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Abs t rac t  

Over one hundred model o rgan ic  compounds i n c l u d i n g  phenols, a l i p h a t i c  
a l coho ls ,  aromat ic  ac ids ,  a l i p h a t i c  ac ids ,  amines. and t h i o l s  have been 
d e r i v a t i z e d  w i t h  two members o f  a ph s ho 
reagents, namely, C l m  and Clkkd.$$. Measurement o f  proton-decoupled 
3 lP  chemical s h i f t s  o f  t6ese d e r i v a t i v e s  revea ls  t h a t ,  i n  genera l ,  t h e  resonances 
f a l l  i n t o  we l l - separa ted  reg ions  f o r  d e r i v a t i z e d  c lasses o f  these o rgan ic  
compounds. Both phosphorus reagents were a l s o  t e s t e d  on p y r i d i n e  e x t r a c t s  o f  
I l l i n o i s  No. 6 coal ,  r e v e a l i n g  t h e  presence of  va r ious  phenols, c a r b o x y l i c  ac ids,  
and a l i p h a t i c  a lcohols .  
condensate f rom I l l i n o i s  No. 6 coal  showed no  d e t e c t a b l e  concen t ra t i ons  o f  
c a r b o x y l i c  acids, a r e l a t i v e l y  small  amount o f  a l i p h a t i c  a lcohols ,  b u t  
cons iderable q u a n t i t i e s  o f  a v a r i e t y  o f  phenols. 
l i m i t a t i o n s  o f  t h i s  NMR techn ique  and i t s  a p p l i c a b i l i t y  t o  t h e  q u a n t i t a t i o n  o f  
-OH, -SH and -NH f u n c t i o n a l i t i e s  i n  o rgan ic  s o l u t i o n s  o f  coa l -de r i ved  m a t e r i a l s  
a r e  discussed. 

e e r i e s  o f  phosphorus-conta in ing 

S i m i l a r  d e r i v a t i z a t i o n  o f  a low- temperature p y r o l y s i s  

The c u r r e n t  scope and 

I n t r o d u c t i o n  

Analys is  o f  coal -de r i ved  m a t e r i a l s ,  such as low- temperature p y r o l y s i s  
condensates, i s  u s u a l l y  c a r r i e d  ou t  by GC/MS methods. 
a r e  r e l a t i v e l y  non - rou t i ne  and t i m e  consuming. As an a l t e r n a t i v e  as w e l l  as 
complementary approach, I S  and NMR spec t roscop ic  procedures have been developed 
i n  recent  years. A l though d i r e c t  a n a l y s i s  o f  complex m ix tu res  ob ta ined  i n  coa l  
process ing can sometimes be performed, d e r i v a t i z a t i o n  o f  c e r t a i n  c lasses  o f  
compounds with s u i t a b l e  reagents i s  advantageous i n  NMR spectroscopy i f  t h e  
reagent  i n t roduces  an NMR-reactive l a b e l  t h a t  g i ves  a resonance s i g n a l  s p e c i f i c  
f o r  t h e  component b e i n g  analyzed. 

been performed by s i l y l a t i o n z - 6  o r  a c e t y l a t i o n 6 ~ 7  fo l l owed  by IR5,  FT-IR297 
and/or  ‘H 2 * 3 9 6 ,  2 9 S i  4, and 13C NMR2s6 measurements. I n  o t h e r  s t u d i e s ,  
d e r i v a t i z a t i o n  of v a r i o u s  phenols  w i t h  hexaf luoroacetone a l lowed obse rva t i on  o f  
19F NMR s i g n a l s  assoc ia ted  w i t h  t h e  adducts.6’8’9 The 31P nucleus i s  a l s o  
s u i t a b l e  f o r  NMR mon i to r i ng .  The P ( V )  reagents d ie thy l ch lo rophospha te  and 
chloro(dimethy1)thiophosphinate have been used f o r  t h e  d e r i v a t i z a t i o n  o f  v a r i e t y  
of phenols; however, t h e  resonances o f  t h e  r e s p e c t i v e  a romat i c  e s t e r s  spanned 
reg ions  o f  o n l y  about 1 ppm. 1 0  I n  con t ras t ,  t h r e e  P ( I I 1 )  organophosphorus 
reagents were examined p r e v i o u s l y  i n  t h i s  l a b o r a t o r y ,  o f  which 
2-chloro-1,3,2-dioxaphospholane appeared t o  be ve ry  p romis ing  i n  terms o f  
widening t h e  chemical s h i f t  range t o  achieve b e t t e r  peak separat ion.  11 

o f  2-chloro-l,3,2-dioxaphospholane (1) l2 and i t s  4,4,5,5-tetramethyl analogue 
(qi3 as reagents f o r  t h e  d e r i v a t i z a t i o n  and a n a l y s i s  by 31P NMR 
spectroscopy o f  a v a r i e t y  o f  phenols, a l i p h a t i c  a l coho ls ,  c a r b o x y l i c  ac ids ,  

However, t hese  techniques 

Previous de te rm ina t ions  o f  OH f u n c t i o n a l i t i e s  i n  coa l -de r i ved  m a t e r i a l s  have 

I n  t h i s  repo r t ,  we present  p r e l i m i n a r y  r e s u l t s  on t h e  scope and l i m i t a t i o n s  
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amines, and t h i o l s .  I n  a d d i t i o n ,  t h e  a p p l i c a b i l i t y  o f  bo th  reagents t o  t h e  
i d e n t i f i c a t i o n  o f  components b e a r i n g  -OH, - N H ,  and - S H  f u n c t i o n a l i t i e s  i n  coa l  
e x t r a c t s  and p y r o l y s i s  condensates i s  assessed. The condensates were ob ta ined  
from a low-temperature p rehea t ing  s tep  in tended t o  modify a chemical l e a c h i n g  
process f o r  d e s u l f u r i z a t i o n  o f  coal. l4 

Exper imenta l  

An NMR tube (10 mm) was charged under N ,  with ch lo ro fo rm-d  (2.0 mL), 
chlorophospholane (1, 0.20 mL o r  2, 0.25 mL), and t r i e t h y l a m i n e  (0.31 
mL). For  q u a l i t a t i v e  measurements, t h e  s tandard s o l u t i o n s  were reac ted  a t  room 
temperature wi th model compounds (a drop o f  l i q u i d  o r  a few c r y s t a l s  o f  s o l i d ) .  
31P NMR spect ra were recorded a f t e r  success ive a d d i t i o n s  o f  d i f f e r e n t  model 
compounds u n t i l  t h e  reagent was almost exhausted. 
m a t e r i a l s ,  approx imate ly  100-200 mg o f  t h e  coa l  e x t r a c t s  o r  p y r o l y s i s  condensates 
were added t o  t h e  s tandard s o l u t i o n s ,  and 31P NMR spec t ra  were recorded a f t e r  15 
m i  nutes. 

F o r  a p p l i c a t i o n  t o  coal  -de r i ved  

The e x t r a c t s  and condensates were prepared f rom an I l l i n o i s  N o .  6 coal .  For  
p r e p a r a t i o n  o f  t h e  e x t r a c t ,  about 1 g o f  coa l  was r e f l u x e d  f o r  2 hr. w i t h  d r y  
p y r i d i n e  under N,.  
t h e  same I l l i n o i s  N o .  6 coal  a t  455' f o r  
N and c o l l e c t i n g  t h e  v o l a t i l e s  condensing i n  an a i r - c o o l e d  column packed w i th  
gfass beads. 

The condensate was ob ta ined  by p y r o l y z i n g  another  sample o f  
45 min. i n  a p r o t e c t i v e  atmosphere o f  

For a 25-9 charge o f  coa l ,  t h e  y i e l d  o f  condensate was about 1-2 g. 

Resu l t s  and Discuss ion 

Regions assoc ia ted  w i t h  t h e  31P NMR resonances f o r  r e p r e s e n t a t i v e  model 
phenols, a l i p h a t i c  a l coho ls ,  c a r b o x y l i c  ac ids ,  amines, and t h i o l s  d e r i v a t i z e d  
w i t h  1 and 2 a r e  shown i n  F igu res  1 and 2, r e s p e c t i v e l y .  

O e r i v a t i z a t i o n  o f  phenols wi th 1 a t  room temperature a f f o r d e d  t h e  
respec t i ve  2-aryloxy-l,3,2-dioxaphospholanes ins tan taneous ly .  Most o f  t h e s e  
compounds gave 31P NMR resonances i n  a r a t h e r  narrow reg ion  (128.5 t o  129.1 ppm). 
Only d e r i v a t i v e s  o f  d i - o r t h o  s u b s t i t u t e d  phenols  showed s i g n a l s  a t  lower  f i e l d  
(131.0 - 131.5 ppm), w i t h  a l o w - f i e l d  l i m i t  o f  136.42 ppm f o r  2 ,6-d i - t -buty l -4-  
methylphenoxy-1,3,2-dioxaphospholane. With reagent 2, b e t t e r  separa t i on  o f  
t h e  3 l P  NMR s i g n a l s  o f  d e r i v a t i z e d  phenols (138.0 - 139.7 ppm) and d i - o r t h o  
s u b s t i t u t e d  phenols (142.9 - 143.7 ppm) was achieved. 
r e a c t i o n  was completed a t  room temperature i n  l e s s  than  f i v e  minutes, except  f o r  
2,6-di-t-butyl-4-methyl phenol which d i d  no t  r e a c t  a t  a1 1, presumably because o f  
i t s  bu l ky  nature.  

d i s p l a y i n g  31P NMR s i g n a l s  between 127.4 and 129.5 ppm, and between 134.8 and 
136.2 ppm, r e s p e c t i v e l y .  4 l t hough  t h e  se ts  o f  resonances f o r  phenols  and 

I n  these  cases, t h e  

Carboxy l i c  ac ids  r a p i d l y  reac ted  w i t h  1 and 2 t o  g i v e  d e r i v a t i v e s  
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c a r b o x y l i c  a c i d  d e r i v a t i z e d  w i t h  1 were p a r t i a l l y  superimposed, good 
separa t i on  o f  these reg ions  was observed when 2 was used as the  d e r i v a t i z i n g  
reagent. 

A l i p h a t i c  hydroxy f u n c t i o n a l i t i e s  can a l s o  be analyzed by 31P NMR 
spectroscopy a f t e r  d e r i v a t i z a t i o n  w i t h  t h e  reagents 1 and 2. 
4 lkoxyphosphi tes d e r i v e d  f rom 1 presented 31P NMR s i g n a l s  between 133.4 and 
136.0 ppm, w h i l e  those  obta ined from 2 revealed abso rp t i ons  from 146.4 t o  
148.8 ppm, w i t h  e x c e p t i o n  o f  d e r i v a t i v e s  o f  t e r t i a r y  a l c o h o l s  ( t r i p h e n y l c a r b i n o l  
and t - b u t a n o l )  which resonated f a r  u p f i e l d  (both a t  142.8 ppm). I n  both cases 
t h e  reg ions o f  abso rp t i ons  f o r  d e r i v a t i z e d  a l i p h a t i c  a l c o h o l s  a re  w e l l  separated 
from those o f  phenol s and c a r b o x y l i c  acids. 

31P NMR resonances o f  amines d e r i v a t i z e d  w i t h  reagents 1 and 2 are 
w i d e l y  spread, o v e r l a p p i n g  reg ions  represented by a l i p h a t i c  a lcohols ,  phenols and 
c a r b o x y l i c  acids. On t h e  o t h e r  hand, 31P NMR s i g n a l s  o f  compounds hav ing t h e  P-N 
bond are s i g n i f i c a n t l y  broader  than  those f rom o t h e r  d e r i v a t i v e s ,  t hus  making 
t h e i r  assignment t o  amines easy. 

The few t h i o l s  examined showed t h a t  t h e  31P NMR s i g n a l s  f o r  t h e i r  r e a c t i o n  
products  w i t h  1 and 2 (190 t o  210 ppm and 210 t o  220 ppm, r e s p e c t i v e l y )  
a re  down f ie ld  from t h e  reg ions  observed f o r  phenols and a l i p h a t i c  a l coho ls .  
Thus, t h e  technique shows good promise f o r  i d e n t i f i c a t i o n  of SH-bearing groups. 

D e r i v a t i z a t i o n  o f  a low- temperature p y r o l y s i s  condensate f rom I l l i n o i s  No. 6 
coal  w i t h  1 and 2 revea led  t h e  almost e x c l u s i v e  presence o f  a v a r i e t y  o f  
phenols  (F igures 3 and 4, r e s p e c t i v e l y ) .  I n  add i t i on ,  r e s i d u a l  q u a n t i t i e s  o f  
a l i p h a t i c  hyd roxy l  groups were de tec ted  a t  135 - 135.5 ppm and 147 - 148 ppm, 
r e s p e c t i v e l y .  No c a r b o x y l i c  ac ids  were found, however. An i d e n t i f i c a t i o n  o f  
phenols  was c a r r i e d  o u t  by t h e  a d d i t i o n  of s e l e c t e d  a u t h e n t i c  compounds t o  t h e  
d e r i v a t i z e d  condensate c o n t a i n i n g  an excess o f  2. Th is  procedure a l lowed us 
t o  t e n t a t i v e l y  ass ign  most o f  t h e  prominent  s i g n a l s  t o  s p e c i f i c  s u b s t i t u t e d  
phenols  (F igu re  4). The presence o f  such a v a r i e t y  o f  pheno l i c  compounds i s  
cons i s ten t  w i t h  t h e  well-documented r o l e  t h a t  phenols p l a y  du r ing  low- temperature 
p y r o l y s i s  o f  coal . I 5 9 1 6  

A p y r i d i n e  e x t r a c t  o f  I l l i n o i s  No. 6 coal  was d e r i v a t i z e d  w i t h  both reagents 
t o  g i v e  deep-brown opaque s o l u t i o n s .  Examination o f  these s o l u t i o n s  by 31P NMR 
spectroscopy showed broad abso rp t i ons  (F igures 5 and 6), which revealed t h e  
presence o f  mos t l y  phenols  (a t  138-140 ppm), t o g e t h e r  wi th a small  amount o f  
d i - o r t h o  s u b s t i t u t e d  phenols ( a t  about 143 ppm). I n  a d d i t i o n ,  s i g n i f i c a n t  
amounts o f  c a r b o x y l i c  ac ids  were found i n  t h e  e x t r a c t  a t  135-136 ppm. 
I d e n t i f i c a t i o n  o f  p a r t i c u l a r  pheno l i c  and/or a c i d i c  components was prec luded b y  
t h e  breadth o f  s i g n a l s .  Furthermore, t h e  e x t r a c t  d e r i v a t i z e d  w i t h  1 
d isp layed  a p p a r e n t l y  s i g n i f i c a n t  amounts o f  a l i p h a t i c  OH f u n c t i o n a l i t i e s  ( a t  
about 135 ppm), w h i l e  t h e  e x t r a c t  d e r i v a t i z e d  w i t h  2 showed only  a r e l a t i v e l y  
smal l  q u a n t i t y  o f  t h i s  f u n c t i o n a l i t y .  Th i s  c o n t r a d i c t o r y  r e s u l t  i s  c u r r e n t l y  
under  f u r t h e r  i n v e s t i g a t i o n .  

Conclus ions 

Reagents o f  t h e  t ype  1 and 2 p r o v i d e  improved 31P chemical s h i f t  
d i s p e r s i o n  f o r  compounds d e r i v e d  f rom c a r b o x y l i c  ac ids,  phenols, a l coho ls ,  
amines, and t h i o l s .  Therefore, t hey  o f f e r  cons ide rab le  promise f o r  t h e  
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.o PPM 
COOH - 

A l i p h a t i c  OH groups - -  
Phenols Phenols 

lib 165 160 155 150 1 45 140 1% 130 125 150 PPM 

F igure  5. 31P NMR spectrum o f  a pyr id ine  ex t rac t  o f  I l l i n o i s  No. 6 coal d e r i v a t i z e d  w i t h  1. 

4.0 ppm - c__ c1 

A l i p h a t i c  OH groups Phenols Phenol S COOH 

115 170 16b 160 155 Id0 145 140 1$5 130 1kPPM 

F igure  6. 31P NMR spectrum of a pyr id ine  e x t r a c t  o f  I l l i n o i s  No. 6 coal d e r i v a t i z e d  w i t h  2. 
209 



i d e n t i f i c a t i o n  (and p o s s i b l y  q u a n t i f i c a t i o n )  o f  coa l -de r i ved  o rgan ic  m o i e t i e s  
bonded t o  -OH, -NH, and -SH f u n c t i o n a l i t i e s .  Such a c a p a b i l i t y  w i l l  be ex t reme ly  
u s e f u l  i n  c h a r a c t e r i z i n g  coal  e x t r a c t s ,  p y r o l y s i s  condensates, and l i q u e f a c t i o n  
products. 
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