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REACTIONS OF METAL CARBONYL COMPLEXES. X I I " .  

SYNTHESIS OF 13C-LABELLED (n -BENZENE) CHROMIUM(0) CHALCOCARBONYL COMPLEXES : 

(n  -C6H6)Cr( 

6 

6 1 3  6 1 3  
C0I3 AND ( n  -C6H6)Cr( CO)2(CX) (X = S ,  Se) 
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Department of Chemistry,  McGill U n i v e r s i t y ,  801 Sherbrooke S t .  West, 
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SUMMARY 
6 1 3  13C-Labelled (TI -benzene) tr icarbonylchromium(0) , BzCr ( 

(Bz = q -C H ) ,  h a s  been prepared i n  about 50% y i e l d  wi th  g r e a t e r  

than 90 atom% 13C-enrichment by a m u l t i s t e p ,  photochemically- 

induced exchange of t h e  t h r e e  carbonyl  groups i n  BzCr(C0) 

1 3 C 0 .  

t h ioca rbony l  and selenocarbonyl  d e r i v a t i v e s ,  BzCr ( CO) (CX) 
1 3  (X = S ,  Se) , from BzCr( CO) a r e  a l s o  desc r ibed .  

CO) 
6 

6 6  

wi th  
3 

The syn theses  of t h e  c l o s e l y  r e l a t e d ,  13C0-labelled, 
1 3  
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INTRODUCTION 

For many y e a r s ,  we have been i n t e r e s t e d  i n  t h e  v i b r a t i o n a l  s p e c t r a  of 

t r a n s i t i o n  me ta l  carbonyl  complexes, e. g . ,  trans-W(C0) 4(NO)Br ,l CpMn(C0) ( C S )  

and CpMn(C0) (CS)2 (Cp = n -C5H5) ,' and W(CO)5(CS) .3  I n  o r d e r  t o  a s s i g n  t h e  

i n f r a r e d  and Raman s p e c t r a  of t hese  molecules ,  i t  i s  o f t e n  necessa ry  t o  r e s o r t  

t o  d e t a i l e d  normal coord ina te  ana lyses  and i s o t o p i c  d a t a  are e s s e n t i a l  f o r  such 

c a l c u l a t i o n s .  

r e a c t i o n s  using e i t h e r  I3CO o r  C 

i s o t o p i c  enrichment.  

by a gene ra l  procedure which could be used t o  l a b e l  t h e  CO groups of many o t h e r  

me ta l  carbonyl  complexes t h a t  undergo thermal  o r  photochemical CO exchange. 

5 

The e a s i e s t  way t o  l a b e l  me ta l  carbonyls  i s  through CO exchange 

1 8  0 ,  bo th  of which are r e a d i l y  a v a i l a b l e  i n  h igh  

6 
(Bz = 11 -C6H6) W e  r e p o r t  he re  t h e  s y n t h e s i s  of BzCr(13CO) 3 
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1 3  I n  a d d i t i o n ,  t h e  s y n t h e s i s  of t h e  c l o s e l y  r e l a t e d  molecules ,  BzCr( CO),(CX) 

( X  = S, S e ) ,  i s  a l s o  desc r ibed .  The t h r e e  i s o t o p i c a l l y  l a b e l l e d  d e r i v a t i v e s  

were needed t o  perform a d e t a i l e d  v i b r a t i o n a l  a n a l y s i s  f o r  BzCr(C0) 

BzCr(C0)2(CX), t h e  main p o i n t  of i n t e r e s t  b e i n g  a comparison of  t h e  bonding 

p r o p e r t i e s  of t h e  chalcocarbonyl  l i g a n d s ,  CO,  CS, and CSe. 

3 and 

Approximately 90 atom% l3C-enrichment of t h e  CO groups i n  BzCr(C0)3 and 

BzCr(C0)2(CX) was d e s i r e d  s i n c e  h igh  c o n c e n t r a t i o n s  of p a r t i a l l y  l a b e l l e d  

s p e c i e s  would complicate  t h e  v i b r a t i o n a l  s p e c t r a ,  e s p e c i a l l y  i n  t h e  low energy 

r eg ion  (700-300 cm-l) where weak and ove r l app ing  bands are u s u a l l y  p r e s e n t .  

S u b s t i t u t i o n  of t h e  CO groups i n  BzCr(C0)3 should be c a r r i e d  o u t  photochemical ly  

s i n c e  thermal  r e a c t i o n s  only l e a d  t o  a rene  group replacement wi th  no l o s s  of  

C0.4 i s  t h e  photochemical ly-  

induced exchange of t h e  t h r e e  CO groups i n  t h e  u n l a b e l l e d  molecule w i t h  1 3 C 0 .  

The b e s t  method t o  p repa re  t h e  B z C ~ ( ~ ~ C O ) ~ ( C X )  d e r i v a t i v e s  i s  n o t ,  however, 

d i r e c t  photochemical exchange wi th  I3CO because u l t r a v i o l e t  i r r a d i a t i o n  of 

t h e  BzCr(C0)2(CX) complexes l e a d s  t o  e x t e n s i v e  decomposi t ion.  

r o u t e  is  t h e  replacement  of one of t h e  I3CO groups i n  BzCr(13CO) 

accord ing  t o  t h e  l i t e r a t u r e  procedures5 '' a f t e r  t he  d e s i r e d  i s o t o p i c  enrichment 

has  been achieved.  

Thus, t h e  most convenient  r o u t e  t o  BzCr(13CO) 3 

The p r e f e r r e d  

3 wi th  CX 

S-ince we needed B z C ~ ( ' ~ C O ) ~  a s  a p r e c u r s o r  f o r  f u r t h e r  s y n t h e s i s  as w e l l  as 

f o r  v i b r a t i o n a l  a n a l y s i s ,  w e  decided t o  p r e p a r e  approximately 1 g of t h e  13C- 

l a b e l l e d  complex. 

s i n g l e - s t e p  exchange r e a c t i o n  would r e q u i r e  about  6 II of 95 atom% I 3 C 0  [ a t  a 

c u r r e n t  c o s t  of c a .  $160. (U.S.) per  l i ter1 and t h e r e  would be  about  6 R of 90 

atom% l 3 C O  remaining a f t e r  t h e  r e a c t i o n .  

be t o  e n r i c h  the  s t a r t i n g  material i n  s e v e r a l  s t e p s .  

t o  be  en r i ched  is d iv ided  among s e v e r a l  r e a c t i o n  v e s s e l s .  

is  in t roduced  i n  a 5 : l  molar r a t i o  i n t o  r e a c t i o n  v e s s e l  #1 and photochemically- 

induced CO exchange i s  performed u n t i l  e q u i l i b r i u m  is  reached.  

reduced atom% I 3 C  con ten t  is  removed and t r a n s f e r r e d  t o  r e a c t i o n  v e s s e l  #2 

To o b t a i n  t h i s  q u a n t i t y  wi th  90 atom% 13C-enrichment from a 

A much less expensive procedure would 

The q u a n t i t y  of  BzCr(C0)3 

Then, 1 3 C 0  (95  atom%) 

The CO gas  of 
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while reaction vessel #1 is charged with a fresh supply of 95 atom% 13C0. 

vessels are then subjected to ultraviolet irradiation until the exchange reactions 

reach equilibrium. 

all of the reaction vessels have been completed. 

statistical equilibration expected for each step for five reaction vessels using 

a 5:l molar ratio of 13C0 to BzCr(C0)3. Theoretically, under these conditions, 

1.5 g of BzCr( CO)3 with 90 atom% 13C-enrichment should be produced from 1 II of 

95 atom% 13CO; the CO recovered after the multistep exchange reaction should be 

depleted to about 50 atom% 13C-enrichment. 

Both 

This procedure is continued until the exchange reactions in 

Table I summarizes the 

13 

Table 1. Atom Fraction of 13C0 in Reaction Vessels #l-5 after Statistical 
Equilibration for a 5:l Molar Ratio of 13C0 to BzCr(C0)3* 

Reaction Step Reaction Vessel 
(1 step = 8 h 
irradiation) 1 2 3 4 5 

1 s-0.594 - - - 
2 S-.816 0.371 - - - 

3 s-0.900 0.649 . 0.232 - - 
4 0.806 0.493 0.145 - 

- 
\ . . 1 

s-0.896 . 0.689 0.362 % 0.091 -R 

0.566 - 0.260- R 

1 

\ 
. 0.816 

s -0.900 l 0 . 7 2 2  l 0.451 - R 
.0.833 0.620-R 

9 S-0.906 0.753- R 

10 0.849-R 
S = supply *Arrows indicate pathways of 13CO transferral from vessel to vessel. 

vessel; R = recovery vessel. 

EXPERIMENTAL 
Carbon monoxide gas (95 atom% 13C-enriched) was purchased from Prochem (Deer 

Park Road, London SW193UF, England). The BzCr(C0) complex was prepared by 

Rausch's meth~d: ~  Cr(C0)6 (12 g; Alfa Products, Danvers, Massachusetts, U.S.A.) 

was dissolved in a mixture of benzene (120 mL) and 2-picolene (75 mL) .  After 

refluxing this mixture for 1 week, the tricarbonyl product was extracted with 

3 
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Figure  1. Typ ica l  React ion 
Vessel f o r  CO 
Exchange React ions 

Vacuum R o t a f l o  
va lve  

!K 
d i e t h y l  e t h e r  and r e c r y s t a l l i z e d  from d i e t h y l  e the r /hexanes  (8.8 g ,  75% y i e l d ;  

mp 163-164"C, l i t .  162-163OC). All s o l v e n t s  were d r i e d  and d i s t i l l e d  under 

n i t r o g e n  p r i o r  t o  use.  I n f r a r e d  s p e c t r a  were recorded on a Perkin-Elmer 521 

g r a t i n g  spectrophotometer ;  t h e  v(C0) bands r e p o r t e d  were c a l i b r a t e d  a g a i n s t  

s t anda rd  bands of po lys ty rene  and CO gas ,  and are considered t o  be a c c u r a t e  t o  

t0 .5  cm . -1 

1 3  P repa ra t ion  of BzCr( CO)g. 

F igu re  1. 

vacuum manifold; t h e  c a p a c i t y  of each v e s s e l  was Q100 mL. Supply and recovery 

A ske tch  of a t y p i c a l  r e a c t i o n  v e s s e l  is  shown i n  

Five such v e s s e l s  were cons t ruc t ed  and a t t a c h e d  t o  a c a l i b r a t e d  

L-Y v e s s e l s  ( capac i ty  %250 mL) f o r  t h e  CO gas were a l s o  connected t o  t h e  vacuum 

l i n e .  S e v e r a l  grams of a c t i v a t e d  cha rcoa l  were p laced  i n  each v e s s e l  t o  a l low 

q u a n t i t a t i v e  t r a n s f e r  of I3CO from v e s s e l  t o  v e s s e l .  The volume of gas t r a n s -  

f e r r e d  each t i m e  w a s  completely adsorbed onto t h e  cha rcoa l  a t  -196OC; i n  t h e  

L3 absence of cha rcoa l ,  complete t r a n s f e r  of CO from v e s s e l  t o  v e s s e l  was n o t  

p o s s i b l e  because t h e  gas  h a s  a vapor p r e s s u r e  of 400 t o r r  a t  -196°C.8 The 

u l t r a v i o l e t  source used f o r  t h e  i r r a d i a t i o n s  was a 100 W Hanovia-type, mercury- 

vapor lamp (No. 6515-30; Ace Glass I n c . ,  Vineland,  New J e r s e y ,  U.S.A.). 
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Approximately 300 mg of  BzCr(C0)3 w a s  d i s s o l v e d  i n  90 mL of t e t r a h y d r o f u r a n  

and t h e  s o l u t i o n  was placed i n  r e a c t i o n  v e s s e l  #1. 

connected t o  t h e  vacuum l i n e  and t h e  s o l u t i o n  w a s  degased twice a t  -196'C by 

t h e  u s u a l  freeze-thaw method. 

was then in t roduced  i n t o  t h e  r e a c t i o n  v e s s e l  a t  -196'C from t h e  supply v e s s e l  

and a f t e r  thermal  e q u i l i b r a t i o n  t h e  r e a c t i o n  mixture  was i r r a d i a t e d  f o r  8 h.* 

Following t h e  i r r a d i a t i o n ,  t h e  13C0 gas o f  reduced enrichment w a s  t r a n s f e r r e d  

t o  r e a c t i o n  v e s s e l  #2 which contained a f u r t h e r  300 mg (approximately) of 

BzCr(C0)3, wh i l e  a f r e s h  supply of 95 atom% I3CO was in t roduced  i n t o  r e a c t i o n  

v e s s e l  # l .  Both v e s s e l s  were then i r r a d i a t e d  f o r  8 h and t h e  above procedure 

was r epea ted  u n t i l  a l l  t h e  s t e p s  shown i n  Table  1 had been completed. S ince  

t h e  f i n a l  pe rcen t  enrichment i n  each r e a c t i o n  v e s s e l  was n o t  t h e  same, t h e  

BzCr( CO) formed was recovered from each v e s s e l  s e p a r a t e l y  by t h e  fol lowing 

procedure.  The c o n t e n t s  of each r e a c t i o n  v e s s e l  were t r a n s f e r r e d  i n t o  a 250-mL 

round-bottomed f l a s k  and t h e  t e t r ahydro fu ran  s b l v e n t  was evaporated o f f  a t  room 

temperature  on a r o t a r y  evapora to r .  

i r r a d i a t i o n s  was removed by high-vacuum sub l ima t ion  (0.01 torr/25OC) o f  t h e  

Th i s  v e s s e l  w a s  re- 

Carbon monoxide ( 7  mmole; 95 atom% 13C-enriched) 

1 3  
3 

Some Cr(C0) which had formed dur ing  t h e  
6 

r e s idues .  The BzCr ('%O) w a s  r e c r y s t a l l i z e d  from d i e t h y l  e ther /hexanes 

mixtures  y i e l d i n g  a yel low,  c r y s t a l l i n e  s o l i d  10.83 g,  53% y i e l d  based on 

un labe l l ed  BzCr(C0)3; mp 164-165OC; v(C0) ( i n  C S 2 )  1931.4s ( z I~ ) ,  1860.5s (191. 
Table 2 summarizes t h e  r e s u l t s  ob ta ined  f o r  each r e a c t i o n  v e s s e l .  

1 3  P r e p a r a t i o n  of BzCr( 

from BzCr( CO) by t h e  l i t e r a t u r e  The optimum r e a c t i o n  cond i t ions  

were e s t a b l i s h e d  du r ing  t r i a l  runs us ing  un labe l l ed  BzCr(C0) 

CO),(CX) (X = S ,  Se) . These complexes were prepared 

1 3  
3 

3' 

*Pr io r  t o  t h e  p repa ra t ive - sca l e  r e a c t i o n ,  t h e  t ime necessa ry  f o r  s t a t i s t i c a l  
e q u i l i b r a t i o n  t o  occur  was determined by i r r a d i a t i n g  s m a l l  amounts of BzCr(C0) 
d i s s o l v e d  i n  t e t r ahydro fu ran  (2 mL) wi th  a 5 molar excess  of 13C0.  
r e a c t i o n s  were monitored by observing changes i n  t h e  v(C0) r eg ion  (2000-1800 cm-l) 
of t h e  i n f r a r e d  spectrum of t h e  r e a c t i o n  mixture .  S ince  no f u r t h e r  changes 
occurred i n  t h i s  r eg ion  a f t e r  8 h i r r a d i a t i o n ,  i t  was assumed t h a t  a s t a t i s t i c a l  
d i s t r i b u t i o n  of I 3 C O  had been e s t a b l i s h e d .  

3 The exchange 
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Table 2 .  Reaction Y i e l d s  f o r  Each Vessel 

Vessel  I r r a d i a t i o n  W t  BzCr(C0) W t  r e s i d u e  BzCr(13CO) C r  (CO) 
t i m e  (h) added t o  ( 9 )  % y i e l d  an3 % of r e s idue  

v e s s e l  (g) (% of r e s idue )  

1 24 0.3084 0.1536 42% (85%) 14% 

2 32 0.3041 0.2450 61% (77%) 22% 

3 40 0.3121 0.2566 53% (66%) 33% 

4 48 0.3120 0.2561 52% (64%) 32% 

5 48 0.3137 0.2504 57% (72%) 2 7% 

1 3  Cis-cyclooctene (20 mL)* and BzCr( CO) (350 mg) were added t o  300 mL of 

benzene and t h e  s o l u t i o n  was i r r a d i a t e d  f o r  50 min. The u l t a v i o l e t  lamp was 

turned o f f  and 25 mL of CS2 ( o r  1 .5  g of CSe ) w a s  added t o  t h e  r e a c t i o n  mix- 

t u r e .  A f t e r  a l lowing t h e  mixture  to s t and  a t  50°C f o r  2 h ,  t h e  benzene so lven t  

3 

2 

and excess  C8H14 were removed on a r o t a r y  evapora to r  a t t ached  t o  a mechanical 

vacuum pump. 

complex mixed w i t h  about 10% BzCr(13CO) 3. These complexes were i s o l a t e d  

by p r e p a r a t i v e  t h i n  l a y e r  chromatography, fol lowing t h e  same procedures  

desc r ibed  i n  t h e  l i t e r a t u r e 5  y 6  f o r  t h e  un labe l l ed  complexes. 

and selenocarbonyl  p roduc t s  were f u r t h e r  p u r i f i e d  by r e c r y s t a l l i z a t i o n  from 

d i e t h y l  e ther /hexanes mixtures:  B ~ c r ( l ~ C 0 ) ~  (CS) [200 mg, 53% y i e l d ;  mp 123°C 

(dec . ) ;  V(C0) ( i n  CS2) 1923.7s ( % I ) ,  1880.0s (z")]; BzCr( 

33% y i e l d ;  mp 99 C (dec . ) ;  v(C0) ( i n  CS2) 1930.2s (a'), 1887.9s (a")]. 

The r e s i d u e  remaining contained t h e  d e s i r e d  BzCr (13C0) (CX) 

The th ioca rbony l  

1 3  CO)2(CSe) [150 mg, 

RESULTS AND DISCUSSION 

The r e s u l t s  given i n  Table 2 f o r  t h e  exchange r e a c t i o n  of BzCr(C0) wi th  
3 

I3CO c l e a r l y  show t h a t  t h e r e  i s  a competing r e a c t i o n  o c c u r r i n g ,  e., l3co 

s u b s t i t u t i o n  of t h e  benzene r i n g  t o  form I3C-labelled Cr(C0)6. Although t h i s  

*A g r e a t e r  excess  of C H 
t h e  r e a c t i o n  y i e l d s  for8 6kese sma l l e r - sca l e  r e a c t i o n s  were found t o  be 
improved under these  cond i t ions .  

was used he re  compared t o  t h e  l i t e r a t u r e  because 
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arene s u b s t i t u t i o n  r e a c t i o n  i s  s lower than CO exchange, t h e  long i r r a d i a t i o n  

t i m e  necessa ry  f o r  t h e  m u l t i s t e p  enrichment allowed a cons ide rab le  q u a n t i t y  of 

l a b e l l e d  Cr(C0)6 t o  be formed. 

behaviour  of BzCr(C0I3 i n  t h e  presence of CO, no Cr(C0)6 was d e t e c t e d  but  t h e  

i r r a d i a t i o n  t i m e  was on ly  1 h.9 

Cr(C0l6, t h e  m u l t i s t e p  exchange procedure r epor t ed  h e r e  s t i l l  y i e l d s  a much 

g r e a t e r  q u a n t i t y  of highly-enriched BzCr(C0) 

expected from a s i n g l e - s t e p  exchange. 

I n  a p rev ious  s tudy  on t h e  photochemical 

However, d e s p i t e  t h e  build-up of l a b e l l e d  

pe r  l i t e r  of I3CO than would b e  3 

1 3  The pe rcen t  13C-enrichment of t h e  BzCr( CO) produced was determined 

by i n f r a r e d  spectroscopy i n  t h e  fol lowing manner. The abso lu te  i n t e g r a t e d  

i n t e n s i t y ,  A, of a fundamental  i n f r a r e d  abso rp t ion  band i s  p r o p o r t i o n a l  t o  t h e  

squa re  of t h e  p a r t i a l  d e r i v a t i v e  of t h e  d i p o l e  moment with r e s p e c t  t o  t h e  normal. 

coo rd ina te ,  (ap/aQ) . (However, i f  t h e  normal coord ina te  and symmetry coord ina te  

a r e  i d e n t i c a l ,  A becomes p ropor t iona l  t o  ( a p / a r )  where r is  a va l ence  

coord ina te .  lo 

employed, t h e  r a t i o  of t h e  a b s o l u t e  i n t e n s i t i e s  of t h e  l a b e l l e d  (A ) and 

un labe l l ed  (A 

3 

2 

2 

Therefore ,  i f  equa l  concen t r a t ions  and equa l  pa th l eng ths  a r e  

1 3  

) BzCr(C0)3 s p e c i e s  i s  given by: 12 

2 

2 

A13 ( 3 W r ) 1 3  

A12 (au /a r>  12 
-=  

and i f  w e  f u r t h e r  assume t h a t  t h e  d i p o l e  moment d e r i v a t i v e  i s  c o n s t a n t ,  

A13 - - A12. The a b s o l u t e  i n t e g r a t e d  i n t e n s i t i e s  of t h e  a CO s t r e t c h i n g  -1 
12  modes of BzCr( C 0 l 3  and B ~ c r ( l ~ C 0 ) ~  i n  hexanes s o l u t i o n  were measured 

and t h e  r a t i o ,  A13/A12 = 0.804. 

i s o l a t e d  c o n t a i n s  80.4% of t h e  f u l l y  13C-labelled s p e c i e s  and t h e  pe rcen t  

13C-enrichment i s  t h e r e f o r e  (3-x 100) = 93% which i s  i n  good agreement 

w i t h  t h e  p r e d i c t e d  v a l u e  of 90%. The 13C-enrichments of t h e  BzCr( CO)2(CX) 

d e r i v a t i v e s  are s i m i l a r l y  expected t o  b e  about 90%. 

Th i s  i n d i c a t e s  t h a t  t h e  l a b e l l e d  sample 

13 

ACKNOWLEDGMENTS 

T h i s  r e seach  w a s  generously supported by t h e  Na t iona l  Sc iences  and 

Engineer ing Research Counci l  Canada and t h e  Quebec Department of Educat ion.  



648 A.M. English, K.R. Plonnan and I.S. Butler 

REFERENCES 

1. But le r  I . S .  and Shaw 111 C.F. - J. Raman Spectrosc.  3: 65 (1975) 

2.  Bama G.G. ,  But le r  I . S .  and Plowman K.R. - Can. J. Chem. 3: 110 (1976) 

3. But le r  I . S . ,  Garcia-Rodriguez A . ,  Plowman K.R. and Shaw I11 C.F. - 
Inorg.  Chem. g: 2602 (1976) 

4. Natta  G . ,  E r c o l i  R. ,  Calderazzo F. and Santambrozio E .  - 
Chem. Ind. (Milan) 40: 1003 (1958) 

5. (a) But le r  I .S. .  Covi l le  N . J .  and Cozak D.  - J. Oreanometal. Chem. , -~  ... - 133: 59 (1977); (b) Jaouen G. and Dabard R. - J. Organometal Chem. - 72: 377 (1974) 

6. (a) B u t l e r  I .S . ,  Cozak D. and S t o b a r t  S.R. - Inorg.  Chem. la: 1779 (1977); 
(b) But le r  I . S . ,  English A.M. and Plowman K.R. - Inorg.  Synth. 
( i n  press )  ; (c) D .  Cozak, Ph.D. Thes is ,  McGill Univers i ty ,  1977. 

7. Rausch M.D. - J. Org. Chem. 39: 1787 (1974). 

8. Handbook of Chemistry and Physics ,  48th ed. ,  The Chemical Rubber Co., 
Columbus, Ohio, U.S.A., 1967-68. 

9. G i l b e r t  A . ,  Kelly J.M., Budzwait M. and Von Gustorf E.K. - 2. Naturforsch. 
31B: 1091 (1976). 

10. K e t t l e  S.F.A.  and Paul I. - Adv. Orqanometal. Chem. lo: 199 (1972).  




