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Abstract: S t ruc tures  of t he  t e t r ahed ra l  c l u s t e r  t r a n s i t i o n  metal hydride 

complexes HFeCo3 (CO) (P (OCH3) 3) and H3Ni4 (C5H5) have been inves t iga ted  

by low-temperature neutron d i f f r a c t i o n  techniques. Both complexes have approximate 

C3v synnnetry. I n  H F ~ C O ~ ( C O ) ~ ( P ( O M ~ ) ~ ) ~  the  hydride l igand is  found outs ide 

t h e  FeCo c lus t e r ,  0.978 (3) from the  Co face,  and e s s e n t i a l l y  on the  molecular 
3 3 

three-fold ax i s ,  t r i p l y  bridging the  cobal t  atoms. Mean dis tances i n  the 

e lus  ter a r e  Co-Co 2.489 (7) ,  Ca-Fe 2.559 (2), Co-H 1.734(4) %. I n  H3Ni4 (Cp) 

the  three  hydride l igands a r e  face-bridging, and t h e i r  mean displacement 

from t h e  faces of t h e  c l u s t e r  is  0.90(3) 2. The H3Ni4 core may be  envisaged 

a s  a d i s t o r t e d  cube, wi th  one ver tex  unoccupied. Mean dis tances a r e  
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N i - N i  2.464(6), ' N i - H  1.691(8), H w * - H  2.316(6j 2. The observed geometries 

of t h e  two c l u s t e r s  considered h e r e  suggest  a p l a u s i b l e  model f o r  chemi- 

s o r p t i o n  .of hydrogen on 1111) f a c e s  of cubic  ,and' (001) f a c e s  of hexagonal 

close-packed meta l s ,  i n  which hydrogen atoms a r e  l o c a t e d  approximately 1 2 

above t h e  c e n t e r s  of t r i a n g l e s  of metal  atoms. 



In t roduc t ion  

A v a r i e t y  of f a c t o r s  c o n t r i b u t e  t o  , t h e  g r e a t  c u r r e n t  i n t e r e s t  i n  a 

polynuclear  metal  hydr ide  complexes. These inc lude  t h e  novel  geometries 

found i n  t h e s e  systems and t h e i r  use fu lness  a s  models f o r  t h e  bonding of 

hydrogen t o  meta l s ,  such a s  may occur i n  c a t a l y s i s  (1) o r  hydrogen-storage 

a p p l i c a t i o n s  (2). A comprehensive review of t h e  s u b j e c t  of metal  hydr ide  

complexes, i n  which polynuclear  s p e c i e s  a r e  included,  h a s  been publ ished 

by Kaesz and S a i l l a n t  (2). 

D i r e c t  l o c a t i o n  of hydr ide  l igands  i n  metal  complexes by X-ray 

d i f f r a c t i o n  may be  d i f f i c u l t ,  e s p e c i a l l y  i n  the  case  of b r idg ing  hydr ides  

a  commonly occur r ing  i n  polynuclear  systems. X-ray d i f f r a c t i o n  s t u d i e s  

cannot,  i n  any event be expected t o  provide M-H bond leng ths  of accuracy 

much b e t t e r  than 20.1 a .  Thus, p r e c i s e  informat ion on geometries of metal  

hydr ide  complexes h a s  depended upon neutron d i f f r a c t i o n . b  I n  t h i s  a r t i c l e  

we b r i e f l y  review some r e s u l t s  of p r i o r  neutron d i f f r a c t i o n  s t u d i e s ,  and 

present new r e s u l t s  f o r  two t e ' t r a h e d r a l  c l u s t e r .  complexes w i t h  face-bridging 

a Severa l  cases  have been repor ted  where t h e  hydride was found s u c c e s s f u l l y .  

For example, Church i l l  and DeBoer haire loca ted  t h e  b r idg ing  hydr ide  i n  

HOs3  (CO) (CHCH2PMe2Ph) (A), whi le  we have used a  Fourier-averaging 

technique t o  l o c a t e  t h e  face-bridging hydrogen atoms i n  H Re (CO) (5). 4 4 12 

The s e n s i t i v i t y  of neutron d i f f r a c t i o n  t o  l i g h t  atoms i n  genera l  and 

hydrogen i n  p a r t i c u l a r  is due t o  t h e  l a r g e  r e l a t i v e  c ross  s e c t i o n s  of these  

atoms, compared t o  those  f o r  X-ray d i f f r a c t i o n .  For example u ( ~ ) / u ( O s )  is 

0.12 f o r  neutrons  and 1.7 x  f o r  X-rays (28 = 0'). Thus t h e  r e l a t i v e  

c o n t r i b u t i o n  of hydrogen i n  a  s t r u c t u r e  conta ining osmium, w i l l  be roughly 

t h r e e  o r d e r s  of magnitude g r e a t e r  i n  neutron than i n  X-ray d i f f r a c t i o n .  



a hydr ide  l igands  : ~ F e c o ~ ( C 0 )  (P (OMe) 3) and H N i  (Cp) 4. These complexes, 
3  4  

3- 2- 
toge ther  wi th  [HITil2(CO) 1 and [H2Ni12(~0)211 (5) , a r e  t h e  only 

2  1 

examples of polynuclear  t r a n s i t i o n  metal  hydr ides  f o r  which s i n g l e - c r y s t a l  

neutron d i f f r a c t i o n  d a t a  c u r r e n t l y  a r e  a v a i l a b l e .  b  

P r i o r  Neutron D i f f r a c t i o n  Work on T r a n s i t i o n  Metal 'Hydride Complexes 

The f i r s t  neutron d i f f r a c t i o n  s tudy  of a  t r a n s i t i o n  metal  hydride 

complex w a s  t h a t .  of K2ReH9 (a), repor ted  i n  1964, which showed t h a t  t h e  

[ H ~ R ~ ] ~ -  d i i i o n  forms a  tr i-capped e r i g o n a l  prism, w i t h  a  mean Re-H bond 

d i s t a n c e  of 1.68 (1) 2. This i n v e s t i g a t i o n ,  toge ther  wi th  subsequent X-ray (2) 

and neutron 0 0 )  - d i f f r a c t i o n  s t u d i e s  of HMn (CO) demons'trated unequivocally 5 ' 
t h a t  hydrogen is  a s tereochemical ly  a c t i v e  l igand i n  t h e  l a t t e r  complex and 

t h a t  t e rmina l  M-H d i s t a n c e s  to r respond  t o  those expected f o r  normal covalent  

bonds. More r e c e n t l y ,  a  s u b s t a n t i a l  body of accura te  d a t a  on t e rmina l  and 

b r idg ing  M-H bonds has emerged based on neutron d i f f r a c t i o n  s t u d i e s  of 18 

complexes, l i s t e d  i n  Table I. We have publ ished a  review cover ing t h i s  

work up t o  1976 (z), and r e s u l t s  f o r  polyhydride complexes a r e  discussed 

i n  an accompanying a r t i c l e  ' (a). 
The s t u d i e s  of HMo2 (Cpl2 (C0l4 (PMe2) (u), HW2 (C0l9 (NO) (181, and 

HW (CO) (NO) (P(0Me) ) (19) a r e  of p a r t i c u l a r  s i g n i f i c a n c e  and provide 
2  8  3  

d e f i n i t i v e  evidence t h a t  M-H-M b r idges  a r e  b e s t  descr ibed a s  c losed 

a  
Abbreviations used i n  t h i s  paper a r e  a s  follows: Me: methyl, 

E t  : e t h y l ,  Cp: cyclopentadienyl ,  Ph: phenyl. 

b~ neutron powder d i f f r a c t i o n  s tudy of HNb I has been repor ted  ( I ) .  The 
6  11 

hydr ide  l igand  was l o c a t e d  a t  t h e  c e n t e r  of t h e  oc tahedra l  Nb6 c l u s t e r ,  

s i m i l a r  t o  t h e  s i t u a t i o n  i n  t h e  dodecanickel anions mentioned above, where 

t h e  hydr ide  l igands  occur i n  oc tahedra l  s i t e s  i n  t h e  n i c k e l  framework. 



three-center  bonds, wi th  s i g n i f i c a n t  metal-metal i n t e r a c t i o n  (18). It i s  n o t  

s u r p r i s i n g  t h a t . s u c h  is  t h e  case ,  s i n c e  any metal  o r b i t a l s  of proper  ' 

symmetry t o  i n t e r a c t  wi th  H(1s) w i l l  a l s o  i n t e r a c t  wi th  one ano ther ,  a s  

has  been pointed ou t  by Hof fmann (2). I n  HW2 (CO) (NO) (P (OMe) 3) (Figure 1) 

t h e  W-H-W b r idge  was found t o  be s l i g h t l y  asymmetric, wi th  the  hydride 

l igand  d i sp laced  toward t h e  W(C0)5 group, a s  could be p r e d i c t e d  on 

e lect ron-count ing c o n o i d c ~ a t i o n s .  IL 'IS l i k e l y  t h a t  such asymmetry a l s o  

e x i s t s  i n  HW~(CO) (NO), but  t h e  e f f e c t  c o d d  n o t  be measured, s i n c e  bo th  
9  

c r y s t a l l i n e  forms of t h i s  latter' complex e x h i b i t  d i s o r d e r  w i t h  r o t a t i o n  of t h e  

molecule about the  pseudo two-fold a x i s  pass ing through t h e  hydrogen atom. 

Experimental 

A powdered sample of H F ~ C O ~  (CO) (P   OM^) 3 ) i  was supp l ied  by P r o f .  H. D. Kaesz 

and,Dr .  B. T. Huie of t h e  Univers i ty  of C a l i f o r n i a ,  Los Angeles, and r e c r y s t a l l i z e d  

from a  d ich lorometh~e/d ie thyle ther /hexane  mixture.  S ing le  c r y s t a l s  of 

H N i  (Cp) were supp l ied  by Prof .  J. Miiller of The Technical  Univers i ty  of 
3 4  4 

Ber l in .  Large s i n g l e  c r y s t a l s  of both compounds were a f f i x e d  t o  aluminum 

p ins  and mounted i n  c r y o s t a t s  on an automated four -c i rc le  d i f f rac tomete r  (25,26) 

a t  t h e  Brookhaven High Flux Beam Reactor.  HFeCoj (CO)g (P (OMe) 3) was s t u d i e d  

a t  90 K ,  and H3Ni4(Cp)4 a t  81 K. C r y s t a l  d a t a a n d  exper imental  parameters 

a r e  summarized i n  Table 11. 

For HFeCo3 (CO)g (P (OMe) 3) 3, s t a r t i n g  phases were c a l c u l a t e d  based upon 

t h e  p o s i t i o n s  of non-hydrogen atoms determined from a  p r i o r  X-ray a n a l y s i s  (271, 

and a l l  hydrogen atoms were then l o c a t e d  i n  a  d i f ference-Fourier  s y n t h e s i s .  

I n i t i a l  refinement w a s  c a r r i e d  out  wi th  an automated procedure employing 



d i f f e r e n t i a l - F o u r i e r  syntheses  (28),  - followed by fu l l -mat r ix  l eas t - squares  

2  
based upon F 2 ,  inc lud ing  r e f l e c t i o n s  wi th  F < 0. parameters  were blocked 

0 0 ' 

i n t o  groups o f  z. ,250 and a n i s o t r o p i c  thermal f a c t o r s  used f o r  a l l  atoms. . . 

s a t  i s  f a c t o r y  convergence was achieved,  and a l l  bond d i s t a n c e s  determined 

wi th  p r e c i s i o n  b e t t e r  than 0.004.2. 

For H N i  ( C P ) ~ ,  t h e  i n i t i a l  phasing model cons i s ted  of t h e  n i c k e l  and 
3  4  

carbon atoms, a t  p o s i t i o n s  determined i n  an e a r l i e r  X-ray s tudy  (29,30),  

wi th  cyclopentadienyl  hydrogen atoms i n  c a l c u l a t e d '  p o s i t i o n s .  The hydr ide  

l igands  were l o c a t e d  i n  a  d i f ference-Fourier  s y n t h e s i s ,  and t h e  s t r u c t u r e  

r e f i n e d  by leas t -squares  procedures,  inc lud ing  only r e f l e c t i o n s  wi th  

2  
Fo > 1.50 (Fo ) . The r e l a t i v e l y  high R-values r e s u l t  from t h e  f a c t  t h a t  

a  a l a r g e  f r a c t i o n  of t h e  r e f l e c t i o n s  were measured t o  have very low i n t e n s i t y .  

However, chemically equ iva len t  Loud l eng ths  i n  t h e  H N i  core  agree t o  wi th in  
3  4  

0.04 g. Anisotropic  thermal f a c t o r s  r e f i n e d  t o  q u i t e  l a r g e  va lues  f o r  

c e r t a i n  atoms i n  t h e  Cp r i n g s ,  a s  might be  expected i f  t h e  b a r r i e r  t o  

r o t a t i o n  of t h e  r i n g s  i n  t h e  s o l i d  s t a t e  is assumed t o  be low. 

Resul ts  

H F ~ C O ~ ( C O ) ~  (P (OMe) 3) 3. This complex is found t o  possess  e s s e n t i a l l y  
---.-/-.--- 

. . 

C3v symmetry, wi th  t h e  geometry shown schemat ical ly  i n  Figure  2. Figure  3  

i l l u s t r a t e s  the  molecular s t r u c t u r e  wi th  thermal e l l i p s o i d s  and g ives  t h e  

atomic numbering scheme. The hydr ide  l igand  i s  l o c a t e d  o u t s i d e  t h e  FeCo 
. . 3 

c l u s t e r ,  '0.978(3) a from t h e  Co f a c e ,  t r i p l y  b r idg ing  t h e  r o b a l t  atoms. 
3  

These r e s u l t s  confirm t h e  f ind ings  of Huie e t  a l .  (z), based on t h e i r  X-ray 

a 2  2  
3478 of a  t o t a l  of 5633 unique r e f l e c t i o n s  were observed wi th  F < 30(Fo ).  

0 



d i f f r a c t i o n .  s tudy a t  134 K. The br idging hydr ide  i s  found e s s e n t i a l l y  on 

t h e  molecular three-fold  a x i s ,  a s  i l l u s t r a t e d  i n  Figure 3b. Se lec ted  bond 

d i s tances  and angles  a r e  presented i n  Table 111. 

H N i  ( C P ) ~ .  The s t r u c t u r e  of H N i  ( C P ) ~ ,  shown schemat ica l ly  i n  3 4 --- 3 4 

Figure 4,  c o n s i s t s  of a t e t r a h e d r a l  n i c k e l  c l u s t e r ,  wi th  each n i c k e l  atom 

n-bonded t o  a Cp r i n g .  The t h r e e  hydr ide  l igands  a r e  face-bridging,  a s  

deduced on t h e  b a s i s  of X-ray d a t a  (29;30). ~ i ~ u r e  5 g ives  a close-up 

view of t h e  H N i  core ,  which may be envisaged as  a tr i-capped t e t rahedron ,  3 4 

o r  equ iva len t ly  as  a d i s t o r t e d  cube, wi th  a l t e r n a t e  corners  occupied by 

n i c k e l  and hydrogen atoms and one corner  vacant.  Selected bond d i s t a n c e s  

and ang les  a r e  presented i n  Table I V .  The mean displacement of t h e  hydr ide  

l igands  from t h e  f a c e s  of t h e  N i 4  c l u s t e r  is 0.90(3) 8. 

Discussion 

I n  1968, an unusual s t r u c t u r e  f o r  HFeCo (C0)12 wi th  t h e  hydr ide  l igand  
3 

loca ted  i n s i d e  t h e  cage, was proposed by Mays (s) on t h e  b a s i s  of m a s s  

s p e c t r a l  evidence and e lect ron-count ing cons idera t ions .  However, t h i s  model 

was disproved by the  X-ray work of Huie e t  a l .  on t h e  tris(trimethy1phosphite) 

d e r i v a t i v e  (1?L) , i n  which t h e  hydr ide  l i g a n d  was l o c a t e d  i n  a d i f ference-Fourier  

s y n t h e s i s  and shown t o  b r idge  t h e  Co face .  The p resen t  neutron d i f f r a c t i o n  
3 

s tudy  has allowed d e f i n i t i v e  placement of t h e  hydr ide  l igand  and y ie lded  more 

a c c u r a t e  bond d i s t a n c e s  and angles .  

One mot ivat ion t o  ca r ry  out  a neutron d i f f r a c t i o n  i n v e s t i g a t i o n  of 

H N i  ( C P ) ~  w a s  t o  check the  p o s s i b i l i t y  of d i s o r d e r  of t h e  hydr ide  l igands  
3 4 

over a l l  f o u r  faces  of t h e  N i 4  te t rahedron.  The hydr ides  were n o t  l o c a t e d  



from t h e  X-ray d a t a  (29,30) -- . Rather,  t h e i r  p o s i t i o n s  were i n f e r r e d  from 

t h e  dev ia t ions  of t h e  s t r u c t u r e  from s t r i c t  t e t r a h e d r a l  symmetry. The 

observed Cp(i)-Cn-Cp(j) angles  (Table IV) a r e  d i s t o r t e d  from t h e  t e t r a h e d r a l  

value ,  such t h a t  Cp (2 ) ,  Cp(3) and Cp (4) a r e  bent  away from Cp (1) .  The f a c e  

def ined by Ni(2) ,  Ni(3) ,  and Ni(4) t h e r e f o r e  could be expected t o  be vacant .  

Our neutron r e s u l t s  i n d i c a t e  t h a t  such is  indeed t h e  case ,  t h e r e  being no 

evidence f o r  d i s o r d e r  of t h e  hydr ide  l igands  on t h e  n u c l e a r  dens i ty  maps. 

The metal  c l u s t e r s  i n  HFeCo (CO) (P(0Me) ) and.H N i  (Cp) con ta in  
3 9 3 3 3 4  4 

d i f f e r e n t  numbers of e l e c t r o n s .  The former c l u s t e r  i s  a c losed-she l l  

a 
s t r u c t u r e  (60 e l e c t r o n s ) ,  whi le  t h e  l a t t e r  conta ins  63 e l e c t r o n s  and is 

paramagnetic wi th  S = 312 (3). This paramagnetism could i n  p r i n c i p l e  be 

de tec ted  by neutron d i f f r a c t i o n  w i t h  a polar ized 'beam and e x t e r n a l  magnetic 

f i e l d .  However, such measurements were no t  undertaken, and t h e  e f f e c t s  nf 

paramagnetism on t h e  observed d i f f r a c t i o n  i n t e n s i t i e s  were assumed t o  be 

smal l  and t h e r e f o r e  ignored.  

Mean Co-Co and N i - N i  d i s t a n c e s  observed i n  t h e s e  complexes a r e  very 

c l o s e  t o  in te ra tomic  d i s t a n c e s  a s  determined a t  ambient temperatures  i n  

c o b a l t  and n i c k e l  metals  (Co-Co: 2.489(7) 2 - v s .  2.507 8 i n  a-cobalt  (34) ; 

N i - N i  2.469(6) 8 E. 2.492 8 i n  t h e  metal  (35) ) .  - The mean M-H bond l e n g t h s ,  

a s  w e l l  a s  hydride displacements from M f a c e s ,  a r e  less f o r  n i c k e l  i n  H N i  (Cp) 3 3 4 .  4 

than f o r  coba l t  i n  HFeCo3(C0) (P (OMe) 3) 3. Although t h e  d i f f e r e n c e s  a r e  marginal ly  

s i g n i f i c a n t  w i t h i n  e r r o r  limits (Ni-H 1.691 (8) 8 E. Co-H 1.734(4) 8; 

displacements from plane: N i 3  0.90(3) 8 E. Co3 0.978(3) 8 ) ,  they a r e  

. 

a For a d e s c r i p t i o n  of t h e  e lect ron-count ing procedure a s  app l ied  t o  metal  

c l u s t e r s ,  s e e  re fe rence  (33). 



i n  t h e  expected d i r e c t i o n ,  s i n c e  t h e  covalent  r ad ius  should vary i n v e r s e l y  

wi th  a t o q c  number w i t h i n  a t r a n s i t i o n  s e r i e s .  However, o t h e r  e f f e c t s ,  

such as t h e  number of e l e c t r o n s  i n  t h e  c l u s t e r  may a l s o  in f luence  t h e s e  

dimensions . 
The geometr ies .of  t h e  two c l u s t e r s  considered here  suggest  a p l a u s i b l e  

model f o r  chemisorption of hydrogen on close-packed metals .  Thus hydrogen 

atoms might be placed roughly 1 8 above t h e  c e n t e r s  of t r i a n g l e s  of metal  

atoms, such as  occur on' (111) o r '  (001 1 s u r f a c e s  o f  ccp o r  hcp metals ,  

r e s p e c t i v e l y .  I n  t h i s  model ad jacen t  hydrogen atoms a r e  roughly 1.4 2 
a a p a r t  and t h e r e f o r e  separa ted  h e l l  beyond bonding d i s t a n c e .  Hydrogen 

chemisorbed on metals  is' normally considered t o  e x i s t  a s  atomic hydrogen, 

a s  required by S i e v e r t ' s  law (z). 
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a 
Table I. Transition Metal Hydride Complexes Studied by Neutron Diffraction 
~ ~ ~ . - - - . . - - - 4 - ~ - - . ~ .  . -- . .-... -..-----.....--..-. -.-. .... <.._*.. .-..-, -.-' 

A. Mononuclear B. Binuclear 

+ 
HMn(CO)5 [Et4NI [HC~~(CO) (15) 

HZnN(Me)C2H4N(Me)2 (11) I (ph,p),N]+t~~r, (~0) 

D2Mo(CpI2 (11) HMo2 (CpI2 (CO) 4(PMe2) 

H3Ta(CpI2 (2) H W ~ ( C ~ ) ~ ( N ~ )  (3) 
+ 2- 

K2 [H9Rel (8) HW2 (C0) 8(N0) (P (OMe) 3) (x) 

C. Polynuclear 

a 
Me: methyl, Et : ethyl, Cp: cyclopentadienyl, Ph: phenyl 



Table 11. C r y s t a l  Data and Experimental Parameters 
----------._r.J--Y----~---- 

Space .group 

C e l l  parameters a 

C e l l  Volume 

No. of molecules 
p e r  u n i t  c e l l  (Z) 

Molecular Weight 

Calc . dens i ty  

Absorption c o e f f i c i e n t  (u la  

Wavelength 

Sample volume 

~ a t a  c o l l e c t i o n  temperature 

Data c o l l e c t i o n  l i m i t  (sinB/X) 

No. of r e f l e c t i o n s  used i n  
s t r u c t u r e  a n a l y s i s  

F i n a l  agreement f a c t o r s  
b 

a 
Calcula ted assuming incoherent  s c a t t e r i n g  cross-sect ion f o r  

hydrogen of 40 barn.  



Table 111. Selec ted  Bond Dis tances  and Angles i n  H P ~ C O ~ ( C O )  (P  OM^) )) 3a. 
-.---/-------./---.---. 

Distances  (2) Angles (O) 

Mean va lues  

Co-C ( t e rmina l  CO) 1 ..756 (4) 

Co-C (b r idg ing  CO) 1.953(6) 

Fe-C 1.798(2) 

C-0 ( t e rmina l )  1.147(1) 

C-0 (br idging)  1.165(1) 

Fe-Co (1)-H 89.5(1) 

Fe-Co (2)-H 90.0 (1) 

Fe-Co ( 3) -H 90.0(1) 

Me an 89.8(2) 

Fe-Co(1)-Co(2) 60.6(1) 

Fe-Co (1)-Co(3) 60.8 (1) 

Fe-Co (2)-Co(1) 60.9 (1) 

Fe-Co(2)-Co(3) 61.1(1) 

Fe-Co(3)-Co(1) 61.0(1) 

Fe-Co(3)-Co(2) 61.0(1) 

Me an 60.9(1) 

Mean va lues  

P- CO-H 91.6(39) 

C-CO-H ( t e rmina l  CO) 170.5 ( 14) 

C-Co-H (br idging CO) 83.8(6) 

CO-C-CO 79.2(1.) 

a - 2 4 
Standard dev ia t ions  of mean va lues  a r e  c a l c u l a t e d  a s  (1(xi - X) n(n-1)) , 

where n is  t h e  number of obse rva t ions .  The r e s u l t i n g  dev ia t ions  a r e  t o  be 

regarded a s  rough es t imates  of u n c e r t a i n t y ,  i n  cases  where n = 3 .  



Table  I V .  S e l e c t e d  Di s t ances  2nd Angles i n  H N i  (Cp) a'b 
-.,-/-/-.--.,' .,' " ' . . . . . /. ._ _. , _ _..  , .. , ... 3,  _ 4 _ _  ..-. 4 . . '  .. '._. 

Dis tances  (2) Angles (O) 

~ i ( 2 ) - N i ( 3 )  2.458(3) 

~ i ( 2 ) - N i  (4) 2.454(3) 

~i (3)-Ni(4) 2.47 l ( 3 )  

Mean 2.461 (5) 

O v e r a l l  Mean Values 

Ni-H-Ni  93.9(3) 

H-Ni-H 86.1(6)  

N i - N i - N i  60.0 (2)  

(Table I V  con t inued  on n e x t  page) 



(Table I V  continued) 

Dis tances  (2) 
~ i ( l ) - c p ' ( l )  1.758 (2) 

Ni(2)-Cp(2) , 1.761(2) 

Ni(3)-Cp(3) 1.763(2) 

Ni(4)-Cp (4) 1.764(2) 

Mean 1.763(1) 

Cn-Cp (2) 3.258(2) . 

Cn-Cp (3) 3.262 (2) 

Cn-Cp (4) 3.268 (2) 

Mean 3.263(3) 

Overa l l  Mean Values 

Ni-Ni 2.469 (6)  

Ni-H 1.691(8) 

Ni-Cp 1.762(1) 

Cn- Cp 3.'267(5) 

C-C (Cp r i n g s )  1.408(5) 

C-H 1.076 (8) 
. . 

- - -  

a 
Standard dev ia t ions  of mean va lues  c a l c u l a t e d  a s  i n  Table 111. 

b ~ h e  numbering of Ni(2) and Ni(4) ,  a s  w e l l  as t h e i r  a t t ached  Cp r i n g s ,  

has been interchanged compared t o  t h a t  g iven i n  (30).   his has  been 

done t o  ensure  t h a t  atom numbers i n c r e a s e  upon clockwise rota t ion.when 

viewed along t h e  three-fold  a x i s ,  w i t h  N i  (1) po in t ing  up. 

C Cp = r i n g  c e n t r o i d  

d ~ n  = N i 4  c e n t r o i d  



Figure  Captions 

. Figure  1. Schern&ic view of HW2 (C0) (NO) (P (One) 3) 

Figure  2.  Schematic view of HFeCo3 (CO) (P (OMe) 3) 

Figure  3. Molecular s t r u c t u r e  of HFeCo3 (CO) (P (OMe) ) w i t h  thermal e l l i p s o i d s  9 3 3 

drawn t o  enclose  50 percen t  p r o b a b i l i t y  (2). Methoxy groups have been 

removed f o r  c l a r i t y .  (a)  V i e w  normal t o  t h e  three-fold  molecular a x i s .  

(b) View approximately along t h e  three-fold  a x i s .  

Figure  4. Schematic view of H ' N i  ( C P ) ~ .  
. 3  4 

Figure  5. The H N i  co re  of H N i  ( C P ) ~ ,  drawn with  thermal e l l i p s o i d s  
3 4 3 4 

enc los ing  50 percen t  p r o b a b i l i t y .  ( a )  View approximately along t h e  

three-fold  molecular axis' .  (b) View approximately normal t o  t h e  

Ni(1)-Ni(2) bond. 



. . 
Figure  1 
Neg 11-487-76 



Figure 2 
, Neg # 5-1249-76 

/1 







F i g u r e  4 
Neg # 6-912-77 



Figure 5 
Neg 11 6-1115-77 




