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Abstract - Recent neutron di f f rac t ion invest igat ions on terminal, bridging and 
triply-bridging metal-hydrogen bonds a r e  reviewed. 

The f i e l d  of m e t a l  hydride complex chemistry has t r ad i t iona l ly  been a poorly-understood area 
in  inorganic chemistry (1). This is so  largely  because of the  d i f f i c u l t i e s  i n  determining 
t h e  presence, and a l s o  t h e  number, of hydrogen atoms i n  such molecules. Because of its weak 
X-ray scat ter ing cross-section the  hydrogen atom is not eas i ly  detected by X-ray methods, 
par t icular ly  when L t  is bonded t o  a metal atom. Thus, i n  the  ear ly  l i t e r a t u r e  there  was 
much confusion about the  geometries of the  simpler metal hydrides such a s  HCo(CO)t+ and 
%Fe(C0I4 (2). The issues  then i n  question were ( i )  whether the  hydrogen atom occupied a 
d i s t i n c t  coordination posi t ion about the metal atom and ( t i )  whether the  metal-hydrogen 
distance was "short" (1.2-1.4 1) or  "long" (=I. 6 %) . In  the  past decade, however, these 
questions have largely been s e t t l e d  through an acctnuulation of crystallographic r e s u l t s  (3) .  
Noteworthy among these a re  the  neutron d f f k a c t i o n  studies of Ibers  and co-workers on 
IIMn(C0)s (4) and those of Ginsberg and co-workers on K2ReH9 (5). It is now known t h a t  ter- 
minal M-H distances generally l ie  i n  the range 1.5-1.7 8, and tha t  the  hydrogen atom does 
exert a signiffcan: influence on the  geometry of the  r e s t  of the  molecule. The s i t u a t i o n  
with bridging hydrogen atoms, however, i s  less c3,ear. When a hydrogen atom i s  s ~ u l t a n e o u s l y  
bonded t o  two o r  more metal atoms, the problems involved i n  detecting i t  with X-ray data  
become more severe, a f a c t  which i s  reflected i n  the r e l a t i v e  paucity of s t ruc tu ra l  r e s u l t s  
on M-H-M linkages (1). This is  unfortunate because there  a r e  many things tha t  one would l i k e  
t o  know concerning the  disposi t ion of the hydrogen atom i n  these systems, such a s  whether the  
M-H-M bond is  inherently l inea r  o r  bent, s y m e t r i c  or  asymmetric. 

I n  t h e  past few years w e  have been heavily involved i n  the  s t ruc tu ra l  characterizat ion of 
metal-hydrogen bonds. Early e f fo r t s  were largely limited t o  t h e  ind i rec t  (6) and d i r e c t  (7) 
locat ion of hydrogen atoms through X-ray d i f f rac t ion  methods, but l a t e l y  we have been turning 
increasingly t o  the use of nentron di f f rac t ion,  which is by f a r  the  bes t  method fo r  ge t t ing  
precise  information on hydrogen positions. The s e n s i t i v i t y  of neutron d i f f rac t ion  t o  l i g h t  
atoms i n  general and hydrogen i n  par t icular  i s  due t o  the large  r e l a t i v e  cross sect ions of 
these atoms, compared t o  those f o r  X-ray diffract ion.  For a hydride complex of a third-row 
t rans i t ion  metal, f o r  example, the  r e l a t i v e  contribution of hydrogen is roughly three  orders 
of magnitude greater  i n  neutron than i n  X-ray diffract ion.  Standard deviations of metal- 
hydrogen bond lengths de ermined by neutroc d i f f rac t ion  typical ly range from 0.002-0.020 1, 
a s  opposed t o  0.05-0.20 1 f o r  X-ray methods. Balanced against these advzntages is the  re- 
quirement of large  c rys ta l  s i z e  (>2mm3), tke attainment of which is  usually a non-trivial 
matter f o r  metal hydride complexes. Additionally, the very f a c t  tha t  only a few ins ta l l a -  
t ions  i n  the world a re  equipped t o  carry out t h i s  type of research limits t h e  general acces- 

. s i b i l i t y  of the technique. 

* Abbreviations used i n  t h i s  paper are a s  follows: Me, methyl; E t ,  e thyl;  nBu, n-butyl; 
Ph, phenyl; Cp, cyclopentadienyl. 
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TERMINAL METAL-HYDROGEN (EI-11) BONDS 

Between 1965 and 1973, Cha t t ,  Shaw, and t h e i r  co-workers repor ted  t h e  s y n t h e s i s  of a s e r i e s  
of very unusual covalent  com~ounds i n  which ~ e v e r a l  hydrogen atoms ( a s  many a s  seven) a r e  
a t t ached  t o  a s i n g l e  meta l  atom (8) :  

. i 

H4kT4 H3ReL4 H20sL4 (L = t e r t i a r y  phosphine) 

L a t e r ,  Tebbe (9) and Ginsberg (10) added t h e  complexes H5Ta(Me2PCH2CH2~~e2)2 and 
[H8Re (PR3) 1- (R=Et, nBu, Ph) r e s p e c t i v e l y  t o  t h e  above l is t .  These polyhydride complexes 
were found t o  b e  remarkable s t a b l e ,  and some were found t o  p a r t i c i p a t e  i n  r a t h e r  s p e c t a c u l a r  
H2/D2 exchange r e a c t i o r s  (11).  The compounds a r e  g e n e r a l l y  c o l o r l e s s  ( o r  p a l e  ye l low) ,  
diamagnetic,  and s o l u b l e  i n  many organic  so lven t s .  The i r  s t r u c t u r e s ,  wi th  a few excep t ions  
(12) ,  #a re  l a r g e l y  unknam. The compounds e x h i b i t  i n t e r e s t i n g  NMR behavior :  t h e  six-coordi-  

i n a t e  complexes a r e  r i g i d ,  t h e  seven- and nine-coordinate complexes are f l u x i o n a l ,  and t h e  
e ight-coordinate  complexes a r e  somewhere i n  between (13).  I n t e r e s t  i n  t h e  s t r u c t u r e s  of 
polyhydride c o m p l e ~ e s  Is der ived no t  only from t h e i r  unusual s to ich iomet ry ,  h igh coord ina t ion  
number and f l u x i o n a l  n a t u r e ,  but  a l s o  from t h e  f a c t  t h a t  t h e  M-H bond, which is f r e e  from 
T-bonding e f f e c t s ,  i s  an e x c e l l e n t  source  of informat ion from which t h e  covalent  r a d i i  of  
t h e s e  elements can b e  cbta ined.  Moreover, a d e t a i l e d  knowledge of t h e  geometr ies  of t h e s e  
h igh ly  hydrogenated c o ~ p o u n d s  could a l low one t o  a s s e s s  how c l o s e l y  hydrogen atoms can pack 
around a s i n g l e  meta l  c e n t e r .  

E a r l i e r  X-ray r e s u l t s  cn  H5Re(PPh3) , H3Re(Ph2PCH2CH2PPh2)2 and mer -Hg  Ir (PPh3) 3 by o t h e r  
groups i n d i c a t e d  geometries c o n s i s t e n t  wi th  t h e  dodecahedron, pentagonal bipyramid and 
octahedron r e s p e c t i v e l y  (12).  These i n v e s t i g a t i o n s ,  toge ther  w i t h  our  X-ray s t u d i e s  of 
fac-H31r (PMe2Ph) g , H 5 1 r  (PEt2Ph) and H7Re(PMe2Ph)2 (vide i n f r a )  , c l e a r l y  revealed t h e  metal-  
phosphine s k e l e t o n  of t h e  molecules b u t  were g e n e r a l l y  unable  t o  l o c a t e  t h e  hydrogen posi-  
t i o n s  unambiguously. To d a t e ,  t h e  only n e u t r a l  monomeric polyhydride complex t h a t  has  been 
c h a r a c t e r i z e d  by neutron d i f f r a c t i o n  is H40s(PMe2Ph), (14). 

f. 

The geometry of H , , O S ( P M ~ ~ P ~ ) ~  (Fig.  1 )  i s  based on a d i s t o r t e d  pentagonal bipyramid wi th  two 
phosphine l i g a n d s  i n  a x i a l  p o s i t i o n s .  The e q u a t o r i a l  H40sP fragment ( F i  . 2) i s  p l a n a r  wi th -  ii in .+O. 012. Os-H d i s t a c c e s  a r e  1.663 (3 ) ,  1.648 ( 3 ) ,  1.644 (3) and 1.681 (3) , and non-bonding 
H.. .H c o n t a c t  d i s t a n c e s  a r e  1. S83(5) , 1.840(6) and 1.909(5)%, The H-Os-H ang les  [67.9(2) , 
69,4(2) and 7 0 . 0 ( 2 ) ~ ]  a r e  somewhat compressed from t h e  normal pentagonal v a l u e  of 72O, due 
t o  t h e  s t e r i c  i n f l u e n c e  of t h e  e q u a t o r l a l  phosp3ine (14). - -. 
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Fig.  1. The pentasonal  bipyramidal Fig .  2. The c e n t r a l  c o r e  of t h e  
- .  

geometry of.H40s(PXe2PhS3. nyarvgen X40s (E1v1e2P11) 3 molecuie , viewed ~io~rila; 

atoms on t h e  methyl and phenyl groups t o .  t h e  H40sP e q u a t o r i a l  p lane.  
have been omitted f o r  c l a r i t y ,  



The s t r u c t u r e  of fac-H3 Ir (PMe2Ph) e x h i b i t s  noncrys ta l lograph ic  three-fold symmetry (L) 
Although t h e  hydr ide  l i g a n d s  have not  been loca ted  i n  t h i s  X-ray s tud  , tile arrangemerlt of 
phosphorus atoms [Lr-P d i s t a n c e s  a r e  2 .296 (31,  2.236(3),  and 2.291(3) 1 ; P-Zr-P ang les  a r e  . 
101.4(1)O, 102.1(1)O, and 99,5(1)0]  l eaves  l i t t l e  doubt t h a t  t h e  geometry of t h e  molecule 
i s  t h a t  of a  t r i g o n a l l y  d i s t o r t e d  octahedron wi th  a  f a c i a l  ( c i s )  arrangement of l i g a n d s .  

. Prel iminary X-rav ~ Q S I I ~ ~ C :  p- u - ~ ~ ! p a + - P h ) ~  slio_oest a ?Pnt -~- - - l  h < ~ ; . ~ 2 - ~ ~ ~ ~ -  y)l-r!~tllre 
.-.J-. 

w i t h  a  l i n e a r  backbone. In c o n t r a s t ,  an X-ray a n a l y s i s  of H7Re(PMe2Ph)% shows a bent  
P-Re-P backbone [ P - ~ e - ~ = 1 4 6 . 9  (1) O ,  ~ e - ~ = 2 . 3 9 6  (4) , 2.395 (4) A], which i s  c o n s i s t e n t  w i t h  a 
t r i capped  t r i g o n a l  p r i smat ic  geometry (z) (15).  

Gent le  p y r o l y s i s  of H ~ R ~ ( P E ~ ~ P ~ ) ~ '  l e a d s  t o  t h e  formation of t h e  deep r e d  complex 
H8Re2(PEt2Ph)~, which is t h e  only dimeric  member 0.f t h e  polyhydride s e r i e s  known t o  exist. 
This  compound was o r i g i n a l l y  r e f e r r e d  t o  a s  an "agnohydride" complex [GRe(PEt2Ph)2]2 by 
Cha t t  and Coffey (8b) ,  who were a t  t h e  t ime unaware of t h e  exac t  number of hydr ide  l i g a n d s  i n  
t h e  molecule. The conf igura t ion  of t h i s  compound, determined via neutron d i f f r a c t i o n  (16) ,  
i s  shown i n  Fig .  3. The molecule con ta ins  t h e  f i r s t  example of a  metal-metal bond br idged by 
f o u r  hydrogen atoms. The coord ina t ion  about each rhenium atom may be envisaged a s  a  d i s t o r -  
t e d  t r i g o n a l  prism ( s i x  hydrogen l igands)  capped cn  t h e  t h r e e  square  f a c e s  by two phosphine 
l i g a n d s  and t h e  Re-Re bond. An a l t e r n a t i v e  view c f  t h e  molecule i s  presented i n  Fig.  4 ,  
which shows t h e  t e rmina l  H2P2 u n i t s  and t h e  b r idg ing  H4 group i n  a mutual ly  s t aggered  
arrangement . 

. ... .,... . . . . - - . - . . - . . . . . . . . .. . - . . . - . -. . . . 

Fig .  3. The s t r u c t u r e  of ~ ~ ~ e ~ ( P E t ~ p h ) t , ,  Fig.  4. The ske le ton ,  of t h e  H8Re2(PEt2Ph)~ 
w i t h  H atoms of t h e  e t h y l  and phenyl n c l e c u l e ,  viewed approximately a long t h e  
groups removed f o r  c i a r i t y .  Wz-Re a x i s .  

Terminal Re-H bond l e n g t h s  i n  H8Re2(PEt2Ph)~ [average 1.669(7) g] agree  w e l l  w i t h  those  found 
2' [1.68(1)1] (5) and a r e  0.21 a s h o r t e r  than t h e  b r idg ing  Re-11 d i s t a n c e s  [average 

:ya;$;qA]. Th is  lengthening of M-H bonds from t h e  t e rmina l  t o  t h e  b r i d g i n g  mode has  been 
noted p rev ious ly  (7a) (with i n c r e a s e s  ranging from 0 . 1  t o  0.28) b u t  t h i s  i s  t h e  f i r s t  time 
+L ,..at 311 a c c n r c t e  cczpsrlsor. r c u l d  h e  made w i t h i n  ?he s ~ m e . ~ o l e c l r t ~ .  The c e n t r a l  H4 unj+ is  
p lanar  a s  requ i red  by c r y s t a l l o g r a p h i c  symmetry a ~ d  d e f i n e s  a  d i s t o r t e d  square  [H ... H = 
1.870(8) , 2.042(8)a] normal t o  t h e  Re-Re bond (16) . 



The s t r u c t u r e  of H3TaCp2 (Pig. 5) c o n s i s t s  c f  a "bent sandwich" arrangement of c y c l c ~ e n t a -  
d i e n y l  r i n g s  b i s e c t e d  by an e q u a t o r i a l  HITn fragment (17).  The hydrogen atoms a r e  held  t o  
tanta lum i n  n highly  crowded fasll ion wi th  H-'Ea = 1.76 (81, 1.775(9) ,  1.777(9) 1; H-Ta-H = ' 

. .  8 62.8(5)0,  63.0(4)'; and H. .  .H = 1.347(10),  1.555(10) The geometry of t h e  H3Ta moiety,  
which i s  p lanar  wi th in  i0.002 2, resembles t h a t  of t h e  t h r e e  o r b i t a l s  of t h e  Ballhausen-Dahl 
model (18a) of b ~ n d j . ~ o  i n  h a n t  cn"d~ , .~ i  ~h ~ t m - 1  ovnc i s  1 1  S- ~ c ~ ~ i ~ t c ~ f  ':lit? ~ w c ? . ~ c + ~ ~ - c  - I r- ------ 
of more recen t  molecular o r b i t a l  t rea tments  (18b). The a c u t e  H-M-H ang les  and s h o t t  H . .  .H 
c o n t a c t  d i s t a n c e s  found i n  t h i s  molecule might ve ry  w e l l  r epresen t  limits beyond which non- 
bonding hydrogen atoms cannot be f u r t h e r  coxvpressed. 

It i s  s i g n i f i c a n t  t o  no te  t h a t  t h e  t r end  of M-H bond l e n g t h s  found from t h e  neutron d i f -  
f r a c t i o n  ana lyses  of HgTa(C5~5)2  [H-Ta ;. 1.774(3) Bi] (17) ,  [ R ~ H ~ ] ' -  [H-Re = 1 .5  8(1)  11 ( 5 )  . 
H8Re2 (PEt2ph), [ H - ~ e  = 1.669(7) a] (16) ,  and ~ , o s ( P M e ~ P h )  [H-0s = 1.659(8) 81 (14) n i c e l y  
fo l lows  t h e  t r znd  i n  atomic r a d i i  of t h e s e  eleme ts: Ta, 1.46; Re, 1.37; 0 s ;  1'.35. 
Assuming a covalent  r a d i u s  f o r  hydrogen of 0.37 1 (19) ,  t h e  above M-H d i s tances 'would  y i e l d  
e s t i m a t e s  of 1.40, 1 .31,  1.29 8 f o r  t h e  covalent  r a d i i  of  Ta, Re, and 0 s  r e s p e c t i v e l y .  

Fig. 5. The s t r u c t u r e  of H3TaCp2, F i g ,  6 ,  The s t r u c t u r e  of H'W2 (CO) (NO) . 

BRIDGING METAL-HYDROGEN (M-H-M) BONDS 

The M-H-M b r i d g e  bond is  p a r t i c u l a r l y  i n t e l e s t i n g  t o  s tudy  because i t  i s  a member of a s e l e c t  
f ami ly  of bonds.: e l ec t ron-def ic ien t ,  3-centar-2-electron bonds, of which t h e  B-H-B b r i d g e ,  
bond i s  perhaps t h e  best-known example. Unlike t h e  B-H-B bond, which i s  normally unsui tedT 
f o r  neu t ron  d i f f r a c t i o n  s tudy  because of t h e  p r o h i b i t i v e l y  high neutron absorp t ion  c r o s s  
s e c t i o n  of ~ O B ,  t h e  M-H-M bond poses no s p e c i a l  d i f f i c u l t i e s  a s  f a r  a s  neutron s c a t t e r i n g  i s  
concerned. Moreover, t h e  c h a r a c t e r i s t i c  o c t s h e d r a l  coord ina t ion  of many meta l  complexes 
s e r v e s  a s  a convenient i n t e r n a l  coord ina te  system t o  p inpo in t  t h e  d i r e c t i o n  of t h e  o r b i t a l  
used by t h e  m e t a l  atom t o  achieve M-H-M over lap ,  a s  w i l l  b e . e v i d e n t  i n  t h e  f o l l o w i ~ ~ g  discus-  
s ion .  

Our f i r s t  neu t ron  d i f f r a c t i o n  a n a l y s i s ,  c a r r i e d  o u t  i n  c o l l a b o r a t i o n  w i t h  Prof .  S. TJ. K i r t l e y  
of New College,  was on t h e  s t r u c t u r e  of HW2(COL9(NO). P r i o r  X-ray work (20) had e s t a b l i s h e d  
a b e n t  backbone f o r  t h e  n o l e c u l e ,  and i t  was considered reasonable  t o  assume t h a t  t h e  br idg-  
i n g  hydrogen atom, which was not l o c a t e d  i n  t h e  X-ray s t u d y ,  would be s i t u a t e d  a t  t h e  po in t  
of i n t e r s e c t i o n  of t h e  two a x i a l  l igand-tungsten v e c t o r s  (E). I n s t e a d ,  t h e  neutron r e s u l t s  
(21) (Fig'. 6) showed t h a t  t h e  hydrogen atom v a s  s i g n i f i c a n t l y  removed from t h e  p r e d i c t e d  
p o s i t i o n :  The a x i a l  l i g a n d  tungsten v e c t o r s  were found t o  po in t  n o t  a t  t h e  hydrogen atom 
bu t  approximately at  t h e  c e n t e r  of t h e  WHW t r i a n g l e  ( V ) .  - 

A A1 sxcep t lon  is t h e  i ~ ~ u L r ~ t  d i f f r a c ~ i ; ; ,  a i ~ l ~ s l s  cf Z10::14, ;;hic!i u a s  c x r i e d  ou;: on z 

"B-enriched sample [ A .  Tippe and W. C .  Hani l ton;  Inorg.  Chem., 8, 464 (1969) l .  



This  unexpected f i n d i n g  provided evidence t h a t  t h e  n a t u r e  of t h e  over lap i n  a bent  PI-H-2.1 bond 
i s  "closed" (VI) .(i. e . ,  con ta ins  s u b s t a n t i a l  metal-metal bonding charac te r )  r a t h e r  than 
I1 

- 
open" (VII) .  - I n  analcgy wi th  s t andard  n o t a t i o n  used i n  boron hydr ide  chemistry,  t h e  formal- 

ism (VIII)  was suggested t o  represen t  t h i s  type of 3-center-2-electron bond (21).  A conse- 
quence of t h e  "closed1' formalism i s  t h a t ,  s i n c e  metal-metal bonding i s  a c t u a l l y  an i n t e g r a l  
p a r t  of the,M-H-M br idge  bond, t h e  concept of bond order  f o r  a metal-metal bond br idged by 
one o r  more hydrogen atoms become's somewhat amb=guous. 

(VI) (VI 1) (VIII)  

We o r i g i n a l l y  hoped t o  f i n d  an asymmetric M-H-M bond i n  HW2(C0)9(NO), a reasonable  expecta- 
t i o n  s i n c e  t h e  two ha lves  of t h e  molecule, W(C0j and W(C0I4 (NO) , have d i f f e r e n t  e l e c t r o n i c  
requirements.  However, a 50%:50% ni t rosy l -ca rbonyl  packing d i s o r d e r  (21) generated t h e  
appearance of a symmetrical M-H-M bond (g) : 

To circumvent t h i s  problem, the ' d e r i v a t i v e  HW2 ($0) 8'(NO) (P(0Me) 3 )  was prepared t i i t h  t h e  i d e a  
t h a t - t h e  bu lk  of t h e  phosphi te  l igand  would prevent  such packing d i s o r d e r  from tak ing  p lace .  
The neutron d i f f r a c t i o n  a n a l y s i s  of t h i s  c~mpouild (22) (F ig ,  7) d i d  r e v e a l  an asymmetric 
M-H-M l inkage  (a, b u t  t h e  degree  of asymmetry was q u i t e  smal l .  Th i s  f a c t  suggeststhatM-H-$1 
bonds (and, by impl ica t ion ,  o t h e r  3-center-2-electron bonds) probably cannot d e v i a t e  ve ry  
much from a t r u l y  symmetric cond i t ion ,  i n  c o n t r a s t  t o  common hydrogen bonds (such as 0-H ... 0 )  
which of course  can be markedly asymmetric (23).  

- - . . . - . . - - - .- - . .. -. . . . - . . . . -- .. . . - .. -. . . . . . . . - . .. - . - . -- -- . .- . . . . . - .- - - . - . . - - - 
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Fig. 7 ,  The s t r u c t u r e  of H\J2 (CO) , (NO) (P (OMe) 3 )  , 



When t h e  s t r u c t u r e  of HW2(C0)9(NO) became known, a t t e n t i o n  was s h i f t e d  t o  i t s  p r e c u r s o r ,  t h e  
i s o e l e c t r o n i c  I H W 2 ( ~ ~ ) 1 0 ] -  ion.  E a r l i e r ,  Dahl and co-workers had shown with  X-ray tech- 
n iques  t h a t  t h e  t H C r 2  (CO) 0]-  anion i n  [ E ~ , N ] + [ H C ~ ~  (CO) 0 ] -  hsd D~~ symmetry, wi th  a  l i n e a r  
backbone and e c i i p s e d  carbonyl groups (24) .  I r  was g e n e r a l l y  assumed t h a t  t h e  analogous 
[HW2(CO)10]- m i o n  wocld be i s o s t r u c t u r a l  wi th  t h e  chromium s p e c i e s ,  but  t h e  bent  and s tag-  
gered geometry of HW2(C0)9(NO) (Fig.  6) now c a s t  some doubt on t h i s  assumption. Accordingly,  
t h e  X-ray s t r u c t u r e  determinat ion of [11W2(CO)10]' was c a r r i e d  o u t ,  wi th  very s u r p r i s i n g  
r e s u l t s  (25) .  The ani.on turned o u t  t o  have two d i f f e r e n t  s t r u c t u r e s ,  depending on t h e  c a t i o n  
used! With [ ( P ~ ~ P ) ~ N I + ,  i t  8do ts a  bent  s t r u c t u r e  (Fig .  8) much l i k e  t h e  i s o e l e c t r i c  $ HWz(CO)g(NO), whi le  wi th  [EtkN] i t  appeared t o  adopt a  D k h  s t r u c t u r e  wi th  a  l i n e a r  backbone 
(Fig. 91, j u s t  a s  i n  [HCr2 (CO) The very ex i s tence  of two forms of [ H W ~  (CO) i n  t h e  
s o l i d  s t a t e  shows t h a t  t h e  M-H-M l inkage  is a f l e x i b l e ,  e a s i l y  de fornab le  e n t i t y .  

. - . . . . . .  . . . . . .  .- .-...... - .. - . . . . - . .  - .- ... - . - - .  - .- - .... - .. - . - .................. - . . .  

Fig. 8. Bent form of t h e  I H W ~  (CO) anion Fig .  9 .  Linear  form of t h e  [HIT2 (CO) o] -  
i n  [ ( P ~ ~ P )  2 ~ ] + [ ~ ~ 2  (CO: J-, a s  determined by anion i n  [ E ~ ~ N ] + [ H N ~  (CO) a s  determined 
X - r a y . d i f f r a c t i o n .  The H p o s i t i o n  i s  by X-ray d i f f r a c t i o n .  The H atom, which is 
assumed. n o t  i n d i c a t e d  i n  t h i s  diagram, was l a t e r  

'.shown by neutron d i f f r a c t i o n  t o  be d i s p l a c e d  
o f f  t h e  main W-W =is of t h e  molecule ( s e e  
t e x t ) .  

+ Recent ly ,  a ref inement  of t h e  s t r u c t u r e  of [Ett+N] [HCr2(CO)10]- based on neu t ron  d i f f r a c t i o n  
d a t a  has  been c a r r i e d  o u t  by Dahl, Williams and co-workers (26).  The i r  r e s u l t s  r evea led  
t h a t ,  c o n t r a r y  t o  e a r l i e r  assumptions (24),,, t h e  c e n t r a l  Cr-H-Cr bond i n  t h e  an ion  is  n o t  
l i n e a r  bu t  ben t  ( X I ) .  - 

. .  -. 

W e  have r e c e n t l y  c o l l z c t e d  low temperature neutron d i f f r a c t i o n  d a t a  (14 K) on t h e  isomorphous 
IE~,N]+IHW, (CO) ,,I- and have conf inned t h e  o f f -ax i s  l o c a t i o n  of t h e  hydrogen atom (26) . The 

hydrogen atom i n  I E ~ , , P ] + [ H W ~ ( C O ) ~ ~ J -  i s  loca ted  0 .71  8 of f  t h e  c e n t e r  of t h e  W-iJ bond and t h e  
W-I1 d i s t z n c c  is 1.89 1. Thzre  is d i s t i ~ c t  cvidencp nf cIi.cnrdp+ in t h e  carbonyl  groll?s, indi- 

c a t i n g  t h a t  t h e  " l inear"  s t r u c t u r e  (F ig ,  9), ~ ~ s t e n s i b l y  D k h ,  is i n  f a c t  a  s u p e r p o s i t i o n  of 
two o r  more s l i g h t l y  3en t  forms, 



The evidence accwnulated thus f a r  s t rongly  sugges t s  t h a t  t h e r e  may i n  f a c t  be no such th ing  
a s  a l i n e a r  M-H-PI bond. I n  other words, t h e  r e s u l t s  descr ibed here  c o n s t i t u t e  exper imental  
evidence t h a t  the  e lec t ron-def ic ien t  3-center-2-electron bond is  by i t s  very  n a t u r e  
i n h e r e n t l y  bent .  

A q u a l i t a t i v e  rnoleclrlsr nrhi  + . = I  I r n l t m ~ n +  ran  he ?lit FnlT.!2rd r?m--AAnn + h i c  nnint V i n - * r -  
u 0-- ---- U --- c . . . . . - .  . -.o-..- 

compares t h e  l i n e a r  [F-H-F]- bond (312, 4e') wi th  t h e  ben t  M-H-M bond (3c,  2e-1. 

H . +- , @ antibonding 
R ~ Y  ontibonding FeF , , -/ I) 

Y M M 

(1- 

nonbonding F CF +gr' ,A B Km antibonding 

M M 

bonding F-F *= H 

H “ ' ' ~ ' ~  bonding 

M 

linear 

M-H-M 
(3c, 2 e') 

bent 

Fgg, 10 ,  A schematic c'omparison between t h e  over lap  p a t t e r n s  
of l i n e a r  (3c ,  4e-) and bent (3c,  2e-) X-H-X systems. . 

I f  one a c c e p t s  t h e  f a c t  t h a t  t h e r e  is  s i g n i f i c a n t  M-M over lap i n  a M-H-M bond, one can 
appreciat 'e t h a t  t h e  mid-energy o r b i t a l ,  which is  non-bonding (B) i n  t h e  [F-H-F]- c a s e ,  is 
ant ibonding ( 6 ' )  i n  t h e  M-H-M case .  One can then argue t h a t  t h e  M-H-M system would p r e f e r  
t o  remain ben t ,  and n o t  a c q u i r e  an a d d i t i o n a l  two e l e c t r o n s  i n t o  t h i s  e n e r g e t i c a l l y  unfavor- 
a b l e  ( f i t ) ,  o r b i t a l . .  I f  forced t o  do so ,  t h e  F1-H->I system would r e v e r t  i n t o  a l i n e a r  
(3c, 4e-) conf igura t ion  which i s  most l i k e l y  u n s t a b l e  w i t h  r e s p e c t  t o  d i s s o c i a t i o n  i n t o  
(M-H + M) fragments.  The crux of t h e  argument i s  t h a t ,  a s  long as t h e r e  i s  s i g n i f i c a n t  M-M 
over lap ,  t h e  2e- bord w i l l  bend, al lowing c l o s e r  M-M approach. It has  been po in ted  ou t  t o  
u s  (27) t h a t  t h e .  s i t u a t i o n  represented by Fig.  10 is n o t  u n l i k e  . t h e  H3 system, which i n  t h e  
two-electron case  (Ii3+) e x i s t s  a s  a s t a b l e  e q u i l a t e r a l  t r i a n g l e ,  bu t  i n  t h e  four -e lec t ron  
c a s e  (H3-) i s  n o t  bc.und wi th  r e s p e c t  t o  (H2 + He). The H3- system, a l though u n s t a b l e ,  a t  
any d i s t a n c e  p r e f e r s  a l i n e a r  geometry over a b e n t  one. 

I 

TRIPLY -BRIIfGING METAL-HYDROGEN 1 (P -H)M3 ] BONDS 

A hydrogen atom covz len t ly  bonded s imul taneously  t o  t h r e e  o t h e r  atoms i s  r a r e l y  found. To 
our  knowledge, i n  molecular s p e c i e s  t h i s  type of l inkage  has  been d e f i n i t i v e l y  c h a r a c t e r i z e d  
on ly  i n  meta l  c l u s t e r  complexes.. I n  p r i n c i p l e ,  a hydrogen atom can a t t a c h  i t s e l f  t o  a meta l  
- c l u s t e r  i n  s e v e r a l  vays-: by forming a te rmina l  M-H bond, an edge-bridging M-H-M bond, a 
face-bridging ( o r  t r ip ly -br idg ing)  M3H bond, o r  by being embedded i n  an  i n t e r s t i t i a l  p o s i t i o n  
( i . e . ,  i n s i d e  t h e  metal  c l u s t e r ) .  Examples of a l l  t h e s e  bonding modes have now been found. 

The hydrogen acom i n  H F ~ C O ~ ( C O ) ~ ~  was a t  one t ime thought t o  be  i n  an i n t e r s t i t i a l  p o s i t i o n .  
Mass s p e c t r a l  i n v e s t i g a t i o n s ,  i n e l a s t i c  neutron s c a t t e r i n g  experiments and o t h e r  s p e c t r a l  
s t u d i e s  suggested t h e  hydrogen atom t o  be  i n  t h e  c e n t e r  of t h e  FeCo3 te t rahedron  (28) .  This  
model was disproved i n  1975 when an X-ray s t r u c t u r a l  i n v e s t i g a t i o n  of t h e  tris ( t r imethy l -  
phosphite)  d e r i v a t i v e  by Kaesz and co-workers (29) unambiguously loca ted  t h e  hydrogen atom 
o u t s i d e  t h e  meral  t e t rahedron ,  capping t h e  Co3 f a c e .  The accuracy of t h e  hydrogen p o s i t i o n  
was s u b s t a n t i z l l y  inprvv id  5y  A sulsequen: cEa t r sn  Llf5rzc:kn srad-j, ic ::hiich th? Cz-E 
d i s t a n c e s  were determined, t o  be  1 .742(3) ,  1.731(3) 'and 1.728(3) 2, t h e  displacement of t h e  
hydrogen atom from t h e  Co3 plane was found t o  be  0.978(3) R (Fig .  11) (30). . 



Fig.  11. The s t r u c t u r e  of F ig ,  12,  The c e n t r a l  H3Ni,, co re  of t h e  
HFeCoi (CO) g,(P (OMe) 3) 3 ,  w i t h  methoxy H3Ni4Cp4 molecule. 
groups removed f o r  c l a r i t y ,  

Another face-bridging hydr ide  c l u s t e r  i n v e s t i g a t e d  by neutron d i f f r a c t i o n  methods is  
H3Nii+Cp4. E a r l i e r  X-ray work on t h i s  compound by Hut tner  and co-workers placed t h e  hydrogen 
atoms on t h r e e  of t h e  f o u r  f a c e s  of t h e  t e t rahedron  (31). Although t h e  hydrogen atoms were 
n o t  l o c a t e d  i n  t h i s  X-ray s tudy,  a d i s t o r t i o n  of t h e  arrangement of .cyclopentadienyl  r i n g s  
about t h e  N i 4  tetrahe.dTon t o  produce C3v symmetry suggested t h e  model descr ibed above. A 
r e c e n t l y  completed neutron d i f f r a c t i o n  s tudy  (30) has  confirmed t h i s  model (Fig. 12) an 
given t h e  fol lowing average molecular parameters: Ni-H = 1.691(8) 1, N i - N i  = 2.469(6) 

H . .  .1I = 2.316(6) R ,  Ni-H-Ni  = 93.9(3)OY H-Xi-H = 86.1(6)O. The H3Ni, ,  co re  of t h e  molecule 
resembles a cube w i t h  one vacant corner .  The hydrogen atoms a r e  d i sp laced  by an  average of 
0.91(1) 1 from t h e  p lanes  o f .  t h e  n i c k e l  atoms. 

One r a t i o n a l e  f o r  s tudying t h e  s t r u c t u r e s  of metal  hydr ide  c l u s t e r  complexes i s  t h a t  t h e  con- 
f i g u r a t i o n  of hydrogen atoms i n  t h e s e  c l u s t e r s  may s e r v e  a s  a good model f o r  s tudying t h e  
arrangement of hydrogen atoms adsorbed on a metal  su r face .  It is  g e n e r a l l y  agreed t h a t  
chemisorbed hydrogen in an a c t i v a t e d  metal  c a t a l y s t  i s  i n  t h e  d i s s o c i a t e d  (monatomic) form. 
Since t h e  Co-Co and N i - N i  d i s t a n c e s  i n  H F ~ C O ~ ( C O ) ~ ( P ( O P ~ ~ ) ~ ) ~  and H3Ni4Cp4 (30) a r e  ve ry  
c l o s e  t o  those  i n  coba l t  and n i c k e l  metal  r e s p e c t i v e l y  (32);  one can p o s t u l a t e  t h a t  t h e  
arrangement;:of hydrogen atoms on a c o b a l t  o r  n i c k e l  s u r f a c e  might be expected t o  adopt 
d'imensions s i m i l a r  t o  t h o s e  of t h e  HCo3 and H N i 3  fragments i n  t h e  above molecules.  

Although t h e  e x i s t e n c e  of i n t e r s t i t i a l  hydrogen atoms has  so  f a r  no t  been proven i n  any 
t e t r a h e d r a l  meta l  c l u s t e r ,  they have been c h a r a c t e r i z e d  i n  oc tahedra l  meta l  c l u s t e r s .  
Powder neutron d i f f r a c t i o n  work by Simon on HNb6111 i n d i c a t e d  t h e  presence of hydrogen a t o m  
i n  t h e  c e n t e r s  of t h e  Nb6 octahedra C33), More r e c e n t l y ,  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  
s t u d i e s  by Chini ,  Dahl, Williams and t h e i r  col leagues  (34) on t h e  IHNi12(C0)21]3- and 
I H , N ~ , ~ ( c o ) ~ , ] ~ -  anions  have d e f i n i t i v e l y  shown t h e  e x i s t e n c e  of hydrogen atoms i n s i d e  t h e  
octahe r a l  o l e s  of t h e s e  Ni12  c l u s t e r s ,  It was found t h a t  t h e r e  is  more than enough room 
w i t h i n  a N i 6  octahedron t o  accommodate a hydrogen atom, wi th  s u f f i c i e n t  c l e a r a n c e  f o r  t h e  
hydrogen t o  " r a t t l e  around" i n  i t s  meta l  cage (34).  A t e t r a h e d r a l  meta l  c l u s t e r  has of 
course  much l e s s  room i n  i t s  i n t e r i o r ,  and i t  is n o t  c l e a r  a t  t h i s  p o i n t  i f  a hydrogen atom 
could b e  comfortably accommodated w i t h i n  such a c l u s t e r  wi thout  causing apprec iab le  
"swell ing" of t h e  M,, framework. 
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