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Maur i z io  Speranza* ,  Richard  A. F e r r i e r i ' ,  A l f r ed  P. Wolft, and 
F u l v i o  Cacacef 
XLabora to r io  d i  Chimica Nucleare  d e l  C o n s i g l i o  Nazionale  d e l l e  
R ice rche  , M o n t e l i b r e t t i ,  I t a l y ;  'Brookhaven Maf iona l  Labora to ry ,  
Department of Chemis t ry ,  Upton, New York; and t I s t i t u t o  d i  
Chimica Fa rmaceu t i ca ,  U n i v e r s i t a  d i  Roma, Roma, I t a l y  

SUMMARY 

llC-Labelled benzene  d e r i v a t i v e s  were p repa red  c a t a l y t i c a l l y  
by t r i m e r i z i n g  acetylene-llC w i t h  a c e t y l e n e  and propyne c a r r i e r s  
ove r  1 .5  grams of s i l i c a - a l u m i n a  suupor t  a c t i v a t e d  b potass ium 
chromate (0.2% by w e i g h t ) .  Optimized y i e l d s  of  t h e  I1C-labelled 
a romat i c s  were ob ta ined  when t h e  r e a c t a n t s  w e r e  exposed t o  t h e  
c a t a l y s t  f o r  10 minu tes  a t  24'C. A minimum a d d i t i o n  of 50 umole 
o f  a lkyne  c a r r i e r  w a s  n e c e s s a r y  b e f o r e  t h e  t r i m e r i z a t i o n  pro-  
ceeded t o  g i v e  a p p r e c i a b l e  y i e l d s  o f  l lC- labe l led  a romat i c s .  In  
t h e  c o m p e t i t i v e  t r i m e r i z a t i o n  of acetylene-llC w i t h  a c e t y l e n e  and 
propyne c a r r i e r s ,  t h r e e  l lC-labelled a romat i c  p roduc t s  were gen- 
e r a t e d :  benzene ,  t o l u e n e ,  and xy lene .  From t h e s e  s t u d i e s  
a c e t y l e n e  was observed  t o  b e  1 . 6  t i m e s  more r e a c t i v e  than  
propyne. 
xy lenes  (3.4% o r t h o ,  10 .6% m e t a ,  and 86% p a r a )  i n d i c a t e s  an  ap- 
p a r e n t  r e g i o s p e c i f i c i t y  i n  t h e  t r i m e r i z a t i o n  
w i t h  propyne. 

I n  a d d i t i o n ,  t h e  observed  d i s t r i b u t i o n  of l 1C- l abe l l ed  

of l l c - a c e t y l e n e  
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INTRODUCTION 

Trimerization of acetylene to benzene induced through transition-metal 

catalysis is presently a powerful tool in radiocarbon dating laboratories. 

Early studies and development of the technique can be found in the works of 

Leger et a1 (11, Tamers ( 2 ) ,  Noakes et al. ( 3 , 4 )  and Stipp et al. (5). More 

recent works by Tamers (6) and Belluomini ( 7 )  describe chemical yield optimi- 

zation in the catalytic benzene synthesis using a support of silica-alumina 

activated with potassium chromate. It is presumably the reduction of Cr(V1) 

to Cr(1V) and Cr(II1) which catalyzes the acetylene trimerization (6). Under 

the optimal conditions, greater than 99% conversion of acetylene to benzene 

was usually obtained; however, this generally required between 1 and 3 hour(s) 

of exposure to the catalyst. The major difficulty encountered was insuring 

that both the catalyst and acetylene were devoid of water prior to reaction 

since this usually resulted in unwanted side reactions. 

Our interest in this catalyst was to determine whether a rapid synthetic 

route could be developed to introduce a "C-label into aromatic compounds. 

a positron emitter, llC (T = 2 0 . 4  min) is useful in nuclear medicine in con- 

junction with positron emission tomography (8). Iiowever, classical synthetic 

methods aimed at achieving this goal are usually too time consuming for the 

short llC half-life and are avoided. 

at optimizing the catalytic reaction conditions in conjunction with "C-label- 

ling. This meant that a maximized specific activity of the generated benzene- 

"C had to be achieved. 

A s  

4 

Our primary effort was therefore aimed 

In the synthesis of benzene-llC two studies were performed to ascertain 

optimum reaction conditions: (i) the time the reactants were exposed to the 

catalyst was varied and (ii) the specific activity of the reacting acetylene-'lC 

was reduced. 

we had a unique advantage of potentially studying the catalytic acetylene 

trimerization with concentrations of reactant in the femto mole scale. 

Since acetylene-llc was prepared via recoil labelling techniques, 
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P a r t l v  as a fundamental  i n t e r e s t  and a s  a precedent  f o r  f u r t h e r  c a t a l y t i c  

SYstens invo lv ing  alkyne t r i m e r i z a t i o n s ,  t h e  compe t i t i ve  t r i m e r i z a t i o n  of 

acetylene-llC w i t h  a c e t y l e n e  and propyne c a r r i e r s  w a s  a l s o  s t u d i e d .  The re- 

s u l t s  from t h e s e  i n v e s t i g a t i o n s  are desc r ibed  i n  t h i s  work. 

EXPERIMENTAL 

Materials 

A s i l i ca -a lumina  c a t a l y s t  base  ( i n  t h e  form of 2 mm p e l l e t s )  a c t i v a t e d  by 

The c a t a l y s t  K2Cr04 (0.2% by weight)  was used i n  t h e s e  t r i m e r i z a t i o n  s t u d i e s .  

is  a v a i l a b l e  commercially from Mobil O i l  Corporat ion,  New York ( type  Durahead I )  

and Kali-Chemie, Hannover, Germany ( type  KC Pe rka to r  Dl). Acetylene,  propyne, 

and cyclopropane ( a l l  r e s e a r c h  grade)  were purchased from t h e  Matheson Company. 

A l l  gases  were f u r t h e r  p u r i f i e d  on a vacuum l i n e  us ing  conven t iona l  degassing 

techniques.  

Benzene and to luene  ( a n a l y t i c a l  grade)  were ob ta ined  from t h e  Mall inckrodt  

Chemical Company and used f o r  gas  chromatographic c a l i b r a t i o n s  without  f u r t h e r  

p u r i f i c a t i o n .  The o r t h o ,  meta and p a r a  xylenes (minimum; 99 mol % pure)  were 

obtained from P h i l l i p s  Petroleum Company and w e r e  a l s o  used f o r  gas  chromato- 

g raph ic  c a l i b r a t i o n s  without  f u r t h e r  p u r i f i c a t i o n .  

Irradiation and Corntin,, Techniques 

AcetyZene-"C. A l l  i r r a 3 i a t i o n s  f o r  carbon-11 g e n e r a t i o n  were performed 

on t h e  Brookhaven Na t iona l  Laboratory 60-inch cyc lo t ron .  No c a r r i e r  added (NCA) 

acetylene-"C was produced by bombarding a cyclopropane gas  t a r g e t  w i th  a 33 Fr?V 

11 proton beam t o  induce t h e  I2C(p,pn) C nuc lea r  t r ans fo rma t ion .  I r r a d i a t i o r ,  

samples were prepared by s e a l i n g  300 t o r r  of cyclopropane w i t h i n  a qua r t z  

s t a t i c  i r r a d j a t i o n  v e s s e l  using s t anda rd  h igh  vacuum techn iques .  Typical  beam 

i n t e n s i t i e s  were 1 VA wi th  exposure t imes of 100 seconds.  The r a d i a t i o n  dose 

was 3.48 x 

dosimetry (9) .  

an a l i q u o t  u s ing  a wel l - type NaI (Tl) s c i n t i l l a t i o n  c r y s t a l .  

eV molecule-' vA-' s-' a s  determined by a c e t y l e n e  t o  benzene 

The t o t a l  gaseous carbon-11 a c t i v i t y  was determined by count ing 

The acetylene-llC 
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was p u r i f i e d  through p r e p a r a t i v e  gas  chromatography us ing  a 12 - f t .  Porapak N 

column f o r  s e p a r a t i o n  purposes and i t s  r a d i o a c t i v e  y i e l d  was measured i n  t h e  

usua l  manner by us ing  gas  e f f l u e n t  count ing (10) .  Polymer a c t i v i t y  w i t h i n  t h e  

i r r a d i a t i o n  v e s s e l  was a l s o  measured by washing t h e  v e s s e l  w i th  ace tone  and 

wi th  methyl a l c o h o l ,  and count ing s o l v e n t  a l i q u o t s .  The t o t a l  carbon-11 

a c t i v i t y  (TA) w a s  t hen  determined by summing t h e  combined gaseous and polymeric 

a c t i v i t i e s .  The acetylene-"C y i e l d  generated from t h i s  cyclopropane system 

w a s  measured a t  48% TA (% 70 UCi). Unfo r tuna te ly ,  a t r a c e  of c a r r i e r  ace ty l ene  

was de t ec t ed  a f t e r  i r r a d i a t i o n  which sugges t s  some r a d i o l y t i c a l l y  induced r e a c t i o n s  

on cyclopropane. 

General Syn the t i c  Procedures 

P r i o r  t o  r e a c t i o n ,  1.5 grams of c a t a l y s t  were placed i n  a i5 cc pyrex tube 

equipped wi th  a t e f l o n  s topcock.  

pumped f o r  1 hour t o  remove any wa te r  adsorbed on t h e  s u r f a c e .  (After  r e a c t i o n ,  

t h e  c a t a l y s t  could be r e a c t i v a t e d  by f lowing oxygen over t h e  hea ted  c a t a l y s t  a t  

550-600°C f o r  1 hour . )  

t h e  gases  onto t h e  c a t a l y s t  w i th  l i q u i d  n i t r o g e n .  The r e a c t i o n  tube was s e a l e d  

and warmed t o  room temperature  where r e a c t i o n  w a s  allowed t o  ensue. A t  t h e  

completion of t h e  p r e d e t e r m i n e d  r e a c t i o n  t ime ,  p roduc t s  were desorbed from t h e  

c a t a l y s t  by f i r s t  opening t h e  r e a c t i o n  tube t o  an evacuated U-trap submerged i n  

l i q u i d  n i t r o g e n  and then by h e a t i n g  t h e  c a t a l y s t  t o  225'C. 

through t h e  U-trap was a l s o  employed t o  a i d  i n  product t r a n s f e r .  In a l l  s t u d i e s ,  

t h e  t o t a l  deso rp t ion  t i m e  used was 10 minutes .  

The c a t a l y s t  was heated t o  400'C and vacuum 

Reac tan t s  were then in t roduced  by means of condensing 

Vacuum cross-pumping 

Benzene-z2C. Two s t u d i e s  were performed on c a t a l y t i c  benzene-llC 

s y n t h e s i s  from acetylene-%: ( i )  t h e  t ime t h e  r e a c t a n t s  were exposed t o  t h e  

c a t a l y s t  was v a r i e d  and (ii) t h e  s p e c i f i c  a c t i v i t y  o f  t h e  r e a c t i n g  a c e t y l e n e - l k  

w a s  va r i ed  by adding c a r r i e r  ace ty l ene .  In  t h i s  f i r s t  s t u d y ,  between 160 and 

170 pmole of c a r r i e r  ace ty l ene  w a s  mixed wi th  t h e  acetylene-"C p r i o r  t o  

condensat ion onto t h e  c a t a l y s t .  The a c e t y l e n e  w a s  exposed t o  t h e  c a t a l y s t  f o r  
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5,  10 ,  and 20 minute p e r i o d s  a t  room temperature  and t h e n  desorbed by t h e  pro- 

cedures  p rev ious ly  desc r ibed .  I n  t h e  second s tudy ,  t h e  exposure t ime on t h e  

c a t a l y s t  was maintained a t  10 minutes while  between 5 and 170 pmole of c a r r i e r  

ace ty l ene  was mixed wi th  t h e  acetylene-llC f o r  t r i m e r i z a t i o n .  

Benzene-llC, Toluen&"C, Xylene-"C. When a mix tu re  of a c e t y l e n e  2nd 

propyne was added t o  acetylene-"C p r i o r  t o  c a t a l y t i c  r e a c t i o n ,  t h r e e  carbon-11 

labelkd aromatic  p roduc t s  were generated (benzene, t o l u e n e ,  xy lenes )  from mixed 

acetylene-propyne t r i m e r i z a t i o n .  (Trimethylbenzene was a l s o  generated from pure 

propyne t r i m e r i z a t i o n  bu t  w a s  no t  carbon-11 l a b e l l e d  s i n c e  acetylene-llC was 

t h e  only source of t h e  l a b e l . )  The exposure t o  t h e  c a t a l y s t  w a s  maintained a t  

10 minutes f o r  a l l  samples r e a c t e d  i n  t h i s  way. I n  a d d i t i o n ,  t h e  t o t a l  amount 

of c a r r i e r  gas  mixed with ace ty l ene - ' k  w a s  maintained a t  about 160 pmol; 

however, t h e  mol f r a c t i o n s  of a c e t y l e n e  and propyne were v a r i e d  t o  determine 

change i n  product d i s t r i b u t i o n .  

Product Analysis  

A l l  product  ana lyses  were c a r r i e d  ou t  u s ing  a r a d i o  g a s  chromatograph 

equipped wi th  a thermal  c o n d u c t i v i t y  response d e t e c t o r  and a Wolf flow-through 

gas  p r o p o r t i o n a l  coun te r  (11) .  A major mod i f i ca t ion  t o  t h e  s t anda rd  r a d i o  gas  

chromatograph w a s  t h e  i n c l u s i o n  of an e f f l u e n t  combustion chamber a t  t h e  column 

o u t l e t  (12,13).  Th i s  combustion chamber, made of 0.2-in.-i.d. qua r t z  t ub ing  

and f i l l e d  with ox id ized  copper  wool, w a s  ope ra t ed  a t  800OC. Here t h e  carbon-11 

labelledcompounds w e r e  q u a n t i t a t i v e l y  ox id ized  t o  %02 and H20. 

removed by means of a Mg(C104)2 t r a p  l o c a t e d  i n  t h e  exi t  end of t h e  combustion 

chamber, and t h e  %02 r a d i o a c t i v i t y  w a s  measured i n  t h e  flow-through gas  

p r o p o r t i o n a l  coun te r .  

Water was 

Three gas  chromatography columns w e r e  used f o r  t h e  a n a l y s i s  of benzene, 

t o luene  and t h e  xylenes:  (i) a 16 - f t .  20% SE-30 on 50-80 mesh Anakrom ABS column 

operated a t  120°C; ( i i )  a 12 - f t .  5% bentone 34 + 5% d i i s o d e c y l p h t h a l a t e  on 
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60-80 mesh Chromosorb P column operated at  90°C; and ( i i i )  a 12-f t .  23% 4?iezon L 

on 60-80 mesh Chromosorb P column operated a t  120°C. The 5% bentone 34 + 5% 

di isodecylphthalate  column allowed f o r  complete reso lu t ion  of t h e  or tho ,  meta and 

para  xylene isomers. The carbon-11 l a b e l l e d  products were i d e n t i f i e d  by coin- 

j e c t i o n  of authent ic  samples with t h e  l a b e l l e d  products on these  columns. 

RESULTS AND DISCUSSION 

The radiochemical y i e l d s ,  condi t ions of reac t ion ,  and t h e  degree of 

acetylene-llC conversion a r e  summarized i n  Table I f o r  t h e  benzene-"C s y n t h e t i c  

system. The f r a c t i o n  of acetylene-"C conversion w a s  ca lcu la ted  by d iv id ing  t h e  

observed benzene-'lC a c t i v i t y  (dpm) by t h e  i n i t i a l  acetylene-"C a c t i v i t y  (dpm) 

a f t e r  decay and sample cor rec t ions  were made. The radiochemical y i e l d  of 

benzene-"C 

t h e  acetylene- 'k  radiochemical y i e l d  f o r  a p a r t i c u l a r  sample. 

could then be ca lcu la ted  by mult iplying t h i s  conversion f r a c t i o n  by 

Resul ts  from t h e  time dependence study ind ica ted  a g r e a t e r  than four-fold 

increase  i n  t h e  reac t ion  conversion f o r  an increase  i n  t h e  c a t a l y s t  exposure time 

from 5 t o  10 minutes. Since no f u r t h e r  enhancement of reac t ion  was observed when 

the  exposure time was increased from 10 t o  20 minutes, a s tandard of 19 minute 

exposures w a s  set f o r  t h e  remainder of the s t u d i e s .  

Resul ts  from Table I on t h e  e f f e c t s  of acetylene-"C d i l u t i o n  on the  reac t ion  

conversion a r e  a l s o  presented graphical.ly i n  Figure 1. 

benzene-"C conversion was p l o t t e d  as a funct ion of t h e  amount of acetylene 

c a r r i e r  (W01) mixed with acetylene-l'c p r i o r  t o  reac t ion .  

with t h e  addi t ion  of 5 t o  50 umol of ace ty lene ,  t h e  reac t ion  conversion increases  

d r a s t i c a l l y  from 1 t o  50%. However, f u r t h e r  addi t ion  of c a r r i e r  d i d  l i t t l e  t o  

enhance t h e  reac t ion .  Since high s p e c i f i c  a c t i v i t y  was a goal ,  the  addi t ion  of 

even grea te r  q u a n t i t i e s  of acetylene i n  order  t o  obta in  a near q u a n t i t a t i v e  

benzene y i e l d  were not c a r r i e d  out .  The extreme cut  of f  a t  50 vmol c a r r i e r  

ind ica tes  t h a t  a minimui,i number of c a t a l y s t  sites m u s t  be s a t u r a t e d  with 

The % acetylene-llC t o  

It can be seen t h a t  
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1 

0 5 10 15 20 
ACETYLENE CARRIER (pmol  x 10’) 

FIGURE 1. Catalytic Trimerization of 
Acetylene-llC with Carrier 
Acetylene Gas. 
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acetylene before  t h e  t r i m e r i z a t i o n  reac t ion  can proceed t o  provide an appreciable  

y ie ld .  (No at tempts  were made t o  s e e  i f  t h i s  cu t  off  valve was l i n e a r l y  de-  

pendent on the  t o t a l  amount of c a t a l y s t  used.) 

For  those samples with a 50% or  g r e a t e r  conversion, t h e  average recovery 

of unreacted acetylene-"C w a s  measured a t  8.5%. 

acetylene-llC w a s  presumably due t o  some c a t a l y t i c  polymerization process ,  s ince  

no other  de tec tab le  carbon- l l labe l led  compounds were desorbed from t h e  c a t a l y s t .  

The radiochemical y i e l d s ,  reac t ion  condi t ions ,  and t h e  degree of acetylene-  

l l C  conversion a r e  summarized i n  Table I1 f o r  t h e  mixed benzene-"C, toluene-"C 

and xylene-"C s y n t h e t i c  system. Cata lys t  exposure t i m e s  of 10 minutes were s e t  

f o r  a l l  samples. Generally, between 170 and 200 umol t o t a l  of acetylene + 

propyne c a r r i e r  were employed where t h e  mol f r a c t i o n  r a t i o  of these  compounds 

was var ied per sample. The average conversion w a s  ca lcu la ted  t o  be 50.2%. This 

corresponded t o  t h e  cu t  off value observed f o r  t h e  p u r e  acetylene system i n  

Figure 1. 

The f a t e  of t h e  remaining 

The radiochemical y i e l d s ,  presented i n  Table 11, f o r  t h e  t h r e e  carbon-11 

l a b e l l e d t r i m e r i z a t i o n  products w e r e  p l o t t e d  i n  Figure 2 a s  a funct ion of t h e  

acetylene/propyne c a r r i e r  mol f r a c t i o n .  A s  t h e  acetylene mol f r a c t i o n  was in-  

creased from 0.01 t o  1 .0 ,  t h e  benzene- lk  y i e l d  increased l i n e a r l y  from 1.5 t o  

25% ( the 25% y i e l d  was an average of four pure acetylene samples). This is  t o  

be expected s ince  benzene- lk  formation does not depend on t h e  competitive re -  

a c t i v i t i e s  of acetylene and propyne c a r r i e r s  i n  t h e  t r i m e r i z a t i o n ,  but on the  

extent  of acetylene d i l u t i o n  by propyne. On t h e  o ther  hand, t h e  d i s t r i b u t i o n s  

of toluene-llC and t h e  xylenes-llC would be dependent on the r e l a t i v e  r e a c t i -  

v i t i e s  of these  two c a r r i e r s .  

y ie ld  passed through a maximum of about 15% a t  an acetylene/propyne molar com- 

p o s i t i o n  of .30/ .70, while t h e  xylene-"C y i e l d  decreased exponent ia l ly  t o  zero 

a t  a composition r a t i o  of . 7 6 / . 2 4 .  

of y i e l d s  f o r  t h e  s t a t i s t i c a l  chances of a c e t y l e n e - l k  being involved i n  the 

t r i rner izat ion.  

A s  can be seen i n  t h e  f i g u r e ,  t h e  toluene-'lC 

One could of course c o r r e c t  t h e  d i s t r i b u t i o n  

(This cor rec t ion  would requi re  d iv id ing  t h e  yFelds of benzene-I'C, 
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FIGURE 2 .  

toluene-'k and x y l e n e - l k  by 3 ,  2 and 1, respec t ive ly . )  

cor rec t ion  w a s  t o  s h i f t  t h e  t o l u e n e - l k  maximum from a molar composition of 

.30/.70 (acetylene/propyne) t o  . 3 8 / . 6 2 .  This suggests  t h a t  acetylene is  approx- 

imately 1 .6  t i m e s  more r e a c t i v e  than propyne towards c a t a l y t i c  t r i m e r i z a t i o n .  

The e f f e c t  of this 

Preliminary s t u d i e s  t o  d i s t i n g u i s h  between t h e  ind iv idua l  xylene-llC isomers 

have shown a r e l a t i v e  d i s t r i b u t i o n  f o r  or tho ,  meta and para  xylenes-'lC of 
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3.4%, 10.6%, and 86.0%, r e s p e c t i v e l y .  S t a t i s t i c a l l y ,  one would expect  a d i s t r i -  

b u t i o n  of 25%, 50%, and 25% f o r  t h e  r e s p e c t i v e  isomers .  It i s  n o t  known whether 

t h e  apparent  r e g i o s p e c i f i c i t y  of t h i s  t r i m e r i z a t i o n  i s  a t t r i b u t a b l e  t o  s t e r i c  

hindrance o r  e l e c t r o n  d e n s i t y  e f f e c t s  from t h e  methyl group on propyne. 

s t u d i e s  are p r e s e n t l y  be ing  performed t o  shed some l i g h t  on t h i s  ques t ion .  

Fu r the r  

Th i s  c a t a l y t i c  approach t o  r i n g  l a b e l l i n g o f  aromatics  may be of v a l u e  i n  

radiopharmaceut ical  s y n t h e s i s  where uniformly and/or  randomly r i n g  l a b e l l e d  

aromatic  p r e c u r s o r s  a r e  r e q u i r e d .  The r a p i d  s y n t h e s i s  of l a b e l l e d  aromatics  

i n  high y i e l d  and h igh  s p e c i f i c  a c t i v i t y  make t h i s  approach f a v o r a b l e .  It 

should be f u r t h e r  noted t h a t  even g r e a t e r  advantages from t h i s  method may be 

gained when cons ide r ing  r i n g  l a b e l l i n g  wi th  carbon-14 where t h e  p r e s s u r e s  of 

t ime are n o t  determining.  

experimental  procedure i t  h a s  d i s t i n c t  advantages over some of t h e  publ ished 

procedures  f o r  b e n ~ e n e - ~ ~ c  (14, 15 ,  16 ) ,  t 0 luene -~4C ( 1 7 ,  18)  and o t h e r  

14C-labelled aromatic  syn theses  (19).  

Because of t h e  h igh  y i e l d  and s i m p l i c i t y  of 
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