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A b stract

R eactions of coordinated ligands in two organom eta llic  sy s te m s  

are  exam ined . P art I d e sc r ib e s  the w ork ca rr ied  out on (d iene)-,  

and (d ien yl)-  iron  tr icarb on yl c o m p lex es .  P r o p e r t ie s  of -f7-enyl 

pallad ium  II compounds are d e scr ib ed  in P art II.

In P art  I, the preparation  and p ro p er t ie s  of the open-ch a in  (dienyl) 

iron  tr icarb onyl cations are  exam ined using  k in etic  m eth ods. The 

form ation  of (1-m eth y l,  5-phenyl) P .  I. T. fro m  the two d ia s te r e o is o m e r s  

of (6-phenyl h e x a -3 ,  5 -d ie n -2 -o l )  iron  tr icarb onyl is  shown to be much  

s lo w er  w ith the ^  endo is o m e r  than with the Ÿ exo is o m e r  at room  

tem p era tu re .  At low tem p era tu re , each  i s o m e r  gen erates  a d ifferent  

cation ic  s p e c ie s .  The k in etic  behaviour and products form ed  in this  

s y s te m  are  shown to be co n s is ten t  with the involvem ent of trans ion  

in te r m e d ia te s .

The s ig n if ica n ce  of the trans ion s p e c ie s  i s  a lso  dem on strated  in the 

rea c tio n s  of a s e r ie s  of substituted P . I. T. cations with a ren es  and with  

a lc o h o ls .  The rate law o b served  for each  reaction  is  shown to be 

dependent on both the nature and position  of substituents on the dienyl  

s y s te m  as w e l l  as the nucleoph ile . A m ech a n ism  co n s isten t  with the 

kin etic  behaviour is  d is c u s se d  in  te r m s  of the ro le  of the trans ion.

The (d ien e)-  and (d ienyl)- iron  tr icarb on yl s y s te m s  are a lso  exam ined  

1 1 3by use  of H, and C nm r together  with i. r . and M ossbau er  sp e c tro sco p ic  

techn iq ues. It i s  su g g ested  that the charge on the d ienyl com p lex  is  

d e lo c a l is ed  throughout the m o lecu le  fro m  a com p arison  of the two s y s te m s .



In P a rt  II, the s tab ility  of 4 -su b stitu ted  (b u t-2 -en y l)  palladium  II 

co m p lex es  in acid so lution  is  shown to be d e c re a sed  if  the ch loro-brid ge  

i s  rep laced  by a group V ligand. The decom p osit ion  is  a lso  controlled  

by the e a se  of departure of the leav ing  group at the 4 -p o s it io n .  The 

nm r sp ec tra  of the TT^enyl compounds are tem p erature  dependent and 

ind icate  that '77“, <r - tra n s it io n s  can occu r .
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Nomenclature

Open chain  (d ien y l) iro n  tr ic a rb o n y l complexes have been named in  t h i s  

th e s i s  as s u b s t i tu te d  d e r iv a tiv e s  o f p en tad ien y l iro n  tr ic a rb o n y l 

( P .I .T .)  These a re  shown below to g e th e r  w ith  t h e i r  sy stem a tic  names,

P en tad ien y l iro n  tr ic a rb o n y l

t r ic a rb o n y l -pen tad ienylium ) iro n

(1-M ethyl) P . I .T .

t r ic a rb o n y l  ( l— 5 -1  -hexadienylium ) iro n  

(l,5 -D im eth y l) P . I .T .

tr ic a rb o n y l  ( 2— 6-/^ -hep tad ieny lium ) iro n  

(1 ,3 ,5 -T rim e th y l)  P .I .T .

t r ic a rb o n y l  ( 2— 6 -1  - 4-m ethylheptadienylium ) iro n  

( 1 -M ethy l, 5-phenyl) P .I .T .

t r i  carbonyl ( 1— 5 -1  - 1-pbenylhexadienylium ) iro n  

( 1,4 -D im e th y l,5-phenyl) P .I .T .

t r ic a rb o n y l  (I— 5-1  - 2-m e th y l-1-phenylhexadienylium ) iro n  

( l-^ B u ty l,5 -p h e n y l)  P .I .T .

t r ic a rb o n y l  ( 2—  6-  1 - 1, 1-d im e th y l-6-phenylhexadienylium ) iro n  

( 1, 5-d ip h en y l) P .I .T .

t r ic a rb o n y l  ( 1— 5- 1, 5-d iphenylpen tad ienylium ) iro n

O ther compounds 

(B u ta -1 , 3 -d ie n e ) iro n  tr ic a rb o n y l

( 1 - b u ta - 1, 3-d ie n e ) tr ic a rb o n y l iro n  

(H e x a -2 ,4 -d ie n -1 -o l) iro n  tr ic a rb o n y l

t r ic a rb o n y l  (2—  5— l  —hexa—2, 4—d ien —1—o l) i r o n  

(6-Phenyl h ex a -3 ,5 -d ie n -2 -o l)  iro n  t r i  carbonyl 

t r ic a rb o n y l  ( 3— 6-  -h ex ad ien -2-o l)  iro n
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(H e p ta -3 ,5 -d ie n -2 -o l) iro n  t r ic a rb o n y l

t r ic a rb o n y l  ( 3—  6- q - h e p t a - 3 , 5“d ie n -2-o l)  iro n  

(2-M ethyl h e p ta -3 ,5 ~ d ien -2 -o l)  iro n  tr ic a rh o n y l

tr ic a rh o n y l (3—6-  - 2-m e th y lh ep tad ien -2-o l)  iro n  

(5-M ethyl h e p ta -3 ,5 -d ie n -2 -o l)  iro n  tr ic a rh o n y l

t r i c a r h o n y l ( 3— 6 -1  - 5-m e th y lh ep ta -3 , 5“d ie n -2-o l)  iro n  

(C yclohexa-1 , 3-diene) iro n  t r ic a rh o n y l

t r i c a r h o n y l ( -c y c lo h ex a -1 , 3-d ien e) i ro n  

(C yclohexadienyl) iro n  tr ic a rh o n y l

t r i c a r h o n y l («1 -hexadienylium ) iro n
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PART I  

CHAPTER 1 

INTRODUCTION
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CHAPTER 1 

INTRODUCTION

1 2Although th e  d isco v e ry  o f fe rro c e n e  * i s  o f te n  regarded  as th e  

beg inn ing  o f o rg an o -iro n  ch em istry , (b u ta d ie n e ) iro n  tr ic a rb o n y l was 

is o la te d  over tw enty  years  b e fo re  by R eih len  and co-w orkers^ in  1930.

The o r ig in a l  sy n th e s is  was from th e  re a c t io n  o f b u tad ien e  w ith  iro n

pen tacarbony l in  a  se a le d  tube  a t  150°C and was dev ised  in  o rd e r to  

throw more l ig h t  on th e  n a tu re  o f iro n  p en taca rb o n y l. The s t r u c tu r e  

th e y  proposed was ( l . l ) ,  w ith  th e  iro n  bonded to  th e  te rm in a l carbon 

atoms o f  th e  d iene to  form a f iv e  merabered r in g , though th e y  d id  not 

ru le  out on a l t e r n a t iv e  s t r u c tu r e  ( l .2 )  w ith  th e  iro n  <3”-bonded to  

b o th  te rm in a l carbon atoms and a new îî-bond between and C  ̂ which

_ CH  CH CH =

ch; '
■••Fe'* Fe

(CO) 3 (CO)j

( 1 . 1) (1 .2)

was not bonded to  th e  m e ta l. The complex was re in v e s t ig a te d  by 

Hallam and Pauson in  1958? who suggested  a t h i r d  s t ru c tu re  ( l .3 )  

w ith  th e  d iene  m oiety bonded in  th e  t r a n s  conform ation . However, 

(cy c lo h ex a-1 , 3 -d ie n e ) iro n  t r ic a rb o n y l had very  s im ila r  chem ical and 

p h y s ic a l p ro p e r t ie s ,  bu t could  adopt o n ly  th e  c is  conform ation ( l . 4) .  

This le d  to  th e  co n c lu sio n  th a t  (butad iene) iro n  tr ic a rb o n y l must a lso  

have th e  c is  s t r u c tu r e .
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^ C H

Pe(cd)

(1 .3 ) (1 .4 )

Pe(CO)

The chem ical r e a c t i v i t y  o f (b u ta d ie n e ) iro n  t r ic a rh o n y l was a lso  

in v e s t ig a te d ,  and was found not to  be ty p ic a l  of a  d ie n e . I t  d id  

no t undergo D ie ls -A ld e r re a c tio n s  and was not reduced by hydrogen 

in  th e  p resence  o f Adams’ Pallad ium  Oxide c a ta ly s t .  The compound 

e x h ib ite d  a  s t a b i l i t y  which would not be expected from a c h e la tin g  

d ia lk y l  s t r u c tu r e  ( 1 .2 ) .  I t  r e s i s t e d  a t ta c k  by c o o rd in a tin g  

so lv e n ts  and s tro n g  a c id s , and could be recovered  unchanged from 

s o lu tio n s  in  p y r id in e , g la c ia l  a c e t ic  a c id  and co n cen tra ted  

s u lp h u r ic  a c id .  F urtherm ore, ozono lysis  gave some form aldehyde, 

and v igorous re d u c tio n  w ith  li th iu m  aluminium hydride gave some 

b u ta d ie n e , in d ic a t in g  th a t  th e  d iene  rem ained in ta c t  in  th e  complex. 

In f ra re d  and u l t r a v io l e t  s p e c tra  were c o n s is te n t w ith  th e  presence  o f 

a con jugated  double bond, and an o le f in  -bonded to  th e  m e ta l.

X—ra y  c ry s ta l lo g ra p h ic  d a ta^  showed th e  carbon atoms o f th e  d iene  to  

be co p lan a r and in  th e  c is  conform ation su p p o rtin g  a s t ru c tu re  

s im i la r  to  ( l . l )  bu t w ith  th e  iro n  below th e  p lane co n ta in in g  th e  

d ie n e . This i s  shown in  (1 .5 )«
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Fe

H H

CH2

Fe

CO CO 0 0  

(1 .5 )

CO CO CO 

( 1.6)

A f u r th e r  s t r u c tu r e  has heen proposed "vdiere th e  f r e e  o le f in  in  

( 1 . 2) was a lso  ^ —bonded to  th e  iro n  to  form a t r i d e n ta te  l ig a n d .^  

This was on th e  b a s is  o f th e  p ro to n  n m r  spectrum  o f th e  complex, 

which showed two p ro to n s  a t  5 .8 5 ^ in  th e  normal o le f in ic  reg io n  

and fo u r a t  1 ,68^  and 0.22& in  th e  a l ip h a t ic  re g io n . This 

i n t e r p r e ta t io n  assumes th a t  th e  p resence  o f th e  iro n  atom does not

a l t e r  th e  chem ical s h i f t s  o f th e  p ro to n s  by a n is o tro p ic  e f f e c t s .

7 13In  th e  carbon-13 n m r   ̂ spectrum , bo th  th e  s h i f t s  and th e  C-H

2 2 co u p lin g  co n s ta n ts  have v a lu es  c o n s is te n t w ith  sp r a th e r  th an  sp

and sp^ h y b rid ise d  carbon atoms and so ten d  to  favou r ( I . 5) .  Long

range co up ling  c o n sta n ts  in  th e  p ro to n  n m r .  spectrum  have re c e n t ly
o

been c a lc u la te d , which were in te rp re te d  as evidence th a t  a l l  th e  

d iene  p ro to n s  a re  co p lan a r, as in  ( 1. 5) .  However, i t  has r e c e n t ly  

been shown by an X -ray d i f f r a c t io n  techn ique  th a t  th e  C-H bonds can 

d e v ia te  by as much as 30° from th e  d iene  p lane  in  s u b s t i tu te d  

com plexes.^ The d e v ia tio n s  measured in  (2 -[(m -n itro p h en y l) amino]- 

t r a n s , t r a n s - 3 ,5 - b e p ta d ie n e ) i r o n  tr ic a rb o n y l ( l . ? )  a re  shown in  ( I . 8) .

Angles below th e  d iene  p lane  ( i . e .  tow ards th e  m etal) a re  in d ic a te d
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by a  n e g a tiv e  s ig n . Thus, a l l  s u b s t i tu e n ts  except th o se  a t  th e

R = — CH
H

Pe(CO).

(1 .7 )

—8 3  - 6  0

-6 .56

3 0 0

# = CARBOH 

0 = HYDROGEH

(1.8)

a n t i  p o s i t io n s  l i e  below th e  d iene  p la n e .

I t  has been suggested"*^ th a t  th e  degree to  which th e  a c tu a l 

s t r u c tu r e  approaches th e  extrem es o f bonding may be judged by th e  

le n g th s  o f th e  carbon-carbon bonds: (1 .5 ) would have a s h o r t- lo n g -  

sh o rt p a t te r n  as would f r e e  b u tad ien e  in  i t s  ground s t a t e ,  bu t (1 .6 ) 

would have a lo n g -sh o r t- lo n g  p a t te rn  as would b u tad iene  in  i t s  f i r s t  

e x c ite d  s t a t e .  This has been in te rp re te d  by an exam ination o f th e  

m olecu lar o r b i t a l s  o f b u ta d ie n e :

When b u tad ien e  becomes bonded to  a  m eta l, e le c tro n  d e n s ity  i s  

donated from th e  h ig h e s t occupied m.o. o f b u tad ien e  to  th e  m eta l, 

which in  tu r n  donates e le c tro n  d e n s ity  to  th e  low est unoccupied 

m .o. o f  b u ta d ie n e . These two s h i f t s  have a s im ila r  e f f e c t  on th e
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îT - bonding o f b u tad ien e  as does prom otion o f b u tad ien e  from th e

ground s t a t e  to  i t s  f i r s t  e x c ite d  s t a t e .  This means th a t  an

in c re a se  in  th e  s tre n g th  o f th e  bond between b u tad ien e  and th e  m etal

would ten d  to  change th e  s h o r t- lo n g -sh o r t  p a t te r n  to  a lo n g -sh o r t—

long  p a t te r n .  In (b u tad ien e ) i ro n  t r ic a rb o n y l ,  th e  e f f e c t  o f th e

bonding o f b u tad ien e  to  iro n  has tended  to  e q u a lize  th e  carbon-

carbon bond le n g th s , and so th e  bonding in  th e  d iene can be

reg ard ed  as b e in g  composed o f a  m ixture of th e  ground and f i r s t  

11e x c ite d  s t a t e s .

The bonding in (b u ta d ie n e ) iro n  t r ic a rb o n y l has a lso  been 

d iscu ssed  by Connor e t a l  who a lso  perform ed an ab i n i t i o  s e l f  

c o n s is te n t f i e l d  m o lecu lar o r b i t a l  c a lc u la t io n  and measured th e  

H e ( l ) , H e (ll)  and X -ray  p h o to e le c tro n  s p e c tra .  The c a lc u la te d  

e le c tro n  d e n s ity  was h ig h e r on Ĉ  and C^ th a n  on C  ̂ and C^. This 

i s  c o n s is te n t w ith  th e  experim ental evidence th a t  e le c t r o p h i l ic  

s u b s t i t u t io n  occurs a t  th e  Ĉ  p o s i t i o n . C o m p e t i t i v e  a c y la tio n  

showed th a t[b u ta d ie n e )  iro n  tr ic a rb o n y l  re a c te d  much f a s t e r  th an  

benzene, and cy c lo p en tad ien y l manganese tr ic a rb o n y l  bu t a t  a  s im ila r  

r a te  to  fe r ro c e n e , in d ic a t in g  an e le c tro n  d e n s ity  g re a te r  th an  

u n i ty  on C^.

The ch em istry  o f(d iene) iro n  tr ic a rb o n y l  complexes has been 

r e v i e w e d . D e r i v a t i v e s  of(bu tad iene] iro n  tr ic a rb o n y l show ty p ic a l  

r e a c t io n s  o f th e  fu n c tio n a l g roups. The co o rd in a ted  so rb ic  a c id  was 

found to  be s l i g h t l y  weaker th an  th e  f r e e  a c id  in d ic a t in g  th e  

[b u ta d ie n e ) iro n  t r ic a rb o n y l  group to  be e le c tro n  d o n a tin g . This 

p ro p e r ty  was a lso  in d ic a te d  by th e  ease  o f a c é ty la t io n  o f
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[l-p h en y l"butadiene] iro n  t r ic a rh o n y l  hy a c e ty l  c h lo r id e  an d  t in  

t e t r a c h lo r id e .

The f i r s t  (dienyl') i ro n  t r ic a rh o n y l  complex was is o la te d  hy 

15E.O. F is c h e r  in  I960. This was formed hy a b s tr a c t io n  o f a  hydride 

ion  from fcyclohexadiene) iro n  tr ic a rh o n y l (l»9) w ith  tr ip h en y lm e th y l 

te t r a f lu o ro b o ra te »  I t s  s t r u c tu r e  i s  shown in  (1 ,1 0 ) , The

Fe(CO) Pe(CO)

H

( 1. 9) ( 1. 10)

co rresp o n d in g  a c y c lic  complex ( l , 1 l )  was made hy an analogous method 

from (a n t i  1-m ethyl bu tad iene) iro n  tr ic a rh o n y l However,

a ttem p ts  to  re p e a t th e  re a c t io n  w ith (syn 1-m ethyl b u ta d ie n e )iro n  

t r ic a rh o n y l  ( l .1 3 )  f a i l e d .  I t  was suggested  th a t  th i s  was due 

m ain ly  to  k in e t ic  r a th e r  th an  thermodynamic c o n tro l o f th e  r e a c t io n .

Pe(cO)

( 1 . 11)

'C H .

Fe(CO)^

( 1. 12)

CHJ \
Fe(CO)

(1.13)

The a c y c l ic  p en tad ien y l iro n  t r ic a rh o n y l (P .I .T .)  complexes 

have u s u a l ly  heen p repared  from th e  co rresponding  s u b s t i tu te d  

|hu tad ienej iro n  tr ic a rh o n y l  complex w ith  an a lco h o l group on th e
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carbon a d jac e n t to  th e  d iene  u n i t ,  by a d d itio n  o f a  s tro n g  acid .^^*^^  

For in s ta n c e  (h e x a -2, 4-dien-1-ol) iro n  tr ic a rb o n y l ( I . I 4) gave(l-m ethyl] 

P . I .T .  ( 1. 15) when t r e a te d  w ith  te t r a f lu o r o b o r ic  a c id  in  a c e t ic  

an h y d rid e . The complex was i s o la te d  as  i t s  te t r a f lu o ro b o r a te  s a l t .

The re a c t io n  i s  thought to  proceed by i n i t i a l  p ro to n a tio n  o f th e

C H CHOH  2
Fe(CO)

( 1. 14)

CH

Fe(CO)

a lc o h o l , fo llow ed  by lo s s  o f w a te r  and a rearrangem ent of th e  

p en tad ien y l system  to  y ie ld  th e  observed c is  c a tio n .

The a c y c lic  p en tad ien y l system  was found to  be r e a d i ly  a tta c k e d  

by  n u c le o p h ile s , form ing s u b s t i tu te d  d iene  complexes. R eaction  w ith  

w ater a ffo rd e d  an a lc o h o l, and methanol a  methyl e th e r .  A ttack  always 

o ccu rred  on th e  most s u b s t i tu te d  te rm in a l carbon o f th e  system , on ly  

( 1 . 16) b e in g  formed from (1-m ethyl) P . I .T .  ( I . I 5) on re a c t io n  w ith  

w a te r , and on ly  ( l . l ? )  w ith  m ethanol. ITone o f th e  o r ig in a l  a lco h o l 

complex ( 1. 14), was found in  th e  r e a c t io n  p ro d u c ts .

OH
CH-C

3
1 

Fe(CO )^

( 1 . 16)

CH-CH 
3

\ 
Fe(CC%

(1.17)
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The mechanism proposed fo r  t h i s  r e a c t io n  suggested  th e  i n te r ­

v e n tio n  o f  an in te rm e d ia te  t r a n s  ion  in  th e  scheme. This was

formed from th e  c is  P . I .T .  complex hy a  r o ta t io n  o f th e  C«-C^ bond.  I 3
The two t r a n s  ions which could  be g en era ted  from th e  asymmetric 

complex ( 1. 15) a re  ( 1. I 8) and ( I . I 9) .  These a re  shown as -fT -a lly l 

complexes, though se v e ra l o th e r  resonance s t ru c tu re s  can be drawn. 

The more l i k e l y  in te rm e d ia te  was thought to  be ( I . I 8) as i t  had th e

H

I /
FefC0]3

Solvent Solvent

( 1 . 18) ( 1. 19)

more s u b s t i tu te d  o le f in  and th e  le s s  s t e r i c a l l y  crowded so lv a ted  

"ff - a l l  y l iro n  tr ic a rh o n y l  c a t io n . A lso , th e  o th e r  t r a n s  ion  

( 1 . 19) would be d e s ta b i l iz e d  by th e  in d u c tiv e  e f f e c t  o f th e  methyl 

group red u c in g  th e  bonding v ia  back-donat ion  from iro n  to  th e  

-TT"-all y l system .

The c a tio n s  were a lso  found to  r e a c t  w ith  p rim ary  amines to  

g ive  two p o s s ib le  p r o d u c t s . T h e  isom er is o la te d  was a fu n c tio n  

o f  th e  b a s i c i t y  o f th e  amine. Weakly b a s ic  amines (pK^ 10-13) such 

as 3 - n i t r o a n i l in e  gave ( l .2 0 ) ,  analogous to  th e  product w ith  w a ter, 

w ith  ( 1 , 5-d im ethy l) P . I .T . .  However, s tro n g ly  b a s ic  amines 

(pK.|3 3-6) such as ethylam ine and methylbenzylam ine gave a  c is  

s u b s t i tu te d  product ( l . 2 l ) .



21

CH J
NHR

HCH

H

F (̂CO).

CH J \ H

CHfCH^NHR

FefCOj,

Pe(CO)^ Fe(CO)

( 1 . 20) (1 . 21)

The mechanism suggested  was th a t  s tro n g ly  h a s ic  amines a tta c k e d

th e  c is  P . I .T .  complex d i r e c t ly ,  hu t weakly h a s ic  amines a tta c k e d

o n ly  th e  t r a n s  ion  in te rm e d ia te . Amines w ith  an in te rm ed ia te  b a s ic i ty

( e .g .  a n i l in e  -  pK.̂  9*4) gave e i th e r  (1 .20) o r (1 .21) o r m ixtures o f

th e  two depending on th e  co n d itio n s  u se d .

Two ty p es  o f p roducts  have heen found from th e  re a c t io n  of

t e r t i a r y  amines w ith  P .I .T .  d e r iv a t iv e s .  Trim ethylam ine and t r i e t h y l -

amine a b s tr a c te d  a  p ro to n  from ( l,5 -d im e th y l)  P .I .T .  to  y ie ld  a  t r i e n e

( 1 . 22) ,  h u t under s im ila r  c o n d itio n s  r e a c t io n  w ith  (1 -miethyl) and
20( l - e th y l )  P . I .T .  gave q u a te rn a ry  ammonium s a l t s  ( l .2 3 ) .  This 

d if f e r e n c e  was a sc r ib e d  to  s t e r i c  r a th e r  th an  e le c tro n ic  e f f e c t s .

Pe(CO)

( 1. 22)

R N -C H  
3 2

[ j ^  R = Me,Et
— R ^

Pe(CO)

( 1. 23)

R, = Me,Et



22

However, a  compound analogous to  ( l .2 2 )  was is o la te d  from th e  re a c tio n  

o f ( 1 -m e th y l)P .I .T , w ith  b a s ic  alum ina under heterogeneous c o n d itio n s .

F u r th e r  evidence f o r  th e  involvem ent o f t r a n s  ions in  th e  re a c tio n s  

o f (d ie n e ) iro n  tr ic a rh o n y l  complexes was o b ta in ed  from th e  k in e t ic s  of 

s o lv o ly s is  o f th e  2 ,4 -d in itro h e n z o a te  e s te r s  o f (6-phenyl h e x a -3 ,5“  

d ie n -2 -o l)  iro n  t r ic a rh o n y l  and (h ep ta -3 ,5 -& ien -2 -o l)  iro n  t r i -  

c a rb o n y l.^ ^  Both th e  Ÿ  endo and th e  exo isom ers were is o la te d

in  each case , and were drawn as ( 1.24) and ( I . 25) re s p e c tiv e ly ,

26though t h i s  assignm ent has heen qu estio n ed  hy Foreman from an n m r .

R

ODNB

Fe(CO)^ R = Me,Ph 

( 1 .24) endo

R \ ODNB  
C— H 

'^ C H ,

Fe(CO)

( 1. 25) exo

sp e c tro sc o p ic  s tu d y  o f th e  a lc o h o ls , using lan theunide s h i f t  re a g en ts  to  

determ ine th e  s te re o c h e m is try  o f th e  m olecu les. The r a te s  o f s o lv o ly s is  

in  S(yfo aqueous ace tone  o f th e  'f ' endo isom ers were found to  he slow er 

th a n  th e  exo isom ers hy a f a c to r  o f alm ost n in e ty  fo r  bo th  R = Me 

and R = Ph, though th e  r a te s  were f a s t e r  in  th e  methyl d e r iv a t iv e s .

There was com plete r e te n t io n  o f c o n fig u ra tio n  in  th e  p ro d u c ts , except 

f o r  th e  phenyl s u b s t i tu te d  endo isom er when 92.5 — 95*0^ re te n t io n  

was o bserved . The r e a c tio n  was shown to  he governed hy an SHI
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mechanism by th e  s a l t  and common ion  e f f e c t s  -  sodium flu o ro b o ra te  

in c re a se d  th e  r a te  o f s o lv o ly s is ,  and sodium 3 ,5 -d in itro b e n z o a te  

decreased  i t .

This le d  to  th e  co n clu sio n  th a t  th e  isom ers o f each e s te r  gave 

r i s e  to  d i f f e r e n t  ions which in te rc o n v e r te d  a t  a  slow er r a te  th an  th e  

r a te  o f a t ta c k  o f w ater to  g ive th e  p ro d u c ts . These were drawn as th e  

two t r a n s  ions formed by a lk y l oxygen f i s s io n  o f th e  e s te r ,  fo llow ed by 

lo s s  o f 2 ,4 -d in itro b e n z o a te  ion  exo to  th e  iro n  t r ic a rb o n y l group.

The endo isom er produced c a tio n  (1.26) and th e  exo isom er (1 .2 ? )•  To 

account f o r  th e  s t a b i l i t y  o f th e se  ions as r e a c t iv e  in te rm e d ia te s .

R

Fe(CO)
CH

c

(1 . 26)

Fe(CO)

(1 .2 7 )

d i r e c t  p a r t i c ip a t io n  o f th e  iro n  atom was suggested .

Subsequent experim ents u s in g  n m r  spec tro sco p y  le d  to  th e  

o b se rv a tio n  o f a t r a n s  ion  in  eq u ilib riu m  w ith  a c is  ion  a t  low 

te m p e ra tu re .^ ^  (2-m ethyl h e p ta -3 ,3 -d ie n -2 -o l)  iro n  tr ic a rb o n y l (1 .28) 

was converted  to  a t r a n s  ion  ( 1. 29) and a c is  ion  ( l# 30) on trea tm en t

CH.

R [CO l

( 1 . 28)

CH
CH.

F«(C0)j

(1 .29)
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w ith  flu o ro s iilp h o n ic  a c id  a t  -7 8 ° . The eq u ilih riu m  co n stan t fo r  th e  

c i s - t r a n s  conversion  was 3«0 -  0 .3  a t  -$0° on th e  s id e  o f th e  tra n s  

form , and th e  r a t e  o f  conversion  from t r a n s  to  c is  was 0 .75  sec  ̂ a t  

-32.5°C  w ith  an energy h a r r i e r  in  th e  o rd e r o f 55 kJ mol"”\  However, 

no t r a n s  isom er was d e te c te d  under th e  same co n d itio n s  w ith  e i th e r  th e  

Ÿ  sxo ( 1 . 31) o r th e  'Ÿ  endo (1 .32) isom er o f (h ep ta -3 ,5 -d .ien -2 -o l)  

iro n  t r i c a r h o n y l .  Each was converted  to  a  d i f f e r e n t  c is  io n , th e  

\j/ exo complex form ing c i s ,sy n ,sy n  ( 1 ,5-din iethyl) P . I .T .  (1 .33) and th e  

vf'endo complex form ing c i s ,s y n ,a n t i  ( 1 ,5-dim ethyl) P . I .T .  (1 .34)«

CH
CH.

Pe(CO)

( 1. 31)

CH

OH

Fe(CO)

( 1. 32)

A.
CH

AA
Pe(CO)

( 1. 34)

I t  was concluded th a t  P . I .T .  complexes could adopt e i th e r  a  c is  o r a 

t r a n s  s t r u c tu r e ,  and th a t  th e  t r a n s  form could he made more s ta b le  hy 

s u i ta b le  s u b s t i t u t io n .  S te r ic  e f f e c t s  a lone  could not ex p la in  th e  

s t a b i l i t y  o f ( 1 . 29) because th e  s i tu a t io n  in  ( l . 30) would be expected
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to  t e  v e ry  s im ila r  to  th a t  in  (1 .34)«  However, n m r  evidence tended 

to  suggest th a t  th e  charge on was g re a te r  in  th e  t r a n s  form th an  th e  

c i s , as g re a te r  s t a b i l i z a t i o n  would r e s u l t  in  ( 1. 29)» w ith  a t e r t i a r y  

c a r to n  a t  C^, th a n  in  a t r a n s  ion  form ( l .3 l )  w ith  a secondary ca rto n

,28 .S im ila r  r e s u l t s  were o b ta in ed  in  a s tu d y  o f th e  re a c t io n  of 

flu o ro su lp h o n ic  a c id  in  l iq u id  su lp h u r d io x id e  w ith  (5 -m e th y l-3 ,5 - te p ta -  

d ie n -2 -o l)  iro n  t r i c a r to n y l  a t  -7 8 ° . I t  was ag a in  found th a t  th e  

V  exo ( 1 . 35) and th e  'Y endo ( 1 , 36) isom ers were converted  s te r e o -  

s p e c i f i c a l ly  to  isom eric  c is  c a tio n s  which had syn ,syn  (1.3T) and syn, 

a n t i  ( 1. 38) s t r u c tu r e s  r e s p e c t iv e ly .  Trans ions were not observed in  

th e  n m r  s p e c tr a .  Treatm ent o f e i th e r  a lco h o l w ith  p e rc h lo r ic  a c id  

in  a c e t ic  anhydride a t  room tem peratu re  gave on ly  (1.3T)* The r e s u l t s  

a re  shown in  scheme 1 ,1 , and a re  c o n s is te n t w ith  p ro to n a tio n  o f th e  

a lc o h o l , fo llow ed  by lo s s  o f w ater exo to  th e  m etal to  form a t r a n s  io n .

CH3

CH

C H 3

^ " 3  -  HClOyAo^O, 0 °  

(1-35) ^ 6

Q |_j FSC yn/C D C l^/SO g

F.(CO l -  -3

(1 .37)

Fe(CC^3

(1.36)

H

-78

SCHEME 1.1
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This can re a rra n g e  hy r o ta t io n  o f th e  bond to  th e  c is  con fig ­

u ra t io n  a t  low te m p e ra tu re . The therm odynam ically  more s ta b le  c i s , 

sy n ,sy n  c a tio n  i s  o b ta in ed  from th e  endo a lco h o l a t  h ig h e r 

tem p era tu res  e i th e r  by d i r e c t  iso m é ris a tio n  of th e  c i s , s y n ,a n t i  c a tio n  

o r  th rough  a sm all e q u ilib riu m  c o n c e n tra tio n  o f a  t r a n s  s p e c ie s .

D esp ite  th e  la rg e  expansion o f th e  f i e l d  o f o rg an o m eta llic

ch em istry  over th e  l a s t  decade, th e re  has been l i t t l e  use o f k in e t ic

s tu d ie s  as a  probe fo r  r e a c t io n  mechanisms when compared w ith  t h e i r

ex ten s iv e  use in  o rg an ic  ch em istry . This may be to  some ex ten t due

to  experim en tal d i f f i c u l t i e s  invo lved  in  th e  h an d lin g  o f a i r  -  o r

m o istu re  -  s e n s i t iv e  compounds, which have been p a r t i a l l y  overcome by

d e term in in g  r e l a t iv e  r a te s  o f r e a c t io n  by exam ination o f p roducts  from

co m p etitiv e  experim ents r a th e r  th a n  m easuring th e  r a te s  in d iv id u a lly , 

e .g .  13, 29

The purpose o f t h i s  work was to  in v e s t ig a te  th e  mechanism o f 

r e a c t io n  o f a  lig a n d  co o rd in a ted  to  a  m etal by use o f k in e t i c s .  

P en tad ien y l iro n  tr ic a rb o n y l complexes were chosen in  p a r t i c u la r  in  

o rd e r to  throw  some l ig h t  on th e  ro le  o f th e  t r a n s  ion  in  t h e i r  

ch em istry . F urtherm ore , th e y  a re  r e l a t i v e l y  a i r  s ta b le  s o l id s  capable 

o f b e in g  p rep a red  in  a  h igh  s t a t e  o f  p u r i ty ,  and so lend  them selves to  

t h i s  method o f exam ination .
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CHAPTER 2

Form ation o f P en tad ien y l I r o n t r ic a rb o n y l complexes 

from co o rd in a ted  a lco h o ls
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A: INTRODUCTION

The two d ia s te re o iso m e rs  o f (h e p ta -3 , 5-< iien-2-ol) i ro n tr ic a rh o n y l 

were f i r s t  i s o la te d  by M ahler and P e t t i t , a n d  had very  s im ila r  

p ro p e r t ie s  except f o r  t h e i r  m e ltin g  p o in ts .  The complex made by 

re a c t io n  o f (h e x a -2 ,4 -d ie n -1 -o l) iro n  tr ic a rb o n y l  w ith  methyl 

magnesium io d id e  had a m e ltin g  p o in t o f 70°. However, d ir e c t  

com bination o f h ep ta -3 ,5 -& ie n -2 -o l w ith  iro n  pen tacarbony l gave th e  

o th e r  isom er, w ith  a  m e ltin g  p o in t o f 85° .  Treatment o f e i th e r  

compound, o r a  m ix ture  o f th e  two, w ith  f lu o ro b o ric  a c id  a ffo rd e d  on ly  

one compound in  alm ost q u a n t i ta t iv e  y ie ld .  This was shown to  be 

sy n , syn ( 1, 3 -d im e th y l-p en tad ien y l) iro n  t r ic a rb o n y l te t r a f lu o ro b o r a te

( 2 . 1) .  R eac tion  o f t h i s  compound w ith  w a ter y ie ld e d  on ly  th e  h ig h e r 

m e ltin g  isom er, which was l a t e r  assigned^^ th e  exo s t ru c tu re  (2 . 2) .  

The ^  endo isom er i s  shown in  (2 .3 ) .

Pe(CO)

( 2 . 1)

CHj-̂ T M ^ h c h /

Fe(CO)

(2 .2)

>0 H

Fe(CO)

(2 . 3)

A lthough th e  k in e t ic s  o f s o lv o ly s is  o f 3 ,5 -d in itro b e n z o a te  e s te r s  

o f ( 2 . 2) and ( 2 . 3) in  80^  aqueous acetone  were found to  be c o n s is te n t 

w ith  an SN1 mechanism, th e  p roducts  had re ta in e d  c o n f ig u ra tio n s .

This im p lie s  th a t  th e  c is  c a tio n  (2 .1) i s  not an in te rm ed ia te  as th i s  

t h i s  would len d  to  th e  fo rm ation  o f (2 .2 ) o n ly . Hence, th e  e s te r s  

gave d i f f e r e n t  c a t io n ic  in te rm e d ia te s  which e i th e r  d id  not exchange o r
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d id  so slow er th a n  th e  r a te  o f fo rm ation  o f th e  a lc o h o ls . Trans 

ion  s t r u c tu r e s  were proposed f o r  th e se  -  ( 2 . 4) "being deriv ed  from

(2 . 2) and ( 2 . 5) from ( 2 . 3) hy th e  lo s s  o f 2 , 4-d ln i tro h e n z o a te  ion  

exo to  th e  iro n  tr ic a rh o n y i group. Subsequent exo a t ta c k  of w ater 

gave th e  p roducts  w ithout lo s s  o f c o n f ig u ra tio n .

c

Pe(CO)

( 2 . 4)

CH

Pe(CO)

C H .

\ H

(2 . 5)

I t  was thought th a t  th e  t r a n s  ions may a lso  he in te rm ed ia tes  

in  th e  fo rm ation  o f c is  P .I .T .  from th e  re a c t io n  o f a c id  w ith th e  

^  exo and ^  endo d ia s te reo iso m ers  o f ( 3 , 5-& ien-2-o l)  iro n  

t r ic a rh o n y i  com plexes. This r e a c tio n  was s tu d ie d  k in e t i c a l l y .
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B: RESULTS

( i)  K in e tic s  o f fo rm ation  a t room tem peratu re

The re a c t io n  o f  Y exo and V  endo (6-pheny lhexa-3 , 5 -d ie n -  

2-o l)  iro n  tr ic a rh o n y i w ith  an excess o f t r i f lu o r o a c e t i c  a c id  in  

n itrom ethane ws.s chosen f o r  s tu d y . There were s e v e ra l reasons fo r  

u s in g  t h i s  p a r t i c u la r  system . Both isom ers were known and were 

w ell d e fin ed  c r y s ta l l in e  s o l id s ,  g iv in g  alm ost q u a n t i ta t iv e  y ie ld s  

o f ( l-m e th y l, 5-phenyi) P .I .T .  on trea tm en t w ith  f lu o ro h o ric  a c id .

The cho ice  o f so lv en t was r e s t r i c t e d  to  d ry  n itrom ethane as P .I .T .  

complexes would p r e c ip i ta te  out o f n o n -p o la r so lv e n ts , so causing  

an heterogeneous system . O ther more p o la r  so lv en ts  such as methyl 

cyanide and a lco h o ls  were found to  re a c t  w ith  P .I .T .  as i t  formed.

The a c id  was l im ite d  to  one which was so lu b le  in  n itrom ethane hut 

which d id  not re a c t  w ith  P .I .T .  • The form er co n d itio n  excluded ac id s  

norm ally  a v a ila b le  in  aqueous s o lu t io n  such as te t r a f lu o ro h o r ic  a c id  

and hexafluo rophosphoric  a c id , and th e  l a t t e r  excluded to lu en e  

su lp h o n ic  a c id  and su lp h u ric  a c id  which p re c ip i ta te d  a brown 

m a te r ia l  w ith  lo s s  o f carbon monoxide from s o lu tio n s  o f P . I .T . .  

T r ic h lo ro a c e tic  a c id  decomposed th e  P .I .T .  complex slow ly , w hile 

a c e t ic  a c id  was too  weak to  re a c t w’th  e i th e r  a lco h o l complex. 

T r if lu o ro a c e t ic  a c id  (TFA) was found to  he s u i ta b le .  There was some 

r e a c t io n  w ith  P .I .T .  though a t  a  much slow er r a te  th an  th e  r a te  o f 

i t s  fo rm atio n  from e i th e r  d ien o l complex under experim ental co n d itio n s  

R eac tions were fo llow ed by observ ing  changes on th e  carbonyl 

re g io n  (2200 -  19OO cm"'*) o f th e  in f r a r e d  spectrum  as a fu n c tio n  o f 

tim e . The c o n c e n tra tio n  o f (1-m eth y l, 5-pbenyl) P .I .T .  could be 

determ ined  d i r e c t l y  in  s o lu t io n  from th e  in te n s i ty  o f th e  2105 cm  ̂

carbonyl bond, which was found to  obey B ee r 's  Law.
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P re lim in a ry  work showed th a t  th e  k in e tic  runs were too  f a s t  to  fo llow  

hy a sam pling te ch n iq u e , th e  h a l f  l i f e  be in g  g e n e ra lly  le s s  th an  

15 m ins. They were th e re fo re  c a r r ie d  out in  a th e rm o s ta tted  c e l l  

in  th e  i . r .  sp ec tro m ete r and th e  in t e n s i ty  o f th e  2105 cm  ̂

carbonyl band measured a t  in te r v a ls .

The r e a c t io n  o f y  endo (6 -pheny lhexad ien -2 -o l) iro n  tr ic a rb o n y l 

w ith  a te n - f o ld  excess of TFA in  n itrom ethane was found to  proceed to  

an e q u ilib r iu m . A p lo t  o f c o n ce n tra tio n  o f P .I .T .  a g a in s t tim e i s  

shown in  graph 2 .1 . The p o s i t io n  o f eq u ilib riu m  was e stim ated  a t  a 

c o n c e n tra tio n  o f 0.00575M P .I .T .  -  i . e .  57*5^ re a c t io n .  This was a 

t r u e  e q u ilib riu m , as i t  could be s h i f te d  tow ards com pletion by 

a d d it io n  o f more a c id , and tow ards th e  d ien o l by a d d itio n  o f w a ter. 

However, th e  exact p o s i t io n  could not be determ ined owing to  a  slow 

re a c t io n  o f TFA w ith  P . I .T . ,  which reduced i t s  c o n ce n tra tio n  to  only  

0,0014M a f t e r  22 h o u rs .

The approach to  eq u ilib riu m  obeyed pseudo f i r s t  o rd er k in e t ic s ,  

as shown in  graph 2 .2 . The q u a n tity  x i s  th e  co n ce n tra tio n  o f P .I .T .  

a t  a p a r t i c u l a r  tim e , and a^ i s  th e  co n ce n tra tio n  o f P .I .T .  a t  

e q u ilib r iu m .

E s tim a tio n  o f th e  eq u ilib riu m  c o n ce n tra tio n  o f P .I .T .  became more 

d i f f i c u l t  when th e  amount o f a c id  used was in c re a se d . This caused 

a  s h i f t  o f e q u ilib riu m  towards P .I .T .  and a f a s t e r  r a te  o f 

decom position . An i t e r a t i v e  method was developed in  o rd e r to  

e s tim a te  t h i s  p o s i t io n ,  u s in g  th e  computer program in  th e  appendix 

to  t h i s  c h a p te r . This was based on th e  f a c t  th a t  th e  r e a c tio n  r a te  

was governed by pseudo—f i r s t  o rd er k in e t ic s .  A minimum value  fo r
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GRAPH 2,1 R eac tion  o f  ^ endo(6~phenyl h e x a d ie n -2 -o l) iro n  t r i -  

carbony l (0.01M) w ith  TFA (0.10M) in  CHyvO  ̂ a t  25**
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GRAPH 2 .2  R eac tion  o f  « /;en^( 6-phenyl h e x a d ie n -2 -o l) iro n  t r i -  

carbonyl (0.01M) w ith  TFA (O.iOM) in  CH^Og a t  25°
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th e  e q u ilib riu m  c o n ce n tra tio n  o f P .I .T .  was guessed -  though th i s  

was not c r i t i c a l  -  and a va lue  o f th e  ex p ress io n  ( l )  c a lc u la te d  fo r

( 1)

where a^ = e s tim ated  e q u ilib riu m  c o n c e n tra tio n  o f P .I .T .  

and x^ = c o n c e n tra tio n  o f P . I .T .  a t  tim e t .

each p o in t .  The g ra d ie n t and e r ro r  fo r  a graph o f z a g a in s t t  was 

th en  found by a p p l ic a t io n  o f th e  le a s t  squares m e t h o d . T h e  

e q u ilib riu m  c o n ce n tra tio n  was th en  in c reased  by O.OOO5M, and th e  

p ro cess  re p e a te d  u n t i l  th e  maximum estim ated  value was reached .

This g en era ted  a s e r ie s  o f g ra d ie n ts  and e r r o r s .  I f  th e  

e s tim a te  was too  low, th e  p lo t  o f z a g a in s t t  was curved upwards, 

as in  f ig u re  2 . 1, w ith  a la rg e  e r ro r  in  th e  computed le a s t  squares

Z

t

z

t

2

t

f ig u re  2.1 f ig u re  2 .2 f ig u re  2 .3

g ra d ie n t .  On th e  o th e r  hand, i f  i t  was too  h ig h , th e  l in e  curved

downwards as in  f ig u re  2 .2 . The s t r a ig h t  l in e  in  f ig u re  2 .3  was

o b ta in ed  when th e  estim ated  value was c lo se  to  th e  experim ental one,

and was reco g n ised  by th e  g ra d ie n t having th e  minimum e r r o r .  The
—1

experim en tal r a te  co n stan t expressed  in  u n i ts  o f sec  was

c a lc u la te d  from t h i s  g ra d ie n t by m u ltip ly in g  by th e  conversion  

f a c to r  2 . 303/ 60.
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The r e s u l t s  from fo u r k in e t ic  runs under s im ila r  co n d itio n s  

a re  shown in  ta b le  2 .1 . The c a lc u la te d  eq u ilib riu m  co n cen tra tio n  

v a r ie d  s l i g h t l y  between ru n s , bu t th e  c a lc u la te d  r a te  constan ts 

were reaso n ab ly  c o n s is te n t .  The average value  was 7-9 z  10”^ 

sec  \  w ith  a s tan d a rd  d e v ia t io n  o f -  0 .2 6 . The percen tage  e r ro r  

a t  two s tan d a rd  d e v ia tio n s  was 6 . 6^ .

Run No. kobs
-1 4sec  % 10

eq u ilib riu m  
cone ent r a t  i  on 
M X 10 2

1 8 .3 0 .56

2 7.7 0.575

3 7 .8 0.635

4 7 .8 0.630

ta b le  2 . 1 .

In  o rd e r to  e s ta b l i s h  th e  o rd e r o f re a c t io n  w ith  re sp e c t to  

TFA, f u r th e r  runs were done w ith f i f t e e n  and tw enty  tim es excess o f 

a c id .  These r e s u l t s  were a lso  c a lc u la te d  u s in g  th e  i t e r a t i v e  

method and a re  shown in  ta b le  2 .2 . The o v e ra ll  e r ro r  was estim ated  

to  be w ith in  — 10^ o f th e  value quo ted . This d a ta  showed th a t  th e

Excess o f TFA Average % I0^ (sec

10 7.9

15 12.1
20 14.6

TABLE 2.2
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r a t e  o f r e a c t io n  in c re a se d  l in e a r ly  w ith  th e  co n cen tra tio n  of TEA, 

and so was f i r s t  o rd e r in  a c id .  The r a te  equation  fo r  th e  re a c tio n  

i s  in  eq u a tio n  2 , where th e  second o rd e r r a te  co nstan t

r a te  = k [ ^  endo (6-ph en y lh ex a-3 , 5- d ie n - 2- o l ) i r o n  t r ic a rh o n y i]

[TEA] (2)

k i s  7«9 z 10  ̂ mol  ̂ sec   ̂ a t  24. 5°*

When th e  exo d ien o l was used , th e  approach to  eq u ilib riu m  

was too  f a s t  to  fo llow  a t  24»5° even in  th e  i . r .  c e l l .  With a 

tw e n ty -fo ld  excess o f TFA, th e  c o n ce n tra tio n  o f P . I .T .  reached a 

maximum value  o f O.OO85M in  le s s  th a n  4 m inu tes. This th en  slow ly  

decreased  owing to  decom position, reach in g  0 .0062M a f t e r  two h o u rs . 

Under s im ila r  c o n d itio n s , th e  f  endo d ien o l reached a maximum 

c o n c e n tra tio n  o f O.OO8IM a f t e r  about an h o u r. In  o rd er to  slow 

down th e  re a c t io n  w ith  th e  Y exo d ie n o l, i t  was rep ea ted  a t  10°. 

However, th e  approach to  e q u ilib riu m  s t i l l  could not be observed.

Assuming th e  r e a c t io n  reached  approxim ately  95^ com pletion in  

100 seconds, a  minimum value  o f th e  r a te  co n stan t was c a lc u la te d  to  

be 3 z  lO”  mol”  sec”  i f  th e  k in e t ic  eq u atio n  was of a s im ila r  

form to  th e  Y  endo c a se . Hence, th e  V  ex o / Y  endo r a te  r a t i o  was 

g r e a te r  th a n  f o r ty .
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( i i )  Form ation a t  low tem peratu re

The behav iour o f th e  isom ers o f (6 -p h en y lh ex a -3 ,5 -d ien - 

2 -o l)  iro n  tr ic a rb o n y l tow ards a  s tro n g  a c id  a t  low tem peratu re  

was in v e s t ig a te d  by use o f n m r  sp ec tro sco p y . In  c o n tra s t to  

th e  re a c t io n  a t  room tem peratu re  when on ly  one p ro d u c t, ( l-m e th y l,

5-phenyl) P . I .T . ,  was i s o la te d ,  each isom er gave a d i f f e r e n t  

c a t io n ic  sp ec ie s  a t  —78°.

Each complex was f i r s t  d is so lv e d  in  l iq u id  su lp h u r d iox ide  

to  which a s o lu t io n  of flu o ro su lp h o n ic  a c id  in  l iq u id  su lphur 

d io x id e  c o n ta in in g  TMS was added. D uring and a f t e r  m ixing, care  

was tak en  to  p reven t th e  tem pera tu re  from r i s in g  above —78°.

N M R, s p e c tra  were reco rded  w ith in  te n  m inutes to  avo id  p o ss ib le  

decom position . These a re  shown as spectrum  4*1 and spectrum  4*2 

which were from th e  Y exo and y  endo isom ers re s p e c t iv e ly .  No 

change in  e i th e r  spectrum  was found a f t e r  s tan d in g  fo r  1 hour a t  

-6 0 ° . On warming above -2 0 ° , bo th  s o lu tio n s  darkened due to  

decom position , and th e  n m r  s ig n a ls  became broad  owing to  th e  

p re sen ce  o f param agnetic s p e c ie s .

Spectrum 4*1 was id e n t ic a l  to  th e  spectrum  o f a  s o lu tio n  o f

c i s , sy n ,sy n (1 -m e th y l, 3-phenyl) P . I .T . .  However, spectrum  4*2 had

two n o ta b le  d if f e r e n c e s .  F i r s t l y ,  th e  methyl group a t  1 .5 7 5  was

25in  acco rd  w ith  an a n t i  r a th e r  th an  a syn c o n fig u ra tio n  and 

second ly , th e  low f i e l d  p ro to n  a t  4 *61S was c h a r a c te r i s t i c  o f a 

a n t i  hydrogen. This i s  c o n s is te n t w ith  a c i s ,s y n ,a n t i  p en tad ien y l 

s t r u c tu r e  as shown in  ( 2 .6 ) .  This was confirm ed by double 

resonance experim en ts, and by th e  magnitude o f th e  coup ling  co n stan ts , 

For in s ta n c e  J  was 7*5 Hz,which i s  a ty p ic a l  va lue  f o r  a
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c is  o le f in ic  co up ling  c o n s ta n t. ITo a d d it io n a l  l in e s  were observed 

in  th e  spectrum .

The r e s u l t s  o f th e se  experim ents a re  summarized in  scheme 2 .1 .

OH

Ph
CH

CH,
Fe(CO)Pe(CO)

-60
O k

,CHPh Pt\

Pe(CO)Fe(CO)

y  endo d ien o l
(2 . 6)

SCHEME 2.1
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C: DISCUSSION

The mechanism o f  fo rm atio n  o f p en tad ien y l iro n  t r ic a rh o n y i 

sp e c ie s  from th e  re a c t io n  o f (6 -pheny lhexa-3 ,5“< iie^-2-ol) iro n  

t r ic a rh o n y i  w ith  t r i f l u o r o a c e t i c  a c id  in  n itrom ethane  must he 

c o n s is te n t w ith  th e  fo llo w in g  o b se rv a tio n s :

1) The re a c t io n  o f th e  vjv endo isom er in  a  second o rd e r p ro cess , 

f i r s t  o rd e r in  d ie n o l and f i r s t  o rd e r in  TFA.

2) The re a c tio n s  o f bo th  isom ers proceed, to  th e  same e q u ilib riu m  

p o s i t io n  under s im i la r  c o n d itio n s .

3) The y  exo isom er r e a c ts  a t  a  f a s t e r  r a te  th a n  th e  ^  endo isom er.

4) At low te m p e ra tu re , each isom er i s  converted  s te r e o s p e c i f ic a l ly  

to  a d i f f e r e n t  d ien y l c a tio n , bu t a t  room tem p era tu re , on ly  one 

p roduct i s  form ed.

On th e  b a s is  o f th e  above r e s u l t s ,  a  mechanism i s  proposed 

fo r  th e  r e a c t io n  o f each isom er. These a re  shown in  scheme 2 .2 

and in  scheme 2 .3  f o r  th e  y  exo and y  endo isom ers re s p e c t iv e ly .

The f i r s t  s te p  in  each case i s  th e  p ro to n a tio n  o f th e  a lc o h o lic  

oxygen atom exo to  th e  Fe(CO)^ group. Loss o f w ater g en era te s  a 

d i f f e r e n t  t r a n s  ion  in  each c a se . These rea rran g e  by r o ta t io n  o f 

th e  C^-C^ bond to  form th e  observed c is  p en tad ien y l c a tio n s  a t  low 

te m p e ra tu re . At h ig h e r  tem p e ra tu res , th e  t r a n s  ion  from th e  Ÿ  endo 

complex re a rra n g e s  to  th e  more s ta b le  t r a n s  io n  from th e  y  exo complex. 

Hence, under th e se  c o n d itio n s , on ly  one p ro d u c t, th e  c i s ,sy n .sy n  

p en tad ien y l c a tio n , i s  observed .

In  d is c u s s in g  th e  above mechanism,, i t  i s  convenient to  

examine f i r s t  th e  s te reo c h e m is try  o f th e  (dienol) iro n  tr ic a rb o n y l  

com plexes. The s t e r i c  in te r a c t io n s  in  th e se  compounds have been
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Ph

/  A OH

I n

\ h ^
Fï(C O ), Fefcoj,

'c H ,

p.JTi H

CH.
Fe(CO),

Ph
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S>

3
H

OH
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Ph
CH. H
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Ph
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V
Fe(c0),

Ph
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H

A
H CH3 

f ^ C O l
SCHEME 2.3  ^  endo isom er
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2 ")
co n sid e red  in  some d e t a i l  by C lin to n  and L i l ly a ,  who suggested  

th a t  s t e r i c  in te r a c t io n s  in v o lv in g  th e  d ien o l lig a n d  and te rm in a l 

carbonyl groups on iro n  were o f p rim ary  im portance in  determ in ing  

conform ation . By use o f s c a le  m odels, th e  most s ta b le  conform ation 

o f  each isom er was found, and th e se  a re  shown as (2 .7 ) and (2 .8 ) f o r  

V  exo and ^  endo r e s p e c t iv e ly .

R

CH

Fe(CO)

R

OH

Pe(CO)

(2 .7 ) (2 . 8)

The e x is te n c e  o f a p re fe r re d  s te reo c h e m is try  was dem onstrated

by th e  r a t e s  o f s o lv o ly s is  o f th e  3 ,5 -d in itro b e n z o a te  e s te r s  o f (2 .7 )

and (2 .8 ) which showed la rg e  ^ exo-/  endo-r a te  r a t io s  in  th e
‘ 22 23 2o rd e r o f  100 f o r  both  m ethyl and phenyl s u b s t i tu te d  com plexes. * ’

The p ro d u c ts  showed complete r e te n t io n  o f c o n fig u ra tio n  in  a l l  cases

except f o r  2 .8  (R = Ph) where yfo in v e rs io n  o ccu rred . The mechanism

proposed su g gested  th a t  th e  3 ,5 -d d n itro b en zo a te  ion  d e p a rts  exo

to  th e  iro n  a f t e r  3^1 a lk y l oxygen f i s s io n ,  th u s  r e q u ir in g  (2 .8 ) to

r o ta te  to  a l e s s  s ta b le  conform ation fo r  s o lv o ly s is  to  ta k e  p la c e .

The c a t io n ic  in te rm e d ia te s , drawn as t r a n s  ions s im ila r  to  th o se  in

schemes 2 .2  and 2 .3 , were th en  a tta c k e d  by w ater exo to  th e  iro n  to
25g ive  a lc o h o ls  w ithout lo s s  o f c o n f ig u ra tio n . F u r th e r  r e s u l t s



41

from th e  s o lv o ly s is  o f th e  s t e r i c a l l y  more r e s t r i c t e d  e s te r  of 

(4 -m e th y lh ep ta -3 ;5 -d ien -2 -o i)  iro n  tr ic a rh o n y i showed an even 

la r g e r  Y'exo- /  y* endo r a te  r a t i o  o f 2500, p ro v id in g  more evidence 

f o r  r e s t r i c t e d  r o ta t io n  in  th e  Cg-C^ bond o f th e  d ien o l complexes.

I t  has been suggested  th a t  th e  o r ig in a l  s te reochem ica l 

assignm ent in  th e  d ien o l e s te r s  made by C lin to n  and L i l ly a  i s  

in c o r r e c t .  An n m r  sp ec tro sc o p ic  s tu d y  o f th e  co rresponding  

a lc o h o ls  u s in g  la n th a n id e  s h i f t  re a g en ts  gave r e s u l t s  which were more 

c o n s is te n t w ith  a re v e r s a l  o f th e  Y exo and Y  endo la b e l s .

However i t  was s t r e s s e d  th a t  as th e  a p p lic a t io n  o f th e se  reag en ts  to  

o rg an o m e ta llic  compounds was n o v e l, th e  in te r p r e ta t io n  o f th e  d a ta  

may be in  q u e s tio n  and th a t  on ly  an X -ray s t ru c tu re  d e te rm in a tio n  

would decide  th e  s te re o c h e m is try  u n eq u iv o ca lly . I f  Foreman’s 

assignm ent i s  indeed  c o r re c t ,  th e n  th e  V  endo e s te r  i s  th e  more 

r e a c t iv e  isom er. P ro to n a tio n  o f th e  a lco h o l complexes could proceed 

v ia  th e  iro n  atom to  g ive endo p ro to n a tio n . To p rese rv e  th e  known 

s te re o c h e m is try  o f  th e  c a t io n ic  p ro d u c t, lo s s  o f w ater must a lso  be 

endo to  iro n  r a th e r  th an  a more u su a l exo d ep artu re  o f th e  le av in g  

group.

D epartu re  o f th e  le a v in g  group exo to  th e  m etal atom has been

confirm ed in  c y c lic  system s, where th e  s te reo c h e m is try  i s  more r i g i d .

For in s ta n c e , in  th e  h y d ro ly s is  of th e  exo and endo-isom ers o f

(a ace to x y  1 ,2 -te tram e th y len e) fe rro cen e  (2 .9  a ,b ) ,  th e  exo isom er
32

was more r e a d i ly  so lv o ly sed  by a f a c to r  o f 2500. The product in  

each case  was e x c lu s iv e ly  th e  exo a lc o h o l, in d ic a t in g  th a t  i t  i s  

n e c e ssa ry  f o r  th e  iro n  atom to  in te r a c t  d i r e c t l y  w ith  th e  a -p o s i t io n .
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OAc

OAc

(2 .9 t)

A more extrem e case was observed in  th e  h e te r o ly s is  o f 

f  5-endo-4nethyl-5-e x o - (tosyloxym ethyl) cyclop ent ad ie n e l iro n  tr ic a rh o n y i 

(2 .10a) in  a s o lu t io n  o f te t r a f lu o r o h o r ic  a c id  in  a c e t ic  an hydride . 

Loss o f  to s y la te  io n , fo llow ed hy r in g  expansion y ie ld e d  ( 1-methyl 

cyclohexad ieny l) i ro n  t r i c a r h o n y i . In  c o n tr a s t ,  th e  geom etrical 

isom er f5 -e x o -m ethyl-3-endo (to sy lo x y m eth y l)cy c lo p en tad ien e] iro n  

t r i c a rh o n y i  (2.lO h) d id  not undergo r in g  expansion, hut decomposed

slo w ly  to  iro n  I I  s a l t s  w ith  th e  lo s s  o f carhon monoxide. 33

CKOTs

CH

Fe(CO)

Ch^OTs

Pe(CO)

(2 .10a) (2.10h)

I t  has heen suggested  th a t  th e  e s te r s  o f t r a n s , tra n s (d ie n o l)  

i ro n  t r ic a rh o n y i  complexes e x h ib it r e a c t i v i t y  s im ila r  to  th a t  o f 

fe r ro c e n y l c a rh in y l e s t e r s . T h e  s o lv o ly s is  re a c tio n s  proceed hy 

d e p a r tu re  o f  th e  le a v in g  group exo to  iro n  and w ith  r e te n t io n  o f 

c o n f ig u ra tio n  in  each c a se . The mechanisms o f s t a b i l i z a t i o n  o f th e
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c a t io n ic  in te rm e d ia te s  in  th e  r e a c t io n  were d iscu ssed  w ith  re fe ren ce  

to  th e  n m r  s p e c tra  o f  th e  co rrespond ing  p ro to n a ted  k e to n es .

For in s ta n c e  th e  p ro to n a te d  dienone (2.11) was used as a model f o r  th e  

t r a n s  ion  (2 .1 2 ) . The n m r-  s h i f t  d a ta  were in te rp re te d  as

PH

R

CH

Fe(CO)

(2 . 11)

Fe(CO)

(2 . 12)

fa v o u rin g  iro n -ca rh o n  hy p erco n ju g atio n  as in  (2 . 13a) r a th e r  th an  

d i r e c t  ov erlap  o f th e  empty p o r b i t a l  on th e  te rm in a l carbon w ith  

a non-bonding o r b i t a l  on iro n  (2.13b) f o r  bo th  d iene  and fe rro c e n y l 

com plexes.

(2 .13a)

y  \

H

CH.
Fe

(CO)j

(2.13%)

The mode o f bonding in  fe rro cen y la lk y liu m  ions was a lso  d iscu ssed  

in  some d e t a i l  by T u rb itt  and W atts ,^^ ’ ^^ who tended to  favour a 

d i s to r te d  r in g  system  w ith  some degree o f d ir e c t  bonding between 

iro n  and th e  te rm in a l carbon as in  (2 .1 4 a ,b ) . The ions were 

g e n e ra te d  s te r e o s p e c i f ic a l ly  from 1—h y d ro x y alky lfe rrocenes in  

t r i f l u o r o a c e t i c  a c id  s o lu t io n .  The two isom ers o f (l-^n e th y lfe rro cen y l)
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(2 . 14a) (2.14b)

e th an o l ( 2 . 15a ,  b) g en era ted  d i f f e r e n t  fe rro c e n y l c a tio n s  (2 .16 a ,b )  

in  e q n i l i t r i im .  The e q u ilih riu m  co n stan t was g re a te r  th an  32 

fav o u rin g  ( 2 . l 6a ) ,  This s tro n g ly  resem bles th e  r e a c t io n  of

M e
OH

Me

Fe

M e

Me

• ( 2 . l 6a)

Me
OH

Fe

Me

Me

Me

Me

Me

(2 . 16b)

( 2—m ethylhep ta—3 , 5—&ien—2—ol) iro n  tr ic a rb o n y l (2 . 17) w ith  f lu o ro —

27su lp h o n ic  a c id  a t  low tem p era tu re , except th a t  in  t h i s  case , th e  

t r a n s  ion  ( 2 . 18) could  rea rran g e  to  a  c is  p en tad ien y l c a tio n  ( 2 . 19) .
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The e q u ilih riu m  p o s i t io n  la y  on th e  s id e  o f th e  t r a n s  io n  a t  -5 0 ° . 

Such a rearrangem ent i s  no t p o s s ib le  in  th e  c y c lic  system (2 .1 6 ) .

OH

r c H
CHn '

%
Pe(CO)

(2 .17)

Fe(CO)

( 2 . 18)

H.C C > i
Fe(CO)

(2.19)

The d if fe re n c e  between th e  s t a b i l i t y  o f th e  c is  and th e  tra n s  

p e n tad ien y l c a tio n s  was in c re ase d  in  th e  ions formed from 

(h e p ta -3 ; 5-& ien -2- o l )  iro n  tr ic a rb o n y l  where no tr a n s  io n  was 

d e te c te d  a t  low te m p e ra tu re . This was a t t r ib u te d  to  two main 

f a c to r s .  F i r s t l y ,  s t e r i c  e f f e c t s  o f th e  a n t i  m ethyl group would 

te n d  to  d e s ta b i l iz e  ( 2 . 19 ) over a  c is  ion  c o n ta in in g  on ly  syn 

s u b s t i t u t  en t s . This has been dem onstrated  by th e  two ions (2 .20 a ,b )  ,

d i f f e r in g  o n ly  in  th e  s y n ,a n ti  c o n fig u ra tio n s  o f th e  m ethyl 

s u b s t i tu e n ts ,  which were bo th  s ta b le  a t  low tem peratu re  but on ly

H CHC

Fe(CO)

A
HC HC

Fe(CO)

( 2 . 20a) ( 2 . 20b)
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(2 .20a) was s ta b le  a t  room tem p era tu re .^ ^  Secondly, i f  th e  charge 

d e n s i ty  a t  i s  g r e a te r  in  th e  t r a n s  ion  th an  in  th e  c is  io n , th en  

g r e a te r  s t a b i l i z a t i o n  r e s u l t s  in  ( 2 . 18) w ith  a t e r t i a r y  carbon a t 

th e  2 p o s i t io n  th a n  in  a t r a n s  ion  from (h e p ta -3 , 5-d ie n -2-o l)  w ith  

a secondary  carbon a t  th e  2 p o s i t io n .

Thus, i t  i s  reaso n ab le  to  expect th a t  th e  two tr a n s  ions 

p o s tu la te d  in  th e  p ro to n a tio n  o f th e  isom ers o f (6-pheny lhexa- 

3 , 5-& ien -2-o l)  iro n  t r ic a rb o n y l  would not be d e tec te d  a t  low 

te m p e ra tu re , but would form two d i f f e r e n t  c is  p en tad ien y l c a t io n s .

At h ig h e r  te m p e ra tu res , on ly  th e  therm odynam ically more s ta b le  c is  

sy n ,sy n  c a tio n  would be is o la te d  from bo th  isom eric  a lc o h o ls . 

F o r m a t i o n o f  t h i s  c a tio n  from th e  ^  endo a lco h o l could be v ia  two 

p o s s ib le  mechanisms -  from in te r  conversion  o f th e  t r a n s  ions o r 

from a sm all c o n c e n tra tio n  o f th e  c i s , s y n ,a n t i  c a tio n .

In  co n c lu sio n , th e  k in e t ic  d a ta  and p roducts  formed in  th e  

r e a c t io n  o f th e  y / endo and Y exo isom ers o f ( 6-pheny lhexa-3 , 5-&ien- 

2-o l)  i ro n  tr ic a rb o n y l  w ith  a c id  a re  c o n s is te n t w ith  i n i t i a l  

p ro to n a tio n  o f  th e  a lc o h o lic  oxygen, fo llow ed by s te r e o s p e c if ic  

e lim in a tio n  o f w ater exo to  iro n  to  g en era te  two tra n s  p en tad ien y l 

c a t io n s .  These ions a re  s ta b i l i z e d  by d i r e c t  p a r t ic ip a t io n  o f iro n  

and a re  r e a c t iv e  in te rm e d ia te s , ra p id ly  form ing two c is  p en ta ­

d ie n y l c a tio n s  a t  low tem p e ra tu re . At room tem p era tu re , on ly  th e  

therm odynam ically  more s ta b le  c i s . syn. syn ( l-m e th y l, 5-phenyl p en ta ­

d ie n y l)  i ro n  t r ic a rb o n y l  complex is  i s o la te d .  As each s te p  is  

r e v e r s ib le ,  th e  r e a c t io n  tends to  an eq u ilib riu m  p o s i t io n  determ ined 

by th e  c o n c e n tra tio n  o f a c id  in  s o lu t io n .
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D: EXPERIMETTPAL

(i)  M a te r ia ls .

V  exo and Y endo (6-p h en y lh ex a-3 , 5-< lien-2-o l)  iro n

t r ic a r b o n y l .  Both complexes were p rep ared  by th e  method o f C lin to n  
23and L i l ly a .  P u r i f ic a t io n  was by re p e a te d  r e c r y s t a l l i z a t io n  from 

60—80° petro leum  e th e r .

N itrom ethane

N itrom ethane (B.B.H.) was p u r i f ie d  by a method based on th a t  o f 

O lah.^^ N itrom ethane (1 dm^) was washed th re e  tim es w ith 100 cm  ̂

a l iq u o ts  o f a s o lu t io n  c o n ta in in g  sodium hydrogen carbonate  (25 g) 

and sodium m e ta b isu lp h ite  (25 g) in  w ater ( l  dm^) fo llow ed by w ater 

(lOO cm^), 5^ su lp h u ric  a c id  (lOO cm^) , w ater (lOO cm^) and sodium 

hydrogen carbonate  s o lu t io n  (25 g dm 100 cm^). The wet 

n itrom ethane  was d r ie d  w ith  anhydrous sodium su lp h a te  fo llow ed by 

magnesium su lp h a te  ( d r ie d ) . F in a l removal o f w ater was w ith 

a c t iv a te d  ”D r ie r i t e ” fo llow ed by f i l t r a t i o n  t h r o u ^  a 60 cm column 

o f l / 8" a c t iv a te d  m olecu lar s ie v e s  (4 2 ) .  The d r ie d  so lv en t was 

d i s t i l l e d  a t  reduced p re s su re  th rough  a 500 cm Vigreux column under 

an atm osphere o f d ry  n itro g e n . b. p . 5 7 ° /l5 6  mm Eg.

T r if lu o ro a c e t ic  a c id

T r if lu o ro a c e t ic  a c id  (Koch L ight) (lOO cm^) and t r i f lu o r o a c e t i c  

anhydride (Koch L ight) (20 cm^) were s tood  under n itro g e n  overn igh t 

b e fo re  b e in g  f r a c t io n a te d  through a 150 cm Vigreux column. The 

f r a c t io n  70.5 -  71.0° was c o lle c te d , and s to re d  under n itro g e n  in  

g re a s e le s s  a p p a ra tu s . [ l i t .  b .p .  71°/741 nmi E g].
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F lu o ro su lp h o n ic  a c id

F lu o ro su lp h o n ic  a c id  (Merck) was p u r i f ie d  hy d i s t i l l a t i o n  in to  

a co ld  t r a p  in  l iq u id  n itro g e n  in  vacuo u s in g  g re a se le s s  a p p a ra tu s . 

M an ipu lations w ith  th e  compound were perform ed in  a  glove box 

under an atm osphere o f d ry  n itro g e n .

( i i )  K in e tic  P ro ced u re .

F resh  s o lu tio n s  o f th e  d ien o l complexes and o f t r i f lu o r o a c e t i c  

a c id  in  d ry  n itrom ethane were made p r i o r  to  each k in e t ic  ru n . 

P a r t i c u la r  a t t e n t io n  was p a id  to  ensure th a t  a l l  g lassw are was d ry . 

An a l iq u o t  (5 cm^) o f each re a c ta n t was p ip e tte d  in to  a 10 cm ^ 

v o lu m etric  f l a s k .  The s o lu t io n  was mixed and a sample q u ick ly  

p laced  in  an in f r a r e d  c e l l  f i t t e d  w ith  calcium  f lu o r id e  w indow s.

( in  p re lim in a ry  experim ents, i t  was found th a t  potassium  bromide 

c e l l  windows were u n s a t i s f a c to ry  as th e  su rfa c e  slow ly  became coated  

w ith  potassium  te tr a f lu o ro b o r a te  on co n tac t w ith  s o lu tio n s  o f c i s , 

sy n ,sy n  ( 1-m e th y l, 5-phenyl) p en tad ien y l iro n  tr ic a rb o n y l  t e t r a ­

f lu o ro b o ra te  in  n itro m e th a n e ). The re fe re n c e  s o lu t io n  was t r i ­

f lu o r o a c e t ic  a c id  in  n itro m e th a n e ,a t th e  same c o n ce n tra tio n  as th e  

r e a c t io n  s o lu t io n .  The in f r a r e d  spectrum  was re p e a te d ly  scanned 

a c ro ss  th e  re g io n  2200-1900 cm”  u s in g  a P e rk in  Elmer 337 double 

beam sp e c tro m e te r . The co n ce n tra tio n  o f c i s ,sy n ,sy n  ( l-m e th y l,

5-pheny l) p e n tad ien y l iro n  tr ic a rb o n y l t r i f lu o r o a c e ta te  in  s o lu tio n
-1

was determ ined  d i r e c t l y  from th e  in te n s i ty  o f th e  2105 cm 

carbonyl band as t h i s  complex was found to  obey Beer^ Law.
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( i i i )  Low tem peratu re  p re p a ra tio n  o f p en tad ien y l com plexes.

S o lu tio n s  o f each isom er o f (6-phenylhexa-3»5-<iien-2-ol) iro n

tr ic a rh o n y i  were p repared  a t  low tem peratu re  u s in g  th e  ap p ara tu s  

shown in  f ig u re  2 .4 . F luorosu lphon ic  a c id  (2 .5  g» 25 mmol) was 

p laced  in  th e  n m r  tube  by sy rin g e , and a p h ia l  c o n ta in in g  th e  

d ien o l complex (0.20 g, O.64 mmol) p laced  in  th e  la rg e  tu b e , 

fo llow ed  by a sm all amount o f te tra m e th y ls i la n e  (ro 0 .1  m l) .

The ap p ara tu s  was immersed in  a  s o l id  COg/acetone b a th , and 

evacu a ted . Sulphur d io x id e  ( /V 5 ml) was condensed in to  th e

a p p a ra tu s . The re a g e n ts  were r a p id ly  mixed a t  -78° by t ip p in g  th e

a c id  from th e  s id e  arm . The n m r .  tube  was f i n a l l y  f i l l e d  by 

d é c a n ta tio n  and se a le d  o f f  a t  -6 0 ° . The n m r  spectrum  was 

reco rd ed  a t  -60° w ith in  about 5 m inutes o f m ixing in  a  V arian HA-100 

sp ec tro m e te r f i t t e d  w ith  a  v a r ia b le  tem peratu re  p robe .

( iv )  Computer Program

A F o rt run  computer program was used to  c a lc u la te  th e  

e q u ilib r iu m  p o s i t io n  and r a te  o f a tta in m en t o f eq u ilib riu m  in  th e  

k in e t i c  ex p erim en ts . This i s  s h o w n  below.
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PROGRAM FSTP ( lEPUT, OUTPUT)
C CALC OF FIRST ORDER PLOT

DIMERSIOR X (75),Y (75),z (7 5 ) ,YOB (75)
READ ( 1, 1) m  
DO 25 MJT = 1,M)
READ (1 ,1)U

1 FORMAT ( 12)
WRITE (3,10)N

10 FORMAT(//15X,*MJMBER OF POINTS IS * ,1 2)
DO 55 1=1,N 
READ ( 1, 2) X (I) ,Z (I)

2 FORMAT (2F10.0)
55 CONTINUE

READ h ,4 )  CON 
READ ( 1 .4 )CONMAX

4 FORMAT (F10.0)
75 CONTINUE

WRITE ( 3 , 5) CON
5 F0RMAT(//15X,*EQUILIBRIUM POSITION IS *,E10.4)

DO 15 1=1,N
DENS=2.0-AL0G10 (Z( l)  )
CONC=DENS/ 1 , 1 5 5  
YOB ( I) =C0N/ ( GON-CONC)
IF (YOB(i))JLE.0 .0  ) GO TO 85 
y ( i)= a lo g io (y o b ( i) )

15 CONTINUE
C LEAST SQUARES ANALYSIS

SX=0.0 
SY=0.0 
SXY=0.0 
SX2=0.0 
XN=N
DO 35 I  = 1,M 
SX=SX+Xfl)
SY=SY+Y(l)
SXY=SXY+X(l)*Y(i )
SX2=SX2+X(l) **2 

35 CONTINUE
A=(SX*SXY-SY*SX2) /(SX**2-XN*SX2) 
B=(SX*SY-XN»SXY)/(SX**2-XN»SX2)
WRITE ( 3 , 30) A 
WRITE ( 3 , 40) B 

30 FORMAT (15X,*INTERCEPT=*,E14.6)
40 FORMAT (15X,*GRADIENT=*,E14.6)

E=0.0
DO 45 I  =1,N 
YCALC=A+B*X(l)
E=E+(y ( i ) -YCALC) **2 

45 CONTINUE
ERR=SQRT(F/(XN-1.0))
ERRA=ERR*SX2 /  ( XN*SX2-SX**2)
G=ABS (XN*SX2-SX**2)
ERRB=ERR*XN**0. 5/SQRT ( G)
WRITE (3.50)ERRA,ERRB '
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50 FORMAT (15X,*ERR0R IN INTERCEPT=*,F9.6,5X,*ERROR*
C * IN GRADIENT = * ,F9 .6  

ERRC=ABS(ERRB*200.O/b)
WRITE(3^60)ERRC 

60 FORMAT (15X,*PERCENT ERROR IN GRADIENT=*P10.6)
85 CONTINUE

C0N=C0N+0.005
i f ( c o n .g  e.conmax)go to  25 
GO TO 75 

25 CONTINUE
STOP 
END.
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To Vacuum L in e  /  SO

■Lie no 1 Com plex

iTG 2,3#. Low T em p eratu re  R e a c t io n  V e s s e l
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CHAPTER 3

K in e tic s  o f  th e  re a c t io n  o f P en tad ien y l i ro n  tr ic a rb o n y l c a tio n s

w ith  n u c leo p h ile s
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A: ITÎTRODUCTIOTT

Both c y c lic  (3«l) and a c y c lic  (3 .2 ) (d ien y l) iro n  tr ic a rh o n y l 

c a tio n s  a re  s u sc e p tib le  to  a t ta c k  by n u c leo p h ile s  (b) to  y ie ld  

s u b s t i tu te d  d iene  complexes (3«3) and (3*4)•

Pe(CO)

( 3 . 1 )

Pe(CO)

(3 .2 )

Pe(CO)

( 3 . 3 )

Pe(CO)

( 3 .4 )

In  th e  case o f c y c lic  l ig a n d s , r e a c t io n  w ith  cyan ide, a lk o x id e ,

^ 8 ,3 9 have been rep o rted , 

40
h y d rid e  and th e  a c e ty la c e to n a te  an ion '

The l a s t  r e a c t io n  has a lso  been s tu d ie d  k in e t ic a l ly ,^ ^  and a mechanism 

was proposed which invo lved  a t ta c k  on th e  co o rd in a ted  lig a n d  by th e  

a n io n . Analogous re a c tio n s  fo r  complexes w ith  a c y c lic  lig an d s  have 

been o u tl in e d  in  Chapter 1.
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B: RESULTS

^ R eaction  o f P en tad ieny l Iro n  T ricarbonyl Complexes w ith A ctivated  

A renes.

The (1 -m ethy l, ^-phenyl) d e r iv a tiv e  o f (3 .2 ) re a c te d  w ith

1,3-dim ethoxyhenzene to  g ive a complex (3-5) which was is o la te d  in  

low y ie ld .  The t r a n s , t r a n s  s t ru c tu re  was confirm ed by nmr

OCH

Ph C-H
\
CH

Pe(CO)

CH.

( 3 . 5 )

Fe(CO)

( 3 . 6 )

sp ec tro sco p y  and by elem ental a n a ly s is .  The product from re a c tio n  

w ith  w ater ( 3 . 6) a lso  had a t r a n s , t r a n s  s t r u c tu r e .  S u b s ti tu t io n  on 

th e  a ren e  r in g  took  p lace  e x c lu s iv e ly  a t th e  4 p o s it io n , o rtho  to  one 

methoxy group and p ara  to  th e  o th e r .  This i s  c o n s is te n t w ith th e  

normal o r th o , p a ra  d i r e c t in g  p ro p e r tie s  o f methoxy b e n z e n e s . U n d e r  

f o rc in g  c o n d itio n s , u s in g  an excess o f P . I . T ., an o th er complex was 

observed  on t r a c e  amounts w ith th in  la y e r  chrom atographic a n a ly s is .

By u s in g  p re p a ra t iv e  t i c ,  a s u f f ic ie n t  q u a n tity  o f sample was is o la te d  

fo r  i t s  nmr spectrum  to  be reco rd ed . This was very  s im ila r  to  th e  

spectrum  o f ( 3 •5)» though an in te g ra l  in d ic a te d  th a t  th e  complex 

co n ta in ed  4 » 6 -d is u b s ti tu te d  arene  r in g  formed from a tta c k  o f ( 3 .5 )  

by a f u r th e r  m olecule o f  P .I .T .  Ifo 2 - o r 5 - s u b s t i tu te d  dim ethoxy- 

benzene d e r iv a t iv e s  were observed .
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Products analogous to  (3 «5) were is o la te d  w ith  ( 1 ,5-dim ethyl) 

and (l,5 -d d p h en y l) P .I .T *  The s t ru c tu re s  were ag a in  confirm ed 

by e lem en ta l a n a ly s is  and by nmr s p e c tra .  The y ie ld s  were low 

( 15 -20^  because o f lo s se s  in  working up of th e  p ro d u c ts , as

sép a ra  t io n  o f 1,4-dim ethoxybenzene from (3 .5 ) proved d i f f i c u l t ,  

except w ith th e  1,5 -d ip h en y l d e r iv a t iv e ,  when th e  y ie ld  was 55^* 

However, th e  r e a c t io n  appeared to  go to  com pletion and give 

on ly  one product when c a r r ie d  out w ith d i lu te  so lu tio n s  in  n i t r o -  

m ethane, though s e p a ra tio n  o f t h i s  mixrture proved im p ra c tic a l .

A sim ple t e s t  was used to  determ ine whether an arene was a tta ck e d  

by  P . I .T .  com plexes. The complex used was (1-m ethyl, 5-pbenyl)

P . I .T .  because i t  was found to  re a c t q u ick ly  w ith  1 ,3-dimethoxybenzene 

A 10 ^  s o lu t io n  in  d ry  n itrom ethane was added to  a  te n - fo ld  excess 

o f a ren e  and th e  s o lu tio n  degassed . The in f r a r e d  spectrum  between 

2200 and 19OO cm  ̂ was measured p e r io d ic a l ly ,  and th e  co n cen tra tio n  

o f  P . I .T .  found from i t s  carbonyl s t r e tc h in g  frequency  a t  2105 cm ^ .

I f  a  r e a c t io n  o ccu rred , new carbonyl bands c h a r a c te r i s t i c  o f 

(d iene) iro n  t r ic a rb o n y l complexes appeared a t  2000 and I9OO cm \

Ho re a c t io n  was observed w ith methoxybenzene o r 1 ,3 ,5 -tr im e th y lb en z e n e .

1.2-Dimethoxybenzene re a c te d  approxim ately  s ix ty  tim es slow er th an

1.3-dim ethoxybenzene and 1,4-dim ethoxybenzene slow er s t i l l  by a f a c to r  

o f a t  l e a s t  tw o. This i s  c o n s is te n t w ith th e  s t ru c tu re s  o f th e se  

a ro m atic  compounds, 1 ,2—dmb having two o rth o , meta and two p a ra , meta 

p o s i t io n s  comj^red w ith  1 ,4-<inib w ith  fo u r o rth o , meta p o s i t io n s .

As would be expected , 1 ,3 ,5-trim ethoxybenzene re a c te d  somewhat f a s t e r  

th a n  1,3-dmb (see  p . 7 9 ) .  With in d o le , fo rm ation  o f th e  p roducts

was v e ry  ra p id ,  and reached 95^ com pletion in  on ly  two m inu tes.
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K ane-^aguire has re c e n t ly  re p o rte d  s im ila r  e le c t r o p h i l ic  

s u b s t i tu t io n  w ith  (cyclohexadieny l) iro n  tr ic a rb o n y l t e t r a f lu o r o — 

b o r a te ,^  I t  a tta c k e d  a number o f a c t iv a te d  a renes in c lu d in g

in d o le  d e r iv a t iv e s ,  p y rro le  and th iophene to  give p roducts o f th e  

ty p e  ( 3 . 3) • Indo le  was shown by nmr sp ec tro scopy  to  be 

s u b s t i tu te d  a t  th e  3 p o s i t io n  which i s  th e  most a c t iv e  s i t e  fo r  

e l e c t r o p h i l i c  a t ta c k .  1,3,5-Trim ethoxybenzene and 1 ,3-dim ethoxy- 

benzene a lso  re a c te d  w ith  th e  c y c lic  d ien y l s a l t .^ ^  The k in e t ic s  o f 

s u b s t i tu t io n  were a lso  in v e s t ig a te d  and found to  be f i r s t  o rd e r in  

each r e a c t a n t .

The r e a c tio n  o f open chain  P . I .T .  complexes w ith arenes was 

s tu d ie d  k in e t i c a l l y  in  o rd e r to  throw  some l ig h t  on th e  r e a c t iv i t y  o f 

th e s e  compounds. The main e f f o r t  was on m easuring th e  r a te s  o f 

r e a c t io n  o f d i f f e r e n t  P .I .T .  complexes w ith 1,3-dmb to  in v e s t ig a te  

th e  e f f e c t  o f s u b s t i tu e n ts .  This p a r t ic u la r  s u b s tra te  was used as i t  

re a c te d  w ith  th e  P .I .T .  complexes a t  a  reasonab le  r a te  to  fo llo w  by 

in f r a r e d  sp ec tro sco p y . In  each case , d ry  n itrom ethane was th e  so lv en t 

f o r  th e  re a c t io n ,  as i t  d isso lv ed  both  th e  P .I .T .  complexes and th e  

a re n es  w ithou t decom position. O ther so lv en ts  were u n s a t is fa c to ry  as 

th e y  e i th e r  d id  not d is so lv e  th e  reag en ts  or re a c te d  w ith them.

F or in s ta n c e , so lv en ts  o f low p o la r i ty  such as petroleum  e th e r  and 

d ie th y l  e th e r  were in  th e  form er catego ry  w hile  methanol and methyl 

cyanide were in  th e  l a t t e r .

The k in e t ic  r e s u l t s  a re  d iv ided  in to  f iv e  s e c t io n s .  R eactions 

obeying s im i la r  r a te  laws a re  grouped to g e th e r .
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(a) R eaction  o f 1 ,3-dim ethoxybenzene w ith (1 ,5 -d im e th y l) -  and

( 1, 3 , 5- tr im e th y l)  p en tad ien y l iro n  tr ic a rh o n y l t e t r a f lu o r o b o r a te .

The re a c tio n s  were fo llow ed under pseudo f i r s t  o rd e r co n d itio n s  w ith 

a t  l e a s t  a te n - fo ld  excess of dim ethoxybenzene. The co n ce n tra tio n  of 

P .I .T .  complex was 0.01M in  o rd e r to  g ive an o p t ic a l  d e n s ity  o f about

one fo r  th e  2105 cm carbonyl peak when measured in  an i . r .  c e l l  w ith

a p a th  le n g th  o f 0 ,5  mm. The r a t e  o f r e a c t io n  was determ ined by th e

d isappearance  o f  th i s  peak. The product in  each case had a s tro n g

carbonyl peak a t  2035 cm  ̂ and a b roader peak a t  I960 cm \  As

n itrom ethane absorbs a t  c a . 2000 cm \  th e  product peaks could not be

used to  m onitor th e  r e a c t io n .

P re lim in a ry  measurements w ith ( l,5 -d im e th y l)  P .I .T .  and O.5M

1, 3-dmb in d ic a te d  a h a l f - l i f e  o f on ly  24 m inutes fo r  th e  r e a c t io n .

As t h i s  was too  f a s t  to  fo llo w  by a sam pling tech n iq u e , a th e rm o s ta tte d

i . r .  c e l l  was used as th e  re a c t io n  v e s s e l .  The co n ce n tra tio n  o f P .I .T .

was determ ined d i r e c t l y  by running  an i . r .  spectrum  between 2200 and 
-11900 cm . The techn ique  used i s  d e sc rib ed  in  th e  experim ental 

s e c t io n  as "method A".

The r e s u l t s  were found to  f i t  a pseudo f i r s t  o rd e r r a t e  eq u a tio n , 

g iv in g  a s t r a ig h t  l in e  graph fo r  log^^ ( a / ( a -x ) )  a g a in s t tim e , where 

a  i s  th e  i n i t i a l  co n ce n tra tio n  o f P . I .T . ,  and x i s  th e  co n ce n tra tio n  

a t  tim e t .  A notew orthy fe a tu re  o f th e  graph was th a t  i t  d id  not go 

th rough  th e  o r ig in .  A sm all in te rc e p t  on th e  y ax is  was found in  

every  k in e t ic  ru n . This rep re se n te d  a co n ce n tra tio n  of approxim ately

O.OO95M P . I .T . ,  though th i s  v a r ie d  between ru n s . A ty p ic a l  p lo t  i s  

shown in  graph 3«1. The in te rc e p t  was not removed by f u r th e r  d ry in g
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o f so lv en ts  o r p u r i f ic a t io n  o f m a te r ia ls ,  and appeared a genuine

fe a tu re  o f th e  r e a c t io n .  I t  was in te rp re te d  hy assum ing th e re  was

an i n i t i a l  ra p id  re a c tio n  which was over in  le s s  th an  two m inutes,

fo llow ed hy a slow er one which was observed .

The o rd e r o f r e a c t io n  was determ ined by c a rry in g  out a s e r ie s

o f k in e t ic  runs w ith  d i f f e r e n t  c o n ce n tra tio n s  o f 1,3-dmb. Good

f i r s t  o rd e r p lo ts  were o b ta in ed  when th e  excess o f arene  over P .I .T .

complex was between te n  and s ix ty  tim e s . Runs were done in  d u p lic a te

and were re p ro d u c ib le  to  w ith in  5^* G rad ien ts were computed by a

l e a s t  squares a n a ly s is  and were used to  c a lc u la te  th e  pseudo r a te

co n stan ts  (k , ) .  Values o f k , found a t  each c o n ce n tra tio n  o f '  obs obs
1,3-dmb a re  shown in  Table 3 .1 .

TABLE 3.1

R eaction  o f ( 1 ,5-dim ethyl) P .I .T .  (O.OIM) w ith  1,3-dmb in  

n itrom ethane a t  25.0°C

C oncen tra tion  o f 1,3-dmb [M] k , sec ^xlO^ obs

0.10 0 .98

0.20 2.1

0.40 4 .6

0.50 4.9

0.60 6 .4
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The l in e a r  dependence o f th e  r a te  on th e  c o n ce n tra tio n  o f 1 ,3—dmb 

i s  shown in  graph 3*2. The slo p e  o f t h i s  graph was used to  c a lc u la te  

th e  second o rd e r r a t e  co n stan t o f th e  r e a c t io n .  The o v e ra ll  r a te  

eq u atio n  o f th e  r e a c t io n  was c o n s is te n t w ith :

rate = kgCl, 3-<imb][ ( 1 ,5-dim ethyl) P .I .T .  ] 

where k^ = 1.1 x 10  ̂ im^mol ^sec ^

( 1 ,3 T5-Trim ethyl) P . I .T .  was found to  be le s s  re a c tiv e  th an  

( l , 5 -d im ethyl) P . I .T .  tow ards 1,3-dmb. The h a l f - l i f e  fo r  th e  

re a c t io n  o f (1 ,3 ,5 - tr im e th y l)  P . I .T .  (O.OIM) w ith 1,3-dmb (0.5M) in  

n itrom ethane a t  2$ .0° was alm ost 12 h r s .  The r a te  o f re a c tio n  was 

found by ta k in g  samples o f s o lu t io n  and im m ediately runn ing  th e  i . r .  

s p e c tra  in  o rd e r to  determ ine th e  c o n ce n tra tio n  o f (1 ,3 ,5 - tr im e th y l)  

P . I .T .  This tech n iq u e  i s  d e sc rib ed  in  th e  experim ental s e c tio n  in  

"method B".

When a f i f t y - f o l d  excess o f 1,3-dmb was used , th e  re a c t io n  

obeyed pseudo f i r s t  o rd e r k in e t ic s  up to  a t  le a s t  75^ re a c t io n . 

However, because o f a s l ig h t  decom position o f (1 ,3 ,5 - tr im e th y l)  P . I .T .  

in  n itrom ethane over a long  p e rio d  o f tim e , on ly  th e  f i r s t  40^  

r e a c t io n  was fo llow ed w ith  a  te n - fo ld  excess o f 1 ,3-dmb. A ty p ic a l  

pseudo f i r s t  o rd e r p lo t  i s  shown in  graph 3 .3 . The main d if fe re n c e  

between th i s  and th e  graph fo r  ( 1 ,3-dim ethyl) P .I .T .  was th a t  th e  

l in e  went th rough th e  o r ig in .

The a c t iv a t io n  energy and a c t iv a t io n  en tropy  fo r  t h i s  re a c t io n  

were determ ined by observ ing  th e  re a c t io n  r a te  a t  d i f f e r e n t  

te m p e ra tu re s . The re a c t io n  w ith  a  f i f t y - f o l d  excess o f 1,3-dmb was
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perform ed a t  2 5 .0 ° , 35 .0° and a t  45*0°. The o rd e r o f r e a c t io n  was 

found hy u s in g  te n  tim es excess o f 1, 3-dmh a t 25.0° and 45 *0° .  

S tra ig h t l in e s  p a ss in g  th rough th e  o r ig in  were observed a t  both  

tem p era tu res  (graph 3 .4) ,  in d ic a t in g  th a t  th e  o rd e r d id  not change 

w ith  tem p e ra tu re . Values o f fo r  each re a c t io n  a re  summarised

in  ta b le  3 .2 . The e r ro r  l im it  in  th e se  cases was e s tim ated  to  be 

w ith in  10^ o f th e  value quo ted . Each run  was done in  d u p lic a te , and 

th e  g ra d ie n t o f  th e  pseudo f i r s t  o rd e r p lo t  c a lc u la te d  by u s in g  th e  

method o f le a s t  sq u a re s .

The a c t iv a t io n  energy o f th e  r e a c t io n  was c a lc u la te d  from th e  

second o rd e r r a t e  co n s tan ts  (kg) d e riv ed  from th e  d a ta  in  ta b le  3 . 2 . 

The A rrhenius p lo t  i s  shown in  graph 3.5» where T i s  th e  a b so lu te

TABLE 3 .2

R eaction  o f ( l ,3 » 5 - tr im e th y l)  P . I .T .  (0.01M) w ith  1,3-dmb in

n itrom ethane

C o n cen tra tio n  o f 1, 3-dmb 
[M]

Temperature
°C

^obs
s e c " 1x 10

0*19 25.0 0 .33

0.50 25.0 1.6

0.50 35.0 3.1

0.10 45.0 1.1

0 .50 45.0 4.9

te m p e ra tu re . L east squares a n a ly s is  o f th e  p o in ts  gave a  g ra d ie n t 

o f - 2.30 X 10^ w ith  an e r ro r  o f 12. 6 , which i s  eq u iv a len t to  an
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a c t iv a t io n  energy o f 44*0 -  $ .6  kJ mol” "*.

The a c t iv a t io n  en tropy  was c a lc u la te d  hy u s in g  th e  eq u a tio n ;^ ^

kg = exp (“^ 2 ^ )  exp ( ^ )

where kg = second o rd e r r a te  c o n s ta n t.

Cg = co n ce n tra tio n  o f 1,3-dmh,

T = a b so lu te  tem peratu re  

h = P lan ck ’s c o n s ta n t, 

k = Boltzmann’s c o n s ta n t.

AĤ  = A c tiv a tio n  en th a lp y .

As* = A c tiv a tio n  en tro p y .

Using th e  d a ta  fo r  th e  re a c t io n  a t  25.0°C, th e  a c t iv a t io n  

en tro p y  AS** was c a lc u la te d  as -189-18 JK ^mol \  The e r ro r  was 

e s tim a te d  from th e  e r ro r  on th e  g ra d ie n t o f th e  A rrhenius p lo t .
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GRAPH 3.1 R eaction  o f(l,5 'P im e th y l)P ^ T . (O.OIK) w ith  1 ,3'dmh 

(0.50K) in  n itrom ethane a t  25.0*
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GRAPH 3 .2  R eaction  o f (l ,5~Dimethyl)P.IT (O.OIM) w ith  1,3-dmb 

kobs
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GRAPH 3-5  R eaction  o f ( l , 3 , 5 -T r in e tl iy l)PU. (0.01I-l) w ith  1 ,3-dnb 

(0.50H) i n  n itrom ethane a t  25,0*

obs
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GR̂ IPH 3 .4  R eaction  o f  (l , 3 , 5-T rinetiayl) P.I.T. (O.OIK) w ith  1 ,3-dnb 

a t  25*(o ) , ' and a t  45°('^)
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GRAPH 3 .5  R eaction  o f (l ,3 i 5-T rine thy  l) (O.OUl) w ith  1 ,3-chab
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CRilPH 3 .6  R eaction  o f (l-m ethy l,5 -phony l) P.IjT^(0.01 m) w ith

1 ,3 -dmb (0 . 50I’l) in  n itrom ethane a t  25
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(b) R eaction  o f 1 j3-(iimethoxybenzene w ith  ( l^ n e th y l ,  5-phenyl) ;

(1 ,4 -d im e th y l, 5-phenyl) and ( l-m e th y l)p e n tad ie n y l iro n  

tr ic a rb o n y l  te t r a f lu o r o b o r a te .

The re a c tio n s  w ith  a l l  th re e  complexes were f a s t ,  and so were 

fo llow ed by "method A" in  th e  experim ental s e c t io n . They a l l  gave 

good pseudo f i r s t  o rd e r k in e t ic s  up to  a t  le a s t  70^  re a c t io n  w ith  an 

excess o f 1,3-dmb. A ty p ic a l  p lo t  fo r  th e  r e a c tio n  o f  (1-m eth y l, 

5-phenyl) P . I .T .  w ith  f i f t y  tim es excess o f 1,3-dmb i s  shown in  

graph 3 .6 . The l in e  d id  not go th rough th e  o r ig in  as was found w ith 

th e  k in e t ic s  o f ( 1 ,5-d im ethyl) P .I .T .

The o rd e r o f r e a c t io n  was more complex th an  th o se  in  s e c t io n  ( a ) . 

A p lo t  o f k^^^ a g a in s t c o n ce n tra tio n  o f 1,3-dmb fo r  th e  (1-m eth y l,

5 phenyl) c a tio n  was not a  s t r a ig h t  l in e  c h a r a c te r i s t i c  o f second 

o rd e r eq u a tio n s , but was a curve (graph 3 .7 ) .  This suggests  a 

s e r ie s  re a c t io n ,  where a sm all q u a n ti ty  o f in te rm e d ia te  r e a c ts  w ith  

th e  s u b s t r a te ,  such th a t  4-f th e  c o n ce n tra tio n  o f s u b s tr a te  i s  

in c re a se d , th e  r a te  ten d s  to  a  l im i t ,  as w ith  enzyme k in e tic s ^ ^  i . e .

A —^  B
k—1

kp
B+C — -— » D

where A i s  th e  c a tio n , which i s  in  eq u ilib riu m  w ith  an in te rm ed ia te  

B. B th en  r e a c ts  w ith  C in  a  second o rd e r r e a c t io n  to  g ive D —

th e  product . The d i f f e r e n t i a l  r a te  equations a re

^  = - k j A ]  + k [B] (1)
d t '

i l j l  = k^[A ]-k^[B]-k2[B][c] (2)
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Assuming \jB~] reaches a s tead y  s t a t e ,

—  = 0 k ,[A ] -  k_ J B ]  -  k ,[B ][C ]
d t ' '

[B] =
+ kgFc]

S u b s t i tu t in g  in to  eq u a tio n  (3) 

dfD] k ^ k j[A ][c]

d t k_^+ kg[C]

= = R eaction  r a t e  R
k _ / [ c ]  + kg

k_
When [ c ]  i s  ve ry  la rg e , / [ c ]  becomes very  sm all

e ■ ■ " . . .d t k

5  = —  = ...................  +
2"’'‘max. 2'- max*- max.k o [c ] R

1 1I . e . ,  ^  a

A graph o f a g a in s t l / [ c ]  -  th e  c o n ce n tra tio n  o f 1,3-dmb

was drawn (graph 3.8) fo r  th e  re a c tio n  o f  (l-m e th y l, 5-phenyl) P .I .T .  

w ith  1,3-dmb in  n itrom ethane and was found to  be a  s t r a ig h t  l i n e .

The g ra d ie n t and in te rc e p t  were c a lc u la te d  by le a s t  sq u a re s . This 

gave a maximum value  f o r  k^^^, and so a va lue  f o r  k-j/2.57 % lO '^sec” ^
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The e r ro r  from th e  le a s t  squares c a lc u la t io n  was on ly  -  2 .6^ , 

though each k in e t ic  run had an e stim ated  e r r o r  o f le s s  th a n  -  5^*

The r a t i o  kg/k_^ was 2.47M  ̂ -  3 •9^»

I t  was not p o ss ib le  to  determ ine kg o r k_^ s e p a ra te ly  by th e  

above method, bu t an e s tim ate  was made u s in g  no n -s tead y  s t a t e  

equations f o r  th e  s e r ie s  r e a c t i o n . T h e  f i r s t  method used k^ and 

kg/k_^ to g e th e r  w ith  th e  k^^^ v a lu es  fo r  each co n ce n tra tio n  o f

1.3-dmb to  c a lc u la te  kg and so k_^. A nother co n stan t K was 

determ ined  which i s  th e  r a t io  o f k ^/k^ and so i s  an eq u ilib riu m  

co n stan t f o r  th e  fo rm ation  o f B from A. The method i s  o u tlin e d  in  

th e  appendix to  t h i s  c h a p te r . Though th e  e r ro rs  were la rg e , K

was e s tim ated  to  be in  th e  o rd e r o f  10-20, and kg approx im ate ly  10 ^
3 -1 -1dm mol. sec .

A second method^^ was employed to  check th e  above c a lc u la t io n .  

This used th e  in te rc e p t  on th e  y a x is  a t  t=0 f o r  th e  pseudo f i r s t  

o rd er p lo t  o f a  re a c t io n  and gave v a lues o f K and kg which were in  

c lo se  agreement to  th o se  d e riv ed  by th e  f i r s t  method.

The re a c t io n  o f ( l-m e th y l, 5-pkenyl) P . I .T .  was rep ea ted  u s in g

1 .3-dmb d e u te ra te d  in  th e  2 ,4  and 6 p o s i t io n s .  The ra tes  o f re a c t io n  

were slow er th an  w ith  p ro tio  1,3-dmb. The r a t io  o f r a te s  k^/k^

was 1.68 w ith  50 tim es excess and 1.91 w ith  10 tim es excess o f a re n e . 

This in d ic a te s  a  complex mechanism w ith  one s te p  not in v o lv in g

1.3-dmb which i s  cons, i s t e n t  w ith  th e  r e a c t io n  going v ia  an i n t e r ­

m ediate which re a c ts  w ith  th e  a rene  in  a second s te p .
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The k in e t ic s  o f both  ( l ,4 -d im e th y l, 5-phenyl) P .I .T .  and (l-m ethy l)

P . I .T .  were very  s im ila r  to  (^1-metnyi, 5-phenyl) P . I .T .  w ith  1,3-dmb.

R eactions were f i r s t  o rd e r in  P .I .T .  a t  a l l  c o n ce n tra tio n s  o f 1 ,3-dcib

used , and th e  k , v a lues fo r  a l l  th re e  complexes a re  shown in  ’ obs
Table 3*3. The o rd e r o f r e a c t io n  w ith  re sp e c t to  1,3-dmb was ag a in  

found to  be com plicated , but re c ip ro c a l p lo ts  o f k^^^ a g a in s t concen­

t r a t i o n  o f 1,3-dmb gave s t r a ig h t  l i n e s .  The curve fo r  ( l ,4 -d im e th y l , 

5-phenyl) P . I .T .  i s  shown in  graph 3*9 and was used to  c a lc u la te  th e  

maximum rq^ke k^ as 2.56 x 10 ^ sec  \  and th e  r a t io  k ^ /k   ̂ as 2.84M ^ . 

The p lo t  fo r  ( 1-methyl) P . I .T .  i s  shown in  graph 3 .10 , g iv in g  v a lues o f 

3.22 X 10”  ̂ sec”  ̂ f o r  k^ and 1.43 mol”  ̂ f o r  kg/k_^ fo r  t h i s  r e a c t io n .
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TABLE 3 .3 .

^obs fo r  r e a c tio n  o f (l-m e th y l, 5-pkenyl) , ( 1 ,4 -d im eth y l,

5-phenyl) and (1-m ethyl) P .I .T .  (0.01 mol) w ith 1,3-dmb in  

n itrom ethane a t  25.0 °

P .I .T .  Complex C oncen tra tion  o f 1,3-dmb

___________ IM]______________

k -
sec X 10

1-m e th y l, 5-phenyl) 0 .10 5.09 (2 .6 7 )*

fi 0 .25 10.0

n 0.40 12.7

It 0.50 13.9 (8 . 24)*

It 0.60 15.5

( 1 ,4 -d im eth y l, 0 .10 5.68
5-phenyl) 0 .20 9.98

0.40 14.0

0.50 • 14.1

0.60 15.7

(1-m ethyl) 0 .10 4.00

tt 0 .20 7.29

It 0 .50 12.5

It 0 .60 15.6

f ig u re s  in  b ra c k e ts a re  values w ith  2 ,4 |6 -d e u te ro 1 ,3-drab.
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( s e c - ’ ) °*5-

0.1 0.60.2 0 .3 0 .4 0.5

[l,3 'dnb] (k)

GR/iPH 3 .7  R eaction  o f (l • n e f h y l , 5 * ? b e n y l ) ( O . O I r l )  w ith

1,3  dmb: v s . ^1,3-dabj

xIOobs
(sec ) 1 . 0-

- 2.0 8 .0 10,00.0

[ l . 3-dm b]-’ (l-r’ )

GRAPH 3 .8  R eaction  o f ( l - m e t h y l , 5 - p h e n y l ) ( O . O I M )  w ith

1,3 v s . jj,3-dm1^^^
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10 . 0270- ^ .0 ïT ô 870

GRAPH 3 .9  R eac tion  o f ( l , If-d im eth y l,5-phenyl] PIT_(0.01 M)

w ith  1,3-dmb; k , " V s .  [l ,3-dmb]obs

2 .5  T

Tolo%70470-4 .0

GRAPH 3*10 R eac tion  o f  (l-m eth y l)ÇIT (O.OIM) w ith  1,3-dmb
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(c) R eaction  o f 1,3-dim ethozybenzene w ith  (1 ,5 -d ip h en y l)p en ta d ie n y l 

i ro n  tr ic a rh o n y l t e t r a f lu o r o b o r a te .

The k in e t ic s  o f t h i s  re a c tio n  were found to  be ve ry  d i f f e r e n t  

from th o se  in  s e c tio n s  (a) and ( b ) • P rev io u s ly , th e  re a c tio n s  a l l  

went to  com pletion by a p rocess \diich was f i r s t  o rd e r in  P . I .T . ,  bu t 

in  t h i s  system  an eq u ilib riu m  was a t ta in e d  a t  a  r a te  dependent on th e  

c o n c e n tra tio n  o f 1,3-dmb. The p o s i t io n  o f eq u ilib riu m  was a lso  

dependent on th e  c o n c e n tra tio n  o f  1,3-dmb b e in g  moved tow ards com pletion 

when a la rg e  excess was u sed . A ll re a c tio n s  were fo llow ed in  an i . r .  

c e l l  by "method A".

The c o n c e n tra tio n /tim e  curves from th e  re a c tio n  o f ( l,5 -d ip h e n y l)  

P .I .T .  w ith  a 20 and a 7 5 -fo ld  excess o f 1,3-dmb a re  shown in  graph 

3.11 and graph 3.12 r e s p e c t iv e ly .  Curves w ith  a  s im ila r  shape were 

a ls o  o b ta in ed  w ith  bo th  10 and 5 0 -fo ld  excess o f  1,3-dmb. The 

e q u ilib riu m  p o s i t io n  was found from th e  curve by in s p e c tio n . I t  was 

no t ve ry  s e n s i t iv e  to  changes in  th e  c o n c e n tra tio n  o f  1,3-dmb, going 

from 37^ com pletion o f r e a c t io n  w ith  10 tim es excess to  31^ w ith  50 

tim es ex cess .

The r e a c t io n  appeared to  be o f  th e  form :—

A + B -----^  C

= kflA ][B ] -  k [C]
" '  d t

At t  = 0 A=a, B=b, 0=0.



At e q u ilib riu m , a = a  -  z  , b = b -  i  , c = i  .e e e e e e

k j ( a - x ^ )  (b -X g) = k^x^
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I f  = (a-x) (b-x) - ( a - x j  (b-x^)

I f  B i s  in  la rg e  excess.

th e n  b b  - X

dx
d t

bk^t =

= k^b ( a—x) — a —

dx

bk^t In
eq * e q  "  %

A p lo t  o f log.p^ (x / (x -  x )) a g a in s t t  gave a  s t r a ig h t  l in e
|U GQ GQ •

p a ss in g  t h r o u ^  th e  o r ig in  f o r  each co n ce n tra tio n  o f 1,3-dmb used . 

These a re  shown in  graph 3*13 fo r  10 and 20 tim es excess and in  graph 

3 .14  fo r  50 and 75 tim es excess o f 1,3-dmb. The g ra d ie n ts  (G) were 

computed by l e a s t  squares a n a ly s is  fo r  each ca se . The eq u atio n  above 

becomes:

2.303 G = b k . t  X

V alues o f 2.303 G and 2.303 Ga/x^^ fo r  each c o n ce n tra tio n  o f 1 ,3 -

dmb a re  shown in  ta b le  3 . 4 . A p lo t  o f 2.303 Ga/x a g a in s t Gy th eeq
c o n c e n tra tio n  o f  1,3-dmb, was a s t r a ig h t  l in e  p a ss in g  t h r o u ^  th e  o r ig in .
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TABLE 3.4

R eac tion  o f ( l , 5--dipLenyl) P .I .T .  w ith  1 ,3-dmh in  

n itrom ethane a t  25*0 °

[ 1 , 3-dmh] 
m ol.

=eq/a 2.303 G
-1 _4sec X 10

2.303 Ga/x^q
sec   ̂ X 108

0.10 0.37 2.0 0 .54

0 .20 0 .37 2.7 0 .73

0.50 0.31 7.5 2.4

0.73 0.25 9.8 3.9

This i s  shown in  graph 3» 15* A value  f o r  was o b ta ined  d i r e c t ly  

from th e  g ra d ie n t and was 4*8 x 10 ^ dm mol"”^sec ^ .
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GRAPH 3.11 Reaction o f  ( l ,5 * dimethyl)piJT. (O.OIM) with 1,3-dmb 

(O.IOM) in  nitromethane a t 25*
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GRAPH 3 .12  Reaction o f  (l ,5*diphenyi)l^I,T. (0.01M) with 1,3-dinh 

(0.75M) in  nitromethane a t 25^
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GRAPH 3.13  R eac tion  o f (1,5*cLipHenyl^P.i;r (0.01M) w ith  1 ,3 -dab 

( 0 . 1 0 M ) [ © ] , (0 .2 0 M ) [q ]
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0, 6 -
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tim e (min)

GRAPH 3 .1 4  R eac tion  o f  (l ,5 -à ip h e n y l)PIT (O.OIM) w ith  1 ,3-dmh 

(0 .50M )[e],(0 .75M )[o]



78

4 .0  1
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[1 ,3  dmb] (M)

GRAPH 3.15  Reaction o f  (l , 5 -diphenyl)P.IJ. ( O.OIM) with 1 ,3-ckab

2.303 vs . [ l , 3  dmb]
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(d) R eaction  o f  1, 3» 5-trimethoxybenzene w ith ( l-m e th y l ,  5-phenyl)

and ( l ,5 -d im e th y l)  p en tad ieny l i ro n  t r i c a r h o n y l  te t r a f lu o r o b o r a te

The k in e t i c s  o f  r e a c t io n  o f  ( 1 ,5-dim ethyl) and ( l-m eth y l ,  5-pbenyl) 

P . I .T .  w ith  1 ,3»5-trimethoxybenzene ( l ,3 ,5 - tn ib )  were s im i la r  to  those  

in  th e  p rev ious  s e c t io n .  They both  tended  to  go towards an 

eq u il ib r iu m  p o s i t io n  which was dependent on th e  co n ce n tra t io n  o f  

1f3»5—tmb. However, one n o tab le  d i f f e r e n c e  was th a t  th e  r a t e  of 

a tta in m en t o f  eq u il ib r iu m  was independent of th e  c o n ce n tra t io n  of

1.3.5-tMb" A ll r e a c t io n s  were fo llowed in  an i . r .  c e l l  by "method A” . 

The c o n ce n tra t io n / t im e  curves f o r  th e  r e a c t io n  of ( l -m e th y l ,

5-phenyl) P . I .T .  w ith  a  10 and a 2 5 -fo ld  excess of 1 ,3 ,5-tmb a re  shown 

in  graph 3*16, and f o r  ( 1 ,5-dim ethyl) P . I .T .  w ith  a 2 5 -fo ld  excess o f

1 .3 .5-tm b in  graph 3*17. The p o s i t io n  o f  eq u ilib r iu m  f o r  each 

r e a c t io n  was found d i r e c t l y  from th e se  g raphs.

I t  has been shown th a t  f o r  a  r e v e r s i b le  f i r s t  o rd e r  r e a c t io n ,  

th e  r a t e  o f  a tta inm en t o f  eq u il ib r iu m  i s  a lso  a  f i r s t  o rder p rocess  with 

an e f f e c t iv e  r a t e  constan t th e  sum .o f  th e  co n s tan ts  f o r  th e  forward 

and re v e rse  d i r e c t i o n s . i . e .

f o r  A B

I n  / a  -  k \

A -  Ae

= (k + k ’) t

where A i s  th e  co n ce n tra t io n  o f  A a t  t  = 0 .  o

i s  th e  c o n ce n tra t io n  o f  A a t  e q u il ib r iu m .
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This equa tion  was a p p l ie d  to  th e  r e a c t io n  w ith  1,3»5“tni'b, 

s u b s t i t u t i n g  th e  c o n ce n tra t io n  o f  P . I .T .  f o r  A. The p lo t s  a re  

shown in  graph 3*18 and graph 3*19 f o r  (1-m ethyl, 5-phenyl) and 

( l ,5 -d ip h e n y l )  P . I .T .  r e s p e c t iv e ly .  The g ra d ie n ts  with each 

c o n c e n tra t io n  o f 1,3 ,5-tm b were found to  be th e  same in  both  cases , 

in d ic a t in g  t h a t  th e  r a t e  of r e a c t io n  d id  not depend on th e  concen­

t r a t i o n  o f  1 ,3 ,5 - tm b . Hence th e  o v e ra l l  r e a c t io n  was a p rocess  

f i r s t  o rd e r  in  P . I .T .  complex, and zero o rder in  a re n e .  Furthermore, 

( 1-methyl, 5-pbenyl) P ; I .T .  was slower th an  ( 1 ,5-dim ethyl) P . I . T . ,  

th e  r a t e s  be ing  2.9 x 10“ ^ sec   ̂ and 8 .3  x 10 ^ sec   ̂ r e s p e c t iv e ly .  

The e r r o r  on th e se  f ig u r e s  was e s tim ated  to  be w ith in  — 10^ of 

th e  va lues  quoted .
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GRAPH 3.16 R eac tion  o f  (l-m ethy l,5 -phenyl) RI.T. ( O.OIM) w ith

1 ,3 ,5-tm b (O.1OM)[0],(O.25M)[O]
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GRAPH 3 .17  Reaction o f  (l ,5-diraethyl)i^IT (O.OIM) with 1 ,3 ,3 '  

tmb ( 0 . 10M )[a ] ,(0 . 25M)[o]
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GRAPH 3.18 Reaction o f  (l-methyl,5'phenyl)PIT (O.OIW) with

1 , 3 , 5 -tmb ( 0 .1 0M) [cq] ,(  0. 25M)[ o ]  '

1 . 6 -

1 .4  

1.2

1 . 0 4

A.-A 0 .8
lo g

® 0 . 6 -

0.4-

0 . 2 .

0 .0 —(— 
2.5

I
5.0 7 .5 10.0

time (min)

GRAPH 3.19 Reaction o f  ( l , 5*dimethyl)çiT, (O.OIM) with 1 ,3 ,5-  

tmb (O.1OM)[o],(O.25M)[0]
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I I  R eaction  o f  Alcohols w ith  ( l-m e th y l ,  3-phenyl) p en tad ieny l 

i ro n  t r i c a r b o n y l  t e t r a f lu o r o b o r a t e .

The r e a c t io n  o f  ( 1-methyl, 5-phenyl) P . I .T .  (0,01M) with methanol 

(1.0M) was i n i t i a l l y  ve ry  r a p id ,  going to  80^ completion in  10 

m inutes . The pseudo f i r s t  o rder r a t e  constan t was in  th e  o rd e r  o f  

2 X 10 ^ sec  ^ . A slow r e a c t io n  then  took p la ce ,  w ith  complete 

conversion  a f t e r  approx im ate ly  4 h o u rs .  The c o n ce n tra t io n /t im e  

curve i s  shown in  graph 3-20. The r e a c t io n  was rep ea ted  w ith  th e  

a d d i t io n  o f  t r i f l u o r o a c e t i c  a c id  (O.IM) and was somewhat slower, 

reach ing  50^ completion a f t e r  10 m inutes . The slow r e a c t io n  

a lso  observed, but some P . I .T .  complex remained a f t e r  1 day when th e  • 

s o lu t io n  had darkened and some decomposition was ev ident from th e  

i n t e n s i t i e s  o f  th e  c a t io n  and d iene carbonyl bands in  th e  in f r a r e d  

spectrum .

The product of th e se  r e a c t io n s  was i s o l a t e d ,  and was e x c lu s iv e ly  

th e  methyl e th e r  ( 3 .7 a ) .  E thanol and p ropan -2 -o l y ie ld e d  analogous

Fe(CO)
(a) R = Me 

^  (b) R = Bt

(3 .7) (c) R = iP r

p ro d u c ts  ( 3 .7  b , c ) .  The s t r u c tu r e s  were confirmed by nmr

spec tro sc o p y  and e lem ental a n a ly s i s .  Each complex genera ted  th e

o r ig i n a l  P . I .T .  complex on a d d i t io n  o f  t e t r a f lu o r o b o r i c  a c id .



84

The r e s u l t s  were c o n s is te n t  w ith  th e  r e a c t io n  o f  methanol w ith  

th e  c a t io n ic  complex r a p id ly  a t t a i n i n g  eq u il ib r iu m , th e  rev e rse  

r e a c t io n  being th e  p ro to n a t io n  of th e  methyl e th e r  by t e t r a f l u o r o ­

b o r ic  a c id  l i b e r a t e d  in  th e  forward r e a c t io n .  Slow decomposition 

o f  th e  a c id  to  h y d ro f lu o r ic  a c id  and boron t r i f l u o r i d e  th en  s h i f t e d  

th e  eq u il ib r iu m  towards com pletion.
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GRAPH 3 .2 0  R e a c t i o n  o i  ( l - m e t h y l ,  5 -p h e n y i)  PIT w ith  

m e th a n o l  i n  n i t r o m e th a n e  a t  25 [ © ] j

w ith  t r i l l u o r o a c e t i c  a c i d  [ £ j j



86

C: DISCUSSION

R eactions of open chain  p en tad ieny l i ro n  t r i c a rh o n y l  complexes 

w ith  n u c leo p h i les  appear to  he co n s id e rab ly  more complicated than  those  

o f  t h e i r  c y c l ic  analogues in  both  k in e t i c  and p re p a ra t iv e  a s p e c ts .  

Though th e  a t t a c k  o f  th e  an ion  o f a c e ty l  acetone^^ and o f  a c t iv a te d  

a re n es^ ^ '^ ^  on (cyclohexadienyl) i ro n  t r i c a rb o n y l  t e t r a f lu o r o b o r a te  

i s  governed by o v e ra l l  second o rd e r  k i n e t i c s ,  th e  open chain  spec ies  

do not a l l  obey a simple r a t e  law. Of th e  compounds examined in  t h i s  

work, only  (1 ,5 -d im e th y l) -  and (l ,3 ,5 - ‘t r im e th y l ) -  p en tad ieny l i ro n  

t r i c a r b o n y l  r e a c t  w ith  1,3-dimethoxy benzene by a second order 

p rocess  under th e  co n d itio n s  used . With ( l-m eth y l ,  5 -p h en y l)- ,

(1 ,4 -d im eth y l ,  5 -p h e n y l) -  and (1 -m ethy l)-  P . I . T . ,  th e  re a c t io n s  fo llow  

a d i f f e r e n t  r a t e  equa tion , ten d in g  towards f i r s t  o rd e r  k in e t i c s  a t  

h igh  c o n ce n tra t io n  of dimethoxybenzene. A t h i r d  type  o f  r e a c t io n  was 

observed w ith  ( l ,5 -d ip h e n y l )  P . I .T .  and 1,3-dmb which d id  not go to  

completion even w ith  a la rg e  excess o f  a re n e .  F in a l ly ,  ( l -m eth y l ,  

5 -p h e n y l) -  and ( 1 ,5 -d im eth y l) -  P . I .T .  were a t ta c k e d  by th e  more 

r e a c t iv e  1 ,3»5-'^dimethoxybenzene in  a f i r s t  o rd e r  p rocess  with a r a t e  

independent o f  th e  c o n ce n tra t io n  o f  a re n e .

In  d is c u s s in g  th e  re a c t io n s  o f  th e se  complexes, i t  i s  convenient to  

commence with an examination o f  th e  p o s i t io n  o f  s u b s t i t u t i o n  of 

n u c leo p h i le s  on th e  d ien y l system. A Huckel m olecular o r b i t a l  (hMO)

48c a lc u la t io n  o f  th e  e le c t ro n  d e n s i ty  in  th e  unbound p en tad ieny l system 

in d ic a te s  th a t  th e  p o s i t iv e  charge tends  to  re s id e  a t  th e  1,3 and 5 

p o s i t i o n s .  A s im i la r  c a lc u la t io n  performed on th e  ( l ,5 -d ip h en y l)  

p e n tad ien y l  c a t io n  (which i s  an " a l t e r n a t e  hydrocarbon")^^ a ls o  showed 

th e  charge a t  th e se  p o s i t io n s ,  though some was a lso  on th e  phenyl r in g s ,  

This i s  shown in  (3 .7 ) ,  th e  numbers in d ic a t in g  th e  f r a c t io n a l  p o s i t iv e  

charge a t  each p o s i t io n .
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1 /1 8

1 /1 8

y i 8

1 /1 8

1 /1 8

1 /1 8

(3. 7)

Using t h i s  simple model with a l l  th e  a s s o c ia te d  e r ro r s  and p a r t i c u l a r l y  

n e g le c t in g  th e  e f f e c t  o f  s te reo ch em is t ry  and o f th e  coo rd ina ted  i ro n  

atom, one would expect th a t  n u c le o p h i l ic  s u b s t i t u t i o n  would he more 

l i k e l y  to  occur a t  th e  1,3 and 5 p o s i t io n s  r a th e r  th an  a t  2 or 4»

In  a l l  cases r e p o r te d ,  a t t a c k  on th e  pen tad ieny l i ro n  t r i c a rh o n y l  

system has on ly  heen observed a t  th e  1 o r  5 p o s i t io n s .  (Examples 

i l l u s t r a t i n g  t h i s  a re  d iscu ssed  in  Chapter l ) . However, in  c e r t a in  

c ircum stances , th e  3 p o s i t io n  does show some e l e c t r o p h i l i c  c h a r a c te r .  

Reduction o f carbonyl ( l  , 5 - ^ -cycloheptadienylium ) (î  -cy c lo h ex a -1 ,3 -  

diene) i ro n  (3.8) genera ted  e x c lu s iv e ly  carbonyl (,  ̂ - c y c lo h e p ta -1 ,4 -  

d iene) (^  -cy c lo h ex a -1 ,3 -d ien e )  i ro n  (3 .9)«^^ An unusual a t t a c k  on 

th e  2 p o s i t io n  has r e c e n t ly  been re p o r te d  by Lewis e t a l  in  th e

CO CO

(3.9)

n u c le o p h i l ic  a t t a c k  o f  th e  c a t io n  [L(CyHg)Fe(C02)] , where L i s  

t r ipheny lphosph ine  o r  t r i p h e n y la r s in e .  Reduction o f  th e  t r i c a rh o n y l



88

analogue (L = CO) r e s u l t e d  in  a t t a c k  a t  both th e  1 and th e  2 p o s i t io n s  

to  g enera te  a  m ixture o f  t r i c a rh o n y l  (r| - c y c lo h e p ta - l , 3-diene) i ro n  

( 3 . 10) and t r i c a r h o n y l  (3»5-^-» 1 - f-cyclohep teny l) i ro n  ( 3 . I I ) ,  th e  

r a t i o  o f  products  depending on th e  co n d itio n s  used . A ttack  o f h o ro -  

hydride  ion  a t  th e  1- and 2 -p o s i t io n s  of a d ieny l system has a lso  heen 

shown to  occur with (hep tad ieny l)  i ro n  t r i c a rh o n y l  t e t r a f lu o r o b o r a t e ,  

where th e  products  were found to  he a  m ixture o f  1 ,3diene and 

( ar- ,7;- a l l y l )  p r o d u c t s . T h u s ,  th e  a p p l ic a t io n  o f  simple HMO 

c a lc u la t io n s  to  th e  f r e e  d ieny l l ig a n d  does in d ic a te  th e  l i k e l y  

p o s i t io n  o f  n u c le o p h i l ic  a t t a c k ,  hu t such conclusions should he 

t r e a t e d  with c au t io n .

R

Pe(CO)

( 3 . 10)
R - H

Fe(CO)

( 3 . 11)

R eturn ing  to  th e  open chain  d ieny l complexes, th e  p o s i t io n  of 

a t t a c k  in  asymmetrically s u b s t i t u t e d  complexes must he considered . 

R eac tion  o f  methanol with ( 1-methyl) P . I .T .  genera ted  one methyl 

e th e r  formed by a t t a c k  a t  th e  p o s i t io n  ad jacen t  to  th e  methyl group. 

In  a simple p ic tu r e  o f  charge d i s t r i b u t i o n ,  a t t a c k  a t  th e  ^ -p o s i t io n

17

o f  th e  d ien y l  system would appear more l i k e l y ,  as would he s t a b i l i z e d

by th e  in d u c t iv e  e f f e c t  o f  th e  methyl group compared w ith C^. This has 

heen r a t i o n a l i z e d  by p o s tu la t in g  th e  involvement o f  a  t r a n s  pen tad ieny l
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c a t io n  in te rm ed ia te  in  th e  r e a c t io n ,  and i t  i s  th e  s t r u c tu r e  of t h i s  

which c o n tro ls  th e  f i n a l  p roduct,  and not th e  s t r u c tu r e  o f th e  

o r ig i n a l  c is  s p e c ie s .  This argument can he extended to  ano ther 

asym m etr ica lly  s u b s t i t u t e d  P . I .T .  complex used in  t h i s  work 

- ( l -m e th y l ,  5-phenyl) P . I .T .  The products  from re a c t io n  with a lco h o ls ,  

and w ith 1,3-dmb a l l  i l l u s t r a t e d  th a t  a t t a c k  had occurred  a t  

e x c lu s iv e ly .  The two t r a n s  ions which could be formed from t h i s  

complex a re  shown as (3.12) and (3 .1 3 ) .  From th e  s t r u c tu r e  o f  th e

Ph

CH

Pe(CO) Pe(CO)

(3 .12) (3.13)

p ro d u c ts ,  i t  i s  ev ident t h a t  (3.12) i s  th e  more l i k e l y  r e a c t io n

in te rm e d ia te .

This appears  c o n s is te n t  with th e  expected r e a c t i v i t y  of each t r a n s

io n .  G reater s t a b i l i t y  of a p o s i t iv e  charge can be a t t a in e d  through

d e lo c a l i s a t i o n  by a phenyl group than  through th e  in d u c tiv e  e f f e c t  o f  a 
52methyl group. The charge r e s id in g  on th e  carbon marked with an 

a s t e r i s k  in  (3.13) would th e re fo re  be l e s s  than  on th e  corresponding 

*C in  ( 3 . 12) .  Hence, (3.12) would be more su sc e p t ib le  to  n u c le o p h i l ic  

a t t a c k  th an  ( 3 .1 3 ) .  Furtherm ore, i f  a  7i - a l l y l i c  s t r u c tu r e  such as

( 3 . 14) i s  an im portant c o n t r ib u to r  to  th e  bonding in  th e  t r a n s  io n s , 34
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th e n  th e  in d u c tiv e  e f f e c t  of R = Me as in  (3»13) would le ad  to  

d e s t a b i l i z a t i o n  from a decrease  in  bonding v ia  backdonation from i ro n  

to  th e  TT - a l l y l  system when compared with R = Ph, as in  (3 .1 2 ) .

R

Fe
(C 013

(3-14)

Turning to  th e  p o s i t io n  o f  s u b s t i t u t i o n  on th e  a c t i v a te d  a ren es ,  

a t t a c k  on 1 ,3-dimethoxybenzene was norm ally  observed a t  th e  4 -p o s i t io n .  

Under fo rc in g  c o n d i t io n s ,  u s in g  a la rg e  excess of ( l-m eth y l ,  5-phenyl) 

P . I .T .  f u r t h e r  s u b s t i t u t i o n  occurred  a t  th e  6 -p o s i t io n .  This i s  

c o n s is te n t  w ith  th e  usual o r th o ,  para  d i r e c t i n g  p ro p e r t ie s  o f  th e  

methoxy g r o u p , a s  p o s i t io n s  4 -  and 6 -  a re  ortho  to  one methoxy and 

p ara  to  th e  o th e r .  S u b s t i tu t io n  a t  th e  2 -p o s i t io n  would not be 

expected to  occur to  any ex ten t from s t e r i c  c o n s id e ra t io n s .

At t h i s  p o in t ,  i t  i s  convenient to  examine th e  k in e t i c s  o f  r e a c t io n  

w ith  a c t i v a te d  a re n es .  The r e s u l t s  can be b ro ad ly  summarized as 

fo llow s :

1. The o rd e r  o f  r e a c t io n  i s  a  fu n c t io n  of

(a) The p o s i t io n  and n a tu re  of th e  s u b s t i tu e n ts  on th e  

d ien y l  l ig a n d .

(b) The a re n e .

(c) In  some cases , the  r e l a t i v e  co n cen tra t io n s  of d ieny l 

complex and a re n e .
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2, The r a t e s  o f  r e a c t io n  o f  open chain  complexes a re  f a s t e r  

th an  (cyclohexadienyl) i ro n  t r i c a rh o n y l  under s im i la r  

c o n d i t io n s .

3 . G enera lly , th e  r a t e  o f  r e a c t io n  in c re a se s  with decreas in g  

methyl s u b s t i t u t i o n  a t  the  1- and 3 -p o s i t io n s .

One mechanism c o n s is te n t  w ith  th e  above r e s u l t s  and with the  products  

formed in  th e  r e a c t io n  involves  th e  assumption th a t  th e  t r a n s  ion  i s  a 

r e a c t iv e  in te rm e d ia te .  This i s  shown in  Scheme 3 .1 ,  where ArH denotes

R

Fe
(col

R

Fe
fcov

ArH
j

R
R
I
CH
I
Ar

Fe
( c o ^

SCHME 3.1

th e  a c t i v a t e d  a re n e .  The observed o rd e r  of r e a c t io n  i s  dependent on

th e  r e l a t i v e  va lues  o f  k . ,  k . and k ^ A rH ] . This mechanism i s1 — I C

d iscu ssed  below w ith  re fe re n ce  to  each d ieny l complex s tu d ie d .

The re a c t io n s  of (1 ,5 -d im e th y l) -  and ( 1 ,3 ,5 - t r im e th y l ) -  P . I .T .  

w ith  1 ,3-dimethoxybenzene both fo llow  a second o rder  r a t e  law -  f i r s t  

o rd e r  in  arene  and f i r s t  o rd e r  in  P . I .T .  complex -  up to  a t  l e a s t  

s i x t y  tim es excess o f  1,3-dmb. The re a c t io n  o f  (cyclohexadienyl) i ro n  

t r i c a r b o n y l  t e t r a f lu o r o b o r a te  with 1,3-dmb has been reported^^  to  fo llow  

a  s im i la r  r a t e  law, w ith  a r a t e  constan t o f  1.5 x 10 ^ dm^mol ^sec 

The c o n s tan ts  f o r  ( 1 , 3 , 5 - t r im e th y l ) -  and ( 1 ,5 -d im ethy l)-  P . I .T .  a re
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somewhat l a r g e r  by f a c to r s  o f  22 and over 700 r e s p e c t iv e ly .  Thus, i t  

would appear th a t  even when th e  k i n e t i c  forms a re  s im i la r ,  th e  open 

chain  d ieny l complexes a re  more r e a c t iv e  th an  th e  c y c l ic  analogue.

This i s  cons i s t e n t  w ith  th e  involvement o f  th e  t r a n s  ion  in  th e  

r e a c t io n  mechanism, as  such an ion  can only  be formed by open chain  

complexes but th e  c y c l ic  complex can e x is t  on ly  in  a  c i s  form.

The r a p i d i t y  o f  th e  r a t e  de term ining  s tep  o f  th e  r e a c t io n  with 

( l , 3 , 5 - t r im e th y l)  P . I .T .  i s  r e f l e c t e d  in  th e  r e l a t i v e l y  small value of 

th e  en tha lpy  o f a c t i v a t i o n  -44-0 -  5*6 kJ mol  ̂ (-10.5 -  1.3 k ca l  mol ^) . 

The en tropy  o f  a c t i v a t io n ,  however, i s  very  la rg e  a t  -189 -  I 8 JK mol 

(-45 -  4 cgs en tropy  u n i t s ) , and i s  th e  c o n t r o l l in g  param eter. In  

o th e r  words, th e  t r a n s i t i o n  s t a t e  o f  th e  r a t e  determ ining  s te p  i s  

h ig h ly  o rdered  when compared with th e  r e a c ta n ts  but l i t t l e  en thalpy  

i s  re q u ire d  f o r  i t s  fo rm ation . This would be expected i f  th e  c i s  

P . I .T .  complex must f i r s t  isom erise  to  th e  t r a n s  co n f ig u ra t io n  befo re  

r e a c t io n  w ith  th e  arene  can occur .

I t  i s  i n t e r e s t i n g  to  no te  t h a t  ( l , 3 ,5 - 'tr im ethy l)  P . I .T .  i s  a  le s s  

r e a c t iv e  e l e c t r o p h i l e  than  ( 1 ,5-dim ethyl) P . I .T .  by a f a c to r  of t h i r t y .  

This i s  p robab ly  due to  th e  in d u c tiv e  e f f e c t  o f  th e  a d d i t io n a l  methyl 

group a t  th e  3 - p o s i t io n ,  which would tend  to  reduce th e  e f f e c t iv e  

p o s i t i v e  charge on th e  d ieny l system. Analogies have been drawn 

between th e  r e a c t i v i t i e s  o f  th e  P . I .T .  t r a n s  ions and th e  f e r r o -  

cenyla lkylium  ions (Chapter 2, s e c t io n  C), where i t  has been observed 

th a t  2-methyl s u b s t i t u e n ts  can d e s t a b i l i z e  th e  system, and so in c rease  

th e  e l e c t r o p h i l i c  c h a ra c te r  o f  th e  complex. In  the  complex (3 .1 5 ) ;  

pK^+ va lues  in  aqueous su lp h u r ic  a c id  were found to  be 0.01 where R = H,
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but - 0 ,50  where R = [The analogous P . I .T .  systems a re  shown in

O

©

R

( 3 . 15)

CH'

Fe
Cco).

(3 . 16)

/
H

CH

( 3 . 16) ] .  This d i f f e r e n c e  may be a t t r i b u t e d  to  a la rg e  s t e r i c  

i n t e r a c t i o n  between th e  a-methyl and th e  CMe  ̂ s u b s t i tu e n ts  in  th e  c y c l ic  

complex which outweigh th e  e le c t r o n i c  e f f e c t s .  This s t e r i c  re p u ls io n  

would be expected to  be sm a lle r  in  th e  P . I .T .  t r a n s  ion  where th e  

system i s  much le s s  r i g i d ,  and can e a s i l y  d i s t o r t  to  accommodate th e  

a d d i t io n a l  group.

Extending t h i s  argument f u r t h e r ,  removal of a methyl group from 

( 1 , 5-d im ethyl) P . I .T .  should aga in  in c re ase  th e  r e a c t i v i t y  towards 

a re n e s .  Indeed, under s im i la r  co n d i t io n s ,  (1-methyl) P . I .T .  does 

show enhanced e l e c t r o p h i l i c  c h a ra c te r  towards 1, 3-dmb when compared 

w ith  ( 1, 5-d im ethyl) P . I .T .  However, t h i s  r e a c t io n  i s  complicated by 

e x h ib i t in g  a k i n e t i c  form in te rm ed ia te  between f i r s t  and second o rder 

depending on th e  r e l a t i v e  co n cen tra t io n  of th e  two reag en ts ,  ten d in g  to  

go towards f i r s t  o rd e r  in  (l-m ethy l) P . I .T .  a t  h i ^  co n cen tra t io n  of 

a re n e .  This can be in te r p r e te d  in  terms of th e  proposed mechanism as 

fo l lo w s .  At low co n cen tra t io n s  o f  a ren e ,  th e  r a t e  determ ining  s tep  i s
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c o n t ro l le d  by K^EArH] in  Scheme 3*1• As [ArH] i s  in c reased ,  th e  

o v e ra l l  r a t e  becomes a fu n c t io n  o f  th e  r a t e  o f  form ation  o f  th e  t r a n s  

ion  ( k ^ ) , which i s  a  f i r s t  o rder  p rocess  independent o f  th e  concen­

t r a t i o n  o f  a re n e .  The o v e ra l l  r a t e  equation  f o r  a l l  c o n ce n tra t io n  of 

arene  i s  thus  :

r a t e  = k^k^[cation][A rH ] 

k_^+k2[ArH]

when k^EArH] i s  small compared with k_^,  t h i s  becomes: 

r a t e  = k^k^Ecation][ArH]

when kgEArH] i s  very  la rg e ,  th e  equation  becomes: 

r a t e  = k ^ [c a t io n ]

On f i r s t  c o n s id e ra t io n ,  i t  i s  somewhat s u r p r i s in g  th a t  k in e t i c  

equations  o f  a s im i la r  form a re  a lso  fo llow ed by th e  phenyl s u b s t i t u t e d  

complexes ( l -m e th y l ,  5-phenyl) P . I .T .  and ( l ,4 -d im e th y l ,  5-phenyl)

P . I .T .  in  th e  r e a c t io n  w ith  1,3-dmb. Furtherm ore, th e  o v e ra l l  r a t e s  

a re  a lso  o f th e  same o rd e r  o f  magnitude, though perhaps one would expect 

th e  two phenyl complexes to  be s im i la r  on th e  ground th a t  methyl 

s u b s t i t u t i o n  a t  th e  4 -p o s i t io n  would not s i g n i f i c a n t l y  s t a b i l i z e  the  

pen tad ien y l system.

That th e  r a t e  de term in ing  s te p  i s  a  fu n c t io n  o f  th e  co n cen tra t io n  

o f  arene  i s  f u r t h e r  i l l u s t r a t e d  in  the  r e a c t io n  o f  ( l -m eth y l ,  5-phenyl) 

P . I .T .  w ith  d e u te ra te d  1 ,3-dimethoxybenzene. The deuterium iso tope  

e f f e c t  (Kjj/Kjj) i s  a ls o  a  fu n c t io n  o f  arene  c o n ce n tra t io n ,  d ecreasing



95

from 1.93 with a  t e n - f o ld  excess to  1.68 with a  f i f t y - f o l d  excess .

Thus, th e  n a tu re  o f  th e  arene e x e r ts  a d im in ish ing  e f f e c t  as  th e  r a t e

o f  r e a c t io n  in c re a se s  towards th e  maximum, which i s  c o n s is te n t  w ith  th e

proposed mechanism. E x t ra p o la t io n  hack to  zero arene  co n ce n tra t io n

y ie ld s  an e s tim ated  maximum r a t i o  in  th e  o rd e r  o f  2 .5 ,  which i s

55in d ic a t iv e  o f  a prim ary iso to p e  e f f e c t .  The th e o r e t i c a l  v a lu e ,  

de r ived  from in f r a r e d  s t r e t c h i n g  frequency d a ta ,  i s  7*9 a t  25° .

Hence, th e  s te p  c o n t ro l le d  hy k^CArH] involves  th e  b reak ing  o f a 

hydrogen-carbon bond, and so i s  p robab ly  th e  lo s s  o f  a  p ro to n  from 

th e  s  —complex (3.17) to  form th e  f i n a l  p roduc t.

PhJ
OCH,

OCK

CH

F e  
(CO)

(3.17)

The c a lc u la te d  va lues  o f  th e  r a t e  co n s tan ts  f o r  th e  r e a c t io n  o f  

( l -m e th y l ,  5-phenyl) P . I .T .  (Chapter 3, S ec tion  E) show sev e ra l  

i n t e r e s t i n g  a s p e c ts .  F i r s t l y ,  th e  magnitude o f  K, th e  equ ilib r ium  

constan t f o r  th e  form ation  o f  th e  r e a c t iv e  in te rm ed ia te  from th e  c is  

io n ,  i s  o f  th e  o rd e r  o f  20. This means th a t  approxim ately  5^ of th e  

complex in  n itrom ethane s o lu t io n  i s  in  th e  t r a n s  form. Thus on f i r s t  

mixing th e  re a g e n ts ,  a r a p id  r e a c t io n  tak es  p lace  between th e  arene 

and th e  t r a n s  isomer a l re a d y  p re sen t  in  s o lu t io n .  During t h i s  i n i t i a l  

p e r io d ,  th e  co n ce n tra t io n  of th e  t r a n s  ion  decreases  to  a  s te a d y  s t a t e ,
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and th e  o v e ra l l  r a t e  can th en  he expressed  in  terms of simple second 

o rd e r  k i n e t i c  eq u a tio n .  Hence, pseudo f i r s t  o rd e r  p lo t s  do not 

pass  through th e  o r ig i n .  As th e  nmr s p e c t ra  o f  th e  c is  and t r a n s  

isomers a re  very  s im i la r ,  th e  c o n ce n tra t io n  o f  t r a n s  ion  p re sen t  in  

s o lu t io n  would not he d e tec te d  norm ally . In  a d d i t io n ,  th e  in f r a r e d  

carbonyl s t r e t c h i n g  bonds would be expected to  occur a t  about th e  

Same frequency, so th e  t r a n s  ion  would not be observed as  a  s ep a ra te  

e n t i t y .  /

Secondly, th e  es tim ated  va lue  of k^, th e  r a t e  constan t governing 

th e  r e a c t io n  o f  th e  t r a n s  ion  with th e  a rene , i s  approxim ately  

1 X 10 ^dm^mol ^sec \  This i s  two o rders  o f  magnitude g r e a te r  th an  

th e  analogous r e a c t io n  o f  ( 1 ,5-dim ethyl) P . I .T .  This d i f f e r e n c e  i s  

no t only  very  la r g e ,  but a lso  in  th e  oppos ite  sense to  t h a t  expected 

from th e  u su a l p ro p e r t ie s  of phenyl compared w ith methyl s u b s t i tu e n ts  

w ith  reg a rd  to  s t a b i l i z a t i o n  o f  p o s i t iv e  charge. Thus, in  a  simple 

p ic tu r e  o f  charge d i s t r i b u t i o n ,  th e  phenyl d e r iv a t iv e  would d e lo c a l iz e  

th e  p o s i t iv e  charge on th e  system more e f f e c t i v e l y  th an  th e  methyl 

d e r iv a t iv e  by in d u c t io n .  Furtherm ore, th e re  i s  a need to  ex p la in  why 

(l-m ethy l)  P . I .T .  should a lso  be as r e a c t iv e  towards 1,3-dmb as 

( l -m e th y l ,  5-pbenyl) P . I .T .  Again, i t  i s  th e  s t r u c tu r e  of the  t r a n s  

isomer which i s  th e  key f a c t o r ,  and one must r e tu r n  to  th e  reason  why 

n u c le o p h i l ic  a t t a c k  on th e  l ig an d  occurs a t  th e  p o s i t io n s  found.

R e fe r r in g  back to  (3.14) -  a  t r a n s  ion  drawn as a  n - a l l y l i c  

s t r u c tu r e  -  i t  has been suggested t h a t  i f  R i s  a  methyl group, then  

th e r e  would be a  decrease  in  bonding v ia  backdonation from th e  i ro n  

atom to  th e  - a l l y l i c  system due to  th e  in d u c tiv e  e f f e c t , c o m p a r e d  

w ith  th e  case when R i s  phenyl or hydrogen. This may then  lead  to
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an in c re a se  in  "bonding from th e  i ro n  to  C in  (3 .1 3 ) ,  reduc ing  the  

charge on t h i s  atom, and so having th e  e f f e c t  o f  dec reas ing  the  

e l e c t r o p h i l i c  n a tu re  of th e  complex. Support f o r  th e  p o s tu la te d  

weakening of th e  i ro n  77- a l l y l  "bond comes from th e  o b se rv a tio n  th a t  

n on -con juga ting  a lk y l  s u b s t i t u e n ts  tend  to  weaken on o le f in -m e ta l  

bond and fu rtherm ore , con juga ting  systems ( e .g .  Ph) appear to  s t a b i l i z e  

such a bond in  th e  case o f  i ro n .^ ^  In  conclus ion , a lthough  th e  above 

argument i s  t e n t a t i v e ,  i t  ' s c l e a r  t h a t  th e  r e a c t i v i t y  o f  th e  p en ta ­

d ieny l i ro n  t r i c a r b o n y l  system cannot be i n te r p r e te d  w ith re fe ren ce  

to  th e  c is  isomer a lo n e .

I t  has a l r e a d y  been shown th a t  in  r e a c t io n  o f  ( l-m e th y l ,  5-pbenyl)

P . I .T .  w ith  n u c le o p h i le s ,  th e  phenyl group remains remote from th e

r e a c t io n  c e n t r e .  However, w ith  th e  ( 1 ,5-diphenyl) d e r iv a t iv e ,  a

phenyl group i s  fo rced  in to  t h i s  p o s i t io n .  The re a c t io n  i s  then

found to  proceed to  eq u il ib r iu m  r a th e r  th an  to  com pletion. This can

be understood w ith  re fe re n c e  to  th e  s t r u c tu r e  of th e  p roduct,

p a r t i c u l a r l y  a t  the  r e a c t io n  s i t e ,  shown in  ( 3 . I 8) .  The carbon atom 
*

C , which was o r i g i n a l l y  p a r t  o f  th e  p en tad ieny l system o f  th e  P . I .T .  

p re c u rso r ,  i s  bonded to  th re e  powerful c h a r g e - s t a b i l i z in g  groups -  2 ,4 -  

dimethoxy phenyl, phenyl and (diene) i r o n  t r i c a r b o n y l .  This p o s i t io n  

i s  a lso  somewhat crowded s t e r i c a l l y  by th e se  bulky s u b s t i t u e n t s .

O OCH

OCH.
(CO).

(3.18)
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Hence, t h i s  complex i s  l e s s  s ta b l e  than  th e  product from ( 1-methyl, 

5-phenyl) P . I .T .  and 1 ,3-dmh, and can d is p ro p o r t io n a te  to  a t r a n s  

io n  in te rm ed ia te  and 1 ,3-dmh more e a s i l y .  This has th e  r e s u l t  o f 

making the  o v e ra l l  r e a c t io n  r e v e r s i b l e ,  w ith  an eq u il ib r iu m  p o s i t io n  

dependent on the  co n ce n tra t io n  o f  1 ,3-dnib in  s o lu t io n .  S im ila r  

e f f e c t s  a re  a l s o  observed with 1 ,3 ,5-tr im ethoxybenzene as th e  

n u c leo p h i le  even w ith  ( 1 ,5-dim ethyl) and ( l-m e th y l ,  5-phenyl) P . I .T .

I n  t h i s  case , th e  s t e r i c  e f f e c t  i s  due to  th e  two ortho  methoxy groups, 

and the  e le c t r o n i c  e f f e c t  from th e  tr im ethoxy  s u b s t i t u t e d  phenyl 

group. This can be seen from th e  s t r u c tu r e  o f  th e  product w ith  

(1-m ethyl, 5-phenyl) P . I .T .  (3 .19)"

OCH

Ph OCH

H X
OCH

(CO)

(3 .19)

These l a t t e r  two r e a c t io n s  a re  a lso  i n t e r e s t i n g  from a k in e t i c

v iew poin t, as th e  approach to  eq u il ib r iu m  i s  c o n t ro l le d  by a f i r s t

o rd e r  p rocess  in  each case .  Thus, while th e  p o s i t io n  o f  equ ilib r ium

i s  a  fu n c t io n  o f  th e  co n ce n tra t io n  o f  a rene , th e  r a t e  o f  a tta inm en t

i s  on ly  dependent on th e  co n ce n tra t io n  o f  P . I .T .  In  o th e r  words,

on ly  k . and k . a re  involved in  th e  r a t e  eq ua tion . ( i t  has been 1 —1
shown th a t  th e  r a t e  i s  a  fu n c t io n  o f  both th e  forward and rev e rse  

r e a c t io n s  in  S ec tion  B ( d ) , Hence, th e  r a t e  o f  a t t a c k  o f 1 ,3 ,5 -  

trimethoxybenzene i s  much f a s t e r  th an  th e  r a t e  o f  fo rm ation  o f th e  

t r a n s  io n  from th e  c is  io n .
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The r a t e s  found fo r  th e se  re a c t io n s  a re  s im i la r  in  magnitude, 

b e in g  2 .9  x 10 ^ sec  ̂ f o r  ( l-m e th y l ,  5phenyl) P . I .T .  and 8 .3  x 10  ̂

sec   ̂ f o r  ( 1 ,5-dim ethyl) P . I .T .  Thus, th e  d i f f e r e n c e  in  behaviour 

o f  th e se  complexes towards 1,3-dmb i s  due to  th e  value of kg^ArH] 

and so th e  r e a c t i v i t y  o f  th e  r e s p e c t iv e  t r a n s  ions towards th e  arene 

r a t h e r  th an  o f th e  form ation  o f th e se  ions from th e  c is  complexes.

I t  would appear from th e  above d is c u s s io n  th a t  th e re  i s  a maximum 

r a t e  of r e a c t io n  of th e  P . I .T .  complexes with nuc leoph iles ,w h ich  i s  

th e  r a t e  of fo rm ation  o f  th e  t r a n s  io n .  Thus, w ith  methanol, the  

r a t e  o f  d isappearance  o f  ( l -m e th y l ,  5-phenyl) P . I .T .  i s  in  the  o rder 

o f  2 X 10 ^sec \  which i s  c lo se  to  th e  value o f  k^ a t  2.57 % lO^sec  ̂

determ ined i n d i r e c t l y  from th e  k in e t i c s  o f  r e a c t io n  o f  t h i s  complex 

w ith  1 ,3-dimethoxybenzene. However, w ith  th e  ve ry  r e a c t iv e  nuc leo­

p h i l e  in d o le ,  th e  r a t e  i s  extrem ely f a s t ,  95^ completion being  

achieved in  two m inutes . One ex p lan a tio n  f o r  t h i s  i s  th a t  a t t a c k  

can occur both  on th e  c is  and t r a n s  ions with such a s t ro n g  n u c leoph ile .  

D ire c t  r e a c t io n  w ith  th e  c is  ion  i s  analogous to  r e a c t io n  w ith  th e  

c y c l i c  complex-(cyclohexadienyl) i ro n  t r i c a rh o n y l  which can only 

e x i s t  in  th e  c i s  c o n f i g u r a t i o n . F u r t h e r m o r e ,  t h i s  e f f e c t  has

been observed in  th e  behaviour o f  amines towards (l-m ethy l) P .I .T .^ ^ * ^ ^

57and p en tad ien y l  i ro n  t r i c a rh o n y l  t e t r a f lu o r o b o r a t e .  Thus, with 

s t ro n g ly  b a s ic  amines, only  (3-20) was formed by d i r e c t  r e a c t io n  w ith 

th e  c is  io n .  Weakly b a s ic  amines gave (3 .2 l)  by a t t a c k  o f  th e  t r a n s  

ion  in  th e  way u s u a l ly  observed. The former product shows r e t e n t io n  

o f  geom etric  c o n f ig u ra t io n  a t  th e  r e a c t io n  s i t e ,  and th e  l a t t e r  shows 

in v e r s io n .
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Amine
Fe

(C O )^  ( 0 0 ) 3

( 3 . 20) ( 3 . 21)

In  summary, th e  e f f e c t  o f  in c re a s in g  th e  n u c le o p h i l i c i ty  o f  th e  

a t t a c k in g  sp ec ie s  i &t o  change from a second o rder r e a c t io n  w ith  th e  

t r a n s  ion , through to  a f i r s t  o rd e r  r e a c t io n  depending on ly  on th e  

r a t e  of fo rm ation  o f th e  t r a n s  ion  and f i n a l l y  to  d i r e c t  r e a c t io n  

w ith  the  c i s io n .

F in a l ly ,  mention should he made of some s tu d ie s  c a r r ie d  out a f t e r  

th e  completion of t h i s  work.^^ The complex ( l - t e r t h u t y l , 5”Phenyl) 

P . l . T .  ( 3 . 22) f a i l e d  to  r e a c t  w ith  1 ,3-dimethoxyhenzene under th e  u sua l 

co n d it io n s  employed in  t h i s  work. This i s  presumably due to  th e  

enhanced s t a b i l i t y  of th e  t r a n s  ion  from th e  complex (3 .2 3 ) .  The 

r e a c t io n  c en tre  has a  t e r t i a r y  b u ty l  s u b s t i t u e n t ,  which would tend  

to  s t a b i l i z e  th e  p o s i t iv e  charge a t  t h i s  p o s i t io n  to  a  g r e a te r  degree 

th a n  th a t  o f  a  c en tre  w ith  a methyl s u b s t i tu e n t  in ,  f o r  in s ta n c e ,

( 1-m ethy l, ^-phenyl) P . l . T .  This s i t e  would a lso  be s t e r i c a l l y  

r e s t r i c t e d  f o r  th e  a t t a c k  o f  a la rg e  molecule such as 1 ,3-dimethoxy- 

benzene.
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3

( 3 . 23)

The r e a c t io n  o f  (1-m ethyl, 5-phenyl) P . l . T .  w ith  1 ,2 ,4 - t r im e th o z y -  

henzene was s im i la r  to  th a t  w ith 1 ,3-dimethoxyhenzene hoth  in  terms of 

th e  form o f  th e  r a t e  equation  and in  th e  magnitude o f  th e  r a t e  co n s tan ts  

Thus, th e  behaviour o f  th e se  arenes  i s  c o n s is te n t  w ith  th e  expected 

p ro p e r t ie s  towards an e l e c t r o p h i l i c  s u b s t i t u t i o n  r e a c t io n .

In  conc lus ion , r e a c t io n s  o f open chain  pen tad ieny l i ro n  t r i c a r ­

bonyl complexes with n u c leo p h i le s  in  g en e ra l ,a n d  with a renes  in  

p a r t i c u l a r , a r e  com plicated , but can be understood in  terms of th e  

involvement o f  a t r a n s  s p e c ie s .
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D: EXPERIMENTAL

( i )  M a te r ia ls

Pen tad ieny l Iron  T r icarbonyl Complexes

( l -M ethy l)-  and ( 1 ,5 -d im ethy l)-  P . l . T .  were p repared  by th e

method o f  Mahler 9,nd P e t t i t . T h e  syn theses  o f  ( l-m eth y l ,

5 -p h e n y l) -  and ( 1 , 3»5-‘t r im e th y l ) -  P . l . T .  were from the  corresponding

a lco h o l complexes, exo (6-phenyllB xa-3 ,5-& ien-2-o l) i ro n  t r i c a rb o n y l

and exo (4-methyl h ep ta -3 ,5 -& ien -2 -o l)  i ro n  t r i c a rb o n y l  u s in g  an
16adap tio n  o f  th e  method used by Mahler and P e t t i t .  The l a t t e r  

p re p a ra t io n  was performed by Mr. B. C o c k e r i l l .  (1 ,4-Dim ethyl, 

5-phenyl) P . l . T .  was p repared  by Dr. P. Powell by a method based on 

t h a t  f o r  ( 1-methyl, 5-phenyl) P . l . T .  by s u b s t i t u t i o n  o f  2-methyl 

cinnamaldéhyde f o r  cinnamaldéhyde in  th e  p re p a ra t io n  o f h e x a -3 ,5 -  

d i e n e - 2 - o n e (1,5-Diphenyl )  P . l . T .  was made from ( l ,5 - d ip h e n y l -  

p e n ta -2 ,4 -d ie n -1 -o t  ) i ro n  t r i c a r b o n y l ,  which in  tu r n  was made by 

r e a c t io n  o f  th e  uncoord inated  diene with d i i r o n  enneacarbonyl in  

r e f lu x in g  d ie th y l  e th e r  u s in g  a genera l  method de sc r ib ed  by Dauben 

and L o r b e r . ^

P u r i f i c a t i o n  of th e  P . l . T .  complexes in  each case was by 

d i s s o lu t io n  in  th e  minimum q u a n t i ty  o f  d ry  nitrom ethane followed by 

p r e c i p i t a t i o n  w ith d ry  d ie th y l  e th e r  under an atmosphere o f n i t r o g e n .  

This p rocess was rep ea ted  th re e  tim es , followed by f i l t r a t i o n  under 

n i t ro g e n  and washing w ith  two a l iq u o ts  o f  d ry  d ie th y l  e th e r  ( 5^ cm^)

The complexes were d r ie d  in  vacuo and s to re d  in  a  vacuum d e s ic c a to r  

over calcium c h lo r id e .  A n a ly t ic a l  d a ta  a re  shown in  t a b le  3»5"
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TABLE 3.5

P . l . T .  Complex G H B P

1-methyl re q u ire s  : 35.12 2.947 - -

found: 35.46 3.15 - -

1 ,3 ,5 - t r im e th y l re q u i re s  : 39.33 3.90 - 22.63

found: 39.39 4.04 - 22.54

1 ̂ n e th y l , 5-pbenyl re q u i re s  : 46.92 3.42 2.82 -

found: 46.76 3.26 2.78 -

1 , 4 -d im e th y l , 5-phenyl r e q u i r e s : 48.29 3.80 2.72 -

found: 48.41 3.75 2.58 -

1 ,5 -d iphenyl re q u ire s  : 53.87 3.39 - -

found: 54.31 3.47 - -

1 , 3-dimethoxybenzene

1 ,3-dimethoxybenzene (Ralph Emanuel) was re f lu x e d  over sodium * 

metal f o r  2 hours , followed by d i s t i l l a t i o n  under reduced p ressu re  

through a 25 cm Vigreux f r a c t i o n a t i n g  column. B.Pt 85°/6 .5  mm Hg.

d^ 1 ,3-dimethoxybenzene

d^ 1 ,3-dimethoxybenzene was p repared  from p u r i f i e d  1 ,3-dimethoxy 

benzene in  an exchange r e a c t io n  with a deuterium oxide s o lu t io n  of 

deuterium  s u lp h a te .  1 ,3-dimethoxybenzene (14 g, 0 .1  mol) was added 

X to  a  s o lu t io n  o f  deuterium su lpha te  (IO g,. 0 .1  mol) in  dmeterium 

oxide (10 g, 0 .5  m ol). The suspension was s t i r r e d  fo r  fou r  days, 

a f t e r  which th e  a c id  la y e r  was removed.. An nmr spectrum of th e



104

organ ic  l a y e r  in d ic a te d  t h a t  80^ d e u te ra t io n  had occurred a t  th e  

? ,4  and 6 p o s i t io n s  on th e  1,3-dimethoxÿbenzene r i n g .  A f u r th e r  

a l iq u o t  o f  D^O/D^SO^ was added and th e  p rocess rep ea ted  f o r  four 

days, by which time 94«5^ d e u te ra t io n  was observed. This was 

rep ea ted  again  to  give a product with 97^ d e u te r a t io n .  The o rganic  

l a y e r  was d is so lv ed  in  methylene ch lo r id e  ( 5O cm^) and washed w ith a 

s a tu r a te d  s o lu t io n  o f  sodium hydrogen carbonate  (20 cm^), fo llowed by 

w ater (20 cm^). The s o lu t io n  was th en  d r ie d  over calcium c h lo r id e ,  

fo llowed by d i s t i l l a t i o n  from sodium metal under reduced p re ssu re  

(b .p t  8 9 / 5*5 mm Hg). The p u r i t y  of t h i s  compound was checked by 

two methods. Nmr a n a ly s is  in d ic a te d  97*2^ d u e te ra t io n ,  and mass 

spec tro scopy  in d ic a te d  th e  presence o f  93^ d^, 2^ d^ and 4^ d^ s p e c ie s .

1 , 3 ,5-trim ethoxybenzene

1 ,3 ,5-tr im ethoxybenzene (Ralph Emanuel) was d is so lv ed  in  d ie th y l  

e th e r ,  and th e  s o lu t io n  shaken w ith  aqueous sodium hydrogen carbonate  

s o lu t io n .  The e ther e x t ra c t  was sep a ra ted ,  and the  aqueous s o lu t io n  

e x t ra c te d  with f u r th e r  q u a n t i t i e s  o f  d ie th y l  e th e r .  A fte r  d ry ing  

with magnesium su lp h a te ,  th e  e th e r  was d i s t i l l e d  o f f  le av in g  a white 

r e s id u e .  The re s id u e  was c r y s t a l l i z e d  from th e  minimum q u a n t i ty  o f  

hot petroleum  e th e r  (40-60°) . (m e lting  po in t 55°) [ [ l i t e r a tu r e  

v a l u e , 54-55°] .

Indo le

Indole  (Ralph/Emanuel) was p u r i f i e d  by two r e c r y s t a l l i z a t i o n s  

from b e n z e n e . ( m e l t i n g  po in t 52°) [ l i t e r a t u r e  v a l u e , 52.5°]*

Methanol

Methanol (a r)  was d r ie d  by th e  "magnesium/iodine" method, 

fo llow ed by f r a c t i o n a l  d i s t i l l a t i o n  t h r o u ^  a 5OO cm Vigreux column.
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( i i )  K in e t ic  Procedure

Two methods were employed f o r  observ ing  the  k in e t i c s  o f  

re a c t io n s  d iscussed  in  t h i s  c h a p te r .  The choice o f  method f o r  a 

p a r t i c u l a r  system was governed by the  r a t e  o f  r e a c t io n .  Method A

was adopted fo r  r e a c t io n s  where th e  h a l f - l i f e  was s h o r te r

th a n  t h i r t y  m inutes, and method B where th e  h a l f - l i f e  was 

s i g n i f i c a n t l y  lo n g e r .  These a re  d esc rib ed  below:

Method A.

Fresh  so lu t io n s  of th e  P . l . T .  complex and o f  the  arene were 

p repared  in  d ry  nitrom ethane p r io r  to  each k in e t i c  run . P a r t i c u l a r

a t t e n t i o n  was pa id  to  ensure th a t  a l l  g lassw are was d ry .  An

a l iq u o t  (4 cm/) o f  each r e a c ta n t  was p ip e t te d  in to  a sep a ra te  r e a c t io n  

v e s s e l .  This v e s s e l ,  shown in  F igure  3 .2 ,  was f i t t e d  with a 

"Subaseal"  septum cap, and the  s id e  arm was c losed  by means of a 

"Rotaflow" t a p .  The con ten ts  o f  each v e sse l  were frozen  qu ick ly  in  

l i q u id  n i t ro g e n ,  and th e  s id e  arm was connected to  a vacuum pump to  

remove a i r .  The ta p  was th en  c lo sed  and th e  con ten ts  allowed to  warm 

up to  room tem p era tu re .  The s o lu t io n  was fro zen  aga in , and th e  

appara tu s  evacuated . This p rocess  was rep ea ted  th re e  tim es in  a l l  to  

ensure th a t  th e  r e a c ta n ts  were com pletely  degassed. F in a l ly ,  th e  

v e s s e ls  were t r a n s f e r r e d  to  a  constan t tem perature  b a th ,  and dry  

n i t ro g e n  adm itted .

A f te r  th e  so lu t io n s  had a t t a in e d  therm al eq u il ib r iu m , th ey  were 

mixed, and th e  c lock  s t a r t e d .  Mixing was achieved under an atmosphere 

o f  n i t ro g e n  by use o f  an a l l - g l a s s  sy ringe  with a  c a p a c i ty  of 5 cm^, 

which was f i t t e d  w ith a 180 mm long s t a i n l e s s  s t e e l  n eed le .  The 

sy r inge  was f lu sh ed  with d ry  n i t ro g e n ,  th en  in s e r t e d  through th e
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septum of th e  v e sse l  c o n ta in in g  th e  arene s o lu t io n .  The e n t i r e  

co n ten ts  were drawn in to  th e  sy ringe  by p la c in g  th e  t i p  o f  the  

need le  in to  a small in d e n ta t io n  a t  th e  base o f  th e  v e s s e l .  This 

s o lu t io n  was then  in je c te d  in to  th e  v e sse l  c o n ta in in g  th e  P . l .T .  

complex, and th e  con ten ts  tho rough ly  mixed by r a p id ly  withdrawing 

p a r t  o f  th e  s o lu t io n  in to  th e  sy r in g e ,  and re tu rn in g  i t  in to  th e  

rem aining l i q u i d .  A p o r t io n  o f  t h i s  s o lu t io n  ( 4 cm^) was used

to  r in s e  out th e  f i r s t  v e sse l  which had con ta ined  th e  a ren e .  This 

mixing procedure was u s u a l ly  completed w ith in  90 seconds. A p o r t io n  

of th e  r e a c t io n  m ixture was t r a n s f e r r e d  to  th e  constan t tem perature  

i n f r a - r e d  c e l l ,  shown in  F igu re  3 .1 .  The re fe re n ce  s o lu t io n  was 

th e  arene  in  n itrom ethane a t  th e  same c o n ce n tra t io n  as t h a t  used in  

th e  r e a c t io n .  The in f r a - r e d  spectrum was re p e a te d ly  scanned across  

th e  reg io n  2200-1900 cm  ̂ u s in g  a P erk in  Elmer 337 double beam 

sp ec tro m e te r .  The co n ce n tra t io n  o f  P . l . T .  complex remaining in  

s o lu t io n  was determined d i r e c t l y  from th e  i n t e n s i t y  o f  th e  2105 cm  ̂

carbonyl band, u s in g  a c a l i b r a t i o n  cu rve . A ll th e  P . l . T .  complexes 

used in  t h i s  work were found to  obey B eer’s Law.

The constan t tem perature  c e l l  was co n s tru c ted  from a Beckman- 

RIIC FH01 c e l l  f i t t e d  with calcium f lu o r id e  windows. This was 

p laced  in  a s t a i n l e s s  s t e e l  ja ck e t  through which w ater was pumped 

from a constan t tem peratu re  w ater b a th .  The tem peratu re  of t h i s  

was s e t  such th a t  th e  c e l l  remained a t  25° -  .1 ° ,  t h i s  be ing  

determined by a th e rm is to r  which could be in s e r te d  in to  th e  c e l l  

windows. The whole ja ck e t  was in s u la te d  by a 20 mm th ic k  la y e r  

o f  p l a s t i c  foam. In  o rd e r  to  prevent excessive  h e a t in g  o f  th e  c e l l  

con ten ts  by r a d ia t io n  absorbed by th e  c e l l  windows, a  calcium f lu o r id e  

f i l t e r  was a t ta c h e d  to  th e  f ro n t  o f  th e  u n i t .  The c e l l  was f i l l e d
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th rough s t a i n l e s s  s t e e l  tubes  (22 gauge) which had lu e r  f i t t i n g s  and 

could be a t ta c h e d  d i r e c t l y  to  th e  sy ringe  c o n ta in in g  th e  r e a c t io n  

s o lu t io n .

Method B.

This i s  a m o d if ica t io n  of method A, which was found to  have th e  

d isadvantage  th a t  oxygen could leak  in to  th e  c e l l  over an extended 

tim e p e r io d .  Thus, f o r  prolonged experim ents, th e  r e a c t in g  s o lu t io n  

was s to re d  under an atmosphere of d ry  n i t ro g e n ,  and samples were removed 

f o r  th e  d e te rm in a tio n  o f  th e  co n ce n tra t io n  of un reac ted  P . l . T .  

complex'by i n f r a - r e d  a n a ly s i s .

An a l iq u o t  (10 cm/) of each f r e s h ly  p repared  s o lu t io n  was p ip e t te d  

in to  a r e a c t io n  v e s s e l .  The r e a c ta n t s  were mixed p r io r  to  degassing  

by th e  freeze - th aw  method as th e  r a t e s  were slow. N itrogen was 

in troduced  to  th e  ap p a ra tu s ,  and th e  s o lu t io n  allowed to  a t t a i n  therm al 

eq u il ib r iu m  in  a constan t tem perature  w a te r -b a th .  Samples were removed 

a t  i n t e r v a l s  by sy r in g e ,  and q u ick ly  p laced  in  an i n f r a - r e d  c e l l  f i t t e d  

w ith  calcium f lu o r id e  windows. The in f r a - r e d  a n a ly s is  was th e  same as 

t h a t  d esc rib ed  in  method A.
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( i i i )  P re p a ra t io n  o f  products  from r e a c t io n  o f  P . l . T .  complexes with 

n u c le o p h i le s .

I^2-(2,4-dim ethoxyphenyl), t r a n s , t r a n s - h e p ta -3 ,5 -d ie n e l  i ro n  

t r i c a r b o n y l .

(1 ,5 -D im ethy l)pen tad ieny lj  i ro n  t r i c a r b o n y l  t e t r a f lu o r o b o r a te  

(2 .0  g, 6 .2  mmol) was added to  a s o lu t io n  o f  1 ,3-dimethoxybenzene 

(0 .40 gj 2 .9  mmol) in  dichloromethane (30 cm^). The s o lu t io n  was 

degassed by th e  freeze -th aw  method, followed by s t i r r i n g  f o r  17 hours 

in  th e  absence o f  l i g h t .  The s o lu t io n  was f i l t e r e d ,  and evaporated  to  

leave  a b lack  re s id u e  which was e x t ra c te d  with pentane (2 x 30 cm^) .

The c l e a r  yellow  e x t r a c t  was evaporated to  y ie ld  a yellow  o i l  which was 

th en  hea ted  a t  90° f o r  2 hours under vacuum. The re s id u e  was 

r e c r y s t a l l i z e d  from pentane (5 cm^) in  a s o l id  carbon d io x id e /ace to n e  

b a th  to  give a yellow  s o l id  m.p. 88°. The y i e ld  was 0 .17  g ( l 6 ^  .

A nalysis  C^gH^QO^Pe re q u ire s  58.08^0, 5*417^ H

found 58 . 49^ 0 , 5«60^H.

[2 -(2 ,4 -d im ethoxypheny l) ,  6 -phenyl, t r a n s , t r a n s - h ex a -3 ,5 -d ie n e l  

i ro n  t r i c a r b o n y l .

( l-m e th y l ,  5-phenyl] pen tad ieny l i ro n  t r i c a rb o n y l  t e t r a f l u o r o ­

b o ra te  ( 1.0 g, 2 .6  mmol) was added to  a s o lu t io n  o f  1,3-dimethoxybenzene 

(0 .40 g, 2.9 mmol) in  dichloromethane (50 cm^). The suspension was 

s t i r r e d  o v e rn ig h t ,  and th e  excess P . l . T .  complex f i l t e r e d  o f f .  The 

so lv en t  was evaporated  to  give a re s id u e  which was e x tra c te d  with pentane 

(2 X 30 cra^). The c le a r  yellow  s o lu t io n  was evaporated  to  remove th e  

pen tane , followed by h e a t in g  a t  90° f o r  3 hours under vacuum to  remove 

excess 1 ,3-dimethoxybenzene. The yellow  re s id u e  was r e c r y s t a l l i z e d  

from 6 0 - 8 0  petroleum  e th e r  to  give yellow  c r y s t a l s  m.p. 95°:
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The y ie ld  was 0 .126 g ( l 1 ^

A nalysis  ^23^22*^5^° re q u ire s  63.60^0, 5«12^H

found 64 . 56^ 0 ,

[ l - (2 ,4 -& im eth y lp h en y l) ,  1,5 -d ip h en y l,  t r a n s , t r a n s - p e n ta -2 , 4 -d ien e l

i ro n  t r i c a r b o n y l .

( 1 ,5 -d ip h en y l)p en tad ien y l i ro n  t r i c a rb o n y l  t e t r a f lu o r o b o r a te  

( 1.0 g, 2 .2  mmol) was added to  a s o lu t io n  o f  1,3-dimethoxybenzene 

(0 .3  g, 2 .2  mmol) in  dichloromethane (25 cm^). Potassium hydrogen 

carbonate  (anhydrous) ( l  g) was added to  th e  suspension , and the  

s o lu t io n  was degassed by th e  f reeze - th aw  method. The suspension  was 

s t i r r e d  f o r  6 days under n i t ro g e n ,  be fo re  be ing  f i l t e r e d .  The f i l t r a t e  

was evaporated to  y ie ld  a s o l id  which was washed with cold  pentane 

(20 cm^), followed by a r e c r y s t a l l i z a t i o n  from hot 60 -  80 petroleum  

e th e r  (20 cm^) co n ta in in g  s u f f i c i e n t  benzene to  d is so lv e  th e  re s id u e  

( s e v e ra l  cm^). A yellow  s o l id  c r y s t a l l i z e d  out o f  s o lu t io n  a t  room 

tem peratu re  m.p. 160° (d e c ) .  The y ie ld  was 0 .60 g (5 5 ^  •

A nalysis  C^gH^^O^Fe re q u ire s  67.75^0, 4-87^H

found 67*55^C,

[2 - (a lk o x y ) ,  6 -phenyl, t r a n s , t r a n s - h e x a -3 ,5 -d ie n e l  i ro n  t r i c a rb o n y l .

(1-m e th y l, 5-pbenyl) pen tad ieny l i ro n  t r i c a r b o n y l  t e t r a f lu o r o b o r a te  

(0 .50 g, 1.3 mmol) was suspended in  th e  corresponding  d ry  a lcoho l 

(10 cm^) u n t i l  a l l  th e  s o l id  d is so lv e d .  The time tak en  f o r  d i s s o lu t io n  

v a r ie d  from 2 minutes with methanol to  approxim ate ly  15 hours with 

p ro p a n -2 -o l .  The a lco h o l s o lu t io n  was d i lu te d  with w ater (20 cm^) and

e x t ra c te d  with d ie th y l  e th e r  (3 z  25 cm^). The e x t ra c t  was washed with

s a tu r a te d  aqueous sodium hydrogen carbonate  (lO cm^) and d r ie d  with

anhydrous potassium carbonate . Evaporation  o f  d ie th y l  e th e r  gave a
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s o l i d  in  each case , which was r e c r y s t a l l i z e d  from hot pentane (10 cm^) . 

Y ields and a n a ly t i c a l  d a ta  a re  shown in  t a b l e  3 «6.

TABLE 3.6

Alcohol used Yield m.p. Analysis3

Methanol 0 .20 g, 46^ 76° re q u ire s  ; 58.56 4.92

found: 58.70 5.02

Ethanol 0 .25  g, 56/. 58° re q u ire s  : 59.67 5.30

found: 59.83 5.36

Isopropanol 0 .15 g, 32/. 44° re q u ire s  : 60.69 5.66

found: 61.01 5.62
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E: APPENDIX

E stim ation  o f  th e  r a t e  co n s tan ts  in  th e  r e a c t io n  o f  (inm ethyl,

5-phenyl) . P en tad ieny l i ro n  t r i c a r b o n y l  t e t r a f lu o r o b o r a te  with

1 ,3-dirnethoxybenzene.

For two r e v e r s ib le  consecu tive  r e a c t io n s ;

I t  has been shown^^ th a t  th e  co n ce n tra t io n  o f  Â  a t  time t  i s

g iven by;

^  ^12^^23 ^32 ~ ^ 3 )  g "  ^3^

X3 ( ^ 2  "  ^3^ '

Where A^° i s  th e  co n ce n tra t io n  o f  Â  a t  t  = 0 ,

and = t  (P + q)

Xg = -g- (p -  q)

where P = (^12 + ^21 + ^23 + ^33^

and q = ^ ^^12^23 ‘‘‘ ^ 21^32 ^ 1 2 ^ 3 2 ^ ^

In  th e  case re q u ire d ,  = 0» and k^g a lso  inc ludes the

c o n ce n tra t io n  o f  1,3-dmb. The above equation  th en  s im plies  t o ;

A /  ( Xg - ̂ 23);  ^ 2^ ^ (^23 ~ V  2 ^ 3 *  )  (4)

^2 “ ̂3 (- -^2 3̂ J
where Xg = i ( p  + q) ; (5)

iXg = & (p -  s)

and p = (k ^ 2  + ^ 2 1  + ^2 3 ) (?)

q = [p2 -  4 (k ^ 2 ^ 2 3 ^ ^
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The r a t e  o f  r e a c t io n  i s  g ovem ed by two exponen tia l terms 

and The f i r s t  term mainly determ ines th e  i n i t i a l  s lope  o f  th e

curve , and th e  second term th e  l a t t e r  p a r t  o f  th e  curve . The r e s u l t  

o f  t h i s  i s  th a t  a semi lo g a r i th m ic  p lo t  o f  co n ce n tra t io n  ag a in s t  time 

c o n s is t s  of two s t r a ig h t  l i n e s .  The a c tu a l  curve i s  g iven by the  

sum of th e se  l i n e s .  Thus, th e  g rad ien t  o f  th e  l a t t e r  p a r t  o f th e  

curve i s  very  c lo se  to  X g .

E stim ates  of and k^^ were made u s in g  th e  experim ental va lues 

o f  \ y  k^ and th e  r a t i o  k g /k _ ^ . From equations ( 5) and (6 ) ,

Xg Xg = i /4 ( p  + q) (p ” q) = 1/4 (p^ — q )

and X 2 = i ( p  + q) + i  (p “ q) = P

s u b s t i t u t i n g  f o r  p and q from (5) and (6)

X2 X 3 = (^ 12^ 23) (9)

^ 2  +^3 “ ’'1 2  + ="21 + '"23 ( 10)

e l im in a t in g  X from ( I O) ,

■ + 3 12 "  ""21 ^ ""23
^3

I f  ^ th en  k2  ̂ = xk2g

( ^ 4 2 ^ 2 3 )  +  X g  = k ^ 2  +  ^ 2 3  **■ ^ 2 3  ^ 1 2  ^ 2 3

X 3

^ 2 3  ( x + l )  -  k ^ 2 % 2 3  "  “ ^ 1 2  \

X3

% 2 3  ^ ( % + l ) - ^ 2  ]  .  _ k , 2  +

^23 ”"^12 "** X3/
/
(x+l) -  k ^2 ( 11)
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From th e  s tead y  s t a t e  method, and k  ̂ a re  equ iva len t to  

k ^2 ^21 r e s p e c t iv e ly .  However, k^ in  a second o rder r a t e  constan t

and kgg i s  a pseudo f i r s t  o rd e r  r a t e  constan t which inc ludes  the  

co n ce n tra t io n  of dimethoxyhenzene. Hence, k^ must he m u l t ip l ie d  hy 

t h i s  co n ce n tra t io n  in  o rder  to  he in  th e  u n i t s  o f  sec   ̂ as  w ith  th e  

o th e r  r a t e  co n s tan ts  i . e .

k^[C] = kgg

. .  kg/k_^ = l / x [ c ]  = 2.47 dm^mol \

The fo l lo w in g  co n s tan ts  were determined from th e  r e a c t io n  o f  a 

f i f t y - f o l d  excess o f  1,3-dmh w ith  ( l-m e th y l ,  5-phenyl) P . l . T . :

= 2.57 X 10 ^ sec  ̂ = 1.39 X 10” ^sec ^

X = 0.808

These va lues  were used to  c a lc u la te :

kgg = 3 .0  X 10 ^sec  ̂ kg = 6 .0  x 10 ^dm^mol"^sec"^

k_^ = 2 . 4  X 10  ̂ s e c   ̂ k ^/k^ = K = 9

The constan t K i s  th e  r a t i o  o f  r a t e  co n s tan ts  f o r  th e  form ation  and 

decom position o f  th e  in te rm ed ia te  B from A, and so i s  an equ ilib r ium  

constan t f o r  th e  fo rm ation  o f B which l i e s  on th e  s id e  o f A. This 

was expected as only  A was observed s p e c t ro s c o p ic a l ly .

When th e  p rocess  was rep ea ted  w ith o th e r  va lues  o f  Xg from
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d i f f e r e n t  c o n cen tra t io n s  o f 1 ,S-dmb, th e  va lues  of K were s c a t t e r e d .  

R eaction  w ith  0.25 and 0.6M 1,3-dmh gave K as 20 and 16 r e s p e c t iv e ly  

hut w ith  0.1 and 0.4M 1,3-dmh K was very  l a r g e .  This was because 

(x + l) and k ^ g /  Xg in  ( l l )  were very  s im i la r  in  magnitude, so a  small 

e r r o r  in  e i t h e r  q u a n t i ty  produced a very  la rg e  e r r o r  in  k^g and so in

K.

A f u r th e r  method to  c a lc u la te  K was a ttem pted  u s in g  a techn ique  by

Persh  t  and Jen ck s .^^  This i s  a lso  based on th e  non s tea d y  s t a t e  

equations  f o r  a  s e r i e s  eq u ilib r iu m  r e a c t io n .  The co n ce n tra t io n  o f  th e  

in te rm e d ia te  i s  g iven  by:

B = (e "  e"  ^2^) ( 12)
^2 ” ''3

The experim ental va lue  o f  was determined as be fo re  from th e  

g ra d ie n t  o f  a  sem ilogarithm ic  p lo t  o f  co n ce n tra t io n  o f  re a c ta n t  agent 

t im e . E x t ra p o la t io n  o f  t h i s  l i n e  back to  zero time gave an 

in te r c e p t  on th e  y a x is  which was used to  c a lc u la te  th e  p reexponen tia l  

term in  equa tion  12. As k^g and were known in  th e  p re sen t  case , 

\ g  was found. The in te r c e p t  v a r ie d  between k i n e t i c  ru n s ,  mainly 

because o f  th e  p re c is e  time o f mixing was not known. However, th e  

in te r c e p t  was g e n e ra l ly  eq u iva len t to  95^ -  2 o f  A^° f o r  th e  r e a c t io n  

o f  0.1M 1,3-dmb w ith  1-m ethyl, 5-pbenyl P . l . T .  This meant th a t  th e

c o n c e n tra t io n  o f  B a t  t  = 0  was 5 — 2% o f  A^°. The e r r o r  in  B was

la rg e  but was used in  o rd e r  to  e s t im ate  th e  magnitude o f  th e  r a t e  

co n s tan ts  :

a t  t  = 0 B = A^° k^g 

^2  “  X3 

Xg = ^12 **‘ X3
B
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But \g  + Xg = k^g + kg^ + kgg ( 10)

E l im in a tin g  ^1 ^ 12 ^  ^ ^ 3  = k^g + kg^ + kgg
B

^12 ^23

A °
23 “ + 2 A 2

(1 + x)

k --  was th en  used to  c a lc u la te  k«, k . and k as b e fo re .  The
^ j  ^ —I

e r r o r s  were e s tim ated  by re p e a t in g  th e  c a lc u la t io n  u s in g  in te r c e p t  

va lues  o f  93^ and 97^ A^°, and th e  r e s u l t s  a re  summarized in  t a b l e  3 «7'

TABLE 3 .7

C alcu la ted  Rate co n s tan ts  f o r  th e  r e a c t io n  o f  1 ,3-dimethoxybenzene 

(0.1M) w ith  ( l-m e th y l ,  5-phenyl) P . l . T .  (0.01M)

In te rc e p t  
#  A,° sec

3 ' 2 ,
dm mol sec ' ' - l - lsec

K

93 1.7 X 10-2 1.7 X 10-1 6 .8  X 10 ^ 11

95 9 .9 X 10-3 9 .9  X IQ-2 , 4.0  X 10“ ^ 16

97 7.0 X 10-3 7.0 X 10-2 2.8  X 10"^ 26

The o rd e r  o f  magnitude o f  K u s in g  th e  second method was th e  same as

f o r  th e  f i r s t  a t  about 10 —» 20, and kg was approxim ately  10""^dm  ̂

mol sec  .
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CHAPTER 4

S pectroscop ic  P ro p e r t ie s  of (d ie n e ) -  and ( d ie n y l ) - i r o n  

t r i c a rb o n y l  complexes
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A Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonanance techn iques  have been used e x ten s iv e ly

in  s tu d ie s  o f  th e  s t r u c tu r e s  of o rgan ic  l ig an d s  in  o rganom etal l ic

compounds. R ecen tly , th e  in fo rm ation  d e r ived  from p ro ton  nmr

spec tro scopy  has been supplemented in c re a s in g ly  by carbon-13 nmr

spec tro scopy . P o s s ib ly  one o f  the  major c o n tr ib u t io n s  to  th e  rap id

growth of t h i s  l a t t e r  techn ique  has been th e  development o f  F o u r ie r

transfo rm  nmr which has enabled ra p id  reco rd in g  o f  th e  spectrum o f  a

complex molecule c o n ta in in g  n a tu ra l  abundance le v e l s  of

The work on nmr sp ec tro sco p ic  p ro p e r t ie s  o f  th e  i ro n  t r i c a r b o n y l

complexes d e sc r ib ed  in  t h i s  ch ap te r  i s  d iv id ed  in to  th re e  s e c t io n s .

The f i r s t  two s e c t io n s  r e f e r  to  p ro to n  nmr d a ta  of^’dienylj- and (diene|-

i ro n  t r i c a r b o n y l  complexes r e s p e c t iv e ly .  The t h i r d  s e c t io n  i s  

13concerned w ith  C nmr s p e c t ra  of th e se  compounds.
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( i )  P ro ton  nmr s p e c t ra  o f  pen tad ien y l i ro n  t r i c a rb o n y l  

complexes.

P ro ton  nmr s p e c t ra  of th e  t e t r a f lu o r o b o r a te  s a l t s  of

pen tad ieny l , ( 1-methy]) p en tad ien y l  and (1 ,5 “diniethy]) pen tad ieny l

iro n  t r i c a r b o n y l  were f i r s t  r e p o r te d  by Mahler and P e t t i t .

The r e s u l t s  were c o n s is te n t  w ith  a s t r u c tu r e  in  which th e  pen tad ieny l

l ig a n d  was composed o f  a c i s s o id  arrangement o f  a l l  f iv e  sp^ carbon

atoms. Methyl s u b s t i t u e n ts  a t  1- and 5 -p o s i t io n s  were shown from th e

chemical s h i f t  d a ta  to  be e x c lu s iv e ly  in  a syn c o n f ig u ra t io n .  This
28was confirmed by L i l l y a ,  who prepared  a  complex c o n ta in in g  a

iHnethyl s u b s t i t u e n t  in  an a n t i  p o s i t io n  which was s h i f t e d  to

f i e l d  compared with a s y n -1-methyl group.

The d a ta  f o r  th e  P . l . T .  complexes, shown in  t a b l e  4*1»tend to  
cl

confirm th e  o r ig in ^ s t r u c tu r e  proposed f o r  t h i s  system. The 

numbering o f each p ro to n  in  t h i s  t a b l e  i s  based on th e  scheme in  

(4 . 1) below. The l e t t e r s  in  th e  t a b l e  ( s ,d , t ,d d ,d t ,m )  in d ic a te  th e  

m u l t i p l i c i t y  o f  each resonance and r e f e r  r e s p e c t iv e ly  to  s i n g l e t ,  

double t o f  d o u b le ts ,  doublet o f  t r i p l e t s  and unreso lved  m u l t ip l e t .  

Assignment was confirmed in  s e v e ra l  cases by s u b s id in g  double 

resonance experim ents. Peak in t e g r a l s  a re  not shown, but a re  a l l  

c o n s is te n t  with th e  ass igned  l a b e l s .

is

Fe((®)

(4 . 1)
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S u b s t i tu t io n  o f th e  pen tad ien y l system with phenyl or methyl

groups appears to  have l i t t l e  e f f e c t  on th e  magnitude of th e  v ic in a l

p ro to n  coupling  c o n s ta n ts .  Long range sp in  couplings a re  not

norm ally  observed in  th e se  complexes. I t  can be seen th a t  t r a n s

couplings a re  g e n e ra l ly  much l a r g e r  th an  c is  couplings in  th e  d ien y l

system. Thus, f o r  a range of s u b s t i t u e n t s ,  th e  t r a n s   ̂ and J ,' ■
f a l l  in  th e  range 12-13 Hz and th e  c i s  J .   ̂ and J . „ f a l l  w ith inl a , 2 4 ,5a
6-8 Hz. I t  i s  i n t e r e s t i n g  to  no te  t h a t  th e  c is  coupling  co n stan ts  

a re  in  th e  same range as those  found in  th e  s t e r i c a l l y  s im i la r  c is  

coup ling  ac ro ss  an o l e f i n i c  bond in  cyclopentane systems (5*1 -  7.0 

H z ) F o r  comparison, th e  c i s o l e f i n i c  couplings in  cyclohexene 

systems a re  g e n e r a l ly  l a r g e r  (8 .8  -  10.5 Hz), r e p re s e n t in g  an 

in c reased  p rox im ity  of th e  coupled p ro to n s .

I n  complexes where la  = Is = H, th e  magnitude of th e  c is  coupling

is

65

2 i s  l a r g e r  th an  th e  o th e r  c i s  couplings a t  10 Hz, and i s  w ith in

th e  range ty p ic a l  o f  a lk y l  s u b s t i t u t e d  ethene d e r iv a t iv e s .

However, in  th e  case where la  = methyl. Is  = H,  ̂ reduced to

7 Hz, perhaps in d ic a t in g  th a t  th e  sp in -coup led  atoms a re  no longer

co p lan a r .  This could be due to  s t e r i c  over-crowding, the  methyl

group be ing  fo rced  away from th e  m eta l,  out o f  th e  p lane c o n ta in in g

th e  d ieny l system. Such a d i s t o r t i o n  would ten d  to  in troduce  a

d ih e d ra l  angle  between p o s i t io n s  Is  and 2, and so reduce th e  e f f e c t iv e

sp in -c o u p l in g .  This e f f e c t  has been observed in  (diene) i ro n

t r i c a r b o n y l  complexes c o n ta in in g  amine s u b s t i t u e n ts  from X-ray
9

c ry s ta l io g ra p h ic  d a ta .

The nmr s p e c tra  o f  so lu t io n s  o f  e x o - and endo— (6-phenyl 

h e x a -3 , 5 -d ie n -2 -o l)  i ro n  t r i c a r b o n y l  in  su lphur d iox ide  so lu t io n s  

c o n ta in in g  f lu o ro su lp h u r ic  a c id  a re  shown in  spectrum 4*1 and spectrum

4 .2  r e s p e c t iv e ly .  The former spectrum i s  i d e n t i c a l  w ith  one o f  a
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sample of c i s , syn ,syn  (1-m ethyl, 5-pHenyl pen tad ieny l)  i ro n

t r i c a r h o n y l  t e t r a f lu o r o b o r a t e ,  and does not change s i g n i f i c a n t l y

w ith  tem perature  over th e  range -80° to  +30°. However, spectrum

4.2  does change with tem pera tu re , decomposing to  form a b lack

heterogeneous mixture above -20° w ith  a lo s s  o f  s ig n a l  r e s o lu t io n

owing to  th e  form ation  o f paramagentic s p e c ie s .  This spectrum is

c o n s is te n t  w ith c i s (a n t i -1 -m e th y l , syn-5-phenyl) P . l . T .  as shown by

th e  unusual s h ie ld in g  o f  th e  1-methyl (1.57^) charac t e r i s t i c  o f  a n t i

r a th e r  th an  syn s u b s t i t u t i o n .  The syn-1-methyl p ro tons in  c i s

( syn-1 -m ethy l, syn-5-phenyl) P . l . T .  re so n a te  a t  1.92 . This

e f f e c t  can a lso  be seen w ith  th e  p ro ton  on C^, an a n t i  p ro ton

re s o n a t in g  a t  3*89 ppm and a syn p ro ton  a t  4*61 ppm, and i s  in  accord

w ith  th e  o b se rv a tio n  th a t  a n t i  s u b s t i t u e n t s  g e n e ra l ly  l i e  to  lew f i e l d

27 28o f  syn s u b s t i t u e n t s .  ’

Turning to  th e  e f f e c t  of s u b s t i t u t i o n  o f  th e  P . l . T .  system on th e  

p ro tons  bonded d i r e c t l y  to  the ' d ieny l carbon atoms, as  th e  degree of 

methyl s u b s t i t u t i o n  in c re a s e s ,  th e  resonances a t  a l l  f iv e  p o s i t io n s  

ten d  to  move to  f i e l d .  As expected, t h i s  i s  more marked a t  

than  a t  C^. Phenyl s u b s t i t u e n ts  a lso  tend  to  cause a  s im i la r  

behav iour , but th e  magnitude o f  t h i s  s h i f t  i s  much g r e a t e r .  In  th e  

( 1 ,5-d iphenyl) complex, p ro tons a re  desh ie ld ed  by 1-2 ppm r e l a t i v e  to  

th e  1 ,5-dim ethyl complex. This i s  p o s s ib ly  caused by an in c re ase  

in  e le c t ro n  d e n s i ty  on th e  d ieny l system due to  th e se  s u b s t i t u e n t s .
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( i i )  P ro ton  nmr sp e c t ra  of (diene) i ro n  t r i c a r b o n y l  complexes.

The pro ton  nmr spectrum of (butadiene) i ro n  t r i c a rb o n y l  has 

been d iscussed  in  Chapter 1, p a r t i c u l a r l y  w ith  reg a rd  to  th e  unusual 

chemical s h i f t s .  The fo u r  te rm in a l  pro tons have resonances of 1.684 

(syn) and 0 .22  4 ( a n t i ) ,  but th e  two " c e n tre "  p ro tons a re  much more 

desh ie ld ed  a t  5 . 8$ J . This p a t t e r n  i s  m aintained in  s u b s t i t u t e d  

d e r iv a t iv e s ,  as shown in  t a b le s  4*2 and 4*3. The numbering o f each 

pro ton  i s  based on th e  scheme in  (4 . 2) below, and in  c o n s is te n t  with 

th e  numbering scheme o f th e  d ieny l complexes. Assignments were 

confirmed ( p a r t i c u l a r l y  f o r  Eg and H^) by double resonance experiments, 

The d a ta  f o r  (6-phenyl h e x a -3 ,5 -& ie n -2 -o l) -  and ( h e p ta - 3 ,5 - d ie n - 2 - o l ) -

C  HR,

Pe(CO)

(4 . 2)

23i r o n  t r i c a rb o n y l  a re  l i t e r a t u r e  v a lu es ,  and r e f e r  to  th e  exo isomer 

in  each case .

The t r a n s , t r a n s  s t r u c tu r e  o f  th e  d iene u n i t  i s  shown by th e  v ic in a l

p ro to n  coupling  c o n s ta n ts ,  which do not appear to  be s i g n i f i c a n t l y

m odified  by th e  n a tu re  of any s u b s t i tu e n t  p re s e n t .  Thus, th e  c is  ^

couplings  a re  a l l  in  th e  range 5-6 Hz, w hile  th e  t r a n s  J ,  ^ couplings
' » ^

a re  l a r g e r  a t  9 Hz. The o th e r  t r a n s  coupling  . i s  g e n e ra l ly
3*4
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sm alle r  th an  g, p o s s ib ly  in d ic a t in g  th a t  and a re  not co -p lanar 

w ith  and C^. This could a r i s e  from s t e r i c  in t e r a c t io n s  of th e  

te rm in a l  -GR(R^)(H^) group w ith  th e  i ro n  t r i c a rb o n y l  group.^

The s h i f t s  of th e  p ro tons  bonded d i r e c t l y  to  th e  carbon sk e le to n  

o f  th e  d i ene system a re  somewhat sh ie ld ed  r e l a t i v e  to  those  in  the  

d ien y l  system. This i s  reasonable  as th e  l a t t e r  system c a r r i e s  a 

formal p o s i t iv e  charge, though from th e  s h i f t  d a ta  i t  would appear th a t  

i t  i s  e x te n s iv e ly  d e lo c a l i s e d  throughout th e  system.

The p ro ton  s h i f t s  in  th e se  complexes a re  r e l a t i v e l y  in s e n s i t iv e  to  

changes in  th e  s u b s t i tu e n ts  a t  or C^. For a s e r i e s  o f  complexes 

w ith  R̂  = Ph, R^ = Me and R = OH, OMe, G it ,  OiPr, th e  only  s ig n i f i c a n t  

changes in  th e  nmr s p e c tra  a re  due to  th e  resonances of th e  pro tons in  

th e  s u b s t i tu e n t  R. Even in  th e  case when R = 2 ,4-dimethoxy phenyl, R  ̂

i s  d esh ie lded  by only  0 .1  ppm r e l a t i v e  to  th e  methoxy d e r iv a t iv e  

(R = OMe). Small s h i f t s  a lso  occur a t  Ĥ  when th e  n a tu re  of R̂  i s  

changed -  Ĥ  becoming more sh ie ld ed  when R  ̂ = Me than  when R̂  = Ph.

This f e a tu re  i s  u se fu l  in  de term in ing  th e  s t r u c tu r e  o f  s u b s t i tu e n ts  on 

th e  system, as th e  p ro tons bonded to  carbon atoms of th e  t r a n s , t r a n s  

d iene  can r e a d i l y  be recogn ised  in  th e  spectrum by re fe ren ce  to  th e  

chemical s h i f t s  o f  th e  corresponding  a lco h o l complex.

The p o s i t io n  of s u b s t i t u t i o n  on th e  1 ,3-dimethoxybenzene r in g  in  

th e  r e a c t io n  o f  1 ,3-dimethoxybenzene w ith P . l . T .  complexes can be seen 

from th e  nmr sp e c t ra  o f  th e  (diene) i ro n  t r i c a r b o n y l  p ro d u c ts .  The 

chemical s h i f t  d a ta  o f  th e se  products  a re  shown in  ta b le  4*2 and ta b le  

4*3• The l a t t e r  t a b le  shows th e  s h i f t s  due to  th e  p ro tons in  th e

1 ,3-dimethoxybenzene re s id u e  and 1 ,3-dimethoxybenzene i t s e l f  f o r  

comparison. The l a b e l l i n g  o f  th e  p ro tons i s  shown in  ( 4 . 3 . ) .
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OMe

0,0

OMeHrrim

H

( 4 . 3 )

This assignment i s  based on s ev e ra l  o b se rv a t io n s .  F i r s t l y ,  th e  

methoxy groups in  th e  arene re s id u e  o f  th e  r e a c t io n  products  re so n a te  a t  

d i f f e r e n t  f r e q u e n c ie s .  Thus, s u b s t i t u t i o n  must have occurred a t  th e  

o r th o , p a ra  p o s i t io n ,  which i s  th e  only  p o s i t io n  which would lead  to  a 

lo s s  o f  symmetry in  the  m olecule. Secondly, i f  th e  i n t e g r a l s  of each 

arene  hydrogen peak a re  compared w ith th o se  of 1 ,3-dimethoxybenzene, i t  

i s  c l e a r  t h a t  th e  r a t i o s  a re  d i f f e r e n t  f o r  th e  p ro tons a t  low f i e l d  

( 7 .2  ppm) in d ic a t in g  th a t  th e  r e a c t io n  products  have l o s t  one p ro ton

a t  th e  ohtho, p a ra  p o s i t io n ,  and thus  th e  p o s i t io n  o f  s u b s t i t u t i o n  i s  

o rtho  to  one methoxy group and para  to  th e  o th e r .
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( i i i )  Carbon-13 rimr s p e c t ra  of (d ie n e ) -  and ( d ie n y l ) -  i ro n  t r i c a rb o n y l  

complexes.

The use of carbon-13 nmr spec troscopy  in  th e  s tudy  o f organo-

m e ta l l ic  complexes has in c reased  very  r a p id ly  over th e  l a s t  decade with

th e  adven t '  of commercial ro u t in e  F o u r ie r  transfo rm  in s tru m en ts .

13R ecently , the  C s p e c t r a ld a ta  o f  metal carbonyl compounds have been

reviewed^^ w ith  re fe re n ce  to  th e  carbonyl carbon resonance f r e q u e n c ie s .

Using t h i s  tech n iq u e ,  i t  has been found th a t  th e  (diene) i ro n  t r i c a rb o n y l

system i s  f lu x io n a l .^ ^  A ll th re e  carbonyl groups in (b u tad ien e )  i ro n

t r i c a rb o n y l  re so n a te  a t  th e  same frequency a t  room tem pera tu re , but s p l i t

to  give two s ig n a ls  in  th e  r a t i o  1:2 a t  iSO^K, c o n s is te n t  w ith  the

68s t r u c tu r e  o f  t h i s  compound based on a square pyramid geometry.

S im ila r  phenomena a re  e x h ib i te d  by (cyc lohexa-1 , 3-diene) i ro n  

t r i c a r b o n y l  and in  (c y c lo h ep ta tr ien e )  i ro n  t r i c a r b o n y l .

The nmr experiments d esc r ib ed  in t h i s  work were designed to  measure 

th e  resonance freq u en c ie s  o f  th e  carbon atoms in  th e  d iene (o r  d ieny l)  

system r a t h e r  th an  those  o f  th e  carbonyl carbons. These cannot e a s i l y  

be measured s im u ltaneously  u s in g  a F o u r ie r  transfo rm  nmr techn ique  

owing to  th e  ve ry  d i f f e r e n t  s p i n - l a t t i c e  r e la x a t io n  tim es (T^) The

r e la x a t io n  tim es o f  the  d iene carbons a re  much le s s  th an  one second

which enables  ra p id  p u ls in g o f  th e  RF s ig n a l  so t h a t  s p e c t ra  can be

recorded  in  approxim ate ly  1 hour. However, th e  carbonyl carbons have 

r e l a x a t io n  times in  th e  o rd e r  o f  100 seconds, which would mean th a t

la rg e  tim e in t e r v a l s  would be re q u ire d  between success ive  p u lses  in

o rd e r  to  prevent s a tu r a t i o n  and hence lo s s  of s e n s i t i v i t y .  Indeed, in  

a l l  th e  s p e c t r a  determined in  t h i s  work, th e  a b so rp t io n  o f  th e  carbonyl 

carbons were never observed.
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13The G resonance f req u en c ies  o f  each complex were determined 'by-

use o f  broad band p ro ton  decoupling . There were two reasons f o r  t h i s .

F i r s t l y ,  th e  s p in - s p in  couplings were destroyed , so th a t  each

carbon atom gave r i s e  to  a s in g le  ab so rp t io n  frequency, which s im p l i f ie d

th e  spectrum. Secondly, th e  s ig n a l  i n t e n s i t i e s  were enhanced by the
69Nuclear û/verhauser E f f e c t ,  so th a t  th e  time re q u ire d  f o r  each

experiment could be s u b s t a n t i a l l y  reduced . The d i s ad-vantages in

13u s in g  t h i s  method were th a t  th e  G-H s p in - s p in  couplings had to  be 

measured by a d d i t io n a l  experiments w ithout p ro ton  decoupling , and th a t  

th e  i n t e n s i t i e s  o f  th e  s ig n a l s  were not p ro p o r t io n a l  to  th e  number of 

carbon atoms re s o n a t in g  a t  a  p a r t i c u l a r  frequency .

The ^^G nmr s p e c t r a  o f  th e  (d ieny l)  i ro n  t r i c a rb o n y l  complexes 

were recorded  as t h e i r  t e t r a f lu o r o b o r a te  s a l t s  in  GÔ NÔ  a t  a concen­

t r a t i o n  o f  approxim ate ly  0 .5  mmol in  0 .5  cm  ̂ o f s o lv e n t .  The 

d e u te ra te d  so lven t was employed so th a t  th e  spec trom ete r  could be 

locked  to  th e  deuterium resonance frequency . P re l im in a ry  experiments 

showed th a t  th e  use o f  an e x te rn a l  lock  s ig n a l  from a  c a p i l l a r y  o f  D̂ O 

in  th e  sample were u n s a t i s f a c to r y  as t h i s  gave r i s e  to  la rg e  sp inn ing  

s id e -bonds . For s im i la r  reaso n s ,  th e  nmr s p e c t r a  o f  (diene) i ro n  

t r i c a r b o n y l  complexes were determined in  deufcerated chloroform s o lu t io n .  

The so lu t io n s  a lso  con ta ined  approxim ately  1^ IMS, which was used as an 

i n t e r n a l  s tan d a rd ,  and a l l  s h i f t s  were recorded  as p a r t s  pe r  m i l l io n  

r e l a t i v e  to  in te r n a l  IMS.

The ^^G nmr s h i f t s  o f  s u b s t i t u t e d  P . I .T .  complexes a re  shown in  

t a b l e  4 . 4 . Assignments were v e r i f i e d  f o r  ( in m e th y l) -  and ( 1,5-dim ethyl) 

P . I .T .  u s in g  h e te ro n u c le a r  double resonance. The broad bond pro ton  

decoupled spectrum o f  ( l ,5 -d im e th y l)  P . I . T . ,  shown in  spectrum 4 . 3 , 

in d ic a te s  t h a t  fo u r  d i s t i n c t  carbon atoms a re  p r e s e n t .  The m u l t ip le t
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a t  63.5 ppm i s  due to  th e  carbon atoms in  th e  so lv e n t ,  CD^NOg.

Spectrum 4»3 i s  of th e  same complex, but w ith  only  th e  p ro tons a t  3»4^

on th e  IMS p ro ton  s c a le  f u l l y  decoupled. This has th e  e f f e c t  of

producing only  one s in g le t  in  th e  carbon spectrum a t  89*62 ppm.

Thus, t h i s  carbon must be d i r e c t l y  bonded to  th e  p ro ton  a t  3 .4  ,

which has been e s ta b l i s h e d  as in  t a b le  4*1» and so th e  carbon i s

a t  the  1 -p o s i t io n .  S im ila r ly ,  in  spectrum 4 .4 ,  i r r a d i a t i o n  o f  a t

3.92 ^ causes th e  carbon a t  to  appear as a s in g le t  a t  105.22 ppm.

Assignment o f  th e  carbon nmr spectrum in  (l-m ethy l) P . I .T .  was more

com plicated as each o f  s ix  carbons in  th e  d ieny l l ig a n d  re so n a te  a t

d i f f e r e n t  f r e q u e n c ie s .  The f u l l y  decoupled spectrum i s  shown in

spectrum 4 .6 ,  and th e  p a r t i a l l y  decoupled s p e c t ra  in  sp e c t ra  4 .7  -  4 .11 ,

w ith  i r r a d i a t i o n  a t  I . 85 , 2 . 25, 3 .5 ,  6.1 and 6.95 ^  r e s p e c t iv e ly .

This g ives s u f f i c i e n t  in fo rm ation  to  i n t e r p r e t  th e  p o s i t io n  o f  each

carbon atom o f  th e  o rgan ic  l ig a n d  in  th e  spectrum.

V ic in a l  ^^C-H coupling  co n stan ts  were determined in  th re e  d ieny l

complexes: ( 1 -m ethy l)- , ( 1 , 5 -d im ethy l)-  and ( 1-methyl, 5 -p h en y l)-

P . I .T .  The values  ob ta ined  a re  shown in  t a b l e  4*5* The methyl group

coupling  (Cjjjq-H) a re  a l l  t y p ic a l  va lues  of sp^ h y b r id ized  carbons.

For comparison, th e  analogous couplings in  e thano l a re  I 25.O Hz.^^

The ^^C-H coupling  co n stan ts  fo r  carbons in  th e  d ien y l  system a re  in  th e

range I 58 -  I 8 I Hz and a re  in  accord  w ith  sp r a t h e r  th an  sp

h y b r id iz a t io n .  S im ila r  va lues have been re p o r te d  f o r  th e  c y c l ic

system in  (cyclohexadienyl) i ro n  t r i c a rb o n y l  and i t s  methyl d e r iv a t iv e s .^ ^

I t  has been suggested  th a t  s t r u c tu r e  (4 . 4) ,  i n  which th e  carbon atoms o f
2

th e  d ien y l  system a re  sp h y b r id ized , serves  as a  b e t t e r  d e s c r ip t io n  o f

th e  bonding o f  th e  c y c l ic  c a t io n s  th an  does s t r u c tu r e  (4 . 5) ,  f o r  which

71a w ider range o f coupling  constan t va lues  would be expected .
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However, i t  can be seen th a t  th e  d a ta  f o r  th e  a c y c l ic  c a t io n s  l i s t e d  in  

t a b le  4«5 in d ic a te  t h a t  th e  p ro ton-carbon  coupling  constan ts  f o r  C^, 

and a re  g e n e ra l ly  l a r g e r  th an  those  f o r  and C^. This would 

ten d  to  suggest th a t  th e  bonding i s  b e s t  de sc r ib ed  as mainly o f  a 

d ieny l s t r u c tu r e  but w ith  a small c o n tr ib u t io n  from a 1 , 5 «r ;

3 , 4 , 5-"n -en y l bonding p a t t e r n  analogous to  t h a t  p re sen t  in  (4 , 5)*

( c o ^  f c O a

(4 . 4) (4 . 5)

Examination o f  th e  chemical s h i f t s  o f  th e  carbon atoms in  th e

d ieny l system o f  th e  a c y c l ic  pen tad ien y l c a t io n s  ( ta b le  4«4) r e v e a ls

s e v e ra l  t r e n d s .  F i r s t l y ,  carbons a t  methyl s u b s t i t u t e d  p o s i t io n s  ten d

to  be desh ie ld ed  by approxim ate ly  10 Hz r e l a t i v e  to  carbons a t  p ro ton

s u b s t i t u t e d  p o s i t io n s .  This e f f e c t  appears to  be a  general f e a tu re

in  th e  nmr s p e c t ra  o f  o l e f i n s .  Thus, in  g en e ra l ,  methyl

s u b s t i t u t i o n  o f  an o l e f in  causes a 10 Hz s h i f t  to  low f i e l d .  This has

been used in  a  s e r i e s  o f  em pirica l ru le s  f o r  th e  c a lc u la t io n  o f  th e

72carbon-13 s p e c t r a  o f  o l e f i n s .  Thus, i t  seems u n l ik e ly  th a t  th e se  

s h i f t s  in  th e  d ien y l  s p e c t ra  provide  s u f f i c i e n t  in fo rm ation  reg a rd in g  

any e f f e c t  o f  methyl s u b s t i tu e n ts  on th e  d i s t r i b u t i o n  o f  charge d e n s i ty  

w i th in  th e  complexes.
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Phenyl s u b s t i tu t io n  a t  appears to  have a s h ie ld in g  e f fe c t  on

Cg, th e  s h i f t  be in g  in  th e  o rd e r o f  15 « This suggests  th a t  th e re

i s  some degree o f co n ju g atio n  o f  th e  phenyl group w ith  th e  d ien y l

system , which would ten d  to  s h ie ld  C^. However, s h i f t s  o f s im ila r
73magnitude have been re p o rte d  fo r  1-phenyl e thene , where is  sh ie ld ed

by 10.1 Hz r e l a t iv e  to  e th en e . H en ce ,it i s  not c le a r  th a t  th e  observed

s h i f t  a t  Cg in  th e  1-phenyl p en tad ien y l complexes can be d i r e c t ly

r e la te d  to  any changes in  th e  e le c tro n ic  s t r u c tu r e .

The s h i f t s  o f th e  d ien y l carbons in  th e  methyl s u b s t i tu te d  a c y c lic

P .I .T .  complexes f a l l  in  a p a t te r n  where carbons 1 ,3 ,5  re so n a te  u p f ie ld  o

o f carbons 2 and 4* A s im ila r  p a t te r n  has a lso  been observed in  th e

c y c lic  complexes (cyclohexad ieny l) iro n  tr ic a rb o n y l and ( l ,3 ,5 - t r im e th y l -

Tlcyclohexad ienyl) iro n  t r i c a r b o n y l .  The v a lues determ ined fo r

(cyclohexad ieny l) i ro n  tr ic a rb o n y l a re  shown in  (4 . 6) f th e  s h i f t s  having
13been converted  to  th e  TMS s c a le  from th e  CS^ s c a le  (u s in g  C Sg = ' 

192.8 ppm dow nfield  o f TMS) . For com parison, th e  s h i f t s  in  p ro to n a ted

23
101

88
6 3

Fe
(CO)

3

(4 . 6)

35

1836(7 54

183-5

(4 . 7)

benzene in  th e  s tro n g ly  a c id  medium -  HP/SbP^ in  SO^CIP a re  shown in

(4 . 7) .^ ^  Thus, i t  appears th a t  th e  s t a b i l i z i n g  e f fe c t  o f iro n  

t r ic a rb o n y l  on th e  p en tad ien y l system i s  e s s e n t ia l ly  th e  same in  both
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th e  c y c lic  and a c y c lic  system s. Any la rg e  d if fe re n c e s  in  th e  charge

d i s t r ib u t io n  o f  th e  two system s would be expected to  have a profound

e f fe c t  on th e  s p e c tra ,  as in  (4 .7 ) , where th e  system can be

reg arded  as a  p en tad ien y l c a tio n  w ith  no e x te rn a l s t a b i l i z a t i o n .

The nmr s h i f t s  o f th e  exo and ^  endo isom ers of

(6 -p h en y lh ex a -3 ,5 -d ien -2 -o l)  i ro n  t r ic a rb o n y l a re  shown in  ta b le  4 .6 .

The " s h i f t  d if fe re n c e "  column r e f e r s  to  th e  d if fe re n c e  in  resonance

freq u e n c ie s  o f  each carbon f o r  th e  two isom ers. A p o s i t iv e  s ig n

in d ic a te s  th a t  th e  carbon in  th e  \j/ exo complex i s  s h i f te d  to  high

f i e l d  r e l a t iv e  to  th e  \J/ endo complex. The la rg e s t  d if fe re n c e  between

th e  two s p e c tra  i s  a t  C^, th e  asym m etric carbon . The s h i f t s  a t  th e

o th e r  p o s it io n s  a re  c o n s is te n t w ith  th e  conform ational a n a ly s is  o f
23

C lin to n  and L iI ly a , who suggested  th a t  th e  most s ta b le  c o n fig u ra tio n

was w ith  th e  methyl group in  th e  l e a s t  crowded p o s it io n  in  each isom er.

F urtherm ore, th e  asymmetry o f th e  te rm in a l group would be expected to

25be most s ig n i f ic a n t  in  in te r a c t io n s  w ith  0^. This i s  r e f le c te d  in  

th e  r e l a t i v e l y  la rg e  s h i f t  o f 1.88 Hz a t  t h i s  p o s i t io n .

The s p e c tra  o f th e  above complexes a re  ty p ic a l  o f th e  s u b s t i tu te d  

(diene) iro n  t r ic a rb o n y l system . The re p o rte d  s h i f t s  in  (h ex a -3 ,5 -
<Ji - C?l 'jc '
d ia c et a l ) iro n  tr ic a rb o n y l ^ a re  v e ry  s im i la r ,  except fo r  C^, which in

t h i s  case does not b ear a phenyl s u b s t i tu e n t .  In  (bu tad iene) iro n

tr ic a rb o n y l ,  Cg and re so n a te  a t  85 .8  ppm and 0^ and 0^ a t  41.1 ppm 
7

r e l a t iv e  to  IMS. Thus, i f  th e  d iene  complexes a re  compared w ith th e  

d ien y l compounds o f iro n  t r ic a rb o n y l ,  th e  s h i f t s  in  th e  l a t t e r  cases 

a re  g e n e ra lly  a t  lower f i e l d  by 10 — 30 ppm. This d e sh ie ld in g  e f fe c t  

may w ell be caused by th e  re d u c tio n  in  e le c tro n  d e n s ity  in  th e  TT system 

o f th e  d ien y l compounds. However, th e  chem ical s h i f t  i s  

approxim ated by th e  sum o f  th re e  te rm s; th e  diam agnetic  c o n tr ib u tio n , 

th e  param agnetic  c o n tr ib u tio n , and th e  c o n tr ib u tio n  from n e i^ b o u r in g
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n u c l e i . A l t h o u g h  th e  param agnetic s h ie ld in g  term  is  a fu n c tio n  

o f th e  e le c tro n  d e n s ity  o f th e  system , and is  o f te n  considered  to  he
nC

th e  dominant f a c to r  c o n tro l l in g  th e  chem ical s h i f t s  in  o rgan ic

compounds, th e  o th e r  term s must he hom e in  mind e s p e c ia l ly  when th e

reso n an t carhon i s  in  th e  v i c in i t y  o f a m etal atom.

^ e  magnitude of th e  "neighbouring  group e f f e c t"  o f th e  m etal atom

in  o rg an o m eta llic  complexes appears to  be u n c e r ta in . In  a  re c e n t s tu d y

o f s u b s t i tu te d  (arene) chromium tr ic a rb o n y l complexes, i t  was suggested

th a t  th e  s t e r i c  and a n is o tro p ic  e f f e c ts  were s im ila r  fo r  bo th  th e

77co o rd in a ted  and th e  f r e e  l ig a n d s . In  a d d it io n , th e  s h ie ld in g  o f th e  

r in g  carbons in  1 ,3 ,5 -tr im e th y lb en zen e  on c o o rd in a tio n  in  complexes
no

of th e  type  (arene) M(C0) ^ [where M = Cr, Mq , w] has been s a id  to

a r i s e  from th e  fo rm ation  o f a n eg a tiv e  charge on th e  arene l ig a n d .

79However, B r i l l  e t a l  p o s tu la te d  th a t  th e  m agnetic a n iso tro p y  o f a heavy 

atom n ear a resonan t carbon nucleus i s  th e  dom inating in flu en ce  on th e  

nmr spectrum , w ith  th e  lo c a l  e le c tro n  d e n s i ty  a t  th e  carbon super­

imposed as f in e  s t r u c tu r e .  This would e x p la in  why a g en era l fe a tu re  

in  th e  s p e c tra  o f o rg an o m eta llic  complexes appears to  be th a t  

o le f in ic  lig an d s  Tf -bonded d i r e c t l y  to  th e  m etal u s u a lly  f a l l  in  a 

sm all s h i f t  ran g e . This i s  g e n e ra lly  in  th e  o rd e r of 70 -  110 ppm, 

f a l l i n g  in  between th e  s h i f t s  o f a lkanes and a lk en e s . Thus, in  th e  

complex [ ( f | -  C2H ^)PtCl^]~ K^, th e  ethene re s id u e  re so n a te s  a t  75«1 

ppm, and in  [(CO) ^(l]-C^H^)FeCJi] ,th e  cy c lo p en tad ien y l re s id u e  

re so n a te s  a t  85*9 ppm. In  th e  arene complex ( 1j -C^H^) Cr(CO) 

th e  r in g  carbons re so n a te  a t  93«7 ppm.
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B, In f ra - re d  S pectroscopy

In  t h i s  work, in f r a - r e d  sp ec tro scopy  was used m ainly as an 

a n a ly t ic a l  to o l  fo r  th e  d e te rm in a tio n  o f th e  c o n ce n tra tio n  o f d ien y l 

complex in  s o lu t io n .  This used th e  s tro n g  oarhonyl bond a t  2105 

cm ^ , which was in  a re g io n  f r e e  from overlap  o f o th e r  a b so rp tio n  

bnads. The d ien y l complexes a lso  gave a fu r th e r  c h a r a c te r i s t i c  

carbonyl a b so rp tio n  a t  2060 cm which g e n e ra lly  appeared as a broad 

band, though i t  could be re so lv ed  in  d i lu te  s o lu tio n  to  two 

a b so rp tio n s . No s ig n if ic a n t  v a r ia t io n  in  th e se  frequency  bands were 

observed between th e  s u b s t i tu te d  complexes used in  th i s  s tu d y ,th e  

sp e c tra  g e n e ra lly  be in g  determ ined in  n itrom ethane s o lu t io n . The 

c y c lic  d e r iv a t iv e s  a lso  have a b so rp tio n s  in  th e  same frequency  range; 

(cyclohexad ieny l) iro n  tr io a rb o n y l te t r a f lu o ro b o r a te  having  carbonyl 

bands a t  2120 and 2072 cm

The (d iene) iro n  tr ic a rb o n y l  complexes have been in v e s t ig a te d  by

in f r a - r e d  sp ec tro sco p y . I t  was found th a t  in  a s e r ie s  o f para

s u b s t i tu te d  ( 1-phenyl bu tad iene) iro n  tr ic a rb o n y l complexes, th e

carbonyl s t r e tc h in g  freq u e n c ie s  a l l  were l i n e a r ly  r e la te d  to  th e
82Hammett f a c to r  o f th e  s u b s t i tu e n t .  The carbonyl bands in  th e se  

complexes appear a t  205O and 1990 cm” \  th e  l a t t e r  be in g  a broad 

a b so rp tio n  which can be re so lv ed  in to  two bonds. Again, in  th e  

complexes s tu d ie d  in  t h i s  work, no s ig n i f ic a n t  v a r ia t io n  in  carbonyl 

freq u e n c ie s  was observed . However, th e  c o n tra s t  between th e  d iene  and 

d ie n y l complexes i s  c le a r .  D ienyl carbonyl a b so rp tio n s  a re  h ig h e r by 

app rox im ate ly  50 cm \  r e f l e c t in g  a re d u c tio n  o f back donation  o f 

e le c tro n s  in to  th e  an tib o n d in g  o r b i t a l s  of th e  carbonyl g roups. Thus, 

some o f th e  p o s i t iv e  charge on th e  d ien y l system i s  " f e l t "  by th e  

carbonyl g roups.
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C. Mossbauer Spectroscopy 

57The Fe Mossbauer param eters fo r  two d iene  and e ig h t d ieny l

complexes o f iro n  tr ic a rb o n y l  a re  shown in  ta b le  4*7« The Mossbauer

s p e c tra  o f th e se  compounds c o n s is t o f two a b so rp tio n  l in e s  o f equal

in te n s i ty .  The c en tre  o f g ra v ity  o f  th e  two l in e s  (S ) and th e

quadrupole s p l i t t i n g  a re  g iven  in  m illim e tre s  p e r second, and a re

r e l a t i v e  to  a  s tan d a rd  iro n  a b so rb e r. The d a ta  r e f e r  to  measurements

c a r r ie d  out a t 195°K.

B efore examining th e  d a ta  in  any d e t a i l ,  i t  i s  u se fu l to  co n sid er

th e  o r ig in  o f th e  Mossbauer e f f e c t  in  iro n .^ ^  The ra d io - is o to p e  ^^Co

57con ta ined  in  th e  source decays to  g ive Fe in  an e x c ite d  n u c lea r
n

s t a t e .  This su b seq u en tly  decays w ith  a  h a l f  l i f e  o f  10 s e c . to  

y ie ld  a Y ra y  a t  14«4 keV. I f  th e  ^^Fe n u c le i in  th e  sample a re  

in  th e  same environment as th o se  in  th e  sou rce , reso n an t ab so rp tio n  

o f th e  r a d ia t io n  w i l l  o ccu r. In  o rd e r to  determ ine any d is p la c e ­

ment in  th e  re so n an t frequency  o f th e  sample n u c le i ,  th e  sample i s  

g iven  a v e lo c i ty  r e l a t i v e  to  th e  so u rce , so th a t  th e  in c id e n t r a d ia t io n  

is  su b jec te d  to  th e  Doppler e f f e c t .  Thus, s h i f t s  in  th e  resonan t 

frequency  a re  measured in  u n i ts  o f v e lo c i ty  -  in  t h i s  case mm.sec ^ .

The isom er s h i f t  a r i s e s  because th e  e le c tro n  d e n s ity  a t  th e  nucleus 

in te r a c t s  w ith  th e  p o s i t iv e  n u c lea r charge, and so th e  r e la t iv e  

e n e rg ie s  o f th e  ground and e x c ited  n u c lea r  s ta t e s  can be a f fe c te d  by 

th e  e le c tro n ic  environment o f th e  atom. As on ly  e le c tro n  d e n s ity  in  

th e  s o r b i t a l s  has a f i n i t e  value a t  th e  n u c leu s , e le c tro n s  in  o th e r

o r b i t a l s  can a f f e c t  th e  isom er s h i f t  on ly  by sc reen in g  th e  s e le c tro n s

57from th e  n u c lea r charge . For ^ Fe, a p o s i t iv e  s h i f t  in d ic a te s  th a t  

th e  sample has le s s  s e le c tro n  d e n s ity  a t  th e  nucleus th an  th e  so u rce . 

The quadrupole s p l i t t i n g  i s  a  measure o f th e  asymmetry o f th e  s e le c tro n
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d is t r ib u t io n  a t  th e  n u c leu s , sym m etrical f i e ld s  g iv in g  a s p l i t t i n g  of 

z e ro .

The s h i f t s  (S ) o f a l l  th e  complexes s tu d ie d  f a l l  w ith in  a

narrow range o f +0.11 to  -0 .1 0  mm.sec \  However, i t  can be seen

th a t  th e  d ien y l complex VI has a s h i f t  which i s  s l i g h t l y  more p o s i t iv e

th a n  th e  correspond ing  d ien o l complex I  by 0 .0 6  mm sec \

S im ila r ly , th e  d ien y l complex IX is  s h i f te d  by +0.08 mm.sec  ̂ r e l a t iv e

to  th e  co rrespond ing  d ien o l I I .  This phenomenon has a lso  been no ted

by C o llin s  and P e t t i t , i n  a  s tu d y  o f s im ila r  complexes. They

conclu  ded th a t  th e  s h i f t  d if fe re n c e s  were too  sm all to  support th e

2+su g g es tio n  th a t  th e  d ien y l complexes should  be regarded  as Fe 

system s,

The s h i f t  d if fe re n c e s  between th e  d ie n e -  and dienyl-com plexes 

a re  much sm a lle r th an  would be a t  f i r s t  expected . However, t h i s  

has been r a t io n a l iz e d  by p o s tu la t in g  two opposing e f f e c t s . T h e  

charged d ien y l lig a n d  would be expected to  cause a decrease  in  o v e ra ll  

e le c tro n  d e n s i ty  on th e  iro n  atom when compared w ith  a  n e u tra l  d iene 

l ig a n d . This would ten d  to  reduce th e  s e le c tro n  d e n s ity  a t  th e  

n u c leu s , and r e s u l t  in  a p o s i t iv e  isom er s h i f t .  This i s  accompanied 

by an in c re a se  in  th e  back donation  o f d e le c tro n s  from th e  m etal to  

th e  lig a n d , which would be s tro n g e r  in  th e  d ien y l th a n  in  th e  diene 

system . This l a t t e r  p rocess would lower th e  3d e le c tro n  d e n s ity  and 

d ecrease  th e  s h ie ld in g  o f th e  4s e le c tro n  d e n s ity , so causing  a n eg a tiv e  

isom er s h i f t .  The com bination o f th e se  two e f f e c t s ,  which ten d  to  

n u l l i f y  each o th e r , r e s u l t  in  a  v e ry  sm all n e t change in  e f f e c t iv e  s 

e le c tro n  d e n s ity  a t  th e  nucleus and so sm all s h i f t s .

The quadrupole s p l i t t i n g  cover a  w ider range th a n  th e  isomer 

s h i f t s .  The s p l i t t i n g s  fo r  d iene  complexes appear to  be somewhat 

sm a lle r th a n  th o se  o f th e  d ien y l com plexes. This means th a t  th e
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e l e c t r i c  f i e l d  a t  th e  iro n  nucleus i s  more asym m etrical in  th e  l a t t e r  

system s. However, i t  i s  no t c le a r  why th e re  i s  some v a r ia t io n  in  

th e  va lues o b ta ined  from th e  s u b s t i tu te d  d ien y l system s. S im ila r 

v a r ia t io n s  have been re p o rte d  in  th e  quadrupole s p l i t t i n g s  o f c y c lic  

d ien y l s y s t e m s ,w h e r e  th e  s p l i t t i n g  was found to  d ecrease  w ith 

in c re a s in g  r in g  s i z e .  Thus, sm all change in  th e  s t ru c tu re  o f th e  

d ien y l complexes cause r e l a t i v e ly  la rg e  changes in  th e  quadrupole 

s p l i t t i n g s .
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S u b s titu e n ts
V ic in a l 0 -  H coupling  co n s tan ts  (h^)

Cg -  «2 C3 - H 3 C4 -  %4 '5  -  V Cme-H

1-m ethyl 164. 7* 173.6 180.9 175.0 166.2 123.6

1 ,5 -d im ethy l 161.8 171.3 178.7 171.3 161.8 129.4

1-m eth y l,5 -phenyl 158.0 179.4 179.7 158.4 165.5 128.8

TABLE 4 .5  Carbon-13 nmr coupling  co n stan ts  o f s u b s t i tu te d  P .I .T .  

com plexes•

A ll d a ta  r e f e r  to  s o lu tio n s  in  a t  22.63 MHz.

[ *  Average value o f couplings o f and .
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Carbon exo endo S h if t
d if fe re n c e

1 Me 26.02 26.06 40.04

2 65.83 69.60 +3.37

3 70.84 69.86 - 0 .9 8

4 82.47 80.59 —1.88

5 80.59 79.35 - 1.24

6 61.74 61.29 - 0 .45

139.34 139.53 -

c ,  f- 128.68 ^ 128. 68^
■u

'=3,5 126.73 126.67* ’ —

°4 126.21 126.21

Ph

Fe
(CO)

TABLE 4 .6  Carbon -13 nmr s h i f t s  o f th e  isom ers o f (6 -pheny l,

h ex a-3 ,5 -d .ien -2 -o l) i ro n  tr io a rb o n y l in  CDCl^ s o lu t io n  

a t  22.63 MHz r e la t iv e  to  IMS.

[ a ,b  — These assignm ents could be re v e rs e d ] .
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Complex ^ -1mm.sec
Q.S.

—1mm.sec

I  exo (6-phenyl hexa-3 ,5-< iien-2-o l)-Pe(C O )^ -0 .1 0 1.58

I I  exo (2 ,2 -d im e th y l, 7-phenyl h e p ta -4 ,6 -  
d ien —2—o l ) —Pe(CO)^

+0.02 1.58

I I I  [ ( l-m e th y l pentadienyl)-Pe(C O ) ^ ] ’̂ BP” +0.09 1.62

IV [  ( 1 ,5-d im ethyl pentadienyl)-Pe(C O ) ^ ]‘*’BP^ -0 .0 4 1.66

V [ ( 1 ,3 ,5 - t r im e th y l  pentadienyl)-Pe(C O ) ^]"^BP” +0.11 1.66

VI [ ( l-m e th y l,5 -p h e n y l pentadienyl)-Pe(C O ) ^]*^BP~ —0.04 1.66

V II [ ( l ,4 - d im e th y l , 5-phenyl p e n ta d ie n y l)-  
Fe(CO)

+0.10 1.73

V III C ( 1 ,5 -d ip h en y l p en tad ien y l) -Pe (CO) ]̂"'^EPT 40.11 1.64

IX r (1-p h e n y l, 5 - t e r t -b u ty l p e n ta d ie n y l) -  
Fe(CO)^]+ apT

+0.10 1.67

TABLE 4»7 Mossbauer param eters f o r  (d ie n e ) -  and (d ie n y l)— iro n  
t r ic a rb o n y l  complexes a t  195°K.
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PART I I  

CHAPTER 5

(4 -su 'b s t itu te d  b u t-2 -en y l)  pallad ium  I I  

complexes
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Cl'

Pd*' ’’‘'Pd'*/  V ,/

A: INTRODUCTION

The f i r s t  p a lla d iiim -o le f in  complex to  he d e sc rib e d  was 

sy n th es ized  in  1938 by K harasch, from th e  re a c tio n  o f  e th en e - 

w ith  b is b e n z o n i tr i le  pallad ium  I I  c h lo r id e . This u n s tab le  complex 

was shown by X -ray c ry s ta llo g rap h y ^  to  have th e  s t r u c tu r e  ($ .1 ) ,  

w ith  th e  o le f in  groups anM  to  each o th e r , p e rp e n d icu la r  to  th e  

p lane  formed by th e  pallad ium  and c h lo rin e  atom s.

X

A

Cl ''C l

(5.1)

When th e  r e a c t io n  was re p e a te d  u s in g  b u tad ien e  in  p lace  of 

e th en e  a d im eric  complex was i s o la te d .  The f i r s t  s t ru c tu re  

proposed was ($ .2 ) ,  w ith  th e  b u tad ien e  a c t in g  as a  b r id g in g  lig a n d  

betw een th e  two m etal atom s. Shaw, however, on th e  b a s is  o f 

in f r a - r e d  and n m r  d a ta , showed th a t  t h i s  was in c o r r e c t ,^  and 

concluded th a t  th e  compound was a ch lo ro -b rid g ed  dim er, th e

CĤ =CĤ -CH«=CH„ Hy X y
Pd pd

0 1 - ^  ~^G1
CH^=CÏÏ2-CH2='fe2

(5.2) (5.3)

H
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b u tad ien e  becoming a T /^ a l ly lic  lig a n d  w ith  a  ch loro  group a t  th e  

4 - p o s i t io n  (5 -3 )•  The complex -  d i - ^ - c h lo r o  (b u t-2 -en y l) 

d ip a llad iu m  I I  -  was so lv o ly sed  r e a d i ly  by m ethanol to  give a new complex 

w ith  th e  ch loro  group rep laced  by methoxy.

I f  a l ig a n d  exchange r e a c t io n  was c a r r ie d  out a t  -40° between
_  5

b u tad ien e  and (n -pentane-PdC l2) g» ^  7T-complex was is o la te d  w ith  

th e  b u tad ien e  TT-bonded to  th e  m etal by on ly  one double bond, which i s  

analogous to  th e  e th en e  complex (5» l)*  The evidence fo r  t h i s  was 

p rov ided  by th e  in f r a  red  spectrum  which con tained  two bands, one a t 

1660 cm  ̂ su g g es tin g  an uncoord ina ted  double bond, and one a t  I 5OO cm  ̂

su g g es tin g  a double bond which was Tf-bonded to  th e  m e ta l. F u r th e r­

more, when th e  complex was allow ed to  warm up to  room tem p era tu re , i t  

was q u a n t i ta t iv e ly  converted  to  (5 . 3) ,  which was th e  product is o la te d  

when th e  re a c t io n  was c a r r ie d  out a t  room tem p era tu re . This suggests^  

th a t  fo rm ation  o f th e  TT-all y l complex could be v ia  an in te rm ed ia te  in  

which an o le f in ' was TT-bonded to  pallad ium  which could rea rran g e  by th e  

in tra m o le c u la r  a d d itio n  o f c h lo r id e  from th e  Pd—Cl bond. [Scheme 

9 .1 a ] .  Another p o s s ib le  mechanism [Scheme 5»1^] invo lves th e  fo rm ation  

o f a 'jT -o lefin  complex, fo llow ed by a t ta c k  o f a f r e e  c h lo rid e  ion  to  

y ie ld  a , ‘T T -in term ed ia te  which re a rra n g es  to  g ive th e  Tf' a l l  y l i c  

complex.

+ -Pd — ClI

SCHEME 5.1
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The k in e t ic s  o f th e  r e a c t io n  between iso p rene  and lith iu m  t e t r a -
7

c h lo ro p a lla d a te  were r e c e n t ly  s tu d ie d , and i t  was shown th a t  th e  r a te  

was independent o f th e  co n ce n tra tio n  o f hydrogen io n s , but was 

re ta rd e d  by c h lo rid e  io n s . This was c o n s is te n t w ith  a two term  r a te  

eq u a tio n :

^  • ST ’
This in d ic a te d  th e  fo rm ation  o f two 'f] - o le f in  in te rm e d ia te s , and 

i t  was suggested  th a t  one was a  mono o le f in  complex as in  [Scheme 9*1a] 

and th e  o th e r  a c iso id  d io le f in  complex as in  [Scheme which

were bo th  a tta c k e d  by methanol from o u ts id e  th e  c o o rd in a tio n  sphere , 

fo llow ed by lo s s  o f a p ro to n  to  g ive th e  same 4~methoxy m- a l l y l  

complex.
g

Robinson and Shaw p repared  a s e r ie s  o f 4-niethoxy s u b s t i tu te d  

complexes analogous to  (5*3) by th e  r e a c t io n  o f th e  d iene w ith sodium 

te tr a c h lo ro p a l la d a te  in  m ethanol. These complexes were e a s i ly  

converted  to  th e  ethoxy d e r iv a t iv e s  by warming in  a  so lu tio n  o f 10 ^  

e th a n o lic  hydrogen c h lo r id e . The ease o f s o lv o ly s is  in c reased  w ith 

in c re a s in g  methyl s u b s t i tu t io n  a t  C^, as would be expected i f  th e  

re a c t io n  proceeded v ia  a carbonium ion  in te rm e d ia te . I t  was

suggested  th a t  t h i s  was (9 . 4) ,  which could be s ta b i l iz e d  by th e
.  9

a d jac e n t N T -ally l group, as in  th e  fe rro c e n y l carbonium io n , which

i s  s ta b i l i z e d  by o v e rlap  w ith  th e  o r b i t a l s  o f th e  fe rro cen e  r in g ,

and p o s s ib ly  d i r e c t  p a r t i c ip a t io n  o f th e  m etal (9.9) •
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f
CH.

Cl

CH

Fe
Pd

/ \  
solv. a

( 5 . 4 )  ( 5 . 5 )  ( 5 . 6 )

Lukas and Kramer observed a c a t io n ic  (butadiene) p a l la d im  

c h lo rid e  complex which was formed hy th e  a b s tr a c t io n  o f c h lo rid e  

from (5*3) w ith  antimony p e n ta f lu o r id e  a t  low tem p e ra tu res . The 

s t ru c tu re  was a ss ig n ed  by n m r .  sp ec tro sco p y  as (5 . 6) r a th e r  th an  

( 5 •4)» I t  was a lso  found th a t  th e  same complex could be produced 

by a b s t r a c t io n  of hydride  from 1-m ethyl 'ïF - a l l y l  pallad ium  c h lo r id e . 

The ease o f a b s tr a c t io n  o f hydride  and c h lo rid e  ions was found to  

in c re a se  w ith in c re a s in g  a l k y l ‘s u b s t i tu t io n  a t  th e  4 -p o s i t io n , which
g

i s  c o n s is te n t w ith  th e  s o lv o ly s is  experim ents o f Robinson and Shaw.

In  1967» Rowe and White extended th e  s e r ie s  o f 4 - s u b s t i tu te d  

"TT-allyl pa llad ium  complexes by c a rry in g  out th e  r e a c t io n  between th e  

d iene  and pallad ium  c h lo rid e  in  a c e t ic  a c id  as a  so lv en t in  th e  

p resence  o f sodium o r lith iu m  a c e ta te .  The 4-&cetoxy complexes were 

s im ila r  to  th e  methoxy complexes o f Robinson and Shaw. The b rid g in g  

ch lo ro  groups could  be rep laced  by a c e ta to  groups w ith  s i l v e r  a c e ta te  

to  give d i - / k  - a c e ta to  (4 -^ce toxy  b u t-2 -en y l)  d ipa llad ium  I I .  The 

two d i f f e r e n t  a c e ta te  groups have v ery  d i f f e r e n t  carbonyl s t r e tc h in g  

freq u en c ie s  in  th e  in f r a  red  — w ith  th e  ace toxy  carbonyl ab o srp tio n  

frequency  a t  1735 -  40 cm  ̂ and th e  b r id g in g  a c e ta to  group a t  a much 

low er frequency  1420 -  25 cm \
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P allad ium  ii- a l l y l  complexes w ith  b r id g in g  carhoxy lato  lig an d s

have a lso  been ob ta in ed  from u n s u b s ti tu te d  a l l y l  palladium  ch lo rid e

12by trea tm en t w ith s i l v e r  c a rb o x y la te s . The t r i f l u o r o  compound was 

made from th e  correspond ing  a c e ta te  on r e a c t io n  w ith  t r i f lu o r o a c e t i c  

a c id ; and th e  b rid g in g  ch loro  complex can be reform ed by th e  a c tio n  o f 

d ry  hydrogen c h lo r id e . The b rid g in g  ch lo ro  lig a n d  can a lso  be rep laced  

by a c e ty ia c e to n a to  and cy c lep en tad ien y l in  4-m ethoxy^- and 4-acetoxy-^^

X\ -  a l l y l  compounds by trea tm en t w ith  th e  a p p ro p ria te  th a lliu m  I  

compound. Bridge s p l i t t i n g  re a c tio n s  which do not d e s tro y  th e  '7 /^ a l ly l io  

s t ru c tu re  have a lso  been re p o rte d  fo r  th e  sim ple 77^a l l y l  lig an d s  

in c lu d in g  a l l y l - (5 . 7) and 2-m ethyl T /^ a l ly l-  (5 . 8) pallad ium

13,14c h lo r id e ,

phosphine

u s in g  a group V lig a n d , p a r t i c u la r ly  tr ip h e n y l

Cl

H

H

Pd

H

P P h

CH

H

Pd

Cl

H

PPh

CK

H

Pd

H

Cl PPh,

( 5 . 7) (5 . 8) ( 5 . 9)

The n m r  s p e c tra  o f th e se  complexes have been s tu d ie d  e x te n s iv e ly , 

13, 14,15 p a r t i c u l a r ly  w ith  (5 «8) ,  which has a  much sim p le r spectrum  than  

( 5 . 7) .  The d a ta  in d ic a te  th a t  th e  tr ip h e n y l  phosphine lig a n d  e x e r ts  a 

t r a n s  e f f e c t  on th e  -T f^a lly l l ig a n d , ten d in g  to  s h ie ld  th e  tr a n s  p ro tons 

bu t having  l i t t l e  e f f e c t  on th e  c is  p ro to n s . This le d  to  th e  

su g g es tio n  th a t  th e  bonding could be re p re se n te d  as (5 . 9) ,^ ^  w ith
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enhanced double bond c h a ra c te r  in  th e  C-C bond o f th e  a l l y l  group 

t r a n s  to  th e  phosphine. X -ray s t ru c tu re  d e te rm in a tio n s  o f (5«7) 

and ( 5 . 8)^^  gave th e  fo llo w in g  r e s u l t s ,  shown in  (5 .IO) and (5 . I I )  

r e s p e c t iv e ly .  In  each case , th e  a l l y l  group i s  not bonded

16

H C K

H
04

H

PPh.

C
/

Cl PPh

( 5 . 10)

s y m e tr ic a lly , th e  Pd-C^ bond t r a n s  to  th e  phosphine b e in g  lo nger th an  

th e  c is  Pd-C^ bond. The carbon-carbon bond le n g th s  a re  a lso  d i f f e r e n t ,  

p a r t i c u la r ly  in  (5 . 10) where th e re  appears to  be more double bond 

c h a ra c te r  in  th e  bond th an  in  th e  bond. This i s  in

agreement w ith  Shaw’s o r ig in a l  s t r u c tu r e  (5*9) • However, C otton”'^  

ru le d  out t h i s  (T -  TT s t ru c tu re  on th e  grounds: th a t  th e  X -ray d a ta  

do not show as much d i s to r t io n  as would be expected from (5 . 8) .  A lso, 

he suggested  th a t  such bonding would be g e o m e tric a lly  im possib le  

because i f  th e  lig a n d  i s  p laced  so as to  form a "77**’-bond w ith  th e  m etal, 

th e  o th e r  end o f th e  lig a n d  would be too  f a r  away to  form a a* -bond and 

v ic e  v e rs a . Powell and Shaw^"  ̂ th e n  proposed a m odified  s t ru c tu re  (5 .12)
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to  co u n ter th e se  o b je c t io n s . In  t h i s  s t r u c tu r e ,  th e  bonding i s  

re p re se n te d  as a h y b rid  between th e  extremes o f (5»8) and (5-9)» w ith  

some double bond c h a ra c te r  in  th e  Cg -  bond r a th e r  th an  a form al

double bond.

R

Pd

Cl

(5 .12)

The purpose o f  th e  p re sen t work was to  in v e s t ig a te  th e  in flu en ce  

o f lig an d s  on th e  s o lv o ly s is  o f 4 - s u b s t i tu te d  "TT^allyl pallad ium  

complexes in  o rd e r to  throw some l ig h t  on th e  mechanism o f th e se  

r e a c t io n s .



162

B; P re p a ra tio n  and P ro p e r tie s  o f complexes co n ta in in g  group V l i ^ n d s

( i )  4-Methoxy d e r iv a t iv e s
g

O ther th an  th e  o r ig in a l  p re p a ra tio n  hy Robinson and Shaw, 

l i t t l e  work has been done on 4-m ethozy -T T -eny l complexes o f pa llad ium . 

The exchange re a c t io n  u s in g  e th a n o lic  hydrogen c h lo rid e  to  convert a 

methoxy to  an ethoxy d e r iv a t iv e  as m entioned in  th e  p reced in g  s e c tio n  

was o f in te r e s t  as th e  proposed in te rm e d ia te  was a c a t io n ic  complex 

which resem bled th e  fe rro c in iu m  io n s . A ttem pts were made to  p rep are  

d e r iv a tiv e s  w ith  lig an d s  o th e r th a n  b r id g in g  ch lo ro  groups in  o rd e r to  

e s ta b l is h  w hether any change in  th e  re a c t io n  o ccu rred . Ligands 

c o n ta in in g  group V elem ents -  tr ip h e n y l  phosphine, tr ip h e n y l  a rs in e  and 

tr ip h e n y l s t ib in e  -  were a l l  found to  s p l i t  th e  ch lo ro  b rid g e  o f (5 *13) 

to  give (5 . 14) .  Most o f th e  work was c a r r ie d  out u s in g  th e  2-methyl 

b u t - 2-en y l complex as a  model because o f th e  s im p lif ie d  n m r  spectrum  

and because o f th e  ready  a v a i l a b i l i t y  o f iso p ren e  used in  th e  sy n th e s is ,

CH

CHOCH

Pd

Ph^E

E = P,As,Sb

CK

;h o c h

Pd
/  \  

PhE Of 3

(5 . 13) ( 5 . 14)

The re a c t io n  was found to  be alm ost q u a n t i ta t iv e  i f  an equim olar 

amount o f th e  a p p ro p ria te  lig a n d  was added to  th e  'tPenyl complex in  

s o lu t io n .  These complexes a re  a l l  a i r  s ta b le  s o l id s  \diich v a ry  in
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co lo u r from yellow  f o r  th e  ch lo ro -h rid g ed  dimer and tr ip h e n y l s t ib in e

complex to  th e  alm ost w hite tr ip h e n y l phosphine d e r iv a t iv e .

When exchange re a c tio n s  were a ttem p ted  in  d i lu te  ( /v  10 ^ M .)

e th a n o lic  hydrogen c h lo rid e  , a  brown p r e c ip i ta te  co n ta in in g  a l l  th e

pallad ium  always appeared . This was found to  be a d im eric  complex in

each case (5 «15)» id e n t ic a l  to  samples p repared  by th e  method o f 

19H a rtle y . Isoprene  was d e te c te d  in  s o lu tio n  by gas chrom atography.

Ph^E Cl 01
\  /  \  /

 ̂ Pd Pd E = P,As,Sb

/  \  /  \
Cl 01 EPh

(5 .15)

( i i )  4-Acetoxy d e r iv a t iv e s .

The ch lo ro -b rid g ed  (2-fliethyl, 4 -ace to x y  b u t-2 -e n y l)complex,

11f i r s t  re p o rte d  by Rowe and White was a lso  found to  be c leaved  by 

group V lig an d s  to  g ive complexes analogous to  (5*14)• They had very  

s im ila r  p ro p e r t ie s ,  bu t were even more u n s ta b le  tow ards a c id s  th an  th e  

methoxy d e r iv a t iv e s .  On a d d itio n  o f a c id , (5•15) was p re c ip i ta te d  

alm ost im m ediately, whereas th e  p r e c ip i ta t io n  took  se v e ra l hours f o r  

th e  methoxy d e r iv a t iv e s .  When th e  a c id  used was m ethanolic  hydrogen 

c h lo rid e  (lO ^ M .), th e  s o lu t io n , a f t e r  p r e c ip i ta t io n  o f (5#15), 

con ta in ed  iso p ren e  and methyl a c e ta te .  Tlie l a t t e r  was formed by th e  

e s t é r i f i c a t i o n  o f  a c e t ic  a c id  by th e  a c id ic  methanol s o lu t io n  under 

th e  co n d itio n s  u sed .
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( i i i )  4-Chloro d e r iv a t iv e s

When th e  re a c t io n  of tr ip h e n y l  phosphine was rep ea ted  w ith

d i - / ^  -c h lo ro  (2-m ethyl, 4-c h lo ro  h u t-2 -en y l)  d ipa llad ium  I I ,  th e

4-c h lo ro  d e r iv a t iv e  o f (5*13), th e  expected product (5 .14) was not

o b ta in e d . Isoprene  was d e te c te d  in  s o lu t io n , and a p r e c ip i ta te  was

form ed. This was shown to  be (5 . I 5) . This in d ic a te s  th a t  th e

tr ip h e n y l phosphine group d e s ta b i l iz e s  th e  4—chloro  complex even more

th an  th e  4 -aceto x y  o r 4-methoxy complexes.

P y rid in e  and 2 ,4 ,6 - tr im e th y l  p y rid in e  re a c t w ith  th e  complex when

added in  excess to  g ive a  p r e c ip i ta te  o f LgP&Clg and l ib e r a te  iso p re n e .
20By comparison w ith th e  re p o rte d  in f r a - r e d  spectrum  o f tra n s  Py^PdCl^,

th e  p roducts  were bo th  found to  have th e  expected  t r a n s  c o n f ig u ra tio n .

Also th e  Raman spectrum  o f each complex was recorded  and showed no

co in c id en t l in e s  w ith  th e  in f r a - r e d  spectrum , showing th e  complexes to
21

be centrosym m etric, and so in  th e  tr a n s  c o n f ig u ra tio n . The 

freq u en c ie s  a re  l i s t e d  in  Table 5*1•

Table 5*1
P a r i . r .  and Raman sp e c tra  o f ( P y rid in e) ^PiCl^ and (2 ,4 ,6 - tr im e th y l

p y rid in e )^  PdCl^

(P y rid in e) ^PdCl2 2 ,4»6 - tr im e th y l p y rid in e) ^Pd-Cl^

i . r .  Raman (cm ^) i . r .  Raman (cm ^)

353 s 300 s 377 s 287 8

275 m 198 m 362 m 235 m

266 m 125 m 327 m 137 m

237 m 311 m

258 m
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(iv ) D iscussion

In  th e  complexes d e sc rib ed  above, th e  a d d it io n  o f a  group V 

lig a n d  appears to  d e s ta b i l iz e  th e  complex tow ards a c id .  As th e  

4-methoxy complexes were more s ta b le  th an  th e  4 -ace to x y  complexes under 

a c id ic  c o n d itio n s , th e  decom position p robab ly  re q u ire s  p ro to n a tio n  of 

th e  a lk y l oxygen to  g ive methanol and a c e t ic  a c id  r e s p e c t iv e ly .  As 

th e  ace toxy  a lk y l oxygen w i l l  be e a s ie r  to  p ro to n a te  owing to  th e  

p resence  o f a  carbonyl group, th e  acetoxy  complex w i l l  decompose more 

r e a d i ly ,  as i s  observed . In  th e  4 -ch lo ro  d e r iv a t iv e ,  c h lo rid e  ion  i s  

a s u f f i c i e n t ly  good le a v in g  group to  cause decom position w ithout any 

a d d itio n  o f a c id . In  summary, th e  ease o f decom position o f th e se  

complexes in  a c id  s o lu tio n  i s  a fu n c tio n  o f th e  ease o f d ep a rtu re  of 

th e  le a v in g  group a t  th e  4 -p o s i t io n .

Loss o f t h i s  group would g ive r i s e  to  a  carbonium io n  such as (5 . 6) 

o r ( 5 . 4)» which would th en  decompose to  g ive isoprene  and (5*15)• The 

m ajor e f f e c t  o f th e  group V lig a n d  i s  p robab ly  a t  t h i s  s te p , as i t  has 

a lre a d y  been no ted  th a t  phosphines ten d  to  s t a b i l i z e  (TtTT—enyl r a th e r  

th an  jf-enyl  s t ru c tu re s  by in c re a s in g  th e  double bond c h a ra c te r  in  th e  

carbon-carbon bond tr a n s  to  th e  l i g a n d . T h e  proposed mechanism 

i s  o u tlin e d  in  Scheme 5 .2 .
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CH

CH O RH
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CH

CHH

Pd
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CH

CH Q RH

Pd

Pl^P Cl
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CH

PhP

Cl

/  \PhP

SCHEME 5*2
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C: S pec tro sco p ic  P ro p e r tie s

( i)  P ro ton  n m r

11The 60 MHz s p e c tra  o f "both th e  ch lo ro -b rid g ed  ace toxy  and 
0

th e  methoxy d e r iv a t iv e s  have been re p o r te d . In  th e  form er case , 

p ro tons 4»5 and 6 in  (5 . I 6) were re p o rte d  as m u l t ip le ts .  However, 

th e  100 MHz s p e c tra  (spectrum  5*1, 5*2) show th a t  th e y  a re  o f a 

ty p ic a l  ABX system , w ith  H  ̂ as X and H^H  ̂ as A and B. The non 

equ ivalence  o f H  ̂ and H  ̂ i s  because th e  7/1 a l l y l  group i s  

unsym m etrically  bonded -  th e  pallad ium  i s  on one s id e  o f th e  group.

Pd**

(5 .16)

The exact coup ling  co n stan ts  could  not be determ ined from th e  s p e c tra ,
22as th e re  i s  not s u f f ic ie n t  in fo rm atio n  in  t h i s  type  o f system .

The methoxy d e r iv a tiv e  shows H^, H^, H  ̂ as one s in g le t  in  both  

th e  60 and 100 MHz s p e c tra , though a t  220 MHz (spectrum  5*3), th e  l in e  

i s  ' a m u l t ip le t .  F u r th e r  expansion (spectrum  5*4) shows t h i s  more 

c le a r ly .  This i s  now an ABC system  w ith  each p ro to n  hav ing  alm ost 

id e n t ic a l  chem ical s h i f t s .

The sp e c tra  o f th e  c h lo ro -b rid g ed  and d e r iv a t iv e s  w ith  group V 

lig a n d s  a re  shown in  Table 5*2. These were a l l  determ ined a t  100 MHz 

in  CBCl^ s o lu t io n , and a re  r e l a t iv e  to  IMS.
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TABLE 5 . 2

BMR s h i f t s  f o r  (4-m ethoxy- and 4 -aceto x y  — ï7 -a lly l)p a llad iu m  complexes

Complex 1 2 3 4 5 ,6 OMe
0

OÔMe

Methoxy ch lo ro 2.85 3.81 2.22 3.62 3.62 3.40 -

n Ph^P 2.60 2.71 1.96 4.16 4.16 3.46 - 7.4

n Ph^As 2.74 3.34 2.01 4.10 4.10 3.41 - 7.5

n Ph^Sb 2.78 3.76 2.04 3.93 3.93 3.33 - 7.35

Acetoxy ch loro 2.82 3.79 2.11 3.53 4.26 - 2.02 -

« Ph^P 2.71 2.83 2.05 4.14 4.80 - 1.98 7 .4

M Ph^As 2.70 3.27 2.10 4.13 4 .7 6 - 2.07 7.3

n Ph^Sb 2.71 3.76 2.09 4.17 4.72 — 2.04 7.5

With th e  unsym m etrical monomeric complexes c o n ta in in g  group V 

lig a n d s  th e re  a re  two p o s s ib le  geom etric  isom ers (5 .17) and (5 . I 8) ,

CH

H CH X

Pd

PhE
3

Cl

CH

H CH X

Cl

Pd

EPh.

(5 .17) (5 .18)
21P rev ious work has found th a t  phosphine lig an d s  ten d  to  he bonded 

t r a n s  to  th e  most s u b s t i tu te d  end o f th e  "77^a l l y l  group as in  (5 .1 7 ) .
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c/e
A lso , th e  p ro tons tra n s  to  th e  phosphine ten d  to  he ^ sh ie lded , and 

p ro to n s  c is  s l i g h t ly  sh ie ld e d , as would he expected i f  th e re  i s  

s ig n i f ic a n t  double bond c h a ra c te r  in  th e  p a r t  o f t h e a l l y l  system 

which i s  t r a n s  to  th e  phosphine — i . e .  th e re  i s  more c o n tr ib u tio n  from 

(5 . 12) in  th e  complex.

The d a ta  in  Table 5*2 were used to  c a lc u la te  th e  change in  s h i f t  

on adding  a phosphine o r o th e r  lig a n d  to  th e  ch lo ro  complex. The 

change, A /  , i s  shown in  Table 5*3 f o r  th e  methoxy d e r iv a tiv e s  and 

in  Table 5»4 fo r  th e  acetoxy  d e r iv a t iv e s .  S ig n if ic a n t changes in  th e  

chem ical s h i f t s  occurred  fo r  , Eg, H^, H^, H^, though l i t t l e  change 

was no ted  in  th e  methyl g roups. A negobiv'e s ig n  f o r  A J in d ic a te s  

an in c re a se  in  th e  s h ie ld in g  o f a  p a r t i c u la r  p ro to n  going from th e  

ch lo ro -b rid g ed  to  th e  s u b s t i tu te d  complex.

TABLE 5 .3

A S v a lu es  fo r  4-niethoxy d e r iv a t iv e s

TABLE 5 .4

A J  v a lues f o r  4-&cetoxy d e r iv a tiv e s

Ph^P Ph^As Ph^Sb Ph^P Ph^As Ph^Sb

- 0.15 -0 .11 -0 .0 7 -0 .11 -0 .1 2 -0 .11

^2 —1.10 - 0.47 - 0.05 H2 - 0 .96 - 0.52 -0 .0 3

^4 ,5 +0 .54 +0.48 4O .3O +0.61 4O .6O +0.65

^5 +0 .54 4-0 .50 +0.46
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This d a ta  i s  c o n s is te n t w ith  (5 «I?) fo r  th e  fo llo w in g  reasons

1. H. and H a re  d esh ie ld ed  and H , H. s l i ^ t l y  sh ie ld ed  on complex4 > I A
fo rm atio n . This would he expected i f  th e re  i s  c o n tr ib u tio n  from 

( 5 *9) to  th e  bonding in  th e  complex.

2. On going up th e  s e r ie s  Sb, As, P, A /  f o r  each p ro to n  behaves

d i f f e r e n t ly .  A oT fo r  Eg is  alm ost zero  when th e  lig a n d  in  Ph^Sb, 

bu t r a p id ly  in c re a se s  to  a s h ie ld in g  of 1.10 ppm fo r  Ph^P in  th e  

4-methoxy complexes. A p a r a l l e l  e f f e c t  a lso  occurs in  th e  4 -acetoxy  

complex, th e  change be in g  from -0 ,0 3  to  -O .96 ppm. Eowever, w ith  

E^, E^, th e  d e sh ie ld in g  is  la rg e  a t  O .3O ppm f o r  Ph^Sb and in c re a se s  

to  0 .54  ppm w ith  Ph^P.

This in d ic a te s  th a t  th e  p ro to n s  on a re  more s e n s i t iv e  to  th e  

e le c tro n ic  c h a ra c te r  o f th e  lig a n d  th a n  th o se  on and C^. This

would a lso  be so in  (9 . 17) ,  where i s  CT-bonded d i r e c t  to  th e  m etal

and i s  TT^bonded -  o r  even f r e e  in  th e  extreme c a se .

( i i )  V ariab le  Temperature n .m .rr

The change in  n m r  sp e c tra  w ith  tem pera tu re  has been 

re p o rte d  fo r  many phosphine and a rs in e  d e r iv a t iv e s  o f Ti- a l l y l  

pallad ium  ch lo rid e .^ *  These norm ally  show an in c re a se  in

s p l i t t i n g  a t  low tem pera tu res from th e  a r r e s t in g  o f ex' —» TT type 

t r a n s i t io n s  in  th e  m olecule which cause exchange o f p ro tons and so 

l in e  b roaden ing . In  th e  tr ip h e n y l  phosphine d e r iv a t iv e  of th e  

acetoxy  complex, th e  re v e rse  was found to  occu r. This i s  shown in  

S p ec tra  (5 «5) and (5 . 6) ,  where th e  p ro to n  spectrum  a t room tem peratu re  

s im p lif ie s  on co o lin g . The p ro to n s  1 and 2 a t  2.71 and 2.83 ppm 

r e s p e c t iv e ly  became one s ig n a l a t  2.85 ppm on co o lin g  to  - 40° 0 .
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No f u r th e r  change was found to  occur down to  -60°C. There i s  a lso  a 

s l ig h t  d r i f t  in  th e  s h i f t s  o f th e  methyl groups on c o o lin g . This 

could he exp lained  i f  th e  spectrum  a t  room tem peratu re  is  of a 

O" -  'fT complex which on co o lin g , chahges in to  a ' j f  - a l l y l  complex 

in  which p ro tons 1 and 2 have co in c id en t s h i f t s ,  though i t  would he 

expected th a t  t h i s  change would have a more dram atic  e f f e c t  on th e  

r e s t  o f th e  spectrum .

The spectrum  of th e  t r ip h e n y l  a r s in e  d e r iv a tiv e s  was a lso  found to  

vary  w ith  tem p e ra tu re . At room tem p era tu re , i t  c o n s is ts  o f 4 broad 

peaks co rrespond ing  to  p ro to n s  1 ,2 ,4 ,5  and two narrow peaks from th e  

two m ethyl groups (Spectrum 5*7)• On co o lin g  below O^C (Spectrum 

5 .8 ) ,  th e  broad  l in e s  g ra d u a lly  sharpen , and become s im ila r  to  th a t  

o f th e  tr ip h e n y l s t ib in e  and ch lo ro -b rid g ed  complexes.

The n m r  spectrum  o f tr ip h e n y l  a r s in e  pallad ium  ch lo rid e  is  

24a lso  re p o rte d  to  be broad a t  room tem p era tu re , and was in te rp re te d  

as a  change from a V T -a lly l complex a t  low tem pera tu res to  a 0"- complex, 

as w ell as lo s s  o f lig a n d , causing  l in e  b roadening  o f th e  TT- a l l y l i c  

p ro to n s .

At h ig h e r tem p era tu res , th e  expanded s p e c tra  (5*9) and (5.10) 

show th a t  i s  beg inn ing  to  become a t r i p l e t  a t  70°C, but 

decom position took p lace  a t  h ig h e r tem p era tu res , g iv in g  iso p ren e , 

id e n t i f ie d  by i t s  n m-r spectrum . This i s  c o n s is te n t w ith  a 

—  <3“ exchange re a c tio n  which ten d s  to  favour th e  TT form a t 

low tem peratu re  and th e  form a t  h ig h e r tem p e ra tu res .

The tr ip h e n y l s t ib in e  and ch lo ro -b rid g ed  complexes were found 

to  have tem peratu re-independen t n m r .  s p e c tra  between —60 and +70°C, 

though decom position occurred  above 100°C. Hence, th e  la b il i ty  o f 

th e  T T -a lly l  group in c re a se s  as one goes up group V.
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j io co
I • i " : ' J  - -- I • I • -  * — I J., t 4 ' -:

éoo 800 700 600 500 400 300 200 100 0

I

100 KEz Spectrum o f  d i-^ -c h lc ro ‘b is (2 -m e th y l4 -ace tcx y  b u t-2 -e n y l)  

d ip a lla d iu m il in  CDCl^

SPECTRUM 5.1 1000Hz scan a t  25*

SPECTRUM 5 .2  250Hz scan a t  25
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10.0 9.0  8.0  7.0  6.0 3.0  2.0

3.62 2.853.81 3.L0

220 MHz Spectrum o f  d l-p-chlorobis(2-inethyl4-inethoxy b u t-2 -en y l)

p a llad iu m ll in  CDCl^

SPECTRUM 5.3  2500Hz scan a t 19*

SPECTRUM 5 .4  250Hz scan a t 19*



174

600 200500 5001000 900 800 TOO 400 100

600 200 100800 TOO 5001000 900

1 0 0  I-ÎÏÏZ Spectrum of ch io ro (trip h eriy lp h o sp h iiie ) (2-m ethyl4-acetoxy 'but-2- 

e n y l)p a lla d iu m ll in  CDCl^

S?2CmT-: 5 .5  1000ÏÏ2 scan a t  4-40\.

SP2CTRŒ 5.6  1000Hz scan a t  -6 0 °O
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600700800000 900 300 200 100

600800 400 tcoJOOO 900 700 500 300

100 MHz Spectrum o f c h lo re ( tr ip h e n y la r s in e )  (2-m e.thyl4-acetoxy b u t-2 -e n y l)  

p a lla d iu m il in  CDCl^ '

5P2CTRUH 5 .7  1000Hz scan  a t  +40*;.

SPHCTHUI'l 5 .8  1000Hz scan a t  • 0 w '
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500400450500

; 1500450500

100 MHz Spectrum o f c h lo re ( tr ip h e n y la rs in e )(2 -m e th y l4 -a c e to x y  b u t-2 -en y l)  

p a lla d iu m il in  CDCl^

SPSCTRlTi 5 .9  250Hz scan a t  +60°

SP3CTRUM 5 ,10  250Hz scan  a t  -4 (f
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D; Experim ental

P re p a ra tio n  o f s u b s t i tu te d  TT- a l l y l  complexes c o n ta in in g  group V 

l ig a n d s .

The lig a n d  d is so lv e d  in  a minimum of warm benzene was added w ith  

s t i r r i n g  to  an equim olar s o lu t io n  o f th e  ch lo ro -b rid g ed  complex in  

th e  minimum of benzene. A fte r  s tan d in g  fo r  1 h r  a t  10°C, 40-60° 

petroleum  e th e r  was added to  p r e c ip i ta te  th e  complex. The 

p r e c ip i ta te  was washed w ith  petro leum  e th e r ,  th e n  w ith  d ie th y l e th e r  

and d r ie d  in  vacuo.

The sample was p u r i f ie d  by d is so lv in g  in  benzene and p re c ip i­

t a t i n g  w ith  40-60° petroleum  e th e r .  A n a ly tic a l d a ta  fo r  th e  

4-methoxy complexes a re  shown in  Table 5*5» and f o r  th e  4 -acetoxy  

complexes in  Table 5 «6.

TABLE 5.5

A n a ly tic a l Data f o r  4-methoxy complexes

Ligand Colour m.p. y ie ld  ^ Cffc o th e r

Ph^P w hite

dec.

85 re q u ire d ;

found:

57.16

57.81

5.16

5.30

01 7.03 

6.86

Ph^As yellow 136°
dec.

80 re q u ire d :

found:

52.68

52.69

4.75

4.69

Ph Sb yellow 113° 77 re q u ire d :

found:

48.52

48.68

4.38

4.56



TABLE 5 .6

A n a ly tic a l Data fo r  4-Acetoxy Complexes

178

Ligand Colour m.p. y ie ld  ^ C^ o th e r

Ph^P w hite 116- 119°
dec.

68 re q u ire d ;

found:

56.42

56.40

4.93 P

4.85

5.82

5.68

Ph^As yellow 124- 126°
dec.

67 re q u ire d :

found:

52.20

52.06

4.56 As 13.03

4.69 13.24

Ph^Sb yellow 137° 41 re q u ire d : 48.27 4.22 Sb 19.57

found: 48.13 4.32 19.33
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Summary

Kinetics of reactions of several open-chain pentadienyltricarbonyliron 
cations with 1,3-dim ethoxybenzene have been studied; the reactions are 
faster than those of the cyclohexadienyltricarbonyliron cation and a mech­
anism is proposed.

Kane-Maguire and coworkers have recently shown th a t the cyclohexa­
dienyltricarbonyliron cation acts as an electrophile towards activated 
aromatic systems including indole, pyrrole [1] and 1,3-dim ethoxybenzene [2]. 
These reactions show second order kinetics (rate = ^ 2  [cation] [ArH] ) over 
an appreciable range of concentration of the arom atic com pound [3].

We have studied kinetically the  attack of several open-chain penta­
dienyltricarbonyliron cations (I) on 1,3-dimethoxybenzene, and have found 
not only th a t the reactions are considerably faster than  those of their cyclic 
analogues, bu t also th a t some show different kinetic characteristics. Only 
compounds Ib and Ic* obey second order kinetics (up to  a t least sixty times 
excess of dim ethoxybenzene, with the rate of reaction of Ic almost 700 times 
faster than tha t of the cyclic la. With compounds Id, le and If the  reactions 
follow a different rate equation (rate = fei k ,̂ [cation] [ArH] /(fe.i + ^ 2  [ArH])) 
tending towards first order kinetics a t high concentration of dim ethoxy­
benzene. This implies the  form ation of a reactive interm ediate, which can 
either react further to  yield the products or can reform  the starting material. 
We suggest tha t this reaction interm ediate is the frans-pentadienyltricarbonyl- 
iron cation II, postulated by Clinton and Lillya [4] on the basis of the 
stereochemistry and kinetics of hydrolysis of the dinitrobenzoates of dienol- 
tricarbonyliron complexes. Sorensen and Jablonski [5] obtained evidence 
for such a trans ûon  from  ^H NMR studies a t low tem peratures.

See T able 1 for  su b stitu en ts.
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The mechanism of Scheme 1 is consistent not only with the observed 
kinetic form, but also with the fact that the cations with open-chain ligands, 
and which can form trans cations, are more reactive towards nucleophiles 
than those with cyclic ligands, which can exist only in the cis form. The 
difference in the kinetics between compounds Ib, Ic and Id, le, If implies 
that ki and k.i do not influence the rate-determining step in the  former 
cases either because fe 1 and fe.i are much greater, or th a t 2 is smaller, than 
in the latter cases.

R' R'

k - t  H m - d im e th o x y -  I \   /

, S , 3  o L

(H) (m)

The rate constants were measured by following the rate of disappear­
ance of the dienylcarbonyl band at ca. 2110 cm"  ̂ in the IR. Linear pseudo- 
first order plots were obtained up to  at least 75% reaction. Some representa­
tive results are listed in Table 1.

TA BLE 1

R A T E S OF R EAC TIO N  O F SU B ST IT U T E D  P E N T A D IE N Y L T R IC A R B O N Y L IR O N (II) T E T R A — 
F L U O R O B O R A T E S (0 .0 1  M )  W ITH 1,3-D IM E T H O X Y B E N Z E N E  (D M B) IN N IT R O M E T H A N E  AT 
2 5  ± 0 .1 ° C .

SCHEM E 1

C om pou nd S u b stitu en ts ^ 2
(1 m ol sec

feobs (sec  * ) 
) 0 .1  M DM B

kob s (sec  ‘ ) 
0 .5  M  DMB

la cy clo h ex a d ien y l 1 .5  X 10~* — —
Ib 1 ,3 ,5 -tr im eth y l 3 .3  X 1 0 “ ® — —
Ic 1 ,5 -d im eth y l 1 .0  X 1 0 “ ® — —
Id 5-m ethyl — 4 .0  X 1 0 “ “ 1 .3  X 1 0 “ ®
le l-p h en y I-5 -m eth y l — 5.1 X 1 0 “ “ 1 .4  X 1 0 “ ®
If l-p h en y l-2 ,5 -d im e th y I — 5.6  X 1 0 " “ 1 .4  X 1 0 “ ®

« A t 2 0 .8  C [3 ] .

Only one product, in which the arom atic ring is substituted in the  4- 
position, was observed in each reaction. Nucleophilic attack on the cations 
occurs at a terminal carbon atom . For the unsymmetrically substituted 
cations Id, le. If, this is the carbon which bears a methyl substituent. The 
rate of reaction increase along the series Ib, Ic, Id with decreasing m ethyl 
substitution a t the 1 and 3 positions. Compounds le  and If react a t very sim­
ilar rates, indicating tha t a m ethyl substituent a t the 2-position has little 
effect, as might be predicted from a simple picture of the charge distribution 
in the pentadienyl system.

Further evidence for the intermediacy of trans cations in our reactions 
comes from the NMR spectra of the products III, which are consistent with 
the trans,trans structure shown. This arises via geometrical inversion at C(5) 
during nucleophilic attack [6]. D irect attack on the cis cation leads to  a 
cis, trans configuration in the product [7].
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