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Interstitial nickel carbonyl clusters 

Giu l  i ano Longoni 

D ipar t imento  d i  Chimica F i s i c a  ed Inorgan ica ,  v i a l e  de l  Risorgimento 4, 
40136 Bo logna , I ta l y  

--- Abs t rac t  - 
c l u s t e r s  o f  general  fo rmula  [Ni12(CO), (p12-E)]'-, where E i s  e i t h e r  a 
d i f f e r e n t  t r a n s i t i o n  metal  atom o r  a main group element o f  s u i t a b l e  s i ze ,  
l e d  t o  i s o l a t i o n  and c h a r a c t e r i z a t i o n  o f  a s e r i e s  o f  new n i c k e l  carbonyl  
c l u s t e r s  c o n t a i n i n g  up t o  44 metal  atoms. Those c o n t a i n i n g  main group 
elements, a l though n o t  necessa r i l y  as i n t e r s t i t i a l  atoms, sys temaz ica l l y  
show icosaheara l  geometries, whereas those i n v o l v i n g  d i f f e r e n t  t r a n s i t i o n  
metals as heteroatoms i n v a r i a b l y  p resent  metal  frameworks r e l a t e d  t o  c l o -  
se-packed metal  l a t t i c e s .  These s t r u c t u r a l  d i f f e r e n c e s  are  o f t e n  t o  
asc r ibe  t o  a s u b t l e  i n t e r p l a y  o f  e l e c t r o n i c  and s t e r i c  f a c t o r s .  

Systemat ic e f f o r t s  t o  syn thes ize  i n t e r s t i t i a l  t r i decanuc lea r  

Ca lcu la t i ons  on bare metal  c l u s t e r s  s y s t e m a t i c a l l y  show t h a t  t h e  most favo rab le  geometries 
f o r  an aggregate o f  twe lve  and t h i r t e e n  metal  atoms r e s p e c t i v e l y  a re  t h e  non-centered ana 
the  centered  icosahedron ( r e f .  1 ) ;  Frameworks r e l a t e d  co t h e  metal  close-packed l a t t i c e s  
should become more favo rab le  o n l y  w i t h  much h igher  n u c l e a r i t i e s  o f  t h e  metal  aggregates. 
Indeed, pseudo-a lka l ine  meta ls  such as go ld  and s i l v e r  g i v e  r i s e  t o  homo-metal l ic  g o l d  and 
b i - m e t a l l i c  s i l v e r - g o l d  
incomplete (e.g. i!-u9L8]'+ ( r e f .  21 and hU11L713 ( r e f .  311, o r  cencereu \e.g.  iAu13L10C1213+ 
( r e f .  4 ) ) ,  o r  mono-,bi- and t r i - d i m e n s i o n a l l y  conaensea icosaheara such as aocumenteo by t h e  

o l e c u l a r  c l u s t e r s  whose geometries i n v a r i a b l y  a re  basea on e i t h e r  

spec tacu la r  s e r i e s  o f  compounds i s o l a t e d  ana cha rac re r i zea  by Teo ( r e f .  5-81 (e .g .  [Ag12Hu13- 
L12C16]mt, [Ag19Au18L12Br11]2t and Ag20Au18L12C114) and Schmid ( r e f .  9,101. 

I n  t h e  f i e l d  o f  t r a n s i t i o n  meral carbonyl  c l u s t e r s  t h e  s i t u a t i o n  i s  l e s s  s t r a i g h t f o r w a r a :  
thus ,  t h e  overwhelming m a j o r i t y  o f  t h e  highly-condensed h i g h - n u c l e a r i t y  c l u s t e r s  u i s p l a y s  me- 
t a l  frames r e l a t e d  e i t h e r  t o  t h e  hexagonal o r  t h e  face-centered  cub ic  c lose  packing ( r e f .  11. 
12) .  The o n l y  no tab le  except ions  are  [Rh12Sb(C0)27]3- ( r e f .  13)  and [ P ~ , , ( C O ) Z ~ ] ~ -  ( r e f .  141, 
which d i s p l a y  pseudo C5 symmetry; however, w h i l e  t h e  metal  framework o f  t h e  former c o n s i s t s  
i n  a very  d i s t o r t e d  icosahedron centerea  by t h e  unique antimony atom, t h e  metal  geometry o f  
t h e  l a t t e r  may be descr ibed as d e r i v i n g  from two i n t e r p e n e c r a t i n g  bicapped pentagonal pr isms. 
The o n l y  o the r  repo r ted  examples o f  i cosahedra l  carbonyl  c l u s t e r s  a re  t h e  non-centered 
[Ni l~(Asi le)2(CO)!d]2- and [N ig (AsPh j3 iC0)15I3-  ( r e f .  151, i n  which r e s p e c t i v e l y  two ana t h r e e  
v e r t i c e s  o f  t h e  icosahedron are  c o n s t i t u t e d  by AsR mo ie t i es .  

lrlost o f  t h e  c l u s t e r  bonding t h e o r i e s  agree i n  i n d i c a t i n g  170 valence e lec t rons  as necessary 
i n  o rder  t o  s t a b i l i z e  bo th  a centered  and a non-centerea doaecanuclear polyhedron, rega ra less  
o f  i t s  i cosaheara l ,  cuboctahedral  o r  ant icuboccahedral  geometry ( r e f .  16-19). Therefore,  t h e  
f a c t o r s  d r i v i n g  t h e  metal  aggregate t o  t h e  cho ice  o f  one o f  t h e  above frameworks are  r a t h e r  
i l l - d e f i n e d .  I n  t h e  a t tempt  t o  ga in  some b e t t e r  understanding o f  t h i s  problem, we have under- 
taken sys temat ic  e f f o r t s  t o  syn thes ize  t r i decanuc lea r  carbonyl  c l u s t e r s  o f  general  fo rmula  
[ N i l z ( ~ 1 2 - E ) ( C O ) n ] Z " .  The main reason f o r  t h e  above cho ice  stems f rom t h e  f o l l o w i n g  conside- 
r a t i o n s :  f irst o f  a l l ,  i t  has been r e p o r t e d  t h a t  t h e  condensat ion o f  two [Ni6(CO)1z]2- u n i t s  
g ives  r i s e  t o  t h e  dodecanuclear [Ni12(C0)21H4-n]n- (n=2,3,4) c l u s t e r s  ( r e f .  20,211, whose 
geometry i s  based on che 3,6,3-D3h s tack  o f  n i c k e l  atoms schemat i ca l l y  represented i n  F igu re  
l a .  It appearea conce ivab le  t h a r  The c e n t r a l  N i b  t r i a n g l e  o f  f requency 2 cou ld  f o r m a l l y  d e r i -  
ve f rom co l l apse  o f  a c e n t r a l  i I i 6  hexagon such as presenc i n  t h e  icosaheura l ,  cuooctahearal  
and an t icuboc tahedra l  polyheara,  r e s p e c t i v e l y  shown i n  F i g .  l b -d ;  r n e  d r i v i n g  f o r c e  f o r  t h i s  
t rans fo rma t ion  cou ld  o r i g i n a t e  f rom t h e  Tendency o f  the metal  aggregate t o  achieve t h e  
h ighes t  poss ib le  metal  connecc iv icy ,  be ing  nor  h inoereu by t h e  s t e r i c  reques t  o f  che carbonyl  
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groups and/or t h e  presence o f  an i n t e r s t i t i a l  atom of s u i t a b l e  s i z e  t o  f i l l  t h e  c a v i t i e s  
o f  t h e  above polyhedra.  Indeed, t h e  metal  frame schematized i n  F i g .  l a  d i sp lays  an average 
metal  c o n n e c t i v i t y  i n te rmed ia te  between those o f  t h e  centered  and non-centered dodecanuclear 
polyhedra o f  F i g .  l b - d .  I t  i s  wor th  ment ion ing  t h a t  c l u s t e r  geometries corresponding t o  those 
shown i n  F i g .  l b  and I d  a re  documented by t h e  a l ready  c i t e d  [Rh12Sb(C0)2713- and [Rh13(C0)24 
H5-,,ln- o r  [ Rh12Pt(C0)24]4- ( r e f .  22,23), r e s p e c t i v e l y .  

(b) ( C )  ( d )  
F i g .  1. The geometry o f  some se lec ted  dodecanuclear c l u s t e r s :  i n te rconver -  

s i o n  i s  r e a d i l y  ob ta ined by s h r i n k i n g  o r  edge-s t re t ch ing  o r  l a y e r  
t w i s t i n g .  

I t  appeared, t he re fo re ,  p o s s i b l e  t o  s t a b i l i z e  po lyhedra  lb -d ,  r a t h e r  than l a ,  by per fo rming  
the condensat ion o f  two iNi6(CO)12]2- mo ie t i es  i n  c o n d i t i o n s  s u i t a b l e  t o  g i v e  r i s e  t o  i n t e r -  
s t i t i a l  d e r i v a t i v e s  o f  general  fo rmula  [N i12 (~12-E) (CO)n ]Z - ,  where t h e  heteroatom E i s  e i t h e r  
a d i f f e r e n t  t r a n s i t i o n  metal  o r  a main group element o f  s u i t a b l e  s i z e  w i t h  t h e  purpose t o  
t e s t  t h e i r  e f f e c t  on c l u s t e r  geometry. As a r e s u l t  o f  t h i s  i n v e s t i g a t i o n ,  we have i s o l a t e d  
and cha rac te r i zed  a s e r i e s  o f  new b i m e t a l l i c  Hi-Rh, N i - I r ,  Hi-Pd, 111-Pt and h e t e r o - m e t a l l i c  
Ni-Ge, Ni-Sn and Ni-Sb carbonyl  c l u s t e r s .  The compounds so f a r  s t r u c t u r a l l y  cha rac te r i zed  
and o f  some re levance f o r  t h e  present  d i scuss ion  a re  c o l l e c t e d  i n  Table 1, together  w i t h  p re-  
v i o u s l y  known species a l ready  r e p o r t e d  i n  t h e  l i t e r a w r e .  

TABLE 1 .  N icke l  carbony l  c l u s t e r s  c o n t a i n i n g  a d i f f e r e n t  t r a n s i t i o n  metal  
atom o r  a main group element ( o t h e r  than carbon) as i n t e r s t i t i a l  
o r  p s e u d o - i n t e r s t i t i a l  atom 

E = t r a n s i t i o n  metal  E=mai n group element 

3- 2- 

3- 2- 

2- 

[Ni6Rh5(C0)21] , ( r e f .  24) [ N i  10Ge(CO) 20] , ( r e f .  25) 

[Ni61rj(CO)17] , ( r e f .  26) [Ni12Ge(C0)22] , ( r e f .  25) 

[NigPt3(CO) H -n]n-, ( r e f .  27) [Ni12Sn(C0)22] , ( r e f .  25 )  

[Ni6Pt6(CO)21] , ( r e f .  28) [i4i13Sb2(C0)24] , ( r e f .  29) 

[ N i  38Pt6( CO )48H6-n] '- , ( r e f .  28,30 1 

21 $- 2- 

' N i  PC, (CO)44] 6- , ( r e f .  28) [N i13Sb2(C0)24]3- , ( re f .  29) 36 4 

As shown 
teroatom 

~ 

i n  Table 1, no t r i decanuc lea r  c l u s t e r  c o n t a i n i n g  a d i f f e r e n t  t r a n s i t i o n  metal  as he- 
has y e t  been i s o l a t e d ;  i n  s p i t e  o f  t h a t ,  a s i g n i f i c a n t  t r e n d  seems t o  emerge. A l l  

t h e  compounas c o l l e c t e d  i n  t h e  l e f t  column of Table 1, which o n l y  i n v o l v e  t r a n s i t i o n  metals,  
g e n e r a l l y  show metal  frameworks r e l a t e d  t o  c l o s e  packed metal  l a t t i c e s .  I n  p a r t i c u l a r ,  t h e  
[Ni12-xPt,(CO)21H4-n]n- d e r i v a t i v e s  adopt t h e  metal  geometry represented  i n  F i g .  l a ,  whereas 
t h e  [ 1 h ~ I r ~ ( C 0 ) ~ ~ ] ~ -  c l u s t e r  represents  a f ragment o f  t h e  above polyhedron, be ing  based on a 
3,3,3 s tack  o f  atoms w i t h  t h e  t h r e e  i r i d i u m  atoms a l l o c a t e d  a t  t h e  v e r t i c e s  o f  t h e  c e n t r a l  
t r i a n g l e .  The s t r u c t u r e s  of t h e  "i3 ~ t 4 ( ~ 0 ) 4 4 1 6 -  and [ l~ i38Pt6(C0)48H6_n ln-  (n=4,5,6) c l u -  
s t e r s  a re  model s o f  t h e  so-cal  1 ed " c t e r r y  c r y s t a l  1 i t e s "  ( r e f .  31 r e s p e c t i v e l y  d e r i v i n g  f rom 
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an incomplete Ni36 te t rahedron  o f  f requency 5 and a complete N i 3 ~  octahedron o f  f requency 3 
encapsu la t ing  a p la t i num k e r n e l ,  

I n  c o n t r a s t  t h e  n i c k e l  c l u s t e r s  c o l l e c t e d  i n  t h e  r i g h t  s i d e  o f  Table 1, and c o n t a i n i n g  main 
group elements as heteroatoms, i n v a r i a b l y  p resent  metal  frameworks d i s p l a y i n g  pseudo C5 sym- 
metry.  Thus, bo th  t h e  [Ni12Ge(C0)22l2- and [Ni12(CO)22J2- d ian ions  show s l i g h t l y  d i s t o r t e d  
icosahedra l  arrangements o f  twe lve  n i c k e l  atoms i n t e r s t i t i a l l y  l odg ing  t n e  unique germanium 
and t i n  atoms, as schemat i ca l l y  shown i n  F i g .  l b ;  acco rd ing l y  t h e  [Ni ,0Ge(C0)2~]2- c l u s t e r  
presents a pentagonal a n t i p r i s m a t i c  geometry which f o r m a l l y  and chemica l l y  de r i ves  f rom t h e  
above polyhedron by l o s s  o f  two oppos i te  v e r t i c e s .  A p o s s i b l e  e x p l a i n a t i o n  f o r  t h e  cho ice  o f  
an icosahedra l  geometry by [Rh12Sb(CO)27]3-, r a t h e r  than t h e  an t icuboc tahedra l  packing choo- 
sen by [Rh13(CO)24H4-nln-, has been r e c e n t l y  suggested by Mingos on t h e  bas i s  o f  EHMO ca l cu -  
l a t i o n s  on a Rh13H36 model ( r e f .  19);  t h i s  a l so  a p p l i e s  t o  t h e  above d e r i v a t i v e s .  

Also t h e  [Ni13Sb2(C0)24ln- (n=2,3,4) c l u s t e r s  c o n t a i n  i cosahedra l  mo ie t i es :  a t  d i f f e r e n c e  
w i t h  those p r e v i o u s l y  descr ibed, these c o n s i s t  o f  Ni10Sb2 icosahedra encapsu la t ing  an unique 
n i c k e l  atom. The f a i l u r e  i n  encapsu la t ing  t h e  antimony atom, which has a s i z e  comparable t o  
t h a t  o f  t i n ,  i s  p robab ly  t o  asc r ibe  t o  i t s  g rea te r  e l e c t r o n e g a t i v i t y  which c o n t r a s t s  a p o s i -  
t i v e  p o l a r i z a t i o n  o f  t h e  atom and t h e  consequent sh r ink ing ,  necessary i n  o rder  t o  be lodgea 
i n  an icosahedra l  c a v i t y .  The two antimony atoms a re  l o c a t e d  on oppos i te  v e r t i c e s  o f  t h e  i c o -  
sahedron and t h e  whole Nil0Sb2 moie ty  may be cons idered t o  behave as a f u l l y  i no rgan ic  d i s t i -  
b ine  b r idge -b ind ing  two N i  (CO)3 fragments.  These compounds, f rom one s ide ,  represent  a d d i t i o -  
na l  examples o f  t h e  growing f a m i l y  o f  " c l u s t e r  l i gands"  a l ready  documented by lower nu l e a r i -  
t y  Fe-P, Fe-As, Fe-Sb and Fe-Bi c l u s t e r s  such as f o r  i ns tance  [HFe3(CO)9rp3-PFe(CO)4}] ( r e f .  
32) and [Fe3(CO) t p  -SbFe(CO)4}2]2- ( r e f .  33).  On t h e  o t h e r  s ide ,  t hey  are  c l o s e l y  r e l a t e d  t o  
t h e  [ N i l " ( A ~ i ~ e ) 2 q c O ~ 1 8 ] ~ -  d e r i v a t i v e ,  t h e  major d i f f e r e n c e  be ing  t h e  absence i n  t h e  l a t t e r  o f  
an i n t e r s t i t i a l  n i c k e l  atom. Once one cons iaers  t h e  i n t e r s t i t i a l  atom s imp ly  as a source o f  
valence e lec t rons ,  whicn i s  common p r a c t i c e  i n  most c l u s t e r  bonding theo r ies ,  t h e  i l i -Sb  spe- 
c i e s  
cessary f o r  an icosahedra l  c l u s t e r .  Nevertheless,  t hey  show comple te ly  normal PI-14 i n t e r a -  
c t i o n s  and, moreover, t h e  i n d i v i d u a l  mo lecu la r  paramezers a re  b a r e l y  a f f e c t e d  by t h e  change 
i n  t h e  number o f  valence e lec t rons ,as  shown by a comparison between t h e  s t r u c t u r e  o f  t h e  a i -  
and t r i - a n i o n .  A f u r t h e r  h i n t  t h a t  t r i decanuc lea r  carbonyl  c l u s t e r s  cou ld  accomodate more 
than 170 valence e l e c t r o n s  stems f rom t h e  r e s u l t s  o f  t h e  r e a c t i o n  o f  carbon monoxide w i t h  a 
quadrupol mass se lec ted  Ni13' mo lecu la r  beam ( r e f .  34).  Indeed, these unexpectedly showed 
fo rmat ion  o f  Ni13(COl21' and Ni13(C0)22' i ons  which had r e s p e c t i v e l y  2 and 4 valence e l e c t r o -  
ns i n  excess w i t h  respec t  t o  t h e  more abundant e l e c t r o n - p r e c i s e  Ni13(CO)2ot i o n .  Even i f  t h e  
s t r u c t u r e  o f  these i o n s  i s  unknown, t h e i r  obse rva t i on  and, above a l l ,  t h e  s t r u c t u r e s  o f  t h e  
Ni-Sb c l u s t e r s  seem t o  imp ly  t h a t  a t  l e a s t  i n  an icosaheara l  c l u s t e r  t h e r e  a re  a v a i l a b l e  
low l y i n g  c l u s t e r  o r b i t a l s  which may become c l u s t e r  valence o r b i t a l s  depending on t h e  na tu re  
o f  t h e  i n t e r s t i t i a l  atom. 

!!- 

c o n t a i n  f rom 8 t o  10 valence e lec t rons  i n  excess w i t h  respec t  t o  t h e  number thought  ne- 

Al though a t  t h i s  stage i t  i s  r a t h e r  unsafe t o  t r y  t o  draw conc lus ions ,  p a r t i c u l a r l y  i n  v iew 
o f  our  f a i l u r e  i n  syn thes i z ing  a w ider  s e t  of c l u s t e r s  be long ing  t o  t h e  s t r u c t u r a l  archetypes 
o f  F ig .  1c-d, i t  appears reasonable t o  suggest t h a t  d i f f e r e n t  conb ina t i on  o f  e l e c t r o n i c  and 
s t e r i c  f a c t o r s  ope ra t i ng  i n  t h e  i n s i d e  o r  a t  t h e  sur face  o f  t h e  m e t a l l i c  core  can e x p l a i n  t h e  
r e s u l t s  so f a r  a v a i l a b l e .  However, t h e  i n t e r p l a y  between these f a c t o r s  o f t e n  appears so 
s u b t l e  and unpred ic tab le  t o  g r e a t l y  hamper c l u s t e r  design. 
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