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ABSTRACT 

A general method has been developed f o r  t h e  p r e p a r a t i o n  of d e u t e r a t e d  
a romat i c  compounds t h a t  a r e  u s e f u l  f o r  coa l  r e a c t i o n  s t u d i o s  and as i n t e r n a l  
s tandards f o r  GC/MS a n a l y s i s .  The method r e q u i r e s  l i t t l e  s p e c i a l i z e d  
equipment o r  syn thes i s  exper t i se .  A r e a c t i o n  m i x t u r e  c o n t a i n i n g  D C l ,  D2n, and 
chromium i s  used t o  exchange deu te r ium f o r  a romat i c  hydrogens a t  t empera tu res  
of ?Ono t o  300OC. A s i n g l e  se t  of r e a c t i o n  c o n d i t i o n s  can he used t o  p repare  
a wide range o f  deu te ra ted  aromat ics with n e a r l y  complete exchange o f  a romat i c  
hydrogen f o r  deuter ium and l i t t l e  o r  no chemical deg rada t ion  o f  t h e  
r e a c t a n t .  When a 2D: l  molar r a t i o  o f  deu te r ium t o  a romat i c  hydrogen was used 
t h e  i s o t o p i c  p u r i t y  o f  most species t e s t e d  i n c l u d i n g  phenanthrene ( i s o t o p i c  
p u r i t y  o f  94%), pyrene ( 9 5 % ) ,  phenol (96%), dibenzofuran (96%), c a r b a z o l e  
(94x1, and d i  benzothiophene (939;), approached t h e  H/D exchange equi  1 i br ium o f  
95% i n  two t o  f i f t e e n  hours. The method a l s o  works w e l l  wi th complex m i x t u r e s  
as demonstrated by t h e  d e u t e r a t i o n  o f  a romat i cs  i n  a c o a l - d e r i v e d  anthracene 
o i l .  

INTRODUCTION 

The use o f  deu te ra ted  aromat ic  o r g a n i c  compounds as i n t e r n a l  s tandards f o r  
t h e  e v a l u a t i o n  o f  sample p r e p a r a t i o n  procedures and f o r  t h e  a n a l y s i s  o f  
complex samples u s i n g  gas chromatography coup led  w i t h  mass spec t romet ry  
(GC/MS) can  g r e a t l y  i nc rease  t h e  accuracy o f  a n a l y t i c a l  r e s u l t s  w h i l e  o f t e n  
reduc ing  t h e  t i m e  r e q u i r e d  f o r  t h e  a n a l y s i s .  Deuterated compounds and 
m i x t u r e s  a r e  a l s o  usefu l  f o r  s tudy ing  t h e  f a t e  of o rgan ic  compounds i n  complex 
systems such as coa l  conve rs ion  r e a c t i o n s .  U n f o r t u n a t e l y ,  t h e  widespread use 
of deu te ra ted  compounds i s  l i m i t e d  by t h e i r  h i g h  c o s t  and t h e  l a c k  o f  
a v a i l a b i l i t y  o f  many compound c lasses.  

The purpose of t h i s  paper i s  t o  d e s c r i b e  a genera l  method f o r  t h e  
syn thes i s  o f  deu te ra ted  species t h a t  i s  a p p l i c a b l e  t o  seve ra l  c lasses  o f  
a romat i c  compounds, r e q u i r e s  minimal t i m e  and s y n t h e s i s  e x p e r t i s e ,  y i e l d s  a 
chemica l l y  and i s o t o p i c a l l y  pu re  product ,  uses s imp le  and i n e x p e n s i v e  
equipment and reagents,  and can he used w i th  canplex m ix tu res .  T h i s  method 
a l s o  y i e l d s  products  w i t h  m u l t i p l e  d e u t e r i u m  which i s  d e s i r a b l e  t o  avo id  t h e  
o v e r l a p  i n  t h e  mass s p e c t r a  t h a t  occurs from 13C i s o t o p e  peaks and (M-H)' i o n s  
when unlabeled and m n o d e u t e r i o - l a b e l e d  compounds occur  i n  t h e  same sample 
(1). The syn thes i s  i s  s i m i l a r  t o  t h e  method of Werst iuk and Kadai (2-6)  f o r  
t h e  H/D exchange o f  a romat i c  protons w i t h  D,o/DCl except  t h a t  chromium i s  
added t o  increase t h e  r a t e  o f  H / D  exchange. The a b i l i t y  o f  t h i s  method t o  
p rov ide  chemica l l y  and i s o t o p i c a l  l y  pu re  pe rdeu te ra ted  products  was e v a l u a t e d  
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f o r  severa l  aromat ic  hydrocarhons and 0-, S-, and N-con ta in ing  aromatics. The 
method was a l s o  used t o  produce pe rdeu te ra ted  d e r i v a t i v e s  o f  t h e  components o f  
a coa l -de r i ved  anthracene o i l .  

EXPE RIME MAL 

A l l  r e a c t i o n s  were performed i n  10 m 0.d. (8 mm i.d.) x app rox ima te l y  8 
cm long pyrex g l a s s  tubes.  One end o f  t h e  tube  was sealed w i t h  a f lame h e f o r e  
adding t h e  reagents.  The r e a c t i o n  m i x t u r e  was then  f rozen  i n  l i q u i d  n i t r o g e n ,  
t h e  tube  was evacuated u s i n g  a smal l  l a b o r a t o r y  vacuum pump, and t h e  tuhe  was 
sea led  w i t h  a f lame. Th is  procedure f i l l e d  app rox ima te l y  one-hal f  o f  t h e  tube  
volume w i t h  reagents. The sea led  tubes were then  p laced  i n t o  a 1.3 cm 0.d. x 
15 cm s t a i n l e s s  s t e e l  p ipe.  Be fo re  capp ing  t h e  p i p e  w i t h  "Swagelok" f i t t i n g s ,  
app rox ima te l y  2 mL o f  wa te r  was added so t h a t  t h e  p ressu re  i n s i d e  and o u t s i d e  
o f  t h e  g lass  r e a c t i o n  tube  would be approx ima te l y  equal d u r i n g  hea t ing .  As a 
s a f e t y  measure, t h e  s t a i n l e s s  s t e e l  p i p e  was p laced  i n s i d e  a containment 
vessel made from a one- inch d iameter  t h i c k - w a l l e d  i r o n  p i p e  w i t h  threaded end 
caps. A smal l  h o l e  was d r i l l e d  th rough  one of t h e  end caps t o  avoid a 
pressure i nc rease  i n  t h e  conta inment  vessel. The e n t i r e  apparatus was then  
heated t o  200-30O"C f o r  an a p p r o p r i a t e  t ime  p e r i o d  i n  t h e  oven o f  a gas 
chromatograph. Caut ion:  Since c h l o r i d e  i o n  degrades t h e  s t r e n g t h  o f  
s t a i n l e s s  steel, t h e  s t a i n l e s s  s t e e l  p i p e  s h o u l d  be rep laced i f  a g lass  tube 
breaks d u r i n g  t h e  r e a c t i o n .  The d e u t e r a t i o n  reagen t  c o n s i s t e d  o f  4% DC1 (by 
w t . )  i n  D?O ( b o t h  > 99% i s o t o p i c a l l y  pure)  w i t h  10 mg/mL chromium metal.  
Since the  d i s s o l u t i o n  o f  t h e  chromium metal evolves hydrogen gas, t h e  a d d i t i o n  
of  chromium was performed i n  a v e n t i l a t e d  hood. A f t e r  t h e  chromium had 
d i s s o l v e d  (app rox ima te l y  one hour) ,  t h e  reagen t  m i x t u r e  was purged b r i e f l y  
w i t h  he l i um t o  removed d i s s o l v e d  hydrogen. The reagent  cou ld  then  be s to red  
i n d e f i n i t e l y  i n  a d e s i c c a t o r .  

Unless o the rw ise  noted, t h e  d e u t e r a t i o n  o f  t h e  i n d i v i d u a l  pure compounds 
was performed u s i n g  a weighed amount o f  app rox ima te l y  100 mg o f  t e s t  spec ies 
and an a p p r o p r i a t e  volume o f  d e u t e r a t i o n  reagent  t o  g i v e  a 2O:l m o l a r  r a t i o  o f  
reagent deuter ium t o  exchangeable protons. Each o f  t h e  pu re  compounds was 
reacted a t  300°C f o r  2 h r  and/or  15 hr .  I f  s i g n i f i c a n t  chemical deg rada t ion  
occu r red  a t  t h i s  tempera tu re ,  an a d d i t i o n a l  s y n t h e s i s  was performed a t  200°C 
f o r  2 h r .  The d e u t e r a t i o n  o f  t h e  anthracene o i l  was performed u s i n g  50 mg o f  
sample w i t h  1.0 mL o f  d e u t e r a t i o n  reagent .  

GC/MS a n a l y s i s  o f  t h e  deu te ra ted  p roduc ts  was performed w i t h  a Hew le t t -  
Packard model 59858 u s i n g  a 30 m x 0.32 mm i.d. ( l u m  f i l m  t h i c k n e s s )  DB-5 
fused s i l i c a  c a p i l l a r y  column ( J &  W S c i e n t i f i c ,  Rancho Cordova, C.A.). A l l  
analyses were performed i n  t h e  e l e c t r o n  impact mode w i t h  70 eV i o n i z i n g  
vo l tage.  I s o t o p i c  p u r i t y  o f  t h e  p roduc ts  was c a l c u l a t e d  from t h e  r e s u l t a n t  
spect ra.  Gas chromatography w i t h  flame i o n i z a t i o n  d e t e c t i o n  (FID) was 
Performed on a Hewlet t -Packard model 5890 GC w i t h  t h e  same t y p e  o f  
chromatographic column as used f o r  GC/MS. Chemical p u r i t y  o f  t h e  s t a r t i n g  
m a t e r i a l s  and t h e  p roduc ts  was d e t e n i n e d  hy GC/FID a n a l y s i s  us ing  
g r a v i m t r i c a l l y  prepared s o l u t i o n s  o f  s tandard  and product  species. Proton 
NMR analyses of t h e  deu te ra ted  o roduc ts  were o e r f o n e d  on a Var ian  model XL- 
200. 
t e t r a m e t h y l s i l a n e .  

The deu te ra ted  p r o d u c t s '  were d i s s o l v e d  i n  CD2C12 c o n t a i n i n g  0.25% 
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Since most o f  t h e  t e s t  compounds ( e x c e p t  t h e  N-con ta in ing  bases) were no t  
s o l u b l e  i n  t h e  reagent, q u a n t i t a t i v e  recove ry  o f  t h e  products  was e a s i l y  
a t t a i n e d  by p i p e t t i n g  o f f ’ t h e  l i q u i d  p roduc ts  o r  by removing t h e  reagent  from 
t h e  s o l i d  products  w i t h  a Pasteur p i p e t t e .  The s o l i d  products  were washed 
w i t h  water  and d r i e d  t o  remove t h e  r e s i d u a l  reagent. The N-con ta in ing  
aromat ic  bases ( a n i l i n e  and q u i n o l i n e )  were removed f rom t h e  reagent b y  making 
t h e  r e a c t i o n  m i x t u r e  b a s i c  w i t h  2N NaOH and e x t r a c t i n g  w i t h  methylene 
c h l o r i d e .  Since t h e  purpose o f  t h i s  s y n t h e s i s  method was t o  p rov ide  l a b e l e d  
Products  w i t h  deuter ium s u b s t i t u t i o n  i n  chemica l l y  s t a b l e  p o s i t i o n s ,  t h e  
hydroxy l  deuter ium on t h e  two phenols ,  and t h e  two amine d e u t e r i u m  on a n i l i n e  
were exchanged f o r  protons from H20 b e f o r e  be ing  analyzed f o r  t h e i r  i s o t o p i c  
p u r i t y .  

RESULTS AND DISCUSSION 

The success o f  H/D exchange u s i n g  t h e  DC1/D20/chromium reagent  i n  
s y n t h e s i z i n g  pe rdeu te ra ted  aromat ic  canpounds from severa l  canpound c lasses  i s  
shown i n  Table I .  Mass s p e c t r a  o f  seve ra l  r e p r e s e n t a t i v e  compounds b e f o r e  and 
a f t e r  d e u t e r a t i o n  a r e  shown i n  F i g u r e  1. H/D exchanges w i t h  e t h y l  henzene, 
phenanthrene, pyrene, pery lene,  b ipheny l ,  phenol ,  d ibenzofuran,  a n i l i n e ,  
carbazole,  and d ibenzoth iophene a l l  approached e q u i l i b r i u m  w i th  t h e  deu te r ium 
pool (assumed t o  be 95% i s o t o p i c  p u r i t y  based on t h e  20 : l  molar r a t i o  o f  D/H) 
i n  e i t h e r  two o r  15  hours  w i t h  no s i g n i f i c a n t  chemical degradat ion.  The 
i s o t o p i c  p u r i t y  o f  t hose  species t h a t  a t t a i n  exchange e q u i l i b r i u m  (95% 
i s o t o p i c  p u r i t y )  can be improved, i f  des i red ,  hy i n c r e a s i n g  t h e  r a t i o  o f  
reagen t  D t o  exchangeable H o r  by pe r fo rm ing  m u l t i p l e  exchange r e a c t i o n s .  
Q u i n o l i n e  a l s o  showed no chemical degradat ion,  b u t  was o n l y  73% i s o t o p i c a l l y  
pu re  a f t e r  15 hours. However, such products  can s t i l l  be u s e f u l  f o r  i s o t o p e  
d i l u t i o n  ana lys i s .  F o r  example, t h e  mass spec t ra  o f  73% i s o t o p i c a l l y  pu re  
q u i n o l i n e - d 7  has a base peak o f  134 compared t o  129 f o r  undeuterated q u i n o l i n e  
and, s i n c e  no d e t e c t a b l e  o v e r l a p  i n  t h e i r  mass s p e c t r a  occurs i n  t h e  mo lecu la r  
i o n  reg ion ,  t h e  73% i s o t o p i c a l l y  pure product  i s  s t i l l  u s e f u l  as an i n t e r n a l  
s tandard ( F i g u r e  1). Longer r e a c t i o n  t imes  and/or  h i g h e r  reagent 0 t o  
r e a c t a n t  H r a t i o s  c o u l d  be used t o  i nc rease  t h e  i s o t o p i c  p u r i t y .  

Only t h r e e  species, 2,4-dimethylphenol, a n i s o l e ,  and 2-methy l th iophene,  
showed enough degrada t ion  t h a t  t h e  syn thes i s  a t  300°C was judged t o  be 
unsu i tab le .  M i l d e r  c o n d i t i o n s  o f  200°C f o r  2 h r .  were used f o r  each o f  these 
species i n  an at tempt  t o  reduce degradat ion.  Bo th  2,4-dimethylphenol and 2- 
methy l th iophene were reasonably  s t a b l e  under these c o n d i t i o n s  and y i e l d e d  
products  w i t h  i s o t o p i c  p u r i t i e s  o f  89% and 85%, r e s p e c t i v e l y  (Tab le  I ) .  The 
methy l  hydrogens o f  2-methy l th iophene exchanged r e a d i l y  and were i n c l u d e d  i n  
t h e  c a l c u l a t i o n  o f  i s o t o p i c  p u r i t y .  An iso le  con t inued  t o  be conver ted  t o  
phenol even a t  these m i l d e r  c o n d i t i o n s  w i t h  o n l y  43% o f  t h e  o r i g i n a l  a n i s o l e  
remain ing a f t e r  t h e  reac t i on .  Under these  c o n d i t i o n s ,  o n l y  t h r e e  p o s i t i o n s  on  
a n i s o l e  underwent s i g n i f i c a n t  H/D exchange. These p o s i t i o n s  were shown by 200 
MHz p r o t o n  NMR t o  be t h e  o r t h o -  and p a r a - p o s i t i o n s ,  as would be expected s i n c e  
t h e  methoxy group a c t i v a t e s  those  p o s i t i o n s  f o r  e l e c t r o p h i l i c  s u b s t i t u t i o n .  
The same r e s u l t  i s  o b t a i n e d  when phenol undergoes t h e  syn thes i s  a t  2 0 D Y  f o r  2 
hr .  These r e s u l t s  i n d i c a t e  t h a t  t h i s  method may be usefu l  t o  produce aromat ic  
compounds l a b e l e d  a t  s p e c i f i c  (o r tho - ,  pa ra -  vs. meta-) p o s i t i o n s  by c a r e f u l  
s e l e c t i o n  o f  t h e  r e a c t i o n  temperature. 
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The use o f  t h i s  s y n t h e s i s  t o  produce pe rdeu te ra ted  d e r i v a t i v e s  i n  complex 
m ix tu res  was demonstrated w i t h  a coa l  d e r i v e d  anthracene o i l  c o n t a i n i n g  
predominant ly  a romat i c  hydrocarbons. F i g u r e  2 shows t h e  r e s u l t s  obta ined when 
t h e  anthracene o i l  underwent H/D exchange f o r  2 hours a t  300°C. N3 d e t e c t a b l e  
chemical deg rada t ion  o f  t h e  sample occurred as determined by a canpar ison o f  
t h e  G C / F I D  chromatograms o f  t h e  o i l  b e f o r e  and a f t e r  t h e  synthes is .  The 
mo lecu la r  i o n  r e g i o n s  o f  t h e  mass spec t ra  oh ta ined  b e f o r e  and a f t e r  t h e  
syn thes i s  a r e  shown f o r  seve ra l  r e p r e s e n t a t i v e  spec ies  ( F i g u r e  2). The 
i s o t o p i c  p u r i t i e s  were naphthalene (97%), d ihenzo fu ran  (98%), d ihenzoth iophene 
(99%), phenanthrene (96%), and pyrene (97%). Aromatic compounds hav ing  
a l i p h a t i c  protons a l s o  showed n e a r l y  q u a n t i t a t i v e  exchange o f  aromat ic  protons 
f o r  deuterium, and some exchange o f  t h e  a l i p h a t i c  protons.  For example, t h e  
base peak f o r  2-methy lnaphthalene-d7 ( i f  o n l y  a romat i c  p ro tons  exchanged f o r  
D) would be a t  m/z 149. The i n t e n s e  peaks a t  m/z 151  and 152 show t h a t  some 
a l i p h a t i c  protons a l s o  exchanged ( F i g u r e  2) .  

The r e s u l t s  o f  t h e  p e r d e u t e r a t i o n  s t u d i e s  o f  pure compounds (Table I )  and 
t h e  anthracene o i l  demonstrate t h a t  t h e  method presented he re  i s  u s e f u l  f o r  
s y n t h e s i z i n g  pe rdeu te ra ted  a romat i c  compounds f rom seve ra l  compound c lasses  as 
w e l l  as i n  complex m ix tu res .  A l l  o f  t h e  species t h a t  have been t e s t e d  y i e l d  
products w i t h  b o t h  h i g h  i s o t o p i c  p u r i t y  and (except  f o r  a n i s o l e )  h i g h  chemical 
p u r i t y .  The c o s t  o f  t h e  reagent  i s  low ( l e s s  than  20 d o l l a r s  f o r  t h i s  e n t i r e  
s t u d y )  and t h e  s y n t h e s i s  i s  s imp le  t o  perform. 
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Table I 

Synthesis  o f  Perdeuterated Aromat ic  Compounds 

e t h y l  benzene 
phenanthrene 
b iphenyl  
pyrene 
p e r y l  ene 
phenol 
2,4-dimethyl phenol 
a n i  so le  
d ibenzo fu ran  
a n i l i n e  
q u i  no1 i ne 
c a r  b azo 1 e 
E-methyl t h i  ophene 
d ibenzo th i  ophene 

na - 
5 

10 
10 
10 
12 
6 
4 
5 
8 
7 
7 
8 
6b 
8 

I s o t o p i c  P u r i t y  (%) 

2 h r  15 h r  2 h r s  
3o0°c 3n0°c mn0c 
- -- 

50 97 
94 94 
84 96 - 95 - 95 
94 96 100' 

89 
- - 97c 

52 96 
95 96 
29 73 
93 94 - - 85b 
95 93 

Chemical P u r i t y  (%) 

2 h r  15 h r  2 h r  
3nnoc 3on0c 2nnoc 

inn ino 

i on  inn 

- - -  

ion 95 

- 100 - 100 

88 39 
100 99 100 

<5d 493 
i n 0  

100 7 Jd 
ion i o n  

94 8 9  

99 99 
e e 89 

aThe number of exchangeable p ro tons ,  n, i s  used f o r  c a l c u l a t i n g  t h e  
q u a n t i t y  o f  reagent r e q u i r e d  t o  g i v e  a D/H r a t i o  o f  21131 i n  t h e  r e a c t i o n  
m i  x t  u r  e. 

b A l l  s i x  o f  t h e  p ro tons  on 2-methy l th iophene exchanged r e a d i l y  so n=6 was 
used t o  determine t h e  q u a n t i t y  o f  d e u t e r a t i o n  reagent  and f o r  t h e  c a l c u l a t i o n  
o f  i s o t o p i c  p u r i t y .  

C I s o t o p i c  p u r i t y  was based on 3 r a t h e r  than  5 H/D exchanges ( s e e  t e x t ) .  

dThe degradat ion product  was phenol. 

eNo 2-methy l th iophene o r  i d e n t i f i a b l e  deg rada t ion  p roduc t  was recovered. 
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F i g u r e  1: E l e c t r o n  impact mass spectra o f  r e  r e s e n t a t i v e  PAH and 0-, S-, and 
N- conta in ing  aromatics b e f o r e  ( P e f t  s i d e  of f i g u r e )  and a f t e r  
( r i g h t  s i d e )  d e u t e r a t i o n  f o r  15  hours a t  300OC. I so top ic  and 
chemical p u r i t i e s  a r e  given i n  Tab le  I .  
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F i g u r e  2 :  A comparison o f  t h e  mass spect ra l  molecular  i o n  regions o f  
r e p r e s e n t a t i v e  species b e f o r e  (upper s p e c t r a )  and a f t e r  ( lower  
spect ra )  d e u t e r a t i o n  o f  a coa l -der ived  anthracene o i l .  React ion 
condi t ions ,  i s o t o p i c  p u r i t i e s ,  and gas chromatographic condi t ions  
a r e  g iven  i n  t h e  t e x t .  
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