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Abstract : 

The photochemistry of selected four- legged p iano  s t o o l  

molecules has  been s t u d i e d .  The r e a c t i v i t i e s  and geometr ies  of t h e  

primary photoproducts  have been e l l u c i d a t e d  by means of  both 

experimental  and t h e o r e t i c a l  methods. 

The photochemistry of molecules of t h e  t ype  CpM(CO),XL (cpq5- 

C5H5, M=V, X=L=PR,; M=W, X = C l ,  I, L=PR3) has  been i n v e s t i g a t e d .  In  

each case,  t h e  photoreac t ion  has been s t u d i e d  a t  t empera tures  a s  low 

a s  1 2  K by FTIR spectroscopy.  For molecules of t h e  t ype  cis o r  t r a n s  

CpV(CO),L,, L=P(OMe)3,  P ( 0 E t )  p h o t o l y s i s  r e s u l t e d  i n  a d i s t i n c t  CO 

l o s s  product  depending on t h e  s te reochemis t ry  of  t h e  s t a r t i n g  

complexes. This  i n t e rmed ia t e  r e a c t e d  wi th  CO t o  r egene ra t e  t h e  

s u b s t r a t e  i n  i t s  o r i g i n a l  geometry du r ing  t h e  thermal  back r e a c t i o n .  

I n  c o n t r a s t ,  complexes such a s  cis o r  t r a n s  CpW (CO) , IL ,  L=P (OMe) ,, 
PPh3, P ( ~ B U ) ~ ,  show temperature  dependent i n t e rmed ia t e s .  A t  12K they  

behave t h e  same a s  t h e  Vanadium compounds. However, a t  77k, t h e  

i n t e rmed ia t e s  i somer ize  r e s u l t i n g  i n  gene ra t i on  of a mixture  of both 

t h e  cis and t r a n s  compounds du r ing  t h e  thermal  back r e a c t i o n  with CO. 

I n  o rde r  t o  c o r r e c t l y  ana lyze  and a s s i g n  t h e  above FTIR da t a ,  

p a r t i c u l a r l y  t h e  geometr ies  of t h e  photochemical i n t e rmed ia t e s ,  two 

t h e o r e t i c a l  methods were used.  The f i r s t  one involved q u a l i t a t i v e  and 

semiquan t i t a t i ve  i n f e r ences  from f o r c e  cons t an t  t heo ry  based on t h e  

"frequency f a c t o r e d  f o r c e  f i e l d "  a s  t o  t h e  s i g n s  and r e l a t i v e  

magnitudes of CO s t r e t c h i n g  f o r c e  c o n s t a n t s  and s t r e t c h i n g - s t r e t c h i n g  

i n t e r a c t i o n  f o r c e  cons t an t s .  The l i g a n d  e f f e c t  f o r c e  cons t an t s  

were c a l c u l a t e d  by us ing  Timneyls method. Based on t h e  opt imized 

iii 



l i g a n d  e f f e c t  cons t an t s ,  we were a b l e  t o  p r e d i c t  t h e  geometr ies  of t h e  

i n t e rmed ia t e s  by assuming t h a t  t h e  one which g i v e s  t h e  b e s t  agreement 

between observed and c a l c u l a t e d  f r equenc i e s  ( o r  f o r c e  cons t an t s )  i s  

t h e  c o r r e c t  geometry. 

The second t h e o r e t i c a l  method used was Extended Huckel 

Molecular O r b i t a l  c a l c u l a t i o n s .  EHMO method was a p p l i e d  t o  a  hypothe- 

t i c a l  molecule CpV(C0) (PPh3)2 with a  meta l  d4 con f igu ra t i on .  The 

conformational  p r e f e r ences ,  and va lence  molecular  o r b i t a l  i n t e r a c t i o n  

a r e  desc r ibed  i n  d e t a i l .  The minimum b a r r i e r  f o r  i somer iza t  ion  

between t h e  two isomers of t h e  formula CpV(CO)(PPh3)2 was c a l c u l a t e d  

t o  be  approximately 8KJ a t  1 2 K .  
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Chapter  1: In t roduc t ion  

1.1 Background chemis t ry  on four- legged p iano-s too l  molecules 

A s  de f ined  i n  one of P o l i ' s  works1, "four-legged p iano  s t o o l "  

is  t h e  commonly used term f o r  s t r u c t u r e s  of t y p e  I - I11 (Fig.1-1) .  

These con ta in  a n-bonded cyclopolyene o r  cyclopolyenyl  l i g a n d  and 

f o u r  a d d i t i o n a l  a-bonded two-electron-donor l i g a n d s  ( L ) .  

Fig.1-1: The s t r u c t u r e s  of t y p i c a l  four- legged p iano  s t o o l  molecules 

I n  a four- legged p iano  s t o o l  geometry, t h e  b a s a l  p o s i t i o n s  a r e  

occupied by t h e  f o u r  l i gands  and t h e  c e n t e r  of t h e  mass of t h e  

cyclopolyene o r  cyclopolyenyl  l i g a n d  occupies  t h e  a p i c a l  p o s i t i o n .  

The s t r u c t u r e s  may a l s o  be viewed a s  pseudo square  pyramidal (sp)  i f  

t h e  x-bonded l i g a n d  i s  cons idered  t o  occupy a s i n g l e  coo rd ina t ion  

p o s i t i o n .  



There a r e  s e v e r a l  s t u d i e s  on four- legged piano s t o o l  

molecules,  both experimental  and t h e o r e t i c a l .  The chemical 

r e a c t i v i t i e s  and k i n e t i c  a s p e c t s  have been s t u d i e d  e x t e n s i v e l y  by t h e  

exper imenta l  chemists ,  while t h e o r e t i c i a n s  put  emphasis on molecular  

geomet r ica l  s t u d i e s .  For example, t h e  p h o t o l a b i l i t y  of  CpV(CO), has  

been employed i n  p repa r ing  a v a r i e t y  of CpV(CO),-,L, i n  t h e  

presence of a l igand ,  L ~ - ~ .  K ine t i c  s t u d i e s  of t h e  thermal  

s u b s t i t u t i o n  r e a c t i o n s  of CpV(CO), with a v a r i e t y  of phosphines and 

phosphi tes  have sugges ted  t h a t  t h e  r e a c t i o n  proceeds by a d i s s o c i a t i v e  

pathway i n  which l o s s  of a CO l i g a n d  i s  t h e  r a t e  determining step6. 

A t h e o r e t i c a l  a n a l y s i s  of CpML, compounds has  been p re sen t ed  by 

~offmann'  i n  which t h e  p re fe r ence  f o r  t h e  p iano-s too l  s t r u c t u r e ,  

over  o t h e r  p o s s i b l e  s t r u c t u r a l  isomers ( i somer ic  pseudo-square 

pyramidal o r  pseudo-tr igonal  b ipyramida l ) ,  was r a t i o n a l i z e d .  The 

d i s t o r t i o n  of t h e  Cp r i n g  ( t i l t i n g  toward a q3, q2  conformation) ,  

which is  sometimes observed exper imenta l ly ,  was a l s o  d i s cus sed .  

Within t h i s  t h e s i s  I w i l l  u se  bo th  exper imenta l  and 

t h e o r e t i c a l  approaches t o  g a i n  some i n s i g h t  i n t o  t h e  thermal  and 

photochemical r e a c t i o n s  of f o u r  legged p iano-s too l  molecules.  The 

fo l lowing  s e c t i o n s  (1.2-1.5) con ta in  b r i e f  d e s c r i p t i o n s  of t h e  

techniques  which w i l l  be encountered i n  t h e  bu lk  of t h e  t h e s i s .  

F i n a l l y ,  i n  s e c t i o n  1.6,  t h e  r e sea rch  p l a n  we set out  t o  i n v e s t i g a t e  

some four- legged piano s t o o l  molecules w i l l  be descr ibed .  



1 .2  Some b a s i c  a s p e c t s  of organometal l ic  photochemistry 

Photochemical r e a c t i o n s  a r e  ways by which chemical systems 

degrade energy t h a t  has  been supp l i ed  t o  them i n  t h e  form of l i g h t .  

In  a sense,  t h i s  i s  t h e  f i r s t  law of photochemistry8, which 

e s t a b l i s h e s  t h a t  only t h e  r a d i a t i o n  absorbed by t h e  system i s  

e f f e c t i v e  i n  inducing photochemical changes. Once t h e  photonic  energy 

has been absorbed by t h e  molecule, t h i s  energy can be degraded i n  a 

v a r i e t y  of processes  t h a t  induce chemical o r  phys i ca l  changes. These 

processes  have been named primary photochemical processes  when they  

comprise t h e  s e r i e s  of events  s t a r t i n g  with t h e  absorp t ion  of l i g h t  

by a molecule and ending with t h e  disappearance of t h e  molecule o r  i t s  

conversion t o  a s t a t e  where i t s  r e a c t i v i t y  is  s t a t i s t i c a l l y  no 

g r e a t e r  than  t h a t  of s i m i l a r  molecules i n  thermal  equ i l i b r ium with 
9 t h e i r  surroundings . 

A s  a r e s u l t  of t h e  processes  of l i g h t  absorp t ion  by t h e  molecule, 

it e n t e r s  an e x c i t e d  s t a t e .  The e l e c t r o n i c  t r a n s i t i o n s  which a r e  

reasonable f o r  t h i s  s t a t e  can be c l a s s i f i e d  a s  metal  cen te red  (d->d o r  

f->f t r a n s i t i o n ) ,  charge t r a n s f e r  ( C T ) ,  o r  l i g a n d  cen te red , .  Fig.1-2 

shows t h e  e l e c t r o n i c  t r a n s i t i o n s  i n  an oc t ahedra l  coord ina t ion  complex10. 

The c l a s s i f i c a t i o n  mentioned above i s  based on t h e  assumption 

t h a t  molecular  o r b i t a l s  i n  t h e s e  complexes have very l a r g e  

c o n t r i b u t i o n s  from e i t h e r  metal  o r  l i gand  o r b i t a l s  a s  one would 

expect  f o r  h igh ly  i o n i c  complexes. Most organometa l l ic  complexes 

a r e  covalen t  compounds, hence, t h e  mixing of l i g a n d  c h a r a c t e r  i n  t h e  d 



Fig. 1-2: Electronic t rans i t ion  in  an octahedral coordination complex: 

( I )  metal centered, (11) charge t ransfer  ligand t o  metal, (111) charge 

t ransfer  metal t o  ligand, and ( I V )  ligand centered. 



o r b i t a l s  has an important e f f e c t  on t h e  t r a n s i t i o n  c h a r a c t e r  i n  t h e  d 

o r b i t a l s  has an important e f f e c t  on t h e  t r a n s i t i o n  p r o b a b i l i t i e s .  So 

t h e  "metal centered" d o r b i t a l s  have cons iderable  l i gand  c h a r a c t e r  and 

t r a n s i t i o n s  wi th in  t h e s e  o r b i t a l s  a r e  o f t e n  r e f e r r e d  t o  a s  " l igand  f i e l d "  

i n s t e a d  of "metal cen tered" .  

The compounds which I s t u d i e d  were a l l  metal  carbonyls .  The 

bonding between CO and open-shel l  dl-d9 t r a n s i t i o n  meta l  i ons  

involves  both a l a r g e  x back bonding, a s s o c i a t e d  with t h e  

d e l o c a l i z a t i o n  of meta l  dz e l e c t r o n s  i n t o  empty ant ibonding IC o r b i t a l s  

of t h e  CO, and a l a r g e  donat ion,  from f i l l e d  o r b i t a l s  of t h e  CO t h a t  

i n t e r a c t  with empty meta l  o r b i t a l s  of app ropr i a t e  symmetry. Such 
11,12 e l e c t r o n i c  e f f e c t s  make t h e  carbonyls  very  covalen t  compounds 

There a r e  a number of e l e c t r o n i c  e x c i t e d  s t a t e s  t h a t  a r e  a v a i l a b l e  

upon e x c i t a t i o n  of t r a n s i t i o n  metal  carbonyls  r e s u l t i n g  i n  a very r i c h  

photochemistry.  The photochemical l o s s  of CO, which we s t u d i e d  t h e  

most, i s  induced by popula t ion  of a l i g a n d  f i e l d  s t a t e  of carbonyl  
13 compounds . 



1.3The use of cryogenics  and F T I R  t o  i n v e s t i g a t e  r e a c t i o n  

in t e rmed ia t e s  

The method used he re  t o  i n v e s t i g a t e  t h e  r e a c t i o n  in t e rmed ia t e s  

i s  de r ived  from t h e  so -ca l l ed  ma t r ix  i s o l a t i o n  method". The p r i n c i p l e  

behind t h e  ma t r ix  i s o l a t i o n  method is  t h e  fo l lowing .  I f  a r e a c t i v e  o r  

uns t ab l e  s p e c i e s  i s  t rapped  i n  a r i g i d ,  chemica l ly  i n e r t  s o l i d  a t  

s u f f i c i e n t l y  low temperature ,  then i t s  l i f e t i m e  may be extended almost 

i n d e f i n i t e l y .  I t  i s  unable  t o  d i f f u s e  through t h e  s o l i d  ma t r ix  i f  

t h e  l a t t e r  is  r i g i d  enough and t h e  temperature  s u f f i c i e n t l y  low, and 

w i l l  no t  t h e r e f o r e  r e a c t  with o t h e r  s p e c i e s  i n  t h e  mat r ix ,  nor  w i l l  

t h e  a l t e r n a t e  decay pathway, unimolecular decomposition, be allowed. 

Fig.1-3 shows a schematic  of t h e  experimental  arrangement.  The ma t r ix  i s  

suppor ted  on a s a l t  window ( u s u a l l y  CsI o r  KBr, we use CaF2 i n  our  l a b )  

clamped i n  a meta l  ho lde r  a t t a c h e d  t o  a r e f r i g e r a t i o n  source .  This  

may be a dewar con ta in ing  l i q u i d  H2 (20K) o r  l i q u i d  He ( 4 K )  o r  l i q u i d  

N2 (77K), o r  i n  our  l a b ,  a c lo sed  c y c l e  r e f r i g e r a t o r  which can ope ra t e  

a t  any temperature  from about 10K t o  300K. The e n t i r e  sample i s  kept  

under h igh  vacuum (about 10" Torr)  and t h e  ma t r ix  may be 

s p e c t r o s c o p i c a l l y  examined by p l a c i n g  t h e  cell i n  t h e  sample beam of 

an I R  o r  UV/vis ( i n  ou r  case,  a FTIR ) spec t rometer .  

An i d e a l  ma t r ix  is  one which i s  t r a n s p a r e n t  i n  t h e  reg ions  

needed f o r  s p e c t r a l  examination, and t h e  i n e r t  gases ,  methane and N2 

have been e x t e n s i v e l y  used. These a r e  t r a n s p a r e n t  i n  t h e  I R  and a l l  

through t h e  v i s i b l e  and near  W. 



Fig.1-3. Schematic diagram of t h e  sample a r e a  of  equipment used f o r  

ma t r ix  i s o l a t i o n  s t u d i e s  i n  t h e  I R  t o  W region  of t h e  spectrum: ( a )  

low temperature  window; (b)  mat r ix ;  (c) window holder ;  (d) r a d i a t i o n  

s h i e l d ;  (e)  o u t e r  windows; ( f )  vacuum jacke t ;  (g) r o t a t a b l e  s e a l  

a l lowing  movement of c e n t r a l  window r e l a t i v e  t o  spray  on spo t s ;  (h)  

sp ray  o r  p o r t s  and ho lde r s  of o t h e r  equipment; (i) low temperature  

source;  ( j )  pumping p o r t ;  (k )  pa th  of I R  o r  W p h o t o l y s i s  o r  d e t e c t i o n  

beam. 



A v a r i a t i o n  of t h e  ma t r ix  i s o l a t i o n  method i s  t h e  use  

of g l a s s y  m a t e r i a l  , such a s  1,2-epoxyethylbenzene, a s  a ma t r ix  a t  

temperatures  from 12K t o  100K. A s o l u t i o n  of a s t a b l e  p recu r so r  may 

be made i n  a mixture  of t h e  so lven t  which u s u a l l y  has a high 

v i s c o s i t y .  This  mixture  i s  then  f rozen  t o  a g l a s s  a t  low temperature  

between two CaF2 windows i n  a s u i t a b l e  ce l l .  Rapid f r e e z i n g  is  

r equ i r ed  o therwise  t h e  s o l u t e  simply c r y s t a l l i z e s  from s o l u t i o n .  Once 

t h e  g l a s s  has been s u c c e s s f u l l y  produced, however, t h e  photochemical 

r e a c t i o n s  of t h e  t r apped  s p e c i e s  may be fol lowed a s  i n  t h e  ma t r ix  

i s o l a t i o n  method. 15-18. This  technique  has  i t s  l i m i t a t  i ons .  F i r s t l y ,  

i n  t h e s e  media t h e  I R  bands a r e  u s u a l l y  no t  very  sha rp  which reduces 

t h e i r  va lue  f o r  s t r u c t u r a l  c h a r a c t e r i z a t i o n  s i n c e  over lapping  f e a t u r e s  

may e a s i l y  be missed. Secondly, t h e r e  is  evidence t h a t  t h e s e  g l a s s y  

m a t e r i a l s  a r e  no t  " iner t1 '  ma t r i ce s  and may i n t e r a c t  i n  a s i g n i f i c a n t  

way with t h e  carbonyl  fragment.  There is  however some evidence t h a t  

t h e  cage e f f e c t  i n  t h e s e  systems is  a less s e r i o u s  problem than  i n  

ma t r i ce s  probably because of a less c l o s e l y  packed arrangement.  I n  

our  case ,  we use 1,2-epoxyethylbenzene a s  t h e  g l a s s y  m a t e r i a l  no t  on ly  

because t h i s  s o l v e n t  forms a n i c e  g l a s s  a t  low temperature ,  bu t  a l s o  

because it i s  t r a n s p a r e n t  t o  a broad wavelength i n  t h e  W and v i s i b l e  

reg ion  which a l lows  one t o  do photochemistry wi th  a broad band 

mercury lamp. F u r t h e r  more, t h i s  m a t e r i a l  s t a y s  a s  a g l a s s  a t  

r e l a t i v e l y  high tempera tures  such a s  a t  l O O K  which a l lows  us  t o  s tudy  

t h e  subsequent thermal  r e a c t i o n  of t h e  photochemical i n t e rmed ia t e  

with f r e e  CO. 

The ma t r ix  i s o l a t i o n  method has  been used f o r  many yea r s  t o  



study main group molecules and fragments with a small number of atoms, 

but studies of transition metal carbonyls and related species is a 

comparatively new field. It has proved to be a productive area with a 

rich variety of interesting structural results and a fascinating 

photochemistry. Indeed, photolysis of Mo (CO) at 77K in 

methylcyclohexane glasses yields a long-lived intermediate that has 

been assigned as a coordinatively unsaturated species Mo(CO)~ with Clv 

symmetry. Infrared spectral changes observed at temperatures above 

77K have been interpreted as the isomerization of the primary 

19-24 species with C B v  symmetry into one of D3h symmetry 



1.4The geometry of unsa tu ra t ed  photochemical i n t e rmed ia t e s  

Although t h e  shapes of most s a t u r a t e d  three- legged piano 

s t o o l  o rganometa l l i c  compounds a r e  known, such a s  t h e  18 e l e c t r o n  

CpMn (CO) 32S a s  Y shaped, and t h e  16 e l e c t r o n  complex C ~ W R ~ N O ~ '  

(R = a l k y l )  a s  T shaped, l i t t l e  is  known about t h e  shapes of t h r ee -  

legged piano s t o o l  unsa tu ra t ed  16 e l e c t r o n  in t e rmed ia t e s  r e s u l t i n g  

from t h e  four- legged p iano  s t o o l  s a t u r a t e d  18 e l e c t r o n  complexes. 

The d e f i n i t i o n  of t h e  so -ca l l ed  T and Y shaped arrangement is  

somewhat ambiguous. Here is  b r i e f  account of what i s  meant by T 

and Y shaped arrangement.  

Four legged p iano  s t o o l  molecules which inc lude  d icarbonyl  

l i g a n d s  can e x i s t  a s  c is  o r  t r a n s  isomers (F ig .1-4) .  

CIS TRANS 

Fig.1-4: two isomers a r e  p o s s i b l e  f o r  four- legged p iano  s t o o l  

d i ca rbony l  molecules .  



Fig.1-5 shows t h e  s te reochemica l  consequences of cis o r  t r a n s  

isomers,  i nc lud ing  t h e  two geomet r ica l  p o s s i b i l i t i e s  of in te rmedia tes ,  

t h a t  i s  t h e  so -ca l l ed  T and Y shaped ones.  From Fig.1-5, we can c l e a r l y  

see t h a t  f o r  T shaped in t e rmed ia t e s ,  t h e r e  a r e  two d i s t i n c t  geometr ies  

r e s u l t i n g  from c is  and t r a n s  isomers .  Each T shaped in t e rmed ia t e  

back r e a c t s  with t h e  free CO t o  r egene ra t e  t h e  s t a r t i n g  compound. 

I n  o t h e r  words, CO l o s s  is  from one p o s i t i o n  f o r  both cis and t r a n s  

isomers and t h e  back r e a c t i o n  r e t u r n s  CO t o  t h a t  p o s i t i o n .  For Y shaped 

in te rmedia tes ,  however, it is  u n l i k e l y  t h a t  t h e  cis  and t r a n s  compounds 

w i l l  y i e l d  d i s t i n c t  CO l o s s  product .  This  would r e s u l t  i n  f a c i l e  

isomerism from c i s  t o  t r a n s  o r  v iceversa  because it has  t h r e e  si tes 

t o  which t h e  f r e e  CO can coo rd ina t e .  The T shaped in t e rmed ia t e s  which 

each have only one vacant  coo rd ina t ion  s i te  may no t  undergo 

i somer i za t i on .  

Prev ious ly ,  our  group has s t u d i e d  both t h e  i s o e l e c t r o n i c  

5 series of compounds27, cp*Re (CO) ,X2, CP* = q -C,Me5, X = Me, C1, B r I  

I, and t h e  phosphine s u b s t i t u t e d  molybdenum complexes2* of t h e  t ype  

C ~ M O ( C O ) ~ L X ,  Cp = q 5 - ~ 5 ~ 5 ,  L = CO, PPh3, P ( ~ B U ) ~ ,  X = C1,  Br, I .  From 

our  r e s u l t s ,  we've shown t h a t  t h e  unsa tu ra t ed  Mo in t e rmed ia t e  of t h e  

type  CpMo(C0)LX is  T shaped. This  i s  confirmed s i n c e  both t h e  cis and 

t r a n s  C ~ M O X ( C O ) ~ L X  upon p h o t o l y s i s  l o s t  CO, bu t  each genera ted  a 

d i f f e r e n t  i n t e rmed ia t e .  The f r e e  CO genera ted  above went back t o  t h e  

s i te  where t h e  l o s s  of CO was occu r r ing  be fo re  dur ing  t h e  thermal  back 

r e a c t i o n  r e s u l t i n g  i n  r egene ra t i on  of t h e  s u b s t r a t e  (F ig .1-6) .  

However, t h e  geometry of t h e  unsa tu ra t ed  16 e l e c t r o n  Rhenium 

in t e rmed ia t e  of t h e  t ype  C ~ * R ~ ( C O ) X ,  remains unpred ic ted .  Our r e s u l t s  



CIS 

TRANS 

CIS 

TRANS 

Fig.1-5: Stereochemical consequences of cis or trans isomers, including 

the possibility of rearrangement of intermediates. The Cp ring and 

metal are eliminated just for simplicity. 



CIS 

TRANS 
X = C1, Br, I 

L = CO, PPhg P ( ~ B U ) ~  

Fig.1-6 The photochemistry of four-legged piano stool Mo complexes 



show that both the cis and trans complex give the same intermediate 

upon photolysis which always yields the trans isomer during the 

thermal CO back reaction with the intermediate upon warming. This 

result is consistent with the intermediate being either T or Y shaped 

(Fig. 1-7) . 

CIS 

X = Me, C1, Br, I 
G 

I 

Re 

TRANS 

TRANS 

Fig.1-7 The photochemistry of four-legged piano stool Re complexes 
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1 . 5  Some t h e o r e t i c a l  methods f o r  geomet r ica l  s t u d i e s  of  photochemical 

i n t e rmed ia t e s  

a. Force constants and T h e y ' s  method 

The main t o o l  used by our  group t o  i n v e s t i g a t e  photochemical 

i n t e rmed ia t e s  i s  F T I R  spectroscopy.  The p rog re s s  of t h e  r e a c t i o n  i s  

fol lowed by observ ing  of t h e  disappearance of t h e  meta l  carbonyl  

abso rp t ions  due t o  t h e  s t a r t i n g  m a t e r i a l  and t h e  appearance of new 

peaks i n  t h e  same reg ion  which correspond t o  t h e  i n t e rmed ia t e .  

The most obvious f e a t u r e s  of meta l  carbonyl  i n f r a r e d  

s p e c t r a  a r e  t h e  sharp,  commonly i n t e n s e  abso rp t ions  i n  t h e  2150-1750 
-1 cm reg ion  due t o  C-0 s t r e t c h i n g  , v(CO), v i b r a t i o n s .  The a n a l y s i s  of 

t h e s e  v i b r a t i o n s ,  t o  provide  f o r c e  cons t an t s ,  most f r e q u e n t l y  involves  

u s ing  t h e  approximate Cotton-Kraihanzel f o r c e  f i e l d  (CKFF) 29-31. This 

approximation i s  g e n e r a l l y  known a s  "energy f a c t o r i n g " .  Thus on ly  two 

types  of f o r c e  cons t an t  a r e  genera ted :  (1) C-0 s t r e t c h i n g  cons t an t s ,  

Kc,; ( 2 )  CO-CO i n t e r a c t i o n  cons t an t s ,  KCOICO. 

Based on t h e  CKFF approximation, ~ i r n n e ~ ~ *  proposed a s imple 

empi r i ca l  method f o r  c a l c u l a t i n g  t h e  CKFF f o r c e  c o n s t a n t s  and 

u l t i m a t e l y ,  f o r  p r e d i c t i n g  vCO f r equenc i e s .  The d e t a i l  of t h i s  theory  

w i l l  be g iven  i n  chap te r  3 .  So, i n  p r a c t i c e ,  i n  o r d e r  t o  determine 

t h e  geometry of an i n t e rmed ia t e ,  t h e  carbonyl  s p e c t r a  of va r ious  

compounds with known geometr ies  a r e  analyzed t o  g e t  t h e  l i g a n d  e f f e c t  

cons t an t s ,  t hen  by us ing  t h e  f o r c e  cons t an t s  and l i g a n d  e f f e c t  

c o n s t a n t s  ob t a ined  before ,  t h e  f r equenc i e s  ( o r  f o r c e  c o n s t a n t s )  of 

va r ious  geometr ies  of t h e  i n t e rmed ia t e  a r e  c a l c u l a t e d  and t h e  one which 

g ives  b e s t  agreement between observed and c a l c u l a t e d  frequency ( o r  f o r c e  



constant) is probably the correct geometry. 

b. EHMO method: 

The so-called extended Huckel molecular orbital method, which 

was developed principally by ~ o f f m a n n ~ ~ ,  is a very powerful tool to 

explain the bonding, electron distribution, electronic energies, and 

conformational stabilities for transition metal molecules. A detailed 

account of this theory will be given in chapter 4. 

The EHMO method, being an extension of the Huckel molecular 

orbital method, has several important advantages. First, because of 

its simplicity, it is easy to understand and apply, even to fairly 

complex systems. Second, it does not differ fundamentally from other 

more sophisticated and less inexact methods, and hence is very useful 

for developing a basic understanding of and feeling for quantum 

mechanical concepts, treatments, and results. Third, the results of 

this approximate theoretical treatment have contributed very 

significantly to both organic chemistry and inorganic chemistry since 

the 1960's. In our case, since we are studying the geometries of the 

photochemical intermediates, the use of the EHMO method is 

illuminating. 

1.6 The research plan we set out to investigate 

The study of four-legged piano stool molecules began with a 

low temperature'photochemical investigation using FTIR spectroscopy. 



By photo lyz ing  t h e  cis and t r a n s  compounds a t  low temperature ,  we 

were a b l e  t o  observe t h e  in te rmedia tes  r e s u l t i n g  from t h e  photoreac t ion .  

From t h e  I R  band p o s i t i o n s  and fol low up thermal  chemistry,  we were a b l e  

t o  judge whether we g o t  d i f f e r e n t  i n t e rmed ia t e s  f o r  bo th  t h e  cis and 

t r a n s  compounds o r  we go t  t h e  same in t e rmed ia t e s  o r  more l i k e l y ,  a 

mixture  of two d i f f e r e n t  i n t e rmed ia t e s .  The d e t a i l e d  r e s u l t s  and 

d i scus s ions  w i l l  be p re sen t ed  i n  t h e  next  chap te r  ( chap te r  2 ) .  

The I R  s tudy  i s  fol lowed by t h e o r e t i c a l  c a l c u l a t i o n s  us ing  

both Timneyls method and t h e  extended Huckel molecular  o r b i t a l  

method. By us ing  Timneyls method, we were a b l e  t o  confirm t h e  

geometr ies  which a r e  proposed by t h e  FTIR s tudy  by assuming t h a t  t h e  

one which g ives  t h e  b e s t  agreement between observed and c a l c u l a t e d  

f r equenc i e s  i s  t h e  r i g h t  geometry. A l l  t h e s e  w i l l  be d i s cus sed  i n  

chap te r  3 .  

I n  t h e  c a l c u l a t i o n s  which involve  t h e  EHMO method, our  g o a l  was 

t o  c a l c u l a t e  t h e  e n e r g i e s  of va r ious  geomet r ica l  p o s s i b l e  conformations 

of our  photochemical i n t e rmed ia t e s  and then  s e m i q u a n t i t a t i v e l y  

determine t h e  geometry of t h e  i n t e rmed ia t e .  Also we hoped t o  exp la in  

t h e  d i f f e r e n t  geomet r ies  f o r  t h e  photochemical i n t e rmed ia t e s  of 

d i f f e r e n t  meta l  systems i n  terms of whether it i s  an e l e c t r o n i c  effect 

o r  s imply a steric e f f e c t .  The EHMO c a l c u l a t i o n  w i l l  be presen ted  i n  

chap te r  4 .  Chapter  5 i s  t h e  experimental  s e c t i o n .  



Chapter 2 :  Photochemical s t u d i e s  on CpM(CO),LX 

M = V ,  L = X = P R , ,  C O ;  M = W ,  L-PR, ,  X - C 1 ,  I 

2.1 In t roduc t ion :  

Prev ious ly ,  t h e  low temperature  photochemistry of both t h e  

i s o e l e c t r o n i c  series of compounds27 c ~ * R ~ ( C O ) ~ X ~  ( X  = Me, C1,  B r ,  I, 

cp* = q 5 - ~ , ~ e 5 )  and t h e  phosphine s u b s t i t u t e d  molybdenum complexes 2 8 

5 of t h e  t ype  CpMoX(CO),L (Cp = q -C5H5, X = C1, Br, I, L = CO, PPh3, 

P (nBu) 3 ) ,  were i n v e s t i g a t e d  by FT-IR ( f o u r i e r  t r ans fo rm i n f r a r e d  

spec t roscopy)  . 
I n  t h e  Re case ,  it was found t h a t  p h o t o l y s i s  of both t h e  c is  

and t h e  t r a n s  compound r e s u l t e d  i n  gene ra t i on  of  a s i n g l e  CO l o s s  

product  which always y i e lded  t h e  t r a n s  isomer du r ing  t h e  CO back 

r e a c t i o n  with t h e  unsa tu ra t ed  i n t e rmed ia t e  upon warming(eq.2-1). 

cis o r  trans-CpRe (CO) 2X2 > CpRe (CO) X2 + CO 

For t h e  Mo case ,  however, p h o t o l y s i s  of bo th  t h e  cis and t r a n s  

compounds r e s u l t e d  i n  t h e  gene ra t i on  of d i s t i n c t  CO l o s s  products ,  

each of which r e a c t e d  with CO t o  r egene ra t e  t h e  s t a r t i n g  complex i n  

i t s  o r i g i n a l  geometry(eq.2-2, 2-3) . 
-18- 



The R e  and Mo complexes above a r e  a l l  p iano  s t o o l  shaped 

molecules i n  which t h e  f o u r  two e l e c t r o n  l i g a n d s  occupy t h e  b a s a l  

p o s i t i o n s  of t h e  square  pyramid and t h e  c e n t e r  of mass of t h e  

cyc lopentad ienyl  l i g a n d  occupies  t h e  a p i c a l  p o s i t i o n .  Here, we 

extend  t h i s  a n a l y s i s  t o  CpM(CO),LX, M = V, L = X = PR3; M = W, L = 

PR3, X = C 1  ,I. We chose both t h e  vanadium and t h e  tungs ten  systems 

t o  i n v e s t i g a t e  f o r  t h e  fo l lowing  reasons:  

a .  Four legged piano s t o o l  complexes a l s o  e x i s t  f o r  bo th  t h e  Tungsten 

and Vanadium systems.  Most of  t h e  known 3 4 r  35 compounds e x h i b i t  bo th  

cis and t r a n s  isomers  which a r e  s t a b l e .  These complexes t h u s  comprise 

a system i d e a l l y  s u i t e d  f o r  i n v e s t i g a t i n g  t h e  s t e r eochemis t ry  of t h e  

photo isomer iza t ion  p roces s .  

b. By s tudy ing  t h e s e  two systems, we w i l l  o b t a i n  r e s u l t s  which we 

can compare with t h e  o t h e r  systems we p rev ious ly  s tud i ed ,  t o  see i f  

t hey  have t h e  same r e a c t i o n  mechanism o r  i f  t h e y  r e a c t  d i f f e r e n t l y .  

This  r e s u l t  w i l l  a l low us  t o  g e n e r a l i z e  r e a c t i o n  t r e n d s  with r e spec t  

t o  d i f f e r e n t  me ta l s  and t h e i r  corresponding l i g a n d s .  

c. The low tempera ture  s tudy  of t h e  Mo and Re  systems gave rise t o  an 

i n t e r e s t i n g  p o i n t ,  i . e . ,  t h e  s te reochemis t ry  of t h e  r e a c t i o n  

-1 9- 



intermediate. Previous literature36 on related trialkyl gold 

intermediates already showed that both T shaped and Y shaped geometries 

are possible for the intermediate and the energetics of the possible 

isomerizations between the two geometries. So we hoped to obtain more 

information on the geometry of the photochemical intermediates of both . 

the Vanadium and Tungsten systems from this low temperature FTIR study. 

2.2 The photochemistry of CpV(CO),-,L,, n = 1,2. 

Photolysis with broad band irradiation of CpV(CO)3P(OMe)3 in 

1,2-epoxyethylbenzene at 12K results in loss of this complex. This has 

been shown by FTIR monitoring of the photolysis which indicates loss 

of intensity due to tricarbonyl compound at 1955, 1865, 1852 an", and 

the appearance of three new bands (Fig 2-1). The band at highest 

energy, 2130cm-l, is assigned to free CO in the matrix27. The two 

remaining bands at 1925, 1822 cm-' are due to the dicarbonyl complex 

CPV(CO)~P(OM~)~. The spectrum was obtained by subtracting the 

absorption spectra after photolysis from the one before photolysis. 

A negative peak indicates loss of intensity of that peak, while a 

positive one, appearance of a new peak. The relative intensity of the 

two bands associated with CpV (CO) 2P (OMe) is 1: 1.41 and the angle 

3 7 between the two CO ligands was calculated from tan20 =Ia/Is , as 
109.5O. Here, 20 is the angle between the two CO bonds. "Is" is the 

intensity of the symmetric CO stretching band which is at higher 

frequency and "Ia" is the intensity of the asymmetric CO stretching band 



Fig. 2-1: FTIR spectral changes accompanying UV Photolysis of 

CpV(CO)3P(OMe)3 in 1,2-epoxyethylbenzene at 12K for 40 seconds 
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which is at lower frequency. This ratio indicates an approximate trans 

geometry for the remaining two ligands. 

Surprisingly, besides the 16 electron unsaturated intermediate, 

we were also able to photodissociate a CO from the 16 electron 

intermediate to get a 14 electron unsaturated intermediate. This 

situation is very rare in organometallic photochemistry. All of the 

products were shown by FTIR monitoring of the reaction(Fig.2-2, 2-3). 

The two bands due to the 16 electron intermediate at 1926 and 1821 cm-' 

ultimately disappeared and a new band at 1939 cm-' appeared. This is 

assigned to the unsaturated 14 electron fragment CpV(CO)P(OMe)3. 

A similar experiment was also conducted with CpV(C0) ,P (OEt) , in 1,2- 
epoxyethylbenzene at 12K. The results were essentially the same and the 

14 electron fragment was also observed (see Table 2-1). 

In addition to these absorptions, one band at 1726cm-I is 

observed. This latter absorption is connected with the solvent being 

photolyzed. This is confirmed by photolyzing the deoxygenated solvent 

in the absence of any added compounds. 

Photolysis of cis-CpV(C0) [P (OMe) 3] in 1,2-epoxyethylbenzene 

at 12 K resulted in the loss of this complex. This was again shown by 

FTIR monitoring of the photolysis which indicates loss of intensity 

due to the dicarbonyl at 1871 and 1792 cm-' and the appearance of the 

two new bands. The band at 2130cm-' is assigned to free CO and the 

other one at 1815cm-' is assigned to the unsaturated fragment 

CpV(C0) [P (OMe) , I ,  (Fig.2-4) . 
Warming of the sample containing CpV (CO) [P (OMe) 3]2 results in a 

reaction between the CO, generated above, and the monocarbonyl 



WAVENUMBERS (cm ) 
Above: Fig.2-2: FTIR spectral changes on further photolysis of 

CpV(C0)3P(OMe)3 in 1,2-epoxyethylbenzene at 12K for an additional 

15 minutes 

Below: Fig.2-3: The difference spectrum between the two spectra in 

Fig.2-1 and Fig.2-2 
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cis-CpV (CO) , [ (POMe) ,I, in 1,2-epoxylethylbenzene at 12K for 1 minute 

Below: Fig.2-5: FTIR spectral changes associated with warming 

photoproduced CpV(C0) [P (OMe) 3]2 and CO from 12K to lOOK 
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fragment.  The product  of t h i s  r e a c t i o n  i s  i d e n t i f i e d  by FTIR t o  be 

t h e  s t a r t i n g  complex cis-CpV(C0) [ P  (OMe) , I  (Fig.2-5) . 
Simi l a r  experiments were conducted with cis-CpV(CO),[P(OEt),l,.  

The r e s u l t  i n  t h i s  c a s e  was i n  q u a l i t a t i v e  agreement wi th  t h e  r e s u l t s  

f o r  cis-CpV(C0) [P (OMe) ,I ,. In  each ca se ,  CO was l o s t  and an unsa tu ra t ed  

monocarbonyl complex was formed. On warming, t h e  s t a r t i n g  complex was 

regenera ted ,  The s p e c t r a l  changes a r e  summarized i n  Table  2-1. 

The FTIR monitored p h o t o l y s i s  of trans-CpV (CO) , [P (OMe) ,I i n  

1,2-epoxyethylbenzene a t  12K l eads  t o  l o s s  of i n t e n s i t y  of two bands 

a t  1883 and 1791 cm" die t o  t h e  s t a r t i n g  complex, and appearance of 

two new bands a t  2130 and 1729 cm-l. One of t h e s e  new bands i s  of 

course  t h e  band of t h e  f r e e  CO i n  t h e  mat r ix ,  and t h e  o t h e r  one is  

a s s igned  t o  t h e  monoca rbonyl complex CpV (CO) [P (OMe) ,] . Although t h e  

l a t t e r  band i s  s o  c l o s e  t o  t h e  band of t h e  so lven t  be ing  photolyzed 

(1726 cm-I), it i s  confirmed t o  be t h e  i n t e rmed ia t e  band s i n c e  t h e  

band appeared i n  less than  2 minutes of p h o t o l y s i s  while  t h e  

product ion  of t h e  so lven t  band needs a t  l e a s t  t e n  minutes of pho to lys i s .  

On warming, t h e  unsa tu ra t ed  i n t e rmed ia t e  r e a c t e d  with CO t o  regenera te  

t h e  s t a r t i n g  complex once aga in  i n  i t s  o r i g i n a l  geometry, however, 

no th ing  happened t o  t h e  so lven t  band. t h i s  is  aga in  an i n d i c a t i o n  

t h a t  t h e  band a t  1729 cm-I i s  indeed due t o  t h e  i n t e rmed ia t e .  

The above experiments  were repea ted  with trans-CpV(CO), [ P ( O E t ) 3 1 2 1  

t h e  r e s u l t  ob t a ined  was analogous t o  t h e  r e s u l t s  de sc r ibed  above. 

The FTIR d a t a  f o r  t h e  complex and i t s  CO l o s s  products  a r e  summarized 

i n  Table 2-1. 



Above: Fig.2-6: F T I R  spectral changes accompanying W photolysis of 

tran~-CpV(C0)~[P(OEt)~]~ in 1,2-epoxyethylbenzene at 77K for 2 hours, 

the peak at 1728 cm-I is due to the degeneracy of the intermediate 

peak at 1730 cm-I and the solvent peak at 1726 &I. 

Below: Fig.2-7: F T I R  spectral changes associated with warming 

photoproduced CpV (CO) [P (OEt) 3]  and CO from 12K to lOOK 



Table 2-1: FTIR SPECTRA OF RELEVANT VANADIUM COMPOUNDS 

Complex 

CPV (C0)  3P ( O W  
CpV (CO) ,P (OMe) 
CpV (CO) P (OMe) 

cis-CpV (CO) [ P  (OMe) ] 
cis-CpV (CO) ?P (OM=) ,I2 

cis-CpV (CO) [P  ( O E t )  ] 
cis-cpv (CO) f P ( o E ~ )  332 

t rans-cpV (CO) [P (OEt  ) 3] 

a .  A l l  d a t a  were recorded i n  a 1,2-epoxyethylbenzene g l a s s  
b .  FTIR d a t a  recorded a t  12K 
c .  FTIR d a t a  recorded a t  77K 
d. The numbers i n  t h e  b racke t s  a r e  t h e  r e l a t i v e  i n t e n s i t i e s  of t h e  I R  

bands 



Some of t h e  experiments were conducted aga in  a t  77K wi th  

s i m i l a r  r e s u l t s .  These a r e  a l s o  summarized i n  Table 2-1. The 

tempera ture  change d i d  not  a f f e c t  t h e  r e a c t i o n  mechanism nor d i d  it 

change t h e  geometry of t h e  i n t e rmed ia t e .  Fig.2-6 and 2-7 shows t h e  

photochemical behaviour  of trans-CpV (CO) , [ P  ( O E t  ) 3] , a t  77K. 

2 .3  The photochemistry of CpW (CO) 3-nL,X, n = 0, 1 

a.  A t  12K: 

Pho to lys i s  of cis-CpW(C0) , [ P  (nBu) 3] I a t  12K l e a d s  t o  t h e  changes 

i n  t h e  FTIR s p e c t r a  a s  shown i n  Fig.2-8. Loss of FTIR abso rp t ions  due 

t o  t h e  s t a r t i n g  complex a t  1933 and 1 8 4 1 c f 1  occur  upon p h o t o l y s i s .  The 

product ion of two new abso rp t ions  a t  2130,and 1782 cm" is  observed 

and found t o  occur  p r o p o r t i o n a t e l y  t o  t h e  l o s s  of i n t e n s i t y  

a s s o c i a t e d  with cis-CpW (CO) , [ P  (nBu) 3] 1. The abso rp t ion  a t  2130cm-' i s  

due t o  t h e  product ion  of f r e e  CO i n  t h e  g l a s s .  The o t h e r  abso rp t ion  

i s  l o g i c a l l y  due t o  t h e  CO l o s s  product  CpW (CO) [P (nBu) 3] I .  This  

assignment is  c o n s i s t e n t  with t h e  observed s i n g l e  abso rp t ion  band, a s  

expected f o r  a monocarbonyl complex, and a l s o  wi th  t h e  subsequent 

r e a c t i v i t y  a s s o c i a t e d  with t h i s  s p e c i e s .  

Upon warming t h e  g l a s s  con ta in ing  CpW (CO) [P (nBu) 3] I, 

abso rp t ions  due t o  CO and monocarbonyl fragment disappeared,  and 

peaks a t  1933 and 1841cm-' appeared, t h i s  is  t h e  s t a r t i n g  compound, 

cis-Cp (CO) , [ P  (nBu) ] 31r and i s  t h e  on ly  observable  product  (F ig .  2-91 . 
The above experiment was repea ted  wi th  L=PPh3, P(OMe)3 and t h e  



Above: Fig.2-8: FTIR spectral changes accompanying W photolysis of 

Below: Fig.2-9: FTIR spectral changes associated with warming 

photoproduced CpW (CO) [P (nBu) 3 l  I and CO from 12K to lOOK 



r e s u l t s  were e s s e n t i a l l y  t h e  same. In  each case ,  t h e  s t a r t i n g  complex 

was l o s t  and a monocarbonyl complex was formed du r ing  p h o t o l y s i s .  On 

warming, c i ~ - C p W ( C 0 ) ~ L 1  was regenera ted .  The s p e c t r a l  d a t a  f o r  t h e s e  

compounds and t h e i r  unsa tu ra t ed  s p e c i e s  a r e  summarized i n  Table 2-2. 

A s i m i l a r  p h o t o l y s i s  of t h e  t r a n s  isomer was conducted. Once 

aga in ,  CO was l o s t  t o  produce t h e  unsa tu ra t ed  s p e c i e s .  This  was aga in  

shown by FTIR.  The two bands due t o  trans-CpW (CO) [ P  (nBu) 3 l  I a t  

1936 and 1848cm-I were l o s t  upon p h o t o l y s i s  and t h e  monocarbonyl 

fragment a t  1798cm-I was ob ta ined .  This  i n t e rmed ia t e  was d i f f e r e n t  

from t h e  one r e s u l t i n g  from p h o t o l y s i s  of t h e  c i s  isomer.  This  was 

i n d i c a t e d  by t h e  d i f f e r e n t  FTIR abso rp t ion  bands f o r  t h e  two 

in t e rmed ia t e s .  The in t e rmed ia t e s  ob t a ined  from photo lyz ing  t h e  cis 

and t r a n s  isomers d i f f e r e d  by 7cm-' i n  v(CO), and t h e i r  subsequent 

r e a c t i o n  chemis t ry  wi th  f r e e  CO was a l s o  d i f f e r e n t .  

On warming, t h e  monocarbonyl fragment r e a c t e d  wi th  CO produced 

du r ing  p h o t o l y s i s  t o  r egene ra t e  t h e  s t a r t i n g  complex, t r a n s -  

CpW(C0) , [P  (nBu) 3] I .  There was no cis  isomer formed du r ing  t h e  CO 

thermal  back r e a c t i o n .  This  r e s u l t  was confirmed by t h e  f a c t  t h a t  

both t h e  I R  band p o s i t i o n s  and t h e  i n t e g r a t e d  r a t i o  of t h e  two bands 

be fo re  and a f t e r  p h o t o l y s i s  ( fol lowed by subsequent warming up ) a r e  

c o n s i s t e n t .  This  was an i n d i c a t i o n  of on ly  t h e  t r a n s  isomer. I f  t h e r e  

was any of t h e  cis  isomer produced, t h e  I R  bands would s h i f t ,  and 

a l s o  t h e  i n t e n s i t y  r a t i o  between t h e  two I R  bands would change. 

The above sequence of experiments was conducted f o r  t h e  o t h e r  

complexes, trans-CpW (CO) ,LI,  L= PPh3, P (OMe) 3 .  The r e s u l t s  were 

q u a l i t a t i v e l y  t h e  same. FTIR absorp t ion  bands f o r  t h e s e  complexes 



a r e  g iven  i n  Table 2-2. I n  Fig.2-10 and Fig.2-11 is  shown t h e  s p e c t r a l  

changes f o r  trans-CpW (CO) [P (nBu) 3] 2. I r r a d i a t i o n  a t  12K r e s u l t e d  

i n  t h e  l o s s  of CO from t h e  coo rd ina t ion  sphere  and t h e  product ion of 

CpW (CO) I L ,  L=PPh3, P (OMe) , . When t h e  r e s u l t a n t  g l a s s  was warmed , 
bands due t o  t h e  unsa tu ra t ed  s p e c i e s  and f r e e  CO were l o s t  and those  

due t o  t r a n ~ - C p W ( C o ) ~ L I  were produced. 

b.At 77k 

The photochemical r e s u l t s  a t  12K sugges t  t h a t  both cis and 

t r a n s  compounds form independent i n t e rmed ia t e s  with r i g i d  geometry, 

but  e a r l y  r e p o r t s  on t h e  photochemistry of compounds CpM(C0) ,x3* 

i n  t h e  presence of an a d d i t i o n a l  l i g a n d  L (M=MoI X=Br, I ;  M=W, X=C1, 

Br, I, L = Phosphines) i n d i c a t e s  t h a t  f a c i l e  isomerism i s  a l s o  p o s s i b l e  

f o r  t h e  i n t e rmed ia t e  p r i o r  t o  t h e  cap tu re  of t h e  e n t e r i n g  l i gands .  So, 

by conduct ing t h e  experiments a t  a h igher  temperature ,  t h e  b a r r i e r  f o r  

t h e  i somer i za t i on  may be overcome. We then  conducted t h e  fo l lowing  

experiments  a t  t h e  r e l a t i v e l y  high temperature  of 77K. 

I r r a d i a t i o n  of 1,2-epoxyethylbenzene s o l u t i o n s  of CpW(CO),I a t  

77K l e a d s  t o  l o s s  of FTIR abso rp t ions  due t o  t h e  s t a r t i n g  complex a t  

2032,1930 cm-I and t h e  product ion of cis-CpW(CO),I, a s  evidenced by 

FTIR abso rp t ions  a t  1988 ,1846~m-~ ,  t h e  cis  geometry was i n d i c a t e d  by 

t h e  angle  between t h e  two CO l igands ,  74 .a0 ,  which was c a l c u l a t e d  us ing  

t h e  i n t e n s i t y  r a t i o  of t h e  r e s u l t i n g  two bands. This  was c o n s i s t e n t  

with e a r l y  r e p o r t s  on t h e  photoreac t ion  of CpW(CO),I wi th  a d d i t i o n  

of PPh,, on ly  c i ~ - C p W ( C 0 ) ~ P P h ~ 1  is  formed. 



Above: Fig.2-10: FTIR spectral changes accompanying W photolGis of 

trans-CpW (CO) [P (nBu) 3]  I in 1,2-epoxyethylbenzene atl2K 

Below: Fig.2-11: FTIR spectral changes associated with warming 

photoproduced CpW (CO) [P (nBu) 3 ]  I and CO from 12K to lOOK 



T a b l e  2-2: FTIR SPECTRA OF RELEVANT TUNGSTEN COMPOUNDS AT 12K 

Complex 

cis-CpW (CO) 2 ~ ~ h  I 
cis-CpW (CO) Wh3? 

trans-CpW (CO) 2PPh I 
trans-CpW (CO) P P ~ ~ ?  

cis-CpW (CO) 2P (nBu) 3I 
cis-CpW (CO) P (nBu) gI 

trans-CpW (CO) ,P (nBu) 3I 193 6 
trans-CpW (CO) P (nBu) ,I 1789 

cis-CpW (CO) ,P (OMe) , I ~  1952 
cis-CpW (CO) P (OMe) 3I 1822 

trans-CpW (C0) (OMe) ,I 1959(1.0), 1877 (2.3) I trans-CpW (CO) P (OMe) 3I 1824.6 

a. All data recorded of glass at 12K, the solvent is 1,2-epoxyethyl- 
benzene 

b. The C~S-C~W(CO) P(OMe),I has some trans isomer in it, which in 
turn produces t E e trans intermediate and hence, the trans isomer 
upon warming 

c. numbers in brackets are the relative intensities of the IR bands 



Simi l a r  r e s u l t s  were obta ined  with CpW(C0)3C1, again,  t h e  cis 

unsa tu ra t ed  d icarbonyl  i n t e rmed ia t e  was t h e  on ly  product  (Table 2 - 3 ) .  

The in t e rmed ia t e  was s t i l l  s te reochemica l ly  r i g i d  a s  evidenced by t h e  

f a c t  t h a t  only one i n t e rmed ia t e  with s p e c i f i c  geometry i s  produced 

du r ing  t h e  p h o t o l y s i s .  

Pho to lys i s  of c i ~ - C p W ( C O ) ~ [ P ( n B u ) ~ 1 1  i n  t h e  same so lven t  a t  77K 

r e s u l t s  i n  t h e  product ion  of two new bands a t  2130 and 1784cm-I a t  

t h e  expense of t h e  s t a r t i n g  m a t e r i a l  a t  1932 and 1839cm-I. The band a t  

2130cm-I i s  aga in  due t o  t h e  f r e e  CO i n  t h e  ma t r ix  and t h e  o t h e r  band 

a t  1784cm-I i s  reasonably  due t o  t h e  CO l o s s  product  CpW(C0)P (nBu) ,I. 

Notably, t h i s  band is  between t h e  band a t  1782cm-I, which i s  

produced by p h o t o l y s i s  of cis-CpW (CO) [P  (nBu) 3l I a t  12K, and t h e  

band a t  1789cm-I, which i s  produced by t h e  t r a n s  isomer du r ing  

p h o t o l y s i s  a t  12K (Fig.2-12) . 
However, t h e  subsequent r e a c t i v i t y  was ve ry  much d i f f e r e n t  from 

s i m i l a r  p rocess  s t a r t i n g  a t  12K. On warming t h e  g l a s s  con ta in ing  t h e  

monocarbonyl and f r e e  CO, two bands a t  1934 and 1847 cm-I were 

produced whi le  t h e  monocarbonyl complex and f r e e  CO decreased  i n  

i n t e n s i t y .  These two band p o s i t i o n s  d i f f e r e d  s i g n i f i c a n t l y  from t h e  

s t a r t i n g  complex, e s p e c i a l l y ,  t h e  symmetric band. I n  t h i s  case ,  

s h i f t e d  by 8cm-l. Evident ly ,  not  a l l  t h e  i n t e rmed ia t e  converted 

t o  t h e  s t a r t i n g  complex, cis-CpW (CO) 2P (nBu) 31, some t r a n s  isomer 

be produced (F ig .2-13) .  The r e l a t i v e  i n t e n s i t y  between t h e  two 

r e s u l t i n g  bands i s  1 .12 : l  (compare with 1 .50 : l  before  pho to lys i s )  

v (CO) 

back 

must 

S i m i l a r  experiments  were conducted wi th  t h e  t r a n s  isomer under 

i d e n t i c a l  c o n d i t i o n s .  Again t h e  s t a r t i n g  complex was l o s t  upon 



Above: Fig.2-12: FTIR spectral changes accompanying W photolysis of 

cis-CpW (CO) [P (nBu) 3 ]  I in 1,2-epoxyethylbenzene at 77K 

Below: Fig.2-13: FTIR spectral changes associated with warming 

photoproduced CpW(C0) [P (nBu) g l  I and CO from 77K to lOOK 



p h o t o l y s i s ,  which was shown by FTIR abso rp t ion  a t  1935 and 1849cm-' and 

t h e  product ion of two bands, one a t  2130cm-I was t h e  f r e e  CO, and t h e  

o t h e r  one a t  1784cm-I was t h e  same a s  t h e  i n t e rmed ia t e  which was produced 

from photo lyz ing  t h e  cis  isomer.  This  sugges t s  t h e  r e s u l t a n t  g l a s s  

con ta in s  a mixture  of i n t e rmed ia t e s  with cis and t r a n s  geometry 

(Fig.2-14) . 
On warming, t h e  g l a s s  con ta in ing  t h e  i n t e rmed ia t e  and f r e e  CO, 

two bands a t  1934 and 1847cm-I were produced (Fig.2-15) .  The 

i n t e g r a t e d  r a t i o  between t h e  r e s u l t i n g  two bands was c a l c u l a t e d  a s  1 .13 : l  

(compare wi th  1:1.28 be fo re  p h o t o l y s i s )  which was c o n s i s t e n t  with t h e  

behaviour of a mixture  of i n t e rmed ia t e s  produced by t h e  cis isomer. So 

t h i s  photolyzed g l a s s  must aga in  c o n t a i n  a mixture  of both t h e  cis  and 

t r a n s  i n t e rmed ia t e s  s i n c e  it behaves t h e  same a s  t h e  one produced by t h e  

cis isomer.  Due t o  t h e  degeneracy of t h e  I R  bands of t h e  c is  and t r a n s  

product  on warming, t h e  r e l a t i v e  y i e l d  of t h e  c is  and t r a n s  isomers 

ob t a ined  upon warming was not  c a l c u l a t e d .  From t h e  r a t i o  of t h e  

two r e s u l t i n g  bands upon warming, we p r e d i c t  t h a t  more cis  isomer was 

produced than  t h e  t r a n s  isomer.  A non-se lec t ive  r e a c t i o n  would 

3 9 produce a r a t i o  of 2 : l  ,c is  t o  t r a n s  . 
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Above: Fig2-14: FTIR spectral changes accompanying W photolysis of 

trans-CpW (CO) [P (nBu) 3]  I in 1,2-epoxyethylbenzene at77K 

Below: Fig.2-15: FTIR spectral changes associated with warming 

photoproduced CpW(C0) [P (nBu) jl I and CO from 77K to lOOK 



Table 2-3: FTIR SPECTRA OF RELATED TUNGSTEN COMPLEXES AT 77K 

COMPOUND 

CPW KO) ,I 
cis-CpW (CO) , I 
cis-CpW (CO) 2P (nBu) , I 
cis-CpW (CO) P (nBu) ,I 

trans-CpW (CO) ,P (nBu) 3I 
trans-CpW (CO) P (nBu) ,I 

cis-CpW (CO) ,PPh,I 
cis-CpW (CO) PPh31 

trans-CpW (CO) PPh I 
trans-CpW (CO) 6ph3? 

cis-CpW (CO) 2P (OMe) I 
cis-CpW (CO) P (OMe) , t 
t rans-CpW (CO) ,P (OMe) ,I 
trans-CpW (CO) P (OMe) ,I 

CpW(C0) Cl 
cis-cpw7~0) ,c1 

cis-CpW (CO) ,P (OMe) C1 
cis-CpW (CO) P (OMe) ,81 

cis-CpW (CO) ,PPh C1 
cis-C~W (CO) PP~& 

a. All data recorded at 77K in 1,2-epoxyethylbenzene glass. 
b. numbers in brackets are the relative intensities of the IR bands 



2.4 Discussion:  

a.  Vanadium complexes: 

The photo l a b i l i t y  of CpV(CO), has been employed i n  prepar ing  a 

v a r i e t y  of CpV(CO),-,L, complexes by i r r a d i a t i n g  C P V ( C O ) ~  i n  t h e  

presence of L ~ - ' .  Previous l i t e r a t u r e  shows t h a t  t h e  CO l i gand  i n  

CpV(C0)3PPh3 i s  not  photo s e n s i t i v e 6  and l o s s  of PPh3 is  t h e  

p r e f e r e n t i a l  s t e p  f o r  t h e  e x c i t e d - s t a t e  CpV (CO) 3PPh3 decay. This is  

confirmed by photolyzing CpV(C0)3PPh3 i n  CO s a t u r a t e d  benzene and 

observing t h e  r a p i d  appearance of CpV(CO),. Our r e s u l t s  a t  12K show 

t h a t  both phosphine s u b s t i t u t e d  d icarbonyl  complex o r  t r i c a r b o n y l  complex 

a r e  pho tosens i t i ve  and CO l o s s  i s  t h e  only  observable  process  under our  

cond i t i ons .  For t h e  t r i c a r b o n y l  complex, l o s s  of a second CO is  a l s o  

p o s s i b l e  (eq.2-4, 2-5) . 

I r r a d i a t i o n  of CpV(C0) 4 4 0  with high-energy r a d i a t i o n  (W) i n  A r  

and C H , ' ~  ma t r i ce s  p r imar i ly  r e s u l t e d  i n  e j e c t i o n  of CO l igands  and 

t h e  formation of CpV(CO), (n=l-3) where n has been e s t a b l i s h e d  by 

13c0 l a b e l l i n g .  Molecular o r b i t a l  c a l ~ u l a t i o n s ' ~  have shown t h a t  two 

geometr ies  a r e  p o s s i b l e  f o r  t h e  coo rd ina t ive ly  unsa tu ra t ed  fragment 

CpV(CO), a s  s o  c a l l e d  c i s  and t r a n s  geometry (some c a l l  them a s  

pyramidal and p l a n a r ) .  So, i f  we s u b s t i t u t e  one empty p o s i t i o n  i n  



C P V ( C O ) ~  with one phosphine, both t h e  cis and t r a n s  geometry should 

s t i l l  be p o s s i b l e  (Fig.2-16) . 
I n  t h e  c a s e  of 16 e l e c t r o n  s p e c i e s  C ~ M ~ I ( C O ) ~ ,  t h e  pyramidal 

geometry was p r e f e r r e d  over  a p l a n a r  geometry42. For a cons ide ra t i on  

of OC-M-CO ( 8 )  bond ang le s  i n  t h e  f i r s t - r o w  t r a n s i t i o n  meta l  C P M ( C O ) ~  

spec i e s ,  M=COI 18-e lec t ron  complex, 9=96', ( s o l u t i o n )  43 and 9=94O (CO 

ma t r ix )  ", M=MnI 16-e lec t ron  complex, 9=99 and 101' ( A r  and CH, 

mat r ix)45 ,  t h e  OC-V-CO angle  of 77' and 114'  was c a l c u l a t e d  f o r  t h e  

TRANS TRANS 

CIS CIS 

Fig.2-16: Two geometr ies  a r e  p o s s i b l e  f o r  c o o r d i n a t i v l y  unsa tu ra t ed  

complex CpV (CO) a s  well a s  CpV (CO) 2PPh3 



cis and t r a n s  fragment4'. Our experimental  r e s u l t  of t h e  OC-V-CO angle  

109.5' f o r  CpV(CO),PPh3 i n d i c a t e s  t h e  t r a n s  geometry i s  p r e f e r r e d  

over t h e  c is  one. So f o r  t h e  second CO l o s s  product ,  t h e  geometry 

with one CO and a phosphine l i g a n d  cis t o  each o t h e r  i s  expected.  

The observa t ion  of on ly  t r a n ~ - C p V ( c O ) ~ P P h ~  upon p h o t o l y s i s  of 

CpV(C0)3PPh3 i n d i c a t e s  t h a t  t h e  i n t e rmed ia t e  i s  a T shaped one. This  

T shaped geometry is  f u r t h e r  i n d i c a t e d  by t h e  obse rva t ion  t h a t  t h e  

cis and t r a n s - C ~ V ( C 0 ) ~ L ~  molecules g i v e  rise t o  discreet CO l o s s  

products .  Both i n t e rmed ia t e s  have d i f f e r e n t  spec t ro scop ic  

p r o p e r t i e s  ( I R  band p o s i t i o n ) a n d  t h e  subsequent r e a c t i v i t y  toward CO 

a r e  a l s o  d i f f e r e n t .  Each unsa tu ra t ed  isomer r e a c t s  with CO t o  

gene ra t e  a s p e c i f i c  geometry of t h e  d icarbonyl  complexes ( s t a r t i n g  

complexes) .  These complexes must be  s te reo- i somers .  This  i s  aga in  

an i n d i c a t i o n  of T shaped in t e rmed ia t e s .  The in t e rmed ia t e  must be  

s te reochemica l ly  r i g i d  s i n c e  i n  each ca se  CO is  l o s t  and a s p e c i f i c  

i n t e rmed ia t e  i s  produced. This  CO r e t u r n s  t o  t h e  p o s i t i o n  from where 

it was l o s t  t o  r e s u l t  i n  r egene ra t i on  of t h e  s t a r t i n g  m a t e r i a l  

with i t s  o r i g i n a l  geometry. 

K i n e t i c  s t u d i e s  of t h e  thermal  s u b s t i t u t i o n  r e a c t i o n s  of 

C P V ( C O ) ~  with a v a r i e t y  of phosphines and phosphi tes  have suggested 

t h a t  t h e  r e a c t i o n  proceeds by d i s s o c i a t i v e  p a t h s  i n  which l o s s  of a 

CO l i g a n d  i s  t h e  r a t e  determining step6. However, some have argued 

f o r  an a s s o c i a t i v e  pathway f o r  t h e  photochemical r e a c t i o n  of CpV(CO), 

with P P ~ ~ ~ ~  accord ing  t o  t h e  quantum y i e l d  d a t a .  Our r e s u l t s  show 

c l e a r l y  t h a t  CO l o s s  i s  t h e  p r e f e r e n t i a l  s t e p  f o r  t h e  e x c i t e d - s t a t e  

CpV(C0) ,_,L, (n  = 1, 2 )  decay. This  confirms t h e  d i s s o c i a t i v e  



pathway. In other words, the sterically crowded 20 electron 

CpV(C0) ,-,LnLt (Lt is the entering ligands, n= 1, 2) is unlikely in 

this case. 

b. Tungaten complexes: 

Previous reports on CpW(CO),X and related complexes suggest a 

variety of possible reaction routes for excited-state CPW(CO)~X 

complexes. They include carbon monoxide dissociation (eq.2-6), 

heterolytic cleavage of the metal-halogen bond (eq.2-7) and homolytic 

cleavage of the metal-halogen bond (eq.2-8). 

hv 
cpw (CO) ,x + > cpw (CO) , + x- 

For phosphines or phosphites substituted tungsten dicarbonyl 

derivatives, CPW(CO)~LX, dissociation of the phosphine ligand (eq.2-9) 

and geometric isomerization (eq.2-10 and eq.2-11) are also possible 

processes for excited-state decay. 

hv 
cpw (CO) ,LX > CPW(CO)~X + L 

hv 
cis-CpW (CO) 2LX > trans-CpW (CO) ,LX 

hv 
trans-CPW (CO) 2LX > cis-CpW (CO) ,LX 



A l l  t h e  above r e s u l t s  a r e  however obta ined  a t  room temperature.  

Our r e s u l t s  i n d i c a t e  t h a t  CO l o s s  i s  t h e  only  observable  process  upon 

pho to lys i s  of C P W ( C O ) ~ L X  a t  temperatures  below 77k (eq.2-12).  

hv 
cpw (CO) ,LX > CpW(C0) LX + co 

The back r e a c t i o n  with CO i n  a l l  c a s e s  is  very f a s t ,  occur r ing  

a t  temperatures  a s  low a s  a t  50K. The temperature a t  which t h i s  

r e a c t i o n  occurs  i s  probably an i n d i c a t i o n  of t h e  a b i l i t y  of t h e  

so lvent ,  i n  our  ca se  1,2-epoxyethylbenzene, t o  s e p a r a t e  t h e  

photogenerated f r e e  CO from t h e  in te rmedia te  t o  prevent  t h e  p o s s i b l e  

recombination. Although, t h e  r e a c t i o n  with CO occurs  a t  low 

temperature,  t h e  system may be warmed up t o  100K where t h e  back 

r e a c t i o n  i s  s t i l l  not  complete. 

In  p r i n c i p l e ,  pho to lys i s  of C P W ( C O ) ~ X  should y i e l d  two 

in te rmedia tes ,  r e f e r r e d  t o  a s  c i s  and t r a n s  isomers.  There a r e  two 

stereochemical  environments f o r  t h e  carbonyl  l i gands  i n  t h e  complex 

CpW(C0)3X, two of t h e  carbonyl  groups a r e  cis t o  t h e  halogen l i gand  

and one i s  t r a n s  t o  t h e  halogen. A s  shown i n  f ig .1-5,  l o s s  of cis 

and t r a n s  carbonyl  l i gands  a f f o r d  two s te reochemica l ly  d i f f e r e n t  

coo rd ina t ive ly  unsa tu ra t ed  CpW(CO),X in t e rmed ia t e s .  We c a l l  t h e s e  

in t e rmed ia t e s  T shaped i n  geometry ( I  and 11). In terconvers ion  of 

t h e  two in t e rmed ia t e s  v i a  111, t h e  so  c a l l e d  Y shaped in te rmedia te  may 

be poss ib l e ,  depending on t h e  energy b a r r i e r s  f o r  t h e  rearrangement. 



Attack a t  intermediate  I11 by e n t e r i n g  l i gands  should y i e l d  an 

approximately 67% cis-and 33% tran~-CpW(C0)~LX isomer ic  mixture 

s i n c e  a t t a c k  between carbon monoxide and t h e  halogen i s  twice  a s  

poss ib l e  a s  a t t a c k  between t h e  two carbonyl  l igands38.  

Ear ly  r epo r t s  show t h a t  monosubst i tuted complexes having 

geometry a r e  formed exc lus ive ly  a s  t h e  primary products  of t h e  

photoreac t ions  of C P M ( C O ) ~ X  with PPh3. This  i n d i c a t e s  t h a t  se 

cis 

l e c t  i v e  

formation of c ~ s - C ~ W ( C O ) ~ P P ~ ~ X  i s  t h e  r e s u l t  of s t e r e o s p e c i f i c  l o s s  of 

carbon monoxide c i s  t o  t h e  halogen from C P W ( C O ) ~ P P ~ ~ .  This  would 

r e q u i r e  t h a t  t h e  C P W ( C O ) ~ X  in te rmedia te  be s te reochemica l ly  r i g i d  

dur ing  t h e i r  s o l u t i o n  l i f e t i m e  be fo re  cap tu re  by PPh3. Our r e s u l t s  

a t  77K confirm t h i s  assumption. The product ion of on ly  C ~ S - C ~ W ( C O ) ~ X  

a t  77K c l e a r l y  shows t h a t  t h i s  T shaped in t e rmed ia t e  i s  stereochemi- 

c a l l y  r i g i d .  infrared4' and I3c N M R ~ ~  s p e c t r a l  d a t a  f o r  ground-state  

C P W ( C O ) ~ X  complexes i n d i c a t e  t h a t  t h e  bond between t h e  metal  and t h e  

c i s  carbonyl  l i gand  i s  weaker than  t h e  bond between t h e  metal  and t h e  

t r a n s  carbonyl  l i gand .  I f  t h e s e  r e l a t i v e  metal-carbonyl bond s t r e n g t h s  

p e r s i s t  i n  t h e  e x c i t e d - s t a t e  complexes, t hen  p r e f e r e n t i a l  l o s s  of 

carbonyl  l i gands  cis t o  t h e  halogen is  expected.  However, it is  

p o s s i b l e  t h a t  fo l lowing  l o s s  of a t r a n s  carbonyl  l i g a n d  from C P W ( C O ) ~ X ,  

in te rmedia te  I1 undergoes f a c i l e  rearrangement v i a  I11 t o  I . 
The T shaped geometry of t h e  in te rmedia te  CpW(C0)2X i s  confirmed 

by t h e  c a l c u l a t e d  ang le s  between t h e  two remaining two CO l i gands  

us ing  equat ion  tan28 = I s / I a .  These a r e  found f o r  t h e  CpW(C0) 2C1 and 

CpW(CO),I t o  be 7 4 . 8 "  and 7 5 . 8 " .  I n  each case,  t h e s e  a r e  c o n s i s t e n t  



with a T shaped geometry i n  which t h e  two CO l i g a n d s  adopt  a cis 

con f igu ra t i on .  I n  a Y shaped geometry , t h e  ang le  should  be s l i g h t l y  

b igge r  a s  found i n  CpRu (CO) ,C1, 9 2 O ,  and i n  CpFe (CO) ,I, 91. ". 
The T shaped geometry i s  f u r t h e r  i n d i c a t e d  by t h e  observa t ion  

t h a t  t h e  c i s  and t r a n s  C P W ( C O ) ~ L X  molecules g i v e  rise t o  d i s c r e e t  CO 

l o s s  products  a t  12K. Both of t h e s e  i n t e rmed ia t e s  a r e  c o n s i s t e n t  with 

a formula t ion  a s  CpW(C0)LX. They d i f f e r  no t  on ly  i n  t h e i r  

spec t ro scop ic  p r o p e r t i e s  bu t  a l s o  i n  t h e i r  subsequent r e a c t i v i t y :  

each isomer of t h e  unsa tu ra t ed  r e a c t s  wi th  CO t o  r egene ra t e  t h e i r  

s t a r t i n g  complex with s p e c i f i c  geometry (eq.2-13 and 2-14).  This  aga in  

i s  an i n d i c a t i o n  of t h e  T shaped geometry. 

hv 
A cis-Cpw (CO) 2LX ,-, cis-CpW (CO) LX + CO 

A 

hv 
trans-CpW (CO) 2LX trans-CpW (CO) LX + CO 

A 

The r e s u l t s  a r e  a l l  c o n s i s t e n t  with CO l o s s  t o  gene ra t e  a r i g i d  

unsa tu ra t ed  fragment wi th  a s t a b l e  geometry. It  appears  l i k e l y  t h a t  

t h e  CO i s  l o s t  from one p o s i t i o n  i n  each ca se  and t h e  thermal  back 

r e a c t i o n  r e t u r n s  t h e  CO t o  t h a t  p o s i t i o n .  

Although p h o t o l y s i s  of CPW(CO)~X r e s u l t s  i n  a r i g i d  i n t e rmed ia t e  

a t  77K, t h e  e l e c t r o n i c  p r o p e r t i e s  and steric requirements  of 

phosphines a r e  d i f f e r e n t  from those  of carbon monoxide. The o r i g i n a l  



location of the carbonyl ligands that dissociate is not necessarily 

reflected by the stereochemisty of the substituted compounds. This 

explains the different results for CpW(C0)2LX at 12K and at 77K. 

At relatively high temperature, 77K, the isomerization barrier 

can be overcome. So, the change of structure from I to I1 is 

possible. Structure I11 , the Y shaped fragment, is the transition 
state for this isomerization process. The result of photolyzing 

CPW(CO)~LX at 77K shows the production of a mixture of I and 11. This 

mixture then in turn produced a mixture of isomers during the CO back 

reaction. 

The slightly different electronic properties of phosphites, 

compared with phosphines, give rise to another interesting result. 

At 77k, besides CO loss and the production of an intermediate, 

photolyzing of the tran~-CpW(C0)~P(OMe)~1 also shows direct 

isomerization to the cis isomer (possibly via CO loss and follow up 

rearrangement). At room temperature, however, the cis isomer is not 

stable and easily isomerizes to the trans isomer due to the thermal 

stability of the trans isomer. 

2.5 Summary 

The photochemistry of molecules of the type CPM(CO)~LX (M = V, 

L = X = CO, PR3; M = W, L = CO, PR3, X = I) have been studied by FTIR 

spectroscopy at temperatures as low as 12K. For each case, CO is 

lost and an unsaturated intermediate is produced upon photolysis. 

Photolysis of CpV(C0) 3PR3 resulted in a 16 electron dicarbonyl complex 



CpV(CO),PR3 with the remaining two Cots trans to each other. Further 

photolysis yielded a 14 electron species (Fig. 2-17). Photolysis of 

both cis and trans CpV(C0)2(PR3)2 resulted in rigid intermediates 

which are insensitive to temperature from 12K to 77K (Fig. 2-18). 

Photolysis of the dicarbonyl tungsten complexes, however, resulted in 

temperature dependent results. At 12K, rigid intermediates were 

produced from both the cis and trans compounds (Fig. 2-19). At 

relatively high temperature, 77K, the isomerization barrier is overcome 

resulting in the production of a mixture of intermediates which in 

turn produced both isomers upon thermal back reaction (Fig. 2-20). 

Up to now, we have studied the photolysis of four four-legged 

piano stool systems which are the rhenium system, molybdenum system, 

vanadium and tungsten system. They follow the same reaction mechanism, 

that is they all lose CO upon photolysis. However, they have 

differences. Both the vanadium and molybdenum compounds produce rigid 

intermediates, rhenium compounds yield a single intermediate for both 

the cis and trans starting compounds, and the tungsten compounds give 

temperature dependent intermediates. So isomerization is easy for 

third row transition metal complexes, while for first and second row 

transition metal molecules, more energy is required for isomerization. 

In conclusion, we have shown that most three-legged photochemical 

intermediates are geometrically rigid at certain temperature ( up to 

lOOK in many cases). We may use these molecules for the catalytic 

cycle producing chiral molecules, since molecules of the type cis or 

trans CpM(CO)LL1 (L and I,, are both two electron donor ligands) are 

chiral intermediates and in many cases would retain their chirality. 



Fig .  2-17 The r e a c t i o n  mechanism of CPV(CO)~PR~ upon p h o t o l y s i s .  
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Fig.2-18 The r e a c t i o n  mechanism of cis and t r a n s  CpV(COI2L2 



Fig. 2-19 t h e  r e a c t i o n  mechanism of cis and t r a n s  CPW(CO)~LX a t  12K 
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Fig. 2-20 The r e a c t i o n  mechanism of cis and t ran~-CpW(C0)~LX a t  77K 



Chapter3: The application of Timney18 method to 

geometrical studies of photochemical intermsdirtes 

3.1 Some b a s i c  theory  about f o r c e  cons t an t s  and Timneyls method: 

The q u a l i t a t i v e  theory  concerning metal  t o  carbon monoxide 

bonding i n  metal  carbonyls  involves  a syne rg ic  type  of bonding, t h a t  

is ,  t h e  bonding i n  t h e s e  complexes can be d i scussed  i n  terms of two 

components, C->M d a t i v e  sigma bonding and M--->C d a t i v e  p i  

bondings0. The o bond i s  formed by over lap  of t h e  h ighes t  f i l l e d  

o r b i t a l  of CO (50) with t h e  empty o r b i t a l s  of t h e  metal ,  while  t h e  x 

bond i s  formed by over lap  of formal ly  f u l l  meta l  d - o r b i t a l s  of t h e  

c o r r e c t  symmetry with t h e  lowest empty o r b i t a l  of CO ( 2 x ) .  Both t h e  

5o and 2x  o r b i t a l s  a r e  l o c a l i z e d  mainly on t h e  carbon atom5* s o  t h a t  

one may speak of metal-carbon m u l t i p l e  bonding. 

The v i b r a t i o n a l  s p e c t r a  of metal  carbonyls  have proved 

p a r t i c u l a r l y  informat ive .  The CO s t r e t c h i n g  bands observed i n  t h e  

i n f r a r e d  reg ion  a r e ,  t o  a good approximation, s p e c i f i c  group 

f r equenc ie s .  They a r e  a l s o  sharp,  s e n s i t i v e  t o  environment, and, 

commonly, i n t e n s e .  The number and p a t t e r n  of t h e  bands g ive  

information about molecular symmetry and geometry, while  t h e  p o s i t i o n s  

of t h e  bands a r e  r e l a t e d  t o  bondings2. 

I n  t h e  e a r l y  601s, on t h e  b a s i s  of symmetry-produced 

" f a c t o r i n g  ou tn  of t h e  p i  bonding and f u r t h e r ,  by more d e t a i l e d  

cons ide ra t ion  of t h e  d i r e c t i o n a l  p r o p e r t i e s  of t h e  meta l  d o r b i t a l s ,  

Cotton and ~ r a i h a n z e l "  proposed a simple model t o  analyze and a s s i g n  



t h e  i n f r a r e d - a c t i v e  carbonyl  s t r e t c h i n g  f r equenc i e s  of s imple and 

s u b s t i t u t e d  meta l  carbonyls .  They i n t e r p r e t e d  t h e  t heo ry  i n  a 

s emiquan t i t a t i ve  way i n  regard  t o  t h e  CO s t r e t c h i n g  f o r c e  cons t an t s ,  

s t r e t c h - s t r e t c h  f o r c e  c o n s t a n t s  and, u l t i m a t e l y ,  i n  terms of t h e  

r e l a t i v e  f r equenc i e s  of t hose  normal v i b r a t i o n s  of molecules which may 

be regarded a s  pure CO s t r e t c h i n g  modes. 

Following t h i s ,  t h e r e  were a number of proposed models and s imple 

empi r i ca l  equa t ions  based on "Energy f a c t o r e d  Force f i e l d n  proposed 

by Cotton and Kraihanzel .  

The v i b r a t i o n a l  f r equenc i e s  of a molecule a r e  found by so lv ing  

t h e  fo l lowing  ma t r ix  equa t ion  (eq.3-1):  

I. FG - XEI = 0 

where X i s  r e l a t e d  t o  t h e  molecular  v i b r a t i o n a l  f r equenc i e s  by t h e  

fo l lowing  equa t ion  (eq .  3-2) ': 

Here, v i s  t h e  molecular  v i b r a t i o n a l  frequency; F i s  a ma t r ix  

con ta in ing  t h e  f o r c e  c o n s t a n t s  of t h e  bonds ( s t r e t c h i n g ,  bending) and 

t h u s  d e s c r i b i n g  t h e  p o t e n t i a l  energy of t h e  molecule; G is  a mat r ix  

which is  r e l a t e d  t o  t h e  k i n e t i c  energy of t h e  molecule; and E i s  a 

u n i t  mat r ix .  

The CO s t r e t c h i n g  f r equenc i e s  of meta l  ca rbonyls  a r e  very  

i n t e n s e  and a r e  found i n  t h e  reg ion  of t h e  I R  spectrum near  2000cm-~. 



Since  they  a r e  well removed from o t h e r  v i b r a t i o n s ,  a high-frequency 

approximation i s  used which assumes t h a t  t h e  vCO bands a r e  t o t a l l y  

decoupled from any o t h e r  modes. This  i s  c a l l e d  energy f a c t o r i n g ,  and 

t h e  f o r c e  cons tan ts  de r ived  from it comprise t h e  "Energy Fac tored  

Force F i e ldw o r  "EFFFw. The methods4 involves  t h e  c o n s t r u c t i o n  of an F 

ma t r ix  i n  t h e  normal way from t h e  i n t e r n a l  coo rd ina t e s ,  simply t h e  

changes i n  length  f o r  each CO group i n  t h e  molecule,  rco. The 

d iagonal  elements of t h e  F mat r ix  c o n s i s t  of f o r c e  cons t an t s  f o r  each 

unique CO bond and t h e  of f -d iagonal  e lements  c o n s i s t  o f  t h e  

i n t e r a c t i o n  f o r c e  c o n s t a n t s .  The G ma t r ix  i s  one whose on ly  non-zero 

elements  a r e  t h e  d i agona l  ones con ta in ing  t h e  r e c i p r o c a l  reduced 

masses of CO. 

The theo ry  and a p p l i c a t i o n  of EFFF t o  me ta l  complexes has  been 

f u l l y  eva lua t ed  by  raterm man^^ and ~ u r d e t t ' ~ .  The theo ry  has  had 

p a r t i c u l a r  success  i n  conf:=rning t h e  proposed s t r u c t u r e s  of matr ix-  

i s o l a t e d  metal-carbonyl fragmentss7. This  i s  a p a r t i c u l a r l y  u s e f u l  

method i n  those  circumstanc:r where more convent iona l  s t r u c t u r a l  methods 

such a s  X-ray c rys t a l l og raphy  a r e  i n a p p r o p r i a t e .  This  i s  most obviously 

t r u e  f o r  r e a c t i v e  molecules t r apped  i n  low-temperature ma t r i ce s .  

I n  t h e  l a t e  701s, based on t h e  obse rva t ion  of Haas and 

shel ines '  t h a t  l i g a n d  e f f e c t s  on C-0 s t r e t c h i n g  f o r c e  cons t an t s  a r e  

a d d i t i v e ,  ~ i r n n e ~ ~ *  proposed a marvelously s imple empi r i ca l  r e l a t i o n s h i p  

f o r  t h e  p r e d i c t i o n  of CO s t r e t c h i n g  f r equenc i e s  i n  a wide v a r i e t y  of 

meta l  ca rbonyl  complexes. Like o t h e r s ,  T h e y  a l s o  assumed an 

energy-factored f o r c e  f i e l d ,  and p o s t u l a t e d  t h a t  t h e  C-0 s t r e t c h i n g  

f o r c e  cons t an t  i s  g iven  by t h e  g e n e r a l  equa t ion  (eq.3-3):  



Here, Kd i s  t h e  f o r c e  cons t an t  f o r  an i s o l a t e d  monocarbonyl 

fragment, M-CO, and depends on ly  on t h e  t r a n s i t i o n  series and on t h e  

formal number of d e l e c t r o n s  on t h e  meta l .  A l l  t h e  va lues  were 

de r ived  from e i t h e r  t h e  observed f r equenc i e s  of ma t r ix - i so l a t ed  meta l  

monocarbonyl fragmentss9 o r  e m p i r i c a l l y  from t h e  above equa t ion .  The 

terms e:, which Timney r e f e r s  t o  a s  l i g a n d  e f f e c t  cons t an t s ,  q u a n t i f y  

t h e  e f f e c t  on Kd of adding a p a r t i c u l a r  l i g a n d  L t o  M-CO a t  angle  0 .  

The l i g a n d  a d d i t i v i t y  r e l a t i o n s h i p  proposed by Timney works 

remarkably well f o r  bo th  e l e c t r o n i c a l l y  s a t u r a t e d  (18 e l e c t r o n )  and 

unsa tu ra t ed  (< 18 e l e c t r o n )  meta l  ca rbonyl  complexes. For example, 

Timney has  a p p l i e d  t h e  model t o  t h e  isomers of Mo(C0) 6-n(PF3)n 

(n=O, . . . , 5)  and it worked q u i t e  well6'. 

3 . 2  The a p p l i c a t i o n  of t h e  above theo ry  t o  compounds of Chapter 2 

We w i l l  apply a l l  t h e  above methods t o  our  system t o  

i n v e s t i g a t e  t h e  fo l lowing:  

a .  From our  I R  r e s u l t s ,  we have p r e d i c t e d  some of our  

i n t e rmed ia t e s  be T shaped o r  Y shaped wi th  l i g a n d  cis o r  t r a n s  t o  each . 

o t h e r .  So, by c a l c u l a t i n g  t h e  f o r c e  c o n s t a n t s  f o r  i n d i v i d u a l  CO 

l i g a n d  and i n t e r a c t i o n  f o r c e  cons t an t s ,  we should  be a b l e  t o  

c a l c u l a t e  t h e  l i g a n d  e f f e c t  c o n s t a n t s .  By apply ing  t h e s e  r e s u l t s  t o  c e r t a i n  

systenl wi th  t h e  geometry we as s igned  accord ing  t o  t h e i r  I R  behavior ,  

p a r t i c u l a r l y  f o r  t h e  photochemical i n t e rmed ia t e s ,  we should be  a b l e  t o  



confirm t h e  ass igned  geometr ies .  

b.  Previously,  Timney had shown t h a t  t h e  empi r i ca l  equat ion  

worked f o r  metal  carbonyls  with oc t ahedra l ,  t e t r a h e d r a l  and t r i g o n a l  

bipyramidal geometr ies .  We w i l l  apply t h e  r e s u l t s  t o  our  

p iano-s tool  shaped molecules of e i t h e r  18 e l e c t r o n  o r  non-18 e l e c t r o n  

systems, t o  s e e  i f  t h e  empi r i ca l  equat ion  a l s o  works f o r  systems o t h e r  

cis than  0 = 90" (oc t ahedra l ,  e L  ) ,  180" (oc tahedra l ,  e, trans ) ,  109.5" 

( t e t r a h e d r a l ,  eLtd) , 90" ( t r i g o n a l  bipyramidal,  o, ax' eq) , and 120" 

( t r i g o n a l  bipyramidal,  e Leq'eq) . 
c .  In  t h e  Tungsten system, t h e  c i s  isomer has two p o s s i b i l e  

s t r u c t u r e s  f o r  t h e  photochemical in te rmedia te .  One with t h e  remaining 

CO t r a n s  t o  t h e  phosphine and t h e  o t h e r  one with t h e  CO l i g a n d  t r a n s  t o  

t h e  halogen l i gand .  So by doing c a l c u l a t i o n s ,  we should be a b l e  t o  

d i s t i n g u i s h  t h e s e  two p o s s i b i l i t i e s .  

3 .3  Data and d i scuss ion :  

a .  CO s t r e t c h i n g  f o r c e  cons t an t s :  

The f o r c e  cons t an t s  f o r  an i n d i v i d u a l  CO l i g a n d  and CO s t r e t c h -  

s t r e t c h  i n t e r a c t i o n  f o r c e  cons t an t s  f o r  bo th  t h e  Vanadium and Tungsten 
6 1 systems have been c a l c u l a t e d  us ing  t h e  'karbonyln  set of programs . 

These programs c a l c u l a t e  t h e  f o r c e  cons t an t s  and a d j u s t s  them t o  fit t h e  

observed f requencies  by a l e a s t  square method. I n  our  case,  a l l  t h e  

I R  f requencies  a r e  observed a t  12K i n  a 1,2-epoxyethylbenzene mat r ix ,  

The r e s u l t s  a r e  summarized i n  Table 3-1 and Table 3-2. 

Our r e s u l t s  a r e  c o n s i s t e n t  with t h e  f i v e  assumptions which 



T a b l e  3-1 : FORCE CONSTANTS FOR VANADIUM COMPLEXES (Nm-l) : 

C o m p o u n d  

cpv (CO) 4 

cpv (CO) 3 

CpV (CO) ,PPh3 

t r a n s - C p V  (CO) ,PPh3 

C p V ( C 0 )  ,P ( n B u )  , 
t r a n s - C p V  (CO) 2P ( n B u )  , 
CpV (CO) ,P W e )  , 
t r a n s - C p V  (CO) 2P  (OMe) , 
CpV (CO) P (OMe) , 
c i s - C p V  (CO) , [ P  (OMe) ,I  

c i s L C p V ( C O )  [P  (OMe) 3] 

t r a n s - C p V  (CO) [P  (OMe) ,] 

CPV ( C 0 )  3P ( O E t )  3 

t r a n s - C p V  (CO) 2P ( O E t  ) , 
CpV (CO) P ( O E t )  , 
C ~ S - C ~ V ( C O ) ,  [ P  ( o E ~ )  ,I ,* 

* 
c i s - C p V ( C 0 )  [ P  (OEt) ,I 

t r a n s - C p V  (CO) , [P ( O E t  ) ,] , 
*: D a t a  taken from c o m p o u n d s  trapped i n  a m a t r i x  a t  7 7 K .  



Table 3-2: FORCE CONSTANTS FOR TUNGSTEN COMPLEXES (Nm-l) : 

Compound K I K2 Kc is  'trans 

cis-CpW (CO) ,PPh31 1459.6 1449.4 65.6 - 
cis-CpW (CO) PPh31 1300.05 - - - 
trans-CpW (CO) ,PPh31 1466.9 - - 67.6 

trans-CpW (CO) PPh31 1320.6 - - - 
cis-CpW (CO) 2P (nBu) 3I 1444.5 1434 7 0 - 
cis-CpW (CO) P (nBu) 3I 1282.95 - - - 
trans-CpW (CO) 2P (nBu) 3I 1446.9 - - 67.6 

trans-CpW (CO) P (nBu) 3I 1293 - - - 
cis-CpW (C0) 2P (OMe) 3I 1482 1465.5 62 - 
cis-CpW (CO) (POMe) 3I 1341 - - - 
trans-CpW (CO) ,P (OMe) 3I 1486.9 - - 63.6 

trans-CpW (CO) P (OMe) 3I 1347 - - - 



Cotton and Kraihanzel  proposed i n  t h e  e a r l y  60's. I n  some cases ,  

p a r t i c u l a r l y  f o r  t h e  t r i c a r b o n y l  complexes, we have run i n t o  t h e  

s i t u a t i o n  where we have t o  a d j u s t  f o u r  f o r c e  c o n s t a n t s  t o  f i t  t h r e e  

observed f r equenc i e s  which g i v e s  t h e  i nexac t  s o l u t i o n s .  I n  t h e s e  cases ,  

only t h e  averaged f o r c e  cons t an t s  f o r  t h e  t h r e e  carbonyls  a r e  

cons t an t  and we t h u s  used t h e  averaged va lues  t o  conduct t h e  rest of t h e  

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

Ligands with d i f f e r e n t  a donor a b i l i t y  and n accep to r  a b i l i t y  

have a l a r g e  i n f l u e n c e  on CO s t r e t c h i n g  f o r c e  c o n s t a n t s .  Previously,  

people  have measured t h e  electron-withdrawing a b i l i t y  of t h e  L,M 

meta l - l igand  by CO s t r e t c h  f o r c e  c o n s t a n t s  and p r e d i c t e d  t h e  

s u s c e p t i b i l i t y  of CO l i g a n d s  t o  n u c l e o p h i l i c  a t t ack62  and r e a c t i v i t y  

of n-ethylene and x-benzene l i g a n d s  with n u ~ l e o ~ h i l e s ~ ~ .  Our r e s u l t s  

show t h a t  t h e  CO s t r e t c h i n g  f o r c e  c o n s t a n t s  decreased  s t e a d i l y  a s  CO 

groups a r e  s u c c e s s i v e l y  rep laced  by o t h e r  l i g a n d s  which make less 

demand f o r  meta l  dx e l e c t r o n s .  When one CO group i n  C P V ( C O ) ~  was 

r ep l aced  by d i f f e r e n t  l i gands ,  P (OMe) ,, P ( O E t )  , . PPh,, and P (nBu) ,, 
t h e  averaged CO f o r c e  cons t an t s  decreased  i n  t h e  o rde r  C P V ( C O ) ~  > 

CpV (CO) ,P (OMe) , > CpV (CO) ,P (OEt )  , > CpV (CO) ,PPh3 > CpV (CO) ,P (nBu) 3 .  

This  is  c o n s i s t e n t  wi th  t h e  dec reas ing  x accep to r  a b i l i t y  of t h e  

l i g a n d s  CO > P (OMe), > P ( O E t ) ,  > PPh, > P (nBu) , and wi th  t h e  a donor 

a b i l i t y  i n  t h e  oppos i t e  o rde r .  A s i m i l a r  t r e n d  has  been found i n  t h e  

series CpV (CO) 3,  trans-CpV (CO) 2P (OMe) ,, trans-CpV(C0) 2P (OEt )  ,, t r a n s -  

CpV (CO) 2PPh3, and trans-CpV (CO) 2P (nBu) ,. The t r e n d  t h a t  f o r c e  

c o n s t a n t s  dec rease  f o r  succes s ive  CO replacement with l i gands  of 

low x accep to r  a b i l i t y  i s  indeed t h e  ca se .  This  is because when CO i s  



rep laced  by L, with lower n acceptor  a b i l i t y ,  t h e r e  a r e  more metal  d 

e l e c t r o n s  a v a i l a b l e  t o  t h e  remaining CO, hence, t h e  back bonding t o  

t h e  n* o r b i t a l s  of t h e s e  CO groups is  s t r o n g e r  compared with those  

ones with no L l i gands  a t  a l l .  The CO bond i s  then  weakened and t h e  

f o r c e  cons tan t  a s s o c i a t e d  with it i s  reduced. 

b. Ligand effect constants: 

In  o rde r  t o  determine t h e  geometry of a molecule q u a l i t a t i v e l y ,  

t h e  l i gand  e f f e c t  f o r c e  cons t an t s  a r e  d e s i r a b l e .  We r e f i n e d  a l l  

t h e  v i b r a t i o n a l  f o r c e  cons t an t s  f o r  both t h e  Vanadium and Tungsten 

compounds i n  a l e a s t  squares  procedure with observed f requencies  f o r  

a p a r t i c u l a r  geometry us ing  Tixqneyts method. Table 3-3 shows t h e  

comparison of t h e  observed f o r c e  c o n s t a n t s  and t h e  c a l c u l a t e d  ones 

a f t e r  a l l  t h e  d a t a  was f i t  v i a  a l e a s t  squares  procedure with an 

o v e r a l l  e r r o r  of 2.6 ~ m - l  ( i n  terms of frequency, it i s  approximately 

2.03 cm-l) . Table 3-4 shows t h e  c a l c u l a t e d  l i g a n d  e f f e c t  f o r c e  

cons t an t s  f o r  l i gands  cis o r  t r a n s  t o  t h e  CO l i g a n d  i n  a p iano-s tool  

system. 

Although t h e r e  i s  no at tempt  by Timney t o  a t t a c h  a chemical 
8 meaning t o  h i s  e, term, some suggested t h e  c o r r e l a t i o n  between t h e  

term and t h e  a and n a b i l i t y  of t h e  l igands6'  s i n c e  t h e  eLe parameters 

convey t h e  change i n  t h e  CO s t r e t c h i n g  f o r c e  cons t an t  of an M-CO 

fragment. A p o s i t i v e  va lue  i n d i c a t e s  a l i g a n d  which, r e l a t i v e  t o  i t s  

absence, has  decreased  t h e  back bonding of t h e  CO. S imi l a r ly ,  a 

nega t ive  va lue  i n d i c a t e s  a l i gand  whose presence  i s  enhancing t h e  

weakening of t h e  CO bond. In  our  case,  we have l i gands  CO and I with 



Table 3-3: COMPARISON 08 OBSERVED AND CALCULATED FORCE CONSTANTS: 

Compounds 0bsd (Nm- l )  ~ a l c d  ( ~ m - ' )  d i f  f ( ~ m - ' ;  

CpV (C0) ,PPh3* 142 8 1428 0 

CPV (CO) ,P (nBu) ,* 1413 1412 1 

CPV(CO) 3~ (OMe) 3* 1445 1446 - 1 
cis-CpV (CO) [P (OMe) ,I  1356 1356 0 

cis-CpV (CO) [P  (OMe) 3] 1331 1330 1 

trans-CpV (CO) [P (OMe) 3] 1364 1364 0 

CPV (C0) 3P ( O E t )  3* 1443 1443 0 

cis-CpWCO), [P ( o E ~ )  , I 2  1345 1345 0 

cis-Cpv (CO) [P ( o E ~ )  3] 1319 1320 - 1 
trans-CpV(C0) , [P ( O E t )  3] 1363 1363 0 

cis-CPW (CO) ,PP~,I** 1454 1454 0 

trans-CpW (CO) ,PPh31 14 67 1467 0 

trans-CpW (CO) PPh31 1321 1321 0 
* * 

cis-CpW (C0) ,P (nBu) 3I 1439 1441 - 2 
trans-CpW (C0) 2P (nBu) ,I 1447 1445 2 

trans-CpW (CO) P (nBu) 3I 1293 1299 - 6 
cis-CpW (CO) 2P (OMe) 3 ~ * *  1474 1472 2 

trans-CpW(C0) ,P (0Me) ,I 1487 1488 - 1 
trans-CpW (CO) P (OMe) 3I 1347 1342 5 

* Data taken a s  t h e  average value of t h e  t h r e e  CO fo rce  cons tants .  
**  Data taken a s  t h e  average value of t h e  two CO force  cons tants .  



Table 3-4: OPTIMIZED LIGAND EFPBCT CONSTANTS (~m-l) FOR VANMIUM AND 
TUNGSTEN SYSTEMS: 

cis 
E~ 

2 5 

-81 

-103 

-60 

-60 

65 

trans 
E L  

147 

4 1 

3 6 

5 4 

43 

160 

Table3- 5: DETERMINATION OF STRUCTUREf OF THE PHOTOCIIEMICAL VANADIUM 
INTERMEDIATES BY FORCE CONSTANTS (Nu- ) : 

Compound Obsd Calcd 
cis t r a n s  

CpV (CO) ,PPh3 1408.6 1342 (66.6) 1403 (5.6) 

Numbers i n  brackets  a r e  t h e  d i f fe rence  between t h e  ca lcu la ted  and 
observed values .  



cis both p o s i t i v e  va lues  f o r  E, and E, 
trans i n d i c a t i n g  t h a t  both CO 

and I decreased t h e  back bonding of t h e  M-CO fragment. I n t e r e s t i n g l y ,  

phosphine l i gands  have p o s i t i v e  va lues  while  t r a n s  t o  t h e  CO l i gand  

and negat ive  va lues  while  c i s  t o  t h e  CO l i gand .  

c .  Structural determination of the photochemical intermediates: 

Based on t h e  optimized l i g a n d  e f f e c t  f o r c e  cons t an t s ,  we were 

a b l e  t o  p r e d i c t  t h e  f o r c e  cons t an t s  f o r  t h e  p o s s i b l e  geometr ies .  

Hence, comparing t h e  c a l c u l a t e d  f o r c e  cons t an t s  with t h e  observed ones, 

we may a s s i g n  t h e  geometry assuming t h a t  t h e  one which g ives  t h e  b e s t  

agreement between observed and c a l c u l a t e d  f requencies  ( o r  f o r c e  

cons t an t s )  i s  t h e  c o r r e c t  geometry. 

For t h e  Vanadium system, we p r e d i c t e d  t h e  t r a n s  geometry f o r  t h e  

complexes CpV (CO) ,LI L=PPh,, P (OMe) ,, P ( O E t )  ,, P (nBu) , based on 

t h e i r  r e l a t i v e  I R  i n t e n s i t i e s .  By doing f o r c e  cons tan t  c a l c u l a t i o n s  

we confirm t h e  p r e d i c t i o n  f o r  t r a n s  geometry with an average e r r o r  of 

l e s s  than  8 .5  ~ m - l  comparing with a c i s  geometry with an average e r r o r  

of more than  63.5 ~ m - l .  

For t h e  complexes CpV (CO) 2L2, L=P (OMe) ,, P ( O E t )  ,, we 

confirmed an in t e rmed ia t e  band near  t h e  so lven t  band which we were not  

q u i t e  s u r e  of dur ing  t h e  e a r l y  s t u d i e s .  The c a l c u l a t e d  I R  frequency i s  

1735.7 cm-I while  pho to lys i s  of t h e  compound g ives  a band a t  1730 an-'. 

Due t d  both t h e  low p h o t o s e n s i t i v i t y  of t h e  compound and t h e  

p o s s i b i l i t y  of ove r l ap  of t h e  in te rmedia te  band with t h e  so lvent  band, 

t h i s  conclusion s t i l l  remains ques t ionable .  Although t h e  l a t t e r  

s i t u a t i o n  can be so lved  by adding t h e  so lven t  peak back t o  t h e  



d i f f e r e n t  s p e c t r a  a f t e r  p h o t o l y s i s  , t h i s  is  s t i l l  not  very c l e a r  due 

t o  t h e  s e n s i t i v i t y  of t h e  s t a r t i n g  m a t e r i a l  and t h e  poor s i g n a l  t o  

n o i s e  r a t i o .  

The d a t a  f o r  t h e  Vanadium system is  summarized i n  Table  3-5 while  

Table 3-6 shows t h e  observed and c a l c u l a t e d  f o r c e  c o n s t a n t s  f o r  

de te rmina t ion  of t h e  photochemical Tungsten i n t e rmed ia t e s .  

I n  t h e  Tungsten system, due t o  t h e  presence  of both a halogen 

l igand ,  I, and a phosphine l igand ,  t h e r e  a r e  two p o s s i b i l i t i e s  f o r  t h e  

s t r u c t u r e  of complexes CpW (CO) L I ,  L= PPh3, P (OMe) 3, P (nBu) 3, one with 

t h e  remaining CO t r a n s  t o  I, t h e  o t h e r  one with CO t r a n s  t o  L. 

Su rp r i s ing ly ,  from our  c a l c u l a t e d  f o r c e  cons t an t s ,  i t  seems t h a t  

n e i t h e r  of t h e  s t r u c t u r e s  have a va lue  nea r  t o  t h e  observed va lues .  

So, we t h i n k  of a s o l v a t e d  spec i e s ,  t h a t  is, t h e  so lven t ,  1,2-epoxy- 

e thylbenzene,  t a k e s  t h e  s o  c a l l e d  vacant  p l a c e .  I n  t h i s  case ,  i n  t h e  

f o r c e  cons t an t  express ion ,  we should i nc lude  a so lven t  term e i t h e r  

cis  o r  t r a n s  t o  t h e  compound depending on t h e  p o s i t i o n  of t h e  l i g a n d  

L i n  t h e  compound. By c l o s e l y  looking a t  t h e  d a t a ,  t h e  so lven t  term 
cis 

E s  a t  about -114 ~ m - l i s  found a s  a common va lue  f o r  t h e  complexes 

CpW (CO) L I ,  L = PPh3, P (nBu) 3, wi th  CO t r a n s  t o  I and CpW(C0) P (OMe) 3I 

with CO t r a n s  t o  P(OMe)3. The d i f f e r e n t  s t r u c t u r a l  arrangement f o r  

Tungsten complexes wi th  phosphines a s  opposed t o  phosphi tes  is  no t  

s u r p r i s i n g  because of t h e  s l i g h t l y  d i f f e r e n t  e l e c t r o n i c  p r o p e r t i e s  

of t h e  two l i gands .  

We then  r e a d j u s t e d  t h e  f o r c e  c o n s t a n t s  i n  a l e a s t  square  way 

f o r  a l l  t h e  Vanadium and Tungsten complexes i nc lud ing  t h e  



Table 3-6: DETERMINATION OF STRUCTUREf OF THE PHOTOCHEMICAL TUNGSTEN 
INTERMEDIATES BY FORCE CONSTANTS (Nm- ) : 

Compound 

cis-CpW (CO) PPh,I 

cis-C~W (CO) P (nBu 

cis-CpW (CO) P (OMe 

cpw (CO) I 

Obsd Calcd 

Numbers in brackets are the difference between the calculated and 
observed values. 

Table 3-7: LIGAND EFFECT CONSTANTS (Nm-l) AFTER CORRECTION: 

cis trans Ligand e~ e~ 

CO 2 5 148 

S stands for solvent, 1,2-epoxyethylbenzene. 



T a b l e  3-8: OBSERVED AND CAWUIATED FORCE CONSTANTS (Nm-l) AFTER CORRECTION: 

Compounds 

CpV (CO) 3PPh * 
trans-cpv ( ~ 8 )  2PPh3 

C ~ V ( C O ) ~ P ( ~ B U )  * 
trans-CpV (CO) 2% (nBu) 

CpV (CO) 3P (OMe) * 
trans-CpV (CO) 2% (OMe) , 
cis-CpV(C0) [P(OMe) l 2  
c i s -C~V (CO) f P (OMe) ,j2 
trans-CpV (CO) [P (OMe) ] , 
trans-CpV (CO) ?P  (OME) 372 

t rans-CpV (CO) [P ( O E t  ) ] , 
trans-CpV (CO) ?P  (OMe) 

* * 
cis-CpW(C0) 2PPh $** 
cis-CpW (CO) P P ~ ~ ?  

trans-CpW (CO) ,PPh31 
trans-CpW (CO) PPh31 

* * 
cis-CpW (CO) 2P (nBu) $,, 
cis-CpW (CO) P (nBu) ,? 
trans-CpW (CO) P (nBu) I 
t rans-CpW (CO) 6 (nBu) , 9 
cis-CpW (CO) ,P (OMe) I:: 
cis-CpW (CO) P (OMe) ,? 

Obsd 

142 8 
1300 

1413 
13 95 

1445 
1419 

1356 
1331 

1364 
1209 

1443 
1414 

1345 
1319 

13 63 
1209 

1454 
1300 

1467 
1321 

1439 
1283 

1447 
12 93 

1474 
1419 

1487 
1347 

Calcd 

1428 
1302 

1412 
1386 

1446 
1423 

1357 
1331 

1363 
1212 

1442 
1421 

1346 
1321 

1361 
1210 

1454 
1302 

1469 
1321 

1440 
1283 

1450 
1301 

1472 
1423 

1487 
1339 

d i f  f 

0 
-2 

1 
9 

- 1 
- 4 
-1 
0 

1 
-3 

1 
- 7 
-1 
- 2 
2 
-1 

0 
-2 

-2 
0 

-1 
0 

- 3 - 8 
2 
-4 

0 
8 

* data  taken a s  t h e  averaged fo rce  cons tants  of t h e  t h r e e  CO l igands.  * *  data  taken a s  t h e  averaged fo rce  of t h e  two CO l igands .  
***  compounds i n  which t h e  solvent  e f f e c t  terms a r e  taken i n t o  

account. 



i n t e rmed ia t e s  wi th  c o r r e c t l y  a s s igned  geomet r ies .  The so lven t  e f f e c t  

term i s  a l s o  taken  i n t o  cons ide ra t i on .  The r e s u l t s  a r e  shown i n  Table 

3-8 with an o v e r a l l  e r r o r  of 3.7 ~ m - l  ( o r  2 .91 cm-I i n  terms frequency) 

and Table 3-7 a r e  t h e  r ead jus t ed  l i g a n d  e f f e c t  c o n s t a n t s  a f t e r  

i nc lud ing  a l l  t h e  compounds. These va lues  t hen  g i v e  better agreement 

between c a l c u l a t e d  and observed f r equenc i e s  t han  observed prev ious ly .  

One more t h i n g  we should mention he re  i s  t h e  so lven t  e f f e c t  

cons t an t  t r a n s  t o  CO is  a l s o  c a l c u l a t e d  which i s  cons idered  very 

smal l ,  i .e .  on ly  5 ~m- ' ,  and t h e  o v e r a l l  s t anda rd  d e v i a t i o n  remains a s  

3.7 Nm-' a f t e r  i nc lud ing  t h e  e s  trans  term.  Therefore ,  t h e  so lven t  

trans  cis e f f e c t  cons t an t  e s  is  n o t  a s  s i g n i f i c a n t  a s  E ,  , but  s i n c e  

t h o s e  i n t e rmed ia t e s  wi th  CO cis t o  t h e  s o l v e n t  a r e  cons idered  a s  

so lva t ed ,  it is  a l s o  no t  unreasonable  a t  a l l  t h a t  t h e  i n t e rmed ia t e s  

with CO t r a n s  t o  t h e  so lven t  a r e  s o l v a t e d  wi th  on ly  a smal l  so lven t  

e f f e c t  cons t an t .  

3.4 Summary 

Force c o n s t a n t s  and l i g a n d  e f f e c t  c o n s t a n t s  have provided a 

s imple method t o  c o r r e c t l y  a s s i g n  t h e  geometry f o r  photochemical 

i n t e rmed ia t e s  t r apped  i n  low temperature  ma t r i ce s .  We have c o r r e c t l y  

a s s igned  t h e  geomet r ies  of CpV(CO),L, L= PPh3, P (OMe) 3 1  P ( O E t )  3, and 

P ( ~ B u ) ~  a s  t r a n s  f o r  t h e  remaining two CO1s based on both  t h e i r  I R  

i n t e n s i t i e s  and f o r c e  c o n s t a n t s  c a l c u l a t e d .  I n  t h e  tungs ten  system, a 

s o l v a t e d  s i t u a t i o n  i s  p o s s i b l e  with a s o l v e n t  e f f e c t  cons t an t  cis t o  

CO a s  -114 Nm-I and t r a n s  t o  CO a s  5 ~ m - l .  A d i f f e r e n t  geometry is  

observed f o r  t h e  t ungs t en  i n t e rmed ia t e  of t h e  t ype  cis-CpW(CO)LI, f o r  



L = phosphines versus  phosphi tes .  

From these  f o r c e  cons t an t  c a l c u l a t i o n s ,  we a l s o  conclude t h a t  

t h e  i n t e r a c t i o n  between t h e  i n t e rmed ia t e  and t h e  so lven t  i s  s t r o n g  i n  

some cases ,  i . e . ,  when t h e  so lven t  i s  cis t o  t h e  CO l i g a n d  i n  t h e  

in te rmedia te ,  and weak i n  o t h e r  ca se s ,  i .e . ,  when t h e  so lven t  i s  t r a n s  

t o  t h e  CO i n  t h e  in te rmedia te .  



Chapter 4: Semiquantitative study of the geometries of 

photochemical intermediates by EHMO 

4 . 1  I n t roduc t ion :  

The Huckel molecular  o r b i t a l  ( o r  HMO) method i s  a s imple bu t  

powerful approach toward exp la in ing  t h e  s t a b i l i t i e s ,  phys i ca l  

p r o p e r t i e s ,  and chemical r e a c t i v i t i e s  of o rgan ic  x-systems. The a- 

e l e c t r o n i c  framework of t h e s e  systems a r e  r e l a t i v e l y  u n i n t e r e s t i n g  i n  

a t h e o r e t i c a l  sense  s i n c e  t h e  p r o p e r t i e s  of a bonds do not  vary  

s i g n i f i c a n t l y  f rom s t r u c t u r e  t o  s t ruc ture6 ' .  The HMO r e s u l t s  t h a t  one 

can ob ta in  e a s i l y ,  a r e  crude and approximate, be ing  based on a number 

of g r o s s  assumptions o r  approximations.  However, t h e s e  r e s u l t s  a r e  

capable  of exp la in ing  and p r e d i c t i n g  a l a r g e  number of i n t e r e s t i n g  

chemical r e s u l t s  i n  a s emi -quan t i t a t i ve  way. 

Although t h e  HMO method has  long been employed i n  t h e  o rgan ic  

a r e a ,  e s p e c i a l l y  f o r  t h o s e  with l a r g e  n systems, t h e r e  a r e  a few 

examples i n  t h e  organometa l l i c  f i e l d  66, 67 

Based on t h e  s imple Huckel approach, ~offmann'' i n  t h e  e a r l y  

60,s extended it t o  EHMO method, t h a t  is  t h e  so -ca l l ed  extended Huckel 

method. This  method i s  widely employed, and i n  many c a s e s  a very  

u s e f u l  ex t ens ion  of t h e  s imple Huckel method. It has  been a p p l i e d  t o  

hydrocarbon systems and i s  very  u s e f u l  f o r  e s t i m a t i n g  e n e r g i e s  and 

conformational  s t a b i l i t i e s .  However, it i s  less u s e f u l  f o r  heteroatom 

systems and f o r  e s t i m a t i n g  charge d i s t r i b u t i o n s .  Like t h e  s imple 

Huckel approach, t h e  EHMO t rea tment  is  an e l e c t r o n - f r e e  type  of LCAO-MO 



c a l c u l a t i o n ,  t h a t  i s  t o  say  t h e  e l e c t r o n s  a r e  no t  i n s e r t e d  i n t o  t h e  

MO1s u n t i l  t h e  c a l c u l a t i o n  of t h e i r  energy l e v e l s  i s  complete.  Thus 

t h e  occupancy p a t t e r n  of t h e  va r ious  MOs has  no e f f e c t  on t h e i r  

ene rg i e s ,  s o  t h a t  i n  such methods e l e c t r o n - e l e c t r o n  r epu l s ion  terms 

a r e  t o t a l l y  neg lec t ed  i n  any e x p l i c i t  way. 

4.2 An o u t l i n e  of EHMO theo ry  

The b a s i c  approach used i n  

(1) A l l  atoms i n  t h e  molec~ 

t h e  EHMO methods i s  a s  follows6*: 

u l a r  system a r e  t aken  i n t o  account .  

( 2 )  t h e  b a s i s  set i s  formed from  later-type6' atomic o r b i t a l s .  

(3)  A l l  o r b i t a l s  on each atom t h a t  a r e  p a r t  of i t s  va lence  

s h e l l  a r e  inc luded  i n  t h e  c a l c u l a t i o n s ,  whether t h e s e  AOs a r e  

occupied i n  t h e  f r e e  atom o r  no t .  

( 4 )  The s e c u l a r  determinant  i s  set up a s  t h e  s imple Huckel 

method, bu t  a l l  of f -diagonal  e lements  a r e  r e t a i n e d  (i. e . ,  no 

assumptions a r e  made about any of t h e s e  be ing  z e r o ) .  Thus each mat r ix  

element is  of t h e  form [ H i j  - eSij]  , whether i = j  o r  n o t .  

(5 )  Overlap i n t e g r a l s  S i j  a r e  c a l c u l a t e d  between a l l  p a i r s  of 

o r b i t a l s  $i and $j on a l l  p a i r s  of atoms, no t  j u s t  n e a r e s t  neighbors .  

Thus no i n t e r g a l s  S i j  a r e  assumed t o  be zero,  a l though some may i n  

f a c t  t u r n  ou t  t o  be ze ro .  

( 6 )  I t  i s  necessary  t o  know t h e  molecular  geometry, i . e .  bond 

l e n g t h s  and bond angles ,  i n  o r d e r  t o  c o r r e c t l y  c a l c u l a t e  Si j  va lues .  

Thus t h e  coo rd ina t e s  of a l l  atoms must be s p e c i f i e d .  

( 7 )  The e n e r g i e s  of e l e c t r o n s  i n  i s o l a t e d  AOS, which 



correspond t o  t h e  terms Hii i n  t h e  c a l c u l a t i o n s ,  can be  approximated 

on a s c a l e  r e l a t i v e  t o  an e l e c t r o n  a t  i n f i n i t y  by us ing  s u i t a b l e  

i o n i z a t i o n  p o t e n t i a l s  and e l e c t r o n  a f f i n i t i e s  . 
( 8 )  The bond i n t e g r a l s  a r e  a s s igned  numerical va lues  based on 

t h e  Wolf sberg-Helmholtz approximation70 ( eq .  4-1) , where 

t h e  va lue  of t h e  cons t an t  K , which is  used a s  a s c a l i n g  f a c t o r ,  

i s  1 .75,  a l though t h e  f i n a l  r e s u l t s  a r e  no t  ve ry  s e n s i t i v e  t o  t h e  

p r e c i s e  va lue  of K used.  

On t h e  above b a s i s ,  t h e  complete s e c u l a r  determinant  is  then  

so lved  t o  o b t a i n  t h e  e igenvalues  and t h e  c o e f f i c i e n t s .  

There a r e  a number of examples of t h e  a p p l i c a t i o n  of EHMO 

c a l c u l a t i o n s  t o  organometa l l i cs .  Most of t h e s e  a r e  by Hoffmann. For 

example, he  and h i s  coworkers have employed t h e  EHMO method t o  exp la in  

and understand t h e  b a r r i e r s  t o  i n t e r n a l  r o t a t i o n  i n  c y c l i c  and a c y c l i c  

polyenes bonded t o  an ML3 t r a n s i t i o n  me ta l  fragment7'. This  i s  a r a r e  

example of a s tudy  of r e a c t i o n  b a r r i e r s  on t h e s e  compounds al though 

t h e r e  a r e  many s t u d i e s  on bonding and r e a c t i v i t i e s  of t hose  complexes. . 



4.3 The a p p l i c a t i o n  of t h e  EHMO method 

Prev ious ly ,  we've shown some of our  16 e l e c t r o n  photochemical 

i n t e rmed ia t e s  of t h e  t ype  CpV (COI Lp L = P (OMe) and P ( O E t )  a r e  T 

shaped on t h e  bases  of t h e i r  I R  behavior  and on t h e  f o r c e  cons t an t  

c a l c u l a t i o n s .  However, cons ide ra t i on  of s teric f a c t o r s  i n d i c a t e s  t h a t  

t h e  a l t e r n a t i v e  geometry, Y shaped, should be p r e f e r r e d .  This  lies 

i n  t h e  f a c t  t h a t  t h e r e  is  a l a r g e  r epu l s ion  f o r c e  between t h e  l a r g e  

l i gands ,  L .  Another p o s s i b i l i t y  i s  t h a t  t h e  so lven t ,  1,2-epoxyethyl- 

benzene, could  coo rd ina t e  with t h e  metal  a t  t h e  vacant s i t e  of t h e  

primary photoproduct .  This  would r e s u l t  i n  an 18 e l e c t r o n  s p e c i e s  

with so lven t  i n  one of t h e  coo rd ina t ion  si tes.  Although convent iona l ly ,  

X-ray d i f f r a c t i o n  could  r e v e a l  t h e  r e a l  s t r u c t u r e  of t h e  compounds, 

it i s  impossible  t o  g e t  a s t r u c t u r e  from s p e c i e s  t r apped  i n  a low 

temperature  ma t r ix .  I n  o rde r  t o  answer t h e  above ques t i ons ,  

p a r t i c u l a r l y  which f a c t o r s  (steric o r  e l e c t r o n i c )  a r e  important  

i n  de te rmin ing  t h e  p re fe r ence  of one geometry over  t h e  o the r ,  we 

conducted t h e  fo l lowing  MO c a l c u l a t i o n  based on t h e  EHMO method by 

u s ing  t h e  weighted H i j  formula.  

The weighted H i j  formula is  de f ined  a s   follow^'^ (eq.  4-2) : 

Where K i s  a cons t an t  a s  i n  t h e  normal Huckle formula and A i s  de f ined  

a s  i n  equa t ion  4-3. 



This weighted H i j  formula g ives  more reasonable r e s u l t s  f o r  

organometa l l ic  systems due t o  t h e  assumption t h a t  t h e  over lap  d e n s i t y  

@i@j  between o r b i t a l s  i and j on d i f f e r e n t  c e n t e r s  is  a 

weighted average of t h e  o r b i t a l  d e n s i t i e s  $i@i and @ j @ j .  

The normal Huckel formula assumes s i m i l a r  o r b i t a l  "d i f fuseness"  i n  

molecules.  The l a t t e r ,  however, worked f a i r l y  well i n  molecules where 

a l l  of t h e  b a s i s  o r b i t a l s  have reasonably l a r g e  occupat ion numbers and 

s i m i l a r  ene rg i e s ,  e . g .  o rganic  molecules.  In  molecules where t h i s  

condi t ion  i s  not  met, e . g .  t r a n s i t i o n  meta l  complexes conta in ing  

unoccupied, high energy s and p b a s i s  func t ions ,  t h e  s i m p l i f i c a t i o n  of 

equal  "d i f fuseness"  i s  ques t ionable .  The obvious s o l u t i o n  t o  t h i s  

problem is  t o  assume @ , e j  i s  weighted i n  favour of t h e  more con t r a t ed  

o r b i t a l .  Our system has a t r a n s i t i o n  metal,  Vanadium, with 

unoccupied 4s and 4p o r b i t a l s ,  hence t h e  use of t h e  weighted H i j  

formula seems q u i t e  reasonable.  

4.4 Computational methods: 

Extended-Huckel molecular o r b i t a l  c a l c u l a t i o n s  were performed 

by us ing  Hoffmannls program (ICON, Version 8 ) .  The Hii's f o r  Vanadium 

were obta ined  from a charge i t e r a t i o n  c a l c u l a t i o n  on CpV(CO)(PH3)2. 

The va lues  a r e :  49, -8 .01  ev; 4p, -4.48 e v  and 3d, -8.56 ev .  The metal  

o r b i t a l  exponents f o r  t h e  3d, 4s and 4p atomic o r b i t a l s  were taken 



from prev ious  work by  of f ~ n e n n ~ ~ .  The Hiifs and o r b i t a l  exponents f o r  

a l l  t h e  atoms i n  t h e  molecule a r e  l i s t e d  i n  Table  4 -1 .  The weighted H i j  

formula with k = 1.75  was used i n  a l l  t h e  c a l c u l a t i o n s .  The 

coo rd ina t e s  f o r  a l l  t h e  atoms were c a l c u l a t e d  by us ing  i d e a l i z e d  bond 

l eng th  and bond angles  a s  fo l lows  i n  Table 4-2. 

4.5 Resu l t s  and Discussion:  

I n i t i a l  c a l c u l a t i o n s  were performed wi th  a  1 6  e l e c t r o n  

h y p o t h e t i c a l  molecule CpV(C0) (pH3), wi th  a  C3,, bond geometry about 

t h e  CpV a x i s  (F ig .4 -1 ) .  The angle  between any two l i g a n d s  p r o j e c t e d  

onto t h e  xy p l ane  i s  120•‹ .  

pmJmtlon onto 
tha m phno) 

< Go 

Fig.4-1 The s t r u c t u r e  of CpV(C0) ( P H 3 l 2  and i t s  p r o j e c t i o n  onto  t h e  XY 

p l ane  

The EHMO c a l c u l a t i o n  was performed on t h i s  molecule.  An 

o r b i t a l  i n t e r a c t i o n  diagram is  shown i n  Fig.4-2. The complex has  been 

d iv ided  i n t o  cyc lopentad ienyl  anion ( ~ p - )  and V (CO) (pH3) , c a t i o n  



Table 4-1: STANDARD Hiils AND SLATER EXPONENTS AND COEFFICIENTS: 

ATOM o r b i t a l  

C 2  
2P 

H 1 s 

0 2  3 

2  P 

P 3  s 
3P 

v 4 s 
4P 
3d 

* Hiits f o r  V was c a l c u l a t e d  by t h e  charge i t e r a t i o n  method i n  our  l a b .  



T a b l e  4-2: IDEALIZED BOND LENGTH AND BOND ANGLES: 

BOND LENGTH (AO ) 
V-C 1.91 

V-P 2.44 

C-0 1.15 

v-Cp 2.00 

P-H 1.40 

C-C 1.40 

C-H 1.09 

BOND ANGLE ( O  

C-V-Cp 11 8 

P-V-Cp 127 

0-V-Cp 119 

V-P-H 12 0 

H-P-H 109 

C-C-C 108 

Ref 
8 0 

8 1 

8 0 

8 0 

8 1 

8 0 

8 0 



fragment.  The o r b i t a l s  a t  l e f t  a r e  t hose  of t h e  Cp fragment which i s  

cons t ruc t ed  from those  Pz o r b i t a l s  on t h e  f i v e  carbons of t h e  Cp r i n g .  

The o r b i t a l s  a t  r i g h t  a r e  t hose  of t h e  V ( C 0 )  (pH3), fragment which can 

be e a s i l y  cons t ruc t ed  by cons ider ing  t h e  V ( C O ) ( P H , ) ,  i n  a C3v bond 

geometry ( t h e  d e t a i l e d  d e r i v a t i o n  of t h e  molecular o r b i t a l s  f o r  a ML3 

fragment has  been given i n  one of prev ious ly74)  . Here we g ive  a 

q u a l i t a t i v e  account of t h e  de r ived  MO1s of t h e  V ( C 0 )  (pH3), fragment.  

Three low-lying o r b i t a l s ,  a l  t e ,  a r e  comprised mainly of z 2 

2 2 ( l a l ) ,  xy, and x - y ( l e )  . Since t h e  t h r e e  l i gands  a r e  not  t h e  

same, t h e  t h r e e  o r b i t a l s  a r e  not degenerat ,  however, t o  a simple 

approximation, we s t i l l  draw them a s  i f  t hey  a r e  degenera t .  A t  

somewhat h igher  energy, t h e r e  is  an e s e t  of l a r g e l y  xz and yz 

c h a r a c t e r ( 2 e )  which a r e  ant ibonding t o  t h e  a l e v e l s  of t h e  l i gands .  

F ina l ly ,  a t  s t i l l  h igher  energy, t h e r e  i s  a s p  hybr id  o r b i t a l .  As 

mentioned i n  t h e  previous ly  l i t e r a t u r e  4 1 ,  75, 7 6  , t h e r e  i s  an 

in te rmixing  between t h e  e s e t s  ( l e  and 2e)  12, o r  i n  o t h e r  words, 

t h e r e  i s  mixing between xy and xz and between x2 - y2 and yz i n  t h e  e 

sets, t h i s  in te rmixing  causes t h e  t i l t i n g  of t h e  xy, xz, yz and x2 - y2 

o r b i t a l s  from t h e i r  axes.  Furthermore, t h e r e  i s  some mixing of t h e  

meta l  p c h a r a c t e r  i n  t h e  2e s e t s .  
+ 

The a2" o r b i t a l  of ~ p -  and l a l  and 2a2 from V ( C 0 )  (PH3)2 

e n t e r  i n t o  a t h r e e  o r b i t a l  p a t t e r n .  The lowest molecular l e v e l  i s  

p r imar i ly  a2" s t a b i l i z e d  by l a l  and 2al.  The middle member i s  mainly 

l a l .  Some a2I1 c h a r a c t e r  mixes i n t o  t h e  molecular  o r b i t a l  i n  an 

ant ibonding manner. Furthermore, 2a1 mixes i n t o  it i n  second order  



Fig. 4-2 Orbi ta l  in te rac t ion  diagram of ~ p -  and V(C0) (pH3) 
+ 



(bonding with r e spec t  t o  a2I1) .  I t  i s  t h e  second o rde r  mixing t h a t  

keeps la ,  a t  moderate energy. The e l w  s e t  of ~ p -  i s  s t a b i l i z e d  
+ g r e a t l y  by 2e on V ( C 0 )  (PH3l2  . Fina l ly ,  t h e r e  i s  a weak i n t e r a c t i o n  

between t h e  l e  and e2" l e v e l s .  That s t a b i l i z e s  t h e  l e  s e t ,  bu t  not  a 

g r e a t  d e a l .  The reason f o r  t h e  weak i n t e r a c t i o n  between t h e  two i s  

expla ined  a s  fo l lows .  F i r s t  of a l l ,  t h e  ove r l ap  between l e  and ezn is 

p r imar i ly  of t h e  6 type  and consequent ly i s  much sma l l e r  t han  t h e  

n type  of i n t e r a c t i o n  between el1' and 2e o r  t h e  a type  i n  t h e  l a ,  t 

2a1 t a," combinations. Secondly, t h e r e  a r e  r e l a t i v e l y  high l y i n g  a 

o r b i t a l s  on t h e  Cp fragment which over lap  with and d e s t a b i l i z e  t h e  l e  

s e t .  Therefore,  t h e  l e  and l a ,  based molecular l e v e l s  a r e  not  

expected t o  be s p l i t  a p a r t  s i g n i f i c a n t l y  i n  energy.  In  our  case,  t h e  

HOMO and LUMO a r e  s epa ra t ed  by 1.21eV i n  energy. 

By looking i n t o  t h e  d e t a i l  of t h e  wavefunctions of t h e  

molecule, we found t h a t  our  LUMO molecular o r b i t a l  i s  dominated by t h e  

dz2 on t h e  metal  with a small  amount of mixing from dxy, dyz 

and some o r b i t a l s  on t h e  pH3. There i s  l i t t l e  i n t e r a c t i o n  between 

t h e  metal  and t h e  CO l i gand  i n  t h i s  o r b i t a l .  The HOMO o r b i t a l  i s  

dominated by t h e  dxy on t h e  metal  with l a r g e  i n t e r a c t i o n  with t h e  

CO n* o r b i t a l s  and only  l i t t l e  with t h e  pH3 l i gands .  

I R  r e s u l t s  and fo rce  cons tan t  c a l c u l a t i o n s  ind ica t ed  t h e  16 

e l e c t r o n  photochemical in te rmedia tes  a r e  s te reochemica l ly  r i g i d  t o  

100K. I f  t h i s  i s  t r u e ,  then  we expect  a d i s t o r t i o n  of t h e  geometry 

of t h e  in t e rmed ia t e  from 0 = 120•‹ should r e s u l t  i n  two minima on t h e  

energy s u r f a c e  a s  t h e  r e s u l t  of angle  v a r i a t i o n .  

In  our  more gene ra l  s tudy  of t h e  above system, we've explored 



t h e  most s t a b l e  geometry of both t h e  c i s  and t r a n s  i n t e rmed ia t e s  

al lowing t h e  angles  (8 and a, s e e  Fig.4-3)  t o  vary  between 80•‹ and 

180•‹. The v a r i a t i o n  of angle  8 corresponds t o  t h e  change of geometry 

TRANS 

CIS 

Fig. 4-3. The s e r i e s  of angle  v a r i a t i o n  f o r  both cis and t r a n s  isomers 

f o r  t h e  t r a n s  complex from t h e  i d e a l  T (wi th  an angle  180' f o r  t h e  

two 1 i g a n d s . t r a n s  t o  each o t h e r )  shaped geometry t o  a Y shaped one while 

t h e  change of t h e  ang le  a corresponds t o  t h e  mod i f i ca t ion  of t h e  

geometry f o r  t h e  cis isomer, again,  from t h e  T shaped t o  t h e  Y shaped 

ones.  Angles sma l l e r  than  80' a r e  not cons idered  h e r e  s i n c e  t h e  H 

atoms on pH3 i n t e r a c t  when t h e  two pH3 l i gands  g e t  c l o s e r  t o  

each o t h e r  r e s u l t i n g  i n  a r a p i d  r a i s i n g  of t h e  t o t a l  energy of t h e  

molecule. 



The change of energy l e v e l s  f o r  t h e  HOMO and LOMO o r b i t a l s  

with t h e  change of t h e  angles  0 and a a r e  summarized i n  Table 4-3 and 

4-4 .  The change of t h e  t o t a l  energy f o r  t h e  molecule a r e  a l s o  summarized 

t h e r e .  F ig .  4 -4  and 4-5 a r e  t h e  ~ a l s h ~ ~  diagrams of t h e  HOMO, LUMO and 

t o t a l  energy of t h e  above changes.  

Although t h e  HOMO and LUMO energy drops from 0 = 180' t o  80', 

t h e  t o t a l  energy f avo r s  t h e  geometry of t h e  t r a n s  compound when 0 reaches 

130'. This  i s  a d i s t o r t e d  T shaped in t e rmed ia t e .  For t h e  c is  isomer, 

however, we did not  g e t  t h e  same r e s u l t  wi th  a = 130•‹.  Though t h e  

HOMO o r b i t a l  f avo r s  a from 130' t o  110'~ t h e  t o t a l  energy r e v e a l s  

t h a t  t h e  most s t a b l e  geometry i s  t h e  one when a reaches  l l o O  . These 

r e s u l t s  show t h a t  t h e  i n t e rmed ia t e  of t h e  t ype  CpV(CO)L, does have two 

d i s t i n c t  geometr ies  f o r  t h e  t r a n s  and cis  isomers .  

Because both t h e  cis  and t r a n s  i n t e rmed ia t e s  a r e  s t a b l e  i n  t h e  

low temperature  ma t r ix  (12K), one may expec t  an energy b a r r i e r  f o r  t h e  

t r a n s i t i o n  from one geometry t o  t h e  o t h e r .  More c a l c u l a t i o n s  were 

conducted on t h o s e  geometr ies  which may l e a d  t o  t h e  i somer iza t ion  from 

one geometry t o  t h e  o t h e r .  The r e s u l t s  a r e  summarized i n  Fig.4-6. A l l  

t h e  i n t e rmed ia t e  geometr ies  between cis and t r a n s  isomer have a h igher  

energy and t h e  energy b a r r i e r s  a r e :  0.Olev (-8 K j  a t  12K) f o r  t h e  

t r a n s  isomer and 0.08ev f o r  t h e  cis isomer.  The cis  in t e rmed ia t e  is  

c a l c u l a t e d  t o  be more s t a b l e  than  t h e  t r a n s  in te rmedia te ,  t h i s  r e v e a l s  

t h e  thermal  s t a b i l i t y  of t h e  two isomers .  There is  an energy b a r r i e r  

f o r  t h e  i somer i za t i on  a t  12K c o n s i s t e n t  wi th  t h e  r i g i d i t y  of t h e  

i n t e rmed ia t e  from p h o t o l y s i s  of bo th  t h e  cis  and t r a n s  complexes. 



Table 4-3: ENERGY(ev) LEVELS1 OF THE TRANS GEOMETRY AS A FUNCTION OF 8 .  

HOMO 

-9 .61  

-9.73 

-9.80 

-9.82 

-9.87 

-9.90 

-9 .91  

-9.94 

-9.95 

-9.96 

-9.97 

LUMO 

-8.53 

-8.58 

-8.61 

-8.63 

-8.67 

-8.70 

-8.71 

-8.73 

-8.75 

-8.77 

-8.80 

SUM 

-983.78 

-984.55 

-985.19 

-985.41 

-985.93 

-985.99 

-985.98 

-985.58 

-984.57 

-982.68 

-978.37 



Table 4-4: ENERGY(ev) LEVELS1 OF THE CIS GEOMETRY AS A FUNCTION OF a. 

HOMO 

-9.54 

-9.69 

-9.7 9 

-9.85 

-9.89 

-9.93 

-9.93 

-9.93 

-9.80 

-9.66 

-9.45 

LUMO 

-8.58 

-8.64 

-8.67 

-8.70 

-8.71 

-8.72 

-8.71 

-8.70 

-8.69 

-8.67 

-8.65 

SUM 

-981.05 

-982.65 

-983.85 

-984.66 

-985.28 

-985.76 

-985.97 

-986.06 

-985.68 

-985.16 

-984.25 



Fig.4-4 Walsh diagram of the HOMO, LUMO and total energy changes for 

the trans intermediate 



k 
LUMO 

Fig.4-5 Walsh diagram of the HOMO, LUMO and total energy change for 

the cis intermediates 



Fig.4-6 Energy barrier is expected for the isomerization process 



Chapter 5 :  Experimental methods 

5.1 Synthes i s :  

CpV(CO1, was purchased from Strem Chemical Co. and was used 

without f u r t h e r  p u r i f i c a t i o n .  A l l  t h e  vanadium complexes were 

prepared  by i r r a d i a t i n g  CpV(C0) , with  an a p p r o p r i a t e  amount of l i gand  

i n  d i s t i l l e d  t e t  rahydrofuran s o l u t i o n  (eq. 5-11 3 4 .  

Here, n=l  o r  2 corresponds t o  t h e  monosubst i tuted complex o r  t h e  

d i s u b s t i t u t e d  complex. The i n i t i a l  mixture  products ,  inc lud ing  

C P V ( C O ) ~ L  and cis  o r  t r a n s  C O V ( C O ) ~ L ~  a r e  t hen  p u r i f i e d  by column 

chromtography. This  was done by pas s ing  t h e  s o l u t i o n s  (evaporated t o  

about 5ml) through 1.5cm x 30cm column packed wi th  s i l i c a  gel(60-200 

mesh), u s ing  benzene-hexane mixture  a s  e l u a n t  (1:5 benzene-hexane 

mixture  f o r  C P V ( C O ) ~ L  and approximately 1:l mixture  used f o r  s epa ra t i ng  

t h e  cis and t r a n s  CpV (CO) 2L2.  

CpW(C0) 3 C l  was prepared  by u l t r a v i o l e t  i r r a d i a t i ~ n ~ ~  of 

[CpW(C0)3]2 i n  CC1, s o l u t i o n  under n i t rogen  f o r  about 10 minutes.  The 

product  was aga in  s epa ra t ed  and p u r i f i e d  from t h e  tungs ten  dimer by 

pas s ing  t h e  s o l u t i o n  through a column packed wi th  alumina us ing  

dichloromethane a s  t h e  e l u a n t .  C P W ( C O ) ~ I  was prepared  by a s i m i l a r  

-87- 



method, except  C H I 3  was used i n s t e a d  of C C 1 4 .  

A l l  t h e  cis  and t r a n s  tungs ten  d i ca rbony l  compounds were prepared 

by i r r a d i a t i n g  C P W ( C O ) ~ X  with t h e  corresponding l i gand  and t h e  tungs ten  

dimer i n  t e t r ahydro fu ran  s o l u t i o n  (eq.5-2) 

[CpW(CO) , I ,  
CpW(C0) ,X t L > cis o r  trans-CpW (CO) 2LX t CO (5-2) 

THF 

L = PPh P ( ~ B u ) ~ ,  P (OMe)3  
x = I, Ei 

The use of t ungs t en  dimer he re  involves  a r a d i c a l  r e a c t i o n  

process  i n  which t h e  t r a n s  isomer y i e l d  w i l l  be increased3*.  The cis 

and t r a n s  mix tures  a r e  s epa ra t ed  and p u r i f i e d  by column cromotography 

us ing  alumina and 2:3 hexane-dichrolomethane mix ture  a s  e l u a n t .  

5.2 Spec t r a :  

A l l  F T I R  s p e c t r a  a t  12K were ob ta ined  wi th  a Bruker IFS 85 

spectrophotometer .  The samples were cooled  i n  CaF2 I R  cells us ing  a 

C T I  cryogenics  model 22 c ryocooler  and a 350R compressor system 

equipped wi th  a Lake Shore c r y o t r o n i c s  DRC80C temperature  c o n t r o l l e r .  

The temperature  was monitored with a Lake Shore c r y o t r o n i c s  s i l i c o n  

diode s enso r .  

A l l  t h e  FTIR s p e c t r a  a t  77K a r e  ob t a ined  with a Boman Michelson 

FTIR machine. Samples a r e  cooled  with l i q u i d  n i t rogen  conta ined  i n  a 

dewar with CaF2 windows. 

The s o l v e n t s  used i n  t h e  spec t ro scop ic  s t u d i e s ,  1,2- 



epoxyethylbenzene were obta ined  from Aldr ich  and used without f u r t h e r  

p u r i f i c a t i o n .  

The l i g h t  source  used was a l O O W  high p r e s s u r e  mercury lamp 

f i l t e r e d ,  i n  each case ,  with water conta ined  i n  q u a r t z .  I n  some cases ,  

f i l t e r s  with wavelengths between 320 and 400nm a r e  used.  

5 .3  Typical  p h o t o l y s i s  procedures:  

A l l  p h o t o l y s i s  p rocesses  a r e  very  s i m i l a r .  Here, I d e s c r i b e  one 

example. 

The complex cis-CpW (CO) [P (nBu) 3]  I was d i s s o l v e d  i n  1,2- 

epoxyethylbenzene t o  produce a s o l u t i o n  of  o p t i c a l  d e n s i t y  0.5 f o r  

i t s  most i n t e n s e  I R  abso rp t ion  band i n  t h e  carbonyl  reg ion  a t  1942cm-l. 

This  s o l u t i o n  was then  t r a n s f e r r e d  i n t o  CaF2 f aced  FTIR cells and 

cooled  wi th  t h e  c ryocooler  t o  a temperature  of 12K and al lowed t o  

e q u i l i b r a t e .  The sample was removed from t h e  o p t i c a l  bench and 

i r r a d i a t e d  with t h e  water  f i l t e r e d  ou tput  of a l O O W  Hg lamp f o r  1 

minute.  The FTIR was then  recorded aga in  and t h e  procedure of 

p h o t o l y s i s  r eco rd  s p e c t r a  was repea ted  u n t i l  no f u r t h e r  r e a c t i o n  

occur red  upon p h o t o l y s i s .  Then, t h e  compressor was t u r n e d  o f f  and 

t h e  sample a 1  : t o  warm t o  about l O O K  and t h e  FTIR s p e c t r a  was 

recorded aga in  ~ . ; r i l  t h e r e  i s  no f u r t h e r  change i n  t h e  s p e c t r a .  The 

sample is  then  cooled  back down t o  12K without  any p h o t o l y s i s  and t h e  

FTIR s p e c t r a  was recorded.  

So lu t ions  con ta in ing  o t h e r  compounds were repea ted  u s ing  t h e  

same procedure.  
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