 
19 .8  
30.8 
40.1 

143.3 

137.8 

34.4 
8.7 

V I  

126.8 
125.6 
125.0 
129.0 
137.4 

30.9 
20.0 
32.1 
39.8 

143.9 

- 

42.7 
26.6 
23.7 
14 .1  

13C SHIELDINGS FOR RING AND -CH3 CARBONS I N  V I I - X  (6' FROM TMS) 

P o s i t i o n  

c-1 
c-2 
c- 3 
c-4 
C-4a 
C-4b 
c-5 
C- 6 
c- 7 

C-8a 
c- 9 
c-10 
C - l o a  
c-4a 
C-5a 

c-a 

Compound 

X - IX - - V I 1  V I 1 1  

127.2 
126.8 
128.0 
123.6 
137.1 
137.1 
123.6 
128.0 
126.8 
127.2 
134.4 

28.9 
28.9 

134.4 

30.2 
23.8 
23.2 
26.3 

134.0 
134.0 

26.3 
23.2 
23.8 
30.2 

134.8 
126.5 
126.5 
134.8 

124.3 
126.4 
129.0 
141.3 
134.7 
134.7 
141.3 
129.0 
126.4 
124.3 
135.1 
31.5 
31.5 

135.1 
20.6 
20.6 

30.3 
23.2 
22.9 
25.5 

132.7 
131.2 
122.7 
125.5 
125.6 
128 .1  
132.2 
124.4 
128.3 
133.9 
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Table  I11 

1 3 C  SHIELDINGS FOR R I N G  CARBONS I N  XI-XVI (6' FROM TMS) 

Compound 

P o s i t  ion  

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

X I  

124.5 
126.3 
137.1 
123.3 
127.4 
124.6 
125.5 
124.6 
127.0 
127.0 
128.5 
129.6 
131.4 
130.9 
125.0 
125.0 

X I  I 

30.9 
23.2 
27.4 

135.6 
126.1 

31.5 
23.3 
31.5 

123.5 
122.5 
133.5 
130.3 
133.9 
133.8 
130.5 
129.0 

X I 1 1  

125.8 
126.9 
125.8 

28.2 
28.2 

125.8 
126.9 
125.8 

28.2 
28.2 

135.2 
135.2 
135.2 
135.2 
130.4 
130.4 

X I V  

30.9 
22.8 
31.1 

127.5 
124.2 
124.3 
125.6 
125.5 

29.9 
30.6 
37.6 

136.0 
134.3 
131.3 
132.2 
129.6 

XV X V I  

31.4 124.8 
23.3 125.7 
31.4 124.8 

123.4 127.2 
123.4 127.2 

31.4 124.8 
23.3 125.7 
31.4 124.8 

123.4 127.2 
123.4 127.2 
134.0 131.0 
134.0 131.0 
134.0 131.0 
134.0 131.0 
130.1 124.5 
130.1 124.5 

Table  I V  

13c SHIELDI~GS FOR SIDE CHAIN CARBONS IN XI AND XII 

( FROM TMS) 

Compound 

P o s i t i o n  X I  X I  I - -  
* cc-1 

cc-2 
cc-3 
cc-4 
cc-5 
CC-6 
cc-7 
cc-8 
cc-9 
cc-10 

33.5 33.4 
31.8 31.5 
29.8 29.9 
29.6 29.7 
29.6 29.7 
29.6 29.7 
29.3 29.4 
31.9 31.9 
22.: 22.7 
14.1 14 .1  

---_----_ 
* 

CC-1 is t h e  first carbon a t o  t h e  r i n g .  
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