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Abstract:
Norbornadiene has previously been shown to undergo dimerization photochemically with Group VI
and VIII and thermally with Group VIII unsubstituted metal carbonyls. Furthermore,
diene-iron-tricarbonyls cause the reaction to be more stereospecific and give only two products instead
of the usual eleven obtained using the unsubstituted metal carbonyls. To learn if this change in products
was generally characteristic of unsubstituted and substituted metal carbonyls a series of chromium
carbonyls were investigated. The products of the chromium metal carbonyls were three trans dimers, a
saturated cage dimer and one ketone insertion product. A possible mechanism for the photochemical
dimerization of norbornadiene using chromium hexacarbonyl and substituted chromium carbonyl as
sensitizers was determined. A common intermediate for the reactions has been proposed. 
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ABSTRACT

N o rb o m ad ien e  h a s  p re v io u s ly  b een  show n to  undergo  d im eriza tio n  
p h o to c h e m ic a lly  w ith  Group VI and  VIII a n d 'th e rm a lly  w ith  Group VIII 
u n s u b s ti tu te d  m e ta l c a rb o n y ls  . F u rth e rm o re , d ie n e - iro n - tr ic a rb o n y ls  
c a u s e  th e  re a c tio n  to  be m ore s te r e o s p e c if ic  and  g iv e  o n ly  tw o p ro d u c ts  
in s te a d  o f th e  u s u a l e le v e n  o b ta in e d  u s in g  th e  u n s u b s ti tu te d  m eta l 
c a rb o n y ls . To le a rn  i f  th is  ch an g e  in  p ro d u c ts  w as g e n e ra lly  c h a ra c te r ­
i s t i c  o f u n s u b s ti tu te d  and  s u b s t i tu te d  m e ta l ca rb o n y ls  a s e r ie s  of 
chrom ium  c a rb o n y ls  w ere  in v e s t ig a te d .  The p ro d u c ts  o f th e  chromium 
m e ta l c a rb o n y ls  w ere  th re e  tra n s  d im e rs , a  s a tu ra te d  c ag e  d im er and one 
k e to n e  in s e r t io n  p ro d u c t. A p o s s ib le  m ech an ism  for th e  p h o to ch em ica l 
d im e riz a tio n  o f n o rb o rn ad ien e  u s in g  chrom ium  h e x ac a rb o n y l and  s u b s t i ­
tu te d  chrom ium  carb o n y l a s  s e n s i t iz e r s  w as d e te rm in e d . A common in te r ­
m ed ia te  for th e  re a c t io n s  h a s  b een  p ro p o se d .



INTRODUCTION

An in v e s t ig a t io n  o f th e  p e r io d ic  ta b le  w ill re v e a l th a t  86 o f the  104 

c h a ra c te r iz e d  e le m e n ts  h av e  an e le c tro n e g a tiv i ty  o f l e s s  th a n  2.2 (I) and  

th a t  th e s e  86 e le m e n ts  co m p rise  e i th e r  th e  m eta l o r th e  m e ta llo id  e le ­

m e n ts . S in ce  the  e le c tro n e g a tiv i ty  o f  carbon  is  2 .5  (I) and  th e  e le c tro ­

n e g a tiv i ty  o f e i th e r  th e  m e ta ls  o r th e  m e ta llo id s  is  2.2 (I) o r l e s s , i t  

sh o u ld  be e x p e c te d  th a t  bonds w ill be form ed b e tw een  ca rb o n  and e ith e r  

m e ta l o r m e ta llo id  e le m e n ts . B ecause  o f th e  v a ry in g  d if fe re n c e s  in  

e le c t r o n e g a t iv i t ie s , i t  sh o u ld  be e x p e c te d  th a t  th e re  w ill be a v a r ia tio n  in  

th e  bond c h a ra c te rs  from io n ic  (w here th e  d iffe ren c e  in  e le c tro n e g a tiv i ty  

is  la rg e ) to  c o v a le n t (w here th e  d iffe ren c e  in  e le c tro n e g a tiv i ty  i s  s m a l l) .

In a d d itio n  to  io n ic  and  c o v a le n t b o n d s , a th ird  ty p e  o f b o n d , th e  sy n e rg ic  

b o n d , c an  be form ed and  w ill be d i s c u s s e d .  The a re a  o f c h em is try  w hich  

in v o lv e s  com pounds w ith  bonds b e tw een  e i th e r  m eta l or m e ta llo id s  and 

ca rb o n  is  c a l le d  o rg a n o m e ta l l ic s .

S in ce  th e  a lk a l i  an d  a lk a l in e  e a r th  m e ta ls  have  th e  la rg e s t  d iffe r­

e n c e  in  e le c tro n e g a tiv i ty  w ith  r e s p e c t  to  c a rb o n , th e y  form m o stly  io n ic  . 

bon d s w ith  th e  b o n d 's  c o v a le n t c h a ra c te r  d e c re a s in g  a s  th e  d iffe ren ce  in  

e le c tro n e g a tiv i ty  in c r e a s e s .

As a r e s u l t  o f th e  io n ic  c h a ra c te r  o f  th e  b o n d , th e  o rg a n o m e ta llic  

co m p lex es  o f th e  a lk a l i  an d  a lk a l in e  m e ta ls  show  th e  re p la c e m e n t re a c tio n  

so  com m only e n c o u n te re d  in  th e  in o rg a n ic  ch em is try  o f  io n ic  co m p o u n d s .

C 2 H 5~Na+ + C 6H 6 -  C 6H 5~Na+ + C^Hg (2)

A nother ty p e  o f io n ic  r e a c t io n  is  th e  d o u b le  d eco m p o s itio n  re a c tio n : ■

C gHg- Na+ + C2 H 5Br C4 H10 + NaBr (3) .
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4 C 2 H5 Na+ + SiCl4 -» .(C2 H4)4Si + '4  N aC l (4)

The l a s t  re a c t io n  a ls o  p ro v id e s  a u se fu l .s y n th e s is  o r an  o rg a n o m e ta llic  

com pound o f a m e ta l lo id .

A nother m a n ife s ta tio n  o f the  io n ic  bond is  th a t  th e  com pounds a re  

e le c t r i c a l  c o n d u c to rs  and  during  e le c tro ly s is  y ie ld  h y d ro carb o n s a t  th e  

an o d e  and  m e ta ls  a t  th e  c a th o d e  (5 ).

O rg a n o m e ta llic  co m p lex es  o f th e  a lk a l in e  e a r th  m e ta l s , su c h  a s  th e  

G rignard  re a g e n t ,  a re  com m only u se d  in  th e  s y n th e s is  o f  o rg a n ic  com ­

p o u n d s to  a t ta c h  a h y d ro carb o n  to  an o th e r m o le c u le . U sin g  th e  G rignard  

re a g e n t th is  i s  a c c o m p lish e d  by re p la c in g  a  h a lo g en  w ith  a hydrocarbon  

m o le c u le .

RCl + CH 3MgBr -> RCH3 + M gClBr (6)

A nother u se  o f th e  G rignard  re a g e n t is  th e  c o n v e rs io n  o f ca rb o n y ls  to 

h y d ro x y ls :

T
R2 C=O + RMgX -> R3 C -O -M gX  

R2 C -O -M gX  + H Cl -> R3 C -O H  (7) ’
/

T hese  re a c t io n s  m ay be th o u g h t o f a s  th e  m agnesium  io n  g iv in g  up the  ■ 

o rg a n ic  lig a n d  fo r a m ore e le c tro n e g a tiv e  e lem en t. Thus w hen  • 

p h en y llith iu m  is  u se d  in  p la c e  o f p h en y lm agnesium  brom ide in  a G rignard  

r e a c t io n ,  th e  p h en y llith iu m  re a c ts  100 tim es  fa s te r  b e c a u s e  lith iu m  h a s  a 

lo w er e le c tro n e g a tiv i ty  th a n  m agnesium  (8) .
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W hen th e  e le c tro n e g a tiv i ty  d iffe re n c e  w ith  r e s p e c t  to  carbon  is  l e s s  

th an  1.2 th e  c o v a le n t c h a ra c te r  o f th e  o rg a n o m e ta llic  bond is  m ore im p o rt­

a n t in  d e te rm in in g  th e  bond c h a r a c te r is t ic s  th an  is  th e  io n ic  bond c h a ra c ­

te r .  Thus th e  o rg a n o m e ta llic  c o v a le n t com pounds a re  form ed by 

m e ta l lo id s . The o rg a n o m e ta llic  m e ta llo id  co m p lex es  a re  u n a s s o c ia te d  

s ta b le  c o m p o u n d s , u n re a c tiv e  to  a ir  and  w a te r , w h ich  r e s i s t  ch an g e  in  

m ild  a c id  and  b a s e  s o lu t io n s .  An exam ple  o f th is  ty p e  of com pound is  

te t r a m e th y ls i la n e . H o w ev er, th e re  a re  som e d iffe re n c e s  from s tr ic t ly  

o rg a n ic  re a c t io n s  due to : a) th e  a b i l i ty  o f th e  o rg a n o m e ta llic  m e ta llo id  

com plex  to  u s e  th e  u n fil le d  d o rb ita ls  o f  th e  m e ta llo id ; and  b) the  v a ry in g  

e le c tro n  d o n a tin g  a b i l i ty  of th e  m e ta llo id  w ith  r e s p e c t  to  c a rb o n .

The c o v a le n tly  bonded  o rg a n o m e ta llic  m e ta llo id s  a re  u s u a lly  p re ­

p a red  by th e  r e a c t io n 'o f  th e  h a lid e  o f th e  m e ta llo id  w ith  th e  sodium  s a l t  o f 

th e  o rg a n ic  l ig a n d , a s  show n p re v io u s ly , o r w ith  the  G rignard  re a g e n t and. 

a  h a lid e  o f th e  m e ta llo id .

2 PbBr2 + 4 C2 H5MgBr -> (C 3 H 5)4Pb + 4 MgBr3 + Pb (9)

In  a d d itio n  to  th e  c o v a le n t co m p lex es  form ed w ith  th e  m e ta llo id s , 

th e re  a re  a ls o  c o v a le n t co m p lex es  form ed u s in g  t r a n s i t io n  m e ta ls . T hese  

c o v a le n tly  bonded  t r a n s i t io n  m eta l o rg a n o m e ta llic  co m p lex es  a re  c h a ra c ­

te r iz e d  by low  th e rm al s ta b i l i ty  and  re a c t iv i ty  to  a ir  and  w a te r .

To p rep a re  a c o v a le n tly  bonded  a lk y l o r a ry l t r a n s i t io n  m eta l o rg a n o ­

m e ta ll ic  c o m p lex , a re a c t io n  is  u s u a lly  run w ith  th e  t r a n s i t io n  m etal 

h a l id e ,  w ith  m eth y llith iu m  or w ith  m ethy!m agnesium  b rom ide.

T iI4 + 4 M eLi T i(C H 3)4 + 4 LiI (10)
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H gC l2 + CH 3 MgBr -  (CH 3)3 Hg + MgBrg + M gC lg (9)

The th ird  ty p e  o f b o n d , th e  sy n e rg ic  b o n d , c o n s is t s  o f  two p a rts  a s  

re p re s e n te d  in  F igure I .  F irs t  o f a l l ,  th e re  is  a d o n a tio n  o f pi e le c tro n s

A

----------- DC •—  —

F ig . I .  P ic to r ia l r e p re s e n ta t io n  o f th e  bond b e tw een  p la tin u m  and 
e th y le n e . The d o tte d  lin e  on th e  C -D  a x is  r e p re s e n ts  th e  sym m etry  a x is  
o f  th e  o -b o n d  and  th e  tw o h a tch e d  s p a c e s  above and  b e low  th e  cr-bond 
re p re s e n t  th e  n -o rb ita l  o f e th y le n e . Both a-  and tt- bonds a re  o c cu p ie d  by 
tw o e le c t ro n s .  Around th e  p la tin u m , show n a s  a sm all c irc le  in  th e  lo w er 
p a r t o f th e  d iagram  on th e  A-B a x is ,  a re  show n a hybrid  em pty d sp g -o rb ita l  
(upw ard e ll ip s e )  su p e rim p o sed  on th e  o c c u p ie d  n -o rb ita l  o f e th y le n e , 
form ing a d a tiv e  a -b o n d . The h a tch e d  a re a  around  th e  p la tin u m  atom  re p ­
re s e n ts  th e  o c c u p ie d  dx z -o rb ita l  (on th e  p la n e  o f th e  d iagram ) w hich  is  
o v e rla p p in g  th e  n -a n tib o n d in g  o rb ita l o f e th y le n e  g iv in g  n -b a c k -d o n a t io n . 
The arrow s in d ic a te  th e  d ire c tio n  o f t r a n s fe r  o f  the  e le c tro n  charg e  due to  
th e  b o n d in g . ( 11)

from th e  lig a n d  to  the  v a c a n t  o rb ita l o f th e  m e ta l . The se c o n d  p a rt c o n ­

s i s t s  o f th e  b ack -b o n d in g  o r flow  of e le c tro n s  from th e  f i l le d  d o rb ita l o f 

th e  m eta l to  th e  an tib o n d in g  o rb ita l o f th e  doub le  bond . A lthough th is  

an tib o n d in g  o rb ita l  o f th e  doub le  bond is  an tib o n d in g  w ith  re s p e c t  to  the  

c a rb o n -c a rb o n  b o n d , i t  i s  a bonding  o rb ita l w ith  r e s p e c t  to  the
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c a rb o n -m e ta l bond and  th u s  th e  b a c k -b o n d in g  ad d s to  th e  s ta b i l i ty  o f th e  

co m p lex . The num ber o f  d o u b le  bonds th a t  can  be bonded  to  a  s in g le  

m e ta l atom  by a s y n e rg ic  bond is  lim ite d  by th e  num ber o f lig a n d s  th a t  c an  

be a rran g ed  so  th e  geo m etry  o f th e  lig a n d  o rb ita l m a tc h es  w ith  a v a c a n t 

bond ing  o rb ita l o f th e  m e ta l ,  by th e  am ount o f b a c k -d o n a tio n  th a t can  

o c c u r , and  f in a lly  by th e  s te r ic  fa c to rs  o f th e  lig a n d .

O ne m ethod o f p re p a rin g  com pounds c o n ta in in g  th e  sy n e rg ic  bond is  

th e  d o u b le  d eco m p o s itio n  re a c tio n  o u tlin e d  below :

. X (C 5H 5) - Na+ + M C lx  -> M (C5Hg) + x N a C l

The m e ta l c an  be v a n ad iu m , chrom ium , m a n g a n e s e , iro n , ru th en iu m , 

c o b a lt  o r n ic k e l .

A nother d o u b le  bond sy s te m  th a t  c an  be  u se d  is  b e n z e n e . Thus 

d ib e n z e n e  chrom ium  can  be  p rep a red  a s  fo llo w s:

I) A l-A lC l3 ,
CrC13 + C 6H6 ZTNa 2S- <C 6H6>2 <* <12>

The o rg a n ic  lig a n d  c an  a ls o  be a  c h a in  sy s te m  w here  th e  doub le  

bon d s a re  c o n ju g a te d , a s  in  b u ta d ie n e , o r  n o n -c o n ju g a te d , a s  in  

e th y le n e ,  o r an y  o f th e  m any d e r iv a t iv e s  o f th e s e  s y s te m s .

S y n erg ic  bonds a re  no t lim ited  to  bonds b e tw een  p i e le c tro n s  and 

m e ta ls  > bu t c an  a ls o  e x is t  w ith  o th e r m o le c u le s  w h ich  c a n  d o n a te  a lo n e  

p a ir  o f e le c tro n s  to a v a c a n t  m e ta l o rb ita l  and  a c c e p t som e b a c k -d o n a tio n  

from th e  m e ta l d o rb ita l .  O ne su c h  m o lecu le  i s  carb o n  m o n o x id e . W hen 

ca rb o n  m onoxide i s  th e  o n ly  lig a n d  th e  com plex  is  c a l le d  a m eta l 

c a rb o n y l. M eta l c a rb o n y ls  a re  know n for t ra n s i t io n  e le m e n ts  from
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Group YB to  VIII. W hen a m eta l carb o n y l c o n ta in s  a m e ta l w ith  an even  

a to m ic  num ber i t  m ay c o n ta in  one o r m ore th a n  one m e ta l a tom (s) p e r com ­

p le x ,  bu t a m e ta l ca rb o n y l com plex  c o n ta in in g  a m eta l w ith  an  odd a tom ic  

num ber form s co m p lex es  w h ich  c o n ta in  m ore th an  one m e ta l atom  p e r com ­

p le x  e x c e p t for van ad iu m  h e x a c a rb o n y l, w h ich  h a s  an odd a to m ic  num ber 

b u t s t i l l  h a s  o n ly  one m e ta l atom  p e r co m p lex . In a ll  c a s e s  th e  m ost 

s ta b le  s ta te  o f th e  m e ta l ca rb o n y l o f e a c h  t ra n s i t io n  m e ta l h a s  th e  e le c tro n  

c o n fig u ra tio n  o f th e  n o b le  g a s  o f w h ic h e v e r  p e rio d  i t  is  a p a r t .

The m e ta l c a rb o n y ls  o f G roups YB to  VIII a re  g e n e ra lly  p rep a red  by 

th e  a c tio n  o f ca rb o n  m o n o x id e , in  th e  p re s e n c e  o f a re d u c in g  a g e n t ,  on 

th e  m e ta l s a l t  a t  h ig h  tem p e ra tu re  and  p r e s s u r e .

2 CoCOg + 2 Hg + 8 CO -» COg(CO)g + 2 COg + 2 HgO (13)

O nly  tw o m e ta l c a rb o n y ls  c an  be form ed d ire c t ly  from th e  pure  m eta l and 

ca rb o n  m onox ide .

N i + 4 CO -  N i(C O )4 (13)

Fe + 5 CO -  F e(C O )5, (13)

The carb o n y l m o lecu le  is  know n to  bond to  m e ta ls  in  th re e  d iffe ren t 

w ay s: te rm in a l , d o u b le  b rid g in g  and  (rare ly ) tr ip le  b rid g in g . The m o lecu ­

la r  o rb ita l p ic tu re  o f th e  bonding  b e tw e e n  th e  te rm in a l ca rb o n y l and the  

m e ta l is  a g a in  d iv id e d  in to  tw o p a r ts  „ The ca rb o n y l d o n a te s  tw o sigm a 

e le c tro n s  to  th e  em pty  m e ta l h y b rid ized  o rb ita l and th e  m e ta l d o n a te s  

e le c tro n s  from i ts  f i l le d  d o rb ita ls  to  th e  ca rb o n y l a n tib o n d in g  o rb ita l .

This b o n d , a s  b e fo re , i s  sy n e rg ic  s in c e  th e  d rif t o f e le c tro n s  from the  

ca rb o n y l to  th e  m e ta l m ak es  th e  ca rb o n y l m ore p o s i t iv e ly  c h a rg e d , w hich
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in  tu rn  m akes i t  a b e t te r  a c c e p to r  o f  e le c tro n s  from th e  m e ta l d o rb ita l ,  

th u s  c a n c e ll in g  th e  p o s it iv e  c h a rg e , a s  show n in  F igure 2 .

F ig . 2 . (a) The fo rm ation  o f the  m e ta l-c a rb o n  cr-bond u s in g  an  u n sh a red
p a ir  on C a to m . (b) The fo rm ation  o f th e  m e ta l-c a rb o n  rr-bond . The o th e r
o rb ita ls  on th e  CO a re  o m itted  for c la r i ty .  (14)

In th e  c a s e  o f d o u b le  b ridg ing  c a r b o n y ls , the  ca rb o n y l group c o n ­

tr ib u te s  one  e le c tro n  to  e a c h  of th e  tw o m eta l a tom s to  form norm al sigm a 

b o nds w ith  th e  m e ta l a ls o  d o n a tin g  one  e le c tro n . The ca rb o n y l w ill a ls o  

a c c e p t  som e b a c k -d o n a tio n  from th e  m e ta l in to  i ts  a n tib o n d in g  o rb ita l .  In 

a l l  th e  c a s e s  w here  th e re  a re  b ridg ing  m eta l c a r b o n y ls , e i th e r  doub le  or 

t r i p l e , th e re  is  a ls o  a m e ta l-m e ta l b o n d , a s  show n in  F igure  3 . This bond 

i s  p re s e n t  b e c a u s e  th e  ca rb o n y l h o ld s  th e  tw o m e ta ls  so  c lo s e  th a t th e re  

i s  an  o v e rlap  o f o rb ita ls  and  i t  a ls o  a llo w s  th e  m e ta ls  to  a c h ie v e  a com ­

p le te  s h e ll  o f e le c t r o n s , th u s  add in g  to  th e  s ta b i l i ty  o f  th e  com plex .

A v e ry  im p o rtan t a s p e c t  o f m eta l c a rb o n y ls  is  th a t  sigm a s u b s t i tu te d  

t r a n s i t io n  m eta l c a rb o n y ls  a re  m uch m ore s ta b le  th an  a re  th e  sigm a s u b ­

s t i tu te d  t r a n s i t io n  m e ta ls  a lo n e  (16). The in c re a s e  in  s ta b i l i ty  may be due 

to  th e  rem oval o f th e  e x c e s s  e le c tro n  d e n s i ty ,  w hich  is  c a u s e d  by th e
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F ig . 3 . (a) The s tru c tu re  p ro p o sed  for Co^(CO)Jig in  so lu tio n  on th e
b a s is  o f i t s  in fra re a  sp ec tru m , (b) The s tru c tu re  (sym m etry  T^) of 
Rhg(CO)Jg d e te rm in ed  e n tire ly  by X -ray  c ry s ta llo g ra p h y . (15)

sigm a bonded  o rg a n ic  l ig a n d s , by b a c k -d o n a tio n  o f e le c tro n s  from the  

m e ta l to  th e  ca rb o n y l an tib o n d in g  o r b i ta ls .

The m ore s ta b le  sigm a s u b s t i tu te d  tra n s i t io n  m eta l ca rb o n y ls  are  

p rep a red  by th e  u se  o f th e  G rignard  re a g e n t w ith  th e  h a lid e  o f the  m eta l 

co m p lex .

TTC5H5-F e(C O )2 B r+  C H 3MgBr -  TrC5H5-F e(C O )2 C H 3 + MgBr (16)

The sodium  s a l t  o f th e  com plex  can  a ls o  be m ade to  r e a c t  w ith  an o rg an ic  

h a l id e .

M n(C O )5Na + R X -  RMn(CO) 5 + NaX (16)

An ev en  la rg e r  group o f o rg a n o m e ta llic  m eta l c a rb o n y ls  a re  th e  p i 

s u b s t i tu te d  t r a n s i t io n  m eta l c a r b o n y ls . FIere ag a in  th e  p re s e n c e  o f th e
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c a rb o n y ls  a d d s  s ta b i l i ty  to  th e  co m p lex . For e x a m p le , d ib e n z e n e  

chrom ium  is  re a d ily  o x id iz e d  in  a ir  to  th e  d e r iv a tiv e  o f the ' d ib e n ze n e  

chrom ium  c a t io n , w h ile  th e  co rre sp o n d in g  co m p lex , b e n z e n e  chromium 

t r ic a rb o n y l , is  s ta b le  in  a ir .

T his in c re a s e  in  s ta b i l i ty  o f p i s u b s t i tu te d  t r a n s i t io n  m eta l c a r ­

b o n y ls  m ay a g a in  be due to  th e  a b i l i ty  of th e  carb o n y l to  a c c e p t  more 

b a c k -d o n a tio n  from th e  m e ta l th a n  th e  p i s u b s t i tu te d  l ig a n d  can  a ccep t.

The p i s u b s t i tu te d  t r a n s i t io n  m e ta l c a rb o n y ls  c an  u s u a lly  be p re ­

p a re d  th e rm a lly  from th e  m e ta l ca rb o n y l an d  th e  d e s ire d  lig an d :

C 4H 6 + Fe(C O ) 5 • -  C4 H 5Fe(C O ) 3 + 2 C 0  (6)

C 7FI8 + Fe(C O ) 5 -  C 7H gFe(C O ) 3 + 2C O  (17)

C 8H 8 + Fe(C O ) 5 -> C gH 8F e(C O )3 + 2 CO (18)

A lthough th e  re a c t io n s  o f iro n  p e n ta c a rb o n y l p a ra l le l  th o s e  o f  m ost o f th e  

t r a n s i t io n  m e ta l c a rb o n y ls , th e re  is  one  m ore im p o rtan t ty p e  w hich  is  n o t 

p o s s ib le  w ith  iron  p e n ta c a rb o n y l. T h is i s  th e  re a c tio n  o f a ro m a tic  com ­

po u n d s su c h  a s  b e n z e n e , to lu e n e , a n il in e  w ith  a Group VI m e ta l h e x a -  

c a rb o n y l. ,

M (C O )6 + A rene -> A reneM (C O ) 3 + SCO  (19)

The f a c t  th a t  th e  a re n e  is  c o n n e c te d  to  th e  m e ta l by i t s  a ro m atic  p i 

sy s te m  c re a te s  an  e le c tro n  d e f ic ie n c y  in  th e  a ren e  an d  c a u s e s  i t  to  be 

l e s s  p rone  to  e le c tro p h i l ic  a t ta c k  th a n  th e  free  a ren e  (20) .

T hat co m p lex in g  w ith  a m e ta l ca rb o n y l d oes d e c r e a s e  th e  e le c tro n  

a v a i la b i l i ty  is  show n by a co m p ariso n  o f th e  a c id  s tre n g th  o f b e n zo ic  a c id
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w ith  th a t  o f  b e n z o ic  a c id  chrom ium  t r i c a rb o n y l. The pKa o f th e  b e n zo ic  ■ 

a c id  chrom ium  tr ic a rb o n y l i s  4.77, com pared  to  pKa 5.68 fo r b e n zo ic  a c id .  

Thus we s e e  th a t  b e n z o ic  a c id  chrom ium  tric a rb o n y l w ill a c t  m uch the  

sam e a s  n itro b e n z o ic  a c id ,  w h ich  h a s  a pKa o f 4 .48 (20).

In  a d d itio n  to  c a u s in g  th e  a ren e  rin g  to  be l e s s  r e a c t iv e  tow ard  

e le c tro p h i le  in  g e n e r a l , a re n e  m eta l c a rb o n y ls  a re  a ls o  u n s ta b le  to  s tro n g  

a c id s  and  th u s  a re  n o t a b le  to  w ith s ta n d  th e  re a c tio n  c o n d itio n s  for n i t r a ­

t io n  and  su lfo n a tio n  (2 0) .

I t  is  s t i l l  p o s s ib le ,  th o u g h , to  add  m any s u b s t i tu e n ts  su ch  a s  

h a l id e , n i t r a t e , h y d rox ide  and  am ine in d ire c tly  to an a re n e  ring  w hen i t  is  

a tta c h e d  to  a  m e ta l . O ne s u c c e s s fu l  m ethod  is  to  t r e a t  th e  a ren e  m eta l 

w ith  an  a lk a l i  m e ta l re a g e n t su ch  a s  n -am y l sod ium . T his m e ta la te d  

s p e c ie s  c an  th e n  a t ta c k  an  e le c tro p h i l ic  m o lecu le  to  form a s u b s ti tu te d  

a re n e  m e ta l (21) .

COgCHg

+

(Jo2CHg

^ 2CHg

CO2CH3

By th e  sam e re a so n in g  w hich  w as u s e d  to  e x p la in  th e  d e c re a se  in  

r e a c t iv i ty  o f a ren e  m e ta l c a rb o n y ls , i t  is  e v id e n t th a t  th e  n u c le o p h ilic
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a tta c k  on th e  a ren e  w ill be e n h a n c e d . T his id e a  is  a ls o  su p p o rted  by th e  

n u c le o p h ilic  d is p la c e m e n t re a c tio n  o f fu n c tio n a l g roups w h ich  have  b een  

d e sc r ib e d  to  p ro c e ed  in  th e  p i co m plexed  a re n e  bu t do n o t p ro c e ed  in  an 

u n co m p lex ed  a ren e  (22) .

C 6H 5 C lC r(C O ) 3 + N aO C H 3 -  (C 5H5 -O C H 3)-C r(C O ) 3 + N aC l (22)

A nother im p o rtan t re a c tio n  o f m e ta l ca rb o n y ls  is  th e  d isp la c e m e n t o f 

th e  ca rb o n y l group by a n o th e r  s igm a d o n o r. The sigm a donor w ith  the  

a b i l i ty  to  a c c e p t  b a c k -b o n d in g  su ch  a s  CN , A sPh3 , SbPh3 , SR3 , PX3 , o r 

P(OR) 3 can  d is p la c e  one o r m ore c a rb o n y ls  (23).

Fe(C O ) 5 + P h3P -> F e(P h3P)2 (CO) 3 + FePh3(CO)4 (24)

In  th e  p re s e n c e  o f a m in e , n itro g en  o r oxygen  l ig a n d s ,  iron  

p e n ta c a rb o n y l w ill undergo  a  d is s o c ia t io n  re a c tio n :

2 Fe(C O ) 5 + 6 am ine  -> [F e (am in e )g ] 2+ [F e(C O )4 ] 2_ + 6 CO (24)

w h ile  m olybdenum  h e x ac a rb o n y l w ill form a s e r ie s  o f  s igm a co m p lex es:

M o(CO ) 6 + p y rid in e  -» M o (p y rid in e )(CO) 5 + M o (P y rid in e)3 (CO)4 +

M p (P y rid in e)3 (CO) 3 (24)

A d iffe re n t ty p e  o f re a c tio n  is  th e  fo rm ation  o f p o ly n u c le a r  com ­

p le x e s  o f  th e  s ta r t in g  m e ta l c a rb o n y l. In  th e  c a s e  o f iro n , th e re  a re  two- 

p o ly n u c le a r  co m p lex es  known:

Fe(C O ) 5 FegtCCOg (24)

Fe(G Q ) 5 F e3(CO)12 (2 4 ).
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In m any c a s e s  w here  iron  p e n ta c a rb o n y l i s  one o f th e  r e a c t a n t s , th e  

a c tu a l  re a c tin g  s p e c ie s  m ay be one o f th e  p o ly n u c le a r  co m p lex es  show n 

a b o v e .

A nother ty p e  o f re a c t io n  is  th e  t r a n s fe r  o f  a ca rb o n y l group from th e  

t r a n s i t io n  m e ta l to  a lig a n d  a tta c h e d  to  th e  m e ta l c a rb o n y l. This re a c tio n  

is  d e m o n s tra ted  by th e  oxo p ro c e s s  re p o rte d  f i r s t  by R oelen  in  1938 (25). 

All Group VIII t r a n s i t io n  m e ta ls  have  b e e n  show n to  undergo  th is  ty p e  o f 

re a c t io n  (2 5). This re a c t io n  is  u s e d  co m m erc ia lly  w ith  d ic o b a lt  

o c ta c a rb o n y l to  m ake a ld e h y d e s  a t  p re s s u re s  o f 100 to  200 a tm o sp h e re s  

w ith  a  1:1 m ix tu re  o f  hydrogen  and  ca rb o n  m onoxide and  a t  a tem p era tu re  

b e tw e e n  IOO0 C and  15 0 °C . At lo w er p re s s u re  and te m p e ra tu re s  th e  y ie ld  

is  c o rre sp o n d in g ly  lo w e r.

A m ech an ism  h a s  b e e n  p ro p o sed  for th is  re a c tio n  by  H eck and 

B reslow  and  i s  o u tlin e d  b e lo w  (2 6).
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Oxo P ro ce ss

Cog(CO)Q + Hg -» ZHCo(CO)^

HCo(CO) ̂  #  HCo(CO) g CO

RCHg=CHg + H C o(C O )3 ^  R-CHyCHg
HCo(CO)3

RCH=CHg #  RCHgCHgCo(CO) 3 
H C o(C O ) 3

RCHgCHgCo(CO) 3 + CO #  RCHgCHgCo(CO),

RCHgCHgCo(CO) 3 + CO 7* RCH gCH gCO Co(CO ) 3

O
RCHgCHgCOCo(CO)3 + Hg #  RCHgCHgC + HCo(CO) 3

H

The m ost im p o rtan t s te p  o f th e  oxo re a c tio n  is  th e  ca rb o n y l in s e r tio n  

b e tw ee n  th e  m e ta l and  th e  h y d ro carb o n y l lig a n d . S im ila r re a c t io n s  a re  o b ­

se rv e d  in  th e  m e ta l a lk y l co m p lex es  su c h  a s  th o se  l i s te d  below :

(RgP)gPt(CH3)g + 2C O  #  (RgP)3Pt(COCHg)3 (27)

C H 3M n(C O )5 '+  Ph3P ' *  CH 3CO M n(C O )4Ph3P (27)

C om p lex es  o f N o rb o rn ad ien e  and  T ra n s itio n  M eta ls

The f i r s t  re p o rte d  com plex  b e tw ee n  n o rb o rn ad ien e  

(b ic y c lo [2 .2 .1  ]h e p ta d ie n e -2 ,5 )  and  a t r a n s i t io n  m eta l w as re p o rted  by 

B urton , G reen , Abel an d  W ilk in so n  in  1958 (28). They re p o rte d  th e  

th e rm a l re a c t io n  o f n o rb o rn ad ien e  w ith  iro n  p e n ta c a rb o n y l, form ing 

n o rb o rn ad ien e  iron  tr ic a rb o n y l. This re a c t io n  show ed  th a t  no rb o rn ad ien e
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co u ld  be u se d  a s  a lig a n d  bu t w as a ls o  th e  f i r s t .c a s e  o f  a " n o n " -  

c o n ju g a te d  d ie n e  sy s te m  form ing su ch  a m e ta l p i co m p lex .

S in ce  th is  f i r s t  re p o rt o f  a n o rb o rn ad ien e  t r a n s i t io n  m e ta l co m p lex , 

n o rb o rn ad ien e  h a s  b e en  show n to  form co m p lex es  w ith  e le v e n  o th e r t r a n s ­

it io n  m e ta ls . ■

A to ta l  o f  e ig h te e n  co m p lex es  h av e  b e en  id e n tif ie d  and  a re  l i s te d  

in  T ab le  I .

T ab le  I

T ra n s itio n  M eta l C om plexes w ith  N o rb o rn ad ien e

C 7H 8Fe(C O ) 3 (28) C 7H 8P tC l3 (30)

C o g fC O y C y H g ^  (29) C 7H 8M o(CO)4 (31)

C og(C O )8C 7H8 (29) C7H8Cr(CO)4 (32)

C 7H 8P d C l2 (30) C 7H8W(CO) 4 (32)

[C 7H8R h C lJ2 (30) C 7H 8IrC l (33)

C 7H8(AgNOs)2 (30) C 7H8Au2 C l4 (34)

C 7H 8RuCl2 (30) (CyH g)2Au2 C l4 (34)

C 7H 8RuBr2 (30) . (C 7H 8) 3Au2 C l4 (34)

C 7H 8(CuBr)2 ' (30) ■ C 7H8 CuCl (35)

D im er and  Trim er o f N o rb o rn ad ien e

There a r e , i f  one c o n s id e rs  s te r e o c h e m is t ry , o v e r a hundred  d if fe r­

e n t w ay s to  form d im ers and  trim ers  o f  n o rb o rn ad ien e  a n d , i f  one in c lu d e s
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th e  p o s s ib le  k e to n e s , th e  num ber o f com pounds w ill be m uch la rg e r . This 

p roblem  of so  m any p o s s ib le  iso m ers  is  n o t a s e r io u s  one  in  th e  m eta l 

c a rb o n y l c a ta ly z e d  d im e riz a tio n  o f n o rb o rn ad ien e  s in c e  s te r ic  fa c to rs  

e lim in a te  m any o f the  p o s s ib le  s tru c tu re s  and th u s  far e le v e n  com pounds 

h av e  b een  fou n d .

The s tru c tu re s  o f th e  com pounds th a t  have been  found a re  show n in  

T ab le  II w ith  th e ir  s te re o c h e m is try  in d ic a te d  i f  i t  h a s  b e en  d e te rm in e d .

T able  II

D im ers and  Trim ers o f K etones o f  N orb o rn ad ien e

I

m .p .  85°C  (31, 36)

II

m .p . 196°C  (36)
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T able II ( c e n t . )

m .p .  218°C (36)

n .m . r .  .87, 1 .2 3 , 1.67, 1 .8 9 , 2 .08

exo tra n s  exo  p e n ta c y c lo -

(8 . 2 . 1 . 14, 7. 02 ,9. 03 ,8 )

te tra d e c a d ie n e  (38)

m. p .  67°C
n .m . r .  1 .2 3 , 1.32 , 1.69 , 2 .6 2 , 5.97

exo tra n s  endo p e n ta c y c lo -

(8 . 2 . 1 .1 4 ,7 . O2 ' 9. O3' 8) 

te t ra d e c a d ie n e  (38)

m .p .  o il
n . m .r .  1 ,1 3 , 2 .00  , 2 .54  , 2. 80 , 

5.82 , 6.20

endo  tra n s  endo p e n ta c y c lo -  

( 8 . 2 . 1 . 14 ' 7. 02 ' 9. 0 3' 8) 

te tra d e c a d ie n e  (38) 
m .p .  9 2 °C

n .m . r .  1 .0 2 , 1 .5 5 , 1 .8 5 , 2 .7 2 , 6.25

■ endo  c is  en d o  h e p ta c y c lo -  

( 5 . 3 , 1 . 13 ,6 . 4 4 ' 12. 19' 11. O3' 5. O8' 10) 

te tra d e c a n e  (39)
■ 1 m .p .  65°C
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T able  II (c e n t .)

IX

h e p ta c y c lo -
( 5 . 5 . 1 . 14,10. O2 ,6 . o 3 ' 1 1 .  o 5 ' 9 . O8,12) 

te tra d e c a n e  (39, 40) 
m .p .  I 65°C  

n .m . r .  1 .7 9 , 2.45

X

h e p ta c y c lo -
(7 ,4 .1 0 2 ' 8. 0 3” 7. O4' 12. O6,11. O10,13) 

te tr a d e c a n e  (39, 40)

n .m . r .  .8 0 , 1 .2 8 , 1 .8 8 , 2 .37, 2 .5 5 , 
6.05 (37)

n .m . r .  .3 5 , 1 .1 5 , 1 .5 3 , 1 .7 8 , 2 .0 0 , 
2 .5 8 , 5 .30 (37)
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M eta l C arbony l C a ta ly z e d  D im eriza tio n  o f N o rb o m ad ien e  

Therm al D im eriza tio n
i

The m e ta l ca rb o n y l c a ta ly z e d  th e rm a l d im e riz a tio n  o f n o rb o rn ad ien e  

w as f i r s t  re p o rte d  by P e ti t  in  1958 (31). P e t i t  found w hen  n o rb o rn ad ien e  

w as re flu x e d  w ith  iron  p e n ta c a rb o n y l fo r f if te e n  hours an d  th e n  f ra c tio n ­

a l ly  d is t i l le d  th e  p ro d u c ts  w ere  n o rb o rn ad ien e  iron  tr ic a rb o n y l and a 

k e to n e  d im er. The k e to n e  w as  o b ta in e d  a s  w h ite  n e e d le s  from a lc o h o l , 

m e ltin g  p o in t 82°C  ( I ) .

B ird , C ookson  and  H udac (41) in  th e  fo llo w in g  y e a r  show ed  th a t  

n o rb o rn ad ien e  and  iro n  p e n ta c a rb o n y l re a c te d  to  g iv e , in  a d d itio n  to  

n o rb o rn ad ien e  iron  t r ic a rb o n y l,  th re e  k e to n e s  (I , I I ,  II I) . B ird , C ookson  

an d  H udac  (41) a ls o  re p o rte d  th a t  n ic k e l  te tra c a rb o n y l d im erized  n o r­

b o rn a d ie n e  to  g iv e  tw o  h y d ro c a rb o n s , w h ich  w ere te n ta t iv e ly  a s s ig n e d  to  

com pounds VII and  XI. The com pound a s s ig n e d  to  s tru c tu re  XI w as la te r  

c h an g e d  to  s tru c tu re  VI by C an n e ll (4 2 ), b a se d  on n u c le a r  m ag n e tic  

re s o n a n c e  s tu d ie s .

L im al an d  Shim (40) in  19 61 w ere  a b le  to  show  th a t  a s a tu ra te d  

h y d ro ca rb o n  d im er o f n o rb o rn ad ien e  w as  form ed w hen a  m ix tu re  o f iron  

p e n ta c a rb o n y l and  n o rb o rn ad ien e  w as ir r a d ia te d  w ith  a  su n  lam p .

C o o k so n  (41) had  show n th e  sam e d im er w a s  form ed th e rm a lly  from iron  

e n n ec a rb o n y l in  n o rb o rn a d ie n e . S in ce  th e  p h o to re a c tio n  o f iron  p e n ta ­

c a rb o n y l form ing iro n  en n ec a rb o n y l w as  know n (43), L im al and  Shim 

p o s tu la te d  th a t  th e  l ig h t  c a u s e d  th e  fo rm atio n  o f iron  en n ec a rb o n y l w h ich  

th e n  c a ta ly z e d  th e  th e rm a l re a c tio n  o f n o rb o rn ad ien e  h y d ro carb o n  to  g iv e



19

th e  s a tu ra te d  d im er. There w as som e d if f ic u lty  in  d e c id in g  i f  th e  s a tu r ­

a te d  d im er w as s tru c tu re  IX o r X.  I t  w as  f in a lly  co n c lu d ed  by Katz and 

A cton (44), on th e  b a s is  th a t  an  id e n tic a l  c a g e  cou ld  be form ed from XIII 

and  h y d ro io d ic  a c id ,  th a t  th e  c o rre c t c ag e  s tru c tu re  w as IX.

B ird , C o l in e s e , C o o k so n , H udec and  W illiam  (4 1 ), in  th e ir  p ap e r 

d e sc r ib in g  th e  fo rm ation  o f a s a tu ra te d  ca rb o n y l from iro n  e n n e c a rb o n y l, 

a ls o  d is c u s s  th e  fo llo w in g  th e rm al r e a c t io n s  o f n o rb o rn ad ien e :

F e(C O )5 + CyHg -  I + II + III + V + IX + XII + XIII

F e2 (CO )9 + CyHg -  I + II + III + V + IX + XII + XIII

F e 3(CO )12 + CyHg -  I + II + III + V + IX + XII + XIII

C o 2(CO ) 8 + C yH 8 -  I + II + III + V + IX + XII + XIII

An in s ig h t  in to  th e  m echan ism  o f th e  therm al d im e riz a tio n  re a c tio n  

o f n o rb o rn ad ien e  u s in g  m e ta l ca rb o n y l a s  a c a ta ly s t  i s  p ro v id ed  by u s in g  

iron  d ica rb o n y l d in itro sy l a s  th e  c a ta ly s t  (45 ). From th e  la rg e  num ber of 

iron  d in itro sy l co m p lex es  th a t  can  be p rep a red  u s in g  iron  d ica rb o n y l 

d in i t r o s y l ,  i t  i s  e v id e n t th a t  th e  ca rb o n y l g roups can  be re p la c e d  more 

e a s i ly  th an  th e  n itro sy l g ro u p . In th e  re a c tio n  o f iron  d ic a rb o n y l
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d in itro sy l and  n o rb o rn ad ien e  the  a p p e a ra n c e  o f an in fra red  p eak  a t
- I

1745 cm in d ic a te s  th e  fo rm ation  o f a  co m plex  b e tw een  iro n  d in itro sy l 

and  n o rb o rn a d ie n e . I t h a s  b e en  p ro p o sed  (45) th a t  th e  com plex  b e tw een  

tw o n o rb o rn a d ie n e s and  iro n  d in itro sy l m ay be form ed by  h av in g  one o f 

th e  d o u b le  bonds on e a c h  n o rb o rn ad ien e  re p la c e  one ca rb o n  m onox ide .

If  th e  com plex  i s  form ed by s u c c e s s iv e  re p la c e m e n t o f  th e  carbon  

m onoxide lig a n d  by th e  d o u b le  bond o f n o rb o rn a d ie n e , th e  re p la c e m e n t o f 

th e  ca rb o n  m onoxide by tr ip h e n y lp h o sp h in e  sh o u ld  s to p  th e  form ation  of 

th e  com plex  s in c e  tr ip h e n y lp h o sp h in e  l ig a n d s  a re  n o t re p la c e  by doub le  

bon d s (45 ). The re a c tio n  o f iron  d in itro sy l b is trip h en y lp h o s .p h in e  h a s  

b e en  tr ie d  and  no d im er p ro d u c ts  a re  form ed u n d er s im ila r  re a c tio n  c o n d i­

t io n s  u se d  fo r th e  iro n  d in itro sy l d ica rb o n y l re a c tio n .

The d im e riz a tio n  can  th en  be v is u a l iz e d  a s  o c cu rrin g  in tra m o le c u -  

la r ly  b e tw ee n  tw o n o rb o rn a d ie n e s a tta c h e d  to  an  iron  d in itro sy l in  a 

s te r ic a l ly  c r i t ic a l  te tra h e d ra l  com plex  s t r u c tu r e . A lthough o n ly  one pi 

bond from e a c h  n o rb o rn ad ien e  m o lecu le  i s  fo rm ally  in v o lv e d , th e  la c k  o f 

a  d im er w hen  no rb o rn en e  is  u se d  (45) s u g g e s ts  the  s e c o n d  p i bond of 

n o rb o rn ad ien e  a ls o  c o n tr ib u te s  to  th e  t r a n s i t io n  s t a t e , . ■

In th e  c a s e  o f c o b a lt  tr ic a rb o n y l n itro sy l (45) th e re  i s  th e  p o s s i ­

b i l i ty  o f re p la c in g  th re e  l ig a n d s  in s te a d  of ju s t  tw o . If a l l  th re e  

c a rb o n y ls  w ere  r e p la c e d , th is  w ould  a llo w  fo r one n o rb o rn ad ien e  to  be 

d o u b ly  bonded  to  th e  t r a n s i t io n  m eta l and  one s in g ly  b o n d e d . From th is  

in te rm e d ia te  one w ould  e x p e c t one o f th e  m ajo r p ro d u c ts  to  be a 

n o r tr ic y c le n e  ty p e  d im er (XII, X III). The m ajo r p ro d u c ts  a re  a
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n o rtr ic y c le n e  ty p e  d im er and  th e  exo tra n s  exo d im er (V) in  a d d itio n  th e re  

is  a t ra c e  o f  d im er VI found „

The fo rm ation  o f  ah  exo  tra n s  exo d im er and  a n o r tr ic y c le n e  ty p e  

d im er in  th e  re a c t io n  o f c o b a lt  tr ic a rb o n y l n itro sy l (45) d e m o n s tra te s  a n ­

o th e r  in te re s t in g  f a c t .  A ccording  to  th e  W oodw ard-H offm an  ru le s  (46, 47, 

4 8 ), th e  fo rm ation  o f exo  tra n s  exo ty p e  d im ers sh o u ld  be th e rm a lly  fo r­

b id d e n  w here  th e  fo rm ation  of n o rtr ic y c le n e  ty p e  d im ers sh o u ld  be 

th e rm a lly  a llo w ed  (46, 47, 4 8 ). The fa c t  th a t  bo th  ty p e s  o f  d im ers are 

form ed th e rm a lly  in  th e  p re s e n c e  o f a t r a n s i t io n  m e ta l c a ta ly s t  in d ic a te s  

th a t  th e  W oodw ard-H offm an  sym m etry  re s tr ic t io n s ,  do n o t a p p ly  (46, 47, 

4 8 ). This ch an g e  in  r e s tr ic t io n  m ay be due to  th e  m ix ing  o f th e  e th y le n e  

c a rb o n 's  2Ptt o rb ita l w ith  th e  m e ta l d o rb ita l .  The a to m ic  d o rb ita ls  of 

th e  m e ta l a llo w  th e  e le c tro n s  o f th e  h y d rocarbon  lig a n d  an d  th e  m eta l 

e le c tro n s  to  m ix and  f i l l  th e  req u ired  re g io n  o f sp a c e  for d im e riz a tio n  o f 

th e  lig a n d  to  o c c u r . T hat bo th  ty p e s  o f d im er a re  form ed is  fu rth er e v i­

d e n c e  o f a t r a n s i t io n  s ta te  in v o lv in g  tw o n o rb o rn ad ie n e s  and  a tra n s i t io n  

m e ta l . The ro le  o f  th e  m e ta l in  th is  c a s e  is  th e re fo re  th e  rem oval o f th e  

sym m etry  r e s t r ic t io n s  and  th e  low ering  o f th e  a c t iv a t io n  e n e rg y .

A nother p o s s ib le  w ay  to  e x p la in  th e  fo rm ation  o f th e  th e rm a lly  fo r­

b id d en  exo  tra n s  exo  d im er in  th e  th e rm a l ex p erim en t is  to  invoke  a n o n -  

c o n c e rte d  m e ch a n ism . The n o n -c o n c e r te d  m echan ism  is  p ro p o sed  for th e  

fo rm ation  of d im er p ro d u c ts  u s in g  rhodium  on. carbon  a s  th e  c a ta ly s t .  . 

Katz and  M row ca (37) in v e s t ig a te d  th is  re a c tio n  and found th e  therm al
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p ro d u c ts  to  be X II, X III, IV and  a tra c e  o f  V. The rh o d iu m -ca rb o n  c a ta ly s t  

i s  v e ry  e f fe c t iv e ,  g iv in g  p ro d u c ts  q u a n ti ta t iv e ly  and q u ic k ly  a t  room 

te m p e ra tu re .

-Katz and  A cton (44) h av e  in v e s t ig a te d  th e  re a c t io n  o f rhodium  on 

ca rb o n  fu r th e r and  h av e  re p o rte d  a form al re la tio n s h ip  b e tw ee n  tw o p a irs  

o f  th e  re p o rte d  h y d ro carb o n  d im e rs . They fu rth e r s u g g e s t  th a t  in  the  

m e ta l c a ta ly z e d  c y c lo a d d itio n  re a c tio n s  an  in te rm e d ia te  is  p ro d u ced  in  

w h ich  o n ly  one ca rb o n  to  carb o n  bond i s  form ed u n itin g  th e  tw o n o rb o rn a - 

d ie n e s .  R o ta tion  c an  o c c u r  ab o u t th is  s in g le  bond b efo re  th e  seco n d  bond 

c lo s e s .  T his m ech an ism  a llo w s  th e  D ie ls -A ld e r  p ro d u c t and  th e  o th e r 

h y d ro carb o n  d im er to  a r is e  from th e  sam e in te rm e d ia te . I f  th e  seco n d  

bond c lo s e s  w ith o u t ro ta tio n  ab o u t th e  in i t ia l  bond th e  p ro d u c ts  a re  V, VI 

and  VII. If  ro ta tio n  o f 9 0 °  o c cu rs  ab o u t th e  in i t ia l  bond th e  p ro d u c ts  a re  

XII and  XIII (F igure 4 ).

A re a c tio n  o f 30% p a llad iu m  on carb o n  g iv e s  a .1% y ie ld  of d im er I 

w h ile  b o th  .5% p la tin u m  on c h a rc o a l and  th e  n ic k e l c a ta ly s t  fa ile d  to  g iv e  

an y  p ro d u c t w hen  run  u n d e r s im ila r  re a c t io n  c o n d itio n s  (44).

Two o th e r  m e ta l c a rb o n y ls  h ave  b een  show n to  c a ta ly z e  a th e rm al 

re a c tio n  o f  n o rb o rn ad ie n e . M olybdenum  h e x aca rb o n y l (50) and tu n g s te n  

h e x a c a rb o n y l (50) have  b o th  b e en  show n to  a c t  a s  c a ta ly s ts  for th e  p o ly ­

m e riz a tio n  o f n o rb o rn a d ie n e . The po lym er th a t  is  form ed is  a  w h ite  s o l id ,  

s ta b le  to  g re a te r  th a n  35O0 C a t a tm o sp h e ric  p re s su re  and  is  form ed w hen 

n o rb o rn ad ien e  is  re flu x e d  in  to lu e n e  fo r 21 hours w ith  e i th e r  m olybdenum  

o r tu n g s te n  h e x a c a rb o n y l. The re a c tio n  m ix ture  o f m e ta l h e x aca rb o n y l
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XII X III

F ig . 4 . N o n -c o n c e r te d  m ech an ism  p ro p o sed  for the  fo rm ation  of d im er 
p ro d u c ts  u s in g  rhodium  on carbon  a s  th e  c a ta ly s t  (44 ).

and  n o rb o rn ad ien e  sh o u ld  be an h y d ro u s and  free  of oxy g en  for the  h ig h e s t  

y ie ld .

P h o to ch em ica l D im eriza tio n

The p h o to c h em ica l re a c t io n s  o f  n o rb o rn ad ien e  and  m eta l c a rb o n y ls  

h av e  no t b een  s tu d ie d  a s  e x te n s iv e ly  a s  th e  c o rre sp o n d in g ly  therm al 

r e a c t io n s .  The fa c t  th a t  l ig h t w ould  c a u s e  d im e riz a tio n  w as f ir s t  re p o rted  

in  19 58 by P e ti t  (31). P e t i t  show ed  th a t  iro n  p e n tac a rb o n y l and  n o rb o rn a­

d ie n e  in  su n lig h t for f iv e  hours g av e  n o rb o rn ad ien e  iron  t r ic a rb o n y l, a 

k e to n e  (I) and  a s o lid  hyd ro carb o n  d im er w ith  a m eltin g  p o in t o f 6 7 -6 8 ° C 

(V).
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I t  h a s  now  b e en  show n (51) th a t  i f  s u b s t i tu te d  o r u n s u b s ti tu te d  

b u ta d ie n e  iron  tr ic a rb o n y ls  a re  u se d  a s  a c a ta ly s t  for th e  p h o to ch em ica l 

d im e riz a tio n  o f n o rb o rn a d ie n e , th e  p ro d u c ts  a re  exo tra n s  exo  (V) and 

endo  tra n s  endo (VII). This ch an g e  o f p h o to c h em ica l p ro d u c ts  from the  

u s e  o f  iro n  p e n ta carb o n y l a s  th e  c a t a ly s t  s u g g e s ts  th a t  c h a n g e s  in  th e  

num ber o f  c a rb o n y ls  o r s te re o c h e m is try  o r bo th  m ay be an  im p o rtan t f a c ­

to r  in  d e te rm in in g  th e  f in a l re a c tio n  p ro d u c ts .

The fo llo w in g  in v e s t ig a t io n  w as  in i t ia te d  to  d e te rm in e : a) the  

p h o to c h em ica l m ech an ism  o f th e  d im e riz a tio n  o f n o rb o rn ad ien e  u s in g  

m e ta l c a rb o n y ls ; b) th e  e f fe c t  o f th e  s te r ic  fa c to rs  o f th e  lig a n d  on th e  

p ro d u c t id e n t i t ie s  and  th e  p ro d u c t ra t io s ;  c) th e  e f fe c t  o f th e  num ber o f  

c a rb o n y ls  on th e  p ro d u c t id e n t i t ie s  and  th e  p ro d u c t r a t io s .
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To b eg in  th e  in v e s t ig a t io n  o f th e  s te r ic  e f fe c ts  and  th e  e f fe c t  o f th e  

num ber o f  c a rb o n y ls  on m e ta l carb o n y l c a ta ly z e d  d im e riz a tio n  o f n o rb o rn a - 

d ie n e  an d  to  d e te rm in e  th e  p h o to c h em ica l m ech an ism  of th is  re a c t io n , i t  

w as  n e c e s s a r y  to  c h o o se  a t r a n s i t io n  m eta l c a rb o n y l to a c t  a s  a r e a c ta n t  

te m p la te . The t r a n s i t io n  m e ta l sh o u ld  be a b le  to  form s ta b le  co m p lex es  

n o t o n ly  w ith  c a rb o n y ls  b u t a ls o  w ith  o rg a n ic  lig a n d s  w h ich  w ould  a llo w  

for a  v a r ia t io n  in  s te r ic  f a c to r s . Chrom ium  w as th e  t r a n s i t io n  m eta l 

c h o se n  b e c a u s e  i t  form s chrom ium  h e x a c a rb o n y l, n o rb o rn ad ien e  chrom ium  

te t r a ca rb o n y l and  a ls o  a s e r ie s  o f b e n z e n e - s u b s t i tu te d  chrom ium  

t r ic a r b o n y ls . In a d d itio n , th e  num ber o f ca rb o n y ls  co u ld  be v a rie d  ev en  

fu r th e r s in c e  th e re  is  th e  a ir -u n s ta b le  d icum ene  ch rom ium . The fo llow ing  

s e r i e s 'o f  chrom ium  co m p lex es  w ere  c h o se n  a s  th e  p h o to c h em ica l r e a c ta n t  

te m p la te s .

Cr(CO),

T able  III
M eta l C arbonyl R ea c tan t T em pla tes

Chromium h ex aca rb o n y l

In fra red  sp ec tru m  1988 cm  ̂ (52)

U ltra v io le t  sp ec tru m  230 (lo g s  4 .7 8 ) , 280
(lo g s  4 .0 7 ) , 318 
(lo g s  3.49) (53)

-I
N o rb o rn ad ien e  chrom ium  tr ic a rb o n y l 

C r(C O )zJ In fra red  sp ec tru m  1913, 1944, 195 8 , 2 033 cm

N u c le a r  m a g n e tic  re so n a n p e  4.42 , 3. 73 , I. 30 (54)
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T ab le  III ( c o n t .)

B enzene chrom ium  tr ic a rb o n y l 
In fra red  sp ec tru m  1910 , 1983 cm ^
U ltra v io le t  sp ec tru m  218 (lo g s  4 .4 3 ) ,

264 Uoge 3.92,
316 (lo g s  4 .05  (53)

Cr(CO).
T o luene chrom ium  tr ic a rb o n y l

- I
In fra red  sp ec tru m  1900 , 1971 cm
U ltra v io le t  sp ec tru m  218 (lo g s  4 .0 5 ) ,

261 (lo g s  3 .9 7 ) ,
318 (logs 4.12) (53)

M e s ity le n e  chrom ium  tr ic a rb o n y l
In fra red  sp ec tru m  1889 , 19 63 cm ^

U ltra v io le t  sp ec tru m  215 (lo g e  4 .4 8 ) ,
253 ( lo g s  4 .0 2 ) ,
312 (loge 4.08) (56)

Cr

2

D icum ene chrom ium

The in fra red - b an d s  b e tw ee n  1850-2050  cm * a re  c h a r a c te r is t ic  o f a l l  m e ta l 

c a rb o n y ls  and  a re  a s s ig n e d  to  th e  c a rb o n -o x y g en  s tre tc h in g  freq u en cy  

(57).
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The u ltr a v io le t  s p e c tra  a re  a ls o  v e ry  c h a r a c te r is t ic  o f  the  m eta l

c a r b o n y ls . The 230 mp an d  2 80 mp b an d s a re  a ttr ib u te d  to  th e  m eta l to

lig a n d  c h a rg e  t r a n s fe r  (1A -> 1T ) (58). The band in  th e  320 mp reg io n
I g  I g

i s  due to  th e  d->d t r a n s i t io n  and  is  v e ry  d if f ic u lt  to  lo c a te  s in c e  the  

lig a n d  to  m e ta l ch arg e  tra n s fe rs  a re  in te n s e  in  th is  re g io n  o f th e  u l t r a ­

v io le t .  The re a s o n  th e  d-*d t r a n s i t io n s  a re  in  th is  reg io n  and  no t a t 

lo n g e r  w a v e le n g th s  is  th a t  th e  c a rb o n y ls  c au se , a la rg e  c ry s ta l, fie ld  

s p l i t t in g  (59).

The in i t ia l  e x p e rim en ts  w ere  to  d e te rm in e  i f  th e  chrom ium  com ­

p le x e s  co u ld  a c t  a s  p h o to c h em ica l r e a c ta n t  te m p la te s  and  to  d e term ine  

th e  p h o to c h em ica l p r o d u c ts , i f  an y .

P ro ced u re  for D e term in ing  P ro d u cts  and  P roduct R atios

The g e n e ra l p ro ced u re  (T able IV) w as to  m ake a so lu tio n  o f the  

m e ta l ca rb o n y l in  70 ml o f  f re sh ly  d is t i l le d  n o rb o rn a d ie n e . This so lu tio n  

w as p u t in to  th e  la rg e  re a c t io n  v e s s e l  and  p u rif ied  n itro g e n  w as bu b b led  

th ro u g h  th e  so lu tio n  for 12 h o u r s . The ir ra d ia tio n  w as s ta r te d  and th e  

sam p le  ir r a d ia te d  u s in g  a c o rex  f i l te r  for ap p ro x im a te ly  24 h o u rs . In fra ­

re d  and  g a s  ch ro m ato g rap h s w ere  run on th e  to ta l  r e a c t io n  p ro d u c t. The 

re a c t io n  m ix ture  w as  th e n  f i l te re d  th ro u g h  a c t iv a te d  a lu m in a  and  w ash ed  

w ith  h e x a n e . This so lu tio n  w as c o n c e n tra te d  to  rem ove th e  h ex an e  and 

th e n  run  th ro u g h  th e  A erograph  A utoprep and  s e p a ra te d . In te g ra tio n  o f th e  

p e a k s  u s in g  a S a rg en t M odel SR re c o rd e r  gave  th e  p ro d u c t r a t io s .  Five 

s e p a ra te  f ra c tio n s  w ere  c o lle c te d  and  id e n tif ie d . F rac tio n  fiv e  c o n ta in ed  

th re e  c o m p o n e n ts .
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E x p erim en ta l P rocedu re  fo r P roduct Id e n tif ic a tio n  

M(CO) g in  n o rb o rn ad ien e

T a b le  IV

KL bu b b led  th rough  
12 hours

Ir ra d ia tio n  (co rex  filte r)  
ir ra d ia te d

In fra red and  g as
ch rom atog raph

S o lu tio n  f i l te re d  
an d  th e n  c o n c e n tra te d

I
In je c tio n  in to  

A utoprep

F rac tio n  I 

L iquid  

S o lv en t

F rac tio n  II
I

W h ite  s o lid  

M eltin g  p o in t
I

N u c le a r  m a g n e tic  re so n a n c e  

G as ch ro m ato g rap h

F rac tio n  III
I

O il

N u c le a r  M ag n e tic  R eso n an ce

F rac tio n  IV

F rac tio n  V

T-
N u c le a r  m a g n e tic  

re so n a n c e

G as ch rom ato g rap h

T
C om ponent II 

W h iti  s o lid  

M eltin g  "point > 300°C  
M ass  sp ec tru m

C om ponent I 

W hite  | s o lid
N u c le a r  m a g n e tic  re so n a n c e  

M ass  sp ec tru m

5jPf
In fra red C om ponent III 

No in v e s t ig a t io n
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F rac tio n  one re p re s e n te d  a ll  th e  m a te r ia l th a t  cam e o ff  th e  30% 

SE-30 colum n b efo re  th e  f i r s t  d im er, w h ich  w as d e te c te d  88 m in u tes  a f te r  

th e  in i t ia l  in je c t io n .  F rac tio n  one w as show n by g a s  ch ro m atog raphy  to  

c o n ta in  o n ly  th e  rem a in in g  s o lv e n t .  F rac tio n  tw o w as c o lle c te d  a s  a 

w h ite  s o lid  w ith  a m e ltin g  p o in t o f 6 7 -6 8 ° C . A co m p ariso n  o f th e  n u c le a r  

m a g n e tic  re s o n a n c e  sp ec tru m  (F igure 5 ), m e ltin g  p o in t, and  a g as  ch ro ­

m atogram  w ith  an  a u th e n t ic  sam p le  o f exo  tra n s  exo  p roved  th is  frac tio n

•V

JM I I

ivvhV > ‘4

' • > • I I I •

6 (ppm)

F ig . 5 . H1 m ag n e tic  re s o n a n c e  s p e c tra  (60 M e.) o f n o rb o rn ad ien e  d im ers: 
to p , exo tra n s  e x o ; c e n te r ,  exo tra n s  e n d o ; b o tto m , endo tra n s  e n d o . (38)



30

w as th e  exo  tra n s  exo  d im er (V). The th ird  fra c tio n  w as an  o i l .  The 

n u c le a r  m ag en tic  re s o n a n c e  sp ec tru m  o f th is  sam ple  (F igure  5) com pared  

w ith  th e  n u c le a r  m ag n e tic  re so n a n c e  sp ec tru m  of a know n sam p le  o f 

h y d ro ca rb o n  d im er exo  tra n s  endo sh o w ed  th is  frac tio n  w as th e  exo tra n s  

endo  d im er (VI). The fourth  fra c tio n  w as a ls o  c o lle c te d  a s  an  o i l .  A com ­

p a r iso n  o f th e  n u c le a r  m ag n e tic  re s o n a n c e  sp ec tru m  (F igure  5) and th e  

g a s  chrom atogram  show ed  th is  f ra c tio n  w as th e  endo  tra n s  endo d im er 

(VII) w ith  a ve ry  sm all am ount o f exo  tra n s  endo d im er. The fif th  frac tio n  

w as found to  c o n ta in  th re e  c o m p o n e n ts . R echrom atography  of th is  f r a c ­

tio n  on th e  A utoprep u n d er th e  sam e c o n d itio n s  a s  b e fo re  p e rm itted  the  

s e p a ra t io n  o f th e  th re e  co m p o n en ts . The f i r s t  and  m ajor com ponen t o f  th e  

fif th  fra c tio n  w as c o l le c te d  a s  a w h ite  s o l id .  The n u c le a r  m ag n e tic  

re s o n a n c e  sp ec tru m  (F igure  6) w as com pared  to  th e  n u c le a r  m ag n etic  

re s o n a n c e  sp ec tru m  o f th e  cag e  com pound (IX) p ro p o sed  by Katz and 

A cton (44) and  found to  be id e n t ic a l .  A lthough th e  n u c le a r  m ag n e tic  r e s ­

o n a n ce  s p e c tra  a re  id e n t ic a l ,  i t  i s  n e c e s s a r y  to  p o in t o u t th a t  the  o th e r 

c ag e  com pound (X) w ould  a ls o  have  o n ly  tw o p e ak s  in  a r a t io  o f 3:1 in

6 (ppm)

F ig . 6. m ag n e tic  re s o n a n c e  sp ec tru m  (100 M e.) o f n o rb o rn ad ien e  
c a g e  d im er.
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th e  sam e re g io n  o f th e  n u c le a r  m a g n e tic  re so n a n c e  sp ec tru m  (40, 41). 

S in ce  th is  i s  s o ,  i t  m ay n o t be p o s s ib le  to  d is t in g u is h  b e tw een  th e  tw o 

c a g e  com pounds by  th e  n u c le a r  m ag n e tic  re so n a n c e  sp ec tru m , a lo n e .

Thus th e  a s s ig n m e n t o f  th e  cag e  com pound in  com ponen t one o f f ra c tio n  

fiv e  to  s tru c tu re  IX is  o n ly  te n ta t iv e .

The s e c o n d  com ponen t o f th e  fif th  fra c tio n  w as a po lym er (50).

T his com pound , i s o la te d  in  la rg e  y ie ld  in  a  la te r  re a c t io n  d e sc r ib e d  in  

th e  e x p e r im en ta l s e c t io n ,  w as show n to  be s ta b le  to  g re a te r  th a n  30 0 °C . 

I t  w as a s s ig n e d  to  be a c a rb o n y l-c o n ta in in g  po lym er b e c a u s e  th e  in fra red  

sp ec tru m  c o n ta in e d  a 1715 cm  ̂ p eak  n o t o b se rv e d  in  th e  hyd rocarbon  

d im er. The m a ss  sp ec tru m  show ed  p e a k s  to  a m o le c u la r  w e ig h t o f ov er 

1000 . The th ird  com ponen t o f  th e  fif th  f ra c tio n  w as su c h  a  m inor p ro d u c t 

i t  w as  n o t in v e s t ig a te d  fu r th e r . ~~-

In te g ra tio n  o f th e  p e a k s  o f  th e  g a s  chrom atogram s "led to  the  p ro ­

d u c t p e rc e n ta g e s  l i s t e d  in  T ab le  V. I t  is  a s su m e d  fo r th e s e  c a lc u la t io n s  

th a t  th e  th re e  d im ers and  th e  s in g le  c a g e  com pound re p re s e n te d  th e  to ta l  

re a c t io n  p ro d u c t. T his a ssu m p tio n  w as n e c e s s a ry  s in c e  i t  w as  e v id e n t 

from th e  co m p ariso n  o f th e  g a s  chrom atogram  o f th e  to ta l  re a c tio n  p ro ­

d u c ts  and  o f th e  f i l te re d  sam p le  th a t  m o st o f  the  c a rb o n y l-c o n ta in in g  

po ly m er w as rem oved  from th e  sam p le  du rin g  th e  f i l t r a t io n  th rough  a c t i ­

v a te d  a lu m in a . The f i l t ra t io n  w h ich  w as  u s e d  to  rem ove th e  s o lid  p a r­

t i c l e s  and  th e  ca rb o n y l com pounds w a s  a cc o m p lish e d  by f il te r in g  the  

to ta l  re a c t io n  sam p le  th ro u g h  a B uchner fu n n e l filled , w ith  a c t iv a te d



P roduct R atios o f N o rb o rn ad ien e  D im ers

32 .

T a b le  V

Exo tra n s Exo tra n s Endo tra n s
exo endo endo

Cr(CO)G 36 21 29

-sX - I -  Cr(Co)4 52 20 23

C age

14

5

Cr(CO) g 36 24 33 7

Cr(CO)S 22 22 7

Cr(CO), 39 26 26 9

a lu m in a . The h y d ro ca rb o n  d im ers w ere  e lu te d  o ff th e  a lu m in a  w ith  

■ h ex an e ; som e po lym er w as a ls o  e lu te d  by  th e  h e x a n e .
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T h ese  p e rc e n ta g e s  a re  b a se d  on one s e r ie s  o f  re a c t io n s  w hich  w ere 

run an d  t r e a te d  a s  id e n t ic a l ly  a s  p o s s ib le .  The re la t iv e  v a lu e s  b a se d  on ■ 

th e  in te g ra tio n  a re  c o n s is te n t  w ith  th e  re la t iv e  v a lu e s  b a s e d  on the  p eak  

h e ig h t o f th e  g a s  chrom atogram  ta k e n  o f th e  to ta l  re a c tio n  p ro d u c t.

The v a r ia tio n s  in  p e rc e n ta g e s  a re  la rg e r  th an  e x p e c te d  from s u b s e ­

q u en t ex p e rim en ta l r e s u l ts  d is c u s s e d  la te r  in  th is  t h e s i s .  Some of the  

v a r ia t io n s  m ay be due  to  th e  ch ro m ato g rap h ic  s e p a ra t io n . In th e  c a s e  o f 

n o rb o rn ad ien e  chrom ium  te tra c a rb o n y l , w ith  tw o id e n t ic a l  sam p les  th e re  

is  a maximum v a r ia t io n  in  th e  p e rc e n ta g e  v a lu e s  o f fiv e  p e rc e n t in  the  

v a lu e  for exo tra n s  e x o .

A nother e rro r is  p o s s ib le .  S ince  th e  cag e  com pound is  form ed in  

s u c h  sm a ll a m o u n ts , i t s  p e ak  on th e  g a s  chrom atogram  is  o n ly  s l ig h tly  

ab o v e  th e  b a s e  lin e  and  th e re fo re  th e  s ta r t in g  and  f in a l p o in ts  o f th e  in ­

te g ra tio n  m u st be e s t im a te d . In a d d it io n , a c o rre c tio n  fo r th e  am ount o f 

ca rb o n y l po lym er m u st be e s t im a te d .

The f i r s t  o b s e rv a tio n  b a se d  on th e s e  ex p e rim en ta l r e s u l ts  is  th a t  

th e  ca rb o n y l group m ay h av e  to  be p re s e n t  s in c e  d icum ene  chrom ium  d o es  

n o t a c t  a s  a p h o to c h em ica l to  g iv e  an y  d im er h y d rocarbon  p ro d u c ts .

In a l l  c a s e s  (e x c e p t d icum ene chrom ium ) id e n tic a l  p ro d u c ts  are  

form ed an d  s im ila r  p e rc e n ta g e s  a re  o b ta in e d . The fa c t  th a t  th e  p ro d u c ts  

a re  id e n t ic a l  is  in te rp re te d  to  m ean th a t  a l l  th e  hyd ro carb o n  d im ers a re  

com ing from an  in te rm e d ia te  w h ich  c o n ta in s  the  sam e num ber o f carb o n y l 

g ro u p s . I t  h a s  b e e n  show n (45, 51) th a t  th e  hyd rocarbon  d im er p ro d u c ts  o f 

n o rb o rn ad ien e  v a ry  w ith  th e  num ber o f re p la c e a b le  ca rb o n y l g ro u p s .
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A nother c o n c lu s io n  draw n from T ab le  V is  th a t  th e  s te r ic  fa c to rs  o f 

th e  o rg a n ic  lig a n d s  b e n z e n e , to lu e n e -a n d  m e s ity le n e  do no t a ffe c t th e  

num ber o f f in a l p ro d u c ts  o r a f fe c t  g re a tly  th e  p ro d u c t p e r c e n ta g e s . In 

a d d itio n , com paring  chrom ium  h ex ac a rb o n y l w ith  b e n z e n e  or m e s ity le n e  

chrom ium  tr ic a rb o n y l in d ic a te s  th a t  th e  s te r ic  e f fe c ts  o f  th e  o rg an ic  

lig a n d  com pared  to  a ca rb o n y l d o es  n o t a f fe c t  th e  f in a l p ro d u c ts  or a f fe c t  

g re a tly  th e  p ro d u c t p e r c e n ta g e s . S ince  th e  s te r ic  d if fe re n c e  b e tw een  

c a rb o n y l, b e n z e n e , to lu e n e  and  m e s ity le n e  are  l a r g e , one  m igh t e x p e c t 

th e re  to  be a la rg e  v a r ia tio n  in  th e  n a tu re  o f th e  p ro d u c ts  i f  the  o rg an ic  

lig a n d  w as p re s e n t  w hen th e  a c tu a l  d im e riz a tio n  o c cu rred  on th e  m e ta l, 

a s  i s  b e lie v e d  to  o c c u r . S ince  th e re  is  no v a r ia tio n  in  th e  ty p e  o f pro­

d u c ts ,  th e  in d ic a tio n  is  th a t  b e n z e n e , to lu e n e  and  m e s ity le n e  are  lo s t  

p rio r  to  th e  a c tu a l fo rm ation  o f a ll  th e  hyd ro carb o n  d im e rs . I t w ill be 

p ro p o se d  th a t  th e  cag e  d im er is  n o t form ed from th e  d im e riz a tio n  of 

n o rb o rn ad ien e  a tta c h e d  d ire c t ly  to  th e  ch rom ium , b u t ra th e r  th a t  an 

in te rm e d ia te  s im ila r  to  d im er XI is  form ed w h ich  th e n  re a c ts  to  form th e  

c a g e  com pound . This sam e d im er is  p ro p o se d  by Katz and  A cton (44) to  

g iv e  th e  c ag e  com pound by  th e  re a c t io n  w ith  h y d ro io d ic  a c id .

I s o la t io n  o f In te rm e d ia te s  U sing  Chrom ium  H ex acarb o n y l

A 0.0143 M chrom ium  h ex ac a rb o n y l so lu tio n  in  n o rb o rn ad ien e  w as 

p u t in to  th e  pho to  re a c to r  and  p u rif ied  n itro g en  w as b u b b led  th rough  th e  

s o lu tio n  for 12 h o u r s . An in fra red  sp ec tru m  o f the  so lu tio n  w as ta k e n  and  

th e  ir r a d ia t io n , u s in g  a p y rex  f i l te r ,  w as s ta r te d .  In fra red  sp e c tra  w ere 

ta k e n  a t  h a lf -h o u r  in te rv a ls  for s e v e n  h o u r s . After a to ta l  ir ra d ia tio n
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tim e o f te n  hours a n o th e r  in fra red  sp ec tru m  w as ta k en  an d  com pared  to  

th e  one ta k e n  a t  s e v e n  h o u r s . The co m p ariso n  show ed  no fu rth er ch an g e  

had  o c cu rred  so  th e  ir r a d ia tio n  w as s to p p e d .

In fra red  s p e c tra  and  g a s  ch rom atogram s ta k e n  du rin g  th e  co u rse  o f 

th e  re a c t io n s  in d ic a te d  th a t  th e  chrom ium  h ex aca rb o n y l w as changed  

ra p id ly  to  a se c o n d  m e ta l c a rb o n y l. S e c o n d ly , the  h y d ro carb o n  dim er 

p ro d u c ts  d id  no t a p p e a r  in  th e  g a s  ch rom atogram s .until a f te r  th e  a p p e a r­

a n c e  o f th e  sec o n d  m e ta l carb o n y l and  s to p p ed  in c re a s in g  in  am ount w hen 

th e  s e c o n d  m e ta l c a rb o n y l p eak  w as no lo n g e r  p re s e n t  in  th e  in fra red  

s p e c tra  (F igure 2 7 ). The in fra red  s p e c tra  and  g a s  ch rom atogram s in d i­

c a te d  fu r th e r th a t  th e  s e c o n d  m e ta l ca rb o n y l w as id e n t ic a l  to  

n o rb o rn ad ien e  chrom ium  te tr a c a rb o n y l .

A nother s o lu t io n , s im ila r  in  c o m p o s itio n , w as p re p a red  and 

ir r a d ia te d  a s  d e sc r ib e d  a b o v e . A fter tw o hours o f i r r a d ia t io n , the  

ca rb o n y l band  o f chrom ium  h ex aca rb o n y l had  d is a p p e a re d  c o m p le te ly  from 

th e  in fra red  sp e c tru m , and  th e  in fra red  b an d s  o f th e  s e c o n d  m eta l c a r ­

bony l w ere  s t i l l  e v id e n t (F igu res 7, 8 ). The ir ra d ia tio n  w a s  co n tin u ed  and  

th e  in fra red  sp ec tru m  sh o w ed  th a t  a l l  th e  m e ta l c a rb o n y l w as a b s e n t  a f te r  

s ix  hours (F igure 9 ).

1 A nother s o lu tio n  w as ir ra d ia te d  fo r tw o h o u rs . The ir ra d ia tio n  w as 

s to p p ed  and  th e  re a c tio n  m ix ture  w as a llo w ed  to  s ta n d  u n d e r n itro g en  fo r 

19 hours w ith  in fra red  s p e c tra  ta k e n  a t  2 -h o u r  in te r v a ls .  A p eak  a t  

1988 cm "*■ in  th e  in fra red  sp ec tru m  a p p e a re d  (chrom ium  h e x a c a rb o n y l,

1988 cm *) a f te r  ir r a d ia tio n  w as s to p p ed  fo r s ix  hours and  grew  to  a
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maximum h e ig h t o f o n e - h a lf  i t s  o r ig in a l in te n s i ty  and  th e  in fra red  p e a k s  

due  to  th e  se c o n d  m e ta l c a rb o n y l rem a in ed  u n ch an g ed  (F igure 10).

The re a p p e a ra n c e  o f th e  chrom ium  h ex aca rb o n y l in fra re d  band m ay 

be due to  th e  re fo rm atio n  o f chrom ium  h e x ac a rb o n y l from chrom ium  

p e n ta c a rb o n y l and  from n o rb o rn ad ien e  chrom ium  p e n ta c a rb o n y l w hich  

co u ld  lo s e  th e  n o rb o rn ad ien e  to  form chrom ium  p e n ta c a rb o n y l. I t h as  

b e en  re p o rte d  (60) th a t  chrom ium  h e x ac a rb o n y l w hen ir r a d ia te d  w ith  u l t r a ­

v io le t  l ig h t form s chrom ium  p e n ta c a rb o n y l w h ich  is  a ls o  p ro p o sed  to  be 

an  in te rm e d ia te  in  th e  fo rm ation  o f chrom ium  h e x ac a rb o n y l d e r iv a tiv e s  

form ed th ro u g h  th e  re p la c e m e n t o f one  o r m ore carb o n y l g ro u p s by l ig a n d s  

s u c h  a s  n i tr id e s  and  o le f in s .  In th e  sam e p a p e r  (60) i t  w as  a ls o  rep o rted  

th a t  w hen  th e  ir r a d ia tio n  w as s to p p ed  th e  chrom ium  p e n ta c a rb o n y l r e ­

v e r te d  s u b s ta n t ia l ly  b ack  to  chrom ium  h e x a c a rb o n y l. In te rfe rin g  p e ak s  

from th e  n o rb o rn ad ien e  and  sec o n d  m e ta l carb o n y l d id  n o t a llo w  the  

chrom ium  p e n ta c a rb o n y l p e a k  to  be id e n t i f ie d .

To ch eck  th e  s ta b i l i ty  o f th e  s e c o n d  in te rm e d ia te  m e ta l carb o n y l 

fu r th e r , a so lu tio n  o f chrom ium  h e x ac a rb o n y l and  n o rb o rn ad ien e  w as 

h e a te d  to  70°C  for five  h ou rs w ith o u t an y  c h an g e s  o b se rv e d  in  th e  in f ra ­

red  sp ec tru m  o f e i th e r  chrom ium  h e x a c a rb o n y l or th e  s e c o n d  m eta l c a r ­

b o n y l. T his so lu tio n  w as co o led  to  room tem p era tu re  an d  th e  so lu tio n  

ir r a d ia te d  for an  a d d itio n a l 30 m in u te s . The p eak  a t  1988 cm in  th e  

in fra re d  sp ec tru m  a g a in  d is a p p e a re d . The re a c tio n  m ix tu re  w as rem oved 

from th e  re a c t io n  v e s s e l  and  th e  s o lv e n t  q u ic k ly  e v a p o ra te d  in  a ro to  

e v a p o ra to r  to  a volum e o f 5 m l. T his c o n c e n tra te d  so lu tio n  w as
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ch ro m ato g rap h ed  on an  a c t iv a te d  s i l i c a  g e l co lum n. H ex an e  w as ad d ed  to  

rem ove an y  h y d ro carb o n  d im ers and  u n til  a b rig h t y e llo w  band  s ta r te d  to  

be e lu te d  from th e  co lum n . The h ex an e  fra c tio n  w as e v ap o ra te d  and 

show n by in fra red  sp ec tru m  no t to  c o n ta in  an y  m eta l c a rb o n y ls . B enzene 

w as ad d ed  to  th e  colum n and  th e  b rig h t y e llo w  band  c o l le c te d .  The 

b e n z e n e  w as rem oved and  th e  rem ain in g  y e llo w  s o lid  su b lim e d . In frared  

an d  n u c le a r  m a g n e tic  re s o n a n c e  s p e c tra  w ere ta k e n  o f th is  y e llo w  m e ta l 

ca rb o n y l (m .p . 9 2 -9 3 °C ) and  com pared  to  th e  in fra red  and  n u c le a r  m ag­

n e t ic  re s o n a n c e  s p e c tra  o f an  a u th e n tic  sam ple  o f no rbo rnad iene . 

chrom ium  te tra c a rb o n y l.  The sp e c tra  w ere  id e n tic a l  and  th e  m eltin g  p o in t 

o f  th e  y e llo w  so lid  w as id e n t ic a l  to  th a t  re p o rte d  for n o rb o rn ad ien e  

chrom ium  te tra c a rb o n y l.

In c o n c lu s io n , th is  ex p erim en t sh o w ed  th a t  chrom ium  h e x aca rb o n y l 

c h an g ed  ra p id ly  to  a s e c o n d  m eta l c a rb o n y l, w hich  w as i s o la te d  and 

show n to  be n o rb o rn ad ien e  chrom ium  te tra c a rb o n y l. I t w as  in d ic a te d  by
- I

th e  re a p p e a ra n c e  of th e  chrom ium  h ex ac a rb o n y l in fra red  b an d  a t  19 88 cm 

th a t  an  in te rm e d ia te  m e ta l c a rb o n y l, chrom ium  p e n ta c a rb o n y l, w as 

form ed during  th e  re a c t io n  s e q u e n c e  o f chrom ium  h e x ac a rb o n y l going to  

n o rb o rn ad ien e  chrom ium  te tra c a rb o n y l.  I t  w as a lso  found th a t  th e  hyd ro ­

ca rb o n  d im ers w ere n o t found  u n til n o rb o rn ad ien e  chrom ium  te tra c a rb o n y l 

w as p re s e n t  and  th e  d im er s to p p ed  b e in g  form ed w hen n o rb o rn ad ien e  

chrom ium  te tra c a rb o n y l w as a b s e n t .

B ecau se  n o rb o rn ad ien e  chrom ium  te tra c a rb o n y l , w hen u se d  a s  th e  

r e a c ta n t  te m p la te , g iv e s  th e  sam e p ro d u c ts  a s  the  o th e r  re a c ta n t
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te m p la te s  u s e d ,  and  b e c a u s e  fo rm ation  o f d im ers in  th e  chrom ium  h e x a -  

• ca rb o n y l a p p e a rs  to  d ep en d  upon th e  p re s e n c e  o f n o rb o rn ad ien e  chrom ium  

te tra c a rb o n y l i t  w as d e c id e d  to  c h ec k  i f  n o rb o rn ad ien e  chrom ium  te t r a -  

c a rb o n y l w as th e  common in te rm e d ia te  o f a l l  the  re a c t io n s  in d ic a te d  by 

th e  p ro d u c ts  and  p e rc e n ta g e  p ro d u c ts  e x p e r im e n ts .

I s o la t io n  o f In te rm e d ia te s  fo r B e n z e n e , T o luene or M e s ity le n e  

Chrom ium  T ricarbony l

S o lu tio n s  o f b e n z e n e , to lu e n e  an d  m e s ity le n e  chrom ium  tr ic a rb o n y l 

in  n o rb o rn a d ie n e , 0 .0143 M , w ere p re p a red  and  p u t in to  th e  photo  

re a c to r .  N itro g en  w as b u b b led  th rough  th e  so lu tio n s  for 12 h o u rs . An 

in fra red  sp ec tru m  w as th e n  ta k e n  ju s t  be fo re  th e  i r r a d ia t io n , w ith  a p y rex  

f i l te r ,  w as s ta r te d  and  a t  h a lf -h o u r  in te rv a ls  for th re e  h o u r s . A fin a l 

in fra red  sp ec tru m  w as ta k e n  a f te r  fiv e  and  o n e -h a lf  hours o f to ta l  i r r a d i­

a tio n  tim e . The in i t ia l  y e llo w  s o lu tio n  tu rn ed  red  im m ed ia te ly  a f te r  th e  

ir ra d ia tio n  w as s ta r te d .

From a co m p ariso n  o f th e  in fra red  s p e c tra  in  th e  m e ta l carb o n y l 

reg io n  for th e  b e n z e n e , to lu e n e  and  m e s ity le n e  chrom ium  tr ica rb o n y l 

re a c t io n s  i t  w as  c o n c lu d e d  th a t  th e re  w ere  th re e  d if fe re n t m e ta l ca rb o n y ls  

p re s e n t  during  th e  c o u rse  o f th e .r e a c t io n s  (F igure 2 8 ) , an d  a ls o  th a t  th e  

th re e  re a c t io n s  w ere  underg o in g  s im ila r  c h a n g e s . The f i r s t  m e ta l c a rb o n y l 

w as th e  s ta r t in g  m a te r ia l , th e  sec o n d  m e ta l carb o n y l w as a red  com plex  

and  w as found in  sm a ll am ounts im m ed ia te ly  a f te r  th e  ir ra d ia tio n  w as 

s ta r te d .  The th ird  com plex  w as no t s e e n  in  th e  in fra red  sp ec tru m  u n til 

th e  so lu tio n  had b e en  ir ra d ia te d  for a p p ro x im a te ly  30 m in u te s .
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The m e s ity le n e  chrom ium  tr ic a rb o n y l re a c tio n  w as re p e a te d  to  d e ­

te rm in e  w h a t m eta l c a rb o n y ls  form ed a f te r  th e  ir ra d ia tio n  w as s ta r te d .

The s o lu tio n  w as ir r a d ia te d  for 30 m in u te s , a t  w hich  tim e th e  p e a k  in  th e  

in fra red  sp ec tru m  due to  m e s ity le n e  chrom ium  tr ic a rb o n y l had  v a n ish e d  

b u t th e  se c o n d  m e ta l ca rb o n y l co m p lex , th e  red  co m p lex , in fra red  b an d s 

w ere  p re s e n t  (F igu res 11, 12). The ir ra d ia tio n  w as co n tin u e d  and the  

p e a k s  o f  a th ird  m eta l carb o n y l a p p ea re d  (F igure 13). The ir ra d ia tio n  w as 

c o n tin u e d  and  a f te r  a to ta l  o f th ree  and  o n e -h a lf  hours o f ir ra d ia tio n  th e  

m e ta l ca rb o n y l b an d s  w ere  a b se n t (F igure 14).

Another- s im ila r  s o lu tio n  w as ir ra d ia te d , a s  b efo re  for 30 m in u te s . 

The ir ra d ia tio n  w as s to p p ed  and h a lf  th e  so lu tio n  w as a llo w ed  to  s ta n d  in  

th e  dark  fo r 24 h o u r s . An in fra red  sp ec tru m  w as ta k e n  a f te r  s ix  hours and  

th e  sp ec tru m  show ed  th a t  th e  p e a k s  due  to  m e s ity le n e  chrom ium  t r i c a r ­

bony l had  re a p p e a re d  an d  th e  in fra red  b an d s  due to  th e  red  com plex  had 

d e c re a s e d  in  in te n s i ty  (F igure 15). An in fra red  sp ec tru m  w as a ls o  ta k e n  

a f te r  24 h o u r s , and  co m p ariso n  w ith  th e  one ta k en  a t  s ix  hours (F igure 15) 

show ed  no fu rth e r ch an g e  had  o c c u r re d . The seco n d  h a lf  o f th e  re a c tio n  

m ix tu re  w as rem oved from th e  re a c tio n  v e s s e l  and ta k e n  ra p id ly  to  d ry ­

n e s s  in  a ro to  e v a p o ra to r . The w a te r  b a th  for th e  ro to  e v ap o ra to r w as - 

k e p t a t  room te m p e ra tu re . The re s id u e  a f te r  th e  so lv e n t w as rem oved w as 

a  r e d -y e llo w  s o l id .  The re d -y e llo w  s o lid  w as p u t in to  a su b lim a to r im ­

m e d ia te ly  and  h e a te d  to  3 5 °C . A y e llo w  so lid  w as c o l le c te d  on the  

su b lim a to r co ld  f in g e r and  th e  red s o lid  m a te r ia l rem a in ed  b e h in d . The 

re d  s o lid  w as h e a te d  to  70°C  in  th e  su b lim a to r bu t i t  rem a in ed  in  the
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bottom  u n c h a n g e d . An in fra re d  sp e c tru m , a m ass  sp ec tru m  (F igure 16) 

and  a n u c le a r  m ag n e tic  re s o n a n c e  sp ec tru m  w ere ta k e n  o f  th e  su b lim ed  

y e llo w  so lid  m a te r ia l an d  a l l  w ere  id e n t ic a l  to  th e  co rre sp o n d in g  s p e c tra  

o f  an  a u th e n t ic  sam p le  o f  n o rb o rn ad ien e  chrom ium  te tra c a rb o n y l.  The 

in fra re d  sp ec tru m  a ls o  w as id e n t ic a l  to  th e  in fra red  sp ec tru m  of th e  th ird  

m e ta l com plex  found in  th e  re a c t io n  m ix tu re .

The red  com plex  (the  re s id u e  from th e  sub lim ato r) w as v e ry  un ­

s ta b le  an d  d eco m p o sed  in  th e  a i r  an d  in  so lv e n ts  (su c h  a s  h e x a n e , 

p e tro leu m  e th e r ,  c a rb o n  te t r a c h lo r id e , ch lo ro fo rm ,

N , N -d im e th y lfo rm a m id e , d im e th y l s u lfo x id e , b e n z e n e , e th a n o l and 

m ethano l) ev en  w hen th e  a ir  w as re p la c e d  by  d e o x y g en a te d  n itro g e n . An 

in fra re d  sp ec tru m  o f th e  red  so lid  w a s  ta k e n  u s in g  p o ta s s iu m  brom ide 

(F igure 17) and  th is  sh o w ed  th e  red  m a te r ia l w as a m e ta l c a rb o n y l com ­

p le x  and  id e n t ic a l  to  th e  se c o n d  m e ta l c a rb o n y l c o m p lex , th e  red  com ­

p le x ,  in  th e  re a c t io n  o f m e s ity le n e  chrom ium  trica rb o n y l.. B ecau se  o f i t s  

in s ta b i l i ty  in  s o lv e n ts ,  a n u c le a r  m a g n e tic  re so n a n c e  sp ec tru m  w as n o t 

p o s s ib le  so  a m a ss  sp ec tru m  w as ta k e n  (F igure 18). The m ass  spec trum  

had  a p a re n t p e ak  o f 348 a to m ic  m a ss  u n i t s ,  w h ich  is  c o r re c t for a com ­

p le x  c o n ta in in g  m e s i ty le n e ,  n o rb o rn ad ien e  and  th re e  c a r b o n y ls .

The n e x t m ajo r p e ak  b e lo w  3 48 is  2 5 6 , w h ich  can  be a s s ig n e d  to  

e i th e r  n o rb o rn ad ien e  chrom ium  te tra c a rb o n y l o r m e s ity le n e  chrom ium  

t r ic a rb o n y l . The m a ss  sp ec tru m  o f th e  red  com plex  d o e s  n o t.h a v e  a s ig ­

n if ic a n t  p e ak  a t  2 2 8 , in  c o n tra s t  to  th e  m ass  sp ec tru m  o f n o rb o rn ad ien e  

chrom ium  te tra c a rb o n y l.  The m ass  sp ec tru m  o f th e  red  com plex  h a s  la rg e



F ig . 16. M ass  sp ec tru m  of n o rb o rn ad ien e  chrom ium  te t r a ca rb o n y l.
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p e a k s  a t  105 , 119, 171 , 172 (T able VI) w hich  a re  no t p re s e n t  a s  la rg e  

p e a k s  in  th e  m ass  sp ec tru m  o f n o rb o rn a d ie n e . Thus th e  2 56 p eak  is  

a s s ig n e d  to  m e s ity le n e  chrom ium  tr ic a rb o n y l . A f in a l p o in t ab o u t the  

m a ss  sp ec tru m  o f th e  red  com plex  i s  d e m o n stra ted  in  th e  p e a k s  w hich  

c o n ta in  a m e s ity le n e  g ro u p . From th e  p e ak  h e ig h t i t  is  e v id e n t .th a t  th e

T ab le  VI

P eak  A ss ig n m en ts  fo r the  M a ss  Spectrum  of th e  Red C om plex
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la rg e r  p e a k s  c o n ta in  a m e s ity le n e  w hich  h a s  lo s t  one hydrogen  and 

form ed p o s s ib ly  a  d im eth y l tropy lium  io n . This w ould  co rre sp o n d  to  th e  

b e n zy l ion  lo s in g  a hydrogen  to  form th e  tropylium  io n , w h ich  i t  d o es  b e ­

c a u s e  o f in c re a s e d  re s o n a n c e  s ta b i l i ty  o f  th e  topy lium  io n  a s  com pared 

to  th e  b e n z y l io n . To c h ec k  th e  th e rm a l s ta b i l i ty  o f th e  red  com plex  a 

re a c t io n  w as run and  th e  red  com plex  i s o la te d ,  k e ep in g  th e  tem p era tu re  

b e lo w  3 5 °C . M a ss  s p e c tra  w ere th e n  ta k e n  o f th e  sam p le  a t  20o C , 250 C , 

5 0 ° C , 7 0 °C , 9 0 ° C , 115°C , and  th e  red  com plex  show ed  no th e rm a l d e ­

c o m p o s itio n .

Both b e n z e n e  and  to lu e n e  chrom ium  tr ic a rb o n y l a ls o  form ed a red  

co m plex  and  had  in fra red  s p e c tra  c h an g e s  s im ila r  to  th e  m e s ity le n e  

chrom ium  tr ic a rb o n y l re a c t io n  (F igu res 19-2 6).

The in fra red  s p e c tra  o f th e  b e n z e n e , to lu e n e  and  m e s ity le n e  

chrom ium  tr ic a rb o n y l re a c t io n s  d e m o n s tra te s  th e  p re s e n c e  o f n o rb o rn a - 

d ie n e  chrom ium  te t r a ca rb o n y l in  a l l  c a s e s .  In a d d itio n , th e  fa c t  th a t  th e  

m e s ity le n e  chrom ium  tr ic a rb o n y l in fra red  b an d s  a re  c o m p le te ly  gone in  

30 m in u tes  b u t re a p p e a r  upon s ta n d in g  in  th e  dark  in d ic a te s  th e re  m ust be 

a n  in te rm e d ia te  found on th e  p a th  o f th e  re a c tio n  o f th e  m esity len e  

chrom ium  tr ic a rb o n y l go ing  to  n o rb o rn ad ien e  chrom ium  te tra c a rb o n y l.

T his i s  so  s in c e  n o rb o rn ad ien e  chrom ium  te tra c a rb o n y l w ill  n o t re v e rt 

b ack  to  m e s ity le n e  chrom ium  tr ic a rb o n y l in  th e  p re s e n c e  o f the  

m e s i ty le n e , a s  i s  in d ic a te d  by. th e  c o n s ta n t  in te n s i ty  o f th e  in fra red  band 

due to  n o rb o rn ad ien e  chrom ium  te tra c a rb o n y l w hen m e s ity le n e  is  p re s e n t .  

The in te rm e d ia te  th a t  re v e r ts  b ack  to  th e  s ta r t in g  m a te r ia l i s  p ro p o sed  to
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be th e  red  co m p lex . The in te rm e d ia te  c o n ta in s  e i th e r  b e n z e n e ,  to lu e n e  

o r  m e s i ty le n e  and  n o rb o rn ad ien e  chromium t r i c a rb o n y l .

O th e r  I n v e s t ig a t io n s

In the  c a s e  o f  th e  chromium re a c t io n  w ith  n o rb o rn ad ie n e ,  the  l a s t  

t r a c e s  o f  n o rb o rn ad ien e  chromium te t r a c a rb o n y l  a re  no t gone from the  

in fra red  spec trum  u n ti l  a to ta l  r e a c t io n  tim e o f s ix  h o u r s , In the  c a s e  o f  

b e n z e n e ,  to lu e n e  o r  m e s i ty le n e ,  th e  l a s t  in d ic a t io n s  o f  n o rb o rn ad ien e  

chromium te t r a c a rb o n y l  a re  gone in  th re e  and  o n e - h a l f  h o u r s . Taken by 

i t s e l f  th is  w ould  in d ic a te  th a t  chromium h ex ac a rb o n y l  r e a c t s  s lo w er  th an  

b e n z e n e ,  to lu e n e  or m e s i ty le n e  chromium t r i carbonyl.. H o w ev er ,  e a c h  

chromium h e x a c a rb o n y l  c an  form one  n o rb o rn ad ien e  chromium t e t r a c a r ­

b o n y l ,  bu t th i s  o n e - to - o n e  ra t io  i s  no t p o s s ib l e  for th e  b e n z e n e ,  to lu e n e  

an d  m e s i ty le n e  chromium tr ic a rb o n y l  s in c e  th e y  m ust g a in  a carbony l 

w h ich  m u s t  com e from th e  d e co m p o s i t io n  o f  th e  s ta r t in g  m a te r ia l .  Thus 

th e re  i s  l e s s  chromium te t ra c a rb o n y l  formed in  the  a re n e  chromium 

tr ic a rb o n y ls  i f  e q u a l  m olar so lu t io n s  a re  u s e d  in  e a c h  c a s e  a s  th ey  w ere  

in  t h e s e  e x p e r im e n ts .  To c h ec k  th e  t im e s  o f  the  r e a c t io n s  more c a re fu l ly  

a  tim e s tu d y  w as  c a r r ie d  o u t .

For th e  tim e s tu d y  th e  p ro ced u re  w a s  to  m ake a 70-m l  so lu tio n  o f  

th e  m e ta l  c a rb o n y l in  n o rb o rn a d ie n e . N itro g en  w as  b u b b led  th rough th e  

s o lu t io n  fo r 12 hours  and  th e  sam ple  i r r a d ia te d  u s in g  a c o re x  f i l te r . .  A 

sam p le  w as  rem oved j u s t  before  th e  i r r a d ia t io n  w as s ta r te d  and  a t  o n e -  

hour in te rv a l s  th e re a f te r  u n t i l  no c h an g e  a p p ea re d  to  he  o ccu rr in g  by the
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g a s  ch ro m a to g rap h ic  a n a l y s i s ,  a f te r  w h ich  tim e s a m p le s  w ere  rem oved a t  

lo n g e r  i n t e r v a l s .

A p lo t  show ing  th e  tim e v e r s u s  hydrocarbon  d im er p ro d u c ts  found 

a s  d e te rm in ed  s o le ly  by  p e ak  h e ig h t  in d ic a te s  the  m e s i ty le n e  chromium 

tr ic a rb o n y l  d o e s  r e a c t  f a s t e r  th an  chromium h ex aca rb o n y l (F igures 2 7, 2 8). 

E qually  a s  im p o r tan t ,  the  d a ta  in d ic a te  an  in d u c tio n  p e r io d ,  and  thus  

s u g g e s t  th a t  the  a c tu a l  r e a c ta n t  te m p la te  for th e  d im e r iz a t io n  is  formed 

a f te r  the  sam p le  h a s  b e en  i r r a d ia te d .  The id e a .o f  an  in d u c t io n  period  is  

su p p o r te d  by th e  B ee r 's  Law and in fra red  s p e c t ra  s tu d ie s  d e sc r ib e d  

b e lo w .

In th e  B ee r 's  Law ex p er im en t th e  u l t r a v io le t  spec trum  of chromium 

h e x a c a rb o n y l  in  a 1:100 s o lu t io n  o f  n o rb o m a d ie n e  and  c y c lo h e x a n e  w as  

com pared  w ith  th e  u l t r a v io le t  spec trum  o f  a s a tu ra te d  s o lu t io n  of 

chromium h e x ac a rb o n y l  in  h e x a n e .  The o b je c t  w as to  s e e  i f  there, w ere  

an y  c h a n g e s  in  th e  a b so rp t io n  spec trum  o f chromium h e x ac a rb o n y l  th a t  

w ould  in d ic a te  th e re  w as  a bond b e tw ee n  th e  chromium h e x ac a rb o n y l  and  

th e  n o rb o m a d ie n e  p rio r  to  i r r a d ia t io n .  From com p ariso n  o f the  u l t r a v io le t  

s p e c t r a ,  i t  w as  c o n c lu d e d  th a t  n o rb o m a d ie n e  and chromium h ex aca rb o n y l 

e i th e r  d id  no t form a ground s ta t e  com plex  or formed a  com plex  in  ve ry  

lo w  c o n c e n t ra t io n .

A nother ex p e r im en t u s e d  to show  ,there w as no ground s ta t e  com ­

p le x  w as  an  in fra red  sp ec tru m  s tu d y .  In th is  s tudy  two so lu t io n s  of 

n o rb o m a d ie n e  and  chromium h ex ac a rb o n y l  w ere  com pared  to  the  in fra red  

sp ec tru m  of chromium h ex ac a rb o n y l  in  c arbon  te t r a c h lo r id e  and  an



58

Time (h o u rs)

CD
100

80

10

H*

t
0 H)

CO

9
1
DJ
f tO

CTQ

S

Fig . 27. Plot o f  p eak  h e ig h ts  of p ro d u c ts  v e r s u s  tim e and  p lo t  of in fra red  
b an d s  in te n s i ty  of the  m e ta l  c a rb o n y ls  v e r s u s  tim e: I) chromium 
h e x a c a rb o n y l , II) n o rb o rn ad ien e  chromium te t r a c a r b o n y l , III) exo  tra n s  
exo  d im er ,  IV) endo  t ra n s  endo d im er, V) exo  tra n s  endo  d im er, VI) c ag e  
d im er. >tj

CD

Fig . 28 . Plot o f  p eak  h e ig h ts  o f  p ro d u c ts  v e r s u s  tim e and  p lo t  of in frared  
b an d s  in te n s i ty  of th e  m eta l  c a rb o n y ls  v e r s u s  time: I) m e s i ty le n e  
chromium tr ic a rb o n y l ,  II) red  co m p lex , III) n o rbo rnad iene  chromium 
t e t r a c a r b o n y l , IV) exo  t ra n s  e x o , V) endo tra n s  e n d o , VI) exo  tran s  e n d o , 
VII) c ag e  d im er.
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in fra red  spec trum  o f  pure  n o rb o rn a d ie n e . The re a so n  for the  com parison  

w as  to  s e e  i f  th e re  w as  any  sh if t  o f  th e  chromium h e x ac a rb o n y l  bond due 

to  bond ing  w ith  n o rb o rn ad ie n e .  A c o m p ar iso n  show ed  no s h i f t  and i t  w as  

c o n c lu d e d  th a t  th e re  w a s  no bonding  b e tw e e n  n o rb o rn ad ien e  and 

chrom ium  h e x a c a rb o n y l  in  th e  ground s t a t e  o r  i f  th e re  w as  an y  i t  w as  in  

v e ry  lo w  c o n c e n t r a t i o n s .

F urtherm ore , to  exam ine  th e  th e rm a l re a c t io n  a s o lu t io n  o f  no rborn ­

a d ie n e  and  chromium h e x a c a rb o n y l  w as  h e a te d  to  v a r io u s  tem p e ra tu re s  

(5 7 ° C ,  8 3 ° C ,  89°C) for. 24 hours  a t  e a c h  te m p e ra tu re .  The so lu t io n s  w ere  

a n a ly z e d  by  g a s  ch rom atog raphy  a t  2 4 -h o u r  in te rv a ls  to  s e e  i f  th e re  w as  

a  the rm a l r e a c t io n  from a ground s t a t e  co m p lex . The g a s  chrom atogram  

d id  no t sh o w  any  d im ers  o v e r  th e  3 - d a y  p e r io d  and  th e  in fra red  p eak  of
- I

chromium h e x ac a rb o n y l  a t  1988 cm in d i c a t e s  a l l  th e  s ta r t in g  m a te r ia l  

w as  re c o v e re d .

A nother p o in t  d e m o n s tra ted  by  th e  tim e  s tu d y  w as  th e  n e c e s s i t y  of 

th e  p r e s e n c e  o f  a m e ta l  c a rb o n y l .  This i s  show n by th e  cu rve  becom ing  a 

h o r iz o n ta l  l i n e ,  in d ic a t in g  no in c r e a s e  in  d im er p ro d u c ts  a t  a time c o r ­

re sp o n d in g  to  th e  d i s a p p e a ra n c e  o f  th e  m e ta l  carbony l bonds  in  th e  in f r a ­

red  sp ec tru m  (F igures  2 7, 2 8).

To s u b s ta n t i a t e  the  id e a  o f  th e  n e c e s s i t y  o f  the  p r e s e n c e  of a 

m e ta l  c a rb o n y l ,  n o rb o rn ad ien e  w as  i r r a d ia te d  w ith  >2 80 mp l ig h t  and  a l s o  

w ith  l ig h t  of <280  mp. and  no h y d rocarbon  d im er p ro d u c ts  w ere  d e te c te d  

by  th e  g a s  c h ro m a to g ra p h .



CONCLUSION

Thus fa r  th e  in te rp re ta t io n  o f  th e  d a ta  has  in d ic a te d  th e  p re s e n c e  

o f  a common in te rm e d ia te  w h ich  is  formed a f te r  th e  s o lu t io n  h a s  b een  

i r r a d ia te d .  This common in te rm e d ia te  i s  p ro p o sed  to  be  no rb o rn ad ien e  

chromium te t r a c a rb o n y l  s in c e  th is  is. th e  on ly  m eta l  c a rb o n y l i s o la te d  

from a l l  the  r e a c t io n s  w here  p ro d u c ts  a re  form ed. In a d d i t io n ,  the  a p ­

p e a r a n c e  o f  th e  d im er c o rre sp o n d s  to th e  a p p e a ra n c e  o f  n o rbo rnad iene  

chrom ium  te t r a c a rb o n y l  an d  w hen  n o rb o rn ad ien e  chromium te tra c a rb o n y l  

i s  a b s e n t  no d im er p ro d u c ts  are  fo rm ed .

I t  i s  n e c e s s a r y  a t  th i s  p o in t  to  d ig re s s  for a  m om ent to  d i s c u s s  

how th e  n o rb o rn ad ien e  co u ld  be a t t a c h e d  to  the  chromium in  the  d im eri­

z a t io n  r e a c t io n .  There a re  s e v e ra l  p o s s i b i l i t i e s .  I t  c a n  e i th e r  be bonded  

exo  or endo w hen  i t  i s  a s in g le  bond and  m u s t  be endo w hen  bo th  bonds 

a re  bonded  to th e  sam e  m e ta l  (F igure 29).

F ig . 29 . P o s s ib le  w ay s  for chromium to  bond to  n o rb o rn a d ie n e .

E le c t ro p h i l ic  a t t a c k  on the  n o rb o rn ad ien e  is  u s u a l l y  exo (60) and  in  

th e  s i lv e r  co m p lex , C 7H g(AgNO3)2 (30) , th e  s i lv e r  h a s  b e e n  show n by 

X -ray  c r y s ta l  s t ru c tu re  to  e x i s t  on  th e  exo  s id e .  Thus i t  w ould  seem  

th a t  the  exo  s id e  is  th e  p re fe rred  s id e .

endo exo endo  endo
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If  th e  n o rb o rn ad ien e  shou ld  bond o n ly  exo to  chromium i t  i s  d if f i ­

c u l t  to  r a t io n a l iz e  how n o rb o rn ad ien e  chromium te t ra c a rb o n y l  cou ld  e x i s t  

s in c e  a l l  th e  n o rb o rn ad ien e  chromium bonds  a re  endo to  n o rb o rn ad ie n e .  

On the  o th e r  h a n d , i f  no rb o rn ad ien e  w ould  bond on ly  endo  to  chromium i t  

w ould  be d i f f ic u l t  to  r a t io n a l iz e  how  th e  exo  tra n s  endo  d im er i s  form ed, 

e s p e c i a l l y  s in c e  th e  exo  t ra n s  endo d im er i s  found in  la rg e  am ounts  in  

a l l  th e  chromium c a s e s . A nother p o s s ib i l i t y  i s  th a t  n e i th e r  of the  

n o rb o rn a d ie n e s i s  bon d ed  to  the  m e ta l  w hen  the  d im e r iz a t io n  o c c u r s ,  but 

th is  i s  t e n ta t iv e ly  e x c lu d e d  b e c a u s e  th e  p ro d u c ts  v a ry  w ith  d if fe ren t  

m e ta l s .  Thus i f  the  on ly  p u rp o se  o f  th e  m e ta l  w as  to  e x c i t e  a non-- 

a t t a c h e d  n o rb o rn a d ie n e ,  a l l  the  c a s e s  w here  n o rb o rn ad ien e  w as e x c i t e d ,  

th e  n o rb o rn ad ien e  w ould  be s im ila r  an d  one  cou ld  e x p e c t  id e n t ic a l  p ro ­

d u c ts  b u t ,  a s  a l r e a d y  s t a t e d ,  the  p ro d u c ts  do v a ry  w ith  d if fe ren t  m e ta l s .

■ A nother p o s s ib i l i t y  is  th a t  o n ly  one  n o rb o rn ad ien e  i s  bonded to  the  

m e ta l  w ith  on ly  one  d oub le  bond and  th e  d im e r iz a t io n  m ay then  o ccu r  b e ­

tw e en  th e  doub le  bond n o t  a t ta c h e d  to the  m eta l  and  a  no rb o rn ad ien e  from 

th e  s o lu t io n .  This id e a  h a s  b e en  p ro p o se d  (51) and  i s  c u rre n t ly  under I n -
i .

v e s t i g a t i o n .  In th e  c a s e  o f  chromium c a r b o n y ls ,  i t  i s  d i f f ic u l t  to s e e  

how  th is  s in g le  bonded  n o rb o rn ad ien e  m ech an ism  i s  o ccu r r in g  s in c e  i t  

w ould  be  n e c e s s a r y  to  form n o rb o rn ad ien e  chromium te t r a c a rb o n y l  ( i s o ­

la te d )  and  th e n  have  th i s  n o rb o rn ad ien e  chromium te t r a c a rb o n y l  rev e r t  

b ack  to  n o rb o rn ad ien e  chromium p e n ta c a rb o n y l  be fo re  th e  re a c t io n  w ould  • 

go to  p r o d u c t s .
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O ne rem a in ing  p o s s ib i l i t y  i s  th a t  bo th  n o rb o rn ad ien es  a re  a t ta c h e d  

to  th e  m e ta l  and  th e y  can  be a t ta c h e d  e i th e r  exo o r endo and  can  c h an g e  

from exo to  endo o r  from endo to e x o .  The v a l id i ty  of th i s  s ta te m e n t  i s  

show n by the  fo llow ing  c a s e .  A re a c t io n  o f  n e a t  n o rb o rn ad ien e  w ith  

n o rb o rn ad ien e  chromium te tra ca rb o n y l  and  th e  r e a c t io n  w ith  the  v a r io u s  

m e ta l  c a rb o n y ls  y ie ld  id e n t ic a l  p ro d u c ts  and  in  s im ila r  r a t i o s . T h u s , 

u n le s s  i t  i s  p ro p o se d  th a t  th e  n o rb o rn ad ien e  cam e off c o m p le te ly  and  tw o 

o th e r  n o rb o rn a d ie n e s r e p la c e  i t  and  w e n t  on on ly  e x o ,  a t  l e a s t  one  o f  th e  

n o rb o rn ad ie n e s  a t ta c h e d  to  the  chromium w ill  be bonded  endo s in c e  th is  

n o rb o rn ad ien e  cam e from th e  endo b o nded  no rb o rn ad ien e  chromium 

te t r a c a rb o n y l .

But th e  r e a c t io n  y ie ld e d  th e  exo  t r a n s  exo d im er in  th e  l a r g e s t  

y i e ld ,  w h ich  in d ic a te s  th a t  bo th  th e  n o rb o rn ad ien es  w ere  exo  bonded to  

th e  chrom ium . Thus we m u s t  co n c lu d e  e i th e r  the  exo  t r a n s  exo  can  be 

formed from two n o rb o rn a d ie n e s ,  one  o f  w h ich  m ust be  bonded, e n d o , or 

t h a t  th e re  is  som e type  o f  m ech an ism  th a t  a l lo w s  th e  no rbo rnad iene  

which, is  bonded  to  th e  chromium to  c h an g e  from endo to  e x o .  Another 

p o in t  favoring  the. m ech an ism  of h av in g  b o th  the  n o rb o rn ad ie n e s  bonded  

to  the  chromium is  th a t  th e  m e ta l  o rb i ta l  c an  be u se d  to  lo w er  the  sy m ­

m etry  r e s t r ic t io n s  and  th e  a c t iv a t io n  en e rg y  (46, 47, 48).

The au th o r  h a s  c h o s e n  to in te rp re t  th e  d a ta  u s in g  th e  l a s t  p o s s i ­

b i l i ty  and  th e  m e c h a n is t i c  c o n s e q u e n c e s  a re  d i s c u s s e d  b e lo w .
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In th e  c a s e  o f  chromium h e x a c a rb o n y l ,  the  form ation  o f  n o rb o rn a-  

d ie n e  chromium te t r a c a rb o n y l  i s  p ro p o se d  to be formed by the  re a c t io n  

s e q u e n c e  show n in  Figure 31.

C r ( C O ) 6  C r ( C O )6  C r ( C O )5  +  C O

F ig . 30 . Form ation o f n o rb o rn ad ien e  chromium te t ra c a rb o n y l  from 

chromium h e x a c a rb o n y l .

The p h o to c h em ica l  re a c t io n  of chromium h e x ac a rb o n y l  go ing  to chromium 

p e n ta c a rb o n y l  is  w e l l  known and th e  r e v e r s e  p ro c e s s  h a s  been  shown to 

o c c u r  when th e  i r r a d ia t io n  is  s to p p e d .  In th e  ex p e r im en t d em o n stra t in g  

t h i s , th e  o n ly  carbon  m onoxide p r e s e n t  w as  w hat w as  g iv en  up by the 

chromium h ex ac a rb o n y l  (61, 62). Chromium p e n ta c a rb o n y l  i s  reported  to 

hav e  the  c h a r a c t e r i s t i c s  o f  an  e le c t ro n  d e f ic ie n t  m o lecu le  and  w ill  thus  

bond to  many m o le c u le s  w h ich  w ill d o n a te  e le c t ro n s  to th i s  e lec tro n  d e ­

f ic ie n t  sy s te m  (61, 62). S ince  a l l  th e  r e a c t io n s  a re  run in  n e a t  no rbo rna­

d i e n e ,  w h ich  i s  known to  be  a b le  to  d o n a te  i t s  pi e le c t ro n s  to  m etal 

s p e c ie s  (Table I ) , i t  i s  r e a s o n a b le  th a t  no rb o rn ad ien e  w il l  a c t  a s  an 

e le c t ro n  donor and  n o rb o rn ad ien e  chrom ium  p e n tac a rb o n y l  w ill  be fo rm ed .
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The s e c o n d  p i bond o f th e  a t ta c h e d  n o rb o rn ad ien e  w ill  th e n  d is p la c e  

a n o th e r  carbony l (45) and  the  s t a b l e  n o rb o rn ad ien e  chromium te t r a c a r -  

bonyl w ill  be  form ed. This d is p la c e m e n t  o f  a carbony l by a  doub le  bond 

i s  show n to  o c c u r  g e n e r a l ly  in  m e ta l  c a rb o n y ls  (45). The fa c t  th a t  

n o rb o rn ad ien e  chromium te t r a c a rb o n y l  c a n  be formed th e rm a lly  from 

chromium p e n ta c a rb o n y l  a s  in  th e  l a s t  r e a c t io n  s te p  i s  d e m o n s tra ted  by 

th e  r e a c t io n  o f  N -p y r id in e  chromium p e n ta c a rb o n y l .  W hen  N -p y r id in e  

chromium p e n ta c a rb o n y l  i s  h e a te d  to  re f lu x  w ith  n o rb o rn ad ien e  and 

m ethy l io d id e  in  te trah y d ro fu ran  th e  p ro d u c ts  a re  n o rb o rn ad ien e  chromium 

te t r a c a rb o n y l  and  N -m e th y l  py rid in ium  io d id e  s a l t .  Even in  th e  c a s e  of 

d i - N -d ip y r id in e  chromium te t r a c a r b o n y l , run u n d e r  s im ila r  c o n d i t io n s ,  

th e  on ly  p ro d u c ts  o f  th is  r e a c t io n  a re  n o rb o rn ad ien e  chromium te t r a c a r ­

bonyl and  N -m e th y l  py rid in ium  i o d i d e .

In th e  b e n z e n e ,  to lu e n e  and  m e s i ty le n e  chromium tr ica rb o n y l 

r e a c t io n s  the  in fra red  s p e c t r a  and  m a ss  s p e c t r a  in d ic a te  w h a t  the  in te r ­

m ed ia te  i s  p r io r  to  th e  fo rm ation  o f n o rb o rn ad ien e  chromium te t ra c a rb o n y l  

an d  th e  p ro p o se d  m ech an ism  is  show n in  Figure 31. L ight i s  ab so rb ed  

an d  a  b e n z e n e  r ing  to  chromium m e ta l  bond  i s  b ro k e n . Again we have  an  

e l e c t r o n - d e f i c i e n t  m e ta l  c a rb o n y l in  n e a t  n o rb o rn ad ie n e .  The no rbo rna­

d ie n e  d o n a te s  i t s  p i e le c t ro n  from one  d o u b le  b o n d , forming n o rbo rnad iene  

b e n z e n e  chromium t r ic a rb o n y l ,  w h ich  i s  th e n  i s o la t e d  a s  th e  red  co m plex . 

The red  com plex  i s  t e n t a t i v e l y  a s s ig n e d  th i s  s t ru c tu re  i n s t e a d  of the  

s t ru c tu re  w here  th e  n o rb o rn ad ien e  i s  d o u b ly  bonded; and  th e  b en ze n e  ring 

s in g ly  bonded  b e c a u s e  th e  m a ss  sp ec tru m  in d ic a te s  th a t  m o s t  of the
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F ig . 31. Form ation o f n o rb o rn ad ien e  chromium t e t r a ca rb o n y l from a ren e  

chromium t r ic a rb o n y l .

la rg e r  p e a k s  c o n ta in  th e  b e n z e n e  r in g ,  in d ic a t in g  i t  is  h e ld  b e t te r  than  

th e  n o rb o rn ad ie n e .  This m o lecu le  w ould  th e n ,  when i r r a d ia te d ,  change  

to  h av ing  th e  n o rb o rn ad ien e  doub ly  bonded  and  the  b e n z e n e  ring s in g ly  

b o n d e d .  The b e n z e n e  r ing  cou ld  th en  come o ff and the  n o rbo rnad iene  

chrom ium  tr ic a rb o n y l  rem a in ing  w ill  form n o rb o rn ad ien e  chromium 

te t ra c a rb o n y l  by p ick in g  up a c a rb o n y l from the  so lu t io n .  C arbon 

m onoxide  is  s o lu b le  in  w a te r  to  2.3 vo lu m es  pe r  100 ml o f  w a te r  (63), 

w h ich  is  a p p ro x im a te ly  0.001 M . It  i s  a p p re c ia b ly  more so lu b le  in o r ­

g a n ic  s o lv e n ts  (63). This c a rb o n y l ,  w h ich  is  p ick ed  from the  s o lu t io n ,  

c an  come from th e  d e co m p o s i t io n  o f  s ta r t in g  m a te r ia l  and  a l s o  from the  

m e ta l  c a rb o n y l le f t  a f te r  d im ers  a re  fo rm ed . The n o rb o rn ad ien e  chromium 

tr ic a rb o n y l  cou ld  a l s o  form d in o rb o rn ad ie n e  chromium tr ica rb o n y l if the
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n o rb o m a d ie n e  chromium tr ic a rb o n y l  p ic k e d  a n o th e r  n o rb o rn ad ien e  m o le ­

c u le  from the  so lu t io n  i n s t e a d  o f a c a r b o n y l .

B ecau se  th e  n o rb o rn ad ien e  i s  p r e s e n t  in  su ch  la rg e  am ounts  i t  

w ould  seem  r e a s o n a b le  th a t  th e  n o rb o rn ad ien e  chromium tr ica fb o n y l 

w ould  bond w ith  n o rb o rn ad ien e  i n s t e a d  o f th e  carbon  m o n o x id e , bu t the  

r e s u l t s  in d ic a te  n o rb o rn ad ien e  chromium te t ra c a rb o h y l  i s  form ed. One 

p o s s ib le  e x p la n a t io n  i s  th a t  s in c e  ca rb o n y l i s  much s m a l le r  s t e r i c a l ly  i t  

i s  f a v o r e d . In a d d i t io n ,  i f  n o rb o rn ad ien e  d o e s  a t ta c h  i t s e l f  to  the  

n o rb o rn ad ien e  chromium tr ic a rb o n y l  th e  r e s u l t  i s  a s ta b le  m o le c u le ,  

n o rb o rn ad ien e  chromium t e t r a c a r b o n y l , w h e re a s  i f  a no rb o rn ad ien e  

a t t a c h e s  i t s e l f  to  n o rb o rn ad ien e  chromium tr ic a rb o n y l  th e  p ro d u c t ,  

d in o rb o rn ad ien e  chromium t r ic a rb o n y l ,  h a s  no t b e en  i s o la t e d  and  is  on ly  

p o s tu la te d  a s  a t r a n s ie n t  in t e r m e d ia te .

O nce  th e  s ta b le  n o rb o rn ad ien e  chromium te t r a c a rb o n y l  i s  fo rm ed , 

l ig h t  m u s t be a b so rb e d  to  c a u s e  th e  r e a c t io n  to  c o n t in u e .  That i r r a d ia ­

t io n  is  n e c e s s a r y  is  show n by  th e  th e rm a l r e a c t io n  o f  no rb o rn ad ien e  

chromium te t r a c a rb o n y l  in  n e a t  n o rb o rn ad ien e  a t  65°C  for 12 h o u rs ,  w h ich  

d o e s  n o t  g ive  any  d im er p ro d u c t ,  and  th e  s ta r t in g  m a te r ia l  c an  be r e ­

c o v e red  from th e  s o lu t io n .  Thus i t  i s  p ro p o se d  th a t  a b so rp t io n  of l ig h t  

c a u s e s  th e  chromium to  lo s e  a n o th e r  c a rb o n y l and  form a t r a n s ie n t  

d in o rb o rn ad ien e  chromium t r i c a rb o n y l ,  o r th e  ab so rp t io n  o f  l ig h t  w ill  

b reak  a n o rb o rn ad ien e  chromium b o n d , r e s u l t in g  in  the  fo rm ation  of a 

d in o rb o rn ad ien e  chromium te t r a c a rb o n y l  w h ich  w ill  a c t  a s  a t r a n s ie n t

in te r m e d ia te .



67

In the  l a t t e r  c a s e  (Figure 32), u s in g  d in o rb o rn ad ien e  chromium 

t e t r a c a r b o n y l , the  two n o rb o rn ad ie n e s  would  be s i tu a te d  so  a s  to g ive  a s  

p ro d u c ts  V, VI and  VII s im ila r  to the  p ro d u c ts  from the  the rm a l re a c t io n  o f  

iron  d ic a rb o n y l ,  d in i t ro sy l  and  n o rb o rn ad ien e  (45). T h ese  p ro d u c ts  a re  

v i s u a l i z e d  a s  be ing  formed w hen the  2prr o rb i ta ls  o f  n o rb o rn ad ien e  a re  

m ixed w ith  the  chromium d o r b i t a l s . O nce  th is  mixing h a s  o ccu rred  the  

the rm al r e s t r i c t io n  ru le s  p ro p o se d  by W oodw ard and  Hoffman no longer  

ap p ly  (46, 47, 48), and  th e  d im e r iz a t io n  w ill  p ro ceed  to  p ro d u c t  therm ally . 

The m e ta l  th u s  h a s  a d u a l  ro le  o f  rem oving  the  sym m etry  r e s t r ic t io n  and  

low ering  the  a c t iv a t io n  en erg y  (46, 47, 48). It shou ld  be p o in ted  ou t here  

th a t  in  th e  the rm a l d im e r iz a t io n  of n o rb o rn ad ien e  u s in g  m e ta l  carb o n y ls  

i t  i s  p o s tu la te d  (45) th a t  one  pi bond from e ac h  n o rb o rn ad ien e  is  form ally  

in v o lv e d ,  bu t i t  has  a l s o  b een  s u g g e s te d  th a t  the  s e c o n d  pi bond of th e  

n o rb o rn ad ien e  a l s o  c o n tr ib u te s  to  th e  t r a n s i t io n  s t a t e  (45) . A ph o to ­

c h em ica l  re a c t io n  u s in g  chromium h e x ac a rb o n y l  and  no rbornene  d i s s o lv e d

(V) (VI) (VII)
e x o  t r a n s  e x o  e x o  t r a n s  e n d o  e n d o  t r a n s  e n d o

F ig . 32 . Form ation o f d im ers  u s in g  d in o rb o rn ad ien e  chromium 

te t r a c a rb o n y l .
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in  h e x an e  w as  run and  no d im er p ro d u c ts  were  d e te c te d  in  the  gas  c h ro ­

m atogram , in d ic a t in g  the  s e c o n d  bond i s  n e c e s s a r y  e i th e r  to  form the  

n o rb o rn ad ien e  chromium te t ra c a rb o n y l  or in  form ation of th e  f i r s t  bond o f 

n o rb o rn ad ien e  to  the  m e ta l  c a rb o n y l .

In th e  form er c a s e ,  w here  a c a rb o n y l i s  lo s t  and  re p la c e d  by a 

n o rb o rn ad ien e  forming d in o rb o rn ad ien e  chromium t r i c a r b o n y l , the  p roduc t 

r e s u l t in g  from th is  in te rm e d ia te  i s  th o u g h t  to  be a D ie ls -A ld e r  type  d im er 

XIII s im i la r  to  c o b a l t  t r ic a rb o n y l  n i t ro sy l  and  n o rb o rn ad ie n e .  The D ie l s -  

Alder type  d im er sh o u ld  th e n  c lo s e  p h o to c h e m ic a l ly  to form the  cage  com ­

pound found in  sm all  y ie ld  in  a l l  th e  r e a c t io n s  (Figure 33).

c a g e

Fig . 33 . Form ation o f  d im er u s in g  d in o rb o rn ad ien e  chromium tr ic a rb o n y l .  

I t  sh o u ld  be p o in te d  ou t t h a t ,  a l th o u g h  i t  is  p o s s ib le  to form the

h v

tw o d in o rb o rn ad ien e  s p e c i e s  w ithou t h av in g  to form n o rbo rnad iene  

chromium te t r a c a rb o n y l ,  th e  ex p e r im en ta l  r e s u l t s  show  no rbo rnad iene  

chromium te t r a c a rb o n y l  is  form ed. In a d d i t io n ,  when n o rbo rnad iene



chromium t e t r a ca rb o n y l i s  u se d  a s  th e  s ta r t in g  r e a c ta n t  te m p la te  i t  g iv e s  

th e  e x p e c te d  p ro d u c ts  in  a  s im ila r  ra t io  to  th e  o th e r  r e a c ta n t  t e m p la te s .  

F u r th e rm o re , d im ers  a re  n o t  s e e n  in  th e  g a s  chrom atogram  u n til  n o rb o rn a -  

d ie n e  chromium te t r a c a rb o n y l  is  p r e s e n t  in  in fra red  s p e c t r a  and th e y  s top

6 9

w hen  i t  i s  a b s e n t .



EXPERIMENTAL

R eagen ts

Chromium h e x a c a rb o n y l ,  b e n z e n e  chromium tr ic a rb o n y l ,  to lu en e  

chromium tr ic a rb o n y l ,  m e s i ty le n e  chromium tr ica rb o n y l and  d icum ene 

chrom ium  w ere  o b ta in e d  from Alfa In o r g a n ic s ,  In c . ,  and  e x c e p t  for 

d icu m en e  chrom ium , w ere  u s e d  w ith o u t  fu r ther p u r i f ic a t io n .  D icum ene 

chrom ium , a b la c k  v i s c o u s  l iq u id ,  w as  d i s t i l l e d  under vacuum- (130- 

133^/0 .1 -0 .2  mm) and  u s e d  im m ed ia te ly .

N o rb o rn ad ien e  chromium te t ra c a rb o n y l  w as  p rep a red  a s  d e sc r ib e d  

by  B en n e tt ,  P ra t t  and  W ilk in so n  (-64) by  t re a tm e n t  of chromium . 

h e x a c a rb o n y l  w ith  n o rb o rn ad ien e  a t  e le v a te d  te m p e r a tu r e s . I t  w as found 

to  be  formed in  h ig h e r  y ie ld  (50%) w hen no rb o rn ad ien e  and  chromium 

h e x a c a rb o n y l  w ere  i r r a d ia te d  for 24 hours. (>280 mp) in  a  s e a le d  tu b e  from 

w h ich  th e  a i r  w as  rem o v ed . In both  m ethods  th e  p roduc t w as  purif ied  by 

su b l im a t io n .  . . .

The n itro g en  u s e d  in  a l l  r e a c t io n s  in  the  d e o x y g en a t in g  p rocedure  

w a s  p u r if ied  by p a s s in g  i t  th rough  BSTS c a t a ly s t  (BASF C o lo rs  & C hem i­

c a l s ,  I n c . ) , w h ich  rem oved  th e  oxygen  an d  w a te r .  '

N o rb o rn ad ien e  w as  o b ta in e d  from Frin ton  L a b o ra to r ie s .  P u r if ica t io n  

w as  a c c o m p lis h e d  by s i t r r in g  i t  ov e r  a c t i v a te d  n eu tra l  a lum ina  for s e v ­

e ra l  hours  and  th e n  d i s t i l l i n g  i t  j u s t  p r io r  to  u s in g  i t .

N orbo rnene  w as  o b ta in e d  from Aldrich  C hem ica l C om pany , I n c . , 

and  w as  u s e d  a s  r e c e iv e d .
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In s tru m en ts

In fra red  s p e c t r a  w ere  o b ta in e d  u s in g  e i th e r  a Beckman IR -4 or a 

Beckman IR -5-A in fra red  sp e c tro p h o to m e te r .  S pec tra  w ere  run in  so lu t io n  

u s in g  m a tch ed  l iq u id  in fra red  c e l l s  w ith  sodium  ch lo r id e  w in d o w s. Each 

sp ec tru m  w as  s ta n d a rd iz e d  w ith  th e  p o ly s ty re n e  a b so rp t io n  p eak  a t  

1601.8 c m \  .

N u c le a r  m a g n e t ic  r e s o n a n c e  s p e c t r a  w ere  o b ta in e d  in  so lu tio n  

u s in g  a Varian m odel A - 60, e x c e p t  for th e  cag e  com pound w h ich  w as  run 

u s in g  a  Varian m odel A H -100.

U lt ra v io le t  s p e c t r a  w ere  o b ta in e d  in  so lu t io n  u s in g  m a tch ed  quartz  

c e l l s  on a C ary  M odel 14.

The g a s  ch rom atog raph  u s e d  for p ro d u c t  id e n t i f ic a t io n  w as  an  F & M 

M odel 400 g a s  ch ro m ato g rap h . The co lum n w as  a g l a s s , 4 ' ,  5% SE-30 on 

G as  Chrom -Z (100-120  m e sh ) .  The te m p e ra tu re  program o f  75°C  to  200°C  

(7. ScVmin) w ith  a flow  ra te  of 40 ml he lium  p e r  m inute  w a s  u s e d  for b e s t  

s e p a r a t io n .  The th re e  d im er com pounds and  s in g le  c a g e  com pound w ere 

d e te c te d  b e tw ee n  1 2 0 -1 3 5 °C  and  th e  ca rb o n y l p roduc t w as  d e te c te d  b e ­

tw e e n  1 5 8 -1 6 0 ° C .

For p ro d u c t  i s o la t io n  an  A erograph m odel A-700 Autoprep w as  u s e d .  

A I/4- in c h  o u te r  d ia m e te r  2 0 - fo o t  alum inum  colum n p a c k e d  w ith  30% SE-30 

on  G as  Chrom -Z (100 -120  m esh) w as  u s e d .  The ch ro m ato g rap h ic  c o n d i­

t io n s  w ere: co lum n , 180°C; c o l l e c to r ,  2 2 5°C; d e t e c t o r , 2 60°C; in je c to r ,  

2 5 0°C; f low  r a t e , 300 ml he lium  p e r  m in u te .  U nder t h e s e  c o n d it io n s  th e  

f i r s t  d im er a p p e a re d  in  88 m in u te s .
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The s a m p le s  to  he ch rom atog raphed  on the  A erograph Autoprep w ere  

f i l te re d  th rough  a Buchner funne l f i l led  w ith  a c t iv a te d  n e u tra l  a lum ina  to  

rem ove s o l id  p a r t i c le s  and  carbony l p o ly m e r s . The a lum ina  w as  w a sh e d  

w ith  h e x an e  to  e lu te  a l l  the  d im er and  c ag e  c o m p o u n d s , le a v in g  beh ind  

th e  chromium ox ide  and  m o s t  o f  the  ca rb o n y l in s e r t io n  p ro d u c t .  The 

s o lu t io n s  w ere  c o n c e n tra te d  and  in je c te d  in to  the  A erograph . P roducts  

w ere  e a s i l y  s e p a ra te d  and  in te g ra t io n  o f  p e a k  a re a s  u s in g  a Sargen t 

m odel SR rec o rd e r  a ffo rded  a m ethod to  d e te rm in e  d im er p ro d u c t  p e r c e n t ­

a g e s .

M a s s  s p e c t ra  w ere  o b ta in e d  for th e  cag e  com pound from Purdue 

U n iv e rs i ty  on a H ila ch i  R M U -GA. All o th e r  m ass  s p e c t r a  d a ta  w ere  o b ­

t a in e d  on th e  Varian M at CH5.

L igh t and  R eac tion  S ystem s

In a l l  c a s e s  th e  l ig h t  so u rce  for th e  p h o to c h em ica l  re a c t io n  w as  a 

H anov ia  Type A 4 5 0 -w a t t  h igh  p r e s s u r e  m ercury  a r c .  ■

Sam ples  w ere  i r r a d ia te d  in  a r e a c t io n  v e s s e l  c o n s t ru c te d  of a Pyrex  

g l a s s  v e s s e l  th a t  w ould  acco m m o d a te  a q u a r tz  or Pyrex  w a te r - c o o le d  im ­

m ers ion  w e l l  s u i ta b le  for ho ld ing  th e  lam p and a c i r c u la r  f i l te r .  The 

bottom  o f  th e  r e a c t io n  v e s s e l  had  a f i l te r e d  d i s k  to  a l lo w  n itro g en  to 

b ubb le  th rough  the  r e a c t io n  m ixture  o u t  a c o n d e n se r  c o n n e c te d  to  a s id e  

arm and  th rough  a n i tro g en  b u b b le r .  N itro g en  w as  b u b b led  th rough the  

r e a c t io n  mixture. 12 hours  before  th e  i r r a d ia t io n  w as  s t a r t e d  to  remove 

d i s s o lv e d  o x y g en .



Im m ersio n  W e ll R e a c tio n  V e s s e l Lamp

P h o to rea c t io n  for D e term in ing  P roducts  and  Product R atios  

Chromium H ex acarb o n y l

To 70 ml o f  p u r if ied  no rb o rn ad ien e  0.7483 g (0 .0035 mole) of 

chromium h e x a c a rb o n y l  w as  a d d e d .  This so lu t io n  w as  p la c e d  in  the  

photo  re a c to r  and  pu rif ied  n i tro g en  w as  bubb led  th rough  th e  so lu tio n  for 

12 h o u r s . The l ig h t ,  w ith  a co rex  f i l t e r ,  w as  then tu rned  on and the 

i r r a d ia t io n  w as  run for 33 h o u r s . The n itro g en  w as  b u b b led  through the  

so lu t io n  during the  co m p le te  r e a c t io n .  A g a s  chrom atogram  w as ta k e n  of 

th e  to ta l  r e a c t io n  p ro d u c t ,  w h ich  w as  th e n  f i l te red  th rough  a Buchner 

fu n n e ll  f i l led  w ith  a c t i v a te d  n eu tra l  a lum ina  to rem ove th e  so lid  m a te r ia l  

(d eco m p o s it io n  product) and  m ost o f  th e  carbony l p o ly m er.  The alum ina  

w as  w a sh e d  w ith  h ex an e  u n ti l  no d im ers  w ere  in the  f i l t r a t e . The h ex an e  

so lu t io n  w as  then  c o n c e n tra te d  to a v i s c o u s  l iq u id .  The v is c o u s  l iq u id  

w as  in je c te d  in to  the  Aerograph Autoprep and  five f r a c t io n s  were
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c o l l e c te d .  The f if th  f rac t io n  c o n ta in e d  th re e  c o m p o n e n ts . The in te g r a ­

t io n  of the  p e a k s  o f  th e  g a s  chrom atogram  w ere  reco rd ed  u s in g  a Sargen t 

m odel SR re c o rd e r .

F rac tio n  I — Id e n t i f ie d  a s  th e  unrem oved s o lv e n t .

F rac tio n  2 — N u c le a r  m a g n e t ic  r e s o n a n c e  1.23 , 1.32 , 1.69 , 2.62 ,

5.97.

G as  chrom atogram  p e a k  p e rc e n ta g e  36%

M elt in g  p o in t  6 7 -6 8 ° C .

F rac tio n  3 — N u c le a r  m a g n e t ic  r e s o n a n c e  1.13, 2 .0 0 ,  2 .5 4 ,  2 .8 0 ,

5.82 , 6 .20 .

G as  chrom atogram  p e a k  p e rc e n ta g e  21%

F rac tio n  4 — N u c le a r  m ag n e t ic  r e s o n a n c e  1 .0 2 , 1 . 5 5 ,  1 .85 , 2.72 ,

6 .35 .

G as chrom atogram  p e a k  p e rc e n ta g e  29%

F rac t io n  5 — C om ponent I

N u c le a r  m a g n e t ic  r e s o n a n c e  1.79 , 2 .4 5 .

G as  chrom atogram  p eak  p e rc e n ta g e  14%

C om ponent 2

M elt in g  p o in t  > 300OC.

C om ponent 3

N ot i n v e s t ig a te d .

N o rb o rn ad ien e  Chromium T e traca rb o n y l

To 70 ml o f  pu r if ied  n o rb o rn ad ien e  0 .2446 g (0.0009 mole) of 

n o rb o rn ad ien e  chromium te t ra c a rb o n y l  w as  a d d e d .  This s o lu t io n  w a s .



75

p la c e d  in  th e  photo  r e a c to r  an d  p u r if ied  n i tro g en  w as  bubb led  th rough the  

s o lu t io n  for 12 h o u rs .  The l ig h t , ,  w ith  a co'rex f i l t e r ,  w as  th e n  tu rn ed .o n  

and  th e  i r r a d ia t io n  w a s  run for 24 h o u r s . The n itro g en  w as  bubbled  

th rough  the  s o lu t io n  during  the  co m p le te  r e a c t io n .  A g a s  chrom atogram  

w as  ta k e n  of the  to ta l  r e a c t io n  p ro d u c t ,  w h ich  w as  then  f i l te re d  th rough  

a Buchner funnel f i l le d  w ith  a c t i v a te d  n e u tra l  a lum ina  to  rem ove the  so l id  

m a te r ia l  (d eco m p o s it io n  product) and  m o s t  of the  ca rb o n y l po lym er. The 

a lu m in a  w as  w a sh e d  w ith  h e x an e  u n t i l  no d im ers  w ere  in  the  f i l t r a te .

The h e x an e  so lu t io n  w as  th e n  c o n c e n t ra te d  to  a v i s c o u s  l i q u i d . The 

v i s c o u s  l iq u id  w as  in je c te d  in to  th e  A erograph Autoprep and  five  f r a c ­

t io n s  w ere  c o l l e c te d .  The f if th  f rac t io n  c o n ta in e d  th re e  co m p o n en ts .  The 

in te g ra t io n  o f  th e  p e a k s  o f  th e  g a s  chrom atogram  w ere  reco rd ed  u s in g  a 

S a rg en t  m odel SR re c o rd e r .

F rac t io n  I — Id e n t i f ie d  a s  th e  unrem oved s o lv e n t .

F rac t io n  2 — N u c le a r  m a g n e t ic  r e s o n a n c e  1 .2 3 , 1 . 3 2 , 1 . 6 9 , 2 . 6 2  ,

5.97.

G as  chrom atogram  p e a k  p e rc e n ta g e  52%

M elt in g  p o in t  6 7 -6 8 ° C .

F rac tio n  3 — N u c le a r  m ag n e t ic  re s o n a n c e  1.13, 2 .0 0 ,  2 .5 4 , 2 .8 0 ,

5 .8 2 ,  6 .20 .

G as  chrom atogram  p e a k  p e rc e n ta g e  20%

F rac t io n  4 — N u c le a r  m a g n e t ic  re s o n a n c e  1.02 , 1 .5 5 ,  I. 85 , 2.72 ,

6 .3 5 .

G as  chrom atogram  p e ak  p e rc e n ta g e  20%
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N u c le a r  m ag n e t ic  re s o n a n c e  1 .79 , 2 .45 .

G as chrom atogram ' p eak  p e rc e n ta g e  5%.

C om ponent 2

M elt in g  p o in t  > 3 0 0 °C .

C om ponent 3

N ot i n v e s t ig a te d .

B enzene Chromium T ricarbonyl

To 70 ml o f  p u r if ied  n o rb o rn ad ien e  0.5842 g (0 .0027 mole) of 

b e n z e n e  chromium tr ic a rb o n y l-w a s  a d d e d .  This so lu t io n  w as  p la c e d  in  

th e  pho to  r e a c to r  an d  p u r if ied  n i tro g en  w as  bubb led  th rough  the  so lu tio n  

for 12 h o u rs .  The l ig h t ,  w ith  a co rex  f i l t e r ,  w as  th en  tu rn e d  on and the  

i r r a d ia t io n  w as  run for 24 h o u r s . The n i t ro g en  w as b u b b led  th rough the  

s o lu t io n  during  th e  co m p le te  r e a c t io n .  A g as  chrom atogram  w as  ta k e n  o f 

th e  to ta l  re a c t io n  p ro d u c t ,  w h ich  w as  th e n  f i l te red  th ro u g h  a Buchner 

funne l f i l le d  w ith  a c t i v a te d  n e u tra l  a lum ina  to  remove th e  s o l id  m a te r ia l  

(d eco m p o s i t io n  product) and  m ost o f  th e  carbony l p o ly m er.  The a lum ina  

w as  com bined  w ith  h e x a n e  u n t i l  no d im ers  w ere  in th e  f i l t r a t e .  The 

h e x an e  s o lu t io n  w as  th e n  c o n c e n tra te d  to  a v is c o u s  l iq u id .  The v i s c o u s  

l iq u id  w as  in je c te d  in to  th e  A erograph Autoprep and  f ive  f rac t io n s  w ere  

c o l l e c t e d .  The f if th  f rac t io n  c o n ta in e d  th re e  c o m p o n en ts .  The in te g ra ­

t io n  of the  p e a k s  o f  th e  g a s  chrom atogram  w ere  r e c o rd e d  u s in g  a S argen t 

m odel SR re c o rd e r .

F r a c tio n  5 — C om p on en t I
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F rac tio n  2 — N u c le a r  m a g n e t ic  r e s o n a n c e  1 .2 3 , 1.32 , 1 .69 , 2. 62 ,

5.97.

• G as chrom atogram  p e a k  p e rc e n ta g e  36%.

M elt in g  p o in t  6 7 -6 8 ° C .

F rac tio n  3 — N u c le a r  m ag n e t ic  r e s o n a n c e  1.13, 2 .0 0 ,  2 .5 4 , 2 .8 0 ,

5 .8 2 ,  6 .20 .

' G as chrom atogram  p e a k  p e rc e n ta g e  2 4%.

F rac tio n  4 — N u c le a r  m a g n e t ic  r e s o n a n c e  I. 02 , 1.55 , 1.85 , 2.72 , ■

6 .3 5 .

G as chrom atogram  p e ak  p e rc e n ta g e  33%.

F rac tio n  5 — C om ponent I

N u c le a r  m a g n e t ic  re s o n a n c e  1 .79 , 2 .4 5 .

G as chrom atogram  p eak  p e rc e n ta g e  7%.

C om ponent 2

M elt in g  p o in t  > 3 0 0 °C .

C om ponent 3

N o t in v e s t ig a te d .

T o lu en e  Chromium T ricarbony l

To 70 ml o f  p u r if ied  n o rb o rn ad ien e  0.1123 g (0 .0004 mole), of to lu e n e  

chromium tr ic a rb o n y l  w as  a d d e d . This  s o lu t io n  w as  p la c e d  in  the  photo  

r e a c to r  and  p u r if ied  n i t ro g en  w as  b u b b led  th rough  th e  s o lu t io n  for 12 

h o u r s . The l ig h t ,  w ith  a co rex  f i l t e r , - w a s  then, tu rn ed  on and  th e  i r r a d i -  

t io n  w as  run for 24 h o u r s . The n i t ro g en  w as  bubb led  th ro u g h  the  so lu t io n

F r a c tio n  I — I d e n t if ie d  a s  th e  un’rem o v ed  s o lv e n t .
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during  the  co m p le te  r e a c t io n .  A g a s  chrom atogram  w as  ta k e n  o f the  to ta l  

r e a c t io n  p ro d u c t ,  w h ich  w as  then  f i l te re d  th rough  a Buchner funnel f i l le d  

w ith  a c t i v a te d  n e u tra l  a lum ina  to  rem ove th e  so l id  m a te r ia l  (d eco m p o s i­

t io n  product) and  m o s t  o f  the  ca rb o n y l p o lym er. The a lu m in a  w as  w a sh e d  

w ith  h ex an e  u n ti l  no d im ers  w ere  in. th e  f i l t r a t e .  The h e x a n e  so lu t io n  w as  

th e n  c o n c e n t ra te d  to  a v i s c o u s  l iq u id .  The v i s c o u s  l iq u id  w as  in je c te d  

in to  the  A erograph Autoprep and  five  f r a c t io n s  w ere  c o l l e c te d .  The f if th  

f rac t io n  c o n ta in e d  th re e  c o m p o n en ts .  The in te g ra t io n  of th e  p e a k s  o f  the  

g a s  chrom atogram  w ere  reco rd ed  u s in g  a S a rgen t m odel SR re c o rd e r .

F rac t io n  I — Id e n t i f ie d  a s  th e  unrem oved s o lv e n t .

F rac tio n  2 — N u c le a r  m ag n e t ic  r e s o n a n c e  1 .23 , 1 .3 2 , 1.69 , 2 .6 2 ,

5.9 7.

G as  chrom atogram  p e a k  p e rc e n ta g e  49%.

M elt in g  p o in t 6 7 -6 8 ° C .

F rac tio n  3 — N u c le a r  m ag n e t ic  r e s o n a n c e  1.13, 2 .0 0 ,  2 .5 4 , 2 .8 0 ,

5.82 , 6 .20 .

G as chrom atogram  p e a k  p e rc e n ta g e  22%.

F rac tio n  4 — N u c le a r  m a g n e t ic  re s o n a n c e  1.02 , 1 .5 5 ,  1 .85 , 2 .7 2 ,

6 .35 .

G as  chrom atogram  p e a k  p e rc e n ta g e  22%.
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N u c le a r  m a g n e t ic  . re so n an ce  1 .7 9 , 2 .4 5 .

G as chrom atogram  p eak  p e rc e n ta g e  7%.

C om ponent 2

M elt in g  p o in t  > 3 0 0 °C .

C om ponent 3

N ot in v e s t ig a te d .

M e s i ty le n e  Chromium T ricarbonyl

To 70 ml o f  p u r if ied  n o rb o rn ad ien e  0.1045 g . (0 .0004 mole) of 

m e s i ty le n e  chromium tr ic a rb o n y l  w as  a d d e d .  The s o lu t io n  w as  p la c e d  in  

th e  pho to  r e a c to r  an d  p u r if ied  n i tro g en  w as  bubb led  th ro u g h  the  so lu t io n  

for 12 h o u rs .  The l ig h t ,  w ith  a co rex  f i l t e r ,  w as  th e n  tu rn ed  on and the  

i r r a d ia t io n  w as  run for 24 h o u rs .  The n itro g en  w as  b u b b led  th rough  the  

so lu t io n  during  th e  c o m p le te  r e a c t io n .  A g as  chrom atogram  w as  ta k e n  o f 

th e  to ta l  r e a c t io n  p ro d u c t ,  w h ich  w a s  th e n  f i l te re d  th ro u g h  a Buchner 

funne l f i l le d  w ith  a c t i v a te d  n e u tra l  a lum ina  to  remove th e  s o l id  m a te r ia l  

(d e c o m p o s it io n  p roduct)  and  m ost o f  th e  carbony l p o ly m er.  The a lum ina  

w a s  w a sh e d  w ith  h ex an e  u n t i l  no d im ers  w ere  in  the  f i l t r a t e .  The h e x an e  

so lu t io n  w as  then  c o n c e n t ra te d  to  a v i s c o u s  l iq u id .  The l iq u id  o il w as  

in je c te d  in to  th e  A erograph Autoprep and  five  f r a c t io n s  w ere  c o l le c te d .  

The f if th  f rac t io n  c o n ta in e d  th re e  c o m p o n e n ts . The in te g ra t io n  of the  

p e a k s  o f  th e  g a s  chrom atogram  w ere  rec o rd ed  u s in g  a  S a rgen t model SR

F r a c tio n  5 — C o m p o n en t I

re c o rd e r .
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F rac tio n  2 — .N u c lea r  m ag n e t ic  r e s o n a n c e  1 .2 3 , 1.32 , 1 .69 , 2.62 ,

5.97.

G as chrom atogram  p e a k  p e rc e n ta g e  39%

M elt in g  p o in t 6 7 -6 8 ° C .

F rac tio n  3 — N u c le a r  m ag n e t ic  r e s o n a n c e  1.13, 2 .0 0 ,  2 .5 4 ,  2 .8 0 ,  .

5 .8 2 ,  6. 2 0 .

G as  chrom atogram  p e ak  p e rc e n ta g e  2 6%.

F rac t io n  4 — N u c le a r  m ag n e t ic  re s o n a n c e  1 .0 2 , 1 .5 5 , 1 .85 , 2 .7 2 ,

6 .35 .

G as  chrom atogram  p e ak  p e rc e n ta g e  26%.

F rac t io n  5 — C om ponent I

N u c le a r  m ag n e t ic  re s o n a n c e  1 .7 9 , 2 .4 5 .

G as  chrom atogram  p e ak  p e rc e n ta g e  9%. 

C om ponent 2

M elt in g  p o in t  > 3 0 0 °C .

C om ponent 3

N ot in v e s t ig a te d .

D icum ene  Chromium

To 70 ml o f  pu r if ied  no rb o rn ad ien e  0.4 ml (= 0.0012 mole) of 

d icum ene  chromium w as  a d d e d .  This so lu t io n  w as  p la c e d  in  th e  photo  

r e a c to r  and  pu r if ied  n i t ro g en  w as  b u b b led  th rough  th e  so lu t io n  for 12 

h o u rs .  The l ig h t ,  w ith  a  co rex  f i l t e r ,  w as  th e n  tu rn ed  on and  the  i r r a d i ­

a t io n  w as  run for 24 h o u r s . The n itro g en  w as  bubb led  th rough  the

F r a c tio n  I — I d e n t if ie d  a s  th e  u n rem oved  s o lv e n t .
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s o lu t io n  during  the  com ple te  r e a c t io n .  A g a s  chrom atogram  w as ta k en  of. 

th e  r e a c t io n  m ixture  a f te r  24 h o u rs ,  and  show ed  no h y d rocarbon  d im ers .

I s o la t io n  o f  P h o to rea c t io n  In te rm e d ia te s  

Chromium H ex aca rb o n y l

To 70 ml o f  p u r if ied  n o rb o rn ad ien e  0.1920 g (0.0009 mole) of

chromium h e x ac a rb o n y l  w as  ad d ed  and  the  so lu t io n  w as  p u t in to  the

pho to  r e a c to r .  • P urif ied  n i tro g en  w a s  b u b b led  th rough  th e  so lu t io n  for 12

- Ih o u r s . An in fra red  sp ec tru m  w as  th e n  ta k e n  (in fra red  sp ec tru m  1988 cm , 

F igure  7) and  the  l i g h t ,  w ith  a p y rex  f i l t e r ,  w as  tu rn ed  o n .  Infrared  

s p e c t r a  w ere  ta k e n  a t  o n e - h a l f  hour in te rv a l s  for s e v e n  hours  (in frared  ' 

s p e c t r a  a f te r  two hours  2 0 3 3 , 1959 , 1944 , 1913 cm \  F igure  8) .  After a 

to t a l  i r r a d ia t io n  tim e o f te n  hours  a n o th e r  in fra red  sp ec tru m  w as  ta k en  

an d  com pared  to  th e  one ta k e n  a t  s ix  h o u rs .  The co m p ar iso n  sh o w ed  no 

c h an g e  so  the  i r r a d ia t io n  w as  s to p p e d  ( in fra red  sp ec tru m  a f te r  s ix  h o u r s , 

no m e ta l  carb o n y l b a n d s .  F igure 9 ) .

Another r e a c t io n  s o lu t io n ,  in  w h ic h  0.2007 g (0 .0009 mole) of 

chrom ium  h e x ac a rb o n y l  w as  ad d ed  to  70 ml o f  p u rif ied  n o rb o rn ad ie n e ,  had  

p u r if ied  n i tro g en  b u b b le d 'th ro u g h  a s  b e f o r e . An in fra red  spec trum  w as  

ta k e n  ( in fra red  sp ec tru m  a t  zero  tim e  1988 c m / )  and  th e  l i g h t ,  w ith  a 

py rex  fil te r ,,  w as  tu rn ed  o n .  The re a c t io n  w as  run for tw o h o u r s , then  th e  

i r r a d ia t io n  w as  s to p p ed  and  an  in f ra red  spec trum  ta k e n  (in fra red  spec trum  

a f te r  tw o hours  2 033 , 1959, 1944, 1913 cm *). The re a c t io n  so lu t io n  w as  

a l lo w e d  to  s ta n d  under  n i trogen  for 19 h o u r s . In f ra red  s p e c t r a  were  ta k e n  

a t  tw o -h o u r  in te rv a ls  and  re a c h e d  a maximum ch an g e  in  s ix  hours a f te r
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i r r a d ia t io n  w as  s to p p ed  ( in fra red  .spectrum  a f te r  s ix  hours  2 0 33 , 1988, 

1959 , 1944, 1913 cm \  F igure  10). After th e  so lu t io n  s a t  for 19 hours i t  

w as  h e a te d  to  70°C  for five  hours  w ith  ho a p p a re n t  c h an g e  occurring  in  

th e  in fra red  sp ec tru m . The so lu t io n  w as  th e n  co o led  to  room tem pera tu re  

and  the  l ig h t ,  w ith  a py rex  f i l t e r ,  tu rn ed  oh for 30 m inu tes  before  an 

in fra red  spec trum  w as  ta k e n  ( in fra red  sp ec tru m  a f te r  30 m in u te s  2033,
- I

1959, 1944, 1913 cm ) .  The re a c t io n  m ix ture  w as  rem oved  from th e  photo  

r e a c to r  and  ro to  e v a p o ra te d  to  a vo lum e o f 5 ml. The 5 -m l c o n c e n tra te  

w as  ch rom atog raphed  on an  a c t i v a te d  s i l i c a  ge l co lum n. H exane  w as 

a d d ed  to  rem ove a n y  hydrocarbon  d im ers  and  u n ti l  a b r ig h t  y e llow -band  

s ta r te d  to  be e lu te d .  An in fra red  sp ec tru m  w as  ta k en  o f a l l  the  hexane  

f r a c t io n s  a f te r  th e y  w ere  com bined  and  c o n c e n t r a te d ,  bu t th e  in frared  

spec trum  sh o w ed  no m e ta l  carbony l b a n d s . B enzene w as  added  to  the  

s i l i c a  g e l  co lum n and  the  b r ig h t  y e l lo w  band  c o l le c te d .  The b en zen e  w as  

rem oved and  roto  e v a p o ra te d .  The r e s id u e  w as  su b lim ed  and  an in fra red  

sp ec tru m  (in fra red  sp ec tru m  2 0 33 , 1959 , 1944, 1913 cm ) and  n u c le a r  

m a g n e t ic  r e s o n a n c e  sp ec tru m  (n u c le a r  m ag n e t ic  r e s o n a n c e  spec trum  

4.42 [ 4 H ] ,  3.63 [2 H ],  1.30 [2H ]) w ere  ta k e n .

B enzene Chromium T ricarbonyl

To 70 ml o f  p u r if ied  n o rb o rn ad ien e  0.2135 g (0 .0010 mole) of 

b e n z e n e  chromium tr ic a rb o n y l  w as  a d d ed  and  the  so lu t io n  w as  put into- 

th e  pho to  r e a c to r .  P urif ied  n i tro g en  w a s  b u bb led  th rough  the  so lu t io n  for
- I

12 h o u r s . An in fra red  spec trum  ta k e n  ( in fra red  spec trum  1976, 1905 cm , 

F igure 19), and  th e  l ig h t ,  w ith  a p y rex  f i l t e r ,  w as  tu rn ed  o n .  Infrared



8 3

s p e c t r a  o f  the  r e a c t io n  so lu t io n  w ere  ta k e n  a t  h a l f -h o u r  in te rv a ls  for 3 Vz 

hours  ( in fra red  sp ec tru m  a f te r  30 m in u te s  2030 , I9 6 0 ,  1944, 1905,
_i

1861 cm , F igure 20; in fra red  sp ec tru m  a f te r  one  hour 2 0 3 0 , 1960, 1944, 
- I1907, 1961 cm , F igure 21). After a  to ta l  r e a c t io n  tim e o f 5 Yz hours an 

in fra red  sp ec tru m  w as  ta k e n  and com pared  to  the  in fra red  spec trum  ta k e n  

a t  3 ]/z h o u r s . No c h an g e  w as  o b s e r v e d .  The i r r a d ia t io n  w as  s to p p ed  ' 

( in fra red  sp ec tru m  a f te r  3 Yz h o u r s , no m e ta l  carbony l b a n d s , Figure 22).

Toluene  Chromium T ricarbonyl

To 70 ml o f  p u r if ied  n o rb o rn ad ien e  0.22 73 g (0 .0010 mole) o f  to lu e n e  

chromium tr ic a rb o n y l  w as  ad d ed  an d  th e  so lu t io n  w as  p u t  in to  th e  photo  

r e a c to r .  P urif ied  n i tro g en  w as  b u b b led  th rough  th e  so lu t io n  for 12 h o u rs .  ■ 

An in fra red  spec trum  w as  ta k e n  ( in fra red  sp ec tru m  1971 , 1900 cm \  Figure 

23),  and  th e  l ig h t ,  w ith  a p y rex  f i l t e r ,  w as  tu rned  on . In fra red  s p e c tra  

o f  th e  r e a c t io n  so lu t io n  w ere  ta k e n  a t  h a l f -h o u r  in te rv a ls  for 3 Yz hours  

( in fra red  sp ec tru m  a f te r  30 m inu tes  2 0 30 , 1971, 19 60 , 1944, 1907,

1860 cm \  Figure 24; in fra red  sp ec tru m  a f te r  one hour 2 0 30 , 19 60, 1942 , 

1 9 1 0 /1 8 6 0  cm \  F igure 25 ) .  After a  to t a l  r e a c t io n  tim e  o f  5 Y l  hours  an  

in fra red  sp ec tru m  w as  ta k e n  and  com pared  to  the  in fra red  spec trum  ta k e n  

a t  3 Y l  h o u r s . No ch an g e  w as  o b s e rv e d  and  the  i r r a d ia t io n  w as  s to p p ed  

( in fra red  sp ec tru m  a f te r  3 Yz h o u r s , no m e ta l  carbony l b a n d s .  Figure 26).

M e s i ty le n e  Chromium T ricarbonyl

To 70 ml o f  p u r if ied  n o rb o rn ad ien e  0.2588 g (0 .0010 mole) of . 

m e s i ty le n e  chromium tr ic a rb o n y l  w as  a d d ed  and th is  s o lu t io n  w as  put 

in to  th e  pho to  r e a c to r .  Purified  n i t ro g en  w as  bubb led  th ro u g h  the
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so lu t io n  for 12 h o u r s . .An in fra red  sp ec tru m  w as  th en  ta k e n  (in fra red  s p e c -  

trum 1963, 1889 cm , F igure 11) and  th e  l ig h t ,  w ith  a p y rex  f i l t e r ,  w as  

tu rn ed  on . In fra red  s p e c t r a  w ere  ta k e n  o f th e  r e a c t io n  so lu t io n  a t  o n e -  

h a l f  in te r v a l s  (in fra red  sp ec tru m  a f te r  30 m in u tes  1908, 1860 cm- *. Figure 

12; in fra red  sp ec tru m  a f te r  two hours  2 0 30 , 19 60, 1940, 1909 , 1860 cm *, 

F igure  13). After a to ta l  i r r a d ia t io n  tim e of 5 1/2 hours an  in fra red  spec trum  

w as  ta k e n  and  com pared  to  th e  in fra red  sp ec tru m  ta k e n  a f te r  3 I/2 h o u r s . 

The co m p ar iso n  show ed  no c h an g e  in  the  m e ta l  ca rb o n y l reg ion  of the  

in fra red  s p e c t r a  so  th e  i r r a d ia t io n  w as  s to p p ed  ..(infrared spec trum  a f te r  

3 I/2 hours  , no m e ta l  c a rb o n y l b an d s  , F igure  14).

A nother r e a c t io n  so lu t io n  o f  0 .2247 g (0.0009 mole) o f  m e s i ty len e  

chromium tr ic a rb o n y l  w as  run a s  b e f o r e . After a to ta l  i r r a d ia t io n  tim e o f 

SO m inutes the  i r r a d ia t io n  w as  s to p p ed  and  th e  so lu t io n  w as  d iv ided  in to  

two p a r t s . One p a r t  w as  a l lo w ed  to  s ta n d  in  the  d a rk .  An in fra red  s p e c ­

trum  w as  ta k e n  a f te r  s ix  hours  ( in fra red  spec trum  1963, 1910 , 1889,

19 60 cm *, F igure  15). The o th e r  h a l f  o f  the  r e a c t io n  m ix ture  w as  ta k e n  to  

d ry n e s s  in  a ro to  e v ap o ra to r  u s in g  w a te r  a t  room te m p e ra tu re  for the  

w a te r  b a th .  The r e s id u e  a f te r  the  s o lv e n t  w as  rem oved w as  a r e d -y e l lo w  

s o l id .  The r e d -y e l lo w  so l id  w as  pu t in to  a su b lim a to r  and  h e a te d  to 

3 5 ° C .  A y e l lo w  s o l id  w as  c o l le c te d  and  th e  red s o l id  rem a in ed  a t  the  

bottom  o f  the  su b l im a to r .  The red  s o l id  w as  h e a te d  to  70°C  in  the  s u b ­

l im a to r  bu t rem a in ed  u n ch an g ed  in  th e  bottom  o f the  su b l im a to r .

. The re a c t io n  w as  rerun  and  more of th e  y e llo w  s o l id  c o l le c te d .  A 

n u c le a r  m ag n e t ic  r e s o n a n c e  sp ec tru m  (n u c le a r  m ag n e t ic  re s o n a n c e
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sp ec tru m  4.42 [4 H ] ,  3.73 [2H ], 1 .3.0 [2H J), an in fra red  sp ec tru m  ( in f ra -
— 1

red  spec trum  2 0 33 , 1959 , 1944, 1913 cm ) ,  and  a m a ss  sp ec tru m  (m ass  

•spec trum . F igure 16) w ere  ta k e n  o f  the  y e l lo w  s o l id .

The red  com plex  w as  a l s o  c o l le c te d  and  an in fra red  spec trum  

(in fra red  sp ec tru m  1870, 182 0 cm *, F igure  17) w as  ta k e n  o f  the  red  com ­

p le x  u s in g  a  p o ta s s iu m  brom ide p e l l e t .  The red  com plex  deco m p o sed  in 

m any s o lv e n ts  ev en  w hen the  oxygen  w as  rem oved by bubb ling  n itro g en  

th rough  th e  s o lv e n t .  The s o lv e n ts  w ere  h e x a n e ,  pe tro leum  e th e r ,  carbon  

te t r a c h lo r id e ,  c h lo ro fo rm , d im ethy l fo rm am ide, d im ethy l su l fo x id e ,  

b e n z e n e ,  e th an o l  and  m e th an o l.

Another s im ila r  r e a c t io n  w as  run and  th e  red  so l id  c o l le c te d  and  

p u r if ied  w ith o u t  h e a t in g  above  3 5 °C . I t  w as  p u rif ied  by sub lim ing  the  

y e l lo w  s o l id  aw ay  a t  3 5 °C . To c h ec k  th e  red  com plex  for the rm al s t a ­

b i l i ty ,  a m a ss  sp ec tru m  w as  run a t  20o C , 2 5 °C , 50o C , 7 0 ° C ,  90°C  and 

1 15°C .

P h o to ch em ica l  Time Study

For th e  tim e s tu d ie s  so lu t io n s  o f  no rb o rn ad ien e  and  e i th e r  

chromium he .xacarbonyl 0 .2707 g (0.0012 mole) or m e s i ty le n e  chromium 

tr ic a rb o n y l  0 .2776 g (0.0011 mole) w ere  u s e d .  In e a c h  o f  th e s e  s tu d ie s  

pu rif ied  n i tro g en  w as  b u b b led  th rough  the  so lu t io n  for 12 hours  and th en  

th e  l ig h t ,  u s in g  a co rex  f i l t e r ,  w as  tu rn ed  o n .  ,

In th e  c a s e  o f  chromium h e x a c a r b o n y l , gas  ch rom atogram s of 

s a m p le s  o f  th e  r e a c t io n  so lu t io n  w ere  ta k e n  a t  o n e -h o u r  in te rv a ls  for 14 

hours  and  th e n  a t  lo n g e r  in te rv a ls  for a to ta l  tim e o f th re e  d a y s .  A p lo t
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sho w in g  p e a k  h e ig h ts  o f  th e  hydrocarbon  d im er v e rs u s  tim e is  show n in  

F igure  27.

In th e  c a s e  o f  m e s i ty le n e  chromium t r i c a rb o n y l , g a s  chrom atogram s 

w ere  ta k e n  ev ery  h a l f -h o u r  for 2 1/2 hours  and  th en  a t  lo n g e r  in te rv a ls  for 

a to ta l  o f  th ree  d a y s . A p lo t  show ing  p e ak  h e ig h ts  v e r s u s  tim e is  show n 

in  F igure 28 .

B ee r 's  Law

For th e  s tu d y  a  so lu t io n  o f  I ml o f  no rb o rn ad ien e  in  99 ml of 

c y c lo h e x a n e  w as  p r e p a r e d . To th i s  chromium h e x ac a rb o n y l  w as  added  

u n ti l  a  s a tu r a te d  so lu t io n  w as  m ad e . A nother s a tu ra te d  so lu t io n  of 

chrom ium  h e x a c a rb o n y l  w as  a l s o  p re p a red  in  c y c lo h e x a n e  bu t no norborn ­

a d ie n e  w as  a d d e d .  The u l t r a v io le t  s p e c t r a  w ere  run on t h e s e  two s o lu ­

t io n s  and  co m p ared .

In frared  Study

Two so lu t io n s  of chromium h e x a c a rb o n y l  in  n o rb o rn ad ien e  were 

p re p a re d .  One so lu t io n  c o n ta in e d  0 .0378 g (0.0017 mole) chromium 

h e x ac a rb o n y l  in  10 ml o f  n o rb o rn ad ien e  and  one  c o n ta in e d  0.0537 g (0 .0024 

mole) chromium h e x a c a rb o n y l  in  10 ml o f  n o rb o rn a d ie n e . The in frared  

s p e c t r a  o f  th e s e  so lu t io n s  w ere com pared  in  the  m eta l  ca rb o n y l reg ion  to  

th e  in fra red  sp ec tru m  of chromium h e x a c a rb o n y l  in  c arbon  te t r a c h lo r id e .  •

Thermal R eac tion  of Chromium H e x aca rb o n y l and N o rbo rnad iene  ■

For th i s  s tu d y  0.02625 g (0 .0012 mole)' of chromium h ex aca rb o n y l 

w as  p la c e d  in  th e  la rg e  p h o to re a c to r  w ith  70 ml of n o rb o rn ad ie n e .
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Purified  n i tro g en  w as  bub b led  th rough  the  s o lu t io n .  The s o lu t io n  w as 

th en  h e a te d ,  by  m eans  o f  a h e a t in g  ta p e  w rapped  around  th e  re a c t io n  

v e s s e l ,  to  57°C  for 24 h o u r s . The sam e  so lu t io n  w as  th e n  h e a te d  to  

83°C  for 24 hours  and  f in a l ly  i t  w as  h e a te d  to  89°C  for 24 h o u r s . Infrared

s p e c t r a  w ere  ta k e n  ev e ry  24 hours  ( in fra red  spec trum  a t  ze ro  time
- I  - I1988 cm ; in fra red  sp ec tru m  of the  f in a l  so lu t io n  1988 cm ) .  A gas

chrom atogram  w as  ta k e n  e v e ry  2 4 hours  .

I r ra d ia t io n  o f  N o rb o rn ad ien e  W ithou t M e ta l  C arbonyl

For th is  s tu d y  70 ml o f  p u rif ied  n o rbo rnad iene  w h ich  had  n itrogen  

b u bb led  th rough  i t  w as  i r r a d ia te d  w ith  l ig h t ,  u s in g  a q u a r tz  f i l te r ,  for s ix  

h o u r s . A g as  chrom atogram  w as  ta k e n  a f te r  th is  s ix  hou rs  and  show ed no 

h yd rocarbon  d im ers  p r e s e n t .  The sam e  sam ple  w as  th e n  i r r a d ia te d  w ith  

l ig h t ,  u s in g  a co rex  f i l t e r ,  for 12 more h o u r s . A g a s  chrom atogram  w as  

th e n  ta k e n  and  sh o w ed  no hydrocarbon  d im e r s .

P h o to rea c t io n  o f  N orbornene

In th is  s tu d y  6.984 g (0.0743 mole) o f  norbornene  w as  d i s s o lv e d  in  

70 ml of c y c lo h e x a n e  and  0.2723 g (0.0012 mole) o f  chromium h ex aca rb o n y l 

w as  a d d e d .  N itro g en  w as  bub b led  th ro u g h  the  so lu t io n  fo r s e v e n  h o u r s . 

Then the  s o lu t io n  w as  i r r a d ia te d ,  u s in g  a co rex  f i l t e r ,  for 24 h o u r s . A 

g a s  chrom atogram  w as  ta k e n  and  sh o w ed  no hydrocarbon  d im ers had b een  

form ed.

Therm al R eac tio n  o f  P yrid ine  Chromium P en ta ca rb o n y l  and  N orbornad iene  

For th i s  r e a c t io n ,  0.2303 g (0 .0008 mole) of pyrid ine-chrom ium  

p e n ta c a rb o n y l  (65) w as  a d d ed  to  a s o lu t io n  m ade o f 5 ml n o rb o rn ad ie n e .
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5 ml methyl  iod ide  and  15 ml t e t r ah y d ro fu ran .  N i t rogen  w as  bubbled  

th rough  the  so lu t io n  for s e v e r a l  h o u r s , then  the  so lu t io n  w as  h e a te d  to 

r e f lux  for 12 h o u r s . An in f ra red  spec t rum  ( infra red spec t rum  2030,  1960, 

1940,  1910 cm *) w a s  then  t a k e n  of  the  s o lu t io n .  The to t a l  r e a c t io n  m ix­

tu re  w as  th e n  f i l t e r e d .  The r e s id u e  w as  a t a n  so l id  (N -m ethy l  pyrid inium 

iod ide  s a l t ) . The y e l lo w  f i l t ra te  w as  c o n c e n t r a t e d  and a  g a s  ch rom ato ­

gram t a k e n ,  w h ich  show ed  no hydrocarbon, d im e rs .  The f i l t ra te  w a s ' t h e n  

t a k e n  to d ry n e s s  and  the  r e s id u e  o f  the  f i l t r a te  su b l im e d .  An in frared  

sp ec t ru m  (inf ra red  sp ec t ru m  2030 ,  19 60, 1940,  1910 cm *), n u c l e a r  m ag­

n e t i c  r e s o n a n c e  sp ec t ru m  (n u c le a r  m a g n e t i c  r e s o n a n c e  spec t rum  4.42 

[ 4 H ] ,  3.73 [ 2 H ] ,  1.30 [ 2 H ] ) ,  and a  m a s s  spec t rum  (m ass  spec t rum ,  

Figure  16) were  t a k e n  o f  the  y e l lo w  sub l im ed  r e s id u e .

Thermal Reac t ion  of D ipyr id ine  Chromium Te t racarbony l  an d  

N orbo rnad iene

To 10 ml o f  n o r b o r n a d i e n e , 5 ml of  methy l  iod ide  and  15 ml of 

t e t r a h y d r o f u r a n , 0.1039 g (0.0003 mole) of d ipyr id ine  chromium 

t e t r a c a rb o n y l  (65) w ere  a d d e d .  N i t rogen  w as  bubb led  th rough  the  so lu t io n  

for s e v e r a l  hours  and  th e n  the  s o lu t io n  w a s  h e a te d  to r e f lux  for 12 h o u r s . 

The r e a c t io n  so lu t io n  w a s  th e n  f i l t e r e d .  The r e s id u e  w a s  a t a n  so l id  

(N -m ethy l  p y r id in iu m .iod ide  s a l t ) .  The f i l t r a te  was  t a k e n  to  d ry n es s  and- 

the  y e l lo w  s o l id  rem ain ing  w as  s u b l im e d .  An in frared  spec t rum  w as  t a k e n  

(inf ra red  sp ec t ru m  2030 ,  19 60, 1940,  1908 cm *) of  the  y e l lo w  subl imed 

s o l id .
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I s o l a t i o n  o f  Carbonyl  Polymer

R eac t io n s  o f  b e n z e n e , m e s i ty l e n e  chromium t r i c a rb o n y l  and 

chromium h e x ac a rb o n y l  were  run a s  d e s c r i b e d  in  the  i s o l a t i o n  of r e a c t io n  

i n t e r m e d i a t e s .  The to ta l  r e a c t io n  p ro d u c ts  were  com bined  and" c o n c e n t  

t r a t e d  to l e s s  th a n  5 ml.  This c o n c e n t r a t e d  so lu t io n  w as  ch rom atographed  

on  a c t i v a t e d  n e u t r a l  a lu m in a .  H ex an e  w as  added  un t i l  no more hydro­

ca rbon  d imers  were  l e f t  on the  co lumn.  The column w as  th e n  w a sh e d  . 

w i th  50% h e x an e -5 0 %  b e n z e n e  un t i l  a du l l  y e l lo w  b and  s t a r t e d  to be 

e l u t e d .  Then 50% b e n z e n e  and 50% e th e r  s o lu t io n s  w ere  ad d ed  to the  

co lumn and  the  dul l  y e l lo w  band  c o l l e c t e d .  The 50% benzene ,  and 50% 

e t h e r  f r ac t ion  w as  c o n c e n t r a t e d  to a  y e l lo w  v i s c o u s  l i q u id .  The ye l low  

o i l  w as  r e d i s s o l v e d  in  100% e th e r  and  th e n  m ethanol  w a s  added  un t i l  a 

w h i te  p r e c ip i t a t e  a p p e a r e d .

An in f r a r ed  spec t rum  w as  ta k e n  o f  the  dr ied  w h i te  s o l i d .  The d i s ­

t i n g u i s h in g  fea tu re  o f  t h i s  in frared  spec t rum  w as  a s t rong  p e ak  a t  

1715 cm \  A g a s  chromatogram w as  t a k e n  on the  F&M and  the  only  p e ak  

cam e a t  1 5 8 - 1 6 0 °C .  Then a m a ss  sp ec t ru m  was t a k e n  and  i t  showed  the  

w h i te  s o l id  had  a m a s s  p e ak  of a t  l e a s t  1000. F ina l ly  a  m el t ing  poin t  

w a s  t a k e n  and  i t  show ed  the  compound w a s  s t a b l e  to  a t  l e a s t  3 0 0 ° C .
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