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ABSTRACT 

A series of new heterotrimetallic alkyne clusters of general formula 

CpNiCoM(CO),(RC2R1) (M = Fe, Ru, 0s: R = R' = Ph, Et; R = Ph, R1 = Me) has 

been synthesized and the compounds characterized by their infrared, NMR and 

mass spectral data. In addition, four of the clusters had their solid state 

structures examined by X-ray diffraction. In all cases examined, the alkyne 

is oriented parallel to one edge of the trimetallic framework but the 

particular location varies. In the iron complex CpNiCoFe(CO),(C2Et2), it is 

parallel to the Ni-Co edge and all carbonyls are terminal. In the ruthenium 

and osmium complexes CpNiCoRu(CO),(C2Ph2) and CpNiCoOs(CO),(C2Ph2), the 

orientation is parallel to the Ni-Ru or Ni-0s edge and one of the CO groups 

adopts a semi-bridging position across the Co-Ru or Co-0s bond. A similar 

arrangement is observed in an iron complex when one of the carbonyl groups 

bound to cobalt is replaced by triphenylphosphine to give 

CpNiCoFe(CO),(PPh,)(C2Ph2). The alkyne ligand was shown to be fluxional in 

solution and to involve rotation on only one face of the heterotrimetallic 

core. 

In Chapter 2, the X-ray structure of CoMn(CO),(MeC,Ph),, a 

heterobimetallic 'ferrole' compound, is reported. The structure consists of 

a substituted cobaltacyclopentadienyl ring which is bound to the Mn(CO), 

fragment by a metal-metal bond and by 4 electron r-bonding. Other 

significant structural differences are described. 

Chapter 3 reports a study of the n2-coordination of some two-electron 

donors in mononuclear cyclopentadienyl rhenium compounds. The X-ray 

structures of CpRe(CO),(C,Ph,) and CpRe(CO),(N2Ph2) reveal an overall 'four 

legged piano stool' geometry with q2 coordination of both the C2Ph2 and 



N2Ph, l i gand .  The C2Ph2 group is bound symmetr ical ly  t o  t h e  rhenium but  t h e  

N2Ph2 l i g a n d  is n o t .  I n  s o l u t i o n ,  CpRe(CO),(C,Ph,) r e t a i n s  i t s  geometry, 

bu t  f o r  CpRe(CO),(N,Ph,) I R  and NMR d a t a  r evea l ed  t h e  presence  of isomers  

which a r e  i n  dynamic e q u i l i b r i u m  and involve  both n2- and nl-bound N2Ph2 

wi th  t h e  n 1  form be ing  favoured i n  s o l u t i o n .  

I n  Chapter  4 ,  t h e  X-ray s t r u c t u r e s  of - cis-Cp*Re(CO),I, and t r ans -  

CpnRe(CO) , ~ r ,  were determined. The rhenium is seven coo rd ina t e  and t h e  

o v e r a l l  geometry is t h a t  of a t y p i c a l  Cp*ML, complex. The s t r u c t u r e  of  - c i s -  

CpnRe(CO),12 is s l i g h t l y  d i so rde red  l i m i t i n g  t h e  p r e c i s i o n  of t h e  observed 

bond l e n g t h s  and ang le s .  



QUOTATION 

William James used t o  preach t h e  

" w i l l  t o  b e l i e v e . "  

For my p a r t ,  I should  wish 

t o  preach t h e  " w i l l  t o  doubt . I f . .  . 
What is not wanted is not t h e  w i l l  t o  b e l i e v e  

but  t h e  wish t o  f i n d  o u t ,  which is 

t h e  e x a c t  o p p o s i t e .  

BERTRAND RUSSELL 

S k e p t i c a l  Essays ,  1928 
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CHAPTER 1 

HETEROTRIMETALLIC ALKYNE CLUSTERS 

1 .1 Introduction 

In this chapter the synthesis, structural characterization and dynamic 

behaviour in solutions of a series of heterotrimetallic (MM'Mll) alkyne 

clustersa having the general composition shown in 1-1 are detailed, where R 

and R 1  are substituents on the alkyne. The structure illustrated is 

representative but modifications of it are displayed by many of the examples 

as will be discussed. 

1-1 

Increasing interest in cluster compounds and their derivatives has led 

to many recent reviews on various aspects of their bonding1, ligand 

a 
The term heterotrimetallic is ambiguous since it may be used to describe 

clusters with three different metals, such as MMIM", as well as those 
with only two different metals, designated here as M,M1. 



f l u x i o n a l i t y 2  and p r e p a r a t i o n 3 9  4. Only 15 y e a r s  ago t h e  number of  w e l l  

d e f ined  metal  c l u s t e r s  was s m a l l ,  bu t  today many hundreds of c l u s t e r s  a r e  

known and a  l a r g e  f r a c t i o n  of t h e s e  have been s t r u c t u r a l l y  c h a r a c t e r i z e d  by 

X-ray c r y s t a l l o g r a p h i c  s t u d i e s .  One of t h e  main r ea sons  f o r  t h e  i n t e r e s t  i n  

t h i s  f i e l d  is based on t h e  premise t h a t  meta l  c l u s t e r s  may be viewed a s  

5 , 6  models f o r  t h e  chemisorpt ion of  smal l  molecules  on meta l  s u r f a c e s  , 

p o s s i b l y  dur ing  c a t a l y s i s .  The n a t u r e  of  t h e  bonding of  molecules  on meta l  

s u r f a c e s  i n  no t  w e l l  understood a t  t h e  p r e s e n t  t ime. Analogies  t h a t  might 

be drawn wi th  homogeneous c l u s t e r  s p e c i e s  would be extremely b e n e f i c i a l  

s i n c e  t h e  d e t a i l s  of s t r u c t u r e  and dynamic behaviour  a r e  more e a s i l y  

e s t a b l i s h e d  f o r  c l u s t e r  chemis t ry  than f o r  s u r f a c e  chemis t ry .  Recent 

assessments  of t h e  metal  c l u s t e r  t o  metal  s u r f a c e  analogy have sugges ted  a  

7-9 range of v a l i d i t y  which improves a s  t h e  c l u s t e r  n u c l e a r i t y  i n c r e a s e s  . 
A s e p a r a t e  and d i s t i n c t  view is t h a t  c l u s t e r  compounds may s e r v e  a s  

i n c i p i e n t  metal  p a r t i c l e s  t h a t  may provide  a c t i v e  agg rega t e s  of  uniform s i z e  

and composi t ion when sp read  over  a  s u i t a b l e  suppor t  and t h e  s h e a t h  of 

l i g a n d s  s t r i p p e d  o f f .  T h i s  is r e f e r r e d  t o  a s  suppor ted  homogeneous 

11 c a t a l Y s i s l 0  and is s t a r t i n g  t o  r e c e i v e  an i n c r e a s i n g  amount of a t t e n t i o n  . 
C l u s t e r  compounds may s e r v e  a s  c a t a l y s t  p r e c u r s o r s  i n  t h e i r  own r i g h t  

r a t h e r  t han  simply mimicking metal  s u r f a c e s .  Metal c l u s t e r  chemis t ry  

provides  a  connect ion between t h e  t r a d i t i o n a l l y  s e p a r a t e  a r e a s  of  

homogeneous and heterogeneous c a t a l y s i s  and may o f f e r  advantages over  bo th  

a r e a s .  To t h i s  end, a  g r e a t  d e a l  of  e f f o r t  is being d i r e c t e d  towards t h e  

u se  of c l u s t e r s  a s  c a t a l y s t s  f o r  such v a r i e d  r e a c t i o n s  a s  

hydroformylat ion ' 3 ,  i somer i za t  ion  of a l k e n e s  and a lkynes  ' 4 ,  hydrogen 

r educ t ion  of carbon monoxide15, o x i d a t i o n  of CO t o  ~ 0 , ' '  and many more. 

1n t h i s  con tex t  i t  is of i n t e r e s t  t o  e s t a b l i s h  how simple o rgan ic  



molecu les  i n t e r a c t  w i t h  a  m u l t i m e t a l  sys tem and t h i s  is p a r t l y  t h e  t h r u s t  of  

t h e  p r e s e n t  s t u d y  which s p e c i f i c a l l y  p robes  t h e  bonding o f  a l k y n e s .  An 

i n c r e a s i n g l y  popu la r  and i m p o r t a n t  s u b s e t  of  c l u s t e r  c h e m i s t r y  compr i ses  

t h o s e  c l u s t e r s  t h a t  c o n t a i n  a m i x t u r e  o f  d i f f e r e n t  t r a n s i t i o n  m e t a l s  i n  

t h e i r  framework and t h i s  is a second  a s p e c t  o f  t h i s  s t u d y  i n  t h a t  it 

s p e c i f i c a l l y  u t i l i z e s  t r i a n g u l a r  c l u s t e r s  c o m p r i s i n g  t h r e e  d i f f e r e n t  m e t a l s .  

I n  p a r t i c u l a r ,  because  o f . t h e  v a r y i n g  r e a c t i v i t i e s  of  t h e  d i f f e r e n t  m e t a l s  

p r e s e n t  i n  mixed-metal  c l u s t e r s ,  m u l t i m e t a l  homogeneous c a t a l y s t s  may show 

r e a c t i v i t y  p a t t e r n s  s i g n i f i c a n t l y  a l t e r e d  from t h o s e  o f  homometa l l i c  

c l u s t e r s .  O f  c o u r s e ,  t h e  bonding o f  v a r i o u s  o r g a n i c  m o l e c u l e s  t o  t h e s e  

h e t e r o m e t a l l i c  c l u s t e r s  may be d i f f e r e n t  t h a n  t o  t h e  a n a l o g o u s  homometa l l i c  

c l u s t e r s  a l s o ,  b u t  a  v e r y  u s e f u l  consequence o f  u s i n g  h e t e r o m e t a l l i c  c l u s t e r s  

is t h e i r  low symmetry. T h i s  a l l o w s  t h e  dynamics (H, CO o r  o t h e r  l i g a n d  

m i g r a t i o n s )  of  t h e  c l u s t e r  o r  c l u s t e r  d e r i v a t i v e s  t o  be probed by I R , ' H  o r  

'" NMR,  i n  g r e a t e r  d e t a i l  t h a n  is o f t e n  p o s s i b l e  f o r  homometa l l i c  c l u s t e r s .  

T h i s  is a  t h i r d  a s p e c t  t h a t  we s h a l l  a d d r e s s  i n  t h i s  s t u d y .  

I n  o r d e r  t o  s e t  t h e  r e s e a r c h  i n  c o n t e x t  a  b r i e f  s u r v e y  o f  c l u s t e r s  and 

c l u s t e r  a l k y n e s  i n  p a r t i c u l a r  is prov ided  i n  t h e  n e x t  few s e c t i o n s .  

1.1.1 C l u s t e r s  

Metal  c l u s t e r s  a r e  molecu les  o r  m o l e c u l a r  i o n s  t h a t  c o n t a i n  t h r e e  o r  

more m e t a l s  bonded t o  each  o t h e r  i n  s u c h  a  way t h a t  t h e y  form a  t r i a n g u l a r  

o r  p o l y h e d r a l  a r r a y .  We s h a l l  o n l y  be concerned  w i t h  t r a n s i t i o n  meta l -based  

c l u s t e r s  and w i l l  mere ly  r e f e r e n c e  t h e  r e a d e r  t o  t h e  subgroup  o f  pos t -  

4 - t r a n s i t i o n  m e t a l  c l u s t e r  naked ions18  l i k e  8iS3- and Pb, , and t o  t h e  

c u b a n e - l i k e  M,S, and M,X, c l u s t e r s  used as models f o r  f e r r e d o x i n ~ ~ ~ ~ * ~ .  The 

framework o f  t h e  t r a n s i t i o n  m e t a l  c l u s t e r  is s u r r o u n d e d  and s t a b i l i z e d  by 



various ligands, commonly carbonyls, hydrides, phosphines and halides but 

may also include alkenes, alkynes, isonitriles, sulphur, arenes, nitrosyls 

and so on. 

Clusters were originally synthesized by serendipitous methods and 

seldom by rational synthetic procedures. Gradually, as more was learned 

about clusters, designed synthetic strategies began to appear, but fortune 

still plays its role in the development of clusters and their chemistry. 

The particular methods used so far to synthesize homo- and heterometallic 

clusters have been well documented 3y4921922 and will not be- reiterated here. 

1.2 Cluster Alkynes 

At the time work on this thes-is began, a significant literature existed 

on the binding of a1kyne.s to trimetallic and larger clusters. However, only 

one report of a heterotrimetallic (MMIMn) alkyne cluster existed, which was 

the synthesis of CpNiCoFe(CO), (c,P~.)~~, although it was incorrectly 

formulated at that time. Most of the workers previous24 to our study have 

clearly focussed on the synthesis and characterization of M2M1 

heterotrimetallic alkyne clusters although during this investigation reports 

were published of MMIM" heterotrimetallic alkyne clusters closely related to 

2 5 those discussed . Specifically these two clusters are 

Cp2NiMoFe(CO),(PhC2C02i-Pr) - and CpNiCoFe(CO),(PhC2C02i-Pr). - 

1.2.1 Bonding and Structure 

Alkynes interact with one metal atom in the classic a-IT bonding scheme 

described by ~ e w a r ~ ~  and Chatt and ~uncanson~~. This is briefly described 



i n  t h e  i n t r o d u c t i o n  t o  Chap te r  4. The bonding o f  an  a l k y n e  t o  a  s i n g l e  

m e t a l  atom may a r i s e  i n  t h e  i n i t i a l  s t a g e s  i n  t h e  r e a c t i o n  o f  an  a l k y n e  w i t h  

a m e t a l  c l u s t e r  b u t  t y p i c a l l y  t h e  i s o l a t e d  p r o d u c t s  have t h e  a l k y n e  

i n t e r a c t i n g  w i t h  more t h a n  one m e t a l  atom. With t r i m e t a l l i c  a l k y n e  c l u s t e r s  

t h e  two b a s i c  s t r u c t u r e s  t h a t  a r e  adop ted  a r e  shown below a s  1-2 and 1-3. 

R 

I n  s t r u c t u r e  1-2 t h e  a l k y n e  s y m m e t r i c a l l y  b r i d g e s  two m e t a l  atoms and t h e  

c a r b o n  o f  t h e  a l k y n e  which is above t h e  M, t r i a n g l e  is w i t h i n  bonding 

d i s t a n c e  o f  a l l  t h r e e  m e t a l  a toms.  T h i s  combines f e a t u r e s  o f  a  a-bonded and 

a  s ide -on  o r  ' I T '  bonded l i g a n d  and h a s  been d e s i g n a t e d  ( a  +  IT) i n  r e f e r e n c e  

t o  c l a s s i c a l  bonding schemes24.  I n  c u r r e n t  nomenc la tu re  i t  is o f t e n  (and 

p r o p e r l y )  d e s i g n a t e d  l~,-(~,-l), where t h e  1 symbol r e f e r s  t o  t h e  

p e r p e n d i c u l a r  o r i e n t a t i o n  o f  t h e  a l k y n e  C ,  v e c t o r  w i t h  r e s p e c t  t,o t h e  

s y m m e t r i c a l l y  b r i d g e d  meta l -meta l  bond. The a l t e r n a t i v e  form 1-3 h a s  t h e  

a l k y n e  C ,  v e c t o r  above t h e  m e t a l  p l a n e  and n e a r l y  p a r a l l e l  t o  t h e  M, v e c t o r  

b u t  d i s p l a c e d  towards  t h e  t h i r d  m e t a l  atom t o  s u c h  a n  e x t e n t  t h a t  b o t h  

a l k y n e  c a r b o n s  a r e  w i t h i n  bonding d i s t a n c e .  While s t r u c t u r e  1-3 can  be 

f u l l y  d e s c r i b e d  i n  c l a s s i c a l  bonding t e r m s  and t h e  a l k y n e  a s  a  ( 2 0  + IT) 



d o n o r ,  i t  is p r o p e r l y  d e s i g n a t e d  a s  p 3 - ( q 2 -  1 1  ) .  

The p , - ( q 2 - 1  / a l k y n e  i n t e r a c t i o n  is more w i d e l y  e n c o u n t e r e d  t h a n  t h e  

v 3 - ( q 2 - 1  ) mode among homo- and h e t e r o m e t a l l i c  a l k y n e  c l u s t e r s ,  w i t h  21 X-ray 

s t r u c t u r e s  of t h e  former  l i s t e d  i n  a  r e c e n t  r e v i e w z 4 ,  compared w i t h  o n l y  3  

s t r u c t u r e s  f o r  t h e  l a t t e r  g e o m e t r i c a l  t y p e .  S p e c i f i c a l l y  o n l y  

F ~ ~ ( C O ) , ( C ~ P ~ , ) ~ ~ ,  CP~W,F~(CO),(C~(C.H,M~)~)~~ and F ~ ~ R U ( C O ) , ( C , P ~ , ) ~ ~  have 

been c h a r a c t e r i z e d  a s  h a v i n g  a  l ~ , - ( q 2 - 1 )  a l k y n e  l i g a n d .  The v3 - (q2 -1  1 )  
32 a l k y n e  t y p e s  i n c l u d e  c p , ~ h ,  ( C O )  ( c , P ~ , ) ~ '  and Cp2W20s(CO),[C2(C,H,Me)2] . 

The l a t t e r  a l k y n e  c l u s t e r  i s  o f  i n t e r e s t  s i n c e  i t  h a s  two i s o m e r s  i n  t h e  

asymmetr ic  u n i t  which d i f f e r  p r i n c i p a l l y  by r o t a t i o n  o f  t h e  a l k y n e  l i g a n d  

above t h e  t r i m e t a l l i c  f a c e .  These a r e  shown i n  1-4 and 1-5. Molecule  1-4 

is e s s e n t i a l l y  t h e  symmetr ic  i somer  where t h e  a l k y n e  l i g a n d  b r i d g e s  two 

t u n g s t e n  atoms and h a s  a  q 2 - l i n k a g e  t o  t h e  osmium atom. 1-5 h a s  t h e  a l k y n e  

l i g a n d  s p a n n i n g  t h e  W-0s bond w h i l e  h a v i n g  a  q 2 - l i n k a g e  t o  t h e  second  W 

atom. These  two i s o m e r s ,  o b s e r v e d  i n  t h e  same c r y s t a l ,  d e s c r i b e  t h e  two 

p o s s i b l e  r o t a m e r s  o f  a l k y n e  bonding t o  a M 2 M 1  s y s t e m .  



There  a r e  two t y p e s  o f  alkyne-M, s t r u c t u r e s  known, t h e  b u t t e r f l y  and 

t h e  s q u a r e - p l a n a r  s t r u c t u r e ,  These a r e  r e p r e s e n t e d  by 1-5 and 1-7. The 

arrangement  of  m e t a l  atoms and a l k y n e  c a r b o n s  i n  t h e  b u t t e r f l y  s t r u c t u r e  

e s s e n t i a l l y  comple tes  an  i r r e g u l a r  o c t a h e d r a l  geometry  w h i l e  i n  t h e  s q u a r e  

p lanaF form t h e  a l k y n e  l i e s  above t h e  a l m o s t  p l a n a r  a r r a y  o f  m e t a l  a toms.  

H e t e r o t e t r a m e t a l l i c  a l k y n e  c l u s t e r s  a r e  fewer  i n  number t h a n  t h e  

homometa l l i c  a n a l o g u e s  b u t  FeRu,(CO),,(C,Ph,) and Cp,Ni,Fe,(CO),(C,Ph,) 

s e r v e  a s  examples of  b u t t e r f l y  and s q u a r e  p l a n a r  a r rangements  

r e s p e c t i v e l y  33,34 

1 .2 .2  S y n t h e s i s  o f  C l u s t e r  Alkynes 

I n  r e v i e w i n g  t h i s  s u b j e c t  t h e  s y n t h e t i c  s t r a t e g i e s  f o r  t h e  assembly of 

h e t e r o m e t a l l i c  a l k y n e  c l u s t e r s  w i l l  be emphasized a l t h o u g h  t h e  r e a c t i o n s  a r e  

o f t e n  g e n e r a l  and c o u l d  e q u a l l y  be used f o r  t h e  homometa l l i c  a n a l o g u e s .  

I n d e e d ,  many o f  t h e  s y n t h e t i c  r o u t e s  d e s c r i b e d  were adop ted  o r  m o d i f i e d  from 

methods used i n  t h e  homometa l l i c  c l u s t e r  a l k y n e  f i e l d .  



S u b s t i t u t i o n  o f  CO 

T h i s  is one o f  t h e  more common methods used f o r  t h e  s y n t h e s i s  of b o t h  

homo- o r  h e t e r o m e t a l l i c  a l k y n e  c l u s t e r s  and c e r t a i n l y  is t h e  most o b v i o u s .  

The a p p r o p r i a t e  c l u s t e r  p r e c u r s o r  is first assembled and t h e n  t h e  a l k y n e  is 

added t o  t h e  c l u s t e r  w i t h  consequen t  l o s s  of  t h e  c o r r e c t  number o f  CO 

g roups .  The h e t e r o t r i m e t a l l i c  (MMM') c l u s t e r  Co,Ru(CO),(C,R,), can  be 

s y n t h e s i z e d  i n  t h i s  f a s h i o n  from Co,Ru(CO),, and t h e  d e s i r e d  a l k y n e  

3 5 l i g a n d  . Rearrangement o f  t h e  m e t a l  s k e l e t o n  o r  b r e a k i n g  o f  me ta l -meta l  

bonds is a p o s s i b l e  consequence o f  t h i s  r e a c t i o n  s i n c e  t h e  a l k y n e  f ragment  

p r e f e r s  t o  i n t e r a c t  w i t h  more t h a n  one m e t a l  atom of  a c l u s t e r .  A w e l l  

known example36 is t h e  r e a c t i o n  o f  CO, ( C O ) ,  , w i t h  a n  a l k y n e  y i e l d i n g  

Co,(CO),,(C,R,) (1-8). Two CO l i g a n d s  have been l o s t ,  a  c o b a l t - c o b a l t  bond 

h a s  been s e v e r e d  and t h e  a l k y n e  i n s e r t e d .  A Cpv a r rangement  o f  t h e  m e t a l  

atoms o r  a  b u t t e r f l y  s t r u c t u r e  is t h e  end p r o d u c t .  

An i n t e r e s t i n g  h e t e r o r n e t a l l i c  example is t h e  r e a c t i o n  o f  Co,Ru,(CO),, 

w i t h  a l k y n e s 3 ' .  A s  i n  Co,(CO) ,, , t h e  t e t r a h e d r a l  c l u s t e r  l o s e s  two CO 

l i g a n d s  and a  b u t t e r f l y  c l u s t e r  is o b t a i n e d  bu t  e x c l u s i v e  f o r m a t i o n  of o n l y  



one isomer (1-9) ou t  of t h r e e  p o s s i b i l i t i e s  is observed;  s p e c i f i c a l l y ,  t h a t  

i n  which the  Co-Co bond is cleaved and not  t h e  Ru-Co o r  t h e  Ru-Ru bond. 

I t  should be noted he re  t h a t ,  wh i l e  t h i s  r e a c t i o n  may appear t o  be 

g e n e r a l ,  t h e r e  a r e  t e t r a h e d r a l  c l u s t e r s  which w i l l  not  add a lkynes  i n  a  

s i m i l a r  f a sh ion .  Cp,Ni,Fe,(CO), has not been found t o  add an alkyne wi th  

l o s s  of a  carbonyl  t o  form Cp,Ni,Fe,(CO),(C,R,), even though t h i s  known 

compound has been syn thes i zed  by a  d i f f e r e n t  method and s t r u c t u r a l l y  

3 8 c h a r a c t e r i z e d  . 

Metal Fragment Condensation 

This  s y n t h e t i c  method is growing more popular a s  i t  o f t e n  a l lows  

s y s t e m a t i c  a d d i t i o n  of an unsa tu ra t ed  mononuclear fragment t o  an e x i s t i n g  

c l u s t e r .  The unsa tu ra t ed  fragment (such a s  C r ( C O ) , )  i s  commonly formed i n  - 
s i t u  or  can be obta ined  by t h e  l o s s  of a  l a b i l e  l i gand  from a  modestly 

s t a b l e  organometa l l ic  fragment such a s  (PPh,),Pt(C,H,). This  a l lows  c l u s t e r  

growth t o  o f t e n  appear more r a t i o n a l  and not  r e l y  on empi r i ca l  approaches 

wi th  l i t t l e  p r e d i c t a b i l i t y .  However, g e n e r a l i z a t i o n s  a r e  s t i l l  d i f f i c u l t  t o  



make and approaches  o n l y  e x p e r i m e n t a l .  

The two most common f r a g m e n t s  t h a t  a r e  employed i n  t h i s  r e a c t i o n  a r e  

CpNi and Fe(CO), .  CpNi is u s u a l l y  o b t a i n e d  -- i n  s i t u  38'39 f rom Cp2Ni2(CO),  o r  

Cp2Ni,  and F e 2 ( C 0 ) 9  is t h e  most  common p r e c u r s o r  f o r  Fe(CO), f r a g m e n t s  

a l t h o u g h  Fe(CO), and Fe,(CO),, have a l s o  been A good example 

o f  t h i s  r e a c t i o n  is i l l u s t r a t e d  i n  Scheme 1-1.  Cp,Ni2(C2R2) ( A ) ,  a 

SCHEME 1-1 

d i n u c l e a r  a l k y n e  compound which is f o r m a l l y  s a t u r a t e d  ( i  . e . ,  a l l  m e t a l s  have 

an 18 e l e c t r o n  c o u n t )  a d d s  an Fe(CO), g r o u p  t o  form ( B ) ,  a  h e t e ~ o t r i m e t a l l i c  

( M M M t )  c l u s t e r  t h a t  can be i s o l a t e d  o r  add a f u r t h e r  Fe(CO), u n i t  t o  form a 

38 h e t e r o t e t r a m e t a l l i c  (M,Mf,) a l k y n e  c l u s t e r  (C) . 

Car byne Coup1 i n g  

Alkyne l i g a n d s  have o f t e n  been o b s e r v e d  t o  c l e a v e  t h e i r  carbon-carbon 

t r i p l e  bond upon r e a c t i o n  w i t h  some t r a n s i t i o n  m e t a l  complexes t o  form p,- 

c a r b y n e  s p e c i e s 4 '  . However .Stone4* and ~ h u r c h i l l ~ ~  have r e c e n t l y  u t i l i z e d  

t h e  r e v e r s e  r e a c t i o n ,  ca rbyne  c o u p l i n g ,  t o  form a number o f  c l u s t e r  a l k y n e  

compounds. Both workers  used mononuclear c a r b y n e s  (M=C-R) a s  p r e c u r s o r s  i n  



t h i s  r e a c t i o n .  An example is given i n  Scheme 1-2. The mononuclear carbyne 

compound couples  wi th  i t s e l f  and adds an O s ( C O ) ,  fragment from t h e  

SCHEME 1-2 

( I J - H ) ~ O S , ( C O ) , , ,  c l u s t e r  i n  a d d i t i o n  t o  scavenging a  CC t o  form the  MMM1 alkyne 

c l u s t e r ,  C~,W,OS(CO),(C~(C~H,M~)~). 

React ions of Carbonyl Anions 

The s y n t h e s i s  of mixed-metal c l u s t e r s  v i a  t h e  a d d i t i o n  of a  

ca rbony lme ta l l a t e  t o  a  c losed  metal  carbonyl c l u s t e r  has been pioneered by 

~ e o f f r o ~ ~ ~  and shown t o  be a  v e r s a t i l e  method. The compounds a r e  u sua l ly  

i s o l a t e d  a s  t he  hydride c l u s t e r s  a f t e r  a c i d i f i c a t i o n  r a t h e r  than  a s  t h e  

a n i o n i c  c l u s t e r .  Only a  few homo- o r  h e t e r o m e t a l l i c  a lkyne c l u s t e r s  have 

been made i n  t h i s  f a sh ion .  H,Ru,(CO),(C,Ph2) can be syn thes i zed  from 



Metal S u b s t i t u t i o n  o r  Metal Exchange Reac t ions  

The s p e c i f i c  exchange of one metal  u n i t  f o r  ano the r  i n  a  metal  c l u s t e r  

was f i r s t  d i scovered  by ~ a h r e n k a m ~ ~ ~ .  S ince  t h a t  t ime t h e  method h a s  been 

extended t o  t h e  s y n t h e s i s  of h e t e r o m e t a l l i c  a lkyne c l u s t e r s .  The example 

shown i n  Scheme 1-3 h a s  a  CpNi fragment s u b s t i t u t i n g  f o r  a  Ru(CO), moiety.  

Only exchange with a  wing ruthenium is observed and no o t h e r  isomers  were 

SCHEME 1-3 

r epo r t ed46 .  Th i s  method has  been growing i n  p o p u l a r i t y  a s  i t  a l l ows  t h e  

s y n t h e s i s  of  mixed-metal a lkyne  c l u s t e r s  which could no t  be made i n  any 

o t h e r  f a sh ion .  C e r t a i n l y  d i n u c l e a r  metal-metal bonded complexes47 and 

d inuo lea r  a lkyne compounds38 e q u i l i b r a t e  e a s i l y  wi th  format ion  of  t h e  mixed 

metal  complexes. However, t h i s  r e a c t i o n  has  no t  y e t  reached t h e  s t a g e  i n  

. c l u s t e r  a lkyne chemis t ry  where products  a r e  t o t a l l y  p r e d i c t a b l e  but  i t  

c l e a r l y  demonstrates  p o t e n t i a l .  

Metal Ex t rus ion  

Only a  few examples e x i s t  of  t h e  e x t r u s i o n  of a  metal  from a  c l u s t e r  



alkyne species to give a cluster of lower nuclearity. These include the 

proton induced fragmentationg8 of [Co,Ru(CO) , , (c,P~,)]- to give 

Co,Ru(CO) , (C,Ph,) and the phosphine induced cleavagego of 

Cp,Ni,Fe,(CO),(C,Ph,) to yield [ c ~ N ~ ( P R ~ ) , I ~ [ c ~ N ~ F ~ ~ ( c o ) ~ ( c ~ P ~ ~ ) ~ - .  This 

method is unlikely to become a general preparative reaction and will not be 

treated further. 



1.3 Syn thes i s  and C h a r a c t e r i z a t i o n  of t h e  H e t e r o t r i m e t a l l i c  Alkyne 

C l u s t e r s ,  CpNiCoM(CO),(RC2Rf) (M = Fe,Ru,Os) 

The s u b j e c t  of t h e  p re sen t  i n v e s t i g a t i o n  is now desc r ibed .  The s tudy  

e n t a i l s  developing a  method f o r  t h e  s y n t h e s i s  of a  f ami ly  of 

h e t e r o t r i m e t a l l i c  a lkyne c l u s t e r s  i n  which a l l  t h r e e  metal  atoms a r e  

d i f f e r e n t  (MMIMlf) and one of them is va r i ed  among t h e  congeners Fe, Ru and 

0 s .  The s o l i d  s t a t e  s t r u c t u r e s  have been obta ined  by I R  and X-ray methods 

of a s  c l o s e l y  r e p r e s e n t a t i v e  members a s  p o s s i b l e  comprising each metal  of 

t h e  i r o n  group i n  t u r n .  Because of i n e v i t a b l e  d i f f i c u l t i e s  i n  o b t a i n i n g  X- 

r a y  q u a l i t y  c r y s t a l s ,  minor changes i n  t h e  alkyne and some o t h e r  

mod i f i ca t ions  have been n e c e s s i t a t e d .  The observed s t r u c t u r e s  a r e  n o t .  

i d e n t i c a l  down t h e  s e r i e s ,  and t h e  s i g n i f i c a n t  changes which occur  w i l l  be 

d i scussed .  The s o l i d  s t a t e  s t r u c t u r e s  a r e  complemented by s o l u t i o n  s t u d i e s  

by I R  and p a r t i c u l a r l y  dynamic 'H NMR methods. The c l u s t e r s , a t - e  found t o  be 

s t e r eochemica l ly  non-r igid i n  s o l u t i o n  and t h e  n a t u r e  of t h i s  non- r ig id i ty  

i nvo lv ing  r e o r g a n i z a t i o n  of t h e  alkyne on t h e  t r i m e t a l l i c  f ace  w i l l  be 

desc r ibed .  / 

1.3.1 Syn thes i s  

I t  was decided t o  pursue t h e  method of metal  fragment condensat ion i n  

o rde r  t o  s y n t h e s i z e  t h e  d e s i r e d  h e t e r o t r i m e t a l l i c  a lkyne c l u s t e r s .  

CpNiCo(CO),(RC2Rf) was chosen a s  t he  s t a r t i n g  h e t e r o b i m e t a l l i c  a lkyne 

compound because a  v a r i e t y  of a lkynes  could be bound; C2Ph2, C 2 E t 2  and 

MeCIPh were chosen. Also the  compounds could be e a s i l y  s ~ n t h e s i z e d ~ ~  i n  

f a i r  y i e l d  from Co2(CO),(RC2Rf) and Cp2Ni ( o r  [CpNi(CO)],) by a  metal  
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exchange r e a c t i o n  a s  shown below. I n  a d d i t i o n ,  t h e  compounds were a i r  s t a b l e  

R R 

I I 

both i n  t h e  s o l i d  s t a t e  and s o l u t i o n  and could be s e p a r a t e d  e a s i l y  from 

o t h e r  m a t e r i a l s  by column chromatography. 

The r e a c t i o n  of  exces s  Fe,(CO), w i th  CpNiCo(CO),(RC,Rf) i n  hexanes 

produces t h e  d e s i r e d  NiCoFe alkyne c l u s t e r s ,  CpNiCoFe(CO),(C,Ph,) (l), 

C P N ~ C ~ F ~ ( C O ) ~  ( C 2 E t  ,) (3) and CpNiCoFe(CO), (MeC,Ph) ( 7 )  i n  r ea sonab le  y i e l d  - 
(25-30%). These c l u s t e r s  can be s e p a r a t e d  from s t a r t i n g  m a t e r i a l s  and s ide -  

p roduc t s  by r epea t ed  column chromatography. Fe2(CO), f ragments  t o  g ive  

Fe(CO), and Fe(CO), g roups ,  which can recombine with Fe,(CO), t o  form 

Fe, ( C O )  , , which was always p re sen t  and i s o l a t e d  i n  t h e s e  r e a c t i o n s .  ~ h d  

format ion  of Fe,(CO),, is enhanced by an i n c r e a s e  i n  t h e  r e a c t i o n  

tempera ture  o r  by changing s o l v e n t s  from hexanes t o  d i e t h y l  e t h e r  o r  THF. 

Also ,  when THF o r  d i e t h y l  e t h e r  was used a s u b s t a n t i a l  amount of  t h e  b lack  

. Fe, ( C O ) ,  (C2Ph,) was i so l a t ed28 .  Replacement of  Fe,(CO) , by Fe(CO), l e d  t o  

an i nc reased  number of s ide-products ,  e s p e c i a l l y  Cp,Ni ,Fez ( C O ) ,  ( c , P ~ ,  ) 3 4 ,  a t  

t h e  expense of t h e  d e s i r e d  NiCoFe c l u s t e r .  The use of Fe,(CO),, r a t h e r  t han  

Fe(CO), o r  Fe2(CO), l e d  t o  very poor y i e l d s  of 1 t h a t  were no t  improved upon - 
changing s o l v e n t  o r  t empera ture .  

r 



The f o r m a t i o n  o f  c ~ N ~ C O R U ( C O ) , ( C , P ~ , )  ( 2 ) ,  C ~ N ~ C O R U ( C O ) , ( C , E ~ , )  (2) and - 

CpNiCoRu(CO),(MeC,Ph) ( 8 )  was e f f e c t i v e  when Ru(CO), b u t  n o t  Ru3 ( C O )  1 2  was - 

employed. The y i e l d s  were low (10-15%) ,  b u t  t h e  u n r e a c t e d  Ru(CO), c o u l d  be 

r e c o v e r e d  from t h e  r e a c t i o n  a s  Ru,(CO),, and r e c o n v e r t e d  t o  Ru(CO), and 

r e u s e d .  The u s e  o f  Ru,(CO),, l e d  o n l y  t o  t r a c e  amounts of  - 2 ,  - 5 o r  - 8 b e i n g  

formed. 

The s y n t h e s i s  o f  t h e  osmium a n a l o g u e s ,  CpNiCoOs(CO),(C,Ph,) (z), 
CpNiCoOs(CO),(C,Et,) ( 6 )  - and CpNiCoOs(CO),(MeC,Ph) ( 9 )  - was s i m i l a r  t o  t h a t  

o f  t h e  ru then ium c l u s t e r s .  Only Os(CO), and n o t  Os,(CO), ,  was s u c c e s s f u l  a t  

room t e m p e r a t u r e .  When t h e  r e a c t i o n  t e m p e r a t u r e  was i n c r e a s e d  a  s m a l l  

amount o f  NiCoOs c l u s t e r  was o b t a i n e d  u s i n g  O s , ( C O ) , , ,  b u t  t h i s  o f f e r e d  no 

advan tage  t o  u s i n g  0s ( C O )  , a t  lower  t e m p e r a t u r e s .  

1 . 3 . 2  C h a r a c t e r i z a t i o n  

The h e t e r o t r i m e t a l l i c  a l k y n e  c l u s t e r s  have been c h a r a c t e r i z e d  by 

s o l u t i o n  and s o l i d  s t a t e  (KBr) I R  ( T a b l e  I ) ,  X-ray,  'H NMR ( T a b l e  2 ) ,  mass 

s p e c t r a l  a n a l y s i s  ( T a b l e  2 )  and by e l e m e n t a l  a n a l y s i s  where p o s s i b l e  ( s e e  

E x p e r i m e n t a l ) .  I n  a d d i t i o n ,  f o r  each  c l u s t e r  t h e  c a l c u l a t e d  i s o t o p i c  
/ 

d i s t r i b u t i o n  o f  t h e  p a r e n t  i o n  i n  t h e  mass spec t rum was compared t o  t h e  

e x p e r i m e n t a l  d i s t r i b u t i o n  

The numbering scheme used f o r  t h e  c l u s t e r s  is  shown below. 

CpNiCoRu(CO), ( C 2 E t 2 )  - 5 - 
- l a  - CpNiCoOs(CO), ( C 2 E t 2 )  - 6 - 

c ~ N ~ C O F ~ ( C O ) , ( M ~ C , P ~ )  - 1 
c ~ N ~ C O R U ( C O ) , ( M ~ C , P ~ )  - 8 - 
Cp~iCo0s(C0) , (MeC,Ph)  - 9 - 

1 . 3 .2a  I n f r a r e d  S p e c t r o s c o p y  

The s o l u t i o n  ( h e x a n e s )  I R  s p e c t r a  ( l i s t e d  i n  T a b l e  1 )  d i d  n o t  v a r y  



g r e a t l y  between compounds of  t h e  same t r i m e t a l l i c  framework, i .e . ,  NiCoFe, 

wi th  d i f f e r e n t  a lkynes .  The I R  s p e c t r a  of 1 ,  4 and 1, ( a l l  w i t h  NiCoFe - - 
frameworks) a r e  shown i n  F igu re  1 f o r  comparison. There a r e  c e r t a i n l y  some 

sma l l  s h i f t s  i n  wavenumber between t h e  d i f f e r e n t  s p e c i e s  and v a r i a t i o n s  i n  

i n t e n s i t y ,  bu t  a l l  have t h e  h i g h e s t  wavenumber a b s o r p t i o n  a t  about  2068 cm-I 

and t h e  most i n t e n s e  band around 2022 cm-l. The NiCoRu and NiCoOs c l u s t e r s  

d i f f e r  from t h e  NiCoFe ana logues  but  a r e  f a i r l y  s i m i l a r  among themselves .  

Again, t h e  h i g h e s t  wavenumber abso rp t ion  is around 2068 em-' and t h e  l a r g e s t  

peak is now found a t  2040 cmdl. I n  a d d i t i o n  t o  sha rp  t e rmina l  v(C0) 

a b s o r p t i o n s ,  a l l  t h e  NiCoRu and NiCoOs alkyne c l u s t e r s  show a  weak, 

broadened carbonyl  peak i n  t h e  1885-1895 ern-' r eg ion .    his . i s  a s s i g n a b l e  t o  

a  u,-CO carbonyl  s p e c i e s .  While broadened i n  s o l u t i o n ,  an I R  o f  t h e  c l u s t e r  

a s  a  K B r  p e l l e t  r evea l ed  t h e  band more c l e a r l y ,  and an example is shown i n  

F igu re  2. While - 2  has  a  very  i n t e n s e  and sha rp  b r idg ing  CO band, both t h e  

i n t e n s i t y  and broadness  of t h i s  abso rp t ion  vary from c l u s t e r  t o  c l u s t e r .  

The assignment of t h e  lowest  wavenumber band t o  a  doubly b r idg ing  CO is i n  

agreement wi th  t h e  X-ray s t r u c t u r e s  of 2  and 3  which both c o n t a i n  a - - 
semibr idg ing  CO.  

l a ,  which h a s  on ly  f i v e  carbonyl  l i g a n d s ,  d i s p l a y s  a  d i f f e r e n t  I R  from - 
t h e  hexacarbonyl  c l u s t e r s .  The h i g h e s t  wavenumber a b s o r p t i o n  occu r s  a t  2039 

- 1 crn ( r a t h e r  t han  2068 cm-I f o r  t h e  o t h e r  c l u s t e r s )  and a  b r idg ing  CO 

s p e c i e s  is noted which was n o t  observed f o r  o t h e r  NiCoFe c l u s t e r s .  The 

i n f r a r e d  spectrum a s  a  K B r  p e l l e t  t h e  I R  showed t h e  u,-CO s p e c i e s  t o  be a t  a  

lower wavenumber than  f o r  t h e  hexacarbonyl  c l u s t e r s ;  1827 v e r s u s  1858-1876 

- 1 cm . The X-ray s t r u c t u r e  of  l a  confirmed t h e  e x i s t e n c e  of  a  semibr idg ing  - 
CO group. 
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F I G U R E  1 

In f ra red  Spect ra  (hexanes, v(C0))  of 





F I G U R E  2 

I n f r a r e d  S p e c t r a  of CpNiCoRu(CO),(C,Ph,) 

i n  hexanes and K B r  



3 nn 
C J t *Y  

Hexanes 
c m-1 

KBr 



1.3.2b Mass S p e c t r a  

A s  shown i n  Table  2 t h e  mass spectrum of each hexacarbonyl  

h e t e r o t r i m e t a l l i c  c l u s t e r  r evea l ed  t h e  pa ren t  ion  and t h e  s e q u e n t i a l  l o s s  of 

s i x  carbonyl  groups.  l a  which c o n t a i n s  a  PPh, group a l s o  y i e lded  a  pa ren t  - 
ion  a l b e i t  i n  smal l  i n t e n s i t y .  Of ten  c l u s t e r s  wi th  phosphine l i g a n d s  do no t  

show pa ren t  i o n s  due t o  a  l a c k  of s t a b i l i t y .  Other peaks,  no t ab ly  t h o s e  

belonging t o  CpNi (123 a m ) ,  CpNiCoFe (238 amu), CpNiCoRu (284 amu) and 

CpNiCoOs (374 amu) and t h e  a p p r o p r i a t e  a lkyne l i g a n d ;  C 2 E t ,  (82 amu), MeC2Ph 

( 1  16 amu) o r  C,Ph2 (1.78 amu) were observed. I n  a d d i t i o n ,  1 a r evea l ed  t h e  - 
l o s s  of i t s  PPh, (262 amu) l i g a n d .  

The i s o t o p i c  d i s t r i b u t i o n  of  t h e  pa ren t  i on  can s e r v e  a s  a  f i n g e r p r i n t  

f o r  a  g iven  composi t ion,  p a r t i c u l a r l y  f o r  t h e  meta l  atoms, a s  some have a  

number of i so topes .  A l l  of t h e  h e t e r o t r i m e t a l l i c  c l u s t e r  a lkynes  1-9, - - 
except  - l a ,  had t h e i r  p a r e n t  ion d i s t r i b u t i o n s  c a l c u l a t e d  and compared wi th  

t h e  va lues  ob t a ined  expe r imen ta l l y  t o  confirm t h e  presence  of  t h e  t h r e e  

d i f f e r e n t  meta l s .  An example of t h e  observed and c a l c u l a t e d  mass 

d i s t r i b u t i o n  found f o r  t h e  pa ren t  ion of - 5 is shown i n  F igure  3  and c l e a r l y  

t h e r e  is c l o s e  agreement. A l l  of  t h e  compounds 1-9 showed s i m i l a r  good - - 
i 

agreement.  S ince  - l a  had a  weak p a r e n t  i on ,  t h e  c a l c u l a t e d  mass d i s t r i b u t i o n  

was performed wi th  t h e  P-CO' i on  and t h i s  agreed  s a t i s f a c t o r i l y  wi th  t h e  

observed va lues .  

1 ,3 .2c NMR S p e c t r a  

1 
The H NMR d a t a  f o r  1-9 a r e  l i s t e d  i n  Table  2. Compounds 1'3 a l l  show a  - - - - 

s i n g l e  sha rp  peak around 6 5.10 a s s i g n a b l e  t o  t h e  Cp p ro tons  and a  rnu l t i p l e t  

a t  6 7.1-7.3 due t o  t h e  pro tons  of t h e  d ipheny lace ty l ene  l i g a n d .  

The d i e t h y l a c e t y l e n e  s u b s t i t u t e d  compounds, - 4-6, - have an i n t e r e s t i n g  'H 
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FIGURE 3 

Comparison of  t h e  Observed and C a l c u l a t e d  

I s o t o p i c  D i s t r i b u t i o n  of  t h e  Pa ren t  Ion  

of  CpNiCoRu(CO),(C2Et2) 





NMR. One Cp resonance is observed f o r  each compound but  t h e  methylene and 

methyl p ro tons  a r e  more complex. F igu re s  4 ,  5 and 6 show t h e  CH, and CH,  

r eg ion ,  of  - 4 ,  - 5 and - 6 r e s p e c t i v e l y .  I n  t h e  spectrum of bo th  - 5 and - 6 i t  is 

ev iden t  t h a t  two ove r l app ing  resonances  c o n t r i b u t e  t o  t h e  -6 3.0 s i g n a l .  

The spectrum of - 6 is d e c e p t i v e l y  s i m i l a r  t o  t h a t  of - 5 but  see l a t e r  i n  t h e  

s e c t i o n .  The methyl groups of 4 a r e  t r i p l e t s  a s  expected because of - 
coupl ing  t o  t h e  ne ighbour ing  CH, group. However, t h e  pro tons  on t h e  

methylene a r e  c l e a r l y  no t  t h e  expected 1:3:3:1 p a t t e r n  ob t a ined  from 

coupl ing  wi th  on ly  t h e  n e a r e s t  CH, group.  

From t h e  r e p r e s e n t a t i o n  of  - 4,  C ~ N ~ C O F ~ ( C O ) , ( C , E ~ , ) ,  below a s  1-10, i t  

is c l e a r  t h a t  t h e  c l u s t e r  is c h i r a l .  The CH, p ro tons  and 

methyl groups have been l a b e l l e d  such t h a t  H b ,  Hc  and He a r e  a d j a c e n t  t o  t h e  

N i  atom and H H and H t o  t h e  Co atom. S ince  t h e  methylene pro tons  a r e  a '  d f  

d i a s t e r e o t o p i c  t hey  should have d i s t i n c t  chemical s h i f t s  and t h e  coupl ing  



experienced by each methylene is now more complex. For example, Hd is s p l i t  

i n t o  a  double t  by coupl ing  wi th  Ha and each l i n e  of t h e  doub le t  is s p l i t  

i n t o  fou r  l i n e s  of i n t e n s i t y  1:3:3:1 by t h e  neighbouring CH,  group. 

I d e a l l y ,  a  double t  of q u a r t e t s  should be observed f o r  each  methylene pro ton  

bu t  some ove r l ap  has  occu r r ed ,  and t h e  sma l l e r  peaks a r e  sometimes obscured. 

Both - 5 and - 6 ,  which a r e  a l s o  c h i r a l ,  have two methylene p ro tons  wi th  n e a r l y  

i d e n t i c a l  chemical s h i f t s  and show only  3 methylene m u l t i p l e t s  wi th  an 

i n t e n s i t y  r a t i o  of  2:1:1. 

A decoupl ing experiment  was performed t o  e s t a b l i s h  which methylene 

pro tons  were a t o  a  p a r t i c u l a r  methyl group. The methylene pro ton  

m u l t i p l e t s  i n  - 4 ,  l a b e l l e d  Haed i n  F igure  4 ,  were s e q u e n t i a l l y  i r r a d i a t e d ,  

and decoupl ing of  e i t h e r  o f  t h e  methyl groups ( H e  o r  H ) was monitored. f  

Th i s  r evea l ed  t h a t  t h e  methylene p ro tons  Ha and H were a t o  H and Hc and d f  

H were a t o  He. Our l a b e l l i n g  of t h e  methylene pro tons  i n  1-10 is b 

c o n s i s t e n t  wi th  t h i s  in format ion ,  however we have no t  y e t  e s t a b l i s h e d  which 

CH, group is 'above'  o r  a d j a c e n t  t o  t h e  CpNi fragment o r  which group is near  

t h e  Co(CO), fragment.  To a t t empt  t h i s  a  Nuclear Overhauser Enhancement 

( N O E )  experiment  was c a r r i e d  ou t .  I n  t h i s  t e chn ique ,  one spectrum is 

accumulated while  s imul taneous ly  s a t u r a t i n g  i r r a d i a t i o n  is a p p l i e d  a t  t h e  

t r a n s i t i o n  of i n t e r e s t .  From t h i s  spectrum is s u b t r a c t e d  a  second spectrum 

f o r  which t h e  i r r a d i a t i o n  frequency is moved t o  a  r eg ion  f r e e  from any 

t r a n s i t i o n s .  The r e s u l t a n t  d i f f e r e n c e  spectrum shows a l a r g e  nega t ive  peak 

corresponding t o  t h e  f i r s t  i r r a d i a t i o n  frequency and p o s i t i v e  peaks f o r  any 

resonances t h a t  a r e  enhanced by t h e  NOE.  The magnitude of  t h e  i n d i r e c t  

Coupling dec reases  w i th  t h e  s i x t h  power of  t h e  d i s t a n c e ,  s o  on ly  n u c l e i  i n  

c l o s e  proximity t o  t h e  i r r a d i a t e d  one a r e  enhanced. I r r a d i a t i o n  of t h e  Cp 

resonance of 4 a t  room tempera ture  o r  a t  202K, u n f o r t u n a t e l y ,  d i d  no t  r e s u l t  - 



F I G U R E  4 

'H NMR of the CH, and CH, r eg ion  





i n  any observable  enhancement of  any of t h e  CH, o r  CH,  p ro tons .  The 

d i s t a n c e  from t h e  p ro tons  of t h e  Cp r i n g  t o  t h e  CH,  o r  CH, p ro tons  may be 

t o o  l a r g e  f o r  t h i s  e f f e c t  t o  be d e t e c t e d .  

The methylene p ro tons  of  5 and 6 were a l s o  s u b j e c t e d  t o  a  decoupl ing  - - 
experiment and a r e  l a b e l l e d  i n  t h e  NMR a s  shown i n  F igu re  5. For 5 ,  

i r r a d i a t i o n  of t h e  H m u l t i p l e t  caused both t h e  He and Hf t r i p l e t s  t o  be a / b  

decoupled,  i r r a d i a t i o n  of Hc r e s u l t e d  i n  t h e  decoupl ing of H and l a s t l y  e 

i r r a d i a t i o n  of Hd decoupled t h e  t r i p l e t  H f .  T h i s  e s t a b l i s h e d  t h a t  t h e  

methylene proton H and one of t h e  two p ro tons  under t h e  H envelope a r e  a c a / b  

t o  methyl group H and H and t h e  second pro ton  under t h e  HaIb envelope is e  ' d 

next  t o  Hf a s  i l l u s t r a t e d  i n  1-11.  

The decoupl ing experiment involv ing  t h e  CH,  hydrogens of  6 r evea l ed  a  - 
d i f f e r e n c e  i n  t h e  assignment  of t h e s e  peaks. The o v e r a l l  spectrum was very 

S imi l a r  t o  5 and t h e  same l a b e l l i n g  of t h e  peaks is used i n  t h e  NMR (F ig .  - 
6 ) .  While i r r a d i a t i o n  of t h e  HaIb m u l t i p l e t  caused c o l l a p s e  of  bo th  He and 



F I G U R E  5 

'H NMR of the  CH, and CH,  region 

of C p N i C o R u ( C O ) , ( C , E t , )  (5)  





FIGURE 6 

'H NMR of the CH, and CH, region 

CpNiCoOs(CO),(C,Et,) (6) 





FIGURE 7 

Irradiation of a CH, Resonance 

in the 'H NMR Spectrum of 

CpNiCoOs(CO),(C,Et,) (5) - 





Hf,  i r r a d i a t i o n  o f  H c o l l a p s e d  H f  and i r r a d i a t i o n  o f  Hd c o l l a p s e d  H e ,  which 
C 

is t h e  o p p o s i t e  t o  t h a t  e n c o u n t e r e d  f o r  - 5. The d e c o u p l i n g  exper iment  is  

c o n s i s t e n t  w i t h  t h e  l a b e l l i n g  scheme f o r  5 i n  1-12. - 
The d e c o u p l i n g  e x p e r i m e n t s  o f  5 and 6 r e v e a l e d  f u r t h e r  d e t a i l s .  When - - 

methy lene  p r o t o n  H o f  5 was i r r a d i a t e d ,  i n  a d d i t i o n  t o  d e c o u p l i n g  t h e  
C - 

methy l  r e s o n a n c e  H t h e  m u l t i p l e t  due t o  p r o t o n  Hd  v a n i s h e d .  T h i s  is shown e  ' 
i n  F i g u r e  7. The i r r a d i a t i o n  of H caused  H t o  d i s a p p e a r  bu t  i r r a d i a t i o n  d  c 

of t h e  HaIb  e n v e l o p e  d i d  n o t  a f f e c t  H c  o r  H d .  T h i s  is e q u i v a l e n t  t o  a  s p i n  

s a t u r a t i o n  l a b e l l i n g  exper iment  . S a t u r a t i o n  o f  t h e  H r e s o n a n c e  w i l l  c a u s e  
C 

s a t u r a t i o n  and hence d i s a p p e a r a n c e  o f  t h e  H r e s o n a n c e  o n l y  i f  H and H a r e  d  c d  

exchang ing  and i n  a d d i t i o n ,  t h e  exchange r a t e  must be comparable  t o  t h e  

r e l a x a t i o n  r a t e  a t  t h e  two s i t e s .  I n  compound 6 ,  i r r a d i a t i o n  o f  Hc caused  - 
H t o  v a n i s h  and v i c e - v e r s a  and ,  a s  i n  5 ,  i r r a d i a t i o n  o f  t h e  H m u l t i p l e t  d  - a / b  

d i d  n o t  a f f e c t  H c  o r  H d .  

S a t u r a t i o n  o f  t h e  Ha a  me thy lene  r e s o n a n c e  i n  4 d i d  n o t  r e s u l t  i n  - 
t r a n s f e r  o f  t h e  s a t u r a t i o n  t o  a d i f f e r e n t  me thy lene  hydrogen i n d i c a t i n g  tha t  

i n t e r c h a n g e  o f  t h e s e  hydrogens  must be s lower  t h a n  i n  5 o r  6 .  I n  o r d e r  t o  - - 
o b t a i n  a  v a l u e  f o r  t h e  a c t i v a t i o n  e n e r g y  o f  t h i s  i n t e r c h a n g e  p r o c e s s  t h e  

/ 

r a t e  o f  s a t u r a t i o n  t r a n s f e r  between t h e  methyl  r e s o n a n c e s  i n  4 a t  d i f f e r e n t  - 
t e m p e r a t u r e s  was de te rmined .  T h i s  is t h e  b a s i s  o f  t h e  s a t u r a t i o n  t r a n s f e r  

exper iment  d e t a i l e d  by F o r s e n  and   off man^^ from which exchange k i n e t i c s  a r e  

o b t a i n e d .  I n  t h e i r  exper iment  one r e s o n a n c e  is i r r a d i a t e d  and t h e  i n t e n s i t y  

of a  second  r e l a t e d  r e s o n a n c e  is de te rmined  a s  a  f u n c t i o n  o f  t i m e  a t  v a r y i n g  

t e m p e r a t u r e s .  We pursued  a  s l i g h t l y  d i f f e r e n t  approach  from t h a t  which was 

s u g g e s t e d  by ~ a h l ~ u i s t ~ '  b u t  one which y i e l d s  t h e  same i n f o r m a t i o n .  A 1 80•‹ 

P u l s e  is a p p l i e d  t o  one  r e s o n a n c e  o f  i n t e r e s t  i n ,  f o r  example,  4 c a u s i n g  t h e  - 
s i g n a l  t o  be i n v e r t e d .  S p e c t r a  a r e  r e c o r d e d  a t  v a r y i n g  d e l a y  t i m e s  d u r i n g  



which a  f r a c t i o n  of t h e  s a t u r a t i o n  from t h e  f i r s t  peak is t r a n s f e r e d  t o  t h e  

second. Both peaks a r e  a l s o  decaying i n  p ropor t i on  t o  t h e i r  l i f e t i m e s  s o  

t h e  t o t a l  i n t e n s i t y  of  t h e  two peaks dec reases  wi th  longer  de l ay  t imes .  

Measurement a t  f i v e  d i f f e r e n t  t empera tures  (291,  300, 307, 314, 321K) gave 

t an a c t i v a t i o n  energy AG = 74.5 + 1.3  kJ mol-' . An example of t h e  

c a l c u l a t i o n  is provided i n  t h e  Experimental S e c t i o n .  Unfo r tuna t e ly ,  f o r  5 - 

and - 6 ,  t h e r e  was enough o v e r l a p  i n  t h e  b a s e l i n e  of t h e  methyl and methylene 

resonances  t o  make it d i f f i c u l t  t o  o b t a i n  a c c u r a t e  i n t e g r a t i o n s  because of 

some s a t u r a t i o n  t r a n s f e r  from one methyl group t o  t h e  o t h e r  even wi th  very 

s h o r t  de l ay  t imes .  

The 'H NMR of  compounds - 7-9 - were r e l a t i v e l y  s imple  c o n s i s t i n g  of  a  

m u l t i p l e t  f o r  t h e  a roma t i c  p ro tons ,  two Cp peaks and two s i n g l e t s  a s s i g n a b l e  

t o  t h e  methyl p ro tons  of t h e  alkyne l i g a n d .  The 'H NMR of  7 is shown i n  - 
Figu re  8. The two s e t s  of Cp, Me and Ph resonances  occur  because t h e  a lkyne  

l i g a n d  can be o r i e n t e d  on t h e  h e t e r o t r i m e t a l l i c  framework i n  two d i f f e r e n t  

f a s h i o n s ,  a s  shown below for '  7 and l a b e l l e d  a s  I-13a and 1-1 3b. The methyl - 
group of t he  alkyne l i g a n d  can be ad j acen t  t o  e i t h e r  t h e  N i  o r  t h e  Co atom 

and s i m i l a r l y  f o r  t h e  phenyl l i g a n d .  Both 8 and 9  w i l l  a l s o  have two - - 
I s t e r eo i somers  and t h e  'H NMR s u b s t a n t i a t e s  t h i s .  



FIGURE 8 

'H NMR of CpNiCoFe(CO),(MeC,Ph) ( 7 )  - 





The r a t i o  of  t h e  i n t e n s i t i e s  of t h e  Cp peaks (and t h e  methyls )  a r e  very 

s o l v e n t  dependent.  T h i s  r a t i o  and t h e  chemical s h i f t s  a r e  l i s t e d  i n  Table  3  

f o r  t h r e e  d i f f e r e n t  s o l v e n t s .  From t h e  vary ing  i n t e n s i t y  r a t i o s  i t  is 

e a s i l y  e s t a b l i s h e d  t h a t  t h e  Cp and Me peak of lower 6 belong t o  t h e  same 

isomer and t h e  high 6 resonances  belong t o  t h e  second isomer,  i . e . ,  e i t h e r  

I-13a o r  I-13b. An i d e n t i c a l  r a t i o n a l e  can be a p p l i e d  t o  8 and 9.  To - - 
a t t empt  t o  e s t a b l i s h  which s e t  of resonances a r e  a t t r i b u t a b l e  t o  a  

p a r t i c u l a r  isomer a  NOE experiment  was c a r r i e d  o u t .  The Cp resonances  of  7 ,  - 
8 and 9 were s e q u e n t i a l l y  i r r a d i a t e d ' a n d  t h e  phenyl and methyl peaks of t h e  - - 
spectrum were monitored t o  observe  any enhancement of t h e s e  hydrogens.  An 

enhancement of t h e  methyl hydrogens might be expected i f  t h e  Me group is 

a d j a c e n t  t o  t h e  N i  atom p u t t i n g  t h e  group i n  proximity of t h e  Cp r i n g ,  i . e . ,  

I-13a. Unfo r tuna t e ly ,  no d e t e c t a b l e  enhancement could be observed ( a t  294 

o r  202K) f o r  - 7 ,  - 8 o r  - 9 and consequent ly  assignment  of  t h e  isomers  could no t  

be  proven. 

I n  a d d i t i o n  t o  a  d i f f e r e n c e  i n  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  two Cp 

and two Me resonances  of 7 ,  5 and 9 t h e r e  is a  s i z e a b l e  chemical s h i f t  when - - 
t h e  s o l v e n t  is changed. A s  t h e  p o l a r i t y  of  t h e  s o l v e n t  d e c r e a s e s ,  acetone-  

d, t o  C D C 1 ,  t o  toluene-d,,  (Table  3 )  t h e  Cp and Me resonances  of 7 ,  8 a n d  9 - - - 
s h i f t  q u i t e  s i g n i f i c a n t l y  t o  h ighe r  f i e l d .  The s h i f t s  a r e  no t  e q u a l ,  

however. For example, whi le  t h e  Cp p ro tons  of  9  a r e  s epa ra t ed  by 0.35 ppm - 
i n  acetone-d,,  i n  toluene-d, t h e  d i f f e r e n c e  is only  0.09 ppm. C l e a r l y ,  one 

of  t h e  s t e r eo i somers  of  7 ,  5 and 9 is being a f f e c t e d  by t h e  change i n  - 
p o l a r i t y  t o  a  g r e a t e r  e x t e n t  than  t h e  o t h e r .  T h i s  problem w i l l  be examined 

f u r t h e r  i n  t h e  Discuss ion  S e c t i o n .  

From t h e  p ropor t i ons  of t h e  two isomers  a t  room and lower tempera tures  

t h e  ground s t a t e  energy d i f f e r e n c e ,  AE, between t h e  two s t e r eo i somers  of  7- - 



T
a

b
le

 
3

. 
C

h
em

ic
al

 
S

h
if

ts
 a

nd
 

In
te

n
si

ty
 R

a
ti

o
s 

fo
r

 
th

e 

C
lu

st
e

r
 

Cp
 

an
d 

M
e 

R
es

o
n

a
n

ce
s 

o
f 

7
, 

8 
an

d 
9 

-
 
-
 

- 

S
o

lv
en

t 

C
D

C
13

 

C
h

em
ic

al
 

S
h

if
t 

 a
t 

io
) 

M
e 

2C
O

-d
6 

C
6D

5-
C

D
3 

C
h

em
ic

al
 

S
h

if
t 

(R
a

ti
o

) 
C

h
em

ic
al

 
S

h
if

t 
(R

a
ti

o
) 
-
 



Table 4. Ground S t a t e  Energy Difference,  A E ,  

Between the Isomers of 7 ,  8 and 9 - - 

AE k~ (mol-I) 
Cluster  C D C 1 ,  Me,CO-d, Toluene-d, 

7 ,  CP - 

Me 

average 

8 ,  Cp - 

Me 

aver age 

9 ,  Cp - 
Me 

aver age 



9 can be c a l c u l a t e d .  These AE va lues  f o r  t he  c l u s t e r s  a r e  l i s t e d  i n  Table 4 - 

f o r  both t h e  Cp and Me resonances and a  sample c a l c u l a t i o n  is included i n  

t h e  Experimental S e c t i o n .  

The a c t i v a t i o n  energy AG', was obta ined  f o r  7 ,  8 and 9 from v a r i a b l e  - - - 

temperature coa lescence  experiments  on both t h e  methyl and cyc lopentadi  enyl  

resonances by us ing  t h e  Eyring equa t ion ,  t h e  coa lescence  tempera ture  (Tc ) ,  

t h e  r a t e  cons tan t  ( k c )  and t h e  s e p a r a t i o n  of t h e  two peaks a t  243K, Av,,,. 

An example c a l c u l a t i o n  is included i n  t h e  Experimental S e c t i o n .  The 

c o l l a p s e  of t he  methyl peaks of - 7 a r e  shown i n  F igure  9 .  The coalescence 

temperature f o r  peaks of unequal i n t e n s i t y  was approximated by the  method of 

5 1 Fraser  . The r a t e  cons tan t  K a ,  r e p r e s e n t s  the  r a t e  cons t an t  f o r  conversion 

of t he  isomer t h a t  . resonates  a t  higher  6 i n t o  t h e  isomer which has t he  lower 

6 resonances and k r e p r e s e n t s  t he  r a t e  cons t an t  f o r  t h e  r e v e r s e  r e a c t i o n .  b  

A l l  t h e s e  c a l c u l a t e d  va lues  a r e  summarized i n  Table 5. 

Compound 7 ,  (NiCoFe c o r e ) ,  has  t h e  l a r g e s t  a c t i v a t i o n  energy by 

approximately 4 kJ mol-' over 8 and 9 which a r e  both very s i m i l a r .  I n  t h e  - - 
=t 

C 2 E t 2  c l u s t e r s ,  - 4-6, - t h e  NiCoFe c l u s t e r  a l s o  had t h e  h ighes t  6 G  value s i n c e  

the  methylene hydrogens d id  not  exchange on t h e  t imesca l e  of t he  s a t u r a t i o n  
/ 

experiments but t hose  of 8 and 9 d id .  However, t h i s  obse rva t ion  could not - - 
be q u a n t i f i e d .  



FIGURE 9 

Coalescence of t he  Methyl Resonances 

i n  t h e  'H NMR (Toluene-d,) of 

CpNiCoFe(CO), (MeC,Ph) (1) 



2.8 2:s 
PPM 



Table 5. Coalescence Data f o r  7 ,  8 and 9 - - 

average 70.1 

9 ,  Me - 31 5 7.15 70.0 

CP 327 18.58 70.1 

aver  age 70.1 

a A l l  experiments i n  toluene-de;  + 1 K .  
k 1.3 k J  mole' 
+ 1 . 1  s-I 



1.3.2d X-ray S t r u c t u r e s  

The X-ray s t r u c t u r e s  were determined f o r  four  of t he  h e t e r o t r i m e t a l l i c  

a lkyne c l u s t e r s ,  s p e c i f i c a l l y  l a ,  2 ,  3  and 4. The X-ray d a t a  c o l l e c t i o n  - - -  - 

parameters  and ref inement  a r e  i n  t h e  Experimental S e c t i o n  a long  wi th  t h e  

t a b l e s  of bond l e n g t h s  and a n g l e s ,  atom coord ina t e s  and tempera ture  f a c t o r s  

but  a  compilat ion of t h e  more important  bond l e n g t h s  and ang le s  a r e  i n  

Tables  6  and 7 f o r  easy  comparison. The l a b e l l e d  ORTEP and SNOOP1 diagrams 

f o r  a11 four  c l u s t e r  a lkynes  a r e  shown i n  F igures  10,  11, 12 and 13 

r e s p e c t i v e l y .  

A l l  four  c r y s t a l  s t r u c t u r e s  c o n s i s t  of d i s c r e t e  molecules wi th  no 

unusual ly  s h o r t  i n t e r -  o r  i n t r amolecu la r  c o n t a c t s .  A l l  t he  compounds have a  

bonded t r i a n g l e  of metal  atoms (NiCoFe, NiCoRu o r  NiCoOs) which a r e  capped 

by a  d i e t h y l  or  d iphenylace ty lene  l i gand  bonded a s  a  l . ~ , - ( n ~ - ) )  group. A 

cyc lopentadienyl  l i gand  is 7-1' coordina ted  t o  t h e  N i  atom i n  each s t r u c t u r e .  

l a ,  2  and 3  have a  semi-bridging carbonyl  between t h e  Co atom and t h e  Fe, Ru - - - 

o r  0 s  atom while  - 4 has  only  t e rmina l  carbonyl  groups.  I n  a d d i t i o n ,  l a  has  a  - 
t r iphenylphosphine  l i g a n d  bonded t o  t h e  c o b a l t .  

Following i s  a  comparison (wi th  some d i s c u s s i o n )  of t he  fou r  c l u s t e r s  

wi th  r e s p e c t  t o  t h e  meta l  t r i a n g l e ,  a lkyne and carbonyl  coo rd ina t ion .  A 

gene ra l  overview of t he  s t r u c t u r e s  wi th  r ega rd  t o  o t h e r  known s t r u c t u r e s  and 

t o  t h e  I R  and NMR d a t a  is given i n  t h e  Discussion S e c t i o n .  

Metal T r i a n g l e s  

A s  shown i n  Table 6 ,  t h e  N i - M  and Co-M bond l e n g t h  i n c r e a s e s  i n  

t h e  o rde r  l a  < 2  < 3,  o r  Fe < Ru < O s ,  a s . e x p e c t e d  a l though t h e  d i f f e r e n c e  - - -  
between t h e  Ru-M and 0s-M l e n g t h s  is smal l  (0 .019(2 )8 ) .  The Ni-Co d i s t a n c e s  



FIGURE 1 0 

ORTEP Diagram of 

CpNiCoFe(C0),(PPh,)(C2ph2) ( l a )  - 





F I G U R E  1 2  

ORTEP Diagram of 





F I G U R E  1 2  

SNOOP1 Diagram of 





F I G U R E  1 3 

SNOOP1 Diagram of 

CpNiCoFe(CO),(C,Et,) (4), - 





are very similar in la, 2 and 3 but they are all substantially shorter than - - - 
in - 4. While this may be the result of a different bridging alkyne ligand, 

C2Et2 in - 4 versus C,Ph2 in la, 2 and 3, it is more likely a consequence of - - - 
the different alkyne coordination with respect to the Ni-Co bond. In la-3 - -  
the alkyne is coordinated with respect to the Ni-Co bond as in I-l4a but for 

4 the orientation of the alkyne is represented by I-14b. ~ h u r c h i l l ~ ~  has - 

Ni- Co 

previously noted a difference in metal-metal bond lengths due to this 

dissimilarity in alkyne coordination, although our difference of 0.033- 

0.042(5)8 is considerably smaller than recorded (0.12-0.14(3)8) by Churchill 

for Cp2W20s(CO),[C2(C,H,Me)21. This difference in alkyne coordination with 

respect to a particular metal-metal bond also explains the large difference 

in distances for the Ni-Fe bond lengths of la and 4 (2.486(4) versus - - 
2.402(1)8). / 

In - la, a triphenylphosphine ligand has been substituted for one of the 

carbonyl groups on the Co atom. The Co-P bond is essentially colinear 

(l77(1)0) with the Co-Ni bond. In all the other structures it is noted that 

there is a carbonyl on cobalt in a similar orientation and the other 

terminal CO groups are in similarly related positions in all structures. 

The presence of the PPh, ligand has not disturbed the orientation of the 

remaining carbonyls, nor does there appear to be any effect on the Ni-Co bond 

t length relative to 2 and 2. - 





The cyclopentadienyl ring is displaced on the same side of the NiCoM 

plane in all four structures. The dihedral angle between the 

cyclopentadienyl plane and the trimetallic plane is 71.8(5), 69.6(3), 

70.3(3) and 68.8(4)0 in - la, - 2, - 3 and - 4 respectively. This and the similar 

Ni-Cp(center) distance of 1.75(1), 1.747(1), 1.755(1) and 1.750(4)8 reveal a 

negligible effect of the different alkyne bonding modes or of different 

metals in the cluster on the Ni-Cp distance or on its disposition relative 

to the metal triangle. 

Alkyne Coordination 

The interaction of the alkyne ligand with the three metal atoms occurs 

through a deformation of the alkyne fragment to an olefinic-like 

coordinating group forming two a-bonds and one rbond to the metal atoms. 

The formal 'triple-bond' of the alkyne has been f0un.d to range between 

1.34(2)-1.377(10)8 in all 4 clusters, and is similar to the distance found 

for a double bond in an olefin. Similar lengthening has been noted in all 

(homo- and heterometallic) the ,-( n2- 1 1 ) bonded clusters, and examination of 
our data and the lengths provided by ~ a ~ p a ~ ~  does not provide any 

/ 

rationalization of the degree of lengthening with respect to the different 

metals present, even when the comparison is restricted to diphenylacetylene 

complexes. For example, 0s3(CO),,(C2Ph,) was found to have a CZC distance 

of 1.439(10)8, that is the longest 'triple bond1 distance found, but one of 

the shortest is also a triosmium cluster, OS~(CO),(C~P~~)~, having a CgC 

distance of 1.338. It appears that factors more severe than just changing 

one metal atom as we have in - -  la-3, are required to substantially change the 

length of the olefinic-type bond. 

The alkyne has been found always to be symmetrically rbonded to the 



a p p r o p r i a t e  metal  atom a l though  t h e  Fe-alkyne d i s t a n c e s  i n  4 a r e  s l i g h t l y  - 
s h o r t e r  than  t h e  Co-alkyne l e n g t h s  found i n  - 2 and - 3. A comparison wi th  l a  - 
is inconc lus ive  because of t h e  l a r g e  s t anda rd  e r r o r s  p r e s e n t  i n  t h e  bond 

l e n g t h s .  

Although t h e  alkyne is n-bonded t o  t h e  Fe atom i n  - 4 and t o  t h e  c o b a l t  

i n  - l a ,  - 2 and - 3 ,  t h e  s i m i l a r i t y  of t h e  alkyne bonding t o  t h e  meta l  t r i a n g l e  is 

most r e v e a l i n g  when t h e  d i h e d r a l  ang le  between t h e  t r i m e t a l  p lane  and t h e  

p l ane  formed by t h e  NiRuC(6)C(7) atoms i n  - 2 and e q u i v a l e n t  p l anes  i n  - l a ,  - 3 

and - 4 is cons idered .  T h i s  d i h e d r a l  ang le  is 5 7 . 8 ( 3 ) ,  57 .6 (1 ) ,  57 .3 (1 )  and 

57.1 ( 1  ) O i n  I a ,  - - -  2 ,  3  and - 4, r e s p e c t i v e l y .  ~ a h l ~ '  has  recorded s i m i l a r  

Cp,Rh,(CO)(C,(C,F,),), compounds w i th  on ly  second row t r a n s i t i o n  meta l s .  

The l a t t e r  ha s  a  powerful e l e c t r o n  withdrawing f luoro-alkyne l i g a n d .  T h i s  

n e a r l y  c o n s t a n t  d i h e d r a l  o r  ' i n c l i n a t i o n 1  a n g l e  d i sp l ayed  f o r  va ry ing  

s t r u c t u r e s  is probably a  consequence of  t h e  alkyne l i g a n d  f i n d i n g  t h e  

optimum geometry f o r  n-donation t o ,  and IT*-acceptance from, t h e  

cor responding  metal  atom ( s e e  D i scus s ion ) .  

Carbonyl Coord ina t ion  

One of  t h e  more no t ab l e  d i f f e r e n c e s  i n  t h e s e  f o u r  s t r u c t u r e s  is t h e  

presence  ( o r  absence)  of  a  semi-bridging carbonyl  l i g a n d .  Only compound - 4 

does no t  have t h i s  t ype  of  l i gand .  The r e l e v a n t  bond l e n g t h s  and a n g l e s  of 

t h e  b r idg ing  s p e c i e s  a r e  summarized i n  Table  7  a long  wi th  a  r e c e n t l y  

r e p o r t e d  and c l o s e l y  r e l a t e d  s t r u c t u r e ,  C O , R U ( C O ) , ( C , P ~ , ) ~ ~  which a l s o  h a s  a  

semi-bridging carbonyl .  The two a n g l e s  i n  t h e  t a b l e ,  a and f3, a r e  de f ined  

a s  below a s  i n  1-15 and a r e  c o n s i s t e n t  wi th  t hose  desc r ibed  by Cotton and 



52 Wilkinson . 
The M-C bond l e n g t h  i n c r e a s e s  f o r  Fe < Ru < 0 s  wi th in  our s e r i e s  of 

c l u s t e r s  - -  la-3 but  t h e  Co2Ru c l u s t e r 4 8  has  a  s u b s t a n t i a l l y  longer  Ru-C 

d i s t a n c e .  This  longer  M-C l e n g t h  would sugges t  t h a t  i n  t h i s  compound the  

carbonyl  l i gand  i s  not a s  d i s t o r t e d  from l i n e a r i t y  a s  is 'the br idging  

carbonyl  i n  - l a ,  - 2 or  3. The l i s t e d  a angles  s u b s t a n t i a t e  t h i s  observa t ion;  - 

a is smal le r  f o r  - 2 and 3  than  f o r  t h e  Co2Ru c l u s t e r  (bu t  comparison wi th  l a  - - 
is of l i m i t e d  value because of t he  l a r g e r  s t anda rd  e r r o r s ) .  

The Co-C bond l e n g t h s  a l s o  i n c r e a s e  a s  Fe < Ru < 0 s  and both 2 and t h e  - 
Co2Ru c l u s t e r  have s i m i l a r  va lues  sugges t ing  t h e  d i f f e r e n c e  noted f o r  t h e  

Ru-C bond l e n g t h  is due t o  t h e  replacement of t he  Co(CO), group by t h e  

i s o e l e c t r o n i c  and i s o l o b a l  CpNi u n i t .  However, d i f f e r e n c e s  i n  M-C or  any 

bond l e n g t h  a s s o c i a t e d  wi th  t h e  semi-bridging carbonyl  l i gand  a r e  l i k e l y  t o  

involve  very smal l  energy changes comparable t o  o the r  f a c t o r s  such a s  

packing f o r c e s .  





P.4 Discuss ion  . 

The s y n t h e s i s  of  h e t e r o t r i m e t a l l i c  ( M M f M f f )  a lkyne c l u s t e r s  of  t h e  

formula CpNiCoM(CO),(RC,Rf) ( M  = Fe,  Ru, 0s :  R = R f  = Ph, E t ;  R = Ph, R f  = 

Me), 1-2 has  been achieved.  We a r e  no t  aware of any r e p o r t s  on s i m i l a r  

s e r i e s  where one meta l  of  t h e  t r i m e t a l l i c  framework h a s  been s y s t e m a t i c a l l y  

va r i ed  down a  given t r i a d ,  and t h i s  ha s  been accomplished f o r  t h r e e  d i f f e r e n t  

a lkyne  l i gands .  The X-ray s t r u c t u r e s  of fou r  compounds - l a ,  - 2 ,  2 and - 4  have 

been completed and t h e s e  s o l i d  s t a t e  s t r u c t u r e s  w i l l  be  d i s cus sed  next .  

1.4.1 S o l i d  S t a t e  S t r u c t u r e s  

A l l  of t h e  c l u s t e r s  which have a Ru o r  0 s  atom i n  t h e  t r i m e t a l l i c  

framework r e v e a l  t h e  presence  of a  doubly b r idg ing  CO i n  t h e  s o l i d  s t a t e  I R ,  

which is confirmed by t h e  Xqray s t r u c t u r e s  of 2 and 3. Where t h i s  semi- - - 
br idg ing  CO is p r e s e n t ,  t h e  a lkyne l i g a n d  is found t o  n-bond with t h e  Co 

atom and a-bond wi th  t h e  N i  and Ru o r  0 s  atom. T h i s  s t r u c t u r e  is 

r ep re sen t ed  by 1-77. Compounds where t h e  Ru o r  0 s  has  been r ep l aced  by an  

Fe atom a l l  have t h e i r  s t r u c t u r e s  a s  shown by 1-16 where t h e  alkyne l i gand  



is v b o n d e d  t o  t h e  Fe atom and o-bonded t o  t h e  N i  and Co atoms. Th i s  is t h e  

arrangement found i n  t h e  X-ray s t r u c t u r e  of - 4 .  Only a b s o r p t i o n s  due t o  

t e rmina l  carbonyl  l i g a n d s  a r e  observed i n  both s o l i d  s t a t e  and s o l u t i o n  I R .  

The phosphine-subs t i tu ted  complex - l a ,  is an excep t ion  s i n c e  on ly  N i ,  Co and 

Fe atoms a r e  p re sen t  bu t  a  b r idg ing  CO is found and t h i s  compound w i l l  be 

d i s cus sed  l a t e r .  

S i n c e  a l l  t h e  NiCoRu and NiCoOs c l u s t e r s  have t h e  alkyne o r i e n t e d  a s  i n  

1-17 r e g a r d l e s s  of t h e  s u b s t i t u e n t s  on t h e  alkyne (Ph,-Me, ~ t ) ,  t h i s  

sugges t s  t h a t  minor changes i n  t h e s e  s u b s t i t u e n t s  does n o t  d r a s t i c a l l y  a l t e r  

t h e  c lu s t e r - a lkyne  i n t e r a c t i o n .  However, changing t h e  Ru o r  0s f o r  an Fe 

atom appears  t o  a f f e c t  t h e  ground s t a t e  s t r u c t u r e  and t h e  alkyne h a s  been 

r o t a t e d  60•‹ on t h e  t r i m e t a l l i c  f a c e .  

Very r e c e n t l y  McGlinchey e t .  a l .  ,53 have p o s t u l a t e d  t h a t  t h e r e  should be 

a  p re f e r ence  f o r  c e r t a i n  o r i e n t a t i o n s  of  an alkyne l i g a n d  i n  

h e t e r o t r i m e t a l l i c  ( M 2 M 1  and M M 1 M l 1 )  c l u s t e r s .  However, exper imenta l  ev idence  

f o r  t h i s  was l a r g e l y  based upon observed s t r u c t u r e s  t h a t  a r e  g e n e r a l l y  of 

t h e  M 2 M 1  type .  There h a s  no t  been a  sys t ema t i c  v a r i a t i o n  of metal  atoms 

wi th in  t h e  t r i m e t a l l i c  framework u n t i l  t h i s  r e p o r t .  / 

Some of  t h e  r e l e v a n t  arguments and conc lus ions  put  forward by 

McGlinchey e t .  a l .  w i l l  be  b r i e f l y  reviewed he re  bu t  t h e  r eade r  is r e f e r r e d  

t o  t h e  o r i g i n a l  paper53 f o r  more d e t a i l e d  c a l c u l a t i o n s .  The fo l l owing  

d i s c u s s i o n  w i l l  r evo lve  around t h e  h e t e r o t r i m e t a l l i c  c o r e  which is l a b e l l e d  

as shown below, a s  1-18 wi th  t h e  o r i e n t a t i o n  of t h e  alkyne a s  i n d i c a t e d .  

C-C 

2M---- '\ I ' M 3  
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The alkyne l i gand  was shown t o  behave a s  an o v e r a l l  donor of e l e c t r o n  

d e n s i t y  towards t h e  t r i m e t a l l i c  framework through i ts  IT o r b i t a l .  Thus t h e  

a b i l i t y  of t h e  M ,  u n i t  t o  accep t  e l e c t r o n  d e n s i t y  is c r u c i a l ,  and t h e  

p o s i t i o n s  l a b e l l e d  2 and 3 were found t o  accep t  e l e c t r o n  d e n s i t y  more than 

t h e  fragment i n  p o s i t i o n  1 .  I t  is argued t h a t  t h e  more e l ec t ron -accep t ing  

fragments  w i l l  p r e f e r  p o s i t i o n s  2 and 3  s i n c e  t h i s  w i l l  p rov ide  t h e  most 

f avourab le  i n t e r a c t i o n s  wi th  t h e  alkyne and t h u s  form t h e  s t r o n g e r  bonds. 

When t h e  complex posses se s  d i f f e r e n t  meta l  f ragments ,  t h e  accep to r  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  more e l e c t r o n e g a t i v e  a t o m s ( s ) .  The p r e f e r r e d  

rotamer w i l l  t h en  be t h e  one w i th  t h e  more e l e c t r o n e g a t i v e  a tom(s )  occupying 

pos t ions  2 and/or  3. I n  t h e  s o l i d  s t a t e  t h e  l i g a n d s  can 'be rear ranged  such 

t h a t  each metal  o b t a i n s  an 18 e l e c t r o n  count .  I t  should be s t r e s s e d  he re  

t h a t  t h e  a u t h o r s  d id  n o t  cons ide r  vary ing  atoms of  t h e  same t r i a d  i n  t h e i r  

t r i m e t a l l i c  framework, b u t  were -genera l ly  concerned wi th  on ly  t h e  3d me ta l s  

and t h e  impact of d i f f e r e n t  l i g a n d  (Cp, C O ) ,  and hence 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 e g a t i v i t i e s ,  on t h e  alkyne o r i e n t a t i o n .  I t  is l i k e l y ,  however, t h a t  

s i m i l a r  MO arguments w i l l  p r e v a i l  wi th  t h e  4d and 5d meta l s  a s  wi th  t h e  3d 

meta l s .  T h i s  l i n e  of reasoning  can be extended t o  he lp  t o  e x p l a i n  our  

observed s o l i d  s t a t e  s t r u c t u r e s .  ) 

Cons ide ra t i on  of  t h e  Pau l ing  e l e ~ t r o n e g a t i v i t i e s * ~ ,  2.20 f o r  Ru and 0 s  

and 1.81 f o r  Fe, 1.83 f o r  Co and 1.91 f o r  N i ,  a l l ows  p r e d i c t i o n s  t o  be made, 

based upon t h e s e  arguments.  When t h e  t r i m e t a l l i c  framework c o n s i s t s  of 

NiCoRu o r  NiCoOs atoms t h e  Ru o r  0s w i l l  p r e f e r  p o s i t i o n  2 s f n c e  t h e s e  atoms 

a r e  t h e  most e l e c t r o n e g a t i v e .  The N i  atom has  a  Cp l i g a n d  bonded t o  i t  and 

is formal ly  N i ( I ) ,  making i t  s u b s t a n t i a l l y  more e l e c t r o n e g a t i v e  than  t h e  Co 

atom and i t  should occupy p o s i t i o n  3 i n  t h e  t r i a n g l e .  Th i s  would mean t h a t  

t h e  Co atom must t hen  be *in p o s i t i o n  1 .  I f  a l l  t h e  CO groups a r e  t e r m i n a l ,  



t h i s  r e s u l t s  i n  e l e c t r o n  coun t s  of 1 7 ( 0 s ) ,  18(Ni)  and 19(Co).  To main ta in  

an 18 e l e c t r o n  count  a t  each metal  atom, a  semi-bridging carbonyl  l i g a n d  

between t h e  Co and Ru/Os is formed. Th i s  is t h e  o r i e n t a t i o n  of  t h e  meta l  

atoms r e l a t i v e  t o  t h e  alkyne l i g a n d  t h a t  is indeed found i n  t h e  X-ray 

s t r u c t u r e s  of - 2 and - 3 and p o s t u l a t e d  f o r  t h e  o t h e r  NiCoRu and NiCoOs 

c l u s t e r s .  

Where t h e  t r i m e t a l l i c  framework c o n s i s t s  of  NiCoFe atoms, t h e  N i  atom 

should occupy e i t h e r  p o s i t i o n  2 o r  3. The Co atom h a s  a  s l i g h t l y  g r e a t e r  

e l e c t r o n e g a t i v i t y  than  t h a t  of Fe and would be expected t o  occupy p o s i t i o n  2 

o r  3  l eav ing  p o s i t i o n  1 f o r  t h e  Fe atom. However, i t  should be noted t h a t  

t h e  d i f f e r e n c e  i n  e l e c t r o n e g a t i v i t i e s  f o r  Co and Fe is very smal l  and o t h e r  

f a c t o r s  such a s  d i f f e r e n t  M-C(a1kyne) bond s t r e n g t h s  may i n f l u e n c e  t h e  

choice  of p o s i t i o n  of t h e  metal  atom on t h e  t r i a n g l e .  

The s t r u c t u r e  of  l a  (F igu re  1 0 )  appears  t o  be an except ion  a s  t h e r e  is - 
a  semi-bridging CO p r e s e n t  even though t h i s  is a  NiCoFe c l u s t e r .  However, 

t h e r e  a r e  two p o s s i b l e  r ea sons  f o r  t h i s  anomaly. The f i r s t  is t h a t  t h e  PPh, 

l i g a n d  r e n d e r s  t h e  c o b a l t  atom l e s s  e l e c t r o n e g a t i v e  than  t h e  Fe atom (and of 

cou r se ,  t h e  N i  atom) and w i l l  t h en  p r e f e r  p o s i t i o n  1 .  T h i s  is t h e  reason  

forwarded by McGlinchey e t .  a153. However, i t  is a l s o  p o s s i b l e  t h a t  t h e  ' 

s t e r i c  bulk of t h e  PPh, l i g a n d  may be incompat ib le  wi th  having t h e  phenyl 

group of  t h e  alkyne l i g a n d  i n  c l o s e  proximi ty .  T h i s  s t e r i c  i n t e r f e r e n c e  is 

r e l i e v e d  when t h e  alkyne r o t a t e s  by 60•‹ and becomes o-bonded t o  t h e  i r o n  

atom. A t e r m i n a l  CO becomes semi-bridging t o  ach i eve  an 18 e l e c t r o n  count  

a t  each meta l  atom. I t  is no t  p o s s i b l e  t o  s t a t e  a t  t h i s  p o i n t  which of  

t he se  two f a c t o r s  is r e s p o n s i b l e  f o r  t h e  observed o r i e n t a t i o n  o r  indeed 

whether both f a c t o r s  a r e  p a r t l y  r e s p o n s i b l e .  

E a r l i e r ,  i n  t h e  X-ray c h a r a c t e r i z a t i o n  s e c t i o n ,  v a r i o u s  a s p e c t s  of each 



s t r u c t u r e  were examined and comparisons  between them were made. The f o c u s  

w i l l  now be on t h e  s i m i l a r i t i e s  and d i f f e r e n c e s  between a l l  t h e  r e l e v a n t  

s t r u c t u r a l l y  c h a r a c t e r i z e d  h e t e r o t r i m e t a l l i c  c l u s t e r s .  Bond l e n g t h s  of 

t h e s e  c l u s t e r s  a r e  g iven  i n  T a b l e  8. 

D i r e c t  comparison between t h e s e  c l u s t e r s  is o f t e n  d i f f i c u l t  because  o f  

t h e  d i f f e r e n t  m e t a l s  i n v o l v e d ;  however, t r e n d s  can o f t e n  be e s t a b l i s h e d .  

The compounds F ~ C O , ( C O ) , ( C , E ~ , ) ~ ~ ,  CpNiCoFe(CO),(C,Et,) and 

c ~ , N ~ , F ~ ( c o ) ,  ( c , P ~ , )  46 p r o v i d e  a  s e r i e s  where t h e r e  has  been s t e p w i s e  

rep lacement  of a  Co(CO), by CpNi. A l l  have t h e  a l k y n e  o r i e n t e d  as i n  1-16,  

shown e a r l i e r ,  w i t h  t h e  Fe atom i n  p o s i t i o n  1 .  A s  expec ted  t h e  bond l e n g t h  

is found t o  d e c r e a s e  i n  t h e  o r d e r ;  Co-Co > Co-Ni > N i - N i ,  ( 2 . 5 7 6 ( 1 ) ,  

2 .432(1)  and 2 . 4 0 4 ( 4 ) 8 ) ,  s i n c e  t h e  Co(0)  is b e i n g  r e p l a c e d  by a  N i ( 1 )  atom. 

The d e c r e a s e  is no t  o r d e r l y ,  however. The l a r g e s t  d i f f e r e n c e  o c c u r s  upon 

rep lacement  of one Co and a  much s m a l l e r  d i f f e r e n c e  is n o t e d  when t h e  second  

Co is r e p l a c e d  by a N i  atom. 

L i t t l e  d i f f e r e n c e  was found f o r  t h e  CZC l e n g t h s  of t h e  a l k y n e  l i g a n d  

f o r  d i f f e r e n t  s t r u c t u r e s .  These v a l u e s  a r e  n o t  l i s t e d  i n  T a b l e  8 as t h e y  

o n l y  v a r i e d  between 1 . 3 4 ( 2 ) 8  and 1 . 4 0 ( 3 ) 8  w i t h  t h e  m a j o r i t y  c e n t e r e d  around 

1.378. 

1 .4 .2  S o l u t i o n  S t r u c t u r e s  

The 'H NMR o f  1-3 e x h i b i t  o n l y  one Cp r e s o n a n c e  and a m u l t i p l e t  due t o  - - 
t h e  phenyl p r o t o n s  of t h e  d i p h e n y l a c e t y l e n e  l i g a n d  . However i n f o r m a t i o n  can 

be o b t a i n e d  r e g a r d i n g  t h e  dynamics of t h e s e  h e t e r o t r i m e t a l l i c  a l k y n e  s y s t e m s  

by s t u d y i n g  t h e  d i e t h y l -  and phenylmethy lace ty lene  s u b s t i t u t e d  d e r i v a t i v e s .  

I n  p a r t i c u l a r ,  i r r a d i a t i o n  o f  t h e  r e s o n a n c e  due t o  a  p a r t i c u l a r  methylene 

hydrogen r e v e a l e d  t h a t  exchange was o c c u r r i n g  w i t h  a c o r r e s p o n d i n g  hydrogen 



Table 8. Comparison of  Bond Lengths i n  Rela ted  

H e t e r o t r i m e t a l l i c  A1,kyne C l u s t e r s  

C lus t e r  Bond Lengths 
Reference 

Ni-Co N i - M  ' Co-M 

R u C O ~ ( C O ) ~ ( C ~ P ~ ~ ) *  CO-CO 
2.4535(5) 

~ p , ~ i , F e ( C 0 ) ,  (C2Ph2) N i - N i  
2 .404(4)  

CpNi,Ru(CO), (C,Ph,) N i - N i  
2 .418(4)  

C C P N ~ F ~ , ( C O ) ,  ( c , P ~ ,  I- Fe-Fe 
2.506(1)  

Fe-Fe 4 0  
2.506(1) 

a  
Th i s  work. 

* Has b r idg ing  ca r  bony1 . 
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of t h e  second methylene group but none between CH pro tons  on t h e  same carbon 

atom. This  was c l e a r l y  seen  a t  ambient t empera tures  f o r  5 and 6 but  not  f o r  - - 
4 a s  t h e  exchange r a t e  he re  was t oo  slow a t  t h i s  t empera ture .  This  c l e a r l y  - 
r u l e s  ou t  racemiza t ion  of  t h e  c l u s t e r s  s i n c e  t h i s  p rocess  e q u i l i b r a t e s  

hydrogens on t h e  same carbon atoms o n l y ,  and demons t ra tes  t h a t  no t r a n s f e r  

of t h e  alkyne from t h e  f r o n t  t o  t h e  back f a c e  of  t h e  c l u s t e r  can be 

o c c u r r i n g .  For t h e  phenylmethylacetylene s u b s t i t u t e d  c l u s t e r s  7-9 two - - 
methyl resonances were observed a t  room tempera ture  i n  unequal i n t e n s i t i e s  

which coa lesced  upon warming t h e  sample. This  demonstrates  exchange of  

groups on t h e  alkyne l i g a n d  but does not r e v e a l  any informat ion  r ega rd ing  

f r o n t  t o  back t r a n s f e r  of t h e  alkyne l i g a n d  on t h e  t r i m e t a l l i c  f a c e .  

The observed f l u x i o n a l i t y  of t h e  alkyne l i g a n d  is l i k e l y  a  consequence 

of  t h i s  l i g a n d  r o t a t i n g  on one f a c e  of  t h e  h e t e r o t r i m e t a l l i c  co re .  I t  would 

account  f o r  t h e  exchange of  hydrogens on s e p a r a t e  methylene groups f o r  - 4-6 - 

and f o r  t h e  c o l l a p s e  of  t h e  methyl peaks i n  t h e  NMR of 7-9. Ro ta t i on  of  an - - 
alkyne l i g a n d  about  a t r i m e t a l l i c  f a c e  has been noted  be fo re  (see Table  9 )  

but  t h e r e  a r e  s t i l l  not  many examples known, o r  a c t i v a t i o n  e n e r g i e s  t h a t  

have been determined.  
/ 

I n  a  s t u d y  of H,Ru, ( C O )  , ( cyc looc tyne )  and t h e  osmium ana loge ,  Deeming 6 1 

ob ta ined  a c t i v a t i o n  e n e r g i e s  of 59.8 and 70.7 kJ mol-', r e s p e c t i v e l y ,  and 

sugges ted  t h a t  exchange of  t h e  a lkyne  l i g a n d  r e s u l t e d  from a p i v o t a l  

arrangement (shown i n  Scheme 1-4) w i t h  r e s p e c t  t o  t h e  t r i a n g u l a r  meta l  f a c e  

through t h e  in te rmediacy  of  t h e  c l o s o  c o n f i g u r a t i o n .  Extending t h e s e  60•‹ 

r o t a t i o n s  around a l l  t h r e e  v e r t i c e s  of t h e  t r i a n g l e ,  t h e  end r e s u l t  w i l l  be 

a  r o t a t i o n  of  t h e  a lkyne  l i g a n d ,  i n c l u d i n g  exchange of  d i a s t e r o t o p i c  

methylene pro tons .  Each meta l  is s u c c e s s i v e l y  o-or n-bonded t o  t h e  a lkyne  

l i gand .  The a l t e r n a t i v e  approach,  Scheme 1-5, r e l a t e s  t h e  f l u x i o n a l i t y  of 



Table  9 .  F lux iona l  T r i m e t a l l i c  Alkyne C l u s t e r s  

C l u s t e r  

a  Th i s  work. 
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57 n ido  oc t ahed ra  possess ing  one vacant  s i t e  . Thi s  view h o l d s  t h a t  t h e  - 
f l u x i o n a l i t y  is e f f e c t i v e l y  t h e  r e s u l t  of a  migra t ion  of  t o e  vacant  s i t e  

over  t h e  o c t a h e d r a l  s u r f a c e .  A s  shown i n  t h e  sequence i n  Scheme 1-5, a  

migra t ion  of  t h e  vacant  s i t e  around one f a c e  of  t h e  octahedron by s u c c e s s i v e  

i n t e r changes  wi th  a  neighbouring v e r t e x  i n  t h e  same s e n s e  e q u a l l y  r e s u l t s  i n  

t h e  observed exchange of  t h e  alkyne s u b s t i t u e n t s  R and R 1 .  

Both hea t ing  ( t o  30•‹ above coa l e scence )  and coo l ing  ( t o  243K) compounds 

7-9 d i d  n o t  r e s u l t  i n  any a d d i t i o n a l  observable  Cp o r  Me peaks which might - - 
have been a t t r i b u t a b l e  t o  i n t e rmed ia t e s  of  t h i s  r o t a t i o n a l  scheme. 

S i m i l a r l y ,  coo l ing  ( t o  220K) s o l u t i o n s  of 4-6 d i d  no t  r e s u l t  i n  e x t r a  Cp, - - 
CH, o r  CH,  resonances.  T h i s  imp l i e s  t h a t  t h e  i n t e rmed ia t e s  have a  low 

c o n c e n t r a t i o n  o r  s h o r t  l i f e t i m e .  I t  is p o s s i b l e  t h a t  t h i s  mechanism is no t  

ope rab l e ;  i f  s o ,  it is n o t  c l e a r  what t h e  n a t u r e  of t h e  a c t u a l  mechanism 

could  be. I t  is probably no t  d i s s o c i a t i v e ,  a s  no ev idence  of f r g e  a lkyne  

was observed i n  any of t h e  NMR s o l u t i o n s  of  t h e  c l u s t e r s  nor  was any 

exchange of  a lkynes  noted between CpNiCoFe(CO),(C,Ph,) and MeC,Ph. I n  

a d d i t i o n ,  because t h e  c h i r a l i t y  of t h e  methylene pro tons  of 4-6 i s  - - 
maintained,  t h e  alkyne must r o t a t e  on ly  on one f a c e  of t h e  c o r e  a s  migra t ion  

/ 

t o  t h e  o p p o s i t e  f a c e  would r e s u l t  i n  exchange of p ro tons  on t h e  same 

methylene g.roup. A s  shown i n  t h e  C h a r a c t e r i z a t i o n  s e c t i o n ,  t h e  N M R 1 s  of 4-6 - - 
do no t  show t h i s  exchange of  pro tons .  Thus any p o s t u l a t e d  mechanism must no t  

involve  f r e e  alkyne o r  i n t e r c o n v e r t  enant iomers .  The carbonyl  l i g a n d s  a r e  

a l s o  f l u x i o n a l  a t  room tempera ture .  The '3C{1Hl N M R 1 s  of  l a  and 5 showed - - 
only  a  s i n g l e  resonance a t t r i b u t a b l e  t o  t h e  carbons  of  t h e  CO. These were 

found a t  209.3 and 193.2 ppm i n  t h e s e  two compounds, r e s p e c t i v e l y .  

The ground s t a t e  energy d i f f e r e n c e s ,  AE,  between t h e  o r i e n t a t i o n a l  

isomers  of 7-9 a r e  t h e  f i r s t  t o  be c a l c u l a t e d  on t h i s  t ype  of system. - - 



Compound - 7 ( N ~ c A F ~ )  shows t h e  s m a l l e s t  AE,  0.57 k J  mol-' and - 8 (NiCoRu) t h e  

h i g h e s t  a t  3.90 k J  mole'. A l l  t h r e e  compounds show s i m i l a r  s o l v e n t  

dependence i n  t h e  p re fe r ence  f o r  a p a r t i c u l a r  conformation,  but  

u n f o r t u n a t e l y  t h e  NOE experiment d i d  no t  a l low us t o  prove which s e t  of 

s i g n a l s  belong t o  an i n d i v i d u a l  o r i e n t a t i o n .  

1.5 Conclusion 

We have syn thes i zed  a  s e r i e s  of h e t e r o t r i m e t a l l i c  a lkyne  c l u s t e r s  of 

gene ra l  formula CpNiCoM(CO),(RC,R1) ( M  = Fe, Ru, 0s: R = R t  = Ph, E t ;  R=Ph, 

R t =  Me). This  r e p r e s e n t s  t h e  l a r g e s t  complete s e r i e s  of h e t e r o t r i m e t a l l i c  

c l u s t e r s  ( M M ' M M )  t o  be made. The alkyne l i g a n d  is shown by 'H NMR t o  be 

f l u x i o n a l  i n  s o l u t i o n  and i n  a d d i t i o n ,  r o t a t i o n  is o c c u r r i n g  on ly  on one 

f a c e  of  t h e  h e t e r o t r i m e t a l l i c  co re .  The s o l i d  s t a t e  I R  r evea l ed  t h a t  

c l u s t e r s  where M = Fe had o n l y  t e rmina l  carbonyls  but when M = Ru o r  0 s  a  

b r idg ing  carbonyl  was p r e s e n t .  This  was confirmed by t h e  X-ray c r y s t a l  

s t r u c t u r e s  of f o u r  c l u s t e r s ,  - l a ,  2, 2 and 4.  The b r i d g i n g  CO a r i s e s  a s  t h e  - 
r e s u l t  of a  d i f f e r e n t  p r e f e r r e d  o r i e n t a t i o n  of t h e  alkyne l i g a n d  w i t h  

r e s p e c t  t o  t h e  t r i m e t a l l i c  c o r e  i n  t h e  s o l i d  s t a t e .  Th i s  has  been 
/ 

i n t e r p r e t e d  i n  t h e  l i g h t  of a  r e c e n t  t h e o r e t i c a l  paper a s  a  p r e f e r ence  f o r  

t h e  atom wi th  t h e  g r e a t e s t  e l e c t r o n e g a t i v i t y  t o  be o-bonded t o  t h e  alkyne.  
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EXPERIMENTAL 

CpNiCo(CO),(C,RR')(R = R' = Ph, E t ;  R = Ph, R 1  = Me) and Fe,(CO), were 

prepared  accord ing  t o  l i t e r a t u r e  procedures  38963.  Ru(CO), was prepared by 

h e a t i n g  Ru,(CO),, under 1500 p s i  of carbon monoxide. O s ( C O ) ,  was k ind ly  

supp l i ed  by D r .  R . K .  Pomeroy of  t h i s  department.  Diphenylace ty lene  

( A l d r i c h ) ,  3-hexyne (Columbia Organ ic ) ,  phenylmethylacetylene (A ld r i ch )  and 

PPh, (A ld r i ch )  were used a s  rece ived .  

A l l  s o l v e n t s  were d r i e d  and d i s t i l l e d  over  Na o r  Na/benzophenone o r  

CaH, under n i t rogen .  A l l  r e a c t i o n s  were c a r r i e d  o u t  i n  s t anda rd  

Schlenkware, connected t o  a  swi t chab le  i n e r t  atmosphere/vacuum supply and 

were conducted under n i t r o g e n .  

Photochemical r e a c t i o n s  were performed i n  a  Pyrex v e s s e l  (-240 I&) 

equipped w i t h  a  water  cooled q u a r t z  f i n g e r .  A 200 wa t t  u l t r a v i o l e t  Hanovia 

high-pressure mercury sou rce  was p laced  i n s i d e  t h e  q u a r t z  f i n g e r .  Ni t rogen  

was passed through t h e  r e a c t i o n  v e s s e l  p r i o r  t o  t h e  a d d i t i o n  of s o l v e n t  and 

s t a r t i n g  m a t e r i a l s ,  and slow passage of  n i t r o g e n  was maintained du r ing  t h e  

r e a c t i o n .  
) 

I n f r a r e d  s p e c t r a  were recorded on a  Pe rk in  Elmer 983 spec t rophotometer .  

'H s p e c t r a  were recorded  on a  Bruker WM-100 o r  a  Bruker WM-400 ins t rument  a t  

100 and 400 MHz r e s p e c t i v e l y .  A l l  Nuclear Overhauser Enhancement and s p i n  

s a t u r a t i o n  t r a n s f e r  experiments  were performed on t h e  Bruker 400. 1 3 C  NMR 

were recorded  on t h e  Bruker WM-400 a t  100 MHz. Mass s p e c t r a l  a n a l y s e s  were 

run  by G. Owen on a  Hewlet t  Packard 5985 system o p e r a t i n g  a t  70eV. 

Microanalyses  were performed by Mr. M.K. Yang of  t h e  m i c r o a n a l y t i c a l  

l a b o r a t o r y  a t  Simon F r a s e r  Un ive r s i t y .  

The I R ,  'H NMR and mass s p e c t r a l  d a t a  a r e  n o t  documented i n  t h e  



exper imenta l  s e c t i o n  but  t h e  r e a d e r  is r e f e r r e d  t o  t h e  a p p r o p r i a t e  t a b l e s  i n  

t h e  t e x t .  

1.6.1 S y n t h e t i c  

P r e p a r a t i o n  of  CpNiCoFe(CO),(RC2R1) ( 1 , 4 , 7 )  

A l a r g e  exces s ,  (10 f o l d ) , o f  Fe2(CO), and t h e  cor responding  

h e t e r o b i m e t a l l i c  a lkyne compound, CpNiCo(CO),(RC2R1) ( R  = R 1  = Ph, E t ;  R = 

Ph, R 1  = Me) ( t y p i c a l l y  i n  t h e  range of  0.1-0.2 g )  were s t i r r e d  ove rn igh t  a t  

room temperature  i n  approximately 30 mL hexane. The s o l v e n t  was removed i n  - 
vacua, 6-8 mL of  f r e s h  hexane was added, and t h e  s o l u t i o n  chromatographed on 

a  1 "  x  18" F l o r i s i l  column. F e , ( C O ) , ,  and t h e  s t a r t i n g  h e t e r o b i m e t a l l i c  

a lkyne  were e l u t e d  wi th  hexanes.  Using a  5:1 hexanedmethylene  c h l o r i d e  

e l u a n t ,  a  dark green o r  l i g h t  brown band was recovered  and i d e n t i f i e d  a s  t h e  

a p p r o p r i a t e  h e t e r o t r i m e t a l l i c  a lkyne ,  CpNiCoFe(CO),(RC2R1). Y ie ld s  were 

v a r i a b l e  but  t y p i c a l l y  ranged from 30-601. 

The r e a c t i o n  of  Fe2(CO), w i th  CpNiCo(CO),(C2Ph2) was used a s  a  model. 

Warming t h e  r e a c t i o n  mixture  t o  40-45OC and s t i r r i n g  ove rn igh t  caused 

a d d i t i o n a l  s ide-products  t o  be formed. Some s i d e  p roduc t s  were made i n , a  

very  smal l  q u a n t i t y  t o  be e l u t e d ,  and decomposed on t h e  column. Two 

p roduc t s  formed i n  r ea sonab le  y i e l d s  were Cp2Fe2(CO), ( I R ,  MS) and 

Fe,(CO),(C,Ph,) ( I R ,  MS). The use  of d i e t h y l  e t h e r  o r  THF r a t h e r  t han  

hexanes r e s u l t e d  i n  poorer  y i e l d s  of  t h e  d e s i r e d  h e t e r o t r i m e t a l l i c  complexes 

and with d i e t h y l  e t h e r  t h e  format ion  of Fe,(CO),(C,Ph,) was e s p e c i a l l y  

f avourab le  and o f t e n  i s o l a t e d  i n  30% y i e l d .  A d d i t i o n a l l y  t h e  amount of  

Fe,(CO),,  a l s o  i nc reased  with THF o r  d i e t h y l  e t h e r  a s  s o l v e n t .  

Anal. Calcd. f o r  CpNiCoFe(CO),(C2Ph2) ( 1 ) :  - C ,  51.34; H ,  2.58. Found: C ,  

52.06; H ,  3.62. Calcd. f o r  CpNiCoFe(CO),(C,Et,) ( 4 ) :  - C ,  41.77; H ,  3.09. 



Found: C, 41.87; H ,  3.12. 

P r e p a r a t i o n  of CpNiCoRu(CO),(RC2Rf) ( 2 ,  5 ,  8 )  

I n  a  t y p i c a l  r e a c t i o n ,  CpNiCo(CO),(RC,Rf) ( R  = R 1  = Ph, E t ;  R = Ph, R 1  

= Me) and e x c e s s  Ru(CO), were added t o  25 mL hexanes  and s t i r r e d  a t  room 

t e m p e r a t u r e  u n t i l  t h e  bands i n  t h e  i n f r a r e d  spec t rum due t o  Ru(CO), (v (C0)  

2039, 2004 cm-' ) d i s a p p e a r e d .  T h i s  was u s u a l l y  a b o u t  1 8  h o u r s .  The 

r e a c t i o n  m i x t u r e  c o u l d  be warmed (40-45OC) s a f e l y  t o  d e c r e a s e  t h e  t i m e  

r e q u i r e d  f o r  t h e  r e a c t i o n  t o  go t o , c o m p l e t i o n ,  b u t  more Ru,(CO),, was formed 

a s  a  s i d e  p r o d u c t .  A f t e r  t h e  r e a c t i o n  was comple te ,  t h e  s o l v e n t  and a n y  

e x c e s s  Ru(CO), were removed by vacuum and t h e  r e s i d u e  d i s s o l v e d  i n  t h e  

minimum amount o f  hexanes  . Column chromatography w i t h  hexanes  a s  e l u a n t  

y i e l d e d  Ru,(CO),, as a ye l low band f o l l o w e d  by t h e  s t a r t i n g  

h e t e r o b i m e t a l l i c ,  CpNiCo(CO),(RC2R1). The d e s i r e d  p r o d u c t ,  

CpNiCoRu(CO),(RC2R1) was t h e n  e l u t e d  a s  a  brown band. 

16 .7  (CH,). 
/ 

Anal.  Ca lcd .  f o r  CpNiCoRu(CO),(C2Ph2) ( 2 ) :  - C ,  47.66;  H, 2.40.  Found: C, 

47.82; H ,  2.51. Ca lcd .  f o r  CpNiCoRu(CO),(C,Et,) ( 5 ) :  - C ,  38 .24;  H ,  2.83. 

Found: C ,  38 .18;  H ,  2.79. 

P r e p a r a t i o n  o f  C~N~COOS(CO),(RC,R')  (3 ,  6 ,  9) 

CpNiCo(CO),(RC2R1) ( R  = R 1  = Ph, E t ;  R = Ph, R 1  = Me) and e x c e s s  

O s ( C O ) ,  were added t o  25 mL hexanes  and h e a t e d  t o  40-45OC f o r  10-12 h o u r s .  

The s o l v e n t  volume was r e d u c e d  t o  5  mL and t h e  s o l u t i o n  was poured o n t o  a  

F l o r i s i l  column and chromatographed.  V a r i a b l e ,  b u t  u s u a l l y  s m a l l ,  amounts 



of O S , ( C O ) ~ ,  were f i r s t  e l u t e d  wi th  hexanes fol lowed by a green band 

i d e n t i f i e d  a s  t he  s t a r t i n g  h e t e r o b i m e t a l l i c  a lkyne .  Using a 5:l  

hexane/chloroform mixture  a s  e l u a n t  a dark brown band was next  i s o l a t e d  and 

i d e n t i f i e d  a s  C~N~COOS(CO), (RC,R~) .  

Anal. Calcd. f o r  CpNiCoOs(CO),(C2~h2) ( 3 ) :  C ,  41.75; H ,  2.10. Found: C ,  - 

41.79; H ,  2.20. Calcd. f o r  C ~ N ~ C O O S ( C O ) , ( C , E ~ , )  ( 6 ) :  - C ,  32.77; H ,  2.43. 

Found: C ,  32.87; H ,  2.49. 

P repa ra t ion  of Cp~iCoFe(C0) 5 (PPh3) (C2Ph2) ( l a )  

Compound 1 (0 .12 g ,  0.21 mmol) and PPh, (0.07 g ,  0.27 mmol) were added - 
t o  20 mL hexanes and s t i r r e d  f o r  12 hour s .  The so lven t  volume was reduced 

t o  4-5 mL and e l u t e d  on a F l o r i s i l  column. E lu t ion  wi th  methylene 

ch lor ide /hexanes  y i e lded  a black band i d e n t i f i e d  as l a .  No band due t o  1 - - 
was v i s i b l e  a1 though some decomposi t i o n  had occurred .  

Anal. Calcd f o r  CpNiCoFe(CO),(PPh,)(C2Ph2): C ,  61.6, H ,  3 .7 ,  Found: C ,  

C ) ,  133.8-125.4 (phenyl  C ) ,  92.8 (Cp).  
j 

React ion of CpNiCo(CO),(C,Ph,) w i th  M , ( C O ) , ,  ( M  = Fe, Ru, 0 s )  

Fe,(CO),, (0.21 g ,  0.42 mmol) and CpNiCo(CO),(C,Ph,) (0.19 g ,  0.41 

mmol) was added t o  30 mL of hexanes and r e f l u x e d  f o r  18 hours .  The s o l v e n t  

'volume was reduced by vacuum and t h e  t r a p  was noted t o  con ta in  some Fe(CO),. 

The r e s i d u a l  hexanes was placed on a F l o r i s i l  column and e l u t i o n  wi th  

hexanes y i e lded  a small amount of Fe(CO),, a red-brown band i d e n t i f i e d  as 

CO~(CO) , (C ,P~ , )  and t h e  s t a r t i n g  h e t e r o b i m e t a l l i c  as a green band. E l u t i o n  " 

wi th  4:l hexanes/methylene c h l o r i d e  gave CpNiCoFe(CO),(C,Ph,) a s  a brown 



band,  s m a l l  and v a r i a b l e  amounts of Cp,Ni,Fe,(CO),(C,Ph,) a s  a b l u e  band 

("(CO) = 201 0 ,  1973 em-' ) , Cp,Ni,Fe(CO) ,(C,Ph,) a s  a green-brown band 

(v (C0)  = 2030, 1979 and 1963 em-') and Fe,(CO),(C,Ph,) a s  a brown-black 

band.  With o n l y  methy lene  c h l o r i d e  a s  t h e  e l u a n t  some Cp,Fe,(CO), was 

r e c o v e r e d .  

Ru,(CO),, (0 .143 g ,  0.22 mmol) and CpNiCo(CO),(C,Ph,) (0 .10  g ,  0.225 

mmol) were  added t o  20 mL hexanes  and h e a t e d  a t  60•‹C f o r  16 h o u r s .  The 

s o l v e n t  was removed by vacuum and t h e  r e s i d u e  d i s s o l v e d  i n  f r e s h  hexanes  and 

chromatographed on F l o r i s i l .  Only s m a l l  amounts o f  5 c o u l d  be i s o l a t e d .  - 
Os,(CO), ,  (0 .20  g ,  0.22 mmol) and CpNiCo(CO),(C,Ph,) ( 0 . 2  g ,  0 .45  mmol) 

were  added t o  20 mL of  hexanes  and h e a t e d  t o  60•‹C f o r  16 h o u r s .  The s o l v e n t  

volume was reduced  by vacuum and t h e  r e s i d u e  chromatographed on a F l o r i s i l  

column. Only v e r y  s m a l l  t r a c e s  o f  3 c o u l d  be found .  - 

R e a c t i o n  o f  CpNiCo(CO),(C,Ph,) w i t h  Cr(CO),(THF) 

CpNiCo(CO),(C,Ph,) (0 .30  g ,  0 .68 mmol) was added t o  a THF s o l u t i o n  o f  

Cr(CO),(THF) (0 .5  g ,  2.2 mmol) which was f r e s h l y  p r e p a r e d  from t h e  

p h o t o l y s i s  of  Cr(CO), i n  THF. The r e a c t i o n  was moni to red  a f t e r  1 hour  and 
/ 

s i n c e  no new c a r b o n y l  bands a p p e a r e d ,  i t  was s t i r r e d  o v e r n i g h t  a t  ambient  

temper a t  u r e  . An i n f r a r e d  spec t rum r e v e a l e d  c a r  bony1 bands due t o  

CpNiCo(CO),(C,Ph,) (v (C0)  = 2060, 201 4 ,  2008 em-' ) and Cr(C0).  . The s o l v e n t  

was removed by vacuum and t h e  r e s i d u e  d i s s o l v e d  i n  5 mL o f  hexanes /methy lene  

c h l o r i d e  and chromatographed on F l o r i s i l .  The i n f r a r e d  spec t rum of  t h e  

f r a c t i o n s  r e v e a l e d  o n l y  Cr(CO), and CpNiCo(CO),(C,Ph,) b e i n g  e l u t e d .  No new 

m a t e r i a l  c o u l d  be i s o l a t e d .  



React ion of CpNiCo(CO),(c,Ph,) w i th  CpRe(CO),(THF) 

CpRe(CO),(THF) (60 mg, 0.016 mrnol) and CpNiCo(CO),(C,Ph,) (70 mg, 0. I 6  

mmol) were added t o  25 mL hexanes and s t i r r e d  a t  room tempera ture  f o r  2 

hours .  An i n f r a r e d  spectrum of t h e  s o l u t i o n  r evea l ed  l i t t l e  remaining 

CpRe(CO),(THF) (v(C0) = 1925, 1857 em-') but  s t r o n g  bands due t o  CpRe(CO), 

(v(C0)  = 2031 , 1940 cm-' ) . The s o l v e n t  was removed under vacuum and t h e  

r e s i d u e  d i s so lved  i n  hexanes/methylene c h l o r i d e  . Chromatography on a 

F l o r i s i l  column w i t h  hexanes as e l u a n t  y i e lded  CpRe(CO),, t hen  

CpNiCo(CO), (C,Ph,) . With a s t r o n g e r  hexanes/methylene c h l o r i d e  e l u a n t  (3 :  1 ) 

a l i g h t  yellow band was next recovered  and i d e n t i f i e d  as CpRe(CO),(C,Ph,). 

This  compound and i ts  p r o p e r t i e s  are d i scus sed  i n  Chapter 4. 

React ion of CpNiCo(CO),(C,Ph,) w i th  Fe(CO),(PPh,) 

C P N ~ C ~ ( C O ) , ( C , P ~ , )  (51 mg, 0.11 3 mmol) and Fe(CO),(PPh,) (50 mg, 0.109 

mmol) were added t o  15 mL CH,CN and s t i r r e d  f o r  1 hour .  A s  no r e a c t i o n  was 

apparen t  from moni tor ing  t h e  i n f r a r e d  spectrum, Me,NO (20 mg) was added t o  

t h e  s o l u t i o n .  Af t e r  s t i r r i n g  f o r  a f u r t h e r  1 hour ,  no new carbonyl  bands i n  
/ 

t h e  I R  were d e t e c t e d  and t h e  r e a c t i o n  was d i scon t inued .  

React ion of  CpNiCo(CO),(C,Ph,) w i th  CpCo(CO), 

CpNiCo(CO),(C,Ph,) (0.1 g ,  0.225 mmol) and excess  CpCo(CO), (60 mg, 

0.333 mmol) were added t o  15 mL of hexanes and r e f l u x e d  f o r  12 hours .  The 

s o l u t i o n  was cooled and t h e  r e a c t i o n  m i x t u r e  chromatographed on a F l o r i s i l  

column. Only CpCo(CO), (v(C0) = 2026, 1966 em-') and CpNiCo(CO),(C,Ph,) were 

i d e n t i f i e d .  Some decomposition was i n d i c a t e d  s i n c e  m a t e r i a l  l e f t  a t  t h e  t o p  

of  t h e  column could not  be e l u t e d  w i t h  ace tone  o r  d i e t h y l  e t h e r .  



CpNiCoFe(CO),(C2Ph2) (50 mg, 0.086 mmol) and excess  

methylphenylacetylene were added t o  15 mL of hexanes and s t i r r e d  f o r  two 

hours .  There was no apparen t  r e a c t i o n  a s  judged from an i n f r a r e d  spectrum 

and t h e  r e a c t i o n  was d i s con t inued .  

t Examples of t h e  C a l c u l a t i o n  of AG and AE 

P a )  C a l c u l a t i o n  of  AG from Coalescence Temperature Experiments f o r  7  

The Avm va lue  was t h e  s e p a r a t i o n  of t h e  two'Cp o r  two Me peaks i n  Hz a t  

243K. From t h i s  t h e  r a t e  cons t an t  could be eva lua t ed .  

- 1 Kc = IT/& Av,,, = 24.9 k 1 . 1  s e c  

P By u s i n g  t h e  Eyr ing  e q u a t i o n ,  t h e  6G value  can then  be c a l c u l a t e d .  

-1 6  K = Boltzmann cons t an t  = 1.3807 x  10 e r g s  K-I 

h  = P l a n c k t s  cons t an t  = 6.63 x  e r g s  s e c  

R = gas  cons t an t  = 8.31 4 J K-I  mol-I 

Tc(7-) (methyl )  = 339 + 1 K  

- 1 
then AG' = 74.5 t 1 . 3  k J  mol . 
Addi t iona ly ,  from t h e  f r a c t i o n a l  popu la t i ons  of t h e  two s i t e s  p A  and p t h e  B ' 

r a t e  c o n s t a n t s  kAB and kBA could be c a l c u l a t e d .  

p B ( I )  (methyl )  = 0.38 



where A r e p r e s e n t s  t h e  h i g h  f i e l d  r e s o n a n c e .  Then, 

CAB = ~ ( I T / J ~ ) A v _ ( ~ ~ )  = 30.8  sec - I  

and kBA = 2 ( n / J 2 ) d v _ ( p A )  = 18 .9  s e c  - 1 

t b )  C a l c u l a t i o n  o f  AG by S p i n  S a t u r a t i o n  T r a n s f e r  Exper iments  f o r  4 

A b r i e f  o u t l i n e  w i l l  be g i v e n .  A s e l e c t i v e  180•‹ p u l s e  is a p p l i e d  t o  a  

methyl  r e s o n a n c e  f o l l o w e d  by a  v a r i a b l e  d e l a y  t i m e  and t h e n  a  normal 90•‹  

o b s e r v a t i o n  p u l s e  a p p l i e d .  The 180•‹ p u l s e  i n v e r t s  t h e  methyl  r e s o n a n c e  and 

t h e  second  methyl  r e s o n a n c e  w i l l  t h e n  d e c r e a s e  i n  i n t e n s i t y  s i n c e  i t  is 

undergo ing  exchange w i t h  t h e  f i r s t ,  and now i n v e r t e d ,  me thy l  peak.  The 

d i f f e r e n c e  spec t rum ( s p e c t r u m  1 - spec t rum 2 )  i s  p l o t t e d  and t h i s  shows t h e  

e f f e c t  o f  o n l y  t h e  s e l e c t i v e  p u l s e .  Vary ing  t h e  d e l a y  t i m e  between t h e  180•‹ 

p u l s e  and t h e  o b s e r v a t i o n  p u l s e  a l l o w s  a  r a t e  c o n s t a n t  t o  be e s t a b l i s h e d  f o r  

one t e m p e r a t u r e .  An example o f  v a r y i n g  d e l a y  t i m e s  is shown i n  F i g u r e  14. 

The r e s u l t s  can be e a s i l y  s e e n  w i t h  a s i m p l e  k i n e t i c  scheme. The chemica l  

k~~ Methyl A ' Methyl B 

r a t e s ,  kAB and kBA a r e  e q u a l  and t h e  two r e l a x a t i o n  r a t e s ,  and l / T I B  

a r e  assumed t o  be e q u a l  o r  n e a r l y  s o .  If A and B r e p r e s e n t  t h e  i n t e n s i t i e s  

of  t h e  two p e a k s ,  approx imated  by measur ing  t h e  peak h e i g h t  o f  t h e  c e n t e r  

l i n e  o f  t h e  t r i p l e t ,  t h e n  

and 



FIGURE 1 4 

180•‹ Pu l se  on t h e  CH, Resonance 

of CpNiCoFe(CO),(C,Et,) (i) 
wi th  Varying Delay Times 





where A ,  i s  t h e  i n t e n s i t y  of t h e  l i n e  A a t  t ime ze ro  and t is t h e  de l ay  

t ime.  The sum ( A  + B) r e p r e s e n t s  t h e  t o t a l  magnet iza t ion  induced by t h e  

s e l e c t i v e  pu lse  and t h e  d i f f e r e n c e  ( A  - B )  r e p r e s e n t s  t h e  e q u i l i b r a t i o n  of  

t h e  excess  magnet iza t ion  between t h e  two s i t e s .  The exchange r a t e  cons t an t  

between methyl group A and methyl group B is ob ta ined  by t a k i n g  t h e  

d i f f e r e n c e  between t h e  sum and t h e  d i f f e r e n c e  t o t a l s .  A p l o t  of t h e  k 

va lues  ob ta ined  a t  d i f f e r e n t  t empera tures  ve r sus  1 / T  ( F i g u r e  15)  gave a  

P s t r a i g h t  l i n e  of s l o p e  -AG / l .  987 from which t h e  va lue  of 74.5 + 1 .3  k J  m01- 
1 

was ob t a ined .  

c )  C a l c u l a t i o n  of  AE f o r  7  

From t h e  popula t ion  r a t i o  of both isomers  ( ' H  N M R )  and by u s i n g  t h e  

Boltzmann d i s t r i b u t i o n  equa t ion ,  t h e  AE va lue  could be ob t a ined .  

AE = -kT ln(N-/N+) x  N 

k = Boltzmann cons t an t  = 1.38 x  10 -28 kJ  K-I  

T = Temperature ( K )  

N = Avogadro1 s number = 6.023 x  10 2  3  

N - = i n t e g r a l  of l e s s  dominant isomer 

N +  = i n t e g r a l  of dominant isomer 

For 7 a t  T = 295K, - 

AE = -1.38 k J  K-' T(295 K) ln(1 .0 /1 .24)  x  6.023 x  

= 0.53 k J  mol-' 

2.6.2 X-ray S t r u c t u r e s  

An overview of t h e  X-ray d a t a  c o l l e c t i o n  is given i n  Chapter 5. Many 

of  t h e  parameters  and cond i t i ons  used f o r  t h e  c o l l e c t i o n  of  d a t a  a r e  l i s t e d  

i n T a b l e  10 but  a b r i e f  i n t r o d u c t i o n  f o r  each c r y s t a l  s t r u c t u r e  is given 



F I G U R E  15 

Graph of I n  K ve r sus  1 / T  

f o r  Compound - 4 





under t h e  app ropr i a t e '  heading. 

1 )  - X-ray S t r u c t u r e  of CpNiCoFe(CO),(PPh,)(C,Ph,) ( l a )  

A black c r y s t a l ,  0.09 x 0.1 1 x 0.15 m m ,  ob t a ined  from a  

hexanes/chloroform s o l u t i o n  was chosen f o r  t h e  d i f f r a c t i o n  s t u d i e s .  

Pre l iminary  Weissenberg and precess ion  photos (Cu r a d i a t i o n )  i n d i c a t e d  t h e  

c r y s t a l  t o  be monocl inic ,  and sys t ema t i c  absences OkO: k = 2 n + l ,  h01: 1 = 

2n+1 , de f ined  t h e  space  group a s  P21 /c .  Data were then  c o l l e c t e d  on a 

Picker  FACS-I d i f f r a c t o m e t e r  (Mo r a d i a t i o n )  w i th  a  scan r a t e  of 1 min-' f o r  

3' 2 20 6 35O and a  symmetrical scan width of (1 .2  + 0 . 6 9 2 t a n t 1 ) ~ .  There 

were very few r e f l e c t i o n s  beyond 35O s o  the  d a t a  c o l l e c t i o n  was s topped a t  

t h a t  p o i n t .  Two s t a n d a r d s  were measured every  70 r e f l e c t i o n s  and showed 

on ly  random f l u c t u a t i o n s .  

Absorption c o r r e c t i o n s  were app l i ed  v i a  an a n a l y t i c a l  c o r r e c t i o n  

( t r ansmis s ion  f a c t o r s ,  0.75-0.86).  1109 r e f l e c t i o n s  out  of a  t o t a l  of 2316 

had I 2 2 . 3 u ( I )  and were regarded  a s  observed. The p o s i t i o n s  of the  metal  

atoms and the  phosphorus atom were l o c a t e d  us ing  MULTAN and t h e  non-hydrogen 

atoms from a  s e r i e s  of d i f f e r e n c e  Four ie r  s y n t h e s i s  i n t e r s p e r s e d  wi th  l e a s t  
/ 

squa res  ref inement  . The hydrogen atom p o s i t i o n s  were c a l c u l a t e d  

geomet r i ca l ly  wi th  a  C-H bond l e n g t h  of 0.988 and were given i s o t r o p i c  

thermal  parameters  equal  t o  t h e  carbon atom t o  which they  were a t t a c h e d  and 

inc luded  a s  f i x e d  c o n t r i b u t i o n s  i n  f u r t h e r  re f inement .  The meta l  atoms and 

t h e  phosphorus atom were r e f i n e d  a n i s o t r o p i c a l l y .  The l a r g e s t  peak i n  a  

f i n a l  d i f f e r e n c e  map 0.43( 2 0 ) e ~ - ~  was l o c a t e d  near  C(61) of t he  a romat ic  

r i n g .  Computer programs a r e  from re fe rence  64. Bond d i s t a n c e s  and ang le s  

a r e  i n  Table 1 1 ,  atom coord ina t e s  a r e  given i n  Table 15, c a l c u l a t e d  hydrogen 

atom coord ina t e s  i n  Table 19, a n i s o t r o p i c  thermal  parameters  i n  Table 23 and 



c a l c u l a t e d  meanplanes and d i h e d r a l  angles  i n  Table 27. An ORTEP diagram 

wi th  t h e  atom l a b e l l i n g  scheme is shown i n  F igure  10 (Sec t ion  1.3.2d)  and is 

grouped wi th  a l l  t he  h e t e r o t r i m e t a l l i c  a lkyne s t r u c t u r e s .  

2 )  X-ray S t r u c t u r e  of CpNiCoRu(CO),(C,Ph,) ( 2 )  

A dark brown c r y s t a l  0.11 x  0.19 x  0.24 mrn, ob t a ined  from a  hexane 

s o l u t i o n  was chosen f o r  t h e  d i f f r a c t i o n  s t u d i e s .  Pre l iminary  Weissenberg 

and precess ion  photos (Cu r a d i a t i o n )  i n d i c a t e d  t h e  c r y s t a l  t o  be monocl inic  

and sys t ema t i c  absences OkO: k = 2 n + l ,  hO1: 1 = 2 n + l ,  d e f i n e  t h e  space group 

a s  P2 , / c .  Data were then  c o l l e c t e d  on a  Picker  FACS-I d i f f r a c t o m e t e r  (Mo 

- 1 r a d i a t i o n )  wi th  a  scan range of 2 O  min f o r  3O 2 20 5 45O and a  symmetrical 

scan width of ( 1 . 4  + 0 . 6 9 2 t a n ~ ) O .  Two s t anda rds  were measured f o r  i n t e n s i t y  

c o n t r o l  a f t e r  every 70 r e f l e c t i o n s  but showed on ly  random f l u c t u a t i o n s .  

Absorption c o r r e c t i o n s  were app l i ed  v i a  an a n a l y t i c a l  c o r r e c t i o n  

( t r ansmis s ion  f a c t o r s ,  0.64-0.79). 1816 r e f l e c t i o n s  out  of a  t o t a l  of 3100 

had IL2 .3a ( I )  and were regarded  a s  observed.  The p o s i t i o n s  of t h e  meta l  

atoms were l o c a t e d  us ing  MULTAN and t h e  non-hydrogen atoms were l o c a t e d  from 

a  s e r i e s  of d i f f e r e n c e  Four ie r  s y n t h e s i s  and i n t e r s p e r s e d  wi th  l e a s t  squa res  
/ 

re f inement .  The hydrogen atom p o s i t i o n s  were c a l c u l a t e d  geomet r i ca l ly  w i th  

a  C-H bond l e n g t h  of 0.988 and were given i s o t r o p i c  thermal  parameters  equal  

t o  t h e  carbon atom t o  which they  were a t t a c h e d  and were inc luded  a s  f i x e d  

c o n t r i b u t i o n s  i n  f u r t h e r  ref inement  . The metal  atoms, c a r  bony1 l i g a n d s  and 

- t h e  cyc lopentadienyl  l i g a n d  were r e f i n e d  a n i s o t r o p i c a l l y .  The l a r g e s t  peak 

i n  a  f i n a l  d i f f e r e n c e  map, 0 . 5 3 ( 2 2 ) e 8 ' ~  was l o c a t e d  between t h e  Ru atom and 

t h e  n e a r e s t  phenyl r i n g .  Computer programs a r e  from re fe rence  64. Bond 

d i s t a n c e s  and ang le s  a r e  i n  Table 12, a tomic coord ina t e s  a r e  given i n  Table 
/ 

16,  c a l c u l a t e d  hydrogen atom coord ina t e s  i n  Table 20, a n i s o t r o p i c  thermal  



parameters  i n  Table 24 and c a l c u l a t e d  meanplanes and d i h e d r a l  ang le s  i n  

Table 28. An ORTEP diagram wi th  t h e  atom l a b e l l i n g  scheme is shown i n  

F igu re  1 1  (Sec t ion  1.3.2d)  and is grouped wi th  t h e  o t h e r  r e l e v a n t  s t r u c t u r e s .  

3 )  X-ray S t r u c t u r e  of C ~ N ~ C O O S ( C O ) , ( C , P ~ , )  ( 3 )  

A t r i a n g u l a r ,  p l a t y  dark  brown c r y s t a l ,  0.49 x 0.51 x  0.60 x 0.06 mm 

obta ined  from a  hexane/methylene c h l o r i d e  s o l u t i o n  a t  -20•‹ was chosen f o r  

t h e  d i f f r a c t i o n  s t u d i e s .  Pre l iminary  o s c i l l a t i o n  and a  ze ro - l eve l  

Weissenberg photo (Cu r a d i a t i o n )  r evea l ed  t h e  c r y s t a l  t o  be of good q u a l i t y .  

Data were c o l l e c t e d  on an Enraf Nonius CAD-4 d i f f r a c t o m e t e r  (Mo r a d i a t i o n )  

w i th  a  v a r i a b l e  scan speed of 0.8-5.0' min-I f o r  r e f l e c t i o n s  wi th  3.0•‹ 5 20 

5 45O. The base scan width was 0.7O f o r  3-40•‹, and O.gO f o r  40•‹-45O p lus  

d i s p e r s i o n  c o r r e c t i o n .  Two s t a n d a r d s  were measured a f t e r  every 150 

r e f l e c t i o n s  but showed on ly  random f l u c t u a t i o n s .  

Absorption c o r r e c t i o n s  were app l i ed  v i a  an a n a l y t i c a l  c o r r e c t i o n  

( t r ansmis s ion  f a c t o r s ,  0.23-0.66). 2503 r e f l e c t i o n s  out  of a  t o t a l  of 3063 

had I 2 2 . 3 a ( I )  and were regarded  a s  observed. The p o s i t i o n s  of t he  metal  

atoms were l o c a t e d  us ing  MULTAN, and non-hydrogen atoms from a s e r i e s  of 
/ 

d i f f e r e n c e  Four ie r  s y n t h e s i s  i n t e r s p e r s e d  wi th  l e a s t  squa res  re f inement .  

The hydrogen atom p o s i t i o n s  were c a l c u l a t e d  geomet r i ca l ly  w i th  a  C-H bond 

l e n g t h  of 0.988 and a s s igned  i s o t r o p i c  thermal  parameters  equal  t o  t h e  

carbon atom t o  which they  were bonded and inc luded  a s  f i x e d  c o n t r i b u t i o n s  i n  

- f u r t h e r  re f inement .  A l l  t he  non-hydrogen atoms were r e f i n e d  

a n i s o t r o p i c a l l y .  The l a r g e s t  peak i n  a  f i n a l  d i f f e r e n c e  map, 1 . I  (2)e!r3 was 

1.28 from the  0s atom and 0.88 from C(3)  and of no chemical s i g n i f i c a n c e .  

Computer programs a r e  from re fe rence  65. Bond d i s t a n c e s  and ang le s  a r e  i n  

Table 13, a tomic coord ina t e s  a r e  i n  Table 17,  c a l c u l a t e d  hydrogen atom 



coord ina t e s  i n  Table 21, a n i s o t r o p i c  thermal parameters  i n  Table 25 and 

c a l c u l a t e d  meanplanes and d i h e d r a l  angles  i n  Table 29. A l a b e l l e d  SNOOP1 

diagram is shown i n  F igure  12 (Sec t ion  1.3.2d)  and is grouped wi th  t h e  o t h e r  

h e t e r o t r i m e t a l l i c  s t r u c t u r e s .  

4) X-ray S t r u c t u r e  of CpNiCoFe(CO),(C,Et,) ( 4 )  

A dark green need le ,  0.07 x  0.12 x 0.36 mm r e c r y s t a l l i z e d  from 

hexane/chloroform a t  O•‹C was used f o r  t h e  d i f f r a c t i o n  s t u d i e s .  O s c i l l a t i o n  

photos (Cu r a d i a t i o n )  r evea l ed  t h e  c r y s t a l  t o  be of good q u a l i t y .  Data were 

c o l l e c t e d  on an Enraf Nonius CAD-4 d i f f r a c t o m e t e r  (Mo r a d i a t i o n )  w i th  a  

v a r i a b l e  scan speed of 0.3-5.0•‹ min-I f o r  3O S 20 6 40' and a  symmetrical 

base scan  width of 0.7O p lus  d i s p e r s i o n  c o r r e c t i o n  above and below t h e  

weighted K a ,  and K a , .  Two s t anda rd  r e f l e c t i o n s  were monitored every  150 

r e f l e c t i o n s  and showed no i n d i c a t i o n  of i n t e n s i t y  l o s s .  

Absorption c o r r e c t i o n s  were app l i ed  v i a  an empi r i ca l  c o r r e c t i o n  ( +  

scans ;  t r ansmis s ion  f a c t o r s ,  0.72-0.84).  1387 r e f l e c t i o n s  from a  t o t a l  of 

1748 had I L 2 . 3 u ( I )  and were regarded  a s  observed. The p o s i t i o n s  of t he  

meta l  atoms were l o c a t e d  us ing  MULTAN and t h e  non-hydrogen atoms from a  
) 

s e r i e s  of d i f f e r e n c e  Four ie r  s y n t h e s i s  i n t e r s p e r s e d  wi th  l e a s t  squa res  

r e f  inement . The hydrogen atom posi t ons  were c a l c u l a t e d  geomet r i ca l ly  wi th  a  

C-H bond l e n g t h  of 0.988 and given i s o t r o p i c  thermal  parameters  equal  t o  t h e  

carbon atom t o  which they  were a t t a c h e d  and were inc luded  a s  f i x e d  

c o n t r i b u t i o n s  i n  f u r t h e r  re f inement .  A l l  non-hydrogen atoms were r e f i n e d  

a n i s o t r o p i c a l l y .  The l a r g e s t  peak i n  a  f i n a l  d i f f e r e n c e  map, 0 . 6 ( 2 ) e ~ - ~  was 

l o c a t e d  between t h e  N i  atom and t h e  Cp r i n g .  Computer programs a r e  from 

re fe rence  65. Bond d i s t a n c e s  and ang le s  a r e  i n  Table 14, a tomic coord ina t e s  

a r e  given i n  Table 18, c a l c u l a t e d  hydrogen atom coord ina t e s  i n  Table 22, 



a n i s o t r o p i c  t h e r m a l  p a r a m e t e r s  i n  T a b l e  26 and c a l c u l a t e d  meanplanes and 

d i h e d r a l  a n g l e s  i n  T a b l e  30. A SNOOP1 diagram w i t h  t h e  atom l a b e l l i n g  

scheme is shown i n  F i g u r e  13 ( S e c t i o n  1 . 3 . 2 d )  and is grouped w i t h  t h e  o t h e r  

r e l e v a n t  s t r u c t u r e s .  



Table 10. Summary of Crystal Data for C ~ N ~ C O F ~ ( C O ) ~ ( P P ~ ~ ) ( C ~ P ~ ~ )  (la), - 
c~N~CORU(CO), (C2ph2) (2), CpNi~oos(~0)~ (c2ph2) (3) and - - 
CpNic~Fe(co)~(C~Et~) (4) - 

compound 

mol. wt. 

space group 

a, a 
b ,  a 
c, a 
B Y  deg 

z 

cell "01, a 3  
p calcd, gcm- 3 

P obsd, gcm-3 

p (MOKJ cm-l 

total reflections, 
measured 2316 3100 

no. reflections, 
I > 2.3a(1) - 1109 1816 

data limits, 
20, deg 3, 35 3.5, 45 

final R 0.057 0 .O36 

final R, 

GOF 



Ni-Co 

Ni -Fe 

Fe-Co 

Co-P 

Fe-C( 1) 

Fe-C(2) 

Fe-C(3) 

Fe-C(4) 

Co-C(4) 

Co-C(5) 

Table 11. Bond Distances (8 )  and Angles (deg) for 

C ~ N ~ C O F ~ ( C O > ~  ( P P ~ ~ )  (c2ph2)  ( - la) 

Ni-Cp (center) 

P-C(11) 

P-C(21) 

P-C(31) 

Ni-Co-Fe 61.55(12) Co-C(5)-0(5) 

Co-Fe-Ni 57.71(11) Ni-C ( 7 ) -Co 

Co-Ni-Fe 60.74( 11) Fe-C (6 ) -Co 



Table 12. Bond Distances (a)  and Angles (deg) for C ~ N ~ C O R U ( C O ) ~ ( C ~ P ~ ~ )  (2) - 

Ni-Ru 

Ni-Co 2.399(1) Ni-Cp(cnt r )  1.747(1) 

Co-Ru 

Ni-Co-Ru 

Ni-Ru-Co 

Ru-Ni-Co 

Co-C(1)-O(1) 

CO-c(l)-Ru 

~0-~(2)-0(2) 

~0-~(3)-0(3) 

Ru-c(l)-O(l) 

Ru-~(4)-0(4) 



Ni-0s 

Ni-Co 

Table 13. Bond Distances ( A )  and Angles (deg) f o r  

CpNiCoo~(C0)~ (C2Ph2) ( - 3) 



Table 14. Bond Distances ( A )  and Angles (deg) for 

Ni-Co 

Ni-Fe 

Co-Fe 

Fe-C( 1 ) 

Fe-C ( 2) 

Fe-C(3) 

Fe-C(9) 

Fe-C( 10) 

Co-C(4) 

CO-C(~) . 

Co-~(6) 

co-~(10) 

Ni-Cp(cntr) 

Ni-Co-Fe 

Ni-Fe-Co 

Fe-Ni-Co 

Fe-c(l)-O(l) 

Fe-c(2)-0(2) 

Fe-c(3)-0(3) 

CO-C(4)-0(4) 



Table 1 5 .  Atom Coordinates ( X  lo4) for C ~ N ~ C O F ~ ( C O )  5 ( ~ ~ h 3 ) ( ~ 2 ~ b )  (la) - 



Table 15 (~ont'd) 



Tab 1 - 

Atom - X - 

* Anisotropic temperature factors listed in Table 23. 



4 
Table 16.  Atom Coordinates  ( x  10 ) and Equivalent  I s o t r o p i c  Temperature 



T a b l e  16 (Cont'd) 

* Anisotropic thermal parameters listed in T a b l e  24. 



Table  for CpNiCoOs(C0) 6(C2~h 2) ( 3 )  - 



Table 17 (Cont'd) 



Table 18. A t o m  Coon 



Table 18 (Cont'd) 



T a b l e  1 9 .  C a l c u l a t e d  Hydrogen Atom C o o r d i n a t e s  f o r  



Table 19 (Cont'd) 

Atom 



4 
Table  20. C a l c u l a t e d  Hydrogen Atom C o o r d i n a t e s  ( x  10 ) f o r  

C p ~ i C o ~ u ( C 0 ) ~  (C2Ph2) ( 2) - 



4 Table  21. C a l c u l a t e d  Hydrogen Atom C o o r d i n a t e s  ( x  10 ) f o r  

C ~ N ~ C O O S ( C O ) ~ ( C ~ P ~ ~ )  ( 3 )  - 



4 
T a b l e  22 .  C a l c u l a t e d  Hydrogen A t o m  C o o r d i n a t e s  ( x  10 ) f o r  



Table 23. Aniso t rop ic  Thermal Parameters (A2x 10) f o r  

C p ~ i C o F e ( C o > ~ ( ~ ~ h ~ > ( C ~ p h ~ )  ( l a )  - . 



Table 2 4 .  Anisotropic Thermal Parameters ( A 2 x  10) for 



Table 25. Anisotropic Thermal Parameters ( A ~ X  10) for 

C ~ N ~ C O O S ( C O ) ~ ( C ~ P ~ ~ )  ( 3 )  - 



Table 25 (Cont'd) 
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Anisotropic Thermal Parameters ( A 2 x  10) for 



Table 26 (Cont'd) 



Table 27. Calculated Meanplanesa and Dihedral Angles for 

Cp~icoFe(cO)~(PPh~)(C~~h~) (la) - 

Plane At oms Defining 

No. - PI arieb 

1 Ni, Co, Fe -0.7095 -0.6544 -0.2163 -7.3430 0.00 

2C Cp ring: ~61(0.2), 0.5630 0.1894 -0.8045 -9.5132 0.01 

~62(-1.11, ~63(1.6), 

~64(-1.41, ~65(0.7) 

a Plane coordination is Ax + By + Cz - D = 0, with x, y, z in orthorhcmbic 
/ 

coordinates. 
3 Deviations of the atoms (A x 10 ) from the meanplane are given in par- 

entheses. 

C Ni deviation 1.752 A .  

Co deviation 1.766 A .  



Table  27 ( C o n t ' d )  

D i h e d r a l  Angles (Between Normals t o  Meanplanes) 

P l a n e  No. P l a n e  No. Angle (deg)  



Table 28. Calcu la ted  Meanplanesa and Dihedral  Angles f o r  

~ p ~ i C o R u (  C O l 6  (C2ph 2) ( 2 )  - 

P 1 ane Atoms Defining 
No. - planeb A - B - C - D - - x 2  

1 Ru, N i  , Co 0.2452 0.3614 -0.8996 -0.1513 0.00 

2C Ru(-151, Ni(181, -0.1777 0.9472 -0.2670 1.2479 

3 ~h r i n g :  C71(-.7), -0.6270 0.4939 -0.6024 -1.4687 4.41 

~ 7 2 ( - 2 ) ,  C73(-21, 

C74( 101, C75(-12), 

C76(8) 

4 P h r i n g :  C81(-41, 0.7067 -0.6441 -0.29286 -1.1222 4.32 

C82(-4), c83( 111, 

5 Cp r i n g :  C91(-3), 0.9201 -0.2964 -0.2559 3.8286 0.42 

C92(1), C93(2), 

C94(-31, C95(4) 
/ 

6 Ru, CO, C 1  0.9788 -0.1321 -0.1565 0.9731 0.00 

a P lane  equa t ion  i s  Ax + By + Cz - D = 0, wi th  x, y ,  z i n  orthorhcmbic co- 

o r d i n a t e s .  

3 Devia t ions  of  t h e  atoms (a x 10 ) from t h e  meanplane a r e  g iven  i n  par- 

e n t h e s e s .  

Co d e v i a t i o n  1.790 A .  

N i  d e v i a t i o n  1.747 A .  



Table 28 (Cont 'd) 

Dihedral Angles (Between Normals t o  Meanplanes) 

Plane N o .  Plane No. 

2 

3 

4 

5 

6 

7 

3 

4 

Angle (deg)  

57.4 

55.5 

78.3 

69.6 

70.6 

70.5 

42.3 

131.1 

112.1 

104.9 

125.8 

124.7 

125.8 

23.6 

34.7 

11.5 



Table 29. Calcu la ted  Meanplanesa and Dihedral  Angles f o r  

P 1 ane Atoms Def in ing  
No. P 1 aneb A - B - C - D - x2 - 

1 N i ,  Co, 0 s  -0.2478 -0.3582 -0.9002 -3.0869 0.00 

3 Ph r i n g :  C7(4) ,  -0.6741 0.6710 -0.3089 -1.6728 3.21 

4 Ph r i n g :  C15(-91, 0.6212 -0.4989 -0.6043 -0.7805 2.67 

Cl6(7) ,  CP7(-21, 

C18(-31, C19(2),  

C20(4) 

gd Cp r i n g :  ~ 2 1 ( 2 ) ,  -0.9184 0.3113 -0.2442 0.7425 0.28 

C22(-31, C23(3),  

C24(-11, C25(-0.6) 

6 OS,  CO,  C 1  -0.9766 0.1226 -0.1765 -3.3026 0.00 

a Plane equa t ion  i s  Ax + By + Cz - D = 0,  wi th  x ,  y, z i n  mthorhanbic co- 

o r d i n a t e s .  

3 Devia t ion  of  t h e  atoms (A x 10 ) from t h e  meanplane a r e  g iven  i n  par- 

e n t h e s e s .  

C Co d e v i a t i o n  1.783 A .  

d N i  d e v i a t i o n  1.755 A .  



Table 29 (Cont'd) 

Dihedral Angles (Between Normals to ~eanplanes) 

Plane No. Plane No. Angle (deg) 



Table 30. Calculated Meanplanes a and Dihedral Angles for 

' 

Cp~iCoFe( COl6 (C2Et 2) (4) - 

P 1 ane At oms Defining 
No. P 1 aneb A - B - C - D - x - 

1 Ni, Co, Fe -0.5122 0.7746 -0.3710 0.8783 0.00 

2C Cp ring: ~13(8), 0.9842 0.1234 -0.1267 -0.2096 2.84 

cl4(-8), cl5(6), 

c16(-0.71, ~17(-4) 

4 Fe, C9, C10 0.6173 -0.5950 -0.5147 0.1172 0.00 

a Plane equation is Ax + By + Cz - D = 0, with x,y, z in orthorhanbic 

coordinates. ) 

3 b Deviations of the atoms (Ax10 ) from the meanplane are given in 

parentheses. 

c Ni deviation 1.750 A .  

d Fe deviation 1.786 A. 



Table  30 (Cont 'd )  

Dihedra l  Angles (Between Normals t o  Meanplanes) 

P l a n e  No. P l a n e  No. Angle ( d e g )  



CHAPTER 2 

X-RAY CRYSTAL STRUCTURE OF C O M ~ ( C O ) , ( M ~ C , P ~ ) ,  

2.1 In t roduc t ion  

The formation of CoMn(CO),(RC2R1) (R=Ph ,R1=~e ,Ph)  by t h e  thermal  

r e a c t i o n  of CoMn(CO), w i th  an equimolar amount of the  a p p r o p r i a t e  alkyne was 

66 r e c e n t l y  r epo r t ed  This  is a  f a c i l e  r e a c t i o n  r e q u i r i n g  cond i t i ons  s i m i l a r  

t o  t h a t  of t he  formation67 of Co2(CO).(RC2Rf) from C O , ( C O ) ~  and C2Ph, but 

68 
l e s s  s eve re  than  t h e  r e a c t i o n  of Mn2(CO),, wi th  C2Ph2. Subsequent ly,  when 

two moles of a lkyne a r e  r eac t ed  wi th  one mole of CoMn(CO),, compounds of t he  

formula CoMn(CO),(RC2R1), a r e  i s o l a t e d  a s  the  major product .  On t h e  b a s i s  

of t he  spec t roscop ic  data6' a  I f e r r o l e '  type s t r u c t u r e  was proposed. 

Fe r ro l e s  or  t r i ca rbony l fe r racyc lopen tad iene i ron t r i ca rbony l  complexes 

a r e  among t h e  more common products  of r e a c t i o n s  of i r o n .  carbonyls  wi th  

a lkynes .  Over e i g h t y  compounds have been r epor t ed  and t h e r e  a r e  fou r t een  X- 

70 r a y  d i f f r a c t i o n  i n v e s t i g a t i o n s  on t h i s  s t r u c t u r a l  type  . Other me ta l s ,  

7  1 no t ab ly  rhodium , and cobal t76  a l s o  form f e r r o l e  

t ype  s t r u c t u r e s  but t h e s e  compounds a r e  f a r  l e s s  common than those  wi tg  

i r o n .  S t r u c t u r e s  where t h e r e  a r e  two d i f f e r e n t  meta ls  a t t ached  t o  t h e  

butadiene fragment a r e  no t i ceab ly  s c a r c e ,  on ly  

s t r u c t u r a l l y  cha rac t e r i zed77978 .  Very r e c e n t l y ,  F ~ R u ( C O ) ,  ( p h C , ~ h ) ,  was 

3 0 syn thes i zed  but an X-ray s t r u c t u r e  was not r epo r t ed  . Because of our 

i n t e r e s t  i n  mixed metal alkyne chemistry and the  l ack  of h e t e r o b i m e t a l l i c  

f e r r o l e  type  s t r u c t u r e s ,  t h e  X-ray s t r u c t u r e  de te rmina t ion  of 

C O M ~ ( C O ) , ( M ~ C , P ~ ) ,  (10)  was undertaken. - 



2.2  X-ray Data C o l l e c t i o n  and Refinement 

A l a r g e  hexagonal red-brown c r y s t a l  ob ta ined  from C H C 1 ,  -hexanes , having 

dimensions 0.35-0.40 mm i n  widths and 0.21 mm t h i c k  was used f o r  t h e  d a t a  

c o l l e c t i o n .  This  c r y s t a l  was supp l i ed  by P . J .  Manning. Pre l iminary  

o s c i l l a t i o n  photos (Cu r a d i a t i o n )  i n d i c a t e d  t h e  c r y s t a l  t o  be of good 

q u a l i t y .  The c r y s t a l  was t r a n s f e r r e d  t o  an Enraf-Nonius d i f f r a c t o m e t e r  (Mo 

r a d i a t i o n )  and t h e  c e l l  dimensions and space group were determined. Data 

were c o l l e c t e d  wi th  a  scan r a t e  of 1 .O-6.0•‹ mind' f o r  r e f l e c t i o n s  wi th  3O 5 

20 I 45O and a  symmetrical scan width of +0.45O p lus  dis .persion c o r r e c t i o n  

from the  peak c e n t e r .  Four s t a n d a r d  r e f l e c t i o n s  were measured every  1 hour 

of X-ray exposure t ime ,  two t o  monitor i n t e n s i t y  and two t o  monitor c r y s t a l  

movement. Nei ther  p a i r  showed any  s i g n i f i c a n t  d e v i a t i o n s .  Absorption 

c o r r e c t i o n s  were app l i ed  v i a  an empi r i ca l  c o r r e c t i o n  ( t r ansmis s ion  f a c t o r s  

0.848-0.998). 2373 r e f l e c t i o n s  out  of a  t o t a l  of 2939 h a d ' I  I 3 . 0 o ( I )  and 

were regarded a s  observed.  

The p o s i t i o n s  of t h e  meta l  atoms were l o c a t e d  from a  P a t t e r s o n  map and 

t h e  non-hydrogen atoms were l o c a t e d  from d i f f e r e n c e  Four ie r  s y n t h e s i s ,  

i n t e r s p e r s e d  w i t h  l e a s t  squa res  r e f  inement . A l l  t h e  hydrogen atoms were 

placed i n  geomet r i ca l ly  c a l c u l a t e d  p o s i t i o n s  wi th  - d(C-H) equal  t o  0.988. 

The phenyl hydrogens were given i s o t r o p i c  thermal  parameters  of 0 . 0 6 ~ ~  and 

2  t h e  methyl hydrogens, 0.078 . A l l  non-hydrogen atoms were r e f i n e d  

a n i s o t r o p i c a l l y .  The l a r g e s t  peak i n  a  f i n a l  d i f f e r e n c e  map was 0.21(12)  

e ~ - ~  and was l o c a t e d  near  t h e  Mn atom. Computer programs a r e  from re fe rence  

65. A summary of t he  c r y s t a l  d a t a  is i n  Table 31, bond d i s t a n c e s  and ang le s  

i n  Table 32, atom coord ina t e s  i n  Table 33, a n i s o t r o p i c  thermai  parameters  i n  

Table 34, c a l c u l a t e d  hydrogen atom coord ina t e s  i n  Table 35 and c a l c u l a t e d  



Table 31. Summary of Crystal Data for c ~ M n ( c o ) ~ ( M e C ~ P h ) ~  (10) - 

formula 

mol. wt. 

space group 

a, a 
b, A 

c, a 
8 3  deg 

z 

cell vol, A 3 

p calcd, gcm-3 . 

- p obsd, gcm' 3 

p ( ~ 0 % )  cm-l 

total reflections, 
measured 

no. reflections, 
I - > 3.0a(I) 

28 limits, deg 

final R 

final R, 

GOF 



Co-Mn 

Co-C( 1 ) 

Table 32. Bond Distances ( a )  and Angles (deg) for 
C O M ~ ( C O ) ~ ( M ~ C ~ P ~ ) ~  (10) - 



Atom 

4 Table 33. Atomic coordinates ( x  10 ) f o r  

C O M ~ ( C O ) ~ ( M ~ C ~ P ~ ) ~  (10) - 





Table 3 4 .  Anisotropic Thermal Parameters ( A 2 x  10) for 

c o M n ( c ~ ) ~ ( M e C ~ P h ) ~  (10) - 



I 

1 3 5  

Table 3 4  ( C o n t ' d )  

A t  om u11 - u22 - u3 3 - u12 - 



Table  3 5 .  C a l c u l a t e d  Hydrogen Atom Coord ina tes  ( x  l o 4 )  f o r  

c ~ M n ( c O ) ~ ( M e c ~ P h )  2  (10)  - 

Atom - 



Table 36. Calcula ted  Meanplanesa and Dihedral  Angles f o r  

COM~(CO)~ (MeC2Ph) (10) - 

Plane Atoms Defining 
No. - PI aneb A - B - C - D - x * - 

a Plane equat ion  i s  Ax + By + Cz = D with x,  y, z i n  orthorhanbic 

c o o r d i n a t e s .  

%: 
3 Devia t ions  of t h e  atoms ( A  x 10 ) from t h e  meanplane a r e  given i n  

C p a ren theses .  
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meanplanes and d ihed ra l  angles  i n  Table 36. A l a b e l l e d  SNOOP1 diagram is 

shown i n  F igure  16 and a  s ideview of t he  molecule i n  F igure  17. 

2 .3  Descr ip t ion  and Discussion of t he  S t r u c t u r e  

The c r y s t a l  s t r u c t u r e  c o n s i s t s  of t he  packing of d i s c r e t e  molecules 

wi th  no unusual i n t e r -  or  in t ramolecular  c o n t a c t s .  The atom l a b e l l i n g  

scheme is presented i n  F igure  16 and a  s ideview of t he  molecule ,  wi thout  t h e  

s u b s t i t u e n t s  on the  cobal tacyc lopentadiene  r i n g ,  is i l l u s t r a t e d  i n  F igure  17. 

Hydrogen atoms have been omi t ted  i n  a l l  diagrams. 

The gross  f e a t u r e s  of the  s t r u c t u r e  c o n s i s t  of two 

methylphenylacetylene l i g a n d s  l i nked  i n  a  head t o  head f a s h i o n  wi th  u-  

bonding from the  end carbons C(7)  and C ( 1 0 ) ,  t o  t he  Co(CO), group forming a  

cobal tacyc lopentadienyl  r i n g .  This  r i n g  is i n c l i n e d  towards the  Mn(CO), 

moiety,  a s  shown c l e a r l y  i n  F igure  17 and a l lows  the  Mn t o  complete its 

coord ina t ion  by T-bonding wi th  t h e  de loca l i zed  e l e c t r o n  d e n s i t y  of t he  

butadiene r e s i d u e  of t he  cobal tacyc lopentadiene  r i n g .  

There a r e  few s t r u c t u r e s  wi th  a c c u r a t e  Co-Mn bond l e n g t h s  i n  t h e  

l i t e r a t u r e  and t h e  d i s t a n c e  i n  - 10 of 2 .5488(8)8 ,  wh i l e  s h o r t e r  than  t h e  

covalent  r ad i i7 '  of 2.658, is s i m i l a r  t o  t h a t  found8' i n  

(MeCp>MnCo,(Me,C,),(CO), of 2.5618. The Co-Mn d i s t a n c e  i n  - 10 is s l i g h t y  

longer  than  t h e  c l o s e l y  r e l a t e d  f e r r o l e 8 I  (CO) ,Fe(PhCzPh),Fe(C0), , 

The manganese has t h r e e  t e rmina l  carbonyl  groups with s i m i l a r  Mn-C bond 

l eng ths  of 1 .785(4)  t o  1 .798(4)8 .  The c o b a l t  atom a l s o  has t h r e e  t e rmina l  

carbonyls  but Co-C(2) is  s i g n i f i c a n t l y  (4.60)  s h o r t e r  than  t h e  Co-C(1) o r  

Co-C(3) d i s t a n c e s ;  1 .797(4)  ve r sus  1 .823(4)  and 1 .829(4)8 .  A s  shown i n  

F igure  17 t h i s  carbonyl l i gand  is almost perpendicular  t o  t he  



F I G U R E  16  

SNOOP1 Diagram of 

CoMn.(CO),(MeC,Ph), ( 1 0 )  - 





F I G U R E  17 





cobal tacyc lopentadiene  r i n g  and s i m i l a r  sho r t en ing  e f f e c t s  have been noted 

f o r  t he  i d e n t i c a l l y  pos i t i oned  carbonyl  i n  t h e  i s o e l e c t r o n i c  f e r r o l e  

s e r  i e s  82983.  However when t h e r e  a r e  two i r o n  atoms present  i n  t h e  

s t r u c t u r e ,  a s  shown i n  1 1 - 1  a  d a t i v e  F e ( 2 ) + F e ( l )  bond must be invoked t o  

allow each metal  t o  achieve  an 18 e l e c t r o n  count .  Fe (1 )  can r e l i e v e  t h i s  

excess  charge by inc reased  back donat ion t o  t he  carbonyl  groups of which 

C(2)  is i n  a  unique p o s i t i o n  t o  accept  more e l e c t r o n  d e n s i t y  than  t h e  o t h e r  

0 

two. A l t e r n a t i v e l y ,  i t  was suggesteds4 t h a t  t he  s h o r t e n i n g  of t h i s  F e ( 1 ) -  
/ 

C(2) bond is due t o  an increased  e l e c t r o n  donat ion from t h i s  unique carbonyl  

t o  F e ( l ) ,  t h u s  he lp ing  t o  balance t h e  e l e c t r o n  de f i c i ency  of t he  me ta l .  

This  l a t t e r  view is supported by t h e  replacement of C(2)  by PPh,, a s t r o n g e r  

8  3 a-donor . I n  t h e  s t r u c t u r e  of 10 shown a s  11-2 a semi-bridging carbonyl  - 
is not observed and a d a t i v e  bond does not have t o  be invoked s i n c e  both 

meta ls  have an 18 e l e c t r o n  count .  Yet t h e  Co-C(2) bond is s t i l l  s h o r t e r  

than  t h e  o t h e r  two cobal t -carbon d i s t a n c e s .  Cobal t  is s l i g h t l y  more 

e l e c t r o n e g a t i v e  than Mn (1.88 ve r sus  1 .55)54 which l ends  suppor t  t o  

increased  a-donation from C(2)  t o  t h e  Co atom a s  t he  reason  f o r  t h e  observed 



small  sho r t en ing  e f f e c t  . 
The cobal tacyc lopentadienyl  r i n g  donates  four  e l e c t r o n s  t o  t he  Mn(CO), 

group and two canonica l  forms of t he  s t r u c t u r e  can be w r i t t e n  a s  11-3a and 

11-3b. Both s a t i s f y  t h e  requirement of donat ing  two e l e c t r o n s  t o  t h e  c o b a l t  

( 2  a-bonds) and four  e l e c t r o n s  t o  t he  Mn ( 2  a  and 1 a-bond o r  2 a-bonds).  

Which, i f  any,  of t h e s e  two extreme canonica l  forms r e p r e s e n t s  t he  molecular  

s t r u c t u r e  w i l l  be determined by t h e  r e l e v a n t  C-C bond l e n g t h s  of t h e  

butadiene fragment.  However, t h e  observed d i s t a n c e s  i n  - 10, C(7) -C(8) ,  

1 .401(5) ;  C(8) -C(9) ,  1 .426(5 ) ;  C(9)-C(10) ,  1.423(5JA; r e v e a l  t h a t  n e i t h e r  

canonica l  form a lone  is c o r r e c t .  The t r u e  molecular s t r u c t u r e  has almost 

equal  C-C bond d i s t a n c e s .  This 'bond l e v e l l i n g 1  e f f e c t  is l i k e l y  a  r e s u l t  

8 4  of back donat ion from the  Mn i n t o  t h e  lowest  T* o r b i t a l  of the  d iene  . 
/ 

This  o r b i t a l  has nodal planes between t h e  doubly bonded C(7)-C(8) and C(9 ) -  

C(10) atoms, t h u s  back donat ion from the  Mn would be expected t o  reduce t h e  

C-C bond order  making a l l  t he  d i s t a n c e s  s i m i l a r .  S t r u c t u r a l l y  c h a r a c t e r i z e d  

f e r r o l e  s t r u c t u r e s 8 3  have a l s o  shown n e a r l y  i d e n t i c a l  bu tad iene  bond 

l e n g t h s .  

The manganese-carbon bond l e n g t h s  t o  t h e  cobal tacyc lopentadienyl  r i n g  

a r e  not  equ iva l en t  with Mn-C(7) and Mn-C(10) be ing  s h o r t e r  than  Mn-C(8) and 

Mn-C(9), 2 .099(4)  ve r sus  2.177(4)8.  D i f f e r i n g  bond l eng ths  between t h e  

butadiene fragment and t h e  T-bound meta l  have a l s o  been noted i n  f e r r o l e  



and i n  t h e  Fe-Ni f e r r o l e  type  compound77, a l though t h e  

d i f f e r e n c e s  i n  M-C bond l e n g t h s  were sma l l e r  than  10 . However t h e  p a t t e r n  - 

is always s i m i l a r  wi th  t h e  s h o r t e s t  M-C bond t o  t h e  o u t e r  two carbons ,  C(7)  

and C(10) and t h e  longes t  bond t o  t h e  inner  two carbons ,  C(8)  and C ( 9 ) .  

The f e r r o l e  s t r u c t u r e s  possess  i n  t h e  s o l i d  s t a t e  e i t h e r  a  'sawhorse'  

geometry (carbonyls  e c l i p s e d )  or  a  ' non-sawhorse1 geometry (carbonyls  

s t agge red )84 .  These two geometr ies  a r e  shown a s  11-4a and 11-4b wi th  t h e  

former having t h e  e c l i p s i n g  carbonyls  and t h e  l a t t e r  w i th  s t agge red  

carbonyls .  These s t r u c t u r e s  a r e  i n t e rconve r t ed  s imply by a  60•‹ r o t a t i o n  of 

t he  Fe(CO), group which is T-bonded t o  t he  butadiene fr.agment. This  

r o t a t i o n  p o s i t i o n s  one carbonyl i n  a  semi-bridging p o s i t i o n .  I n  t h e  

s t r u c t u r e  of 10, t h e  carbonyls  do not adopt e i t h e r  t h e  sawhorse o r  non- - 

sawhorse geometry but a r e  pos i t i oned  in t e rmed ia t e  between t h e  two extremes.  

The r e l e v a n t  d ihed ra l  angles  between t h e  carbonyls  on oppos i t e  me ta l s  a r e  20 

and 26O, whi le  angles  of O 0  o r  60•‹ would be expected f o r  11-4a o r  11-4b, 

r e s p e c t i v e l y .  This  semi-sawhorse' geometry is a  r e s u l t  of two f a c t o r s .  



While adoption of a  non-sawhorse geometry is favoured by most f e r r o l e s  84 

t h i s  places one of the  carbonyls  on Fe (2 )  i n  a  semi-bridging p o s i t i o n  

approximately 2.4-2.58 from F e ( 1 ) .  The formation of a  semi-bridging CO 

l i gand  i n  10 is not  necessary  s i n c e  both t h e  Co and Mn a l r e a d y  have 18 - 

e l e c t r o n s .  However t h e  sawhorse geometry was c a l c u l a t e d  by ~ o f f m a n n ~ ~  t o  

be approximately 0.2eV higher  i n  energy than  t h e  non-sawhorse con f igu ra t ion  

making t h e  sawhorse geometry f o r  10 a l s o  unfavourable .  To minimize both - 
t h e s e  higher  energy i n t e r a c t i o n s ,  a  con f igu ra t ion  of t he  carbonyl  l i g a n d s  

approximately halfway (26O), between the  e c l i p s e d  ( 0 • ‹ )  and s t agge red  (60•‹ )  

geometr ies  was found t o  be adopted.  
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CHAPTER 3 

SYNTHETIC AND STRUCTURAL STUDIES ON CpRe(CO),(C,R,) and CpRe(CO),(N,R,) 

3.1 I n t r o d u c t i o n  

This  chapter  d e s c r i b e s  t h e  s t r u c t u r a l  i n v e s t i g a t i o n  of two r e l a t e d  

types  of mononuclear rhenium complexes; t h e  alkyne complex CpRe(CO),(C,Ph,), 

and t h e  diazene complex CpRe(CO),(N,Ph,). The CpRe(CO), fragment has a  

8 5 va r i ed  and i n t e r e s t i n g  chemistry . I t  can bind t o  a  wide v a r i e t y  of 

+ + 
l i g a n d s  such a s  P R , ,  CO, N,R , NO , o l e f i n s ,  e t c .  However it is not  a s  

common t o  f i n d  t h i s  fragment bound t o  another  metal  atom and c e r t a i n l y  not  

t o  2 o r  3 metal  atoms i n  a  c l u s t e r  arrangement.  Because of' our i n t e r e s t  i n  

h e t e r o t r i m e t a l l i c  ( M M I M m )  a lkyne c l u s t e r s  of t h e  N i ,  Co and Fe t r i a d s ,  we 

wished t o  extend t h i s  chemistry t o  inc lude  t h e  Re group ana logs  i n  a  s i m i l a r  

arrangement such a s  Cp,NiCoRe(CO), ( R C 2 R 1  ) . I n  such an a t t empt ,  us ing  

CpRe(CO),(THF) and CpNiCo(CO),(C,Ph,), a  t r i m e t a l l i c  c l u s t e r  was not 

ob ta ined  but  t h e  mononuclear a lkyne complex, CpRe(CO),(C,Ph,) was i s ~ l a t e d  

i n  low y i e l d .  This  compound had been syn thes i zed  i n  1976 by Nesmeyanov 8 6 

and some p r o p e r t i e s  very b r i e f l y  r epo r t ed  a t  t h a t  t ime.  We know of no 

f u r t h e r  s t u d i e s  on i t .  Consequently we have syn thes i zed  t h e  compound 

d i r e c t l y  and have c a r r i e d  out  a  complete c h a r a c t e r i z a t i o n  inc lud ing  an X-ray 

s t r u c t u r e  de te rmina t ion .  The analogous complex CpRe(CO),(MeC,Ph) has a l s o  

been syn thes i zed .  

The s y n t h e s i s  and s tudy  of t r a n s i t i o n  metal  carbonyl  complexes 

con ta in ing  coord ina ted  d iazenes  is becoming an a r e a  of a c t i v e  i n v e s t i g a t i o n .  

The two n i t rogen  lone  p a i r s  and t h e  N = N  n bond provide f o r  a  r i c h  v a r i e t y  of 



coord ina t ion  modes i n  c o n t r a s t  t o  t h e  alkyne l i g a n d .  I n  connect ion wi th  t h e  

s t r u c t u r e  of t h e  alkyne complex CpRe(CO),(C,Ph,) and con t inu ing  i n t e r e s t  i n  

t h e  s t r u c t u r e s  and p r o p e r t i e s  of t h e  r e l a t e d  d iazenes  c ~ R ~ ( c o ) , ( N , R , ) ~ ~  i n  

t h i s  l a b o r a t o r y ,  an i n v e s t i g a t i o n  of some of t h e  l a t t e r  was undertaken.  

To provide a  b r i e f  background f o r  t h e  subsequent  d i s c u s s i o n  of t h e s e  

two types  of compounds, t h i s  i n t r o d u c t i o n  con t inues  wi th  an o u t l i n e  of some 

o f  t h e  f e a t u r e s  of a lkyne and d iazene  complexes. 

3.1.1 Mononuclear Alkyne Complexes 

Many a s p e c t s  of t h e  s y n t h e s i s  of t r a n s i t i o n  metal  a lkyne compounds have 

been d e a l t  wi th  i n  Chapter 1 and only  a  b r i e f  review w i l l  be given he re .  

3.1 . 1  a  S y n t h e s i s  

The s y n t h e s i s  of mononuclear t r a n s i t i o n  metal  complexes i nvo lves  

a d d i t i o n  of  t h e  a p p r o p r i a t e  a lkyne t o  a  s o l u t i o n  of  t h e  t r a n s i t i o n  meta l  

compound. S u b s t i t u t i o n  of one of t h e  l i g a n d s  on t h e  metal by t h e  alkyne 

y i e l d i n g  t h e  mononuclear a lkyne complex is very common and t h e  s y n t h e s i s  of 

8 8 Cp,Ti(CO)(C,Ph,) from Cp,Ti(CO), and C,Ph, is i l l u s t r a t i v e  . I 

I t  is  p o s s i b l e  f o r  two alkyne l i g a n d s  t o  bond t o  one meta l  atom. 

Pt(C,Ph,),  can be e a s i l y  syn thes i zed  from P t ( C O D ) ,  and two moles of 

alkyne8'. A l t e r n a t i v e l y ,  one alkyne l i g a n d  has  been known t o  d i s p l a c e  two 2 

- 
e e l e c t r o n  donors on a  t r a n s i t i o n  metalg0 and a  r e p r e s e n t a t i v e  r e a c t i o n  is  

shown below. 

The r e d u c t i o n  of Re(V) t o  R e ( I I 1 )  has  a l s o  been found t o  occur upon 
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a d d i t i o n  o f  a n ' a l k y n e  l i g a n d g O  and one r e a c t i o n  is shown below. The t r i -  

ReO,I(PPh,) + C2Me2 Re(0) I (C2Me2) ,  + OPPh, + PPh, 

phenylphosphine  o x i d e  does  n o t  appear  i n  t h e  absence  o f  t h e  a l k y n e .  

3 . 1 . l b  Bonding 

A s c h e m a t i c  o f  t h e  t r a n s i t i o n  meta l  a l k y n e  i n t e r a c t i o n  is shown below 

and s u p e r f i c a l l y  r e s e m b l e s  t h e  o l e f i n - t r a n s i t i o n  m e t a l  i n t e r a c t i o n  fo rwarded  

by DewarZ6 and C h a t t  and ~ u n c a n s o n ~ ~ .  However a d d i t i o n a l  i n t e r a c t i o n s  w i t h  

t h e  a l k y n e  l i g a n d  a r e  p o s s i b l e  and a r e  d i s c u s s e d  f u r t h e r .  The a l k y n e  h a s  a  

p a i r  o f  IT and IT* o r b i t a l s  ( t h e  I T I  I and I T /  I * below) which a r e  i n  t h e  MCC 

p l a n e  and a  p a i r  of  n  and a *  molecu la r  o r b i t a l s  (81  and n * l  below) , 



perpendicu la r  t o  t h e  MCC p lane .  Both t h e  n l  1 and n l  have t h e  a b i l i t y  t o  

donate  two e l e c t r o n s  t o  t h e  meta l  atom making t h e  alkyne a  p o t e n t i a l  f ou r  

. e l e c t r o n  donor.  The m a j o r i t y  of mononuclear compound's have t h e  alkyne a s  a 

two e l e c t r o n  donor but f o u r  e l e c t r o n  behaviour is c e r t a i n l y  known, f o r  

9  1 example, C ~ M O ( C O ) ( C H , ( R C = C R )  . Back donat ion  from t h e  meta l  dxZ t o  t h e  n* II 
o r b i t a l  is s i m i l a r  t o  t h a t  de sc r ibed  by Dewar, Chat t  and Duncanson f o r  

e thy l ene  complexes. An a d d i t i o n a l  i n t e r a c t i o n  which is not p r e sen t  lin t h e  

e t h y l e n e  compounds is t h e  p o s s i b i l i t y  of back donat ion  from t h e  d  o r b i t a l  
XY 

of t h e  metal  t o  t h e  T*L o r b i t a l  of t h e  a lkyne .  

3.1.2 Mononuclear Diazene Complexes 

While we a r e  i n t e r e s t e d  i n  d iazenes  from a  coo rd ina t ion  po in t  of view, 

s p e c i f i c a l l y  t o  t h e  CpRe(CO), u n i t ,  i t  is worthwhile t o  no t e  t h a t  much of 

t h e  c u r r e n t  i n t e r e s t  i n  d iazenes  r e s u l t s  from t h e i r  p o s t u l a t e d  in te rmediacy  

i n  b i o l o g i c a l  n i t r o g e n  f i x a t i o n .  s ch rauze rg2  has  invoked t h e  paren t  d iazene  

(N,H, )  a s  a  c r u c i a l  i n t e rmed ia t e  i n  a  v a r i e t y  of n i t rogen  f i x a t i o n  r e a c t i o n s  



and diazene has a l s o  been considered a s  a s  i n t e rmed ia t e  i n  t h e  nonenzymatic 

conversion of coord ina ted  d in i t rogeng3 .  I n t e r e s t  was a l s o  sparked i n t o  t h e  

coo rd ina t ion  chemistry of d iazenes  when i t  was discovered t h a t  t h e  

i n t r o d u c t i o n  of metal  ions i n t o  azo dyes r e s u l t e d  i n  mod i f i ca t ion  of some of 

94 t h e i r  p r o p e r t i e s  . Very r e c e n t l y ,  azobenzenes have been found t o  r e a c t  

95 wi th  chromium carbenes t o  y i e l d  mixtures  of 1 ,2-  and 1 ,3 -d i aze t id inones  a 

I n  t h i s  chapter  we s h a l l  not be concerned wi th  t h e  parent  d i azene ,  

HN=NH,  but  on ly  wi th  t h e  d i s u b s t i t u t e d  d e r i v a t i v e s  and i n  p a r t i c u l a r  t h e  

a romat ic  a c y c l i c  d e r i v a t i v e s ,  A r N = N A r .  

3.1.2a P repa ra t ion  of T r a n s i t i o n  Metal Diazene Complexes 

i )  I n s e r t i o n  of Diazonium S a l t s  i n t o  Metal Hydride Bonds 

This  p a r t i c u l a r  s y n t h e t i c  r o u t e  was f i r s t  discovered by p a r s h a l l g 6  when 

+ 
he i s o l a t e d  [ P ~ ( N H N A ~ ) C ~ ( P E ~ , ) , ] +  from Pt (H)Cl(PEt , ) ,  and A r N ,  . Many o t h e r  '" 

workers have u t i l i z e d  t h i s  method f o r  o the r  meta ls  97*98. Two major problems 

occur wi th  t h i s  s y n t h e t i c  r o u t e :  1 )  t rea tment  of some metal  hydr ides  wi th  

diazonium s a l t s  decomposes t h e  diazonium s a l t  t o  d i n i t r o g e n  and 2) f ,ac i le  

o r t h o m e t a l l a t i o n  of t h e  a r y l  group is common. These drawbacks make t h i s  

method l e s s  popular than  it might have o therwise  become. 

i i )  React ions wi th  Hydrazines 

The r e a c t i o n  of s u b s t i t u t e d  hydrazines with h a l i d e  complexes of t h e  

t r a n s i t i o n  meta ls  can y i e l d  d iazene  complexes. An exampleg9 is t h e  

platinum (11) d i h a l i d e  formation of a  platinum azobenzene complex from the  

and diphenyl  hydrazi  ne . 
PtX,(PPh,), + PhNHNHPh Na2C0, Pt(PhN=NPh 



iii) Reaction with Diazenes 

The instability of the parent diazene, HNNH, often precludes the direct 

reaction of this species with transition metal complexes. However, this 

route is the most common one for the synthesis of transition metal 

disubstituted diazene compounds. An example1O0 is the reaction of 

Ni(cyclooctadiene), with azobenzene or azotoluene in the presence of PPh, to 

yield Ni(N,Ar,)(PPh,),, Generally the transition metal complex must have a 

labile ligand for the azo ligand to be able to displace it. 

iv) Reaction of Coordinated Dinitrogen 

~ellmann'~' has found that phenylli thium will attack the dinitrogen 

ligand in CpMn(CO),(N,) and when followed by protonation yields the diazene 

compound CpMn(CO),(PhN=NH). This compound was postulated to have a u-bonded 

diazene with the bound nitrogen containing the phenyl group. However, 

~ e i g h " ~  suggests the product may be a hydrazido (2-) species and not a 

diazene. Confirmation of the structure awaits further information. 

3.1 .2b Structure and Bonding 

Upon coordination to a metal atom, the diazene or azo ligand can adopt 

one of three potential configurations shown below as 111-1, 111-2 and 111-3. 



The t r a n s  s t r u c t u r e  111-2 has  not  been a u t h e n t i c a t e d  t o  d a t e  al though 

vr ieze103 has prepared s e v e r a l  platinum complexes of formula ( R N N R ) P t C l , L  

( L  = PPh,, A s E t , ,  C ,H, )  and suggested from the  v(N=N) v i b r a t i o n  i n  t h e  

i n f r a r e d  t h a t  t h e  azo l i gand  is i n  a  t r a n s  c o n f i g u r a t i o n .  The c i s  form III- 

1 has  been observed 1 0 4 9 1 0 5  i n  [ R ~ c ~ , ( H N , c ~ H , F )  ( P E ~ ~ )  ,I- and 

CRuC1 ( C O  1, (HN,Ph) (PP~,),]'. The sideways bonded s t r u c t u r e  has been 

documented by X-ray c rys t a l log raphy  1 0 6 ' 1 0 7  f o r  L,Ni(PhNNPh) ( L  = Me3CNC, 

P(p-MeC6H,), and Cp,Ti (PhNNPh) lo'. I n  t h e  two n i c k e l  complexes the  phenyl 

groups on t h e  azobenzene l i gand  a r e  o r i e n t e d  i n  a  t r a n s  arrangement but 

adopt a c i s  geometry i n  t he  t i t an ium compound. 



3 .2  S y n t h e s i s  and C h a r a c t e r i z a t i o n  

3.2.1 S y n t h e s i s  

CpRe(CO),(C,Ph,) (1 - 1 j was i n i t i a l l y  obse rved  t o  be formed i n  low y i e l d  

as ye l low c r y s t a l s  i n  t h e  r e a c t i o n  of CpNiCo(CO),(C,Ph,) w i t h  

CpRe(CO),(THF). Other  t h a n  t h i s ,  o n l y  u n i d e n t i f i e d  decompos i t ion  p r o d u c t s  

and CpRe(CO), were obse rved  t o  be formed i n  t h i s  r e a c t i o n .  Nesmeyanov 8 6 

r e p o r t e d  t h e  s y n t h e s i s  of - 1 1  i n  20% y i e l d  by s t i r r i n g  a s o l u t i o n  o f  

CpRe(CO),(THF) (formed i n  s i t u  i n  THE by i r r a d i a t i o n  o f  CpRe(CO), a t  10•‹C -- 
f o r  30 m i n u t e s )  and C,Ph, f o r  a f u r t h e r  15  minu tes  a t  20•‹C w i t h  no f u r t h e r  

i r r a d i a t i o n .  I n  o u r  hands ,  t h i s  p rocedure  was i n e f f e c t i v e  a t  20•‹C and 

f u r t h e r m o r e ,  i t  gave 11 i n  o n l y  - c a .  5% y i e l d  a t  45OC, a l o n g  w i t h  e x t e n s i v e  

decompos i t ion .  The y i e l d  improved t o  ca .  15% when t h e  r e a c t i o n  o f  e x c e s s  - 
C,Ph, w i t h  a c o n c e n t r a t e d  THF s o l u t i o n  o f  CpRe(CO),(THF) was conduc ted  i n  

hexanes  a t  20•‹C. F i n a l l y ,  - 1 1  was o b t a i n e d  i n  30% y i e l d  by r e a c t i n g  a l a r g e  

e x c e s s  of C,Ph, w i t h  c r y s t a l l i n e  CpRe(CO),(THF) e n t i r e l y  i n  hexanes  a t  20•‹C. 

The ana logous  complex C ~ R ~ ( C O ) , ( M ~ C , P ~ )  ( 1 2 )  - was s i m i l a r l y  s y n t h e s i z e d .  The 
/ 

i n  s i t u  i r r a d i a t i o n  of  e x c e s s  C,Ph, and CpRe(CO), i n  hexanes  produced 11 i n  -- - 
r a t h e r  low y i e l d .  

CpRe(CO),(N,(C,H,F-p),) (15)  - were s y n t h e s i z e d  by a d d i t i o n  of t h e  a p p r o p r i a t e  

azobenzene l i g a n d  w i t h  CpRe(CO),(THF) i n  hexanes .  Y i e l d s  were seldom 

g r e a t e r  t h a n  25%. A s  w i t h  1 1 ,  v e r y  l i t t l e  p r o d u c t  c o u l d  be i s o l a t e d  when - 
THF was used a s  t h e  s o l v e n t  a l t h o u g h  a c e t o n e  c o u l d  be s u b s t i t u t e d  f o r  

hexanes  w i t h  no a p p a r e n t  l o s s  i n  % y i e l d .  



3.2.2 P r o p e r t i e s  

CpRe(CO),(C,Ph,) ( 1 1 )  - is a pa l e  yellow c r y s t a l l i n e  s o l i d  s o l u b l e  i n  

hexane and po la r  o rgan ic  s o l v e n t s .  Its s o l u t i o n s  show remarkable thermal  

s t a b i l i t y .  I t  was recovered  unchanged a f t e r  8  hours  i n  r e f l u x i n g  iso-octane 

(9g•‹C).  The s o l i d  and its hexane s o l u t i o n  a r e  a l s o  s t a b l e  i n  a i r  f o r  

p e r i o d s  exceeding one week and 12 hour s ,  r e s p e c t i v e l y .  - 12 was ob ta ined  a s  a  

p a l e  yellow low mel t ing  s o l i d  which appeared t o  be l e s s  s t a b l e  and e x h i b i t e d  

decomposition w i th in  a  few hours  when exposed t o  a i r .  

Compounds 13 ,  2 and 15 were i s o l a t e d  a s  orange o r  l i g h t  brown - - 
c r y s t a l s .  The s o l i d s  were reasonably  s t a b l e  i n  a i r  bu t  i n  'THF s o l u t i o n  13 

decomposes w i th in  30-45 minutes  a t  room tempera ture ,  and 15 was found t o  

s lowly decompose i n  C H C 1 ,  o r  ace tone  s o l u t i o n s .  

I n  a t t e m p t s  t o  s u b s t i t u t e  e i t h e r  t h e  C,Ph, o r  N,Ph, l i gand  o r  a  

carbonyl  group i n  t h e s e  compounds we have found them t o  be remarkably i n e r t .  

With - 11,  no r e a c t i o n  occur red  with t r iphenylphosphine  i n  e i t h e r  hexanes,  

oc t ane  o r  a c e t o n i t r i l e  a t  o r  somewhat above room tempera ture ,  and i n  t h e  c a s e  

of  a c e t o n i t r i l e ,  no s u b s t i t u t i o n  by t h e  s o l v e n t  occurred.  S i m i l a r l y ,  no 

r e a c t i o n  of  11 i n  hexanes was observed wi th  CO a t  e i t h e r  1 atm o r  1200 p s i  - 
p r e s s u r e ,  and no decomposition of - 11 occur red .  Th i s  is i n  c o n t r a s t  t o  t h e  

behaviour  of Cp,Ti ( C O )  ( c , P ~ , ) ~ ~  i n  which t h e  d iphenylace ty lene  group is 

r e a d i l y  s u b s t i t u t e d  by CO t o  g i v e  Cp,Ti(CO), and t h e  decomposition of  

Cp,Ti(CO)(C,Ph,) is r a p i d  above - ca .  30•‹C. CpRe(CO),(N,Ph,) (13)  - a l s o  d i d  

no t  s u b s t i t u t e  t h e  azobenzene l i gand  f o r  a  CO a t  1 atrn. 

The r e a c t i o n  of I ,  with e i t h e r  - 1 1  o r  13  formed trans-CpRe(CO),I, when - 
t h e  r e a c t i o n  was conducted i n  CH,Cl , .  However when performed i n  hexanes,  

cis-CpRe(C0) ,I, - ' 09" was formed immediately r a t h e r  t han  t h e  cor responding  



t r a n s  compound. A c o n t r o l  r e a c t i o n  r evea l ed  t h a t  - cis-cpRe(CO),I, i n  C H , C l ,  

is converted t o  trans-CpRe(CO),I, i n  l e s s  than 10 minutes .  

1 1  and excess  N,Ph, were s t i r r e d  f o r  2 hours  i n  hexanes but no exchange - 
of  alkyne f o r  t h e  azo l i g a n d  was noted a s  monitored by I R .  A s i m i l a r  l a c k  

of r e a c t i o n  was a l s o  observed f o r  t h e  r e v e r s e  r e a c t i o n ,  t h a t  is 

CpRe(CO),(N,Ph,) wi th  excess  C,Ph,. 

The spec t roscop ic  p r o p e r t i e s  of t h e s e  compounds w i l l  be d i scussed  a f t e r  

t h e  s o l i d  s t a t e  s t r u c t u r e s  of - 1 1  and 13 have been desc r ibed .  - 



3.3 X-ray S t r u c t u r e s  of CpRe(CO),(C,Ph,) ( 1 1 )  and CpRe(CO),(N,Ph,) (13)  

The a n a l y s i s  of t h e  X-ray d a t a  and a l i s t i n g  of a l l  t h e  bond l e n g t h s  

and a n g l e s ,  atom coord ina t e s ,  e t c . ,  a r e  i n  t h e  Experimental s e c t i o n .  

Both s t r u c t u r e s  a r e  composed of  d i s c r e t e  mononuclear molecules  wi th  no 

unusual ly  s h o r t  i n t e r -  o r  i n t r amolecu la r  c o n t a c t s .  CpRe(CO),(C,Ph,) ( 1 1 )  - 
c r y s t a l l i z e s  i n  t h e  space group P2 /n and the  asymmetric u n i t  con ta ins  two 

1 

independent molecules ,  r e f e r r e d  t o  a s  molecules 1 and 2.  Molecule 1 is 

i l l u s t r a t e d  i n  F igure  18, which a l s o  provides t he  numbering scheme. The 

d i f f e r e n c e s  between t h e s e  c r y s t a l l o g r a p h i c a l l y  d i s t i n c t  molecules a r e  only  

minor and a r e  d iscussed  below. When quot ing  bond l e n g t h s  and ang le s  i n  t h e  

d i scuss ion  only  molecule 1 w i l l  be mentioned un le s s  t h e r e  is a s i g n i f i c a n t  

d i f f e r e n c e  between molecules 1 -and 2. Compound 13 c r y s t a l l i z e d  i n  a  non - 
centrosymmetric space group P2 and a  SNOOP1 diagram of t he  molecule w i th  - 1 '  

atom l a b e l l i n g  is shown i n  F igu re  19. 

I n  both s t r u c t u r e s  t he  o v e r a l l  geometry of t he  rhenium coord ina t ion  

sphe re  conforms t o  t h a t  of a  f o u r  legged ' p i ano  s t o o l 1  (shown below f o r  1 1  

and - 13) wi th  t h e  Cp r i n g  a s  t h e  s e a t  and the  f o u r  carbons i n  1 1  [C(11$,  - 

C(12) ,  C(13) ,  C(14)l- ,  o r  t he  two n i t r o g e n  atoms and C ( 1 )  and C(2)  i n  13,  a s  - 
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FIGURE 19 

SNOOP1 Diagram of 

cpRe(cO),(~,~h,) ( 1 3 )  - 





t h e  base.  However t h e s e  f o u r  b a s a l  atoms i n  - 13 do not  form a  we l l  de f ined  

p lane  ( x 2  = 154) u n l i k e  t h a t  of t h e  f o u r  b a s a l  atoms i n  - 1 1  ( x 2  = 1 . 8 )  Also 

t h e  d i h e d r a l  angle  between t h e  Cp r i n g  and t h e  f o u r  b a s a l  atoms is l a r g e r  i n  

13 a t  9(1)O than  i n  1 1  a t  2.3(8)O showing t h e  g r e a t e r  t i l t  of t h i s  r i n g .  - - 
Both N2Ph2 and C,Ph2 a r e  bound side-on t o  t h e  rhenium atom. The C2Ph2 

l i g a n d  is symmetr ical ly  bound wi th  Re-C(13), 2 .188(10)8,  Re-C(14), 2 .182 (9 )8  

and C(13)-Re-C(14), 33.5O. I n  a d d i t i o n ,  t h e  coo rd ina t ed  d ipheny lace ty l ene  

is no longer  l i n e a r  bu t  d i s p l a y s  a  c i s  geometry with t h e  phenyl r i n g s  bent  

a t  a n g l e s  of 149.9(9)-152.6(10)0 from t h e  C s C  bond a x i s .  Th i s  c i s  bending 

of t h e  C,Ph2 l i gand  has  been observed i n  a l l  p rev ious  mononuclear s t r u c t u r e s  

bu t  i t  is noteworthy t h a t  t h e  deformation a n g l e s  observed he re  f o r  1 1  a r e  - 
among t h e  l a r g e s t  t h a t  have been found; t h e  r e p o r t e d  range being 135-154O. 

A summary of t h e  observed a n g l e s  and CZC bond l e n g t h s  f o r  d ipheny lace ty l ene  

compounds is provided i n  Table  37. A s  shown i n  t h i s  t a b l e  a l l  t h e  CZC bond 

l e n g t h s  a r e  e longa ted  wi th  r e s p e c t  t o  f r e e  d ipheny lace ty l ene  but  t hose  of 11 

a r e  among t h e  s h o r t e s t  observed.  

The geomet r ies  of t h e  i nne r  coo rd ina t ion  sphe re s  of - 1 1  and 13 a r e  shown - 
i n  F igure  20. Unlike t h e  C2Ph2 l i g a n d  i n  - 1 1 ,  t h e  N2Ph2 l i g a n d  i n  13 is no t  - 
symmetr ical ly  bound t o  t h e  rhenium atom. One Re-N bond l e n g t h  is 2.048[12)8 

and t h e  second 2.136(11)8. The Re-N-N a n g l e s  a r e  a l s o  no t  equa l  and t h e  N- 

Re-N a n g l e  ( t h e  ' b i t e 1  a n g l e )  is 39.5(4)O, s i g n i f i c a n t l y  l a r g e r  t han  

observed i n  - 1 1  which was 33.5(4)O. These smal l  b i t e  a n g l e s  prec lude  any 

e x p e c t a t i o n  of  approximate f o u r  f o l d  symmetry. The N(1)-N(2) d i s t a n c e  of 

1 .415(17)8  appears  t o  be one of  t h e  l o n g e s t  found f o r  a  metal  bound 

azobenzene, bu t  a s  shown i n  Table  38,  which lists t h e  r e l e v a n t  N=N d i s t a n c e s  

f o r  t h e  s t r u c t u r a l l y  determined azobenzene compounds, t h e  e r r o r s  i n  t h e  bond 

l e n g t h s  of  t h e  N=N bonds a r e  t o o  l a r g e  f o r  a c c u r a t e  comparisons.  



TABLE 37. The C s C  Bond Leng ths  ( A ) ,  - c i s -Deformat ion  Angles  ( d e g )  and 

v ( C z C  ) Values  ( an-' ) i n  Some Mononuclear q2- D i p h e n y l a c e t  y l e n e  

Complexes. 

Complex - d (C=C) Ph-CzC a n g l e  v(C5C) Ref .  



T a b l e  37 ( c o n t l d )  

Complex - d  ( C = C )  Ph-C=C a n g l e  v(C=C) Ref.  

--- - - - -  

a T h i s  work. Values  a r e  f o r  independen t  molecu les  1 and 2 ,  r e s p e c t i v e l y .  

TWO independent  molecu les  occur  i n  t h e  asymmetr ic  u n i t .  



Table 38. S t r u c t u r a l l y  Cha rac t e r i s ed  Azobenzene and T r a n s i t i o n  

Metal Azobenzene Compounds. 

Compound C-N N = N  <C-N=N M- N <N-M-N Ref. 

t rans-azobenzene 

cis-azobenzene 1.449(4) 1 .253(4)  121.9(3)  - - 129 - 

a Th i s  work. 
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View of the Inner Coordination Sphere of 

CpRe(CO)2(C2ph2) (11) and CpRe(CO),(N2Ph2) ( 1  3) - 



c 1 3  
/ y 7 3 . a 6 ) 9  

Re, 33.3410 1.261(14) 



The Re-C ( c a r  bony1 ) bond l e n g t h s  f o r  both mol.ecules of 1 1 a r e  very - 
s i m i l a r ,  w i th  d i s t a n c e s  ranging  from 1.893(11) t o  1 .916(11)8 .  However i n  - 13 

t h e s e  l e n g t h s ,  a s  shown i n  F igure  20, a r e  not  equal  wi th  t h e  Re-C(carbony1) 

bonds being 1 .80(2)8  and 1 .98 (2 )8 .  

The most obvious d i s s i m i l a r i t y  between t h e  independent molecules 1 and 

2,  which a r e  compared i n  F igure  21 p ro j ec t ed  on to  t h e  plane of t he  Cp r i n g ,  

is i n  t h e  r e l a t i v e  o r i e n t a t i o n  of t he  two phenyl r i n g s  i n  each case .  This  

is most ev ident  by comparing t h e  d ihed ra l  angles  between t h e  p lanes  of t h e s e  

phenyl r i n g s .  I n  molecule 1 t h i s  angle  is 16.2(9)O,  and i n  molecule 2  it is 

28.2(9)O. I n  t h e  de te rmina t ion  of t he  X-ray s t r u c t u r e .  of 

Ni(C2Ph2) (CNBu-t),, which a l s o  c r y s t a l l i z e s  wi th  two independent molecules 

i n  t h e  asymmetric u n i t ,  Dickson and 1 b e r s l o 6  observed an analogous 

d i f f e r e n c e  i n  t h e s e  d i h e d r a l  angles  t o  be t h e  main d i s s i m i l a r i t y  i n  t h e  

molecules .  They noted t h a t  two c o n t r i b u t i n g  f e a t u r e s  may be c a l c u l a t e d :  i )  

6 - t h e  d i h e d r a l  ang le  between an i n d i v i d u a l  phenyl r i n g  plane and its 

ad jacen t  CrC-C(pheny1) s k e l e t a l  p l ane ,  i i )  - a  ' t i l t '  ang le  which is t h e  

ang le  between t h e  two d i s t i n g u i s h a b l e  ad j acen t  C r - C  (phenyl ) s k e l e t a l  p lanes  

i n  t h e  d iphenylace ty lene  l i g a n d .  These values a r e  l i s t e d  i n  Table 37. 
/ 

I n  - 13 t h e  phenyl groups a r e  bent back away from the  rhenium atom and 

t h e  e x t e n t  of t h i s  d e v i a t i o n  is shown by t h e  d i h e d r a l  ang le  of 44( 1 ) 

between t h e  N(l )N(2)C(3)  and ~ ( 1  )N(2)C(9)  p l anes .  1bers106 has suggested 

t h a t  t h i s  ang le  is an i n d i c a t i o n  of t he  e x t e n t  of metal-azo i n t e r a c t i o n  and 

t h e  l a r g e r  t h e  a n g l e ,  t h e  g r e a t e r  t h e  i n t e r a c t i o n .  I n  

C P ( C , H , C H , )  , I , N ~ ( N , P ~ ~ ) ~ ~ ~  and [ ( c H , )  , C N C I , N ~ ( N , P ~ ~ ) ~ ~ ~  d i h e d r a l  angles  of 

23.5(4)  and 26.8(41•‹ were noted which sugges t s  t h a t  a  smal le r  metal-azo 

i n t e r a c t i o n  is present  i n  t h e s e  compounds than i n  13. This  is s u b s t a n t i a t e d  - 
by t h e  longer  N = N  bond l eng th  found i n  - 13 than  i n  t h e  two n i c k e l  compounds. 



FIGURE 21 

SNOOP1 Diagram of the Two Molecules in the Asymmetric 

Unit of CpRe(CO),(C,Ph,) (11) 





The o r t h o  hydrogens i n  - 13 may be caus ing  a  smal l  amount of s t e r i c  

r e p u l s i o n .  The ang le s  N ( l  )C (3 )C(4 )  = I l7 .6(13)O.  and N ( l  )C (3 )C(8 )  = 

123.6(141•‹ f o r  t h e  N(1)-C(3) bond and N(2)C(9)C(10)  = 122 .0 (11 )0  and 

N(2)C(9)C(14) = 116 .8 (13 )0  f o r  t h e  N(2)-C(9) bond should  be equa l  f o r  each 

i n d i v i d u a l  C-N bond. But p o s s i b l y  because of a  non-bonded i n t e r a c t i o n  of 

t h e  o r t h o  hydrogens w i th  t h e  o p p o s i t e  n i t rogen  atom, a  sma l l  amount of 

s t e r i c  r e p u l s i o n  is in t roduced  r e s u l t i n g  i n  an observed s l i g h t  t w i s t  ( 5 - 6 O )  

of  t h e  i n d i v i d u a l  phenyl groups.  

3.4 S o l u t i o n  S t r u c t u r e s  

3.4.1 C p R e ( C 0 ) , ( c 2 ~ h 2 )  (1 1 ) and CpRe(CO),(MeC,Ph) (12)  

The s o l u t i o n  s t r u c t u r e  of  t h e  alkyne compounds 1 1  and 12 appear t o  be - - 
comparable t o  t h a t  observed f o r  - 1 1  i n  t h e  s o l i d  s t a t e . .  The I R  s p e c t r a  

(hexanes)  of - 11 and - 12 d i s p l a y  t h e  e x j e c t e d  2 v(C0) a b s o r p t i o n s  wi th  t h o s e  

of t h e  MeC,Ph d e r i v a t i v e  a t  s l i g h t l y  lower wavenumber (1976, 1899 cm-I) t han  

observed f o r  - 11 (1  980, 1904 cm-I ) . The 'H NMR s p e c t r a  of both compounds 

show a  s i n g l e  peak due t o  t h e  Cp pro tons  and a  m u l t i p l e t  a s s i g n a b l e  t o  t h e  
/ 

phenyl pro tons .  I n  a d d i t i o n  12 has  a  s i n g l e  methyl resonance a t  62.75. The - 
"C and l3C{'H1 s p e c t r a  a l low a l l  t h e  carbon resonances  of 1 1  and 12 t o  be - - 

as s igned  (see Experimental S e c t i o n )  and a t  room tempera ture  both e x h i b i t  

s i n g l e  carbonyl  resonances.  I n  - 11 t h i s  could r e s u l t  from a  r i g i d  s t r u c t u r e  

w i t h  equ iva l en t  carbonyl  groups l i k e  t h a t  observed i n  t h e  c r y s t a l  s t r u c t u r e .  

Th i s  cannot be t r u e  f o r  12 which c o n t a i n s  t h e  unsyrnmetric a lkyne MeC,Ph, and - 
s u g g e s t s  i n  each ca se  t h e  probable  r o t a t i o n  of t h e  alkyne l i g a n d  about  t h e  

Re-alkyne a x i s .  In  - 12 t h e  1 3 C  s p e c t r a  a t  

ca rbonyl  carbon resonances a t  6 206.5 and 

-60•‹C e x h i b i t  two equa l  i n t e n s i t y  

6 206.0,  but  t h e  resonances  f o r  



a l l  o t h e r  carbon atoms remain e s s e n t i a l l y  unperturbed.  T h i s  is c o n s i s t e n t  

with a  s i n g l e  f rozen-out  s t r u c t u r e  and t h i s  must have t h e  PhC,Me l i g a n d  

o r i e n t e d  p a r a l l e l ,  n o t  pe rpend icu l a r ,  t o  t h e  plane of t h e  Cp r i n g  a s  is 

observed f o r  t h e  PhC,Ph l i g a n d  i n  t h e  X-ray s t r u c t u r e  of  1 1 .  - 
An NOE experiment  was performed by i r r a d i a t i o n  of  t h e  Cp resonance and 

observ ing  t h e  i n c r e a s e  i n  t h e  resonances  of  t h e  phenyl pro tons .  The para  

p ro tons  were no t  observed t o  be enhanced but  t h e  meta p ro tons  were p a r t i a l l y  

enhanced and t h e  o r t h o  p ro tons  of t h e  phenyl r i n g  were f u l l y  enhanced. 

The I R  s p e c t r a  of  13 ,  14 and 15 show more carbonyl  bands than  a r e  t o  be - - - 
expected i f  on ly  t h e  s t r u c t u r e  determined f o r  13 is p r e s e n t  i n  s o l u t i o n .  - 
A l l  t h r e e  s p e c t r a  (hexanes)  a r e  shown i n  F igu re  22 f o r  comparison. Compound 

13 has  f o u r  sha rp  bands a t  2006 ,' 1947, 1939 and 1890 cm-I a s  has  15 a t  2008, - - 
1950, 1941 and 1893 om-' . However, f o r  14 t h e r e  a r e  on ly  t h r e e  d i s c e r n i b l e  - 
a b s o r p t i o n s  a t  2004, 1945 and 1887 cm-I wi th  t h e  l a t t e r  two very  s t r o n g  i n  

comparison wi th  t h e  h ighe r  wavenumber band. Most probably t h e  1945 cm-' 

peak c o n s i s t s  of  two n e a r l y  c o i n c i d e n t  bands. A d e c r e a s e  i n  i n t e n s i t y  of 

t h e  v(C0) bands i n  d i f f e r e n t  s o l v e n t s ,  a l l ows  assignment  of  t h e  spectr;m a s  

two p a i r s  of  bands,  each p a i r  a t t r i b u t a b l e  t o  an i n d i v i d u a l  isomer.  A s  an 

example, f o r  13 ,  i n  C H 2 C 1 ,  t h e  bands a t  2006 and 1939 cm-' a r e  reduced t o  - 
approximately one-third i n t e n s i t y  c l e a r l y  showing t h e s e  bands belong t o  one 

- isomer.  Removal of t h e  C H 2 C 1 ,  and r e d i s s o l v i n g  i n  hexanes r e s t o r e s  t h e  

o r i g i n a l  spectrum. Table  39 l i s ts  t h e  v(C0) bands of each isomer of  13 ,  14 - - 
and - 15 and t h o s e  of CpRe(CO),(C,Ph,) and cis-CpRe(CO),I, f o r  comparison. - 
Isomer A h a s  a r b i t r a r i l y  been a s s igned  t h e  h ighe r  wavenumber v(C0) bands and 

isomer B t h e  lower v(C0) abso rp t ions .  
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I R  Spectra (hexanes) of 13,  1 4  2nd 15 - - - .  



WAVENUMBER 



Table 39. ~ ( c o ) Bands for Mononuclear Rhenium Compounds 

Compound v(C0) ern-' (hexanes) 

CpRe(CO),(N,Ph,) (Isomer A) (13) - 

CpRe(CO),(N,Ph,) (Isomer B) (13) - 
CpRe(CO),(N,(C,H,Me-p),) (Isomer A) (1 - 4) 
CpRe(CO),(N,(C,H,Me-p),) (Isomer B )  (14) - 
CpRe(CO),(N,(C,H,F-p),) (Isomer A) (15) - 

CpRe(CO),(N,(C,H,F-p),) (Isomer B) (15) 

CpRe(CO),(C,Ph,) (1 - 1 )  

cis-CpRe(CO),I, - 
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The i n f r a r e d  spectrum of - 13, - 1 4  and - 15 changes a s  t he  so lven t  p o l a r i t y  

( C H C l , ,  a ce tone )  is inc reased .  The lower wavenumber abso rp t ions  i . e . ,  

isomer B, become dominant and t h e  bands a r i s i n g  from isomer A a r e  reduced t o  

approximately one-quarter  t h e i r  o r i g i n a l  i n t e n s i t y  i n  hexanes. I n  a d d i t i o n  

t h e  v(C0) abso rp t ions  a r e  much broader i n  t h e  more polar  s o l v e n t s  and a s  a  

consequence the  inner  twot bands, e . g . ,  1947 and 1939 cm-' f o r  - 13, merge 

i n t o  one abso rp t ion .  

From the  i n f r a r e d  d a t a  i n  Table 39 i t  is p o s s i b l e  t o  deduce some 

informat ion  r ega rd ing  t h e  probable geometry of t h e s e  two isomers .  The v(C0) 

bands of isomer A a r e  more c l o s e l y  r e l a t e d  t o  a  R e ( I I 1 )  compound, f o r  

example, - cis-CpRe(CO),I,, than  a r e  t h e  bands of isomer B. I n  a d d i t i o n ,  

N,Ph, appears  t o  be a  b e t t e r  T-acceptor  than is C,Ph, 13'  s o  an i n c r e a s e  i n  

wavenumber f o r  t h e  v(C0) bands (by comparison wi th  those  f o r  

CpRe(CO),C,Ph,)) would be expected f o r  t h e  isomer i n  which t h e  azobenzene is 

bound i n  t h e  same f a s h i o n  (s ide-on)  a s  C2Ph, is  i n  CpRe(CO),(C,Ph,). S ince  

side-on conf igu ra t ion  of t h e  azo l i g a n d  was confirmed i n  t h e  X-ray c r y s t a l  

s t r u c t u r e ,  s o l u t i o n  isomer A is proposed t o  have t h e  N2Ph2 l i g a n d  bound 

s ide-on a l s o ;  t h i s  is t h e r e f o r e  present  a s  the  

Though no informat ion  is a v a i l a b l e  from the  I R  

s t e r eochemis t ry  of t h e  two phenyl groups,  t h e y  

t o  be t h e  same a s  i n  t h e  c r y s t a l  , i . e . ,  t r a n s  

minor isomer i n  s o l u t i o n .  
/ 

spectrum rega rd ing  t h e  

a r e  f o r  t h e  moment regarded  

( s t r u c t u r e  A-1 1. 

The K B r  spectrum of powdered CpRe(CO),(N,Ph,) shows t h r e e  v(C0) bands 

a t  2001 , 1928 and 1900 em-' r a t h e r  than  t h e  two a n t i c i p a t e d  from t h e  

s t r u c t u r e .  Using on ly  a  small  number of c r y s t a l s  from the  same sample t h a t  

fu rn i shed  t h e  c r y s t a l  used f o r  X-ray a n a l y s i s ,  a  K B r  spectrum was obta ined  

i d e n t i c a l  t o  t h a t  ob ta ined  from t h e  powder. It proved imposs ib le  t o  gkow 

c r y s t a l s  from j u s t  a  po lar  so lven t  ( C H C l , ,  C H 2 C 1 2 ,  a c e t o n e ) ,  wi thout  t h e  



a d d i t i o n  of  a  non-polar s o l v e n t  such a s  hexanes or pen tanes .  I t  was hoped 

t h a t  use of on ly  a  po l a r  s o l v e n t  would favour  t h e  second isomer f o r  c r y s t a l  

growth. S i m i l a r i l y ,  X-ray q u a l i t y  c r y s t a l s  could no t  be grown f o r  14 ,  which - 

appears  t o  e x i s t  i n  s o l u t i o n  a s  mainly one isomer.  Thus, i t  was not  

p o s s i b l e  t o  o b t a i n  a  s a t i s f a c t o r y  c o r r e l a t i o n  between t h e  s o l i d  s t a t e  I R  and 

X-ray s t r u c t u r e  t o  use i n  f u r t h e r  suppor t  of t h e  s o l u t i o n  I R  ass ignments  of 

isomers A and B. 

There a r e  a  number of p o s s i b i l i t i e s  f o r  t h e  geometry of isomer B.  

These a r e  shown below. A-2 and A-3 have t h e  azo l i g a n d  a l s o  bound i n  an n2 

f a s h i o n ,  but  wi th  t h e  a romat ic  r i n g s  o r i e n t e d  i n  a  c i s  geometry.  The r i n g s  - 
could be e i t h e r  c i s  t o  t h e  carbonyl  l i g a n d s  a s  i n  A-2 o r  c i s  t o  t h e  Cp 



l i g a n d  a s  i n  A-3. A l t e r n a t i v e l y ,  t h e  azo l i g a n d  could be bound t o  t h e  

rhenium i n  an n 1  f a s h i o n ,  dona t ing  t h e  two e l e c t r o n s  of a  n i t r o g e n  lone  

p a i r .  Again t h e  a romat ic  r i n g s  could be i n  two d i f f e r e n t  p o s s i b l e  

o r i e n t a t i o n s ,  c i s  ( B - I )  o r  t r a n s  (B-2). Because A-2 and A-3 resemble a  

R e ( I I 1 )  s p e c i e s  s i m i l a r  t o  isomer A-I, (131,  - t h e s e  would be expected t o  have 

v(C0) va lues  s i m i l a r  t o  A-I*. But B-1 and B-2 would be expec ted  t o  have 

lower v(C0) va lues  than isomer A-1 s i n c e  t hey  a r e  more e f f e c t i v e l y  Re(1)  

compounds wi th  t h e  N2Ph2 l i g a n d  bound a s  a  Lewis base.  Thus on t h e  b a s i s  of 

t h e  observed I R  va lues  isomer B is ass igned  t h e  a-bonded s t r u c t u r e  which is 

r ep re sen t ed  a s  B- I  o r  B-2. I n  an e f f o r t  t o  o b t a i n  more in format ion  r e l a t i n g  

t o  t h e  s o l u t i o n  s t r u c t u r e s  of isomers A and B ,  a t t e n t i o n  was tu rned  t o  NMR 

spec t roscopy .  

* The r e s u l t s  of v a r i a b l e  tempera ture  NMR spec t roscopy  ( s e e  below) i n d i c a t e  
t h a t  s t r u c t u r e s  A-2 and A-3 c o n t r i b u t e  t o  t h e  f l u x i o n a l i t y  of  isomer A i n  
s o l u t i o n .  



The proton spectra were obtained for solutions in acetone-d, or CDC1, 

which, from the IR data, will favour the presence of isomer B. Since at the 

present stage there is no evidence on which to distinguish between 

possibilities B-1 or 8-2 as the correct structure for the major isomer B, 

any reference to the a-bonded isomer will be made as "isomer B u .  As shown 

in Figure 23, in addition to resonances of the'major isomer B ,  the Cp 

resonance due to isomer A-1 is also visible and is slightly broader than the 

Cp peak for the major isomer. The phenyl region of 13 only shows the - 
ortho, meta and para protons due to the major isomer B, and none for the t 

minor isomer A-1 . 
The 13C and "C('H] room temperature spectra of 13 essentially confirm - 

the proton spectra. Two Cp peaks due to the major and minor isomers, and 

resonances due to two distinct phenyl rings of the major isomer are - 
observed. The Cp resonance of the minor isomer is slightly broader than the 

Cp peak of the major isomer, similar to the 'H NMR data. Only one peak was 

observed in the carbonyl carbon region at room and lower temperatures. 

We have suggested from the IR data that the minor isomer in solutAon 

has the side-on structure that was characterized by the X-ray structure 

determination. The identity of the major isomer is unknown but was 

tentatively assigned as either B-1 or B-2 because of the decrease in v(C0) 

values that a coordinated Lewis base would be expected to cause as compared 

to a 7-bound acid ligand. From the 'H and 13C data both A-2 and A-3 can 

again be eliminated as possible candidates for the structure of the major 

isomer, since resonances for two distinct phenyl rings are observed in the 

'H and 13C NMR, and A-2 and A-3 have their phenyl rings in equivalent 
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env i ronments  and would o n l y  show one s e t  of  phenyl  r e s o n a n c e s  i n  t h e  NMR. A 

50:50 m i x t u r e  of  A - 2  and A - 3  is a l s o  no t  p o s s i b l e  a s  t h i s  would produce two 

e q u a l  i n t e n s i t y  Cp peaks  i n  t h e  NMR and a  t o t a l  of  s i x  v (C0)  bands ( 4  f o r  

t h e  major i somers  and 2 f o r  t h e  minor i somer )  i n  t h e  I R ,  n e i t h e r  o f  which is 

obse rved .  Both o f  t h e  a l t e r n a t i v e  s t r u c t u r e s  B-I and B-2, have t h e  phenyl  

g roups  of  t h e  azobenzene l i g a n d  i n  n o n - i d e n t i c a l  env i ronments  and e i t h e r  

s t r u c t u r e  would r e s u l t  i n  t h e  obse rvance  of  d i s t i n c t  phenyl  p r o t o n  o r  ca rbon  

r e s o n a n c e s .  R o t a t i o n  abou t  t h e  Re-N bond i n  B-I o r  B-2 would r e s u l t  i n  o n l y  

one ca rbony l  ca rbon  r e s o n a n c e  b e i n g  obse rved  i n  t h e  I 3 C  NMR. 

To h e l p  e s t a b l i s h  o r  conf i rm t h e  geometry of  t h e  minor isomer A i n  

s o l u t i o n  a s  A-1 a n  NOE exper iment  was performed. The Cp r e s o n a n c e  of  t h e  

minor isomer ( 6  5 . 7 2 )  was i r r a d i a t e d  i n  an e f f o r t  t o  s e l e c t i v e l y  enhance t h e  

r e s o n a n c e s  o f  t h e  phenyl  p r o t o n s  o f  t h e  minor isomer which may be obscured  

i n  t h e  'H NMR by t h e  phenyl  p r o t o n s  of  t h e  major i somer .  If t h e  geometry o f  

t h e  minor isomer is as obse rved  i n  t h e  X-ray s t r u c t u r e ,  enhancement o f  t h e  

p r o t o n s  on t h e  phenyl r i n g  which is c l o s e s t  t o  t h e  Cp r i n g  would be 

e x p e c t e d .  The phenyl  r i n g s  of  t h e  a l k y n e  l i g a n d  i n  CpRe(CO),(C,Ph,) ( 1 1 )  - 
a r e  f u r t h e r  away from t h e  Cp l i g a n d  t h a n  t h e  phenyl r i n g  i n  CpRe(CO),(N,Ph,) 

j 

(13) and ,  a s  ment ioned p r e v i o u s l y  ( s e c .  3.4.1 ) ,  enhancement of t h e  o r t h o  and 

meta p r o t o n s  is obse rved  f o r  1 1 .  Upon i r r a d i a t i o n  of  t h e  Cp r e s o n a n c e  o f  - 
t h e  minor isomer o f  - 13  an 'H NMR spec t rum i d e n t i c a l  t o  t h a t  shown i n  F i g u r e  

24 was obse rved .  S a t u r a t i o n  t r a n s f e r  from t h e  minor Cp peak t o  t h e  major  Cp 

r e s o n a n c e  h a s  o c c u r r e d  and t h e n  s u b s e q u e n t l y ,  an NOE t r a n s f e r  from t h e  

p r o t o n s  of t h e  Cp r i n g  of  t h e  major isomer t o  t h e  p r o t o n s  of b o t h  phenyl  

r i n g s .  The t r a n s f e r  between t h e  Cp peaks  o f  t h e  major and minor i s o m e r s  

f i r m l y  e s t a b l i s h e s  t h a t  r e v e r s i b l e  i n t e r c o n v e r s i o n  is o c c u r r i n g .  

I r r a d i a t i o n  o f  t h e  Cp r e s o n a n c e  o f  t h e  major isomer a l s o  r e s u l t e d  i n  t r a n s f e r  
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NOE Experiment on CpRe(CO),(N,Ph,) 

a )  Expansion o f  t h e  Phenyl  Region 







t o  t h e  Cp peak of  t h e  minor isomer and enhancement of t h e  phenyl pro tons  of 

t h e  major isomer.  This  t r a n s f e r  was observed even w i t h  u s ing  s h o r t e r  NOE 

bu i ldup  t imes  ( 5 ,  3, 1 ,  0 .3 ,  0.1 s e c )  than  used o r i g i n a l l y  (10 s e c ) .  

S h o r t e r  bu i ldup  t imes  r e s u l t  i n  l e s s  NOE t r a n s f e r  per pu l se  and poorer 

q u a l i t y  s p e c t r a ,  hence bu i ldup  t imes  l e s s  than 0.1 s e c  were no t  pursued. 

S ince  t h e  phenyl pro tons  of - both phenyl groups of t h e  major isomer a r e  

enhanced by NOE t r a n s f e r ,  both of  t h e s e . g r o u p s  must approach t h e  Cp r i n g .  

This  can occur  f o r  t h e  major isomer a s  shown below. The phenyl r i n g  on N1 

i n i t i a l l y  is c l o s e  t o  t h e  Cp r i n g  and coo rd ina t ion  s i t e  exchange wi th  t h e  N 
2 

of  t h e  azobenzene l i g a n d  would put t h e  second phenyl group i n  c lo se r )  

p roximi ty  t o  t h e  Cp group. However t h i s  exchange is not  f a s t  enough t o  

average t h e  chemical s h i f t s  of t h e  pro tons  of t h e  phenyl l i g a n d s .  

There is  precedent  f o r  coo rd ina t ion  s i t e  exchange between t h e  n i t r o g e n s  

of  an azo group i n  an n 1  bonded complex. ~ i x o n I ~ *  and ~ e r b e r h o l d l ~ ~  have 

recorded  t h i s  type  of  exchange i n  M ( C O ) , L  ( M  = C r ,  Mo, W ;  L = 

benzo[c l c inno l ine )  and ArCr(C0),(2,3-diazabicyclo-[2.2.l]hept-2-ene) (Ar = 

s u b s t i t u t e d  benzene r i n g s )  r e s p e c t i v e l y .  The exchange f o r  t h e  

M(CO),(benzo~c~cinnoline) complex is shown.below. Exchange between t h e  two 



n i t r o g e n s  on t h e  benzo[c]cinnol ine was found t o  occur  and is an example of a  

TI'-n' s h i f t .  However t h e  benzoCclcinnol ine and t h e  2,3-diazabicyclo-  

C2.2.11hept-2-ene a r e  f i x e d  i n t o  a  - c i s  geometry and cannot  form products  

where t h e  groups on t h e  n i t r o g e n  a r e  i n  a  t r a n s  p o s i t i o n .  Acycl ic  - c i s  azo  

l i g a n d s  a l s o  undergo s i m i l a r  coo rd ina t ion  s i t e  exchange. M(CO) ,L  ( M  = Cr, 

Mo, W;  L = - cis-dimethyldiazene (c-DMD)) - were shown r e c e n t l y  by 

Ac kerman 34 ' 35 t o  be f l u x i o n a l  -and undergo coo rd ina t ion  s i t e  exchange, bu t  

i n  a d d i t i o n  Ackermann n o t e s  t h a t  f o r  t h e  complexes where L = t r ans -  

dimethyldiazene ( t - D M D )  - t h e r e  is no observable  exchange. Unfo r tuna t e ly ,  a  

d i r e c t  analogy between Ackermannls and our  work is n o t  p o s s i b l e  s i n c e  

Ackermann d i d  no t  make use of  any a romat ic  azobenzene l i gands .  

For  t h e  TI ' -nL coo rd ina t ion  s i t e  s h i f t  i n  ~ r ~ r  ( C O )  , ( a zo )  33, AG? v h u e s  

of 71 .I-84.5 k J  mol-I were recorded depending upon t h e  s u b s t i t u e n t  on t h e  

benzene r i n g .  S i m i l a r l y  AG? v a l u e s  of  62.8,  48.1 and 62.8 ( k  0 .4)  k J  mole' 

were recorded134 f o r  M(C0) ,(c-DIPD) - with M = C r ,  Mo and W r e s p e c t i v e l y .  

Coalescence experiments  (Brtiker WM-100) on t h e  Cp peaks of  t h e  major and 

minor isomer of  - 13 e s t a b l i s h e d  a  bG? va lue  of 67 .4  k 0.4 k J  mol-I. T h i s  is 

t h e  va lue  f o r  t h e  n l - n 2  s h i f t  between isomer A-I and isomer B and cannot  be 

d i r e c t l y  compared t o  t h e  va lues  ob t a ined  by ~ c k e r m a n n l  34 f o r  M(C0) , (c-DIPD) - 
s i n c e  t h e  l a t t e r  involve  an q ' - n L  s h i f t .  There have no t  been any r e p o r t s  i n  



t h e  l i t e r a t u r e  of an q l - q 2  s h i f t  of an azo l i gand  f o r  comparison. Only very 

r e c e n t l y  1 3 6 9 1 3 7  was an n l - n 2  s h i f t  e s t a b l i s h e d  f o r  any l i g a n d ,  s p e c i f i c a l l y  

a  phosphaalkene l i gand  ( R - P = C R 2 ) .  This  l i gand  e x h i b i t s  a  coo rd ina t ion  s h i f t  

between t h e  phosphorus lone  p a i r  and the  phosphorus-carbon double bond i n  

t h e  complex ~t(~Ph,),(P(mesityl)=CPh,). However, AG? va lues  were not  given 

f o r  t h i s  process .  

We have e s t a b l i s h e d  t h a t  a  r e v e r s i b l e  i n t e rconve r s ion  is occu r r ing  

between isomer A-I and isomer B ,  and t h a t  exchange of t h e  phenyl group 

p o s i t i o n s  i n  isomer B is occu r r ing .  This  process  is probably r ep re sen ted  by 

Scheme 111-1. The major isomer B is i n t e r c o n v e r t i n g  wi th  t h e  minor isomer A - I  

by a a-n o r  an n l - n 2  s h i f t .  The t h r e e  membered r i n g  of A-1 can open t o  

A-1 

SCHEME 111-1 

reform B o r  t o  form B 1 ,  t h e s e  two compounds d i f f e r i n g  only  i n  which 

p a r t i c u l a r  n i t rogen  is bonded t o  t h e  rhenium atom. 

I n  t h e  room temperature 1 3 C { ' ~ )  NMR spectrum of - 13 (F igu re  2 5 ) ,  t h e  Cp 

resonance of t h e  minor isomer, Cp A, is much broader than  t h e  Cp resonance 

of t h e  major isomer,  Cp B. The phenyl carbon resonances of t he  minor isomer 

a r e  very broad and a r e  seen a s  l a r g e  humps cen te red  about 6 129, 123 and 

120. The broadness encountered f o r  t h e s e  carbon resonances is i n d i c a t i v e  of 
/ 

a  second f l u x i o n a l  process  occu r r ing  and t h a t  t h e  minor isomer is undergoing 



exchange with f u r t h e r  s p e c i e s .  I n  an a t t empt  t o  o b t a i n  more in format ion  on 

t h i s  p rocess  a  number of lower tempera ture  1 3 C { ' H J  s p e c t r a  were recorded .  

F igu re  26 shows t h e  a romat ic  r eg ion  i n  t h e  l 3 C ( ' H }  NMR of  - 1 3  a t  221 K .  

Two of  t h e  broad resonances  i n  F igure  25 have sharpened i n t o  two l i n e s  and 

t h e  t h i r d  broad resonance a t  "119.5 ppm h a s  d i sappeared .  However subsequent  

coo l ing  t o  200 K (F igu re  27)  and t o  189 K (F igu re  28)  r e s u l t s  i n  f u r t h e r  

s p l i t t i n g  of t h e  l i n e s  u n t i l  t h e  l i m i t i n g  spectrum is ob ta ined .  A t o t a l  of 

11 and poss ib ly  12 l i n e s  (one may be under t h e  122 ppm peak of t h e  major 

isomer) a r e  observed. While it is d i f f i c u l t  t o  fo l l ow  t h e  emergence of  new 

peaks p r e c i s e l y ,  a  l a b e l l i n g  scheme such a s  t h a t  shown i n  F igure  28 is a  

p o s s i b i l i t y .  I f  t h e  o r d e r i n g  of a romat ic  carbons  is s i m i l a r  t o  t h a t  i n  t h e  

major isomer,  t hen  t h e  resonances  l a b e l l e d  A and B would be due t o  t h e  o r t h o  

p ro tons  of  t h e  minor i somer ( s )  and t h e  l a b e l s  C-E would be a s s igned  t o  t h e  

meta and para  carbons.  Regard less  of  t h e  a c t u a l  ass ignment  of t h e  a romat ic  

p ro tons  of  t h e  minor s p e c i e s ,  t h e r e  a r e  a  minimum of 1 1  l i n e s ,  and p o s s i b l y  

12 ,  p r e s e n t .  T h i s  cannot  be a t t r i b u t e d  t o  on ly  one minor isomer i n  

s o l u t i o n ,  s i n c e  t h e  maximum number of  phenyl carbon resonances  a t t r i b u t a b l e  

t o  one isomer is s i x  ( n o t  i nc lud ing  t h e  i p so  c a r b o n s ) ,  bu t  must be due t o  

two o r  more minor s p e c i e s .  I t  is n o t  c l e a r  whether f u r t h e r  s p l i t t i n g  would 

occur  below 189 K ,  o r  whether some of t h e  broadening of  t h e  resonances  is 

due t o  t h e  v i s c o s i t y  i n c r e a s e  of t h e  s o l v e n t .  However, very l i t t l e  

broadening was observed i n  t h e  resonances  of  t h e  major isomer which would 

. t end  t o  r e f u t e  t h e  v i s c o s i t y  argument. 

While on ly  t h e  a romat ic  r eg ion  was shown i n  F igu re  25 t o  28, t h e  

o t h e r  r e g i o n s  were examined. However l i t t l e  change could be d i s ce rned .  

F igu re  29 shows t h e  carbonyl  carbon,  i p s0  carbon and Cp carbon r eg ion  of  

t h e  l i m i t i n g  spectrum (189 K ) .  Only one sha rp  carbon resonance i n  t h e  CO 



FIGURE 

25. 13c{'H} NMR (acetone-d,) of CpRe(CO),(N,Ph,) ,at 297 K 

26. '3C{1H) NMR (acetone-d,) of C~R~(CO),(N,P~,) at 221 K 

27. "C{lH) NMR (acetone-d,) of cp~e(C0),(N,Ph,) at 200 K 

28. 13C{'H) NMR (acetone-d,) of c~R~(co),(N,P~,) at 189 K 











r eg ion  was observed which was due t o  t h e  major isomer,  s u b s t a n t i a t i n g  t h a t  

t h e  major isomer is the  a-bonded azobenzene complex w i t h  f r e e  r o t a t i o n  about 

t h e  Re-N bond. Resonances due t o  t he  carbonyl  carbons of t h e  minor isomers 

were not observed. The ip so  carbon r eg ion  shows two s h a r p  peaks due t o  t h e  

major isomer ( 1  67.2 and 159.2 ppm) and a small  broad resonance a t  

approximately 163 ppm. This  broad resonance could c e r t a i n l y  be due t o  t h e  

i p s o  carbons of t h e  minor isomers which have not  been r e so lved .  They would 

appear t o  be more s i m i l a r  i n  chemical s h i f t  than t h e  i p s 0  carbons of t h e  

major isomer. A IT o r  q2-bonded arrangement of the  azobenzene l i g a n d  t o  t h e  

rhenium could account f o r  t h i s  observa t ion .  I t  would not  be expected t h a t  

two ip s0  carbons of the  azobenzene l i g a n d ,  t h a t  is bound t o  t h e  rhenium atom 

through both n i t r o g e n s  s o  t h a t  t h e  ip s0  carbons d i f f e r  on ly  i n  t h e  s p a t i a l  

o r i e n t a t i o n  of t h e  phenyl l i g a n d ,  would be a s  magnet ica l ly  d i f f e r e n t  a s  t h e  

two ip so  carbons of an azobenzene l i gand  i n  which one n i t r o g e n  donates  its 

lone  p a i r  t o  t h e  Re and t h e  second is unat tached.  The Cp resonance of t h e  

minor isomer ( s )  appears  a t  95.3 ppm. This  peak is s u b s t a n t i a l l y  broader a t  

h a l f  he ight  than t h e  Cp resonance due t o  t h e  major isomer (81.4 ppm), but  

s e p a r a t i o n  i n t o  t h e  two or  more peaks which would be r equ i r ed  f o r  2 o r  more 
/- 

d i f f e r e n t  minor s p e c i e s ,  was not observed. However, t h e  broadness of t h i s  

resonance is c e r t a i n l y  sugges t ive  of an exchange process  occu r r ing  w i t h i n  

t h e  q 2  bound form which does not involve  t h e  n l - n 2  s h i f t .  

The in t e rconve r s ions  between t h e  q l - q 2  s p e c i e s  and w i t h i n  t h e  q 2  bound 

isomers may be summarized i n  Scheme 111-2. The major isomer i n  s o l u t i o n  is 

isomer B ( o n l y  t h e  c i s  form B-1 ,  i s  drawn) which can undergo a a-T o r  n l - q 2  

s h i f t  t o  form A-1 o r  A-1  '. These two enantiomers d i f f e r  only i n  which 

phenyl l i gand  on N1 o r  N 2  is ' c l o s e  t o 1  t h e  Cp r i n g  o r  t he  carbonyl  l i g a n d s ,  

and a r e  i n d i s t i n g u i s h a b l e  t o  us i n  t h e  I R  o r  NMR spectrum. The n i t r o g e n  
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13c['H) NMR (acetone-d,) of the  C O ,  ips0 and Cp region 

of C ~ R ~ ( C O ) , ( N , P ~ , )  (13) at 189 K 







l a b e l l e d  N 1  on isomer A-1  may then undergo a  n i t rogen  inve r s ion  t o  y i e l d  A-  

2 ,  where both phenyl l i g a n d s  a r e  c i s  and ' towards'  t h e  carbonyl l i g a n d ,  o r  

t h e  n i t rogen  l a b e l l e d  N2 may i n v e r t  t o  form A-3 which has the  phenyl groups 

c i s  and ' towardsf  t h e  Cp r i n g .  S imi la r  arguments hold f o r  A - l f .  A T-a or 

n2-q1 s h i f t  of t h e  azobenzene l i g a n d  i n  A-2 o r  A-3 could reform B-1 w i t h  N2 

a c t i n g  a s  the  Lewis base.  

This scheme accounts  f o r  t h e  r e v e r s i b l e  n l - n 2  s h i f t  between B-1 and A-1 

( o r  A-1 and a l s o  the  l a r g e  number of aromatic  resonances observed i n  t h e  

' 3 C { 1 H J  spectrum of - 13 a t  189 K (F igu re  27) f o r  t h e  minor isomers.  The 

compounds A-1 , A-2 and A-3 have 12 d i f f e r e n t  phenyl carbon resonances (no t  

inc luding  ipso  carbons)  and we observe a t  l e a s t  10 o r  1 1  of them. However 

d i f f e r i n g  popula t ions  of t he  A - 1 ,  A-2 o r  A-3 isomers may account f o r  t h e  

absence o f ,  and vary ing  i n t e n s i t i e s  of t he  resonances.  

Nitrogen inve r s ion  e .g . ,  A-1 t o  A-2, is expected t o  have a  lower 

b a r r i e r  than an q l - n 2  s h i f t  (B-1 t o  A - 1 )  of t he  azobenzene l i gand  which 

involves s u b s t a n t i a l  r e h y b r i d i z a t i o n  of t h e  o r b i t a l s .  Thus i t  is not 

s u r p r i s i n g  t h a t  t h e  low energy in t e rconve r s ions  i n  t h i s  system appear t o  

involve inve r s ion  a t  t h e  n i t rogen  atoms. However, i t  i s  noted t h a t  

d i a z i r i d i n e s 1 3 8 ' 1 3 9 ,  which have a  CNN r i n g  versus  our ReNN r i n g ,  ca/ have a  

high b a r r i e r  t o  i nve r s ion  (111-115 k J  mol-l)  depending upon the  s u b s t i t u e n t s  

on the  n i t rogens  and t h e  carbon atom. I n  scheme 111-2, on ly  in t e rconve r s ion  

between s te reo isomers  by a  consecut ive n i t rogen  inve r s ion  is  assumed and two 

synchronous inve r s ions  of t he  n i t rogens  i . e . ,  A-1 t o  A-1 ' or A-2 t o  A-3, is 

not considered.  This  assumption is supported by c a l c u l a t i o n s  by 

~ a n n s c h r e c k ' ~ ~  which i n d i c a t e  t h a t  t h e  monoplanar t r a n s i t i o n  s t a t e  f o r  

invers ion  a t  one n i t rogen  atom is much lower i n  energy than t h e  bi-planar  

t r a n s i t i o n  s t a t e  f o r  two synchronous inve r s ions .  The l a t t e r  t r a n s i t i o n  



state will suffer from the high strain energy caused by the two planar sp2 

hybridized nitrogen atoms. While our system is very different from the 

diaziridine system used for the calculations, since we have introduced a 

transition metal atom, there is no evidence to support a synchronous 

inversion in this case and it is presumed not to be occurring. 

Ackermann 34s1 35 had only observed coordination site exchange (an ql-q1 

shift) between nitrogens of a - cis diazene ligand and not with the 

corresponding trans diazenes, and did not observe an ql-q2 shift with either 

a - cis or trans azo ligand. However, an q2 transition state was postulated 

in the nl-q1 shift of the - cis azo ligand. Since our ql-n2 shift had been 

noted with trans-azobenzene as the starting material, in order to test 

whether there would be a further, different isomer formed that would display 

different site exchange behaviour in our system, the reaction of - cis- 

azobenzene and CpRe(CO),(THF) was carried out. After chromatography, a 

brown compound with an identica-l IR and 'H NMR spectrum to - 13 was isolated. 

No other compounds were isolated. This supports the interconversions 

outlined in Scheme 111-2. Both - cis and trans azobenzene will yield the same 

mixture of products upon reacting with CpRe(CO),(THF) because both the - cis 

and trans azo ligands go through common intermediates when coordinated in 

the q2 form. j 

3.4.2b CpRe(CO)2(N2(C6H4Me-p)2) (14) and CpRe(CO)2(N2(C6H4F-p)2)~(15) 

The q2-bonded azo structure has been shown by Rlbini and ~isch'~' to be 

a better n-acceptor than the ql-form. Any substituent on the phenyl ring 

of the azo ligand that increases the n acidity should increase the 

proportion of the q2 isomer. Conversely, an electron donating substituent 



on t h e  phenyl r i n g s  should  d i s f avour  t h e  n 2  form and favour  t h e  n 1  s t r u c t u r e  

i n  which t h e  azo l i g a n d  f u n c t i o n s  a s  a  Lewis base.  To s u b s t a n t i a t e  t h i s  

c o n j e c t u r e  t h e  p,pf-methylazobenzene and p ,p l - f luoroazobenzene  were 

syn thes i zed  and r e a c t e d  w i th  CpRe(CO),(THF) t o  form C~R~(CO),(N,(C,H,M~-~),) 

(14)  - and CpRe(CO),(N,(C,H,F-p),) ( 1 5 ) ,  r e s p e c t i v e l y .  The I R 1 s  of 14 and 15 - - - 
have been mentioned b r i e f l y  p rev ious ly  (Sec t ion  3 .4 .2)  and a r e  shown i n  

F igure  22.  The use of  a  methyl group i n  t h e  para  p o s i t i o n ,  compound 14,  

causes  t h e  h igher  wavenumber v(C0) bands t o  almost d i s appea r .  With f l u o r i n e  

i n  t h e  para  p o s i t i o n ,  15,  t h e  p ropor t i on  of t h e  h igher  wavenumber v(C0) - 

bands i n c r e a s e s ,  a l though not  t o  t h e  same e x t e n t  a s  t h e  decrease  noted f o r  

14. These changes i n  t h e  i n t e n s i t i e s  of t h e  v(C0) bands f o r  14 and 15 a r e  - - - 

c o n s i s t e n t  wi th  t h e  h igher  wavenumber v(C0) abso rp t ions  be ing  due t o  t h e  q 2  

o r  n-bound isomer and t h e  lower wavenumber v(C0) bands t o  t h e  q1 o r  a-bound 

azo l i g a n d ,  and s o  f u r t h e r  suppor t  t h e  assignments  a l r e a d y  adopted.  

The 'H and l 3 C { ' H 1  NMR of CpRe(CO),(N2(C6H,~e-p), ( 14 )  showed - 
resonances  due t o  two non- iden t i ca l  a romat ic  phenyl. r i n g s  and two methyl 

groups. The Cp resonance due t o  t h e  minor isomer A - I  i n  C D C 1 ,  was broad and 

only  s l i g h t l y  above t h e  b a s e l i n e .  For CpRe(CO),(N,(C,H,F-p),) (15)  t h e  Cp - 
/ 

resonance due t o  t h e  minor isomer was broad but of r ea sonab le  i n t e n s i t y ;  

however, o t h e r  peaks i n  t h e  a romat ic  r eg ion  were not  observed.  

Unfo r tuna t e ly ,  15 was not s t a b l e  enough i n  s o l u t i o n  f o r  l ong  term NMR - 
s t u d i e s  t o  be c a r r i e d  ou t .  However, a  r e l a t i v e l y  quick coa lescence  

experiment was performed on 2, w i t h  a  consequent l a r g e  e r r o r  i n  t h e  

tempera ture  ( s e e  Exper imenta l )  and y i e lded  a  A G ~  of 63.6 r 1.2 k J  mol-I. 

This  is s l i g h t l y  sma l l e r  than  t h e  A G ~  value  of 67.4 + 0.4 kJ mol-I ob t a ined  

f o r  CpRe(CO),(N,Ph,). This  sugges t s  t h a t  t h e  n l - n 2  s h i f t  has  ' a  lower energy - 
b a r r i e r  when t h e  n 2  form has electron-withdrawing groups on t h e  phenyl 



l i g a n d s  which h e l p  t o  favour  t h e  q2 s t r u c t u r e  (isomer A ) .  

An NOE experiment was performed on CPR~(CO),(N,(C,H,M~-~),) ( 1 4 ) .  The - 
Cp resonance of t h e  major isomer (CpB) was i r r a d i a t e d  (250 K) and t h e  r e s u l t s  

of t h i s  experiment a r e  shown i n  F igure  29.  The o r t h o  pro tons  of both phenyl 

r i n g s  of t h e  azo to luene  l i g a n d  were found t o  be enhanced but  not  t h e  meta 

pro tons .  No enhancement of t h e  para  methyl hydrogens was found. S a t u r a t i o n  

t r a n s f e r  from the  Cp resonance of t h e  major isomer CpB, t o  t h e  Cp resonance 

of  t h e  minor isomer CpA was observed,  s i m i l a r  t o  t h e  r e s u l t s  found f o r  

CpRe(CO), ( N , P ~ , )  ( 1  3 ) ,  e s t a b l i s h i n g  t h e  i n t e r conve r s ion  process  between - 
isomer A and isomer B.  
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NOE Experiment on 





Summary 

The s y n t h e s i s  of CpRe(CO),L complexes, where L is a two e l e c t r o n  donor 

such a s  C2Ph2, MeC,Ph, N2Ph2, N2(C,H4Me-p), and N2(C,H4F-p) ,  was 

accomplished. The X-ray c r y s t a l  s t r u c t u r e s  of CpRe(CO),(C2Ph2) (11)  - and 

CpRe(CO),(N,Ph,) (13) r e v e a l  both t h e  d ipheny lace ty l ene  and t h e  azobenzene 

l i g a n d  t o  be bound t o  t h e  rhenium i n  an n2  f a s h i o n  and t h e  o v e r a l l  geometry 

of  t h e  complex approximates  t h a t  of a ' f o u r  legged piano s t o o l 1 .  

F l u x i o n a l i t y  of t h e  alkyne l i g a n d s  was r e s t r i c t e d  t o  r o t a t , i o n  about  t h e  Re- 

a lkyne  vec tor  and f o r  CpRe(CO)(MeC,Ph) ( 1 2 ) ,  - t h i s  r o t a t i o n  could  be s topped  

a t  -60•‹c.  

For t h e  azobenzene complex CpRe(CO),(N2Ph2) ( 1 3 ) ,  a d i f f e r e n t  t ype  of - 
f l u x i o n a l i t y  was p r e s e n t .  The azobenzene l i g a n d  e x h i b i t e d  an n l - n 2  s h i f t  

w i t h  t h e  n' ( o r  a )  form being predominant i n  s o l u t i o n  and t h e  n 2  ( o r  a )  

s t r u c t u r e  p re sen t  a s  t h e  minor isomer.  The 'H, l 3 C { ' H 1  NMR and I R  d a t a  

suppor t  t h e  q 1  isomer being t h e  major one i n  s o l u t i o n  and s a t u r a t i o n  

experiments  show a r e v e r s i b l e  equ i l i b r ium o c c u r r i n g  between t h e  major and 

minor isomer.  A t  room temperature  t h e  l 3 C { ' H }  NMR spectrum had on ly  very  

broad peaks i n  t h e  phenyl carbon r e g i o n  a t t r i b u t a b l e  t o  t h e  minor isomer.  
j 

Cooling t h e  s o l u t i o n  t o  189 K r e s u l t e d  i n  a t  l e a s t  11 d i s t i n c t  resonances  

be ing  noted.  This  temperature  dependence and l a r g e r  number of minor isomers  

is p o s s i b l e  because t h e  n i t r o g e n s  i n  t h e  n2  isomer can undergo n i t r o g e n  

i n v e r s i o n .  This  is a low energy process  caus ing  t h e  phenyl carbons t o  

coa l e sce  a t  room tempera ture  but  a t  lower tempera tures  t h e  i n v e r s i o n  i s  slow 

enough t o  observe a t  l e a s t  t h r e e  d i f f e r e n t  minor isomers .  

Coalescence of  t h e  Cp resonances of t h e  major and minor isomers  of 

CpRe(CO),(N2Ph2) (13)  - gave a value of  67 .4  + 0.4  k J  mol-' f o r  t h e  n l - n 2  

s h i f t  of t h e  azobenzene l i gand .  This  is t h e  f i r s t  observed q l - n 2  s h i f t  of 



an azobenzene l i g a n d  and on ly  t h e  second example of t h i s  t ype  of s h i f t  f o r  

136 a n y l i g a n d  

~ c k e r m a n n l ~ ~  has  observed coo rd ina t ion  s i t e  exchange o r  an 11'-q' s h i f t  

f o r  t h e  azo l i g a n d  i n  M(CO),(c-DIPD) - ( M  = C r ,  Mo, W )  and W(CO),(c-DMD). - 

Although an q 2  o r  T t r a n s i t i o n  s t a t e  was proposed a s  t h e  i n t e r m e d i a t e  i n  t h e  

q l - n 1  s h i f t ,  no exper imenta l  evidence was forwarded.  Coord ina t ion  s i t e  

.exchange was not  found f o r  t r a n s  azo l i g a n d s ,  s p e c i f i c a l l y  M(CO),(t-DIPD) - 
( M  = C r ,  Mo, W ) .  However, we observe an n l - q 2  s h i f t  of t h e  azobenzene 

l i g a n d  i n  cpRe(cO) , (~ ,Ph , )  and i n  t h e  n2  i somer ,  a s  confirmed by X-ray 

c r y s t a l l o g r a p h y ,  t h e  azobenzene l i g a n d  has  a  t r a n s  geometry w i th  t h e  phenyl 

r i n g s  i n  nonequivalent  environments .  

CpRe(CO>,(N,(C,H,F-p),) (15)  - has a  f l u o r i n e  i n  t h e  para  p o s i t i o n  and 

t h e  v(C0) bands i n  t h e  s o l u t i o n  I R  which a r e  a t t r i b u t a b l e  t o  t h e  q 2  isomer 

i nc reased  i n  i n t e n s i t y .  When a  methyl group was s u b s t i t u t e d  i n  t h e  para  

p o s i t i o n ,  a s  i n  CpRe(CO),(N,(C,H,Me-p),), t h e  q '  isomer was found t o  be 

h e a v i l y  favoured .  These o b s e r v a t i o n s  a r e  c o n s i s t e n t  w i th  an q l - q 2  s h i f t ,  

s i n c e  t h e  use of an e l e c t r o n  withdrawing group should  favour  t h e  q 2  form 

r e l a t i v e  t o  t h e  n 1  isomer because i n  t h e  q 2  geometry t h e  azo l i g a n d  is a  

b e t t e r  IT a c i d  than  i n  t h e  q 1  form'40. Conversely,  an e l e c t r o n  donat ing  

group should  favour  t h e  q1 isomer because i n  t h i s  geometry t h e  azo l i g a n d  is 

a c t i n g  a s  a  Lewis base dona t ing  t h e  l one  p a i r  of e l e c t r o n s  of a  n i t r o g e n  t o  

t h e  rhenium. 



EXPERIMENTAL SECTION 

S y n t h e t i c  

'H and 1 3 C  NMR s p e c t r a  were recorded  on a Bruker WM-400 spec t rometer  

a t  400 MHz and 100 MHz, r e s p e c t i v e l y .  I n f r a r e d  s p e c t r a  were measured on a 

Perkin-Elmer 983 spec t rophotometer ,  and Raman s p e c t r a  us ing  a Cary Model 81 

wi th  a Spectra-Physics  Model 125 HeNe l a s e r .  So lven t s  were d r i e d  and 

d i s t i l l e d  under n i t r o g e n  and a l l  o p e r a t i o n s  were conducted under n i t rogen .  

138 CpRe(CO),(THF) was syn thes i zed  and i s o l a t e d  a s  p rev ious ly  desc r ibed  . 
Azobenzene was purchased from Eastman Kodak, azo to luene  and p , p l - d i  

f luoroazobenzene were made by t h e  r educ t ion  of n i t r o t o l u e n e  and p- 

f l u o r o n i t r o t o l u e n e  r e s p e c t i v e l y  by t h e  method of ~ l p e r '  39. - Cis-azobenzene 

was made by p h o t o l y s i s  of t h e  t r a n s  isomer and t h e  two compounds s epa ra t ed  

by column chromatography. 

Reac t ion  of CpNiCo(CO),(C,Ph,) wi th  CpRe(CO),(THF) 

CpRe(CO),(THF) (60 mg, 0.158 rnrnol) and CpNiCo(CO),(C,Ph,) (70 mg, 
r 

0.157 mmol) were added t o  hexane (25 mL) and s t i r r e d  a t  room temperature  f o r  

2 hours .  An i n f r a r e d  spectrum of t h e  s o l u t i o n  r evea l ed  l i t t e  remaining 

CpRe(C0) ,(THF) (v(C0) 1925, 1857 cm-' bu t  s t r o n g  bands due t o  CpRe(CO), 

(v(C0) 2031, 1940 cm-' 1. The s o l v e n t  was removed under vacuum and t h e  

' r e s i d u e  d i s so lved  i n  hexane-CH,Cl,. Chromatography on a F l o r i s i l  column 

wi th  hexanes a s  e l u a n t  y i e lded  CpRe(CO),, t hen  CpNiCo(CO),(C,Ph,) (v(C0) 

2060, 2008 om-' ) a s  a green  s o l u t i o n .  With hexanes:CH,Cl, (3 :  1 ) a l i g h t  

yel low band was next  recovered ,  and i d e n t i f i e d  'as  CpRe(CO),(C,Ph,), w i t h  

p h y s i c a l  p r o p e r t i e s  i d e n t i c a l  t o  t h o s e  l i s t e d  below. 



Prepa ra t i on  of CpRe(CO),(C2Ph2) (11)  

Method 1 

CpRe(CO),(THF) (51 mg, 0.132 mmol) and a l a r g e  excess  of C,Ph, (115 

mg, 0.645 mmol) was added t o  12 mL of hexanes and s t i r r e d  v igo rous ly  f o r  4 

hours .  Chromatography on F l o r i s i l  w i th  hexane a s  an e l u a n t  gave yellow 

CpRe(CO),(C,Ph,) (19 mg, 30% y i e l d ) .  I R  (hexane) :  v(C0): 1980 s ,  1904 s 

- 1 1 

cm . Raman ( s o l i d ) :  1848 cm-I (v(C=C)) .  H NMR ( C D C 1 , ) :  6 7.85-7.32 m 

( P h ) ,  5.55 s (Cp).  "c{'H} NMR ( C D C l , :  6 204.5 ( C O ) ,  131.8, 131.6,  128.6,  

127.6 ( P h ) ,  88.2 (Cp) ,  81.7 ( a c e t y l e n i c  ca rbons ) .  Mass. spectrum: m/e 

(based on Re1 and R e L e 7 )  484, 486 ( M + ) ,  456, 458 (M-CO'), 428, 430 (M- 

2 ~ 0 ' ) .  Anal. c a l cd .  : C ,  51 .95;  H ,  3.1 I .  Found: C ,  52.21 ; H ,  3.26%. 

Method 2 

CpRe(CO), (130 mg, 0.336 mmol) and C,Ph, 

added t o  30 mL hexanes i n  a q u a r t z  Ca r iu s  tube  

(220 mg, 1.23 mmol) were " 

under vacuum and i r r a d i a t e d  

w i th  a 200 W Hanovia high p re s su re  mercury sou rce .  Chromatography on 

F l o r i s i l  y i e lded  CpRe(CO), ( c o l o r l e s s )  and CpRe(CO),(C,Ph,) (ye l low)  (18 mg, 

11% y i e l d ) .  

P repa ra t i on  of  CpRe(CO),(PhC,Me) (12)  

This  compound was syn thes i zed  as i n  Method 1 (above)  u s ing  

C ~ R ~ ( C O ) , ( T H F )  (100 mg, 0.259 mmol) and PhC,Me (0.15 mL,  -1.2 mmol). 

CpRe(CO),(PhC,Me) was i s o l a t e d ,  a f t e r  chromatography, a s  an o i l y ,  yellow 

s o l i d  and i d e n t i f i e d  by spec t roscopy .  I R  (hexane) :  v(C0):  1976 s ,  1899 s 

c .  'H NMR (CDCl,): 6 204.9 (CO), 131.4,  128.3, 126 .8  ( P h ) ,  87.9 ( C p ) ,  

78.2 (CMe), 69.4 (CPh),  15.2 (Me). ( i n  t h e  'H-coupled spectrum: 6 78.2 q 



( ,J=9 HZ),  69.4 s ,  15.2 q ( l J=130  H Z ) .  A t  -60•‹C a 3 C { 1 ~ }  coupled spectrum: 6 

206.5 s ,  206.0 s (CO), 132.6-126.2 complex ( P h ) ,  88.3 ( ' ~ ~ 1 8 0  Hz, C p ) ,  78.9 

q ( ,J=9 HZ, CMe), 69.3 s (CPh),  15.9 q ( ' ~ = 1 3 0  Hz, Me) Mass spectrum: m/e 

422, 424 (M'),  394, 396 (M-CO'), 366, 368 ( M - ~ c o + ) .  

Oxidat ive S t a b i l i t y  of c ~ R ~ ( C O ) , ( C , P ~ , )  ( 1 1 )  

The co lo r  of s o l i d  samples of CpRe(CO),(C,Ph,) (ye l low)  remained 

unchanged a f t e r  s t a n d i n g  i n  a i r  f o r  one week and they  could then  be 

d i s so lved  t o  g ive  e s s e n t i a l l y  c l e a r  I R  and NMR s p e c t r a .  A s o l u t i o n  of 

CpRe(CO)(C,Ph,) i n  hexanes was l e f t  open t o  t h e  a i r  and p e r i o d i c a l l y  

monitored by I R .  No decomposition was noted i n  12 hours .  

Thermal S t a b i l i t v  of  C D R ~ ( C O ) , ( C , P ~ , )  

A s o l u t i o n  of CpRe(CO),(C,Ph,) i n  - i so-oc tane  was r e f l u x e d  (9g•‹C) f o r  8 

hours  and no decomposition o r  l o s s  of CO was noted by I R .  A s o l u t i o n  of 

CpRe(CO),(C,Ph,) i n  THF was r e f l u x e d  (66OC) f o r  1 hour ,  a f t e r  which no 

s t a r t i n g  m a t e r i a l  remained and no carbonyl  con ta in ing  products  were apparen t  

from t h e  I R  spectrum. / 

React ion of CpRe(CO),(C,Ph,) w i t h  Carbon Monoxide 

cpRe(CO) , (c ,~h , )  (15 mg, 0.039 mmol) was d i s so lved  i n  10 mL hexanes i n  

a Paar bomb and p r e s s u r i z e d  wi th  CO ( 1  200 p s i ,  82 a tm) .  Af t e r  1 hou r ,  t h e  

p r e s s u r e  was r e l e a s e d  and an I R  spectrum of t h e  yellow s o l u t i o n  r evea l ed  

on ly  CO bands due t o  - 1 1  and none f o r  CpRe(CO), (2031, 1940 cm-I). 

Reac t ion  of CpRe(CO),(C,Ph,) w i t h  PPh, 

To a s o l u t i o n  of  CpRe(CO),(C,Ph,) (15 mg, 0.039 mmol) i n  6 mL hexanes,  



oc tane  o r  a c e t o n i t r i l e ,  excess  PPh, (20 mg, 0.076 mmol) was added. A s  

monitored by I R ,  no r e a c t i o n  was observed a f t e r  2 hours .  Me,NO ( 6  mg, 0.080 

mmol) was then added t o  t h e  a c e t o n i t r i l e  s o l u t i o n  but no r e a c t i o n  was noted 

a f t e r  a f u r t h e r  2 hours .  The CH,CN s o l u t i o n  was r e f l u x e d  f o r  5 hours  but no 

l o s s  of CO l i gand  was observed.  

React ion of CpRe(CO),(C,Ph,) w i th  I, 

C ~ R ~ ( C O ) , ( C , P ~ , )  (10 mg, 0.026 mmol) was d i s so lved  i n  5 mL hexanes 

I, (10 mg, 0.039 mmol) i n  5 mL C H 2 C 1 2  was added s lowly  t o  t h e  s o l u t i o n .  

Af te r  2 hours  on ly  bands f o r  trans-CpRe(C0) ,I, (v(C0) 2048 m, 1987 s cm- 

were observed i n  t h e  I R .  

and 

React ion of CpRe(CO),(C,Ph,) w i t h  Azobenzene 

CpRe(CO),(C,Ph,) (75 mg, 0.195 mmol) and excess  N2Ph2 (90 mg, 0.494 

mmol) were added t o  10-15 mL hexanes and v igorous ly  s t i r r e d  a t  room 

temperature .  Af te r  2 hou r s ,  moni tor ing  of  t h e  I R  r evea l ed  on ly  1 1  p r e sen t  - 
and no evidence f o r  CpRe(CO),(N,Ph,) (v(C0) 2007 m ,  1948 s ,  1939 m ,  1890 s 

cmdl ) were noted.  The s o l u t i o n  was warmed t o  55OC f o r  t h r e e  hours byt s t i l l  

t h e  I R  showed t h a t  CpRe(CO),(N,Ph,) was not  formed. 

React ion of CpRe(CO),(C,Ph,) w i th  H, 

H z  was bubbled through a t  a cons t an t  r a t e .  No new v(C0) bands i n  t h e  

i n f r a r e d  spectrum were observed and t h e  experiment was d i scont inued  a f t e r  1 

hour.  



React ion of CpRe(CO), w i th  C,Ph, 

CpRe(CO), (50 mg, 0.149 mmol) and C,Ph, (31 mg, 0.174 mmol) were added 

t o  15 mL hexanes-CH2C1, (13 :2)  and s t i r r e d  ove rn igh t  a t  room tempera ture .  

I n spec t ion  by I R  r e v e a l e d  on ly  bands due t o  CpRe(CO), (v(C0)  2031, 1940 

cm-' ) and none f o r  - I I . Me,NO ( 8  mg, 0.107 mrnol) was added t o  t h e  s o l u t i o n  

and s t i r r e d  f o r  a f u r t h e r  two hours .  A s  t h e r e  were no new v(C0) bands t h e  

s o l u t i o n  was hea ted  t o  55OC f o r  an a d d i t i o n a l  two hours  at which po in t  t h e  

r e a c t i o n  was d i s con t inued  a s  no a d d i t i o n a l  v(C0) bands were appa ren t .  

P repa ra t i on  of CpRe(CO),(N,Ph,) ( 1  3) 

I n  a t y p i c a l  r e a c t i o n ,  excess  azobenzene was added t o  a hexane 

s o l u t i o n  of CpRe(CO),(N,Ph,) (100 mg, 0.26 mmol) and s t i r r e d  v igo rous ly  f o r  

6 hours .  Chromatography on F l o r i s i l  wi th  hexanes y i e lded  excess  azobenzene 

and wi th  a 1 : 1  hexane-CH2C1, a s  e l u a n t  a brown band i d e n t i f i e d  a s  

C ~ R ~ ( C O ) , ( N , P ~ , )  was i s o l a t e d  i n  25% y i e l d .  I R  (hexane) :  2006 m, 1947 s ,  

1939 m ,  1890 s em-' v(CO), I R  ( K B r ) :  2001 s ,  s l . b r . ,  1928 s,  1900 s em-', 

v (C0) .  'H NMR (Acetone-d,):  6 7.59,  7.57, 7.55 (Ph,  m e t a ) ,  7.45, 7.44, 

7.42, 7.40 (Ph,  meta and p a r a ) ,  7.34, 7.32, 7.30 (Ph ,  p a r a ) ,  7.25, 7,23 (Ph ,  

o r t h o ) ,  7.14, 7.12 (Ph ,  o r t h o ) ,  5.72 s (Cp, minor i somer ) ,  4.95 s (Cp, major 

i somer) .  l 3 C I ' H 1  NMR ( C D C 1 , ) :  6 201.1 ( C O ) ,  166.8, 158.6 (Ph,  i p s o )  129.4,  

127.8 (Ph,  o r t h o ) ,  127.7, 127.0 (Ph,  m e t a ) ,  121.3, 117.7 (Ph,  p a r a ) ,  93.4 

(Cp, minor i somer ) ,  85.8 (Cp, major i somer) .  Mass spectrum: m/e (based on 

~ e " '  and ~ e " ~ )  489, 491 (M' ) ,  461, 463 (M-CO') ,  433, 435 ( M - 2 ~ 0 ' ) .  Anal. 

c a l c d . :  C ,  46.62, H ,  3.09, N ,  5.72; found: C ,  46.81, H, 3.11 Id, 5.80%. 

C~R~(C~)~(N,(C,H,M~-~),) was prepared i n  an i d e n t i c a l  f a s h i o n  t o  - 13 i n  



20% y i e l d  u s ing  azo to luene  r a t h e r  than azobenzene. I R  ( hexane ) :  2004 w ,  

1945 s ,  1887 s em-'. I R  ( K B r ) :  1997 w, 1932 s ,  1868 s cm-I v(C0) .  'H 

NMR (Acetone-d,):  6 7.30,  7.28 (Ph,  m e t a ) ,  7.22, 7.20 (Ph,  m e t a ) ,  7.14, 7.12 

(Ph,  o r t h o ) ,  7.04, 7.02 ( P h ,  o r t h o ) ,  5.68 s (Cp, minor i somer ) ,  4.92 s (Cp, 

major i somer ) ,  2.40, 2.38 (Me). 1 3 ~ 1 1 ~ )  NMR ( C D C l , ) :  6 202.4 ( c o ) ,  156.7, 

156.1 (Ph,  i p s o ) ,  141.1, 138.9 (Ph ,  p a r a ) ,  129.9, 129.7, 128.2, 122.7, 

121.2, 117.8 ( ~ h ) ,  85.6 ( ~ p ) ,  29.7 ( C H , ) ,  21.4 ( C H , ) .  Mass spectrum: m/e, 

51 6 ,  51 8 ( M + ) ,  488, 490 ( M - C O + ) ,  460, 462 (M-2~0 ' ) .  Anal. c a l c d .  : C ,  48.73, 

H, 3.70, N ,  5.41 ; found: C ,  48.84, H, 3.80, N, 5.48%. 

P repa ra t i on  of CpRe(CO),(N,(C,H,F-p),) ( 15 )  

CpRe(CO),(N,(C,H,F-p),) was prepared i n  an i d e n t i c a l  f a s h i o n  t o  13  but  - 
us ing  p ,p l -d i f luoroazobenzene  r a t h e r  t han  azobenzene. I R  ( hexanes ) :  2008 s ,  

1950 s ,  1941 s ,  1893 s em-'. 'H NMR ( C D C 1 , ) :  6 6.8-7.4 ( ~ h ) ~  5.83 s (Cp, 

minor i somer ) ,  5.05 s (Cp, major i somer) .  l 3 c { ' ~ 1  ( C D C 1 , ) :  6 202.2 (CO), 

162.4, 160.0 (Ph,  p a r a ,  ' ~ ~ - ~ = 2 4 6  Hz) ,  154.07 (Ph,  i p s o ) ,  131 . l ,  128.9 (Ph,  

1 p a r a ,  JC-F=223 Hz) ,  123.12, 123.04 (Ph,  o r t h o ,  ' ~ ~ - ~ = 8 . 4  Hz) ,  119.53, 

119.44 (Ph,  o r t h o ,  3JC-F -8.5 Hz) ,  116.54, 116.32 (Ph,  meta ,  2 JCeF=22,6 H Z ) ,  

114.64, 114.41 (Ph,  meta ,  2JC - F=22.7 Hz) ,  93.4 s (Cp, minor i somer ) ,  86.8 s 

(Cp, major i somer) .  Mass spectrum: m/e, 524,526 ( M ' ) ,  496, 498 (M-CO+),  

468, 470 ( M - ~ c o + ) .  

React ion of  CpRe(CO),(THF) w i t h  cis-azobenzene 

Excess - cis-azobenzene was added t o  a hexane ( 8  mL) s o l u t i o n  of 

C P R ~ ( C O ) , ( T H F ' )  (20 mg, 0.041 mmol) and s t i r r e d  v igorous ly  ove rn igh t .  

Chromatography on F l o r i s i l  w i th  hexane-CH2C12 ( 1 : 2 )  y i e l d e d  a dark brown 

compound w i t h  an i d e n t i c a l  I R  and NMR t o  t h a t  found f o r  cpRe(cO) , (~ ,Ph , )  



React ion of CpRe(CO),(N,Ph,) w i th  C2Ph2 

C,Ph, (16 mg, 0.089 mmol) and CpRe(CO),(N,Ph,) (20 mg, 0.041 mmol) 

were added t o  6-7 mL of  hexanes and 0.5 mL of CH,Cl , .  The r e a c t i o n  was 

s t i r r e d  a t  room tempera ture  f o r  2 hours  and t h e  I R  spectrum showed o n l y  13 

and no v(C0) bands due t o  CpRe(CO),(C2~h,) (v(C0) 1980, 1904 cm-' ) The 

hexanes-CH2C1, was removed and 6 mL of benzene was added. Af t e r  s t i r r i n g  a t  

ambient t empera ture  f o r  1 hou r ,  t h e  s o l u t i o n  was warmed t o  40•‹C where a f t e r  

1 hour no format ion  of CpRe(CO),(C,Ph,) was d e t e c t e d ,  a l though some 

decomposition was noted . 

React ion of CpRe(CO),(N,Ph,) w i t h  I,  

To a s o l u t i o n  of  - 13 (920 mg, 0.041 mmol) i n  5-6 mL hesanes an 

12/hexanes s o l u t i o n  was added dropwise u n t i l  t h e  I R  r evea l ed  t h e  v(C0) bands 

due t o  - 13 had d isappeared .  The hexanes were removed and t h e  r e s i d u e  

d i s so lved  i n  C H 2 C 1 , .  An I R  spectrum revea l ed  two carbonyl  a b s o r p t i o n s  (2041 

s ,  1977 m cm-'1 cor responding  t o  - cis-CpRe(CO),I,. When t h e  i d e n t i c a J  

experiment was conducted us ing  benzene a s  s o l v e n t ,  on ly  trans-CpRe(CO),I, was 

formed (v(C0) ( C H , C l , ) :  2047 m ,  1988 s em-'). A c o n t r o l  experiment 

r evea l ed  t h a t  pure cis-CpRe(CO),I, was f u l l y  converted i n t o  t r a n s -  - 
CpRe(CO),I, i n  benzene i n  10 minutes  a t  ambient t empera ture .  

React ion of CpRe(CO),(N,Ph,) w i th  Carbon Monoxide 

A hexane-benzene s o l u t i o n  of  cpRe(cO) , (~ ,Ph , )  (15 mg, 0.031 mmol) was 

purged wi th  CO gas .  A s  monitored by I R ,  no format ion  of CpRe(CO), ( v ( C 0 ) ;  

2031, 1940 emq1) was no ted ,  nor t h a t  of any o t h e r  carbonyl  c o n t a i n i n g  



s p e c i e s .  

React ion of CpRe(CO), w i th  N,Ph2 

CpRe(CO), (25 mg, 0.075 mmol) and azobenzene (28 mg, 0.15 mmol) were 

added t o  12 mL hexanes-CH,Cl, (10:2)  and s t i r r e d  ove rn igh t .  In spec t ion  by 

I R  revea led  bands due t o  CpRe(CO), on ly  and none f o r  CpRe(CO),(N,Ph,). 

Addit ion of Me,NO o r  iodosobenzene t o  t h e  s o l u t i o n  and f u r t h e r  s t i r r i n g  f o r  

2  hours  d id  not  y i e l d  any - 13 a s  monitored by I R  and t h e  r e a c t i o n  was 

d iscont inued .  

Pho to lys i s  of C D R ~ ( C O ) ,  wi th  N,Ph, 

P h o t o l y s i s  of CpRe(CO), (20 mg, 0.060 rnrnol) and azobenzene (27 mg, 

0.14 mmol) i n  15 mL hexanes us ing  py rex - f i l t e r ed  UV r a d i a t i o n  y i e lded  only  

smal l  amounts of 13 a s  monitored by I R .  The r e a c t i o n  was d iscont inued  a f t e r  - 
2 hours because of ex t ens ive  darkening of t he  s o l u t i o n .  

Ca lcu la t ion  of A G '  f o r  CpRe(CO),(N2Ph2) ( to luene-d , )  

The v a r i a b l e  tempera ture  behaviour of t h e  Cp resonances f o r  i s o p e r s  A 

and B was observed,  w i t h  coalescence a t  332 + 1 K .  

Tc = 332 + I K 

and s i n c e ,  

where , 
/ 

K = Boltzmann cons tan t  = 1.3807 x  10-l6 e r g s  K-I 



h  = Plank ' s  cons t an t  = 6.63 x  e r g  s e c  

R = gas cons t an t  = 1.987 c a l  K-I  mol-' 

t h u s  P AG = 67.4 + 0.4 k J  mol-I 

t C a l c u l a t i o n  of A G  f o r  CpRe(CO),(N,(C,H,F-p),) ( to luene-d , )  

Coalsecence of  t h e  Cp resonances  of t h e  A and B isomers was aga in  

monitored . 

and t h u s ,  

K = n/J2 num = 183.3 a 1 . 1  s e c  
- 1 

c  

3.6.2 X-ray S t r u c t u r e s  

X-ray S t r u c t u r e  of  CpRe(CO),(C2~h,)  (11)  

A p a l e  yellow need le - l i ke  c r y s t a l ,  0.06 x  0.11 x  0.30 mm, ob ta ined  from 

a  hexanes s o l u t i o n ,  was chosen f o r  t h e  d i f f r a c t i o n  s t u d i e s .  P re l imina ry  

o s c i l l a t i o n  photos (Copper r a d i a t i o n )  i n d i c a t e d  t h e  c r y s t a l  t o  be of  good 

q u a l i t y .  Data were c o l l e c t e d  on an Enraf-Nonius d i f f r ac to rne t e r  (Mo 

r a d i a t i o n )  w i t h  a  scan  speed of 0.8-4.0•‹ min-I f o r  2.5' S 20 S 45' and a  

symmetr ical  scan width of O.gO p l u s  d i s p e r s i o n  c o r r e c t i o n .  Two s t a n d a r d s  

were measured f o r  i n t e n s i t y  c o n t r o l  and two s t a n d a r d s  were measured f o r  

o r i e n t a t i o n  c o n t r o l  every  150 r e f l e c t i o n s .  Nei ther  p a i r  showed any 

s i g n i f  ican.t d e v i a t i o n .  Absorpt ion c o r r e c t i o n s  were a p p l i e d  v i a  an emper ica l  



c o r r e c t i o n  ($  s c a n s ,  t r ansmis s ion  f a c t o r s  0.447-0.993). 3008 r e f l e c t i o n s  out  

of a  t o t a l  of 4545 had I L 3 . 0 u ( I )  and were regarded a s  observed. 

The coord ina tes  of t he  Re atoms were der ived  from a t h r e e  dimensional 

P a t t e r s o n  map and non-hydrogen atoms from success ive  d i f f e r e n c e  Four i e r  

syntheses  fo l lowing  l e a s t  squares  re f inement .  The hydrogen atom p o s i t i o n s  

were c a l c u l a t e d  geomet r i ca l ly  w i th  - d(C-H) of 0.958 and a s s igned  i s o t r o p i c  

thermal  parameters equal  t o  t h e i r  parent  carbon atoms. A l l  non-hydrogen 

atoms were r e f i n e d  a n i s o t r o p i c a l l y .  The l a r g e s t  peaks i n  a  f i n a l  d i f f e r e n c e  

map, 0 . 5 6 ( 1 2 ) e 1 - ~ ,  were l o c a t e d  near t h e  Re atoms. Computer programs a r e  

from reference  65. A summary of t he  c r y s t a l  d a t a  is i n  Table 40, bond 

d i s t a n c e s  and angles  a r e  i n  Table 41, atom coord ina t e s  i n  Table 43, 

a n i s o t r o p i c  thermal parameters  i n  Table 45, c a l c u l a t e d  hydrogen atom 

coord ina tes  i n  Table 47 and c a l c u l a t e d  meanplanes and d i h e d r a l  ang le s  i n  

Table 49. A l a b e l l e d  SNOOP1 diagram is shown i n  F igure  18 and a  view of t h e  

two independent molecules i n  t h e  u n i t  ce l i '  is shown i n  F igu re  20. 

X-ray S t r u c t u r e  of C ~ R ~ ( C O ) , ( N , P ~ , )  (13)  

A small  orange c r y s t a l ,  0.08 x 0.11 x 0.13 mm, ob ta ined  from , 
hexanes/CHCl, , was chosen f o r  t h e  d i f f r a c t i o n  s t u d i e s .  Data were c o l l e c t e d  

on an Enraf Nonius d i f f r ac tome te r  (Mo r a d i a t i o n )  w i t h  a  scan  speed of 0.5- 

4.0' min-' f o r  3O S 20 S 45O and a  symmetrical scan width of 0.60 p l u s  

d i s p e r s i o n  c o r r e c t i o n .  Two s t anda rds  were measured f o r  i n t e n s i t y  c o n t r o l  

a f t e r  every 3600 seconds of X-ray beam time and showed only  random 

v a r i a t i o n s .  Absorption c o r r e c t i o n s  were app l i ed  v i a  an emperical  method ($  

scans ,  t ransmiss ion  f a c t o r s  0.492-0.992). 991 r e f l e c t i o n s  out  of a  t o t a l  of 

1180 had I L 3.Ou(I)  and were regarded  a s  observed. 

The Re atom coord ina t e s  were der ived  from a t h r e e  dimensional 



Pa t t e r son  map and non-hydrogen atoms from success ive  d i f f e r e n c e  Four ie r  

s y n t h e s i s  fo l lowing  l e a s t  squa res  ref inement .  The hydrogen atom p o s i t i o n s  

were c a l c u l a t e d  geomet r i ca l ly  w i th  d(C-H) of 0.988 and ass igned  i s o t r o p i c  - 
t empera ture  f a c t o r s  of 0.075R2 and included a s  f i x e d  c o n t r i b u t i o n s  i n  

f u r t h e r  re f inement .  The Re atom, carbonyl groups and n i t rogen  atoms were 

r e f i n e d  a n i s o t r o p i c a l l y  and a l l  o the r  non-hydrogen atoms i s o t r o p i c a l l y .  An 

e x t i n c t i o n  c o r r e c t i o n  was included and r e f i n e d  t o  0.473 x To 

a s c e r t a i n  t h a t  t h e  c o r r e c t  enantiomorph had been chosen, t h e  coo rd ina t e s  of 

a l l  t h e  atoms were i n v e r t e d  and t h e  model r e f i n e d  u n t i l  t h e r e  was no f u r t h e r  

change. This  gave values of R = 0.0248 and RGiF = 0.0279 and GOF = 1 .60 and -F - - 
showed t h e  o r i g i n a l  model t o  be c o r r e c t .  The coord ina tes  were s e t  back t o  

t h e i r  o r i g i n a l  va lues  and a  f i n a l  d i f f e r e n c e  map showed t h e  h ighes t  peak t o  

be 0. %(2 l  ) e ~ - ~  and l o c a t e d  near  t h e  cyclopentadienyl  r i n g .  Computer 

programs a r e  from re fe rence  65. A summary of the  c r y s t a l  da t a  is i n  Table 

40, bond d i s t a n c e s  and ang le s  i n  Table 42, atom coord ina tes  i n  Table 4 4 ,  

a n i s o t r o p i c  thermal  parameters  i n  Table 46, c a l c u l a t e d  hydrogen atom 

coord ina t e s  i n  Table 48 and c a l c u l a t e d  meanplanes and d ihed ra l  angles  i n  

Table 50. An SNOOP1 diagram showing t h e  l a b e l l i n g  scheme is presented  i n  

F igure  1 9 .  



Table 40. Summary of Crystal Data and Intensity Collection for -- 
CpRe(CO),(C2~h, (1 I ) and CpRe(CO),(N,Ph,) (1 3) - - 

cmpd 

mol wt 

B ,  deg 

cell vol, A 3 

space group 

cryst dimens, mm 

radiation 

linear abs coeff, cm-I 

transmission factors 

scan speed, deg/min 

28 limits, deg 

data collected 

unique data, I13.0a(I) 

R $ -f ' - 
R % -wf ' - 
goodness of fit 

extinction 

C2 1H 1502Re 

485.55 

10.841 (1 ) 

13.961 (2) 

23.121(2) 

91.360(8) 

3498 

8 

1.490 

1.53(1 

P21 n - - 
0.06x0.1ixo.~o 

2 1 

MoK 
a 

70.5 

0.447-0.993(emperical) 

0.8-4.0 (w-28 scan) 

2.5, 45.0 

4545 

3008 

2.95 

3.40 

1 .I7 

- 

Ci 9H15NzOzRe 

489.52 

8.315(1) 

11.214(2) 

9.51 1(2) 

105.75(2) 

85 3.. 6 

2 

1 .go5 

2.02( 1 ) 

PZ1 

O.O8xO.l lxO.13 

2 1 

MoKa 

72.3 
/ 

0.492-0.992(emperical) 

0.5-4.0 (w-28 scan) 

3.0, 45.0 

1 1  80 

99 1 

2.44 

2.71 

1.55 

0.473 x 



Table 41. Bond Distances ( 8 )  and Angles (deg) for 

CpRe(C0)2(C2Ph2) (11). - 

Metal Atom Coordination 

Bond Lengths 

Re(1)-C(11) 1.893(11) 

Re(l)-C(12) 1.906( 12) 

Re(1)-C(13) 2.188(10) 

Re( 1 )-C( 14) 2.182(9) 

Re(1)-Cp(center) 2.039(12) 

Acetylene Coordination 

Bond Angles 

~ ( 1 4 - ~ 1 3 - ~ 1 1 1  152.6(10) ~(24)-~(23)-~(211) 151.6(9) 

~(13)-C(14)-C(15) 151.1(10) ~(23)-~(24)-C(25) 149.9(9) 



Table 42. Rond Distances ( A )  and Angles (deg) for 

C P R ~ ( C O ) ~ ( N ~ P ~ ~ )  (13) - 

Bond Lengths 

Bond Angles 



Atom - 

Table 43. Atom Coordinates for C ~ R ~ ( C O ) ~ ( C ~ P ~ ~ )  (11) - 

Molecule 1 

Re(1) 0.07979(4) 0.16622(3) 

C(11) 0.1422(9) 0.0563(7) 

~(12) 0.0553( 10) 0.0788(8) 

0(ll> 0 .1774(8) -0 .0137(6) 

O(12) 0.0370(8) 0.0255(6) 

C(13) 0.2242(9) 0.2255(7) 

Molecule 2 



Table 43 (Cont'd) 

Atom - X - 



/ 

Table 44. Atom C o o r d i n a t e s  ( x  l o 4 )  f o r  c ~ R ~ ( c o ) ~ ( N ~ P ~ ~ )  (13) - 



Table 45. Anisotropic Thermal Parameters ( x  100) for CPR~(CO) 2 ( ~ 2 ~ h 2 )  (2) 

Molecule 1 

Molecule 2 

Re(2) 4.96(2) 

C(21) 7.2(7) 

C(22) 6.4(7) 



Table 45 ( C o n t ' d )  



Table 46.  Anisotropic Thermal Parameters ( x  100) for 



Table 47.  Calculated Hydrogen Atom Coordinates ( x  lo2) 

for C ~ R ~ ( C O ) ~ ( C ~ P ~ ~ )  (11) - 



Atom 

4 Table 48. Ca lcu l a t ed  Hydrogen Atom Coordinates  ( x  10 ) f o r  

CpRe(C0l2 (N2Ph2) ( - 13) 



Table 49. Calculated Meanplanesa and Dihedral Angles f o r  

P 1 ane Atoms Defining 
No. P 1 aneb A - B - C - D (8) x2 - 

Molecule 1 
I 

ell(-41, C12(4), -0.7014 0.6010 -0.3831 -1.1215 1.85 

C13(-91, C14(8) 

Ph r ing :  C15(-31, -0.3401 0.9025 -0.2642 1.1866 0.64 

c l6( -2) ,  c l 7 ( 5 ) ,  

Cl8(-41, Cl9(-11, 

CllO(4) 

Ph r ing :  C111(9), -0.0652 0.9507 -0.3031 1.6644 3.49 

C112(-161, c l l 3 ( 1 3 )  ,- 
~ 1 1 4 ( - 3 1 ,  ~ 1 1 5 ( - 4 1 ,  

C116(1) 

Cp r ing :  ~ 1 1 7 ( 1 ) ,  

~ 1 1 8 ( 3 ) ,  ~ 1 1 9 ( - 3 1 ,  

c120(2),  c121(0) 

Cl3(5) ,  C14(-51, 

~ 1 5 ( 2 ) ,  C l l l ( -2 )  

C13, C14, C15 

C13, C14, C l l l  

Rel, C13, C14 

Molecule 2 



Table 49 (Cont'd) 

Plane 
No. 

Atoms Defining 
P 1 aneb 

Plane equation is Ax + By + Cz - D = 0, with x, y, z in orthorhanbic- co- 
ordinates. 

3 Deviations of the atoms (8 x 10 ) from the meanplane are given in par- 
entheses. The e.s.d.'s in these values are 0.018. 

Re1 deviation 1.0778. 

Other deviations (8): Re1 -1.956, C11 -3.05, C12 -3.08, C13 -2.99, 
C14 -2.95, C15 -3.20, Clll -3.33. 

Re1 deviation O.lO98. 

Re2 deviation 1.0868. 

Other deviations ( A ) :  Re2 -1.968, C21 -3.07, C22 -3.10, C23 -3.03, 
C24 -2.98, C25 -3.22, C211 -3.42. 

Re2 deviation 0.1188. 



Table 49 (~ont'd) 

Dihedral Angles (Between Normals to Meanplanes) 

Plane No. Plane No. Angle (deg) 

Molecule 1 

Molecule 2 

9 

9 

10 

10 

10 

11 

11 

13 

14 



Table 50. Calcu la ted  Meanplanesa and Dihedral  Angles f o r  

C p ~ e ( C 0 ) ~  (N2Ph2) ( 13) - 

Plane Atoms Defining 
No. planeb A - B - C - D - - x 2  

lc Cp r i n g :  ~ 1 5 ( - 3 1 ,  0.6194 -0.5492 0.3719 2.875 2.0 

c l 6 ( 1 6 ) ,  c l7( -22) ,  

~ 1 8 ( 1 8 ) ,  c19(-9) I 

2 Ph r i n g :  ~ 9 ( - 7 1 ,  0.8463 -0.4099 0.0978 1  .135 0.8 

c lO(7 ) ,  ell(-81, 

Cl2(-51, C13(11), 

~ 1 4 ( - 2 )  

3  Ph r ing :  ~ 3 ( - 9 1 ,  -0.4467 0.2640 0.9440 1.562 2.3 

C4(18) ,. c5(-91, 

~ 6 ( - 1 7 1 ,  c7 (23 ) ,  

C8(-5) 

5 Re, N1, N2 0.0125 -0.5587 0.7948 0.6552 0.0 

6  Re, C 1 ,  C2 -0.8415 0.5338 0.3087 2.057 0.0 

a Plane equat ion  i s  Ax + By + Cz = D,  with x, y, z i n  or thorhdic  

c o o r d i n a t e s .  

3 Devia t ions  of t he  atoms (A x 10 ) from t h e  meanplane a r e  given i n  par- 

en theses .  

C Re d e v i a t i o n  A .  



Table 50 (Cont'd) 

Dihedral Angles (Betweea Normals to Meanplanes) 

Plane No. Plane No. Angle (deg) 



CHAPTER 4 

X-RAY STRUCTURES OF cis-CpnRe(CO),I, and trans-Cp*Re(CO),Br? 

4.1 Introduction 

In view of the current activity in cyclopentadienyl and 

pentamethylcyc lopentad ienyl  carbonyl chemistry, it is surprising that several 

members of the series of simple rhenium dicarbonyl dihalides CpRe(CO),X, and 

Cp*Re(CO),X, (Cp = 715-c5H5, Cp* = q5-C,Me5, X = C1, Br, I) were unknown and 

reports of the others were fragmentary. CpRe(CO),Br, and CpRe(CO),I, (cis - 
and trans) have been synthesized 109,110,144,145,146 but CpRe(CO),Cl, was 

unknown. CpXRe(CO) ,I2 was briefly mentioned1 47 but without details of the 

synthesis or stereochemistry; the dibromides and dichlorides were unknown. 

It was hoped preferably to determine the X-ray structures of the cis 

and trans isomers of a single halide for better comparison, bui 

unfortunately no single pair could be found which gave acceptable crystals 

for both isomers. However the structure determinations of - cis-Cp*Re(CO),I, 

(1 - 6) and transaCp*Re(CO) ,Br, (1 - 7) were carried out to confirm the geometries 
deduced from the infrared intensities and to provide typical metrical data 

for this class of compounds, none of which has been structurally 

investigated before. 



4.2 X-ray Data ~ o l l e c t i o n  and Refinement 

A need le - l i ke  orange-red c r y s t a l  of  16 and a  smal l  r ed  c r y s t a l  of  17 ,  - - 
both ob ta ined  from methylene ch lo r ide /hexanes ,  was supp l i ed  by A . H .  Klahn 

and used f o r  t h e  d i f f r a c t i o n  s t u d i e s .  The major morphological a x i s  was 

a l i g n e d  wi th  t h e  g l a s s  f i b r e  and pre l iminary  o s c i l l a t i o n  photos  (Cu 

r a d i a t i o n )  showed t h e  c r y s t a l s  t o  be of  an  accep tab l e  q u a l i t y .  The c r y s t a l  

was t r a n s f e r r e d  t o  an Enraf-Nonius d i f f r a c t o m e t e r ,  and t h e  c e l l  dimensions 

and space group were determined. The c r y s t a l l o g r a p h i c  d a t a  and scan  

c o n d i t i o n s  a r e  l i s t e d  i n  Table  51. The d a t a  c o l l e c t i o n  was monitored by 

measuring two s tandard  r e f l e c t i o n s  every 1 hour of X-ray exposure t ime and 

showed only random f l u c t u a t i o n s .  The d a t a  were then  c o r r e c t e d  f o r  Lo ren t z ,  

p o l a r i z a t i o n  and abso rp t ion  e r r o r s  (IJJ s c a n s )  and only t h e  r e f l e c t i o n s  wi th  

I 2 3 . 0 u ( I )  were regarded a s  observed. 

The heavy atoms were l o c a t e d  from a P a t t e r s o n  map and a l l  o t h e r  non- 

hydrogen atoms from a series of d i f f e r e n c e  Four i e r  syn theses  i n t e r s p e r s e d  

wi th  l e a s t  squa re s  re f inement .  A l l  hydrogen atoms were placed i n  

geome t r i ca l l y  c a l c u l a t e d  p o s i t i o n s  wi th  d(C-H) = 0.988 and thermal  - 
parameters  of U = 0.09R2 f o r  16 and U = 0.088' f o r  17 ,  and included a s  f i x e d  - - - 

/ 

c o n t r i b u t i o n s  i n  f u r t h e r  re f inement .  The d i s p o s i t i o n  of t h e  hydrogen atoms 

of  t h e  methyl groups was set i d e n t i c a l  t o  t h a t  found exper imenta l ly  by 

f o r  CpVo(CO),. The Re atom and h a l i d e  l i g a n d s  were r e f i n e d  

a n i s o t r o p i c a l l y  and a l l  o t h e r  atoms i s o t r o p i c a l l y .  For t h e  f i n a l  c y c l e s  t h e  

2 weight ing scheme was of t h e  form w = l / ( o ( E o )  + n(F  ) * I .  The va lue  of t h e  - -0 - 
parameter  n  (= 0.0005 f o r  1 6  and 0.0004 f o r  1 7 )  was t h a t  f o r  which t h e  - - 
v a r i a t i o n  of t h e  averaged L { w J F ~ ~  - 1 ~ ~ 1 ) ~  a s  a  f u n c t i o n  of lFol and - 
( s i n e / h )  was kept  t o  a  minimum. F i n a l  r e s i d u a l s  f o r  16 were If = 0.046, - 
R = 0.058 and f o r  17 ,  If = 0.043, gwf = 0.054. A sma l l  e x t i n c t i o n  -wf - - - - 



c o r r e c t i o n  was necessary  f o r  17. The l a r g e s t  peaks i n  a  f i n a l  d i f f e r e n c e  

map f o r  - 16 were 1 . 7 ( 2 )  and 1 .2(2)e!r3 l o c a t e d  near t h e  C ( 1 ) 0 ( 1 )  and C ( 2 ) 0 ( 2 )  

l i g a n d s  r e s p e c t i v e l y ,  and both 2.628 from the  Re atom. The l o c a t i o n  of t h e  

peaks was sugges t ive  of a  smal l  f r a c t i o n a l  d i so rde r  of I ( 2 )  w i th  t h e  

carbonyl  group C(2 )0 (2 )  and I ( 1 )  w i th  C ( 1 ) 0 ( 1 ) .  The two peaks were r e f i n e d  

a s  i od ine  atoms wi th  v a r i a b l e  occupancy and a  f i x e d  i s o t r o p i c  tempera ture  

2 f a c t o r  of 0.058 . After  s e v e r a l  c y c l e s ,  t h e  peaks had r e f i n e d  t o  

occupancies  of 2.2% and 1.4%, r e s p e c t i v e l y ,  w i t h  Re-I bond l e n g t h s  of 2.658. 

The r e s i d u a l s  were R = 0.044, zwf = 0.056. However, because of t h e  smal l  -f - - 
occupancy of t he  p a r t i a l  i od ine  atoms t h i s  model was not pursued. A f i n a l  

d i f f e r e n c e  map f o r  - 17 revea led  numerous peaks and t roughs  of * 0 . 8 - 0 . 9 ( 2 ) e ~ - ~  

around t h e  Re and B r  atoms and a  s i n g l e  l a r g e  peak of 1 . 6 ( 2 ) e ~ - ~  l o c a t e d  

1.58 from the  Re and 1.28 from C ( 1 )  having no apparent  chemical 

s i g n i f i c a n c e .  

Computer programs a r e  from re fe rence  65. A summary of t he  c r y s t a l  d a t a  

is i n  Table 51, bond l e n g t h s  and ang le s  i n  Table 52 f o r  16 and i n  Table 53 - 
f o r  17,  atom coord ina t e s  f o r  16 i n  Table 54 and f o r  17 i n  Table 55, - - - 
a n i s o t r o p i c  thermal  parameters  f o r  16 and 17 i n  Table 56, c a l c u l a t e d  - - 

/ 

hydrogen atom coord ina t e s  i n  Table  57 f o r  16 and i n  Table 58 f o r  17 and - - 
c a l c u l a t e d  meanplanes and d i h e d r a l  ang le s  i n  Table 59 f o r  16 and Table 60 - 
f o r  - 17. Label led SNOOP1 diagrams a r e  presented  i n  F igures  31 and 32 f o r  16 - 
and 17, r e s p e c t i v e l y .  - 

4.3 Resu l t s  and Discussion 

Both compounds e x i s t  a s  d i s c r e t e  molecular s p e c i e s  i n  t h e  s o l i d  s t a t e  

w i th  no unusual ly s h o r t  i n t e r -  or  i n t r amolecu la r  c o n t a c t s .  SNOOPI diagrams 

and t h e  atom l a b e l l i n g  schemes f o r  16 and 17 a r e  presented i n  F igures  31 and - - 
\ 



F I G U R E  31 

SNOOP1 Diagram of - cis-Cp*Re(CO),I, 





F I G U R E  32 

SNOOP1 Diagram of trans-Cp*Re(CO),Br, 





Table 51. Summary of Crystal Data and Data Collection Conditions. 

Collection Conditions for 16 and 17. - - 

compound 

formula 

mol. wt. 

space group 

a, 4 

b, 

c ,  a 
B, deg 
z 

cell vol., a3 
- 3 

dcalcd g cm 
3 

dmeas g cm- 

cryst dimension, m 

radiation 

1 
P, cm- 

transmission factors 

scan speeds, deg min' 1 

scan width, deg 

data limits, 20 deg 

measured reflections 

observed reflect ions 
I > 3.0a(I) 

no. variables 

RF 

R w ~  

GOF 

extinction 

cis-(C5Me 5)Re(C0) 2 1 ~  - 
C12H1 51202Re 

631.3 

P21/n 

7.201(3) 

27.254(5) 

8.682( 2) 

110.04(4) 

4 

1600.2(2) 

2.62 

2.64(1) 

0.05 x 0.08 x 0.25 

Mo 

115.08 

0.565-0.996 

1 .O-4.0 

0.70 + dispersion 

3, 45 

208 1 

0.75 + dispersion 



Table 52. Bond Distances ( A )  and Angles (deg) f o r  c i s - ( ~ ~ ~ e ~ ) R e e ( C O ) ~ I ~  - 



Table 53. Bond Distances ( A )  and Angles (deg) for t r a n s - ( ~ ~ ~ e ~ ) R e ( C O ) ~ B r ~  



4 T a b l e  54. Atom C o o r d i n a t e s  ( x  10 ) f o r  Re and I Atoms and x l o 3  f o r  

O t h e r s )  and E q u i v a l e n t  I s o t r o p i c  Temperature  F a c t o r s  

x 1 0 )  f o r  - C ~ . S - ( C ~ M ~ ~ ) R ~ ( C O ) ~ I ~  



Table  55. Atom Coordinates  ( x  l o 4  f o r  Re and B r  Atoms and x l o 3  f o r  

Others )  and Equiva len t  I s o t r o p i c  Temperature F a c t o r s  



Table 56. Anisotropic Thermal Parameters (ii2 x l o 3 )  for 



3 Table  57. Calcu l a t ed  Hydrogen Atom Coord ina tes  ( x  10 ) f o r  



3 Table 58. Calculated Hydrogen Atom Cordinates ( x  10 ) f o r  



Table 59. Calcu la ted  Meanplanesa and Dihedral  Angles f o r  

c i s - ( c 5 ~ e  5 ) ~ e ( C 0 )  2 ~ 2  (16)  - - 

P 1 ane Atoms Def in ing  

No.   la neb 

1 Re, 11, I 2  0.6629 0.6219 0.1639 2.912 0 

2 R e ,  C1, C2 -0.898 0.419 0.433 1.88 0 

3 11(0.0), 12 (0 .0 ) ,  0.945 0.203 -0.083 2.13 32.1 

a Plane equa t ion  i s  Ax + By + Cz = D, wi th  x,y, z i n  orrh~rhcmbi~ coordin-  
/ 

a t e s .  

2 Devia t ion  of  t h e  atoms (A x 10 ) from t h e  meanplane a r e  g iven  i n  par- 

e n t h e s e s  

Devia t ions :  Re, 1 .951(9);  C31, 0 .28(4) ;  C41, O. lg(4) ;  C51, 0.14(3);  

C61, 0 .16(3);  C71, 0.15(4) A .  



Table 59 (~ont'd) 

Dihedral Angles (~etween Normals to Meanplanes) 

Plane No. Plane No. Angle (Deg) 



Table 60. Calculated Meanplanesa and Dihedral Angles for  

Plane Atoms Defining 

No. - P 1 aneb 

1 Re, B r l ,  Br2 

2 Re, C1, C2 

Plane equation i s  Ax + By + Cz = D,  

coordinates .  

with x, y, z  i n  orthorhcmbic 

2 Deviation of the  atoms ( A  x 10 ) from the  meanplane a re  given i n  

entheses .  

par- 

Deviations: Re, 1.944(7); C31, 0.24(3); C41, 0.04(3); C51, 0.19(3); 

C61, 0.08(3); C71, 0.28(3) A .  



Tab 1 e 

Dihedral Angles (~etween. Normals to ~eanplanes) 

Plane No. Plane No. Angle (Deg) 

1 2 89.9(4) 

1 3 90.7(4) 

1 4 90.3(5) 

2 3 89.6(6) 



i The o v e r a l l  molecu la r  c o n f i g u r a t i o n  c o n s i s t s  of a  rhenium atom bonded 
i 

I t o  a  Cp* l i g a n d  and t o  two CO l i g a n d s  and two h a l i d e  l i g a n d s  i n  a  c i s  

ar rangement  f o r  - 16 and a  t r a n s  arrangement  f o r  17. T h i s  is i n  agreement - 
w i t h  t h e  v(C0)  i n f r a r e d  i n t e n s i t y  p a t t e r n s  observed  by ~ l a h n '  49. N e i t h e r  

molecu le  has  any c r y s t a l l o g r a p h i c a l l y  imposed symmetry i n  t h e  l a t t i c e ;  

however b o t h  molecu les  ( i n c l u d i n g  t h e  hydrogen a toms)  p o s s e s s  an approx imate  

m i r r o r  p l a n e  t h a t  is e a s i l y  s e e n  i n  F i g u r e  33 which shows t h e  molecu les  s i d e  

by s i d e  p r o j e c t e d  o n t o  t h e  p l a n e  o f  t h e  Cp* r i n g .  I n  16 t h i s  b i s e c t s  t h e  - 

C,Me, l i g a n d  a t  C(3)  and C(31)  and b i s e c t s  t h e  a n g l e s  I ( 1 ) - R e - I ( 2 )  and C ( 1 ) -  

Re-C(2). I n  2 i t  b i s e c t s  C ( 5 )  and C(51)  and bo th  o f  t h e  Re-Br bonds.  

4.3.1 Rhenium C o o r d i n a t i o n  

The rhenium (111) atoms ' a r e  s e v e n  c o o r d i n a t e  i f  t h e  Cp* group  is 

c o n s i d e r e d  as a  t h r e e  c o o r d i n a t e  monoanion and t h e  o v e r a l l  geometry is t h a t  

o f  a t y p i c a l  four - l egged  piano s t o o l  CpXML, complex15o. The Re-C(C0) bond 

l e n g t h s  f o r  b o t h  compounds a r e  i n  t h e  r a n g e  1.9-2.08 t h a t  we have observed  

i n  c ~ R ~ ( C O ) , ( ~ ~ - C , P ~ , )  and CpRe(C0) , (q2-N,P~ , )  (Chap te r  3 ) .  The Re-Br and 
I 

Re-I bond l e n g t h s  a r e  u n e x c e p t i o n a l .  
/ 

The Re-Cp* ( c e n t r o i d )  d i s t a n c e s  o f  1 . 9 4 5 ( 7 ) 8  and 1 . 9 5 1 ( 9 ) 8  i n  16 and 17  - - 
a r e  i d e n t i c a l  and e v i d e n t l y  i n s e n s i t i v e  t o  t h e  d i f f e r i n g  c i s - a n d  t r a n s -  

a r rangements  of t h e  c a r b o n y l  and h a l i d e  b a s a l  l i g a n d s  i n  t h e  two s t r u c t u r e s .  

- Examinat ion o f  t h e  i n d i v i d u a l  Re-C bond l e n g t h s  t o  t h e  Cp* l i g a n d  r e v e a l s ,  

however,  d i f f e r e n c e s  i n  16 and 17. The i n d i v i d u a l  Re-C bonds i n  17 v a r y  - - - 
from 2 . 2 5 ( 2 )  t o  2 . 3 6 ( 2 ) 8  i n  no e v i d e n t l y  r e g u l a r  manner, b u t  i n  - 16 t h e y  v a r y  

s y s t e m a t i c a l l y  i n  a way t h a t  is c h e m i c a l l y  s e n s i b l e  even though o n l y  . 
m m g i n a l l y  i n s i g n i f i c a n t  a t  t h e  l e v e l  of p r e c i s i o n .  The bonds Re-C(5) and 



FIGURE 33 

P r o j e c t i o n  on to  t h e  Cp* p lane  of ( 1 6 )  and (17) - 





Re-C(6) a r e  long  a t  2 .37 (2 )  and 2 .41 (2 )8 ,  Re-C(4) and Re-C(7) i n t e r m e d i a t e  

a t  2 .26 (2 )8  and Re-C(3) t h e  s h o r t e s t  a t  2 .20 (2 )8 .  With r e f e r e n c e  t o  t h e  

p r o j e c t i o n  i n  F igu re  33, i t  can be seen  t h a t  t h e  l ong  Re-C bonds a r e  

' o p p o s i t e 1  o r  pseudot rans  t o  t h e  two CO groups,  wh i l e  t h e  s h o r t e s t  is 

' o p p o s i t e '  t h e  i o d i d e  l i g a n d s .  The asymmetry t h e r e f o r e  fo l l ows  a  p a t t e r n  

t h a t  would be expected cons ide r ing  t h e  T-acceptor  p r o p e r t i e s  possessed by CO 

l i g a n d s  but  not  by i od ide .  The CO l i g a n d s  withdraw T-e l ec t ron  d e n s i t y  and 

d imin ish  t h e  T -con t r ibu t ion  t o  t h e  Re-C(Cp*) bonds t r a n s  t o  them thereby  

r e s u l t i n g  i n  l eng then ing .  The asymmetry p a t t e r n  a l s o  can be i n t e r p r e t e d  a s  

a  t i l t  of t h e  Cp* r i n g  away from t h e  bulky iod ide  l i g a n d s .  Hoffmann 50 has  

sugges ted  t h a t  a  degree of  t i l t i n g  of t h e  Cp r i n g  obse rvab le  i n  some CpML, 

compounds is accountab le  by i n t e r a c t i o n s  i nvo lv ing  6 o r b i t a l s  of t h e  meta l  

and Cp l i g a n d .  I n  e s sence ,  i t  appears  t h a t  ( i n  p r o j e c t i o n )  t h e  e c l i p s i n g  of 

a  M-C(Cp) bond wi th  a  M-L bond r e s u l t s  i n  a  s l i g h t l y  l ong  M-C(Cp) bond 

l e n g t h ,  whereas when a  M-C(Cp) bond is s t agge red  between t h e  M-L bonds, i t  

is s h o r t .  It  is  p o s s i b l e  t h a t  .such an e f f e c t  a l s o  c o n t r i b u t e s  t o  t h e  

p a t t e r n  of  Re-C(Cp*) bond l e n g t h s  observed h e r e ,  but  i t  must be po in ted  o u t  

t h a t  i n  cis-CpnRe(CO),I, (16)  - none of  t he  Re-C(Cp*) is e x a c t l y  e c l i p s e d .  
/ 

Never the l e s s ,  i t  is t r u e  ( F i g .  30) t h a t  t h e  longer  bonds t h a t  occur f o r  Re- 

C(5)  and Re-C(6) a r e  t h e  ones most n e a r l y  e c l i p s e d  by t h e  Re-I bonds, wh i l e  

t h e  s h o r t e s t  (Re-C(3)) i s  t h e  most s t a g g e r e d  one. I n  trans-CpnRe(CO),Br2 

(17)  - e c l i p s i n g  does occu r ,  but  no s i g n i f i c a n t  s t a t i s t i c a l  v a r i a t i o n  of t h e  

Re-C(Cp*) bond l e n g t h s  is observable .  

The C-0 bond l e n g t h s  is - 17 a r e  i n  t h e  expected range of 1 . l o -1 .15 (2 )8  

y f o r  meta l  carbonyl  groups ,  but  abnormally s h o r t  va lues  (0 .85 (3 )  and 

1 .03 (3 )8 )  were ob t a ined  f o r  16. These unusua l ly  s h o r t  d i s t a n c e s  a r e  - 
a t t r i b u t e d  t o  t h e  1-2% d i s o r d e r e d  i o d i n e  atom e l e c t r o n  d e n s i t y  c o n t r i b u t i o n s  



i n  t h e s e  r e g i o n s ,  c aus ing  t h e  apparen t  sho r t en ing .  The C ( l  )-Re-C(2) a n g l e  

i n  - 16 is 78.5(10)O compared w i t h  t h e  e s t ima ted  value of 80•‹ from t h e  

149 i n f r a r e d  v(C0) i n t e n s i t i e s  . The I(2)-Re-C(1)  and I(1)-Re-C(2)  a n g l e s  a r e  

both equa l  a t  75.4(7)O however t h e  t r a n s  ang le s  I (1)-Re-C(1)  and I(2)-Re-  

C(2)  a r e  no t  e q u a l ,  be ing  129.5(7)  and 122.4(61•‹ r e s p e c t i v e l y ,  a l t hough  i t  

would appear from t h e  (pseudo)symmetry of t h e  molecule (F ig .  33) t h a t  t h e  

two angles  should be equa l .  The C(1)-Re-C(2) i n t e rbond  a n g l e  i n  - 17 is 

104.3(61•‹ s u b s t a n t i a l l y  l e s s  than t h a t  e s t ima ted  115O, from t h e  v(C0) 

i n t e n s i t i e s 1 ' 1 9 .  The Br(1)-Re-Br(2) a n g l e  is 138.9(71•‹ and t h e  Br-Re-C 

ang le s  a r e  a l l  very  s i m i l a r  w i th  t h e  average of 77 .6 (3 )  O .  These Br-Re-C 

ang le s  a r e  l a r g e r  than  t h e  I-Re-C c i s  ang le s  i n  16 (75 .3(7)O)  and is - 
a t t r i b u t e d  t o  t h e  r e p u l s i o n  between t h e  mutua l ly  c i s  i o d i n e  atoms 

c o n t r a c t i n g  t h e  I-Re-C c i s  a n g l e s .  

4.3 ..2 The Pentamethylcyclopentadi  enyl  Ligand 

The C-C bond l e n g t h s  i n  t h e  Cp* l i g a n d s  i n  16 and 17 a r e  s i m i l a r  and - - 
normal ranging  from 1 .38 (2 ) -1 .46 (3 )8  f o r  t h e  r i n g  carbons and 1 .48(3) -  

1 .56 (3 )8  f o r  t h e  C(r ing)-C(methy1)  d i s t a n c e s .  The carbon atoms of t h e  r i n g  

form well  def ined  p lanes  ( x 2  va lues  = 1.71,  1 .14)  and t h e r e  is no s y s t e m a t i c  

d i s t o r t i o n  from t h i s  p l a n a r i t y  a s  was observed f o r  ( c , M ~ , ) c o ( c o ) . ~ ~ ~ .  The 

methyl s u b s t i t u e n t s  a r e  a l l  d i sp l aced  from t h e s e  p lanes  i n  a  d i r e c t i o n  away 

from t h e  Re atom wi th  average d e v i a t i o n s  of 0 .18 (2 )8  i n  16 and 0 . 1 7 ( 2 ) 8  i n  

A survey  by ~ a h 1 '  48 of  va r ious  pentamethylcyclopentadienyl-metal  

complexes r evea l ed  t h i s  type  of displacement  t o  be g e n e r a l ,  w i t h  average  

d e v i a t i o n  r ang ing  from 0.0378 t o  0.2058. I n  - 17 t h e r e  a r e  a d d i t i o n a l  

f e a t u r e s  t o  n o t e ,  which a r e  t h a t  t h e  methyl carbon d e v i a t i o n s  conform t o  t h e  



d i sp l ayed  by t h e  methyl groups C ( 3 l ) ,  C ( 5 l  ) and C ( 7 l )  t h a t  a r e  c l o s e s t  t o  

e c l i p s i n g  t h e  bromine p o s i t i o n s  i n  p r o j e c t i o n  ( F i g .  33 ) .  Thus, t h e  r e l a t e d  

p a i r  C ( 4 l )  and ~ ( 6 1  ) show very  smal l  d e v i a t i o n s  (+0.048 and +0.088)  wh i l e  

t h o s e  of t h e  p a i r  C(3l ) and C (71 ) a r e  much l a r g e r  (+0.248 and + O .  288) and 

t h a t  of C ( 5 l )  i s  + O .  198. I n  16 t h e  methyl carbon d e v i a t i o n s  a l s o  conform t o  - 

t h e  mir ror  symmetry, bu t  C(4l )-C(7l a l l  have s i m i l a r  d i sp lacements  of ca .  - 
0.14-0.198 whi le  t h a t  of t h e  unique methyl group C ( 3 l )  i s  l a r g e r  a t  0.288. 



APPENDIX A 

X-RAY STRUCTURE OF ( p-Cl) , O s  ( C O )  

A .  1  I n t r o d u c t i o n  

A number of X-ray c r y s t a l  s t r u c t u r e s  have been performed on triosmium 

carbonyl  c l u s t e r s  of  t h e  g e n e r a l  formula ( p - H ) ( p - Y ) O s 3 ( C O )  where Y = H ,  

C 1 ,  B r ,  SE t ,  OMe, CHCH=NEt , ,  e t c .  ' 52 ' 53 ' 54 However, only i n  t h e  c a s e  

of t h e  methoxide l i g a n d l  54 h a s  t h e  s e r i e s  ( ! . I - H ) ~ - ~ ( ~ - Y ) ~ - ~ O S ~  ( C O )  , , been 

s t r u c t u r a l l y  c h a r a c t e r i z e d .  I n  o r d e r  t o  complete a  second s e r i e s  of 

compounds, s p e c i f i c a l l y  t h a t  of (p-H)0-2(~-C1)2-00s,(CO)io, we undertook t o  

determine t h e  X-ray s t r u c t u r e  of t h e  miss ing  member of t h i s  s e r i e s ;  

( - C l ) 2 0 s 3 ( C O ) l o .  T h i s  would provide  t h e  f i n a l  l i n k  i n  t h i s  s e r i e s  s o  v a l i d  

m e t r i c a l  comparisons could be made. 

A.2 x-ray Data C o l l e c t i o n  and Ref inement 

A yel low c r y s t a l ,  0.25 x  0.30 x 0.22 mm, was ob ta ined  by 

r e c r y s t a l l i z a t i o n  from hexanes from D r  R . K .  Pomeroy and used f o r  t h e  

d i f f r a c t i o n  s t u d i e s .  Weissenberg and p reces s ion  photographs (Cu r a d i a t i o n )  
/ 

showed t h e  c r y s t a l  t o  be orthorhombic and sys t ema t i c  absences O k l :  k = 2 n + l ,  

h01: 1 = 2 n + l ,  hkO: h  = 2 n + l ,  un ique ly  de f ined  t h e  space  group a s  Pbca. Data 

were c o l l e c t e d  on a  P i cke r  FACS-I d i f f r a c t o m e t e r  (Mo r a d i a t i o n )  with a  s can  

r a t e  of 2O min-l f o r  3.0•‹ 1 2 8  5 45O and a  symmetrical scan  width of (1 .2  + 

0.692tane)O. Peak p r o f i l e  a n a l y s e s  were performed on a l l  r e f l e c t i o n s .  Two 

s t a n d a r d s  were measured a f t e r  every 70 r e f l e c t i o n s  and showed a  smal l  

o v e r a l l  g r adua l  

acco rd ing ly  . 
Absorpt ion 

d e c l i n e  (4%) i n  average  i n t e n s i t y ;  t h e  d a t a  were s c a l e d  

c o r r e c t i o n s  were a p p l i e d  v i a  an a n a l y t i c a l  c o r r e c t i o n  



( t r ansmis s ion  f a c t o r s  0.039-0.070). 2838 r e f l e c t i o n s  out  of a  t o t a l  of 4619 

had I 2 2 . 3 o ( I )  and were regarded  a s  observed. The p o s i t i o n s  of t h e  osmium 

atoms were loca t ed  by MULTAN and t h e  c h l o r i n e ,  carbon and oxygen atoms were 

l o c a t e d  from a s e r i e s  of d i f f e r e n c e  Four ie r  s y n t h e s i s  and i n t e r s p e r s e d  wi th  

l e a s t  squares  ref inement  . 'The me ta l s  and c h l o r i n e  atoms were r e f i n e d  

a n i s o t r o p i c a l l y  and t h e  carbonyl  groups i s o t r o p i c a l l y .  A f i n a l  d i f f e r e n c e  

Four ie r  map r evea l ed  l i t t l e  evidence of an i so t ropy  around t h e  carbonyl  

l i g a n d s .  Computer programs a r e  from re fe rence  64. A summary of t he  c r y s t a l  

d a t a  and c o l l e c t i o n  parameters  a r e  given i n  Table 61, bond d i s t a n c e s  and 

ang le s  i n  Table 62, atom coord ina t e s  i n  Table 63 and a n i s o t r o p i c  thermal  

parameters i n  Table 64. 

A.3 Resu l t s  and Discuss ion  

The c r y s t a l  c o n s i s t s  of d i s c r e t e  molecular u n i t s  of ( p - C l )  , O s ,  ( C O ) ,  , , 
w i t h  no abnormally s h o r t  i n t e rmolecu la r  c o n t a c t s .  The complex c r y s t a l l i z e s  

i n  t h e  space group Pbca wi th  16 molecules per u n i t  c e l l  g iv ing  two - 
independent molecules i n  t h e  asymmetric u n i t .  The two molecules d i d  not  

d i f f e r  s i g n i f i c a n t l y  except  i n  t h e  unbridged 0s-0s d i s t a n c e ,  (Table  65) 
/ 

3.233( 1 ) A  versus  3.260(1 ) A  and i n  t h e  0s-C1-0s ang le ,  82.04(8)  ve r sus  

82.65(8)  O .  No d i so rde r  was apparent  and t h e  o t h e r  bond l e n g t h s  a r e  i n  good 

agreement wi th  each o t h e r .  Only one of t h e  molecules is presented  i n  t h e  

ORTEP view (F ig .  34) a long  wi th  t h e  atom l a b e l l i n g  scheme. 

The molecule has approximate mir ror  symmetry and is based upon a  

t r i a n g u l a r  arrangement of osmium atoms. O s ( 1 )  i s  a s s o c i a t e d  wi th  fou r  

t e rmina l  carbonyl l i g a n d s  and Os(2)  and Os(3)  a r e  l i nked  t o  t h r e e  t e r m i n a l  

carbonyl  l i g a n d s  and a r e  mutual ly br idged by two c h l o r i d e  l i g a n d s .  

The t h r e e  0s atoms e s s e n t i a l l y  d e f i n e  an i s o s c e l e s  t r i a n g l e  w i th  t h e  



F I G U R E  34  

ORTEP Diagram of ( p - C l ) , 0 s 3 ( C 0 ) , ,  





Table 61. Summary of Crystal Data and Collection Parameters for 

compound 

mol. wt . 
a, A - 
b ,  a - 
c, a - 
space group 

cell vol., A3 

z - 
p (calcd) g c - ~  

p (obsd3 g 

p (~0%) cm-l 

transmission factors 

total reflections, measured 

total reflections, I > 2.3a(I) - 
data limits (deg) 

final R 

final Rw 

C 1  0~~20100s 3 

921.61 

25.580(8) 

22.832(6) 

12.036(3) 

Pbca 

7029.5 

16 

3.483 

3.25 

217.0 

0.039-0.070 
i 

4619 

2838 

3, 45 

4.1 

4.9 



Table 6 2 .  Bond Dis tances  ( 8 )  and Angles (deg) f o r  O S ~ ( C O )  10C12 (2) 

Bond Lengths 



Table 62 (Cont'd) 

Bond Angles 



Atom 

T a b l e  6 3 .  Atom C o o r d i n a t e s  ( x  l o 4 )  f o r  0 s  3 ( C ~ )  10C1 2 



Table 63 (Cont'd) 

Atom - 



Table 63 (Cont'd) 

* Anisotropic thermal parameters are found in Table 60. 



2 
Table 64. Anisotropic Thermal Parameters ( a 2 x  10 ) for 

[(,.L-cl~20s3(~o)10] 



ang le  a t  t h e  unique osmium, O s ( 2 ) - 0 s ( l ) - 0 s ( 3 ) ,  being 69.04(3)  O ,  wh i l e  t h e  

ang le s  def ined  by O s ( l ) - 0 s ( 2 ) - 0 s ( 3 )  and Os(1) -Os(3) -0s(2)  a r e  55 .56(3)  and 

55.39(3)O r e s p e c t i v e l y  ( i n  t h e  second molecule t h e  corresponding osmium 

angles  a r e  69 .83 (4 ) ,  55.13(3)  and 55.04(3)  O ) .  This  compares'52 w i t h  t h e  

' c l o s e  t o '  e q u i l a t e r i a l  t r i a n g l e  found f o r  t h e  t h r e e  osmium atoms i n  

(p-H) ( p - C l ) O s , ( C O ) , ,  and t h e  i s o s c e l e s  t r i a n g l e  notedl5I  f o r  (p-H)  , O S , ( C O ) ~ ~ .  1 
I n  t h e  former t h e  ang le  a t  t h e  unique osmium is  60.32(2)O whi le  i n  t h e  

l a t t e r  t h e  same ang le  is 56.93(41•‹.  This  is a  c l e a r  demonstrat ion of t he  C 1  1 

l i g a n d s  pushing the  two bridged osmium atoms f u r t h e r  a p a r t  wi th  a  

concommitant i n c r e a s e  i n  t h e  ang le  a t  t h e  unique osmium. 

The d ibr idged  osmium-osmium d i s t a n c e  i n  18 is 3 .233(2)8  (and 3 .260(2)8  - 

i n  t h e  o the r  molecule) .  A s  shown i n  Table 65, a s  t h e  b r idg ing  hydr ide  is  

r ep laced  by b r idg ing  c h l o r i d e  l i g a n d s  the  corresponding 0s-0s vec tor  

i n c r e a s e s  s i g n i f i c a n t l y .  This  i n c r e a s e  i n  t h e  0s-0s s e p a r a t i o n  r e f l e c t s  t h e  
I 

decrease  i n  0s-0s bond o rde r  from 2  i n  ( p - H ) , O s , ( C O ) , ,  t o  1 i n  

( ~ - H ) ( ~ - C ~ ) O S , ( C O ) ~ ,  t o  0  i n  ( ~ - C ~ ) , O S , ( C O ) , ~ .  A p a r a l l e l  i n c r e a s e ,  

a l though not  a s  l a r g e ,  was found f o r  t h e  (p-H),,(p-H)(p-OMe) and (~-0Me)z  

s e r i e s 1 5 4 .  However, no i n c r e a s e  was noted f o r  t h e  non-bridged 03-03 

d i s t a n c e s  i n  t h e  methoxide s e r i e s  but a  s u b s t a n t i a l  i n c r e a s e  is obse r i ed  i n  

t h i s  l e n g t h  , 2.815(1) t o  2.833(1)  t o  2 .852(2)8 ,  f o r  t h e  s e r i e s  

The b r idg ing  C 1  atoms a r e  bound t o  t h e  triosmium core  wi th  an average 

bond l e n g t h  of 2 .463(3)8  (2 .468(3 )8  i n  molecule 2)  an; 0s-C1-0s ang le  of 

82 .04(8) ' .   he 0s-C1-0s angle  is l a r g e r  than  foundl5'  w i th  ( W - H )  (p-C1)  a s  

b r idg ing  l i g a n d s  a t  70.83(9)O but t h e  0s-C1 bond l e n g t h s  a r e  s i m i l a r .  The 

a c u t e  value of t h i s  ang le  , is symptomatic of t h e  presence of metal-metal 
/ 

bonding and t h e  l a r g e r  ang le  observed i n  - 18 is c o n s i s t e n t  wi th  no metal- 



Table  65. Dis tances  ( A )  and Angles (deg) Within t h e  Complexes 

(p-H)20s3(C0)10, (p -H) (p -C1)0s~(C0)1~  and 

(p-C1)20s3(Co)10 

Bridged 0s-0s 

Non-bridged 0s-0s ( av )  

a Ref. 

Ref.  

This work; molecule 1, molecule  2. 



The carbonyl  groups a r e  i n  both a x i a l  and e q u a t o r i a l  p o s i t i o n s  but 

because of t h e  e r r o r s  on t h e  0s-C and C-0 bond l e n g t h s ,  no c l e a r  d i s t i n c t i o n  

is p o s s i b l e  i n  t h e  p re sen t  s t r u c t u r a l  de te rmina t ion .  

The p re sen t  s t r u c t u r a l  a n a l y s i s  completes t h e  i n v e s t i g a t i o n  of  

(p-H)o~2(~Cl)2-00s3(CO)10, complexes provid ing  t h e  f i n a l  l i n k  s o  t h a t  v a l i d  

m e t r i c a l  comparisons could be made. 
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APPENDIX B 

COLLECTION AND TREATMENT OF THE X-RAY DIFFRACTION DATA 

B . l  Organiza t ion  

The X-ray d a t a  o f  t h e  compounds comprising t h i s  i n v e s t i g a t i o n  were 

c o l l e c t e d  on two d i f f e r e n t  d i f f rac torne te ra ,  a  Picker  FACS-I and an Enraf 

Nonius CAD-4. The d a t a  c o l l e c t e d  on t h e  P icker  d i f f r a c t o m e t e r  were so lved  

and r e f i n e d  on a  PDP 8 / e  computer and t h e  d a t a  c o l l e c t e d  on t h e  Enraf-Nonius 

d i f  f rac tometer  were so lved  and r e f i n e d  on a  VAX 1 1-750 computer,  bo th  

u t i l i z i n g  t h e  NRC c r y s t a l  s t r u c t u r e  package a p p r o p r i a t e  f o r  each 

computer 6 4 y 6 5 .  Since  t h e  d i f f r a c t o m e t e r s  used,  and thus  t h e  c o l l e c t i o n  of  

d a t a  (and t o  a  l e s s e r  e x t e n t  t h e  ref inement  of t h e  s t r u c t u r e s )  a r e  no t  / 

i d e n t i c a l  f o r  every  s t r u c t u r e  i n v e s t i g a t e d ,  a  s h o r t  account s p e c i f i c  t o  each 

determined s t r u c t u r e  is inc luded  i n  t h e  r e l e v a n t  s e c t i o n  of  t h e  t h e s i s .  

Many of  t h e  s p e c i f i c  d a t a  c o l l e c t i o n  parameters  a r e  t a b u l a t e d  i n  t h e  

a p p r o p r i a t e  s e c t  ion .  
/ 

B.2 Pre l iminary  I n v e s t i g a t i o n  

S i n g l e  c r y s t a l s  were mounted wi th  epoxy cement e i t h e r  on t h e  end of a  

t h i n  g l a s s  f i b r e  o r  i n  an a p p r o p r i a t e l y  s i z e d  Lindemann g l a s s  c a p i l l a r y  w i th  

t h e  major morphological  a x i s ,  where p o s s i b l e ,  p a r a l l e l  t o  t h e  f i b r e .  Copper 

r a d i a t i o n  was used t o  o b t a i n  o s c i l l a t i o n  photographs on a l l  compounds and 

many ( s e e  i n d i v i d u a l  s e c t i o n s )  a l s o  had zero  and upper l e v e l  Weissenberg and 

o s c i l l a t i o n  photographs taken s o  a s  t o  o b t a i n  t h e  approximate c e l l  

parameters  and c o r r e c t  space group. 



C r y s t a l s  mounted on t h e  P icker  FACS-I were o p t i c a l l y  cen te red  and 

s t r o n g  r e f l e c t i o n s  wi th  x c l o s e  t o  0 • ‹ ,  and sepa ra t ed  i n  @ by 

approximately 90•‹ ,  were indexed us ing  t h e  photographic informat ion .  Twelve 

of t h e  s t r o n g e s t  r e f l e c t i o n s  having 20 > 20•‹ (and t h e i r  F r e i d e l  e q u i v a l e n t s )  

we l l  spread  over a  l a r g e  a r e a  of r e c i p r o c a l  space were used f o r  t h e  l e a s t -  

squares  ref inement  of t h e  c e l l  and o r i e n t a t i o n  parameters .  

C r y s t a l s  mounted on t h e  Enraf-Nonius CAD-4 were o p t i c a l l y  cen te red  and 

25 r e f l e c t i o n s  were found by t h e  au tomat ic  SEARCH r o u t i n e .  Weak r e f l e c t i o n s  

were manually d i sca rded  and a  wide a r e a  of r e c i p r o c a l  space was sampled. 

The r e f l e c t i o n s  were cen te red  us ing  an automatic  c e n t e r i n g  program, SETANG, 

and t h e  c e l l  and o r i e n t a t i o n  parameters were then c a l c u l a t e d .  

The d e n s i t y  of t h e  c r y s t a l s  used f o r  t h e  X-ray work was determined by 

f l o t a t i o n  of t he  c r y s t a l  i n  t h e  a p p r o p r i a t e  s o l v e n t  mixture .  

B.3 Data C o l l e c t i o n  - 

Data on t h e  P icker  FACS-I were c o l l e c t e d  us ing  g r a p h i t e  monochromated 

Mo-Ka r a d i a t i o n  ( A  = 0.70938) a t  a  t akeo f f  angle  of a O ,  and a  s c i n t i l l a t i o n  

d e t e c t o r  w i th  pulse  he ight  a n a l y s i s .  A symmetrical 8-20 scanning  mode was 

employed, t h e  scan being from below K a l  i n  20 t o  above K a l  w i th  a  margin 

dependent on t h e  mosaic spread  of t h e  p a r t i c u l a r  c r y s t a l  and an allowance 

f o r  d i s p e r s i o n .  S t a t i o n a r y - c r y s t a l  s t a t i ona ry -coun te r  background counts  

equal  t o  10 seconds were recorded a t  both limits of t he  scan .  The 

a p p r o p r i a t e  20 l i m i t  f o r  da t a  c o l l e c t i o n ,  t h e  scan width and measurement of 

s t anda rds  a r e  noted i n d i v i d u a l l y  f o r  each compound. 

Data on t h e  Enraf-Nonius CAD-4 were c o l l e c t e d  us ing  g r a p h i t e  

monochromated Mo-Ka r a d i a t i o n  a t  a  t akeo f f  ang le  of 4O ( f o r  CpRe(CO),(C,Ph,) 

( 1 1 )  - a  t akeo f f  ang le  of 3.5O was used) .  An w-20 scanning  mode was employed 



scanning  symmetr ical ly  above and below t h e  weighted mean f o r  MoKa wi th  

allowance made f o r  d i s p e r s i o n  c o r r e c t i o n s .  The background was c a l c u l a t e d  by 

ex tending  t h e  scan by 25% on each s i d e .  A prescan was f i r s t  conducted by 

scanning  through t h e  r e f l e c t i o n  a t  high speed (5•‹-100/min) and i f  t h e  

r e f l e c t i o n  was s t r o n g  ( 2  25 o r  30 ~ ( 1 ) )  no f u r t h e r  measurements were made. 

I f  t h e  r e f l e c t i o n  was weak (5 1 . 5 a ( I ) )  i t  was r e j e c t e d  and when t h e  

r e f l e c t i o n s  were in t e rmed ia t e  t hey  were remeasured a t  a  s lower scan  speed 

accord ing  t o  t h e  equat ion:  

N P I  = NPIPRE x [ u ( p r e ) / u ]  2 

where N P I  = f i n a l  scan 

NPIPRE = prescan 

o ( p r e )  = prescan  

speed parameter 

speed parameter ;  scan  speed = 16.48/NPIPRE (O/min) 

acceptance parameter 

a  = t h e  o ( I ) / I  r e q u i r e d  f o r  f i n a l  scan 

A minimum speed NPI(max) was determined by t h e  maximum t ime s e t  f o r  a  scan 

and i f  the  c a l c u l a t e d  NPI  > NPI(max), t h e  f i n a l  scan was done us ing  

NPI(max). 

B.4 S t r u c t u r a l  Determinat ions 

The d a t a  were co r r ec t ed  f o r  Lorentz ,  p o l a r i z a t i o n  and abso rp t ion  

e r r o r s  '55 ' 56 ( u s i n g  e i t h e r  a n a l y t i c a l  c o r r e c t i o n s  or  emperical  $ scans  ) . 
The heavy atoms were l o c a t e d  by d i r e c t e d  methods or  by s o l v i n g  a  t h ree -  

dimensional P a t t e r s o n  map. Non-hydrogen atoms were l o c a t e d  from a s e r i e s  of 

d i f f e r e n c e  Four i e r  s y n t h e s i s  i n t e r s p e r s e d  wi th  l ea s t - squa res  re f inement .  

I s o t r o p i c  thermal  parameters  were used i n i t i a l l y  f o r  s e v e r a l  cyc l e s  and any 

a n i s o t r o p i c  thermal  parameters t h a t  were in t roduced  had t h e  form 



e ~ ~ { - 2 ~ ' ( ~ , , h ' a * ~  + U22k2b*2 + u ~ , ~ ' c * '  + 2U12hka*b* + 2U,,hla*c* + 

2U2, k lb*c*)  } . A l l  hydrogen atom p o s i t i o n s  were c a l c u l a t e d  g e o m e t r i c a l l y  

w i t h  C-H bond l e n g t h s  and i s o t r o p i c  t h e r m a l  p a r a m e t e r s  a s  n o t e d  f o r  each 

i n d i v i d u a l  s t r u c t u r e .  The w e i g h t i n g  scheme used i n  t h e  l e a s t  s q u a r e s  Cyc les  

was of t h e  form w = I / ( O F  + nF 2 ,  and n  was de te rmined  by min imiz ing  t h e  
-0 -0 

a v e r a g e  

i n d i c e s  

F II/1 I -C - 

2  IW( ~ F ~ I  - I F  I ) a s  a f u n c t i o n  of ( s i n  % ) / A ,  lrol and 
- -C - - 

. The f i n a l  d i s c r e p a n c y  i n d i c e s ,  t h e  r e s i d u a l  R = (11 

Miller 

- 
I F  ) ,  t h e  we igh ted  r e s i d u a l ,  Rw = [1w(lEo1 - F  I ) ~ / ~ w ~ F  l a ] ' / *  and  
-0 - - I -C -0 - 

t h e  goodness  of  f i t ,  GOF = [ I w ( I $ I  - F  1)2/ (m-n)]1/2-are  quo ted  f o r  e a c h  I -C - - 
c r y s t a l  s t r u c t u r e .  Atomic s c a t t e r i n g  f a c t o r s  a r e  t a k e n  from r e f e r e n c e  157 

and i n c l u d e d  c o r r e c t i o n s  f o r  anomalous d i s p e r s i o n .  
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L I S T I N G  O F  T H E  O B S E R V E D  AND 

C A L C U L A T E D  S T R U C T U R E  F A C T O R S  



O B S E R V E D  AND C A L C U L A T E D  

S T R U C T U R E  FACTOR L I S T I N G S  FOR 

C p N i C o F e ( C O ) , ( P P h , ) ( C , P h , )  
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STRUCTURE FACTOR L I S T I N G S  FOR 
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