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SUMMARY 

Hydrogenation of carbon-13C dioxide  over  
ruthenium-on-alumina c a t a l y s t  a t  300 -400°C p r o -  
duced methane-13C, which was passed w i t h  excess  
ammonia over  p la t inum a t  1 0 0 0 ° C  t o  g i v e ,  a f t e r  
abso rp t ion  of  t h e  product  i n  sodium hydroxide 
s o l u t i o n ,  sodium cyanide-13C i n  90% o v e r a l l  
y i e l d .  
pa red  by r educ t ion  of carbon-13C monoxide and 
carbon monoxide, r e s p e c t i v e l y ,  w i th  deuter ium. 

Methane-13C-d4 and methane-d4 were p r e -  
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INTRODUCTION 

Cyanide i s  a b a s i c  s t a r t i n g  m a t e r i a l  i n  many o rgan ic  syn theses  

f o r  i n t r o d u c t i o n  of an  i s o t o p i c  l a b e l .  Most of t h e  schemes de-  

veloped f o r  p r e p a r a t i o n  of  carbon-14 cyanide (1) can o f t e n  be c a r -  

r i e d  o u t  convenient ly  on a s c a l e  of  on ly  a few mi l l imo les ,  owing 

t o  t h e  somewhat hazardous na tu re  of t h e  r e a c t a n t s  and r e a c t i o n  

when app l i ed  on a l a r g e  s c a l e .  However, t he  r e a c t i o n  o f  barium 

carbonate-13C w i t h  ammonium c h l o r i d e  and potassium has r e c e n t l y  

been a p p l i e d  t o  a p r e p a r a t i o n  of potassium cyanide-13C i n  approx i -  

mately 50-mil l imole q u a n t i t i e s  ( 2 )  . 
oxide t o  e lementa l  carbon-13C fol lowed by r e a c t i o n  w i t h  ammonia 

a t  l l O O ° C  has  produced cyanide-I3C i n  h igh  y i e l d  ( 3 ) .  Dehydra- 

t i o n  o f  formamide-13C, us ing  triphenylphosphine-carbon t e t r a -  
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c h l o r i d e ,  t o  g ive  sodium cyanide-I3C was found a p p l i c a b l e  t o  

s c a l e s  ranging  from a few mi l l imo les  t o  a mole ( 4 ) .  

We wish t o  r e p o r t  t h e  s y n t h e s i s  o f  methane-13C, based on a 

method used i n  rad iocarbon d a t i n g  f o r  r e d u c t i o n  o f  carbon d i o x i d e  

t o  methane ( 5 ) .  

methane wi th  ammonia over p la t inum a t  1 0 0 0 ° C  u t i l i z e s  a r e a c t i o n  

known f o r  many y e a r s  ( 6 )  and t h a t  has been app l i ed  t o  t h e  carbon-  

1 4  ( 7 )  and carbon-11 ( 8 )  ana logs .  The methods desc r ibed  h e r e  were 

developed f o r  r e l a t i v e l y  l a r g e - s c a l e  p roduc t ion  and were subse-  

quen t ly  found a p p l i c a b l e  t o  methane-d4 and methane-13C-d4 a s  we l l  

Conversion t o  cyanide-I3C by r e a c t i o n  of  t h e  

a s  t o  sma l l e r  q u a n t i t i e s  of methane-13C and cyanide-I3C.  The 

mass-20 and -21 methanes a r e  u s e f u l  l a r g e - s c a l e ,  nonrad ioac t ive ,  

a tmospheric  t r a c e r s  ( 9 ) .  
DISC US S I O N  

The r e a c t i o n  sequence f o r  p r e p a r a t i o n  of sodium cyanide con- 

s i s t e d  o f  c a t a l y t i c  hydrogenat ion of carbon d iox ide  t o  methane. 

React ion of t h e  methane wi th  ammonia over  ho t  p la t inum produced 

ammonium cyanide ,  which was converted t o  t h e  sodium s a l t  by sodium 
Ru A1203 

hydroxide.  "2 + ' H2 300-400'C * 2H2O + CH4 

Pt NHACN + 3H2 CH4 + 2 N H 3  100O'C - 
NH4CN + NaOH * NaCN + N H 3  + H 2 0  

Carbon monoxide was a l s o  reduced and r equ i r ed  only  3 moles o f  hy- 

drogen. 

The methanes were prepared  i n  an appa ra tus  t h a t  r e l i e d  on con- 

v e c t i v e  c i r c u l a t i o n  of t h e  gases  through t h e  h o t  c a t a l y s t .  A con- 

v e r t e r  having a volume of 7 l i t e r s ,  s i m i l a r  t o  t h a t  developed f o r  

rad iocarbon d a t i n g  (S), allowed p r e p a r a t i o n s  up t o  3 moles a t  a 

p r e s s u r e  of about 1 5 0  p s i g .  A sma l l e r  u n i t ,  shown i n  F i g .  1, was 

cons t ruc t ed  from a 1 - l i t e r  s t a i n l e s s - s t e e l  c y l i n d e r . *  During t h e  

*This conve r t e r  can be a l s o  used f o r  t h e  s y n t h e s i s  of methanol-I3C 
by us ing  a d i f f e r e n t  c a t a l y s t  a s  p r e v i o u s l y  desc r ibed  (10) conta ined  
i n  copper sc reen ;  t h e  h e a t i n g  element was encased i n  q u a r t z  o r  cop- 
p e r  t o  p reven t  formation of methane and carbon (11 ) .  
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hydrogenat ion t h e  v e s s e l  was immersed t o  about t h r e e - f o u r t h s  i t s  

he igh t  i n  coo l ing  water  t o  promote convect ion and t o  condense t h e  

water  produced. 

n- 

o\ 

F. 

C 

F i g .  1. Methane s y n t h e s i s  appa ra tus .  A ?  gas 
i n l e t ,  B ,  250-watt e l e c t r i c  h e a t e r ;  C ,  l i q u i d  
withdrawal  tube ;  D ,  thermocouple w e l l ;  E ,  c a t a -  
l y s t  ( 1 / 8 - i n  p e l l e t s ,  0 . 5 %  ruthenium on alumina) 
conta ined  i n  s t a i n l e s s - s t e e l  s c r e e n ;  F ,  chimney; 
G ,  O- r ing .  

The r e a c t i o n  was c a r r i e d  o u t  by p r e s s u r i z i n g  t h e  appa ra tus  wi th  

t h e  d e s i r e d  q u a n t i t y  of carbon d ioxide  o r  monoxide, b r i n g i n g  t h e  

c a t a l y s t  t o  about 3OO0C, and adding hydrogen o r  deuter ium i n  i n c r e -  

ments from a c y l i n d e r  of known volume and p r e s s u r e . *  The hydrogen 

*Pressure  is  no t  r equ i r ed  f o r  t h e  r e a c t i o n ,  except  as  i t  a f f e c t s  
s c a l e ;  a cont inuous-f low appara tus  f o r  p roduc t ion  o f  l a r g e  q u a n t i -  
t i e s  of i s o t o p i c  methanes has been dfxeloped (12 ) .  
was used f o r  p r e p a r a t i p g  o f  cyanide-  
from barium ca rbona te -  C on a mi l l imo la r  s c a l e  ( 7 ) .  

A flow fystem 
C ,  by way of methane- C, 
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was added i n  amounts s u f f i c i e n t  t o  produce a temperature  r ise t o  

350-40Q'C ( t o o  f a s t  a r a t e  could produce l o c a l  ove rhea t ing  w i t h  dam- 

age t o  the h e a t i n g  e l emen t ) .  A f t e r  t h e  tempera ture  had r e tu rned  t o  

about  3OOoC, t h e  p rocess  was r epea ted  u n t i l  r educ t ion  was complete 

as evidenced by no f u r t h e r  evo lu t ion  of h e a t  and by t h e  q u a n t i t y  of 

hydrogen used .  The f i n a l  p r e s s u r e  was e s s e n t i a l l y  the  same as i n i -  

t i a l  p r e s s u r e  p l u s  t h a t  from excess  hydrogen. The wa te r  and methane 

were f rozen  i n t o  the  bottom of the  v e s s e l  w i t h  l i q u i d  n i t r o g e n ,  t h e  

hydrogen was pumped o f f ,  and the  methane was t r a n s f e r r e d  and p u r i -  

f i e d  by d i s t i l l a t i o n .  The p roduc t ,  i n  y i e l d  o f  94-98%,  was q u i t e  

pure a s  shown by i n f r a r e d  spec t roscopy and gas chromatography. 

Traces  o f  hydrogen o r  deuter ium were o c c a s i o n a l l y  d e t e c t e d ,  which 

could  be removed, i f  necessa ry ,  by a pa l lad ium a l l o y  d i f f u s i o n  c e l l  

( 5 ) .  Very smal l  amounts of  carbon d ioxide  were a l s o  de t ec t ed  i n  a 

few runs  and were r e a d i l y  removed by a l lowing  t h e  gas t o  remain over  

L i thaso rb  f o r  s e v e r a l  hours .  I n f r a r e d  abso rp t ion  and gas  chromato - 

graphic  d a t a  a r e  p re sen ted  i n  Tables  I and 11. 

Table I .  I n f r a r e d  abso rp t ion  of  methane i so tope  isomers .  

Frequency (cm-l)a 

3 0 4 0  3040 2 2 6 0  
1300 1300 990 

2 2 5 0  

980 

a~~ n e a r e s t  5 cm-1. 

Table 11. Gas"chromatographic s e p a r a t i o n  o f  gases ,  

Reten t ion  Time (min)* 

N A  
13 13  

O C  C H 4 ,  CH4 C D 4 ,  CD4 H 2 ,  D 2  CO C02 

5 47.6 43.8 6 . 7  
2 5  1 1 . 4  10 .6  0 . 5  3 .3  2 . 2  

1 0 0  3.9 0 . 7  1 . 7  8 . 7  1 . 5  

aCarbosieve column, 1 / 8  i n  x 9 f t ;  helium c a r r i e r ,  
1 0 0  cm3-min-1. 

- 
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Sodium cyanide-13C was syn thes i zed  by pass ing  methane-13C and 

ammonia over  p la t inum conta ined  i n  a q u a r t z  combustion tube  hea ted  

i n  a tube  fu rnace  t o  approximately 1 0 0 0 ° C .  The e x i t  gases  wt re  

passed ,  a f t e r  p re l imina ry  coo l ing  by a condenser ,  th rough a c o l d  

t r a p  fol lowed by a sodium hydroxide t r a p .  The maximum flow r a t e  

f o r  t h e  methane was determined by i n f r a r e d  a n a l y s i s  ( f o r  absence 

of  methane) of  t h e  gases  emerging from t h e  t r a p s .  Excess ammonia 

was needed t o  avoid format ion  of red-brown polymeric mater ia ls ,  

which condensed a t  t h e  o u t l e t  of t h e  r e a c t i o n  tube .  Even s o  a c a r -  

bon mi r ro r  developed w i t h i n  t h e  tube ,  b u t  appeared t o  remain con- 

s t a n t  through many p r e p a r a t i o n s .  

Most of t h e  product  was condensed as ammonium cyanide-13C i n  t h e  

c o l d  t r a p  and was combined wi th  t h e  remainder r e t a i n e d  i n  t h e  sodium 

hydroxide t r a p .  Following a n a l y s i s  f o r  t o t a l  cyanide and a d d i t i o n  

of  sodium hydroxide s u f f i c i e n t  f o r  equiva lence ,  t h e  aqueous s o l u t i o n  

of sodium cyanide-13C was evaporated t o  dryness  a t  reduced tempera- 

t u r e  and p r e s s u r e .  Recovery was almost  q u a n t i t a t i v e  and gave a p r o -  

duc t  of  approximately 9 6 %  p u r i t y  ( t h e  remainder was presumably sod-  

ium hydroxide and w a t e r ) .  The wa te r - evapora t ion  s t e p  was somewhat 

t e d i o u s ,  and could be avoided i n  f u t u r e  p r e p a r a t i o n s  by t r a p p i n g  t h e  

product  i n  co ld  methanol,  ana lyz ing  f o r  t h e  t o t a l  amount of cyanide ,  

adding t h e  equ iva len t  q u a n t i t y  of sodium ( o r  potassium) hydroxide,  

and i s o l a t i n g  by vacuum evapora t ion  of t h e  a l coho l  (1:). 

Dependence of t h e  r e a c t i o n  on t h e  amount and form of  t h e  p la t inum 

c a t a l y s t  was n o t  i n v e s t i g a t e d  e x t e n s i v e l y .  Most r e a c t i o n s  were con- 

duc ted  on a r e l a t i v e l y  l a r g e  s c a l e ;  however, a sma l l e r  u n i t  was de-  

veloped which performed s a t i s f a c t o r i l y  wi th  l e s s  than  1 0  g of  p l a t i -  

num. P l a t i n i z e d  a sbes tos  was i n v e s t i g a t e d  b r i e f l y  and found d i f f i -  

c u l t  t o  pack i n  t h e  1-cm tube ,  and t o  g ive  low y i e l d s  (20-35%), even 

a t  low flow r a t e s ,  i n  t h e  2.5-cm tube  (25 g ,  5 %  p l a t i n u m ) .  
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EXPERIMENTAL 

Mate r i a l s  and Methods- -Carbon-l'C d iox ide  and carbon-13C monoxide 

a t  approximately 90 atom % 1 3 C  were produced by t h e  Los Alamos S c i -  

e n t i f i c  Laboratory S t a b l e  I so tope  Sepa ra t ion  F a c i l i t y  ( 1 4 ) .  The r u -  

thenium c a t a l y s t  (0 .5% on alumina) was from Strem Chemicals,  I n c .  

I n f r a r e d  s p e c t r a  were determined i n  t h e  gas  phase  on a Perkin-Elmer 

Model 7 1 0  and a r e  r epor t ed  t o  t h e  n e a r e s t  5 cm- '  (Table  I ) .  

Model EP90 was used f o r  gas chromatography (Table  11). Cyanide ana-  

l y s i s  was by t i t r a t i o n  w i t h  s i l v e r  n i t r a t e  u s ing  potassium i o d i d e  

a s  i n d i c a t o r .  

A Var ian  

Methane-13C--Carbon-13C d iox ide  (94 .3  g ,  2 . 1 0  m o l ,  9 5  p s i g )  was 

in t roduced  i n t o  t h e  evacuated 7 - L  conve r t e r  ( 5 )  and t h e  c a t a l y s t  bed 

was hea ted  t o  about  300°C ( t h e  p r e s s u r e  was then  approximately 1 3 0  

p s i g ) .  With the  lower p o r t i o n  of t h e  conve r t e r  i n  coo l ing  water  o r  

i c e ,  hydrogen was added from a c a l i b r a t e d  8-L c y l i n d e r  (45 ps i /mol )  

i n  increments  of 2 0  t o  50 p s i ,  which caused a tempera ture  r i s e  of t h e  

c a t a l y s t  bed t o  350-400°C; subsequent  a d d i t i o n s  were made a f t e r  t h e  

c a t a l y s t  bed r e tu rned  t o  300°C. 

gen (380 p s i  dec rease  i n  t h e  hydrogen c y l i n d e r  p r e s s u r e )  dur ing  

about 5 h r ,  t empera ture  r i s e  no longer  occurred ,  and t h e  conve r t e r  

p r e s s u r e  remained c o n s t a n t .  The bottom of t h e  r e a c t o r  was cooled ,  

f i r s t  wi th  Dry Ice and then  wi th  l i q u i d  n i t r o g e n ,  and t h e  excess  

hydrogen was pumped out  through a c h a r c o a l - f i l l e d  t r a p  cooled  by 

l i q u i d  n i t rogen .*  

base o f  t h e  conve r t e r  and f r o m  t h e  charcoa l  t r a p ,  and t h e  product  

was t r a n s f e r r e d  i n t o  a l i q u i d - n i t r o g e n  cooled 1 - L  gas c y l i n d e r  

(34.1 g ,  725 p s i g ,  96% y i e l d ) . * *  The i n f r a r e d  spectrum (5-cm gas 

c e l l ,  0.5-atm p r e s s u r e )  showed no carbon monoxide o r  d iox ide .  Gas 

A f t e r  a d d i t i o n  of 8 . 5  mol o f  hydro- 

The l i q u i d - n i t r o g e n  b a t h s  were removed from t h e  

*The vapor p r e s s u r e  of methane a t  l i q u i d  n i t r o g e n  tempera ture  i s  
q u i t e  h igh  (approximately 1 0  mm Hg); t h e r e f o r e ,  pumping should  
no t  be prolonged o r  t he  c a p a c i t y  o f  t h e  cha rcoa l  may be exceeded. 
""Residual methane remaining i n  t h e  appara tus  amounts t o  only  a 
f r a c t i o n  o f  a p e r c e n t .  
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chromatography i n d i c a t e d  a v e r y  small  amount of hydrogen .  P r o t o n  

NMR (CC14): 6 0 . 2 2 ,  JCH 126 H z .  

The o t h e r  i s o t o p e  i somers  were s i m i l a r l y  p r e p a r e d  u s i n g  e i t h e r  

the above a p p a r a t u s  o r  t h e  1 - L  c o n v e r t e r  shown i n  F i g .  1 and w i t h  

e i t h e r  c a r b o n  d i o x i d e  o r  monoxide. Water from t h e  p r e v i o u s  r u n  

was removed t h r o u g h  t h e  w i t h d r a w a l  t u b e  ( o r ,  i n  t h e  l a r g e  c o n v e r t e r ,  

t h r o u g h  a v a l v e  i n  t h e  b a s e )  fo l lowed  by e v a c u a t i o n .  I n  chang ing  

from one hydrogen i s o t o p e  t o  t h e  o t h e r ,  a s m a l l - s c a l e  ( a p p r o x i -  

m a t e l y  0.1-mol)  p u r g i n g  r e a c t i o n  u s i n g  normal-abundance c a r b o n  

d i o x i d e  o r  monoxide was c a r r i e d  o u t  t o  remove r e s i d u a l  g a s  abso rbed  

on t h e  c a t a l y s t .  

Sodium C~anide-’~C--Methane-l~C (19 .5  g ,  1 . 1 5  mol) a t  0 . 1 7  L / m i n  

and e x c e s s  ammonia a t  0 .55 L/min were p a s s e d  t h r o u g h  a q u a r t z  r e -  

a c t i o n  t u b e  ( 2 . 5  by 90 cm) c o n t a i n i n g  a r o l l e d  p l a t i n u m  p e r f o r a t e d  

s h e e t  (138 g ,  31-cm l e n g t h )  and p l a t i n u m  gauze (138 g ,  1 2 - c m  l e n g t h )  

t h a t  was h e a t e d  by an e l e c t r i c  t u b e  f u r n a c e  t o  1 0 0 0 ° C .  The e x i t  

g a s e s  were p a s s e d  t h r o u g h  a n  a i r - c o o l e d  s p i r a l  condense r  i n t o  an 

i c e / a l c o h o l - c o o l e d  t r a p  a t  - 2 O O C  and t h e n  t h r c u g h  sodium h y d r o x i d e  

s o l u t i o n  ( 5  M_, 200  mL). The c o n t e n t s  o f  t h e  sodium h y d r o x i d e  t r a p  

( c o n t a i n i n g  0 . 5 3  mol of cyan ide - I3C)  were combined w i t h  t h e  ammonium 

c y a n i d e  (24 .8  g ,  0 . 5 5  mol) i n  t h e  c o l d  t r a p  (which was k e p t  c o l d  a t  

a l l  t i m e s ) ,  and a d d i t i o n a l  sodium h y d r o x i d e  ( 0 . 0 8  mol) was added.  

The s o l u t i o n  was e v a p o r a t e d  a t  r educed  p r e s s u r e  and t e m p e r a t u r e  t o  

g i v e  55 .5  g o f  w h i t e  powder (1 .07  rnol by a r g e n t i m e t r i c  t i t r a t i o n ,  

93% y i e l d ) .  

Sodium Cyanide-I3C ( S m a l l - S c a l e  S y n t h e s i s )  --Methane ( 3 . 2  g ,  0.20 

mol) a t  0 .07 -0 .09  L/min and ammonia a t  0 .43 -0 .45  L/min were p a s s e d  

d u r i n g  abou t  2 h r  t h r o u g h  a q u a r t z  r e a c t i o n  t u b e  (1 .2  by 9 0  cm) c o n -  

t a i n i n g  4 s h e e t s  o f  r o l l e d  and crumpled p l a t i n u m  f o i l  ( 7 . 8  g) d i s -  

t r i b u t e d  a l o n g  80  cm o f  t h e  t u b e  and h e a t e d  t o  a p p r o x i m a t e l y  1 0 0 0 ° C .  

The p r o d u c t  w a s  t r a p p e d  as i n  t h e  above p r e p a r a t i o n  t o  g i v e  ammonium 

c y a n i d e  ( 7 . 5  g ,  0 .17 mol) and sodium c y a n i d e  ( 0 . 0 1  mol) (90% y i e l d ) .  
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