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INTRODUCTION

In the  p a s t  twenty y ea rs  m olecular c l u s t e r  chem istry  has become 

a ra p id ly  expanding f i e l d  in  in o rg an ic  ch em is try ,  due to  i t s  p o t e n t i a l  

r o le  in  su r fa ce  s tu d ie s  and c a t a l y s i s .  A c l u s t e r  i s  de fined  as a 

d e f i n i t e  group o f metal atoms which a re  he ld  to g e th e r  by th re e  o r  

more d i f f e r e n t  m eta l-m eta l  bonds. [1] Main group elem ents  such as 

carbon , boron, phosphorous and n i t r o g e n  can a ls o  be invo lved  as 

v e r t i c e s  in  the  c l u s t e r  framework. Included  in  the  d iv e r s e  a re a  of 

c l u s t e r s  [ 2 ] a re  p o lynuc lea r  boron h y d r id e s ,  m e ta l la b o ra n e s , m etal 

carbonyl c l u s t e r s  and m etal h a l id e  o r m etal s u l f id e  c l u s t e r s  a few 

of which a re  d ep ic ted  in  F igure  1.

Metal c l u s t e r  chem istry  p la y s  an e s s e n t i a l  ro le  in  the  

u n de rs tand ing  of the  i n t e r a c t i o n  between s u b s t r a t e s  and th e  m etal or 

m etal oxide su r fa ce  during  c a t a l y s i s .  The t r i a n g u l a r  bonding a r ra y  

of m etal atoms in  the  c l u s t e r  i s  s a id  to  p a r a l l e l  th e  type of b inding  

on a m etal s u r f a c e ,  thereby  p rov id ing  the  key to  the analogy of 

m olecular c l u s t e r s  as  models fo r  metal su r fa ce  bound s p e c ie s .  [3-8] 

(F ig . 2) T r a n s i t io n  m etal c l u s t e r s  have been s tu d ie d  not only as 

model systems but a l so  as  p o s s ib le  c a t a l y s t s .  Study of the  c a t a l y t i c  

behav io r of t r a n s i t i o n  m etal c l u s t e r s  has been approached by two 

d i f f e r e n t  r o u te s .  C lu s te r s  have been examined as  homogenous 1



2

Co

n-B 18H22

(M= Nb,Ta)M,X

2+W .O ^ O .O U ^ H . C p I  C p j M o . ( w - S )

Figure  1. Examples from the Diverse Area of C lu s te r  Chemistry.
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c a t a l y s t s  [9 ,10] and have a ls o  been s tu d ie d  w hile  on su p p o r ts .  Most 

supported  c a t a l y s t  modeling s tu d ie s  c o n s i s t  of a m eta l bound to  a 

support s u r f a c e ;  such a s ,  A ^O ^, S i0 2 » TiC^, polymers or z e o l i t e s ,  

through su rfa ce  l in k ag es  l i k e  phosphines . [3 ,11-18] (F ig . 3) Recently 

i n t e r e s t s  have tu rned  to  metal c l u s t e r s  bound d i r e c t l y  to  ino rgan ic  

oxides v ia  the  oxygen atoms. [12 ,19-27] (F ig .  4)

RECENT STUDIES ON METAL CLUSTERS
Metal c l u s t e r  chem istry  c e n te r s  about the  s y n th e s is  of homo- 

o r  h e te r o -  n u c lea r  c l u s t e r s  and r e a c t i v i t y  s tu d ie s  of these  newly 

s y n th es ized  c l u s t e r s  w ith  CO, o rgan ic  m o lecu les ,  o x id iz in g  and 

reducing  a g e n ts .  Most of th e se  r e a c t i v i t y  s tu d ie s  a re  seen to  mimic 

the  w e ll  e s t a b l i s h e d  r e a c t io n s  of mononuclear ch em is try .  However, 

the  main concern i s  s t i l l  to  develop th e  sy s te m a tic  syn theses  of 

m etal c l u s t e r s  and not to  co n tinue  w ith  th e  random approach 

p re v io u s ly  observed in  th e  e a r l i e r  s ta g e s  o f  c l u s t e r  ch em is try .  A 

p a r t i c u l a r  a rea  in  need o f such an e f f o r t  i s  th a t  of the  h e te ro n u c le a r  

c l u s t e r s .  Although a la rg e  number of h e te r o n u c le a r  c l u s t e r s  a re  

known, few can be sy n th es ized  in  a sy s tem a tic  fa s h io n .  [28] The 

emphasis o f  h e te ro n u c le a r  c l u s t e r  re s e a rc h  i s  t h a t  the  p resence  of 

two or more ty p es  of m eta l atoms in  a c l u s t e r  might serve  to  g r e a t ly  

enhance c a t a l y t i c  a c t i v i t y ,  [29] due to  the  advantage of c o o p e r a t iv i ty  

between the  two a d ja c e n t ,  ye t e l e c t r o n i c a l l y  d i f f e r e n t ,  m eta l c e n te r s .

The emphasis of t h i s  i n v e s t ig a t i o n  has been to  develop the 

sy s tem a tic  s y n th e s is  of mixed metal, carbonyl c l u s t e r s  focus ing  on the
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Figure  4 . Model of HOs^(CO)^q on S i l i c a .



i ro n  t r i a d  elem ents (Fe, Ru, Os). I t  i s ,  th e r e f o r e ,  a p p ro p r ia te  a t  

t h i s  time to  p re sen t  the  groundwork a lre ad y  e s ta b l i s h e d  f o r  h e te r o 

n u c le a r  c l u s t e r s ,  both s y n th e t ic  and s t r u c t u r a l ,  on which the  p re sen t  

s tu d ie s  a re  based upon.

I. STRUCTURE AND BONDING IN TRANSITION METAL CLUSTERS
A. METAL-METAL BONDING
There a re  c u r r e n t ly  two approaches taken in  c lu s t e r  chem istry  to  

r a t i o n a l i z e  s t r u c tu r e s :  the  E f fe c t iv e  Atomic Number Rule (EAN)

and the  Po lyhedra l S k e le ta l  E lec tro n  P a i r  Theory (PSEPT). [30-34]

The E f fe c t iv e  Atomic Number Rule i s  e s s e n t i a l l y  a valence-bond 

approach t h a t  a l l o c a t e s  th e  s k e l e t a l  bonding e le c t r o n s  to  lo c a l iz e d

2 -c e n te r  m eta l-m eta l  bonds. This approach i s  u s e fu l  in  d e sc r ib in g  

sm all c l u s t e r s .  [33] The Po lyhed ra l S k e le ta l  E lec tro n  P a i r  Theory, on 

the  o th e r  hand, n o te s  th e  r e l a t i o n s h ip  between the  p o ly h ed ra l  shape of 

a c l u s t e r  and th e  t o t a l  number of s k e l e t a l  e l e c t r o n s ,  in s te a d  of 

a ss ig n in g  th e  s k e l e t a l  e l e c t r o n s  to  in d iv id u a l  bonds. This method 

i s  u s e f u l  in  d e sc r ib in g  bonding o ccu rr in g  in  the  medium-sized c l u s t e r s  

of approx im ate ly  4-12 m etal atoms. [33] Extended Huckel c a lc u la t io n s  

have been employed to  p r e d ic t  the  geom etries  of l a r g e r  c l u s t e r s  

c o n ta in in g  up to  25 m eta l atoms. [35]

I n i t i a l l y  bonding in  c l u s t e r s  was desc rib ed  in  terms of the  

E f fe c t iv e  Number Rule u n t i l  d iscovery  of some c l u s t e r s  co n ta in in g  too 

many e le c t r o n s  to  be t r e a te d  in  t h i s  manner brought about the  need fo r  

a l t e r n a t e  bonding d e s c r ip t i o n s .  The Po lyhedra l S k e le ta l  E lec tro n  P a ir



Theory developed fo r  boron h y d rides  and carboranes  was extended to  

in c lude  t r a n s i t i o n  metal c l u s t e r s ,  and remains the  most r e l i a b l e  

method fo r  p r e d ic t in g  the  geom etric  arrangement of m etal atoms in  

c l u s t e r s .

The metal atoms in  c l u s t e r s  occupy p o s i t io n s  d e f in in g  polyhedra 

(o r p o r t io n s  of polyhedra) w ith t r i a n g u la te d  f a c e s .  The pa ren t 

po ly h ed ra l  arrangement from which a given c l u s t e r  i s  de rived  i s  

dependent on the  number of s k e l e t a l  e le c t r o n s  in  th a t  c l u s t e r .  The 

s k e l e t a l  e le c t r o n s  (ng) can be determined by the fo llow ing  

r e l a t i o n s h i p s .  [33] (Equations 1,2)

fo r  main group fragments

v + x -  2 = n ( 1)e

fo r  t r a n s i t i o n  m etal fragments

v + x -  12 = n ( 2)e

where, v = no. va lence  e le c t ro n s  of the  m etal element 

x = no. e le c t ro n s  c o n tr ib u te d  by the  l ig a n d s

T h e re fo re ,  in  an n -v e r te x  polyhedron , (n + 1) bonding m olecular 

o r b i t a l s  a re  genera ted  i f  each atom in  the  s k e l e t a l  framework donates 

th re e  atomic o r b i t a l s  fo r  framework bonding. The metal atoms a re  then 

observed to  form the c losed  o r CLOSO po lyhed ra l a rrangem ents ,  dep ic ted  

in  F igure  5, i f  the c l u s t e r  has (n + 1) s k e l e t a l  bonding e le c t r o n  

p a i r s .  C lu s te r s  having fewer v e r t i c e s  but the  same number of s k e le ta l
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Figure  5. Geometric C o n fig u ra tio n s  of Closed Polyhedra .
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e le c t r o n  p a i r s  a s  the  CLOSO system have s t r u c tu r e s  based upon 

the  c lo sed  polyhedron. (F ig . 6 ) C lu s te r s  w ith  one and two v e r t i c e s  

l e s s  than the  c lo sed  polyhedron a re  named NIDO and ARACHNO c l u s t e r s ,  

r e s p e c t iv e ly .

B. METAL-LIGAND BONDING.
Although the  aforem entioned th e o r i e s  a re  u s e fu l  in  p r e d ic t in g  the 

metal geometry in  a c l u s t e r ,  they cannot p r e d ic t  the  l ig an d  

arrangement about the  m etal atoms. The carbon monoxide and hydrogen 

l ig a n d s  a re  capable  of s e v e ra l  bonding modes to  the  m e ta ls .  They can 

bond in  the  te rm in a l ,  e d g e-b r id g in g  and fa c e -b r id g in g  (capping) modes 

i l l u s t r a t e d  in  F igure  7.

Some a t te m p ts  have been made to  r a t i o n a l i z e  the  bonding modes 

adopted by carbony l groups in  c l u s t e r s .  [36,37] I t  has been 

suggested  th a t  the  carbonyl b r id g e  i s  p r im a r i ly  a means of 

d e lo c a l iz in g  n e g a t iv e  charge in  c l u s t e r s .  [38] There i s  a 

pronounced t re n d  toward in c re a s in g  the  number of b r id g in g  carbony ls  

as  the  charge o r  e le c t r o n  d e n s i ty  on the  m etal core  i s  in c re a se d .

Attem pts to  p r e d ic t  the  type of bonding fo r  hydrogen l ig a n d s ,  on 

the  o th e r  hand, has met w ith  very  l im i te d  su cc e ss .  [39] Hydrides have 

been observed to  occupy the  edge-b ridged  p o s i t io n  most o f te n ;  however, 

bo th  th e  te rm in a l  and capping modes have been observed on occas io n .

II. SYNTHETIC APPROACHES IN CLUSTER CHEMISTRY
Although a la rg e  number of c l u s t e r s  have been p repared  and 

c h a r a c te r iz e d ,  they a re  o f te n  p repared  v ia  n o n - s p e c i f ic  ro u te s  and
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(n+1) p a i r s

5- v e r te x 6-v e r te x
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Figure  6 . Geometric Arrangements of CLOSO, NIDO, 
and ARACHNO C lu s te r s  C onta in ing  Six and 
Seven S k e le ta l  E lec tro n  Bonding P a i r s .
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o f te n  g e n e ra te  complex m ix tu res  of p ro d u c t s .  The r e a c t i o n s  t h a t  have 

been employed in  t r a n s i t i o n  metal  c l u s t e r  syn theses  can be broadly  

d iv ided  in to  th r e e  major c a t e g o r i e s :  (1) p y r o l y s i s ,  (2) a d d i t i o n  to

c o o rd in a te ly  u n s a tu r a te d  s p e c i e s ,  and (3) redox condensation 

r e a c t i o n s .

A. PYROLYSIS REACTIONS
P y r o ly s i s  r e a c t i o n s  g e n e r a l ly  involve the h e a t i n g  of one or more 

s t a b l e  compounds to g e th e r  to produce r e a c t i v e  fragments  t h a t  can 

recombine to  form h ig h e r  n u c l e a r i t y  c l u s t e r s .  Recent examples of the  

p y r o ly s i s  method a re  o u t l i n e d  in  the  fo llowing r e a c t i o n s .  [40-44]

100°C
[Ru(CO)3Cl2 ] 2 + Fe(C0)5 ---------------- ► RUgCCO)^ +

3 Oh
Ru2Fe(CO) 12 +

Fe3 (CO)12 + (3)

Fe2Ru(CO)12 + 

H2FeRu3 (CO)13

Carius  tube
Os. (CO) PR ------------------------ ► Os (CO) +
— fixt 210°C, 16h JR=0Me ,, - f n n \  i

4 4 ( c o ) 12 +

os5 (co)15pr + 

os5 c(co)1 4h(opr2) + (4)

Os5 C(CO)13H(OPR)(OPR2) +

os5c(co)13h(opr2 )(pr3)
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s ea led  tube
Os, (CO) --------------► Os (CO) ,  +

195-200'C, 12h 3 13
° V “ ) 13 + 

0s5<CO>16 +

os3(co)12
sea led  tube

250°C

Os,0 (00)18 +

° S7(00)21 +

° s 8 (C° ) 23 +

° s 5c4 (co) 15

° S6 (C0>18 +

Os? (o ° )2 i +

o CO CD (00)23 +

O CO 00 (co)21<: +

° S5 (CO) 15<

(5)

( 6 )

sea led  tube
Os (CO)  ► H Os (CO) C +

J H20 ( t r a c e ) ,  230°C . 1 ' iy

H4 ° S4 (CO)12 +

H(OH)Os3 (CO)1q +

H2Os5 (CO)15 +

H2Os 5 (CO)16 + (7)

H20s6 (C0)18 +

W C0)13 +
Os5(CO)15CiS +
products  l i s t e d  in  (5)
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xylene

Ru3 (CO)I2 + tV C0>12 ------ , „ . r gnh > R“‘V C0>12 +175 C, 90h (g)
Ru20S(CO)12

Stone and co-workers have a l s o  demonstrated t h a t  hydr ido mixed metal  

c l u s t e r s  may be formed. For example,  p y r o l y s i s  of Ru^(CO)12 with 

Fe(CO)^ y i e l d s  I ^ F e R u ^ C C O ) h o w e v e r ,  product y i e l d s  a re  again  very 

r e a c t i o n  c o n d i t io n  dependent.  [40] (Equat ions  9,10)

80-100°C
Ru3 (CO)12 + Fe(C0)5 ------------------- ^  H2Ru4 (CO)13 +24h, hex

FeRu2 (CO) 12 + (9 )

H2FeRu3 (CO)13 

(low y i e l d )

Car ius  tube
Ru (CO) + Fe(CO),  ► Ru.(CO). .  +

110°C, 24h J
FeRu2 (C0)12 +

Fe2Ru(C0)12 + (10)

H2FeRu3 (C0)12

( t r a c e )

As i s  q u i t e  apparent  from the  above examples,  complex mix tures  

a re  o f t e n  genera ted  in  p y r o l y s i s  r e a c t i o n s .  P r e d i c t i o n  of p roduc ts  

i s  a l s o  f u t i l e  in  t h a t  these  p r e p a r a t i o n s  a re  very  r e a c t i o n  

c o n d i t io n  dependent,  as  i l l u s t r a t e d  in  Equations  5-7 .  The b ig g es t  

d i sad v an tag e ,  however, i s  t h a t  the  product m ix tures  r e q u i r e  t e d io u s  

chromatographic techniques  to i s o l a t e  pure  compounds, o f t e n  in  very 

low y i e l d .
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B. ADDITION TO COORDINATED UNSATURATED SPECIES
The d iscove ry  of  u n s a tu r a t e d  spec ie s  such a s  those  shown in 

Figure  8 has  had a major impact on c l u s t e r  s y n t h e s i s .  The 

a p p l i c a t i o n  of t h i s  r e a c t i o n  type has been demonst rated by Stone [45, 

47] u s ing  carbene and carbyne complexes. (Equat ions  11,12)

carbene

(CO)5 Cr=C(OMe)Ph

Pt(PMe3) 2 (C2HA) ( I D

' t
(CO),Cr—  Pt(PMe.)„

\  /  3 2  
C

PhX  V 'OMe

carbyne

(CO)2 C p W SCR'

Pt(C2H4 )(PR3 ) 2 (R=Me2Ph)

(CO)2CpW--P^(PR3 ) 2

\ r '

(CO)2CpWSCR'

R'C WCp(CO).
\  /^■Pt

( 12)

(co)2cPw^  ^ C R '

•+- cha ins  or r in g s  of 
metal  atoms
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F igure  8.  Examples of Unsa tu ra ted  T r a n s i t i o n  Metal  Complexes.
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This  approach has  a l s o  been adopted by Shore and co-workers [48- 

50] in  the  case  of ^O s^C CO )^  and proved su c c e s s fu l  in  making 

v a r io u s  tr iosmium-based t e t r a n u c l e a r  mixed-metal  c l u s t e r s .  (F ig .  9) 

The success  of t h i s  technique i s  due to  the g en era t ion  of much h ighe r  

y i e l d s  of the  c l u s t e r  p roduc ts  e s p e c i a l l y  in  the  a rea  of mixed-metal 

systems. F i n a l l y ,  i t  apppears  t h a t  t h i s  r e a c t i o n  type i s  r a t h e r  

adap tab le  to  designed sy n th ese s ;  provided the g e n e ra t io n  of an 

u n s a tu r a te d  sp ec ie s  i s  f e a s i b l e .

C. REDOX CONDENSATION REACTIONS
The r e a c t i o n  of c a rb o n y la te s  with  n e u t r a l  metal  carbonyls  or 

c a t i o n i c  meta l  carbonyls  are  l a b e l l e d  redox condensation  

r e a c t i o n s .  [2 3 ,3 6 a ,38,51,52] The f i r s t  r e a c t i o n  of t h i s  type was 

r e p o r t e d  in 1965 by Hieber and Shubert  [53] in  the  s y n th e s i s  of 

[F e^(CO )^]^  from [Fe^CCO)^]^ . (Equation 13)

„ THF 2
[Fe3 (C0)u ]^“ + Fe(C0)5 ---------- ► [FeA(C0)13] + 3C0 0 3 )

25 C

The g re a t  u t i l i t y  of the  method i s  due to ease  of  r e a c t i o n  and 

the  l a rg e  number of r e a c t a n t  combina tions p o s s i b l e .  The r e a c t i o n  of 

c a r b o n y la te s  with monomeric, dimeric,  and h ig h e r  n u c l e a r i t y  carbonyls  

has  y ie ld ed  many c l u s t e r s  of both homo- and h e t e r o -  n u c lea r  

v a r i e t i e s .

Work with monomeric sp ec ie s  to form d in u c l e a r  complexes was f i r s t  

shown to  be f e a s i b l e  by Ruff [54] and then Anders and Graham [55] in



H2FeOs3 (CO)

H2CpRhOs3(CO)l()

CpRhOs2 (CO)g

13 Ru (CO)
CpRh(CO)

h2ruOs 3 (co) 13

CpCo(CO)

H2CpCoOs3 (CO)1()

[CpNi(CO)]
[CpMo(CO) ]

H2Cp2MO2 ° S3 (C0)12 + 

H2CpMoOs (CO)u  +

HCpMoOs„(CO)J 14

F igure  9.  R e a c t i v i t y  Scheme f o r  H2Os 3 (CO)^q .
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the  p r e p a ra t io n  of [MM'(CO)^q] (eg. M=Mn, M'=Cr) systems.  Shore

and co-workers [56] were a b le  to  p repare  the  homonuclear d ian ions
2 -  2 -  [Ru (C0)o ] and [0so (CQ) ] (F ig .  10) in  h igh y i e l d  and p u r i t y  by 2 o A o

2-  2- 
r e a c t i o n  of the mononuclear ca rb o n y la te s  [Ru(CO)^] and [0s(C0)^]

with  the pentacarbonyl sp ec ie s  Ru(CO)^ and Os(CO)^. (Equation 14)

2 [M(CO)4 ] 2" + 2 CO2 ---- ^[M(CO)4 ] 2" + M(C0)5 + [C03] 2"

(M=Ru,0s)
M(C0)5 (14)

[M2 (CO)g ] 2" + CO

Even more r e c e n t l y ,  Coffy and Shore [57] have p repared  the  mixed-metal

2 -  2 -  d ia n io n s ,  [FeRu(C0)o ] and [Ru0s(C0)o] , u s ing  the  redox condensa t ionO O

method. (Equation 15)

„ M1(CO)_
2 [M(C0)4 ] Z + 2 C02 ----------------- 2--►[MM, (C0)g ] ( i 5)

2 -

Trigonal  b ipyramidal c l u s t e r s  of the  form [M2Ni 3 ( C O ) ( M = C r ,  

Mo,W) were prepared  by Dahl and co-workers [58] from d in u c le a r  

c a r b o n y la te s .  Knight and Mays [59] (F ig .  11) and Geoffroy [60] 

(Equation 16) were ab le  to  p repare  many mixed-metal  t e t r a n u c l e a r  

c l u s t e r s  in f a i r  y i e l d .  However, a t  most t imes very  complex, 

in sep a ra b le  mix tu res  r e s u l t e d .

Most r e c e n t l y  the  redox condensation r e a c t i o n  has  been employed 

as a v i a b l e  method fo r  p repar ing  p en tanuc lea r  and h ig h e r  n u c l e a r i t y  

c l u s t e r s .  For example,  Heaton [61,62] and o th e r s  [63] have been
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G°a(CO)* ♦  Fe(CO)j IQ>St ] (F e C D j(C O ),,] , H F eC o ,(C O ),,

M3(C O ),,  ♦ M'(CO)j" MjM’(CO ), 4-  — ^  HM3M'(CO), *

-CO
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-2CO *h~
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H 3M3M’(C O )i 3

M ■ Ru, Os; M' ■ Mn, Re 

M n(C O )j- + F e(C O ), ---------- MnFe3( C O ) , , -

1. r t f lux /T H F
Fe(CO)* ♦ R u jO ^C O ), , t RuOs2(C O ),,  (m ixture) ----- ;  H jF eR ujO C C O ), ,  (30%) ♦

2. H /hcxinc

HiFeRuO»j(CO)u (<0%)

Figure  11. S y n th e t ic  Route to  Mixed-Metal C l u s t e r s  
from Monomeric Carbonyls .
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ab le  to  p repa re  a v a r i e t y  of rhodium c l u s t e r s  ranging from 5 to  12 

metal  atoms. (Equations  17-19)

[CoRu3 (CO)13]

[Co(CO)4 ]

(1) Ru2Os (CO)12 

RuOs2 (CO)12

(2) H+

(16)

HCoRu2Os(CO)13 + 

HCoRuOs2 (CO)13 +

HCoRu3 (CO)13

[PtRh4 (CO)14] 2_ + h Rh4 (CO)12

[PtRh6 (CO)16] 2 (17)

[PtRh5 (CO)15] + [Rh(CO)4 ]

[PtRh4 (CO)12] 2 + Rh4 (CO)12 ■+■ [PtRhg(CO)19] 2 -

[PtRh5 (CO)15l + (18)
[Rh12(co)3(J]2 -
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[Fe(CO)4 ]2-

[FeRh4 (CO)15J
[Rh12(CO)30]

2 -

+

[Rh? (CO)16]3
[FeRh5 (CO)16]

+ (19)

[Rh? (CO)16] 3

( i )  [Rh12(CO)3Q]

( i i )  3 Rh4 (CO)12

( i i i )  Rh4 (CO)12

2 -

As mentioned e a r l i e r ,  these  r e a c t i o n s  a re  a l s o  a p p l i c a b l e  in  the 

s y n th e s i s  of  homonuclear c l u s t e r s .  Shore and co-workers have 

s u c c e s s f u l ly  employed t h i s  r e a c t i o n  type in  the  p r e p a r a t io n  of a l k a l i -  

metal  s a l t s  of h ig h e r  n u c l e a r i t y  c a rb o n y la te s  in  h igh y i e l d .  [64]

The a l k a l i - m e t a l  c a rb o n y la te s  a re  very  u s e f u l  in  the  redox 

condensa t ion  method because of  t h e i r  h ig h e r  r e a c t i v i t y  than p rev ious ly  

used amine and r e l a t e d  s a l t s .  The a l k a l i - m e t a l  c a rb o n y la te s  may be 

prepared  by four  b a s ic  r e a c t i o n  types :  (1) r e a c t i o n  of n e u t r a l

carbony ls  with a l k a l i  m e ta l s ,  (2) r e a c t i o n  with a l k a l i  meta l  h y d r id e s ,

(3) r e a c t io n  with a l c o h o l i c  b a se s ,  and (4) s u b s t i t u t i o n  r e a c t i o n s  of 

carbonyl groups with an ion ic  l ig a n d s .

(F ig .  12)

III. PREPARATION OF CARBONYLATES



O j t C O ) , , ] 2

R u-}(C0) |2

3 Ru3 ( C ° ) | 2

[ R u g l C O ) ^ ]

[ R u4 ( C 0 ) , j ]

+  5 CO

|  R u 3 ( c ° ) | 2  

" +  2 CO

Figure  12. S y n th e t i c  Route to  Higher N u c le a r i t y  Carbony la tes .
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Of th e se  f o u r ,  the  most u s e f u l  i s  the  re d u c t io n  of carbonyl 

complexes u s ing  a l k a l i  m e ta l s ,  [64-66] amalgams, [67] or  a l k a l i  

metal  h y d r id e s .  [68] Shore and co-workers [64-66] have made 

e x ten s iv e  use of a l k a l i - m e t a l  benzophenone k e t y l s  to reduce c l u s t e r  

c a rb o n y ls ,  forming c a rb o n y la te s  in  very  high y i e l d .  (F ig .  13) This 

method i s  favored over the  o th e r  r e d u c t io n s  s in ce  they tend to  

fragment po lynuc lea r  carbonyls  forming mononuclear c a rb o n y la te s .
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3 (  M 4- Ph2 COJ
|  [R u4 (C 0 )12] 4 ~ +  3 CO

2 ( M 4- PhpCO) _ , 2 “
---------------   - [ R u ^ C O ) , , ]  4- CO

v3 /2  (M +  Ph2 CO) 3 2 -  9
-  [ r U4( c o ) 13]  4- f CO

1 ( M +  Ph2 CO)

2 -

T  [ Ru6(C0)l8l + 300

M -  K . No , Li

Figure  13. Ketyl Reduction of Ru^CCO)^*



STATEMENT OF THE PROBLEM

The purpose of the  p re s e n t  i n v e s t i g a t i o n  i s  to develop sys temat ic  

syn theses  of  mixed-metal  c l u s t e r s  u s ing  the  redox condensa t ion  method. 

T e t r a n u c le a r  and h ighe r  n u c l e a r i t y  carbonyl c l u s t e r s  of the  iron  

t r i a d  (Fe,  Ru, Os) a re  of p a r t i c u l a r  i n t e r e s t  s ince  i t  i s  t h i s  t r i a d  

t h a t  has  been im p l ica ted  in  many c a t a l y t i c  p ro c e s s e s .

Once s y n th es iz ed ,  s t r u c t u r e  d e te rm in a t io n s  of these  c l u s t e r s  

w i l l  be under taken .  The in fo rm at ion  thus  ga ined  can be used in 

molecular modeling s t u d i e s  of these  c l u s t e r s  on s u r f a c e s .

28



RESULTS & DISCUSSION

I. IRON/RUTHENIUM SYSTEMS
A. Introduction. The search fo r  mixed metal  c l u s t e r s  con ta in ing  

i ron  and ruthenium beg ins  with the  d in u c l e a r  s p e c i e s .  As mentioned 

e a r l i e r ,  Coffy and Shore [57] have been s u c c e s s fu l  in  sy n th es iz in g

condensa tion  method. (Equat ion 15)

T r in u c l e a r  c l u s t e r s  of i ro n  and ruthenium were f i r s t  genera ted  by 

Yawney and Stone [40] by the p y r o l y s i s  of Fe(CO)^ with [ R u ^ O ^ C ^ ^  

in  y i e l d s  of 5-8%. (Equation 3) Genera tion  of Fe2Ru(CO)j2 anc* 

FeRu2 (CO)^2 i s  a l s o  p o s s ib l e  from the  p y r o l y s i s  of  Fe(CO),. with 

R u ^ C O ) ^  with y i e l d s  ranging  from 7-11%. [40] (Equations  9,10) 

Recently  Venalainen and Pakkanen have sy n th es ized  Fe2Ru(C0)^2 i n UP 

to  20% y i e l d  from [Fe(C0)4 ] 2_ and [Ru(CO) c y 2 • [69] (Equation 20)

2 -the  mixed meta l  d in u c le a r  c a r b o n y la te ,  [FeRu(C0)g] , u s ing  the  redox

H
[Ru (CO)3C12 ] 2 + [Fe(C0)4 ] ^ F e 3 (C0)12 +

Fe.Ru(CO).,  +
Z Z (20) 

H2Fe2Ru2 (CO)13 +2 2 2

H2FeRu3 (C0)13

Of a l l  the p o s s ib le  t e t r a n u c l e a r  i ron- ru then ium  combinations

29
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those c l u s t e r s  e x h i b i t i n g  metal  r a t i o s  of lFe:3Ru and 2Fe:2Ru. a re

i s o l a b l e .  H^FeRu^CCO)^ was observed by Yawney and Stone [40a] when

a ruthenium source such as [Ru(CO)3Cl2 ] 2 or Ru3 ^co^ i 2 was Pyr ° l y zecl

in  the presence  of Fe(CO)^. (Equations 3 ,9 ,10)  Y ie lds  were t y p i c a l l y

low f o r  these  syn theses  ranging from t r a c e  amounts to  9%.

Geoffroy and G l a d f e l t e r  [70,71] were ab le  to  syn thes ize

l^FeRu^CCO)^ improved y i e l d s  (49-56%) us ing  the  redox
2 -

condensation  of [Fe(CO)^] with  R u ^ C O )^  accord ing to  Equat ion 21.

THF
Na2 [Fe(CO)4 ] + Ru3 (C0)12 -------------- ^ N a ^ F e R u ^ C O ) ^ ]

r e f l u x

H3P04 (21)

H2FeRu3 (CO)13

Other c l u s t e r  sp ec ie s  ob ta ined  from t h i s  r e a c t i o n  a r e  H^Ru^(C0)^2 » 

Fe3 (C0)12> H2Ru^(CO)13> FeRu2 (CO)12> and H2Fe2Ru2 (CO)13. These may 

be s epa ra ted  us ing  TLC o r  column chromatography. H2Fe2Ru2 (CO)j3 

seems to  be the  only im pur ity  which may l i n g e r  to  contaminate  the  

H2FeRu3 (C0)^3 s ince  r e t e n t i o n  t imes a re  s i m i l a r .  However, 

H2Fe2Ru2 (CO)^3 i s  l e s s  s t a b l e  to  s i l i c a  ge l  then H2FeRu3 (CO)^3 and 

tends to  decompose during the e l u t i o n  p ro c e ss .  [70a]

The c l u s t e r  H2FeRu3 (CO)^3 has been f u l l y  c h a r a c t e r i z e d  by IR,

NMR [70-72] and X-ray c ry s ta l l o g r a p h y .  Figure  14 shows the  molecular 

s t r u c t u r e  of H2FeRu3 (CO) . [73,74]





Shore and co-workers [75] have a l s o  syn thes ized  I^FeRu^CCO)^
2 -v ia  the  redox condensa t ion  method. I f  [Ru^CCO)^] i s  r e a c te d  with 

1/3 Fe^CCO)^ one o b ta in s  a mix ture  of anions  which upon p ro to n a t io n  

a f f o r d s  H2Ru^(CO)13> l^FeRu^(CO)13, Ru3 (CO)12> FeRu2(CO)12> Fe2Ru(CO) 

and Fe3 (CO)^2> I t  was found; however, t h a t  H2FeRu3 (CO)^3 may be 

obta ined  in 80-90% when r e a c te d  according  to  Equation 22.

[Ru3 (CO)n ] 2"

2 -

,2-
'11

+ is Fe2 (CO)9

5 ( 22)

H2FeRu3 (CO)13

The mixed metal  c l u s t e r  H2Fe2Ru2 (CO)^3 i s  ano ther  t e t r a n u c l e a r  

i ron - ru then ium  system which i s  f r eq u e n t ly  syn thes ized  a long with 

H2FeRu3 ( C 0 ) h o w e v e r ,  i t  i s  most o f t e n  ob ta ined  in  very low 

y i e l d s .  [70a] I t  i s  b e l ie v ed  to  be i s o s t r u c t u r a l  with  H2FeRu3 (CO)^3 

and has  been claimed to be c o - c r y s t a l l i z e d  with H2FeRu3 (CO) in 

approximate ly  37% occupancy. [69] I t  has  a l s o  been claimed to  be 

syn thes ized  in  y i e l d s  of up to  20% from the  r e a c t i o n  in Equation 20.

Reaction chemistry  involv ing  these  b i m e t a l l i c  systems has  been . 

r a t h e r  l im i t e d .  Kaesz and co-workers [76] sub jec ted  H2FeRu3 (CO)^3 

under hydrogenation  c o n d i t io n s  to a f fo rded  the  new c l u s t e r ,

H^FeRu3 (CO) . (Equation 23)



33

hexane
H2FeRu3 (CO)13 + H2 ----------------- ►- H^eRu^CO) n  (23)

r e f lu x
(83.5%)

Other r e a c t i v i t y  s tu d i e s  involve carbonyl l ig an d  s u b s t i t u t i o n  with

v a r io u s  phosphines or a lkynes  forming c l u s t e r s  of the  type

H2FeRu3 (CO)13_x (PR3) x (x= l ,2 )  or FeRu^CO) ^(RCSCR') . [77]

Shore and co-workers [75] ,  on the o th e r  hand, have expended much

e f f o r t  on the gen e ra t io n  of the  an ion ic  mixed-metal s p e c ie s ,
2 -[HFeRu3 (CO) ] and [FeRu3 (CO)^]  v ia  the  r e d u c t io n  of the  n e u t r a l

c l u s t e r  with  e i t h e r  a l k a l i  metal-benzophenone k e t y l s  or a l k a l i  metal

h y d r id e s .  They have a l s o  been s u cc e ss fu l  in  the  s y n th e s i s  of  the

4-h ig h ly  charged anion ,  [FeRu3 (CO)^]  by t h i s  method. (Equation 24)

[FeRu3 (CO)13] 2~ + 2(Na/Ph2CO) ►- [FeRu3 (CO)12]4" (24)

Geoffroy and co-workers [77] have a l s o  genera ted  the  an ions ,

[HFeRu3 (CO)^]  and [HFe2Ru2 (C O )^]  . These c l u s t e r s  have been f u l l y

c h a r a c t e r i z e d  by sp ec t ro sc o p ic  means and in  the  case  of

[PPh^] 2 [FeRu3 (CO)^ ] by X-ray c ry s ta l l o g r a p h y .  [75] These an ion ic

c l u s t e r s  a re  then used a s  models fo r  mixed-metal  s p ec ie s  on a

c a t a l y t i c  s u r f a c e .  [78]

The s y n th e s i s  of h ighe r  n u c l e a r i t y  c l u s t e r s  con ta in in g  only i ro n
2 -

and ruthenium seems to be a cha l l enge .  To d a t e ,  [F e^R u^C O )^ ]  i s  

the  only c l u s t e r  syn thes ized  meeting t h i s  c r i t e r i o n .  [79]

Syn thes is  of t h i s  r a th e r  unique c l u s t e r  i s  accomplished a s  fo l lows .  

(Equation 25)
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2 THF[Fe3 (CO)11] -  + Fe2Ru(CO)12 — — ^ F e 3 (CO)12 +

Fe2Ru(CO)12 + (25)

[Fe4Ru2 (CO)22]2_

(74%)

[PPN]2 [Fe^Ru2 (CO)22 l has been s p e c t r o s c o p i c a l l y  c h a r a c t e r i z e d .  X-ray 

c r y s t a l l o g r a p h y  (Fig.  15) i n d i c a t e s  a very unusual  s t r u c t u r e .  I t  

does not adopt the  expected po lyhedra l  arrangement but r a t h e r  c o n s i s t s  

of two Fe2Ru t r i a n g l e s  jo in e d  by a Ru-Ru bond.

B. R esu l ts  & D iscuss ion .  I t  has  been the  goal of the  p re s en t  

i n v e s t i g a t i o n  to  g enera te  h ig h e r  n u c l e a r i t y  c l u s t e r s  co n ta in in g  iron  

and ruthenium v ia  the  redox condensa t ion  method. The s t r a t e g y  

employed to genera te  these  h ig h e r  n u c l e a r i t y  c l u s t e r s  was to s t a r t  

with  a low n u c l e a r i t y  c a r b o n y la te  and to  s y s t e m a t i c a l l y  add one metal  

fragment to  in c re a se  the n u c l e a r i t y  of  the  r e s u l t i n g  c l u s t e r s .

1. Reactions  o f  [Ru j (C0)j j ]^  and [Ru^(CO)^]^
2 -

Reaction of  [Ru3 (CO)^]  with an excess  of Fe(CO)3 or Fe2 (CO)g 

a f f o r d s  Fe3 (CO)g , H^Ru^(CO)13> H2FeRu3 (CO)13, and H2Fe2Ru2 (CO)13 upon 

p ro to n a t io n  accord ing  to  Equation 26. Each of the  c l u s t e r  sp ec ie s  

were i s o l a t e d  in  pure form v ia  chromatographic te chn iques  and 

i d e n t i f i e d  s p e c t r o s c o p i c a l l y .

Unfortunately, the generation of higher nuclearity clusters other 

than the known tetranuclear clusters was not realized. Varying both
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[Ru3 <CO)n ] 2 + Fe2 (CO)9  ^  [Fe(CO)4 ] 2'  +
2 5 C #

or  [Rua (CO)12] ’  +

Fe(CO)5 [Ru4 (CO)13] 2" +

[FeRu3 (CO)13] 2_ +

[Fe2Ru2 (CO)13] 2“

H+ (26)

1 f

Fe3 (CO)12 +

H4Ru4 (CO)12 +

H2Ru4 (CO)13 + 

H2FeRu3 (CO)13 +

H2Fe2Ru2 (CO)13

ca r b o n y la te  and i ron  carbonyl c o n c e n t r a t io n s  and r e a c t i o n  co n d i t io n s

only in f luenced  the product  y i e l d s  not sp ec ie s  formed. I t  should

a l s o  be noted t h a t  when Fe(CO)3 i s  the  n e u t r a l  carbonyl

employed, format ion of Fe3 (CO)^2 i s  g r e a t l y  reduced . This im pl ies
2 -

t h a t  Fe2 (CO)9 d i s s o c i a t e s  in to  [Fe(CO)4 ] and Fe(CO)3 upon r e a c t i o n ;
2 -

the  [Fe(CO)4 ] then recombines to  form Fe3 (CO)^2 and excess  Fe(CO)3 

can be i s o l a t e d .  This  occurrence  was observed throughout t h i s  

work.
2 -

[Ru^CCO)^] was reac ted  with i ro n  pen tacarbonyl  or  d i i r o n  

nonacarbonyl in an a t tempt  to syn thes ize  the p e n ta -  or hexa-  nuc lea r  

s p e c i e s ;  however, t h i s  was not achieved . I n s t e a d ,  the  p roduc ts
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obta ined  were those  l i s t e d  in  Equation 26. Again,  only product 

y i e l d s  could be a l t e r e d  with va ry ing r e a c t i o n  co n d i t io n s  and 

c o n c e n t r a t i o n s .
2 -

Reaction of the  mixed metal  s p ec ie s  [FeRu^(CO)^] with iron  

carbony ls  did  not produce the p en ta -  or hexa- n u c lea r  c l u s t e r s  

e i t h e r .  (Equation 27)

2 -  H +[FeRu3 (CO)13] + Fe(CO)5  H2FeRu3 (CO) ̂  +

Fe3 (CO)1 2 +

H2Rua (CO)13 + (27)

H4Ru4 (CO)12 + 

H2Fe2Ru2 (CO)13

In t h i s  s i t u a t i o n  most of the product y i e l d  c o n s i s t e d  of the FeRu3 

t e t r a n u c l e a r  c l u s t e r .

I f  the n e u t r a l  s p ec ie s  H2FeRu3 (CO)^3 was re a c te d  with an excess 

of Fe(CO)3 under more ha rsh  c o n d i t io n s  a small  amount (8.7% by 

NMR) of a new complex formed; (Equation 28) however, the 

m a jo r i ty  of the product i s o l a t e d  i s  H2Ru^(CO)^3 -

THF
H,FeRu,(CO).,  + Fe(CO). ------------------------ Ru (CO) +

2 3 13 5 65°C,2d 4 4 12
H2Ru4 (CO)13 + 

H2FeRu3 (CO)n  +
(28)

Compound X

The new cluster which shall be temporarily called Compound X was
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been s p e c t r o s c o p ic a l ly  c h a r a c t e r i z e d .  I t  i s  d i scussed  f u l l y
2 -

l a t e r  in  t h i s  ch ap te r  (Sec t ion  3—Reaction  of [Ru ,(C0) ,o ] ) .o lo

At t h i s  p o in t  i t  seems t h a t  the  redox condensation method f a l l s  

shor t  of our e x p ec ta t io n s  to be ab le  to  genera te  h ighe r  n u c l e a r i t y  

c l u s t e r s  where M ^  5. I t  seems t h a t  a l though the combination of a 

ca rb o n y la te  with a n e u t r a l  carbonyl spec ie s  i s  a v i a b le  method fo r  

the  d i r e c t  s y n th e s i s  of h e te r o n u c le a r  c l u s t e r s  with M ^  4,  seve ra l  

l i m i t a t i o n s  cause i t  to f a i l  with the l a r g e r  c l u s t e r s .  L im i ta t io n s  

t h a t  have been observed d e a l  w ith  the  o x id iz in g / r e d u c in g  a b i l i t y  of 

the  ca rb o n y l /ca rb o n y la te  combination and the  s t a b i l i t y  of the  product 

with r e s p e c t  to the  geometry of the  po lyhedra l  s t r u c t u r e  

a d o p ted .

Geoffroy [80] has commented t h a t  i f  the  ca rbony la te  i s  a s t rong 

reducing agent  or i f  the  n e u t r a l  carbonyl c l u s t e r  i s  e a s i l y  o x id ized ,  

a redox r e a c t i o n  r a t h e r  than the d e s i r ed  condensa tion  r e a c t i o n  occurs .  

The re fo re ,  g r e a t e r  n u c l e o p h i l i c i t y  ( b a s i c i t y )  of  the  carbonyla te  

should lead to  more rap id  r e a c t i o n  with a d d i t i o n  ( i e .  condensation) 

competing more e f f e c t i v e l y  with o th e r  r e a c t i o n  pathways.  [70a] In 

o th e r  words, the  n e u t r a l  meta l  carbonyl fu n c t io n s  as a Lewis ac id  

towards the ca rbony la te  ( the  Lewis b a se ) .  [81]

Geoffroy has a l s o  s t a t e d  t h a t  the s t r e n g th  of the  m eta l -carbony l  

bonds in  the  n e u t r a l  carbonyl in f lu en c es  the r e a c t i v i t y  of t h i s  

r e a c t i o n  type .  [70a] One would then expect decreased r e a c t i v i t y  and 

product y i e ld  going down the i ro n  t r i a d .  However, i f  product did form 

one would expect g r e a t e r  product s t a b i l i t y  due to the enhanced s t r e n g t h .



The second school o f  thought c e n t e r s  around the  s t a b i l i t y  of 

c e r t a i n  p o lyhed ra l  geom etr ies .  [ 3 2 a ,35,82,83]  In p a r t i c u l a r  Minot 

and Criado-Sancho [82a] and Mingos [82b] p o in t  out t h a t  the  bond 

over lap  w i th in  the t e t r a h ed ro n  i s  g r e a t e r  than t h a t  a v a i l a b l e  to the  

o c tah e d ra l  geometry,  the reby ,  implying inc reased  s t a b i l i t y  of the 

former r e l a t i v e  to  the  l a t t e r  geometry.  However, t h i s  enhanced 

s t a b i l i t y  i s  marg inal and o th e r  f a c t o r s  a re  u s u a l l y  c o n t r i b u t i n g  more 

h e a v i l y ,  e s p e c i a l l y  in the low n u c l e a r i t y  c l u s t e r s  where the  number of 

va lence  e l e c t r o n s  d i c t a t e  the bonding c h a r a c t e r i s t i c s .

In an a t tem p t  to  overcome the  problems encounte red when the 

d ian ions  were r e a c te d  with  an i ro n  c a rb o n y l - so u rce ,  the  h igh ly

was hoped th a t  the  in c reased  b a s i c i t y  ( n u c l e o p h i l i c i t y )  of  these  

c l u s t e r s  would in f lu en c e  the  condensa t ion  r e a c t i o n  over the  o the r  

pathways p o s s i b l e .

Reaction  of each of t h e se  c l u s t e r s  w i th  d i i r o n  carbonyl 

(Equat ions  2 9 ,3 0 ) ;  however, does not achieve  the  d e s i r ed  g o a l ,  namely, 

mixed metal  c l u s t e r s  of M > 4 were not observed.

2. Reactions of [ R u ^ ( C O ) anc* [Ru^(CO)^]^

4 -  6-charged c l u s t e r s  [ R u ^ C O ) ^ ]  anc* [Ru^(CO)^] were employed. I t

[Ru4 (CO)12]*“ + Fe2 (CO)9
(1) THF,25°C

(2) H+ ,CH2C12

H4Ru4 (C0)12 + 

H2RU4 (C0)13 +
Fe3 (CO)12 + (29)

H2FeRu3 (CO)13 +

Compound X
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6 (1) THF
[Ru4 (CO)n ] " + Fe2 (CO) 9 ----------— ►- HaRua (CO) 12 +

(2) H
H2Rua (CO) 13 +

Fe3 (CO) 12 + (30)

H2FeRu3 (CO) 13 +

Compound X

In each c ase ,  i s o l a b l e  p roduc ts  a re  l i s t e d  and a re  ob ta ined  in  y i e l d s

2 -  2 -  comparable to  those in  the  [Ru3 (C0 ) ^ ]  or  [Rua (C0 ) j 3 ] r e a c t i o n s

with  HaRua (C0)^2 being the  major product under the  r e a c t i o n  co n d i t io n s

desc r ib ed .  *H NMR a l s o  i n d i c a t e s  format ion of the  new c l u s t e r

Compound X in  y i e l d s  of up to  15% (by NMR peak a rea  i n t e g r a t i o n ) ,

which was f i r s t  observed in  the  p y r o l y s i s  r e a c t i o n  of H2FeRu3 (CO)^3

with Fe(C0)3 . I t  should be noted a t  t h i s  po in t  t h a t  Compound X

appears  in  h ig h e r  y i e l d  when the  hexa-anion  i s  the  c a r b o n y la te .

3. Reaction of [Rug(C0)^g]^~

The bond ove r lap  may have a g r e a t e r  in f lu en c e  on the  r e a c t i v i t y

due to  enhanced s t a b i l i t y  or i n s t a b i l i t y  of the  ca rb o n y la te  than the
2 -

n u c l e o p h i l i c i t y  does.  To examine t h i s  p o s s i b i l i t y  [R u , (C 0) ,o ]0 lo
(PPN, PPhA> PMePh3> K, Na s a l t s )  was r e a c t e d  with Fe2 (C0)g or Fe(C0)3> 

(Equations  31,32)

Once aga in  the  redox condensa tion  r e a c t i o n  has f a i l e d  to  produce 

h ighe r  n u c l e a r i t y  mixed-metal  s p e c i e s .  What seems to  be tak ing  

p lace  i s  an o x i d a t i o n / r e d u c t i o n  r e a c t i o n  i n d i c a t i n g  t h a t  the 

c a rbony la te  i s  being ox id ized  by the  carbony l .  Evidence fo r  t h i s  

type of r e a c t i o n  i s  in d i c a t e d  by the format ion of the  new
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hexanuc lear  c l u s t e r  H_Ru,(C0),_ (p rev ious ly  r e f e r r e d  to  a s  Compound X)
/  o  I /

under o x id a t iv e  c o n d i t io n s .  (Equation  33)

[Ru6 (CO)18] 2" + Fe2 (CO) 9

or

Fe(CO)|

THF

25°C
[Rua (CO)12]

2 -

[Ru4 (CO) 13] 2 +

[Fe(CO)A] 2_ +

[FeRu3 (CO)13] 2 -

[Ru6 (CO)1?] 2 -

H

H4Ru4 (CO)12 + 

H2Ru4 (CO) 13 +

Fe3 (CO) 12 +

H2FeRu3 (CO) 13 +

H2Ru6 (CO)1? (50-60%)

(31)

[Ru6 (CO)18] 2_ + Fe(C0)5’
(1) THF

 ► H2Ru6 (C0)1? (30%) +
(2) H

H2RuA(C0 ) 13 + 

H4Ru4 (CO)12

(32)

[Ru6 (C0) l g ] 2 + H+

H+=HCl,HBr,H2SOa

h2Ru6 (co ) 17 + CO 

(40%)

(33)

Minor amounts of H.Ru.(C0),„ and H„Ru,(C0)._ a re  a l s o  observed in
4 4 12  2 4 13

Equation 33, presumably formed through decomposit ion of [Ru,(C0)l o ]o lo
2-
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The new hexanuclear  c l u s t e r  H„Ru,. (CO) . _ has  been
l  b 1 /

s p e c t r o s c o p i c a l l y  c h a r a c t e r i z e d .  I t  e x h i b i t s  a s i n g l e t  in  the  pro ton  

NMR (Fig.  16A) a t  6-15.6 ppm which in d i c a t e s  the  hydr ides  to  be 

eq u iv a len t  and having a f a i r l y  s t rong  i n t e r a c t i o n  with  the  m e ta l l i c

tempera ture  shows a s i n g l e t  in  the  t e rm ina l  r e g io n ,  6194.45 ppm,
13which implies  f l u x i o n a l i t y  of the c l u s t e r .  Low temperature  C NMR

i s  not p o s s ib le  due to the  l im i t e d  s o l u b i l i t y  of t h i s  c l u s t e r  in

organ ic  s o lv e n t s .

The h igh ly  symmetric s t r u c t u r e  t h a t  may be envis ioned  f o r  t h i s

c l u s t e r  i s  a l s o  i n d i c a te d  in  the  IR. The s o lu t io n  IR (F ig .  17) in

c o n s i s t s  of one major band (2060 cm ^) i n d i c a t i n g  te rm ina l

ca rbony ls .  The n u jo l  spectrum; (F ig .  18) however, shows a weak

a b so rp t io n  a t  1732 cm  ̂ i n d i c a t i v e  of a b r id g in g  carbonyl .

Upon c l o s e r  examinat ion of Equat ion 33, one might argue t h a t  a

simple p ro to n a t io n  i s  a c t u a l l y  occu r r in g  to  form the product

H„Ru,(C0)1o. Indeed t h i s  product has been claimed f i r s t  by Knight L 0 io
and Mays [5 9 a ,5 9 c ,87] (Equation 34) and l a t e r  by Johnson and Lewis

[84-86] (Equation 35)

13core  as  suggested by i t s  downfield s h i f t .  C NMR (Fig.  16B) a t  room

(1) THF,reflux
Ru3 (CO) 12 + [Mn(C0)3 ]

(2) H
H2Ru4 (C0 ) 13 + 

H4RuA(CO) 12 + (34)

( t r a c e )
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Figure  16. Proton (a) and Carbon-13 NMR Spectra  
of (u3-H)2Ru6 (u-CO)(CO)16.
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(35)

Knight and Mays claim to  have ob ta ined  the  H2Rug(CO)^g c l u s t e r  in

extremely  low y i e l d s .  On the o th e r  hand, Johnson and Lewis i n d i c a t e

y i e l d s  of up to  90% a re  p o s s i b l e .  Reported sp ec t ro sc o p ic  evidence i s

very  l i m i t e d  from e i t h e r  re sea rch  group; however,  the  IR spec t ra

t h a t  have been r e p o r te d  agree  with  what i s  observed f o r  the

HoRu,(C0)._ c l u s t e r .  (F ig .  17) (vnn 2058(s ) ,  2052(s ) ,  2003(w) cm" 1 L 0 1 / OU
in  CH2C12 [84 ] ;  vCQ 2 0 6 0 ( s ) , 2054( s ) ,  2008(w) cm"1 in  CCl^ [59a])

A c r y s t a l  s t r u c t u r e  of H2RUg(C0)^g ( c r y s t a l  supp l ied  by Knight

and Mays [59a]) has  been solved by C hu rch i l l  and Wormald. [59c ,87]

C ry s ta l l o g r a p h ic  da ta  fo r  H2Ru^(CO)jg as  r e p o r te d  by C h u rc h i l l  and

Wormald a r e  given in  Table 1. The molecular s t r u c t u r e  of HoR u ,(C 0) .oZ D 10
i s  given in  Figure  19A. [87]

C hu rch i l l  d e sc r ib e s  the molecule as  fo l low s .  [5 9 c ,87]

The two c r y s t a l l o g r a p h i c a l l y  independent H2RUg(C0)^g c l u s t e r s  are  

s te r eo c h e m ica l ly  e q u iv a l e n t ,  each molecule having p r e c i s e  Ĉ

i i
2 - H (xs)

( i )  ( i )  h2so4

(2) NMe^Cl/MeOH

( i i )  ( i )  h2so4 •

(2) PPNCl/MeOH



Table 1. C r y s t a l lo g ra p h ic  Data f o r  H„Ru,(C0)l o .Z O lo
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Chemical formula /Color o f  c r y s t  

Molecular wt 

Space group 

M o lecu le s /un i t  c e l l
a, A
b, A
c, A 
6 , deg

3
Volume, u n i t  c e l l  A 

-3D (ca lcd ) ,  g cm 

Rad ia t ion  

D i f f rac to m e te r  

Scan mode

Absorpt ion c o e f f ,  cm ^

No. of r e f l c t n s  used in  s t r u c t u r e  
refinement

Rf > %

Rwf2 ’ %
GOF

C18H2°18Ru6/p u rp l e
1113
P21/c

4

16.627(23)

9.582(5)

19.446(19)

120.58(5)

2667.1

2.771

Mo Kct (0.710730 A) 

Supper-Pace Buerger
0)

33.15

2780

5.72 

2.93-
1.72
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#1 #2

2.957

2.8722.672

2.957.

? 2.954

2.874

.2.954 •

B

Figure 19. l^Ru.CCO). . Molecular S t r u c t u r e  (a) 
and Probable Locat ion of Hydrides ( b ) .
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symmetry with the  s i x  ruthenium atoms d e f in in g  a d i s t o r t e d  

octahedron .  Each ruthenium i s  a s s o c i a t e d  with  th r e e  t e rm ina l  carbonyl 

l ig a n d s .

The two hydride  l igand  p o s i t i o n s  have not been determined in  the

X-ray a n a l y s i s ;  however, t h e i r  most probable  l o c a t io n s  may be derived

from elongated  Ru-Ru bonds and d isp laced  carbony ls :  ( i )  Ru-Ru

d i s t a n c e s  w i th in  two oppos i te  faces  of each octahedron range from

2.950-2.959A as opposed to  o th e r  Ru-Ru bonds of 2.850-2.874A;

( i i )  th re e  carbonyls  l i e  almost v e r t i c a l l y  above each of  the  s ix  small

o c tah e d ra l  f a c e s ,  but carbonyls  a re  spread away from t r u l y  a x i a l

p o s i t i o n s  above the  two l a rg e  faces  of the  oc tahedron . (F ig .  19B)

In o rde r  to  de termine the  exac t n a tu re  of  the  c l u s t e r  formed in

Equation 33, a c r y s t a l  of HoRu11(C0)1_ was s u b jec ted  to  X-ray a n a l y s i s .
2 o 1 /

The molecular s t r u c t u r e  of t h i s  novel c l u s t e r  i s  shown in  Figure  20

and the  c r y s t a l  packing diagram in  Figure  21. S e lec ted  views of the

m e t a l l i c  core  d i s p la y in g  the  compound's unique f e a t u r e s  a re  given in

Figures  22-23. C r y s ta l lo g ra p h ic  da ta  f o r  t h i s  c l u s t e r  appears  in

Table 2. Se lec ted  bond d i s t a n c e s  and bond ang les  a r e  l i s t e d  in

Tables 3 and 4,  r e s p e c t i v e l y .  (The p a r t i c u l a r  f e a t u r e s  with r e s p e c t

to  the da ta  c o l l e c t i o n  and s t r u c t u r e  s o l u t i o n  a re  de sc r ibed  in  the

Experimental  Sec t ion  of t h i s  d i s s e r t a t i o n . )

The molecular s t r u c t u r e  of HoRu,(C0) i s  i s o s t r u c t u r a l  withc 6 17
0s , ,(C0) ,o . [8 8 ] (F ig .  24) The c l u s t e r  adopts  a bicapped t e t r a h e d r a l  

6 18

geometry where R u ( l ) ,  Ru(4),  Ru(5),  and Ru(6 ) d e sc r ib e  the  inner 

t e t r a h e d r o n ;  fu r therm ore ,  Ru(2) and Ru(3) cap the  Ru(1)-Ru(4)-Ru(6)



Figure 20. ORTEP of (u3-H)2Ru6 ( p - C O ) ( C O ) .



51

Figure 21. C ry s ta l  Packing Diagram of (u^-H)^Ru^Cu-CO)(CO)^.
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Figure 22. Se lec ted  Views of l^RugCCO)^ M e ta l l i c  Core.
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RU3RU2

RUI

RUSHU6

Figur.e 23. Se lec ted  View of I ^ R u ^ C O ) ^  M e ta l l i c  Core.
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Table 2.  C ry s ta l lo g ra p h ic  Data f o r  (p -H)-Ru, (p-CO) (CO), .j  z o lo

Chemical formula/Color  of c r y s t Ru6Cl 7°17H2/,purple
Molecular wt 1090
Space group Pi
M olecu les /un i t  c e l l 2
Temp, °C -40
a, A 8.131(4)
b, A 10.996(3)
c, A 15.350(2)
a ,  deg 93.58(2)
6 , deg 97.89(2)
Y > deg 109.33(3)
Volume, u n i t  c e l l  A 1274.130

-3
D ( c a l c d ) , g cm 2.827
Radia t ion Mo Ka (0.710730 A)
Absorptn c o e f f ,  cm ^ 34.8
Max/Min t ransm issn ,  % 99.83/95.84
Scan mode 10-20
Data c o l l e c t n  l i m i t s ,  deg 4-55
No. of unique r e f l c t n s 5831
No. of r e f l c t n s  used in  s t r u c t u r e

ref inement  (>3o(I) ) 3181
No. v a r i a b l e  paramete rs 369

R£ 0.028

Ewf/U 0.032/0.04
GOF 0.989
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Table 3. Selected Bond Distances (A) and Esd's of

(M3-H)2Ru6 (y-CO)(CO)16.

A. Metal-Metal Distances

Ru(1)-Ru(2) 2.833(1) Ru(2)-Ru(6) 2.690(1)

Ru(1 ) -Ru(3) 2.833(1) Ru(3)-Ru(4) 2.850(1)

Ru(1)-Ru(A) 2.753(1) Ru (3) -Ru (5) 2.708(1)

Ru(1 ) -Ru(5) 2.999(1) Ru(4)-Ru(5) 2.993(1)

Ru(1)-Ru(6 ) 2.999(1) Ru(4)-Ru(6) 3.009(1)

Ru(2)-Ru(4) 2.851(1) Ru (5 ) -Ru (6 ) 2.643(1)

B‘ Ru_Cbridge and C-0 Distances

Ru (5)-C(56) 2.102(9) C(56)-0(56) 1.133(10

Ru(6)-C(56) 2.282(9)

C. Ru-("terminal Distances

R u ( l ) - C ( l l ) 1.903(8) Ru(3)-C(33) 1.89(1)

Ru(l )-C(12) 1.912(8) Ru(4)-C(41) 1.922(8)

Ru(l) -C(13) 1.921(9) Ru (4)-C(42) 1.891(8)

Ru(2)-C(21) 1.874(9) Ru(4)-C(43) 1.936(8)

Ru (2) —C (22) 1.893(9) Ru(5)-C(51) 1.860(9)

Ru(2)-C(23) 1.912(9) Ru(5)-C(52) 1.865(8)

Ru(3)-C(31) 1.861(9) Ru(6)-C(61) 1.847(9)

Ru(3)-C(32) 1.896(9) Ru(6)-C(62) 1.848(8)

D. C-0 Distances

C( 11) —0 ( 11) 1.123(9) C(33)-0(33) 1.14(1)

C(12)-0(12) 1.148(9) C(41)-0(41) 1.128(9)

C (13)-0(13) 1.13(1) C(42)-0(42) 1.130(9)

C(21)-0(21) 1.14(1) C(43)-0(43) 1.123(9)

C(22)-0(22) 1 . 12( 1) C(51)—0(51) 1.14(1)

C(23)-0(23) 1 . 12( 1) C(52)-0(52) 1.13(1)

C(31)-0(31) 1.15(1) C(61)-0(61) 1.14(1)

C(32)-0(32) 1 . 12( 1) C(62)-0(62) 1.15(1)
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Table 3. Selected Bond Distances (A) and Esd's of

(y3-H)2Ru6 (M-CO)(CO)16 (cont.).

E. Ru-H _  Distances cap
Ru(1)-H(1) 1.81(8) Ru(4)-H(2)

Ru(5 ) -H(1) 2 .01(7) Ru(5)-H(2)

Ru(6 ) -H ( l )  1.86(7) Ru(6 ) -H(2)

1.78(6)

1.98(6)

1.92(8)
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Table 4. Selected Bond Angles (deg) and Esd's of
(h 3-h )2Ru 6 (w -c o )(c o )16.

A. A n g l e s  W i t h i n  R u ^  C l u s t e r
Ru(2)-Ru( l ) -R u(3) 122.4(3) Ru(1)-Ru(4)-Ru(3) 60.72(2)

Ru(2) -Ru( l ) -R u(4) 61 .36(2) Ru( l ) -Ru(4)-Ru(5) 62.77(2)

R u(2)-Ru( l ) -R u(5) 101.19(3) Ru( 1 ) -Ru(4 ) -Ru(6 ) 62.55(2)

Ru(2 ) -Ru(1 ) -Ru(6 ) 54.86(2) Ru( 1 ) -Ru(5 ) -Ru(3) 59.26(2)

Ru(l )-Ru(2)-Ru(4) 57.94(2) Ru( 1 ) -Ru(5)-Ru(4) 54.70(2)

Ru(1)-Ru(2)-Ru(6) 65.72(2) Ru( l ) -Ru(5 )-Ru(6 ) 63.86(2)

Ru (1 ) -Ru(3)-Ru (4) 57.95(2) Ru( 1)-Ru(6)-Ru(2) 59.43(2)

Ru(l ) -Ru(3)-Ru(5) 65.49(2) R u( l ) -Ru(6 ) -Ru(4) 54.54(2)

Ru(1 ) -Ru(4 ) -Ru(2) 60.70(2) Ru(l) -Ru(6)-Ru(5) 63.86(2)

B. R u - R u - C .t e r m in a 1 Angles

Ru(2 ) - R u ( l ) - C ( l l ) 86 .4(2) Ru( 1 ) -Ru(4)-C (41) 133.2(2)

Ru( 2 ) -Ru(1 )—C(12) 165.9(3) Ru( 1)-Ru(4)—C(42) 91.8(2)

Ru(2)-Ru( l ) -C(13) 78.1(3) Ru(1 ) -Ru(4)-C(43) 136.3(2)

Ru( 3 ) - R u ( l ) - C ( l l ) 92 .8 (2) Ru(2)-Ru(4)-C(41) 73.1(2)

Ru(3)-Ru( l ) -C(12) 71.7(3) Ru(2)-Ru(4)-C(42) 87 .9 (2)

Ru(3)-Ru( l ) -C(13) 159.0(3) Ru(2)-Ru(4)-C(43) 162.1(3)

R u ( 4 ) - R u ( l ) - C ( l l ) 94 .1 (3) Ru(3)-Ru(4)-C(41) 165.7(2)

Ru(4)-Ru( l ) -C(12) 132.5(3) Ru(3)-Ru(4)-C(42) 89 .1(2)

Ru(4)-Ru( l) -C(13) 138.1(3) Ru(3)-Ru(4)-C(43) 76.5(2)

Ru(5 ) - R u ( l ) - C ( l l ) 146.1(2) Ru (5)-Ru(4)-C(41) 123.9(3)

Ru(5)-Ru( l ) -C(12) 8 6 . 1 (2 ) Ru(5)-Ru(4)-C(42) 142.5(2)

Ru(5)-Ru( l) -C(13) 120.5(2) Ru (5)-Ru(4)-C(43) 8 6 . 6 ( 2)

Ru(6 ) - R u ( l ) - C ( l l ) 140.5(2) Ru(6)-Ru(4)-C(41) 85 .6(3)

Ru(6 ) -Ru( 1 )—C(12) 125.1(2) Ru(6)-Ru(4)-C(42) 141.0(2)

Ru(6)-Ru( l) -C(13) 86.1 (3) Ru(6)-Ru(4)-C(43) 122.9(3)

Ru(1 ) -Ru(2)-C(21) 162.5(3) Ru(l) -Ru(5)-C(51) 100.6(3)

Ru( 1)-Ru( 2 ) -C(22) 104.0(3) Ru( 1 ) -Ru(5)-C(52) 145.9(3)

Ru( 1 ) -Ru( 2 ) -C(23) 97.6(3) Ru(1 )-Ru(5 ) -C (5 1) 91.0(3)
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Table 4. Selected Bond Angles (deg) and Esd's of

(|J3-H)2Ru 6 (ij-CO)(CO)16 (cont.).

Ru(4 ) -Ru(2 )—C(21) 106-2(3) Ru (3)-Ru(5)-C(52) 88 .4(3)

Ru(4)-Ru( 2 ) - C(2 2) 158.8(3) Ru(4)-Ru(5)-C(51) 147.9(3)

Ru(4)-Ru(2)-C(23) 99 .9 (3) Ru (4 ) -Ru(5)-C(52) 101.3(3)
Ru(6)-Ru(2)-C(21) 102.0(3) Ru(6)-Ru(5)-C(51) 127.6(2)

Ru(6 )-Ru(2)-C(22) 97 .7 (3) Ru(6)-Ru(5)-C(52) 132.3(3)

Ru(6)-Ru(2)-C(23) 161.9(2) Ru(1 ) -Ru(6 )—C(61) 146.5(3)

Ru(1 ) -Ru(3 )—C(31) 161.4(3) Ru(1 ) -Ru(6)-C(62) 103.0(3)

Ru(1)-Ru(3 )—C(32) 108.2(3) Ru(2)-Ru(6)-C(61) 88 .9 (3 )

Ru(1)-Ru(3)-C(33) 96 .1 (3) Ru(2)-Ru(6)-C(62) 94 .1(2)

Ru(4)-Ru(3)-C(31) 104.3(3) Ru(4)-Ru(6)-C(61) 101.8(3)

Ru (4 ) -Ru(3 ) -C (32) 164.2(3) Ru(4)-Ru(6)-C(62) 151.0(2)

Ru(4)-Ru(3)-C(33) 96.7(3) Ru(5)-Ru(6)-C(61) 131.6(3)

Ru(5)-Ru(3)-C(31) 103.4(3) Ru(5)-Ru(6)-C(62) 127.2(3)

Ru(5)-Ru(3)-C(32) 103.3(3)

Ru(5)-Ru(3)-C(33) 158.8(3)

C. R u ~ ^ b r i d g e  an<  ̂ Ru" ^ “Ru A n g l e s
Ru(5)-C(56)-0(56) 147.7(8) Ru(5)-C(56)-Ru(6) 74 .0(3)

Ru(6)-C(56)-0(56) 138.3(8)

D - R u “ C O t e r m i n a l A n g l e s
R u ( l ) - C ( l l ) - 0 ( 1 1 ) 176.4(8) Ru(4)-C(41)-0(41) 170.5(7)

R u( l ) -C(12)-0 (12) 167.4(8) Ru(4)-C(42)-0(42) 176.0(7)

Ru( l ) -C(13)-0 (13) 171.0(8) Ru (4 ) -C(43)-0(42) 172.0(8)

Ru(2)-C(21)-0(21) 178.2(8) Ru(5)-C(51)-0(51) 176.8(8)

Ru(2)”C(22)-0(22) 178.8(8) Ru(5)-C(52)-0(52) 179-5(8)

Ru(2)-C(23)-0(23) 178.1(8) Ru(6)-C(61)-0(61) 179.5(8)

Ru(3)-C (31)-0(31) 178.0(8) Ru(6)-C(62)-0(62) 177.4(8)

Ru(3)-C(32)-0(32) 177.4(8)

Ru(3)-C(33)-0(33) 177.4(8)
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Table 4. Selected Bond Angles (deg) and Esd's of
^U3~H ^2Ru6^y"C0^ C0^16 (cont*)'

E. R u - H - R u  A n g l e s
Ru(1 ) -H(1 
Ru(1 ) -H( 1 

R u( l ) -H ( l  

Ru( 1 ) -H(1 

Ru( 1)-H( 1 

Ru( 2 ) -H(1 

Ru( 2 ) -H( 1 

Ru(2)-H(l 

Ru(2)-H(l 

Ru(3)-H(l 

Ru(3 ) -H(1 

Ru(3 ) -H(1 

Ru(4)-H(l 

Ru(4)-H(l 

Ru(5)-H(l

-Ru(2) 58(2) Ru(1 ) -H(2 ) -Ru(2) 51(1)
-Ru(3) 54(2) Ru (1) -H ( 2) -Ru ( 3) 50(1)
-Ru(4) 58(2) Ru(l )-H(2)-Ru(4) 58(2)
-Ru(5) 103(4) Ru( 1)-H(2)-Ru(5) 65(2)
-Ru(6 ) 110(4) Ru( 1 ) -H(2 ) -Ru(6) 65(2)

-Ru(3) 94(2) Ru( 2 ) -H(2 ) -Ru(3) 94(1)
-Ru(4) 52(1) Ru(2)-H(2)-Ru(4) 58(2)

-Ru(5) 113(3) Ru(2)-H(2)-Ru(5) 113(2)

-Ru(6 ) 54(2) Ru(2)-H(2)-Ru(6) 53(1)

-Ru(4) 50(1) Ru (3) -H(2)-Ru(4) 55(2)

-Ru(5) 51(2) Ru(3)-H(2)-Ru(5) 52(1)

-Ru(6 ) 112(3) Ru(3)-H(2)-Ru(6) 112(2)

-Ru(5) 65(2) Ru(4)-H(2)-Ru(5) 105(3)

-Ru(6 ) 6 6 (2 ) Ru(4)-H(2)-Ru(6) 109(3)
-Ru(6 ) 86(3) Ru (5) -H(2)-Ru(6 ) 85(2)
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and Ru(l) -Ru(4)-Ru(5) f a c e s ,  r e s p e c t i v e l y .  The bond l e n g th s  wi th in  

the  inner  t e t r a h ed r o n  range from 2.643(1)-3.009(1)A; the capping 

d i s t a n c e s  range from 2.690(1)-2«851(1)A. Ruthenium atoms R u ( l ) ,  

Ru(2),  Ru(3) and Ru(4) s p o r t  th ree  te rm ina l  ca rb o n y ls ;  while Ru(5) 

and Ru(6 ) have two te rm in a l  carbonyls  and share  a b r id g in g  carbonyl .  

Capping hyd r ide s  H(1) and H(2),  i n t e r a c t  with the  Ru(1)-Ru(5)-Ru(6 ) 

and Ru(4)-Ru(5)-Ru(6) f a c e s ,  r e s p e c t i v e l y .

The i n t e r m e t a l l i c  d i s t a n c e s ,  F ig .  25, w i th in  the  c l u s t e r  may be 

c l a s s i f i e d  as :  ( 1) "normal" ruthenium-ruthenium bond d i s t a n c e s ,

(2) " s h o r t "  ru thenium-ruthenium d i s t a n c e s ,  and (3) "long" ru thenium- 

ruthenium d i s t a n c e s .  The bond d i s t a n c e s  Ru( l ) -Ru(2)=2 .833( l )A ,  

Ru(2)-Ru(4)=2.851(1)A, Ru( l ) -Ru(3 )=2 .833( l )A ,  and Ru(3)-Ru(4)= 

2.850(1)A are  considered  "normal" ,  being comparable to the  average 

Ru-Ru d i s t a n c e  of 2.854A in  R u^tCO )^ .  [89] These d i s t a n c e s  a re  a l so  

comparable to  those  in  o th e r  ruthenium c l u s t e r s ,  f o r  example: 

PPNH3Ru4 (CO) 12 (2.937(1)A av e rag e ) ,  [90] PPNHRu^(CO) (2 .7 5 6 ( 1 ) -  

2 .83 5 (1 )A ) , [91] and PPNHRu3 (C0 ) n  ( 2 .815 (2 ) -2 .8 4 5 (3 )A ) . [68d]

Somewhat s h o r t e r  d i s t a n c e s  a s s o c ia t e d  with the  o u te r  edges 

of the  c l u s t e r  a re  observed ,  Ru(2)-Ru(6)=2.690(1)A and Ru(3)-Ru(5)= 

2.708(1)A. This may be a t t r i b u t e d  to  d i s t o r t i o n  w i th in  the metal  

framework a r i s i n g  from the  leng then ing  of the  inne r  Ru-Ru bonds 

(2 .993(1)-3 .009(1)A) by the  capping h y d r id e s .  This d i s t o r t i o n  i s  

e x h ib i t e d  by the  en larged  bond angles  a s s o c i a t e d  with Ru(2) and 

Ru(3 ) .  (Ru(1)-Ru(2)-Ru(6)=65.7 2 (2 ) ° ,  Ru(4)-Ru(2)-Ru(6)=65.7 0 ( 2 ) ° ,

Ru(1)-Ru( 3 ) -Ru(5)=65 .49(2 )° ,  and Ru( 4 ) -R u(3) -R u(5)-65 .1 0 ( 2 ) ° .)



Ru (5) Ru(5) Ru(6 ) R u ( 6 )

^.643

2.999 2.999

2.993 3.009

2.753

Ru (4)

Ru (1)2.708

2.833

2.850
Ru (3) Ru (4)

Ru (1) 2.690

2.833

2.851
Ru(4) Ru(2)

ONfO

Figure  25. I n t e r m e t a l l i c  Bond D is tances  Within H„Ru. (CO) . .
2 6 17



63

The inne r  t e t r a h e d r a l  bonds R u( l ) -Ru(5)=2 .999( l )A ,  R u( l ) -Ru(6 )=

2 .9 9 9 ( 1)A, Ru(4)-Ru(5)=2.993(1)A and Ru(4)-Ru(6)=3.009(l)A a re

lengthened app rec iab ly  r e l a t i v e  to  the non-bridged d i s t a n c e s  d iscussed

p re v io u s ly .  This i s  c o n s i s t e n t  with the presence  of or

hydr ide  l ig a n d s .  [4 9 ,5 5 ,5 9 a ,7 0 a ,92-100] The capping hydr ides  were

found d i r e c t l y  from the X-ray a n a l y s i s  and the m eta l -hyd r ide  d i s t a n c e s

ranging from 1 .7 8 (6 )—2.01(7)A a re  comparable to those rep o r ted  in the

l i t e r a t u r e .  [95-100]

A p a r t i c u l a r l y  i n t e r e s t i n g  f e a t u r e  of H^Ru^CCO)^ i s  the

extremely sh o r t  Ru(5)-Ru(6) d i s t a n c e  of 2.643(1)A. One could argue

t h a t  t h i s  bond i s  shor tened  due to  the  meta ls  be ing in  the  formal

o x id a t io n  s t a t e  of 0 as Mason [88 ] no tes  fo r  the  0s^(C0)^g c l u s t e r ,

0 s ( l ) -0 s (6 )= 2 .732A .  (F ig .  24) He argues  t h a t  the  Os(3)-Os(4)

d i s t a n c e  of 2.757A i s  a l s o  shor tened  due to the meta ls  involved being

in  a formal o x id a t io n  s t a t e  of +1. However, one should immediately

observe t h a t  the  Ru(5)-Ru(6) d i s t a n c e  i s  0.089A s h o r t e r  than the

corresponding  bond in  Os (C 0) ,o . This d i s t a n c e  i s  g r e a t e r  than canD io
be accounted fo r  by the d i f f e r e n c e s  in the cova len t  r a d i i  between 

Os (1.255A) and Ru (1.241A). Also,  i f  the cova len t  r a d i i  or  formal 

o x id a t io n  s t a t e s  played a s u b s t a n t i a l  r o l e  then one would expect the  

Ru(l) -Ru(4)  d i s t a n c e  of 2.753(1)A to  a l s o  be s ev e re ly  shor tened  and 

t h i s  i s  not observed.  (compare to Os(3)-Os(4)=2.757A)

Another p o s s i b i l i t y  for  the  shor tened  bond i s  the  p resence  of the 

b r idg ing  carbonyl l ig a n d .  There i s  s u b s t a n t i a l  evidence th a t  b r idg ing  

hydr ide  l igands  lengthen meta l -meta l  bonds as  noted above; however,  a
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b r id g in g  hydr ide  supported  by ano ther  b r id g in g  l ig an d  may e i t h e r  

leng then  or  sho r ten  the  meta l -m eta l  bond depending on the  na tu re  of 

the  o th e r  b r id g in g  l i g a n d .  [101] However, comparisons between bridged 

and non-br idged Ru-Ru d i s t a n c e s  a re  u s u a l ly  l e s s  than 0.05A. For 

example, a comparison between the two types of bonding s i t u a t i o n s  in 

HRu3 (CO)1Q(CNMe2) i s  0.027A [101] and in  [HRu^CO)  ̂{ ] ~ i s  0.029A. [68 ] 

The Ru(5)-Ru(6) bond i s ,  t h e r e f o r e ,  considered double bonded in  

c h a r a c t e r ;  s i m i l a r  to  t h a t  observed in H^Os^CCO)^ (2.683A). [95,99, 

100]

The b r id g in g  carbonyl group i s  asymmetric,  with Ru(5)-C(56)=

2 . 102(9)A, Ru(6 ) -C(56)=2.282(9)A, and the  ang les  Ru(5)-C(56)-0(56)=

1 4 7 .7 (8 )° ,  and R u(6)-C (56) -0 (56 )=138 .3 (8 )° . The d i s t a n c e s  and

angles  a s s o c i a t e d  with  the  t e rm ina l  carbonyls  a re  considered  normal.

The q u e s t io n s  which come to  mind a t  t h i s  po in t  a r e :  (1) What i s

the  l i k e l i h o o d  of simple p ro to n a t io n  v s .  redox behav ior  with  r e s p e c t

to the  c a r b o n y l / ca rb o n y la te  combination? (2) I s  i t  p o s s ib l e  t h a t  the
2 -

c a r b o n y la te  used in  these  r e a c t i o n s  i s  r e a l l y  [Ru,(CO),_] , and t h a to l /

we do only observe p r o to n a t io n  according  to  Equation 36?

[Ru6 (CO)17] 2" + H+ ---------------------------- >-H2Ru6 (CO) 17 (36)

In an a t tempt  to  answer th e se  q u es t io n s  e s p e c i a l l y  t h a t  concerned 

with  the  i d e n t i t y  of the  s t a r t i n g  m a t e r i a l ,  the  c a rbony la te  was 

su b jec ted  to  an X-ray d i f f r a c t i o n  exper iment.

The molecular s t r u c t u r e  of t h i s  ca rbony la te  proved to  be the
.f

same as  t h a t  r e p o r te d  by Shore and Hsu [102] for the  [PPh^] s a l t  and
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Johnson and Lewis [85] fo r  the  [PMePh^] s a l t .  Figure  26 g ives  the

molecular s t r u c t u r e  a s  r e p o r t e d  by Johnson and Lewis.  Table 5 gives

c r y s t a l l o g r a p h i c  da ta  comparing the  r e s u l t s  obta ined  in  t h i s  X-ray

study (Column I )  with t h a t  ob ta ined  by Shore and Hsu. (Column I I )

(The p a r t i c u l a r  d e t a i l s  with r e s p e c t  to  the  da ta  c o l l e c t i o n  and

s t r u c t u r e  s o l u t i o n  a re  o u t l i n e d  in  the Experimental  Section of t h i s

d i s s e r t a t i o n . )  T he re fo re ,  one may conclude th a t  a redox r e a c t io n  i s

occu r r ing  and not j u s t  a simple p ro to n a t io n .

However, t h i s  conc lus ion  i s  chal lenged  by the ob se rv a t io n s  of

Johnson and Lewis [84-86] (Equat ion 35) where they r e p o r t  r e a c t io n  of

a s t ro n g  a c i d ,  Ĥ ’SO^, with  [PPN^tRu^CO) jg] r e s u l t s  in  format ion of

H„Ru,(C0).o . A r e - i n v e s t i g a t i o n  of t h e i r  exper imenta l  procedures  2 b lo

r e s u l t  i n  H„Ru (CO).., formation ( in  t h i s  i n v e s t i g a t o r ' s  hands) asZ D  1 /
i d e n t i f i e d  by NMR, IR and e lem en ta l  a n a l y s i s .  A r e - i n v e s t i g a t i o n  of

the  procedure  re p o r t e d  by Knight and Mays [5 9 a ,5 9 c ,87] (Equation 34)

a l s o  g ives  ^RUgCCO)^ . I t  can only be concluded, a t  t h i s  p o in t  in

t im e, t h a t  perhaps  a very  smal l  amount of ^ R u ^ C O ) ^  i s  formed in

these  r e a c t i o n s  and t h a t  the  c r y s t a l  Knight and Mays ob ta ined  was not

i n d i c a t i v e  of the  bulk compound. HoRu,(C0).. ,  seems to  be the bulkZ o l /
2 -

s p e c ie s  formed in  the  r e a c t i o n  of  [Ru ,(C0) ,o ] as shown by elementa lb lo
a n a l y s i s ,  (see  Experimental  Sec t ion)

4 . R e a c t i o n s  o f  [ R U g ( C O ) ^ ] ^  a n d  [ R U g ( C0) ^ g] ^
As noted in Sec t ion  2,  when the c a rbony la te  was a h igh ly  charged 

s p e c i e s  format ion of a new c l u s t e r ;  namely, H2Ru^(C0 ) ^  was observed.
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Figure  26. Molecular S t r u c tu re  of [Ru,.(C0),o]
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Table 5. C r y s t a l lo g ra p h ic  Data fo r  [PPh.] „ [Ru,(CO), e ] .4 2 6 lo

Chemical formula C66H40Ru6P2°18a C66H40Ru6P2°18b
Color of c r y s t dark brown

Molecular wt 1788.622
Space group P21/c P21/c

Z 4 4
Temp, °C 25 25
a, A 22.878(3) 22.854(2)
b, A 14.241(1) 14.257(2)
C, A 19.706(3) 19.655(3)
B , deg 90.93(1) 90.65(1)
Volume, A3 6419.6 6403.5

-3
D (ca lcd ) ,  g cm 1.851

-1
Absorptn c o e f f ,  cm 14.7 14.6
Scan mode to—2 0 w-20

Data c o l l e c t n
l i m i t s ,  deg 4-40 4-50

No. of unique
r e f l c t n s 5965 6188

No. of r e f l c t n s  used
in  s t r u c t u r e 3525 4766
ref inement (>2a(I)) (>3a(I))

Rf 0.069

R r 0.078wf

a t h i s  work

^Shore and Hsu [102]
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Since a t e t r a n u c l e a r  c l u s t e r  r e a c t a n t  r e s u l t e d  in  a hexanuclear  

product one may assume a c l u s t e r  b u i ld in g  pathway i s  

f u n c t i o n a l ,  whose a c t i v i t y  i s  p o s s ib ly  in f luenced  by the  b a s i c i t y  of 

the  ca rb o n y la te .  I t  was hoped t h a t  i n c re a s in g  the  b a s i c i t y  of the 

hexanuclear ca rbony la te  would perhaps r e s u l t  in  formation of e i t h e r

a h e t e r o -  or  homo- n u c lea r  s p ec ie s  with M ^  6 .

4 -  6 -Reaction of e i t h e r  [Ruc (CO)..,] o r  [Ru,(CO), ,]  with Fe„(CO)._b I / b i b  L y

(Equation 37) r e s u l t e d  in  H^Ru^CCO)^* Fe^CCO)^* H^Ru^CCO)^*

H_FeRu„(CO),_ and H„Ru,(C0),_ a f t e r  p ro to n a t io n  with  a s t rong  a c id .
L 3 13 L b  1/

[Ru6 (CO)17] 4" + Fe2 (CO)g

H4Ru4 (CO) 12 + 

H2Ru4 (CO) 13 + 

Fe3 (CO) 12 + (37)

H2FeRu3 (CO) 13 +

[Ru6 (CO) 16] 6 + Fe2 (CO) 9

When [Ru&(CO) 16] 6 was r e a c te d  with Fe2 (CO) 9 the  y i e l d  of  H2Ru6 (CO) 17

4-was observed to be 2-3 t imes t h a t  formed when [Ru,(CO)...] wasD 1 /

employed (by NMR); however,  the  major p roduc ts  i s o l a t e d  were 

H4Rua (CO) 12 and H2Ru4 (CO)1;}.
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II. I R O N / O S M I U M  S Y S T E M S
A. I n t r o d u c t i o n .  Mixed-metal c l u s t e r s  co n ta in in g  i ro n  and osmium

have a l s o  been syn thes ized  and c h a r a c t e r i z e d .  One sees  examples
2 -

ranging from the d in u c le a r  s p e c i e s ,  [FeOs(CO) ] , [57] (Equation 15)O

through a pen tan u c lea r  c l u s t e r ,  H2Fe20s 3 (C0 ) ^ . [50a]

Moss and Graham [103-105] r e p o r te d  the f i r s t  s y n th e s i s  of i r o n -  

osmium t r i n u c l e a r  c l u s t e r s ,  Fe20s(C0)^2 a°d FeOs2 (CO)j2 » under mild 

c o n d i t io n s .  (Equat ions  38,39) H ere to fo re ,  harsh p y r o ly s i s  co n d i t io n s  

were used in  the  s y n th e s i s  of the  FeRu and RuOs t r i m e r s .  [40,44] 

(Equations 3-10)

n-heptane
4 Fe„(CO)Q + HoOs(C0). -----------------------►- Fe 0s(C0) +

1 9 1 * 25°C (38)
H2FeOs3 (CO) 13

Fe20s(CO) f ° rmed in 70% y i e l d  while  ^F eO s^ C O )  3̂ i s  only 

observed in  6%.

n-heptane
H2Os2 (CO) 8 + 2 Fe2 (C0 ) 9 ------------------------- FeOs2 (CO) 12 (39)

25°C (20%)

As with  the  i ron- ru then ium  c l u s t e r s ,  iron-osmium t e t r a n u c l e a r  

c l u s t e r s  have a l s o  been prepared  and f u l l y  c h a r a c t e r i z e d .  As noted in 

Equation 38, format ion of H2FeOs3 (CO) i s  p o s s i b l e ,  a l b e i t  in  low 

y i e l d .  Since t h i s  r e a c t i o n  rep o r ted  by Moss and Graham, s ev e ra l  

re s ea rc h  groups have succeeded in sy n th e s iz in g  t h i s  c l u s t e r  in  y i e l d s  

> 90%.



70

Various  methods a re  u t i l i z e d  in  order  to achieve  formation of 

t h i s  t e t r a n u c l e a r  c l u s t e r .  For example, Geoffroy f i r s t  syn thes ized  

I^FeOs^CCO)^ y i e l d s  of 9% accord ing to Equation 40. [70a]

46°C
Os3 (CO) 12 + [Fe(C0)A]  H20s 3 (C0) 10 +

Fe (CO) +
1 (40)

Fe2Os(CO) 12 +

H2FeOs3 (CO) 13

He l a t e r  achieved y i e ld s  of up to  95% using H2Os3 (CO)^q in  a 

p h o to ly s i s  r e a c t i o n .  [71] (Equation 41)

h\>
H2Os3 (CO)1q + Fe(C0) 5 --------------►- H2FeOs3 (CO) 13 + 2 CO (41)

Shore and co-workers [50a] have a l s o  made use  of the  

u n s a t u r a t i o n  in  H2Os3 (CO)^q to  form mixed-metal  c l u s t e r s  co n ta in ing  

th re e  osmium atoms. In t h e i r  sy n th ese s ,  they made use of  the  

v e r s a t i l i t y  H2Os3 (CO)^q possesses  with  r e s p e c t  to  Lewis a c id /b a s e  

c h a r a c t e r .  In Equation 42, H2Os3 (CO) 1(3 f u n c t io n s  as  an apparen t  

Lewis ac id  r e a c t i n g  with the very n u c l e o p h i l i c  i ro n  ca rbony la te  

[Fe(C0)4 ] 2_ .

2 -  H +H2Os3 (CO)1q + [Fe(C0)A]  ►- H2FeOs3 (CO)^  (42)
(82%)

The X-ray c r y s t a l  s t r u c t u r e  of H2Fe0s3 (CO)^3 has been solved by 

C hu rch i l l  [94] and i s  d ep ic ted  in Figure  27.
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Figure  27. Molecular S t r u c tu re  of l^F eO s^ (C O )^ .
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The an ion ic  [ H F e O s ^ C C O ) c l u s t e r  has  a l s o  been prepared  and 

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  us ing  the redox condensation method as  

o u t l i n e d  below, [106] (Equation 44)

PPN2Fe3 (CO) + Os3 (CO)1 2 — PPNHFeOs3 (CO)^  (44)

Shore [75,107] has used the  n e u t r a l  H2FeOs3 (CO)^3 c l u s t e r  as a 

source of [HFe0s3 (C0)^ ] format ion v i a  an a l k a l i - h y d r i d e  r e d u c t io n .  

(Equat ion 45)

H2FeOs3 (CO) 13 + MH--------------► [HFeOs3 (CO) ]"  + H2 (45)

(M=Na,K) (72%)

As with the  i ron- ru then ium  c l u s t e r s ,  these  mixed-metal  c l u s t e r s  

p a r t i c u l a r l y  the  anions  a re  then used a s  models fo r  c l u s t e r  spec ies  

on metal  su ppor t s .  [78]

B. Results & Discussion. As was a l lu d e d  to  in  the  i n t r o d u c t i o n ,  a

pen tan u c lea r  c l u s t e r  H„Fe_0s„(CO), ,  has  been syn thes ized  by P lo tk in
L I  J lo

and Shore.  [50a] The complex i s  a very  minor s id e -p ro d u c t  (< 2%)

of the r e a c t io n  o u t l in e d  in  Equat ion 43.

The o b je c t iv e  of t h i s  i n v e s t i g a t i o n  has  been to syn thes ize  

h ighe r  n u c l e a r i t y  c l u s t e r s .  In  t h i s  c a s e ,  i t  was hoped to inc rease  

the  y i e l d  of the  pen tanuc lea r  c l u s t e r  and to  p o s s ib ly  extend the 

n u c l e a r i t y  of t h i s  spec ie s  to s ix  or more m e ta ls  u s ing  the redox

condensa t ion  method. Perhaps the inc reased  bond s t r e n g th  a s s o c ia t e d

with osmium atoms would s t a b i l i z e ,  the h ighe r  n u c l e a r i t y  complex formed,
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so t h a t  l a r g e r  c l u s t e r s  a r e  i s o l a b l e ;  not j u s t  t e t r a n u c l e a r  spec ie s  

as  was observed in the  i ron- ru then ium  systems.

1. R e a c t i o n  o f  [ O s ^ C O )
2 -

Reaction of [Os (CO),.]  with two e q u iv a l e n t s  of Fe~(CO) a t  3 11 Z 9

room tempera ture  r e s u l t e d  in format ion of the  d e s i r ed  pen tanuc lear  

c l u s t e r  in  y i e ld s  comparable to  P l o t k i n ' s  o b s e r v a t io n s .  (Equation 46)

? _  THF ? _
[Os3 (CO)n ] + 2 Fe2 (CO) 9 -------  ► [Fe(CO)4 ] +

[FeOs3 (CO)13] 2~ +

(Fe2Os3 (CO)16]2-

H+ (46)

_ l r

Fe3 (CO) 12 +

H2FeOs3 (CO) 13 + 

H2Fe2Os3 (CO) 16

Each of these  c l u s t e r s  were i s o l a t e d  in  pure form v i a  chromatographic

techn iques  and i d e n t i f i e d  s p e c t r o s c o p i c a l l y .  The pen tanuc lea r

c l u s t e r  HoF e .0 s o (CO). ,  e x h i b i t s  a s i n g l e t  in  the  p ro ton  NMR a t  L L 5 ib
6-21.4 ppm (CDC13) or  6-21.5  ppm (dg- to lu e n e )  (F ig .  28A), i t s  u p f i e ld

13c h a r a c te r  i n d i c a t i n g  hyd r ides  b r id g in g  two osmium atoms. The C NMR

(Fig .  28B) shows a s i n g l e t  a t  6200.57 ppm i n d i c a t i n g  te rm ina l

carbony ls .  The IR agrees  with t h a t  rep o r ted  by P l o t k i n .  [50a]
2 -

Reaction of [0s3 (C0)^j ]  with f i v e  e q u iv a l e n t s  of Fe^CO)^ a t  

room tempera ture  r e s u l t e d  in formation  of H2Fe20 s 3 ( C O ) i n  y i e l d s  of
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Figure  28. Proton (a) and Carbon-13 (b)
NMR Spectra  of H„Feo0s . (C O ) . ,  .

I  2. j  Id



up to 7%. I f  the temperature  of the  r e a c t i o n  i s  lowered to  0°C the

r a t e  of r e a c t i v i t y  i s  decreased but y i e l d s  between 13-15% a re

observed,  (see  Experimental  Sec t ion  f o r  d e t a i l s )

This  c l u s t e r  does not e x h i b i t  g r e a t  s t a b i l i t y  in  a i r  or

m ois tu re .  I f  the  r e a c t i o n  i s  worked-up with improperly d r ied

s o lv e n t s  or TLC p l a t e s  which have not been a c t i v a t e d  thoroughly  or i f

small  amounts of 0  ̂ a r e  p re sen t  during the r e a c t i o n  p e r io d ,  formation

of HOs ^CCCOj qOH and Os (C0)^2 are observed. Furthermore, upon

s tand ing  in s o lu t io n  ( i e .  during the course  of c r y s t a l  growth)

decomposi t ion of H„Fe„0so (CO), ,  to  form 0s_(C0) lo and p o s s ib ly
2. A 5 l o  J 12

Fe2Os(CO) 12 i s  d e te c te d .  The O s ^ C O ) ^  bas been i d e n t i f i e d  by X-ray 

a n a l y s i s  and the IR shows peaks due to Fe2Os(CO)^2 an^ O ^C C O )^ .

2. Reaction of [FeOSg(CO)

In an a t tempt  to  determine the sequence of even ts  which lead  to

the  formation of the pen tan u c lea r  c l u s t e r ,  the  r e a c t i o n  of 
2 -

[FeOs^CO) with Fe(C0)<. should be c a r r i e d  out to  see i f  the

2 -fo rmation of [Fe„0s„(CO), , ]  can be d e t e c t e d .  In  o rde r  to  do t h i s ,
L 3 lo

2 -

the  h e r e to f o r e  unknown d ian ion  [ F e O s ^ ( C O ) ] was sy n th e s iz ed .  The 

p r e p a ra t io n  was accomplished as fo l low s .  (Equat ion 47)
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Reaction of [ F e O s ^ C C O ) w i t h  Fe(CO)^ does not a f f o r d  

H2Fe20s 2 (C0 )  ̂ upon p r o to n a t io n ,  only l^FeOs^ (CO) ^  and F03 (CO) ^^ are  

i s o l a t e d .  From t h i s  r e s u l t  one may conclude t h a t  the  pen tanuc lear
2 -

c l u s t e r  i s  formed when an i n t a c t  Fe^ u n i t  combines with [Os^(CO)^]

in  a concer ted  fa sh ion ,  r a t h e r  than a s tep -w ise  a d d i t io n  of one i ron

u n i t .  This mechanism i s  s im i l a r  to t h a t  proposed by Adams [108] fo r

the r e a c t i o n  of Ru^(C0)g(p^-CO) (u^-S) with [ C p M o ^ O ^ ^  forming

Cp2Mo2Ru3 (CO)1Q(p-CO)(pA- S ) .

U n fo r tu n a te ly ,  the format ion of mixed-metal  c l u s t e r s  with

M > 5 was not r e a l i z e d  in  these  sy n th ese s .  I t  may a t  t h i s  po in t  be
2 -

advantageous to  explore  the  r e a c t i v i t y  of [0s, .(C0)1o] o r  o the rb lo
h ig h e r  n u c l e a r i t y  systems in an a t tem pt  to  i s o l a t e  the  l a r g e r  c l u s t e r  

systems.

III. RUTHENIUM/OSMIUM SYSTEMS
A. Introduction. To complete the  study of mixed-metal  c l u s t e r s  of

the  i ro n  t r i a d ,  ruthenium-osmium systems must be cons ide red .  Mixed-

metal  c l u s t e r s  con ta in in g  ruthenium-osmium should e x h i b i t  inc reased

s t a b i l i t y  over the i ron- ru then ium  and iron-osmium c l u s t e r s  s tud ied

thus  f a r ;  due to  the  in c reased  meta l -meta l  bond s t r e n g t h s  as  one

goes down the  t r i a d .

As with the  o th e r  systems s t u d i e d ,  the  s y n th e t i c  s t r a t e g y  i s  to

b u i ld  up c l u s t e r s  one metal  fragment a t  a time us ing  the redox

condensation  method. Again,  t h i s  has been employed in t h i s  resea rch
2 -

group to s u c c e s s f u l ly  s y th e s iz e  the mixed dimer [RuOs(CO) ]" . [57]O
( E q u a t i o n  15)
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As o u t l in e d  in  Equation 8 , the  p y r o ly s i s  of Ru^CCO)^ with  

Os^CCO)^ i s  the  source fo r  ruthenium-osmium t r i m e t a l l i c  c l u s t e r s .  

[42] These c l u s t e r s  have been used by Geoffroy and co-workers [70] 

to g enera te  t e t r a n u c l e a r  c l u s t e r s  co n ta in ing  th re e  d i f f e r e n t  metal 

atoms. (Equat ion 48)

Ru2Os(CO) 12 + 

RuOs2 (CO) 12 + 

Na2Fe(CO) 4

THF

r e f lu x

H+

^ H4Ru4 (CO)12 + 

Fe3 (CO) 12 +

H2FeRu2Os(CO)13 +

H2FeRuOs2 (CO) 13

(48)

The new c l u s t e r s ,  H2FeRu2Os(CO)j3 and H2FeRuOs2 (CO)^3> may be

i s o l a t e d  in  y i e l d s  of  30% and 40%, r e s p e c t i v e l y .  They have been f u l l y

1 13c h a r a c t e r i z e d  in  s o l u t i o n  by H and C NMR [72] and appear to be 

h ig h ly  f l u x i o n a l  w i th  r e sp ec t  to  b r id g in g  carbonyl  and hydr ide  

l i g a n d s .

The t e t r a n u c l e a r  system of p a r t i c u l a r  i n t e r e s t  to t h i s  re sea rch  

i s  H2Ru0s3 (C0)^ . Severa l  s y n th e t i c  ro u te s  to  t h i s  c l u s t e r  have been 

dev ised .  Geoffroy e t  a l .  [71,109] f i r s t  syn thes ized  H2RuOs3 (CO)^3 

us ing  the  u n sa tu r a te d  c l u s t e r  H20 s 3 (C0)jq as  shown in  Equat ion 49. 

Depending on the s to ich iom et ry  of the  H20 s3 (C0)^q added one may 

in f lu en ce  the  y ie ld  of H2Ru0s3 (C0)j3 o b ta in ed .  When 1 e q u iv a l en t  i s  

employed 23% H2RuOs3 (CO)^3 i s  i s o l a t e d ;  whereas,  i n c re a s in g  the 

r e a c t a n t  to  3 e q u iv a l e n t s  i n c re a se s  the i s o l a t e d  y i e l d  of H2RuOs3 (CO)^3 

to  53%. The repo r ted  c l u s t e r s  a re  obta ined  in pure form us ing  column
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H2RuOs3 (CO) 13 +  H2O s3 (C O )1() +  Ru3 (CO) 12 +  

H2RuA(CO)13 + H4 ° S4 (CO)12

Ru3 (C° ) 12 (49)

i i H2RuOS;j(CO) 13 + 3 CO + H2Rua (CO) 13 + 

H40 s 4 ( C 0 ) 12 +  Ru3 (C O)12 + H2Os3 (C O)1()

( i )  1 eq H2Os3 (CO)10, hv,  7Oh

( i i )  3 eq H2Os3 (CO)1Q, hv, 70h

chromatography ( s i l i c a  g e l ,  hexane as  e lu e n t )  and have been f u l l y

c h a r a c t e r i z e d  by common sp ec t ro sco p ic  methods.

Johnson and Lewis [110-112] adopt a somewhat d i f f e r e n t  approach

using  the d i - s u b s t i t u t e d  osmium carbony l ,  0 s 3 (CO)^(CNMe)2 , and
2 -

r e a c t i n g  i t  with the  mononuclear d ian ion  [Ru(C0)4 ] . (Equation 50)

Yet ano ther  approach to  H2RuOs3 (CO)^3 i s  employed by Gates e t  a l .

[113,114] In t h i s  p r e p a r a t io n  the  h ig h ly  r e a c t i v e  mononuclear

carbony l ,  Ru(C0)3> i s  u t i l i z e d  according  to  Equat ion 51. H2RuOs3 (CO)^

was p u r i f i e d  by column chromatography us ing  hexane as the  e lu en t  and

i s o l a t e d  in  y i e l d s  of  30-45%. This c l u s t e r  has been f u l l y

c h a r a c t e r i z e d  inc lud ing  the  X-ray c r y s t a l  s t r u c t u r e .  [115]

Shore and Sir iwardane [75] u t i l i z e d  the redox condensation

2 -r e a c t i o n  method to genera te  H2RuOs3 (CO)^3 . I f  [Ru3 (C0)^j]  i s

r e a c te d  with  1/3 Os3 (CO)^2 one o b ta in s  upon p ro to n a t io n  the  mixture

of n e u t r a l  c l u s t e r s  H„Ru. (CO), - ,  HoRu0s.(CO),„ and H_0s.(C0) ._ .  I f
L q I j  L J  1 3  2. 4  1 3

tlie s to ich io m et ry  of Os3 (CO)^2 i s  r a i s e d  to 2/3 e q u i v a l e n t s ,  one
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i

OS;}(CO)10 (CNMe) 2 + Na2Ru(CO) 4  ► [PPN^tHRuOs^CO)^]

ii (50)

H2RuOs3 (CO) 13 (90%)

( i )  (1) THF, 25°C

(2) PPNC1, CH2C12> 25°C

(3) TLC (50:10:40 CH2Cl2 :ace tone :cyclohexane)

( i i )  (1) CH„Clr,, 25°C, excess  concen t ra ted  H„SO.2 2 2 4
(2) TLC (20:80 CH2Cl2 :cyclohexane)

o b ta in s  the aforementioned products  along with the  p en tanuc lea r

species H_Ru„0s„(CO ) , ,  and H„Osc (CO),,. Finally, if one 2 2 j lo 2 5 lb
eq u iv a l en t  of Os3 (CO)^2 i s  re ac ted  with one eq u iv a len t  of  Ru3 (CO)^2

a l l  f i v e  s p ec ie s  above a re  again  observed with the  h ighe r

n u c l e a r i t y  c l u s t e r s  being formed in inc reased  y i e l d s .

A second approach in an a ttempt to e l im in a te  the  l a rg e  number
2 -

of s ide  products  observed in  the r e a c t i o n  of [Ru3 (C0 ) ^ ]  with
2 -

Os3 (CO)j2> was to  r e a c t  [0s3 ( C 0 ) ^ ]  with Ru(C0) 3 as  shown below. 

[75] (Equation 52)

hexane
H20 s3 (C0)1q + Ru(CO)^ ----------------- ► H„RuOs (CO). +

25°C, N2 J J
Ru3 (C0) 12

(51)

55°C H,+

[Os3 (CO)n ]2" + Ru (CO) 5
THF

*• Ru (CO) +
(52)

H RuOs (CO)
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The mixed-metal  c l u s t e r  ob ta ined  from both r e a c t i o n  types  was f u l l y  

c h a r a c t e r i z e d  in c lud ing  a c r y s t a l  s t r u c t u r e .  [ 75 ]

R e a c t i v i t y  s t u d i e s  of l^RuOs^CCO)^ c e n te r  around the  p re p a ra t io n  

of the t e t r a h y d r i d o  c l u s t e r  H^RuOs^(CO) 2 (Equation 53) and the 

r e l a t e d  monoanions,  [HRuOs^(CO) ] (Equation 54) and 

[H3RuOs3 (CO)12] _ . [113,114] (Equat ion 55)

oc tane
H2RuOs3 (CO) 13 + H2 ---------------------►H^.RuOs (C0) 12 (53)

r e f l u x
(85%)

i
H2RuOs3 (CO) 13 + KOH/EtOH ------- ►> [Et^N][HRuOs3 ( C O ) ] (54)

(85%)

( i )  (1) 55°C
(2) Et^NBr, - 8 °C

i
HaRuOs3 (CO) 12 + KOH/EtOH-------►[E^N] [H Ru0s3 (C0) ] (55)

(90%)

( i )  (1) 55°C
(2) Et^NBr, - 8 °C

Shore [75] has a l so  shown t h a t  dep ro tona t ion  with NaH le ad s  to  

format ion of [H3RuOs3 (C O )^]  and [HRuOs^CO) ] . A c lea n e r  

dep ro to n a t io n  r e a c t i o n  can be achieved by us ing  PPNC1 to  genera te  

[PPN][HRuOs3 (CO)j ] in  approximate ly  70%. These c l u s t e r s  have 

subsequent ly  been used by Gates [114] in su r fa ce  and c a t a l y t i c  

s t u d i e s  by a ttachment to y-Al20 3 s u ppor t s .
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B. C r y s t a l l o g r a p h i c  S t u d i e s .
1. S h o r e  a n d  S i r i w a r d a n e .  The f i r s t  X-ray ana lyses  of

l^RuOs^CO) ^2 were r e p o r t e d  by Shore and S ir iw ardane .  [75] C ry s ta l s
2 -f o r  these  s t u d i e s  were ob ta ined  from the  r e a c t i o n  of [Ru^(CO)^]

with 2/3 e q u iv a l en t  O s ^ C O ) ^ -  The f i r s t  s e t  of c r y s t a l s  obta ined
*

were shown to  be a c o - c r y s t a l l i z e d  s i n g l e  c r y s t a l  of  l ^ O s ^ C O ) ^ ,

H„RuOs„(CO)._ and H.Ru.(CO) , 0 in  the  r a t i o  60:20:20%. The second 
I  3 13 I A 13

s e t  of c r y s t a l s  ob ta ined  were shown to be a c o - c r y s t a l l i z e d  s in g le  

c r y s t a l  of H^Os^ (CO) ^  and H^RuOs^CO) ^  in the  r a t i o  of 20:80%.

Table 6 g ives  c r y s t a l l o g r a p h i c  d a ta  comparing the r e s u l t s  of  the two 

s t u d i e s  desc r ibed  above.

In l i g h t  of the c o - c r y s t a l l i z a t i o n  of the  mixed-metal  c l u s t e r  

with the  homonuclear c l u s t e r s  from t h i s  p a r t i c u l a r  r e a c t i o n ,  a new 

s y n th e t i c  ro u te  f o r  l^RuOs^(CO)^ was d ev ised .  A c r y s t a l  fo r  the 

t h i r d  c r y s t a l l o g r a p h i c  s tudy was ob ta ined  from the  r e a c t i o n  of
i

2 -

[Os^(CO)^] with Ru(CO),.. (Equat ion 52) Table 7 (Column I )  g ives  

c r y s t a l l o g r a p h i c  da ta  fo r  l^RuOs^(CO)^ f ° r  the  t h i r d  X-ray 

a n a l y s i s .  The molecule i s  de sc r ibed  as  c o n s i s t i n g  of a RuOs^ 

t e t r a h e d r o n .  Each osmium atom s p o r t s  th re e  t e rm ina l  c a rbony ls ;  while 

the  ruthenium atom has two te rm ina l  carbony ls  and two semibridging 

carbonyls  (d(Ru-Cs^)=l.955A ( a v e ) , d(Os-Cs^)=2.505A ( a v e ) ) . The

i\
C o - c r y s t a l l i z a t i o n :  C r y s t a l l i z a t i o n  of two or more chemically

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

eq u iv a len t  s i t e s  in the  l a t t i c e  of the  c r y s t a l  

in a random d i s t r i b u t i o n .
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Table 6 . C r y s ta l lo g ra p h ic  Data f o r  H„RuOs ( C O ) —C o - c r y s t a l l i z e d  
Systems.

C ry s ta l  Composition

Space Group 
Z
a, A
b, A
C, A
a ,  deg

8 > deg

Y» deg
Volume, A^
Data c o l l e c t n

l i m i t s ,  deg

No. of unique 
r e f l c t n s

No. of r e f l c t n s  used 
in  s t r u c t u r e  
ref inement (>3o(I) )

GOF

H2Os4 (CO) 13 (60%) 

H2RuOs3 (CO) 13 ( 20%) 

H2Ru4 (CO) 13 (20%)

PI bar 

4

9.146(2)

26.650(7)

9.303(3)
92.00(2)  .

112.30(3)
81.76(2)

2014.87

4-50

9210

7096

0.061

0.076
2 . 1 2 1

H2RuOs3 (CO) 13 (80%) 

H2OsA(CO) 13 (20%)

P21/c

8

23.082(5)

9.082(4)

19.296(5)

90.86(2)

4046.07

4-46

7095

4583

0.051

0.067

1.647
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Table 7. Crystallographic Data for H^RuOs^CCO)^

Chemical formula C13°13°S3RuH2a C13°130 s 3RuH2b
Color of c r y s t orange orange

Solvent system CH2C12 (25°C) pentane (25°C)

Space group P21/c PI bar

Z 8 4

Temp, °C 25 22

a ,  A 23.091(9) 9.046(4)

b, A 9.083(7) 9.140(4)

c ,  A 19.332(7) 26.560(9)

a ,  deg 81.88(3)

6 , deg 90.81(A) 91.81(3)

Y» deg 112.07(3)
Volume, Â A052.25 2014.1

-3
D ( c a l c d ) , g cm 3.40 3.42

Rad ia t ion Mo Kct (0.710730A) Mo Kcx (0. 710730A)

D if f rac to m e te r CAD-4 N ico le t  R3

Absorptn c o e f f ,  cm ^ 195.7 196.8

Scan mode oj-20 to ( f u l l  p r o f i l e )

Data c o l l e c t n
l i m i t s ,  deg 4-50 4-46

No. of unique
r e f l c t n s 6882 5397

No. of r e f l c t n s  used
in  s t r u c t u r e
refinement
(>3o(I) ) 4587 4576

Rf 0.048 0.0491

Rw£/ u
0 .066 /0 .06 0.0485

GOF 1.971 1.379

Shore and Sir iwardane [75]

Rheingold and Gates [115]
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b r id g in g  hyd r ide s  were l o c a t e d  d i r e c t l y  from the  X-ray a n a l y s i s  and 

a re  b r id g in g  the  osmium base  as  expected from t h e i r  NMR chemical 

s h i f t s .

2. R h e i n g o l d  a n d  G a t e s .  C ry s t a l s  of H^RuOs^Cco)^ fo r  t h i s  

p a r t i c u l a r  X-ray i n v e s t i g a t i o n  were ob ta ined  from the  r e a c t io n  of 

Ru(CO),. and t ^ O s ^ C O ) ^  in  hexane a t  ambient tempera ture .

(Equation 51) Table 7 (Column I I )  g ives  c r y s t a l l o g r a p h i c  da ta  fo r  

l^RuOs^(CO)^ as  rep o r ted  by Rheingold and Gates .  [115]

The b a s ic  s t r u c t u r e  of t h i s  c l u s t e r  i s  analogous to  t h a t  of 

Shore and Sir iwardane  and i s  shown in  Figure  29. The d i f f e r e n c e  

a r i s e s  in  the  i n t e r p r e t a t i o n  of  the  s t r u c t u r e  re f inem en t .  Refinement 

of the  metal  s i t e  occupancies  show t h a t  in Molecule A Ru(l )  i s  100%

Ru in c h a r a c t e r ;  whereas ,  Molecule B i s  only 79% Ru in  c h a r a c t e r  a t  

t h a t  s i t e  and the  r e s i d u a l  21% Ru i s  evenly d i s t r i b u t e d  among the Os 

s i t e s .  Rheingold subsequent ly  a t t r i b u t e s  t h i s  to  d i s o rd e r in g  of the  

meta l  atom i d e n t i t i e s ;  presumably because only one molecule e x h i b i t s  

t h i s  behav io r .  As opposed to  the  phenomenon observed by Shore and 

Sir iwardane where both molecules  showed i d e n t i c a l  behavior  (within  

exper imenta l  e r r o r ) .

C. R e s u l t s  & D i s c u s s i o n .  Examination of the  r e p o r t e d - s t r u c t u r a l  

s t u d i e s  of l^RuOs^CO) ^  by Shore e t  a t .  [75] and Rheingold e t  a l .

D isorde r :  C r y s t a l l i z a t i o n  of a pure molecule which e x h i b i t s  random

o r i e n t a t i o n  of the  molecule throughout the  c r y s t a l  

l a t t i c e .
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[115] lead  to  some s t r i k i n g  d i f f e r e n c e s .  The c r y s t a l l o g r a p h i c

d i f f e r e n c e s  warranted  the  r e - i n v e s t i g a t i o n  of the  s y n t h e s i s  and t o t a l

c h a r a c t e r i z a t i o n  o f  I^RuOs^ (CO)

1. Reaction of [Os^CO)^]2” with Ru3(C0)12 or Ru(C0)g
2 -

Reaction of  [Os3 (C O )^]  with 1/2 e q u iv a l en t  R u ^ C O ) ^  a f f o r d s  

a v a r i e t y  of p roduc ts  according  to  Equation 56.

55°C
[Os3 (CO)u ] 2" + 1/2 Ru3 (CO) 12------------- ►- [Rua (CO)12] 4~ +

THF „
[Os3 (CO)1Q] " +

[OsA(CO)13] 2” + 

[RuOs3 ( c o ) 13 l 2“ +

[R u 2 0 s 3 ( C 0 ) 1 6 ] 2 '  +

[Os5 (CO)16] 2"

H+ (56)

' '
HaRu4 (CO) 12 +

H2OS3 (CO)10 +

H2Osa (CO) 13 +

H2RuOs3 (CO) 13 +

H2Ru2Os3 (CO) 16 +

H2°S5 (CO)16

Separation of the reaction mixture using column chromatography, TLC

and HPLC leads to inseparable mixtures of one band containing

H,,Osr (CO). , and H„Ru„Os„ (CO),, and a second band comprised of 2 5 io 2 2 J lo
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H^Os^CCO)^^ and H ^ R u O s ^ C C O ) T h e s e  c l u s t e r  s p ec ie s  were i d e n t i f i e d  

as  being a mix ture  by NMR. (F ig .  30)

Due to  the  in s e p a ra b le  mix tures  ob ta ined  in  the  above r e a c t i o n s ,  

a more s u i t a b l e  ro u te  to the p r e p a ra t io n  of pure l^RuOs^ (CO) ^  

needed. Shore and S ir iwardane app a ren t ly  syn thes ized  pure 

l^RuOs^ (CO) ^  accord ing  to  Equation 52. The spec t ro scop ic  evidence 

they c i t e  i s  as fo l lows:  *H NMR 6-21.0 ppm; IR v 2110(vw), 2082(vs),LU

2067(vs) , 2056(vs) , 2029(m), 202’5(m), 1870(w,br) cm’ 1; FT-ICR MS 

m/e 1044.

A r e - i n v e s t i g a t i o n  of t h e i r  exper imenta l  procedure  r e s u l t s  in 

formation  of the  in s e p a ra b le  mix ture  ^RuOs^CO) ^  a°d **2^S4 ^ ^ 1 3 ‘

IR sp ec t ro sc o p ic  c h a r a c t e r i z a t i o n  of t h i s  mixture  can be r a t h e r  

m is lead ing .  As one may n o t i c e ,  the  IR s p e c t r a  of I^RuOs^CO) ^  anc* 

l ^ O s ^ C O ) ^  a re  very s i m i l a r .  ( l ^ R u O s ^ C O ) v q q  2081 (vs), 2068(vs), 

2 056(vs ) ,  2027(m,sh),  2023(m,sh) ,  2018(m), 2006(w,sh) cm  ̂ in  hexane 

[ t h i s  work];  v 2081(vs) ,  2066(vs) ,  2055(vs) ,  2017(m,br),  1852 

(w,br) cm-1 in  CH2C12 [110];  vco 2081(vs) ,  2066(vs) ,  2055(vs ) ,  2028(m), 

2023(m), 2 017(s ) ,  2007(w),  1868 (w,br) cm * in  hexane [114])

(H Os (CO^ : v cq 2081(vs) , 2064(vs) ,  2056(vs) ,  2 019 (s ,b r )  cm"1 in

CH2C12 [ 110];  vco 2084( v s ) , 2070(vs) ,  2060(vs) ,  2021(vs) ,  2005(w), 1860 

(w,br) cm-1 [ 75] ;  v_n 20 9 0 (s ) ,  2062(s ) ,  2053(s ) ,  2041(w), 2020(vs),wU
1998(w), 1987(w) cm * in cyclohexane [100b ,114]) Figure  31A shows the 

IR spectrum of the  r e a c t i o n  mix ture  (v 2081( s ) ,  2076(m ,sh) ,  2066(v s ) ,  

2056( s ) , 2034( w ,s h ) , 2025(s ) ,  2017(m,sh),  2010(w,sh) ,  1993(vw),

1989(vw) cm  ̂ in hexane) which was f u r t h e r  i d e n t i f i e d  to be a mixture
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by *H NMR. (F ig .  31B) (H^uOs^CO) u  6-21.04 ppm, H2Os4 (CO) 13 

6-21.38 ppm in  CDC13)

Another method of product c h a r a c t e r i z a t i o n  used widely in  

c l u s t e r  chemistry  i s  mass spec t roscopy .  In t h i s  p a r t i c u l a r  c a se ,  the 

r e s u l t s  ob ta ined  may lead  to an erroneous  conc lus ion .  The product 

mix ture  desc r ibed  above was sub jec ted  to  an FT-ICR MS s tudy .  The 

r e s u l t s  of t h i s  study show t h a t  a t  100°C the  product  appears  to be 

pure H2RuOs3 (CO)^3 . (F ig .  32) The p a ren t  peak occurs  a t  m/e 1044 and 

the  s e q u e n t i a l  l o s s  of 13 carbonyls  and 2 hyd r ides  a re  r e a d i l y

observed. However, i f  the  same sample i s  run a t  125°C both

H20 s^ (C O )^  and H2RuOs3 (CO) 13 a re  p r e s e n t .  (F ig .  33) The pa ren t  

peaks of H2RuOs3 (CO)j3 and H2Os^(CO)^3 occur a t  m/e 1044 and m/e 1134, 

r e s p e c t i v e l y .  The lo s s  of 13 carbonyls  and 2 hydr ides  from each 

c l u s t e r  can be i d e n t i f i e d .  T he re fo re ,  H2RuOs3 (CO)^3 i s  more v o l a t i l e  

than H2Os^(CO)^3 and can be made to  look pure depending on which 

temperature  the  spectrum i s  run a t .

F u r th e r  p u r i f i c a t i o n  of the  r e a c t i o n  mix ture  us ing  m u l t ip l e  

column, TLC and HPLC chromatographic  techn iques  does not succeed in 

product s e p a r a t i o n .  The conclus ion  can be made t h a t  once H2Os^(CO)^3 

and H2RuOs3 (CO)^3 a re  formed in  the r e a c t i o n ,  they a re  in se p a ra b le .

Th e re fo re ,  one must be cau t io u s  in d ev is ing  a r e a c t i o n  scheme which

e l im in a t e s  the  p o s s i b i l i t y  of H2Os^(CO)j3 formation .

2. Reaction of [Ru3(C0)^]2~ with Os-^CO)^
2 -The product mixture  obta ined  when [Ru3 (C0)^j ]  i s  r e a c te d  with 

1/2 equ iv a len t  Os3 (CO)^2 i s  somewhat d i f f e r e n t  (Equation 57) than tha t
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ob ta ined  when [Os^CCO)^] i s  r e a c te d  with  1/2  Ru^XCO)^ 

(Equat ion 56) as  p re v io u s ly  d esc r ibed .

2 -  5 5 ° c  
[Ru3 (CO)n ] + 1/2 Os3 (CO) 12  ^ R u ^ C O ^  +

THF
Os3 (CO)1 2 +  

[RuA(CO)12] 4" + 

[Ru4 (CO)13] 2" + 

[RuOs3 (CO)13] 2" + 

[Ru2Os3 (CO)16] 2"

H+ (57)

Ru3 (CO)12 +

Os3 (CO)1 2 +

H4Ru4 (CO)12 +

H2Ru4 (CO) 13 + 

H2RuOs3 (CO) 13 +

H2Ru20 s3 (C0 ) 16

S epara t ions  us ing  column, TLC and HPLC chromatographic techniques  a re

s u c c e s s fu l  in  o b ta in in g  the  pure mixed-metal  p roduc ts  H2RuOs3 (CO)^3

and HoRu_0so (CO). . This success  i s  p o s s ib le  because the 
2. L J lb

i s o s t r u c t u r a l , homonuclear c l u s t e r s  H„Os.(C0).„ and H„Osc (CO), ,  a rez q 1 j  2 j  lb

not formed.

The t e t r a n u c l e a r  c l u s t e r  H2RuOs3 (CO)j has been s p e c t r o s c o p ic a l ly  

c h a r a c t e r i z e d .  I t  e x h i b i t s  a broad s i n g l e t  in the  pro ton NMR (Fig.  34)
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a t  approximate ly  6- 21.0  ppm ( s l i g h t l y  so lv en t  dependent,  see

Experimental  Sec t ion)  which i n d i c a t e s  the  equ ivalence  of the  hydr ides .

The u p f i e l d  occurrence a l s o  i n d i c a t e s  the  p o s i t i o n  of the  hydr ides

to  be b r id g in g  two osmium atoms as  opposed to  a h e te ro n u c le a r  b r idge .

The IR spectrum shows a r a t h e r  simple p a t t e r n  i n d i c a t i v e  of a

f a i r l y  symmetrical  s t r u c t u r e .  (F ig .  35) Comparison of t h i s  spectrum

with the  s p e c t r a  of l^FeRu^CO) ^  an<  ̂ l^FeOs^ (CO) ^  shows t h a t  these

a re  indeed an i s o s t r u c t u r a l  s e r i e s .

The p e n tan u c le a r  c l u s t e r  HoRu„0s.(CO). -  may a l s o  be i s o l a t e d  in
L L 5 l b

i t s  pure form from t h i s  s y n th e t i c  r o u t e .  The pro ton NMR i s  a s i n g l e t

a t  6-19.54 ppm i n d i c a t i v e  of  a h e te r o n u c le a r  b r id g in g  p o s i t i o n

(Ru-H-Os). The IR spectrum (Fig .  36) i s  s i m i l a r  to  t h a t  r epo r ted  f o r

Ho0 s , ( C 0 ) . ,  (v_.  2126(w), 2088(s ) ,  2066(s ) ,  2053(s ) ,  2045(m,sh),  z j  lb CU

2038(w), 2013(m) cm 1 in  cyclohexane [44a]) and H.Fe.Os.(CO). ,
z z  J  l b

(v 2086(vs) , 2 070 (vs ) , 2062(vs) ,  2040(w), 2030(s ) ,  2005(m),

1983(w) cm * [50a]) confi rming t h e i r  i s o s t r u c t u r a l  c h a r a c t e r .

Shore and S ir iwardane [75] f i r s t  syn thes ized  HoRu„0s„(CO). ,  from
z z j  l b

2 -

the  r e a c t i o n  of [Ru^(CO)^] and 2/3 O s^ C O )^ *  They showed through

X-ray c r y s t a l l o g r a p h y  t h a t  t h i s  system i s  a l s o  plagued with

c o - c r y s t a l l i z a t i o n  problems. In t h i s  c ase ,  the  i s o s t r u c t u r a l  c l u s t e r s

H_Ru„0s_(CO), ,  and H_0s_(C0)..  e x h i b i t  t h i s  phenomenon. Figure  37 
Z Z J  i o  Z D l b

d e p i c t s  the s t r u c t u r e  as r e p o r te d  by Shore and S ir iwardane .  The

p o s i t i o n s  l a b e l l e d  Ru(l)  and Ru(2) a re  the  s i t e s  of c o - c r y s t a l l i z a t i o n

with  the  c l u s t e r  occupancies  a c t u a l l y  being H„Ru„0s.(CO). ,  and
Z Z i  l b

H Os.(CO) . in a r a t i o  of 75%:25%.
Z j  l b
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I t  seems t h a t  r e a c t i o n  of [ R u ^ C O )^ ]  with  1/2  Os3 (CO) 12 i s  

a d e s i r a b l e  s y n t h e t i c  ro u te  to  the  mixed-metal  t e t r a -  and p en ta -  

n u c lea r  systems; however, the  y i e l d s  ob ta ined  a r e  q u i t e  low.

3. Crystallographic Determination of h^RuOs^CO)^

Severa l  s t r u c t u r a l  s t u d i e s  on l^RuOs^CO) ^  were d iscussed  

p rev io u s ly  (S ec t ion  B—C ry s ta l lo g ra p h ic  S tud ies )  and d isp layed  marked 

d i f f e r e n c e s .  These d i f f e r e n c e s  warranted  the  re -d e te rm in a t io n  of the 

s t r u c t u r e  which i s  p resen ted  below.

The molecular s t r u c t u r e  of I^RuOs^CO) ^  i s  shown in  Figure  38. 

C r y s t a l lo g ra p h ic  d a ta  fo r  t h i s  p a r t i c u l a r  s t r u c t u r a l  de te rm ina t ion  

appears  in  Table 8 . Tables 9 and 10 l i s t  s e l e c t e d  bond d i s t a n c e s  

and bond a n g le s ,  r e s p e c t i v e l y .  (The p a r t i c u l a r  f e a t u r e s  with  r e s p e c t  

to  the da ta  c o l l e c t i o n  and s t r u c t u r e  s o l u t i o n  a r e  de sc r ibed  in  the  

Experimental  Sec t ion  of t h i s  d i s s e r t a t i o n . )

The molecular s t r u c t u r e  of t h i s  c l u s t e r  i s  i s o s t r u c t u r a l  with 

H2FeRu3 (CO) 13 [74] (F ig .  14) and H^eOs^CO) 13. [94] (F ig .  27) The 

c l u s t e r  adopts  a d i s t o r t e d  t e t r a h e d r a l  metal  arrangement  where a 

ruthenium atom caps an 0 s 3 t r i a n g l e .  Each osmium atom i s  a s s o c i a t e d  

with th r e e  t e rm in a l  c a rbony ls ,  whereas the ruthenium atoms bonds to  

two te rm in a l  and two semibridging ca rbony ls .

The i n t e r m e t a l l i c  d i s t a n c e s  w i th in  the c l u s t e r  may be 

c l a s s i f i e d  a s :  ( 1) "normal" osmium-osmium bond d i s t a n c e s ,  (2 ) "long"

osmium-osmium d i s t a n c e s ,  and (3) ruthenium-osmium d i s t a n c e s .  The bond 

d i s t a n c e  0 s (  l ) - O s (3 ) = 2 .839(2)A i s  cons idered  "normal" ,  being comparable



Figure 38. ORTEP of (w-H)2‘RuOs3 (CO) .
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Table 8. Crystallographic Data for (p-H^RuOs^CCO)

Chemical formula Ru0s3C13°13H2a RuOS3C13°13H2b,<:
Molecular wt 1044 1044

Space group C2/c

M o lecu le s /un i t  c e l l 8

Temp, °C 25 25

a ,  A 31.856(4) 23.044(5)
b, A 9.774(1) 9 .070(8)

c ,  A 13.953(2) 19.306(3)

B, deg 110.83(1) 90.82(2)

Volume, A^ 4060.7 4034.8
-3

D ( c a l c d ) , g cm 3.395

R ad ia t ion Mo Ka ( 0 . 710730A)

Absorptn c o e f f ,  cm * 195.2

Transmissn c o e f f ,  % max. 99.67 

min. 9.80

Scan mode 03-20

Data c o l l e c t n
l i m i t s ,  deg 4-55

No. of unique
r e f l c t n s 4065

No. of r e f l c t n s  used
in  s t r u c t u r e
refinement
(>3o(I) ) 2371

No. v a r i a b l e
paramete rs 252

Rt 0.064

R„ £ / w
0.076 /0 .05

GOF 2.065
e x t i n c t n  coef f r e f in e d

ac _from pentane from CH^Cl^ °low angle  data only (< 24° 26)
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Table 9. Selected Bond Distances (A) and Esd's for (y-H^RuOs^CO)

A. Metal-Metal Distances

O s ( l ) -0 s (2 ) 2.946(2) Os( l ) -Ru(4) 2.795(3)
O s ( l ) - O s (3) 2.839(2) Os(2)-Ru(4) 2.787(2)

Os(2)-Os(3) 2.950(1) Os(3)-Ru(4) 2.794(2)

B- ^ term in a l  Dista"ces
O s ( l ) - C ( l l ) 1.90(3) Os(3)-C(31) 1.95(3)
Os(1 )—C(12) 1.91(4) Os(3)-C(32) 1.90(4)

Os( l) -C(13) 1.88(3) Os(3)-C(33) 1.88(3)
Os(2)-C(21) 1.94(3) Ru(4)-C(41) 1.87(3)
Os(2)-C(22) 1.89(3) Ru(4)-C(42) 1.94(4)

Os(2)-C(23) 1.90(4) Ru(4)-C(43)

Ru(4)-C(44)

1.85(4)

1.84(4)

^_Bsemibridge Distances

Os(l) -C(43) 2 .50(3) Os(3)-C(42) 2.49(3)

D. C-0 Distances

C ( l l ) - 0 ( 1 1 ) 1.15(4) C(31)-0(31) 1.09(3)

C(12)-0(12) 1.15(5) C(32)-0(32) 1.12(5)

C(13)-0(13) 1.13(3) C(33)-0(33) 1.14(3)

C(21)-0(21) 1.08(3) C (41)-0(41) 1.21(4)

C(22)-0(22) 1.13(3) C(42)-0(42) 1.19(5)

C(23)-0(23) 1.15(5) C(43)-0(43)
C(44)-0(44)

1.23(4)

1.20(5)
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Table 10. Selected Bond Angles (deg) and Esd's for (p-H^RuOs^CO)

A. Angles Within RuOSg Core

O s(2)-Os( l ) -Os(3) 61.28(4) Os( l ) -Os(2)-Ru(4) 58.29(6)

0 s ( 2 ) - 0 s ( l ) - R u (4) 58.02(5) Os(3)-Os(2)-Ru(4) 58.20(5)

Os(3)-Os( l ) -Ru(4) 59.44(5) O s( l ) -O s(3 )-O s(2 ) 61.14(4)

O s( l ) -Os(2)-Os(3) 57.58(4) Os( l ) -Os(3)-Ru(4) 59.50(6)

Os(2)-Os(3)-Ru(4) 57.99(4)

B- M-M"Cterminal Angles

0 s ( 2 ) - 0 s ( l ) - C ( l l ) 106(1) Os(1 ) -O s (3 )-C (31) 87.7(9)
Os(2)-Os( l ) -C(12) 113(1) Os( 1 ) -Os(3 )-C (32) 170.2(8)

0 s ( 2 ) - 0 s ( l ) - C ( 1 3 ) 145.8(9) Os( l ) -Os(3)-C(33) 95(1)

0 s ( 3 ) - 0 s ( l ) - C ( l l ) 93(1) Os( 2 ) -Os(3 ) -C (31) 106.6(7)

Os(3 )-Os(1 )—C(12) 174(1) Os( 2 ) -O s(3 ) -C (32) 109.3(8)

Os(3 )-O s(1 )—C(13) 90.5(9) Os(2 ) -Os(3)-C(33) 147.1(8)

Ru(A) - O s ( l ) - C ( l l ) 152(1) Ru(4)-Os(3)-C(31) 147.2(9)
Ru(A)-Os(l)-C(12) 117(1) Ru (4 ) -Os(3)-C(32) 118.4(9)

Ru(A)-0s( l) -C(13) 92.0(8) Ru (4)-Os(3)-C(33) 91.3(7)

Os( l ) -Os(2)-C(21) 114(1) Os( l ) -Ru(4)-C(41) 103(1)

Os(1 ) -Os(2 ) -C(22) 103(1) Os( l ) -Ru(4)-C(42) 121.5(9)

Os(1 ) -Os( 2 ) -C(23) 148.0(8) Os( l ) -Ru(4)-C(44) 141(1)

Os(3)-Os(2)-C(21) 112 . 6 (8 ) Os ( 2 ) -Ru(4)-C(41) 165(1)

Os(3 ) -Os(2 )—C(22) 148.9(9) Os(2)-Ru(4)-C(42) 89 .4 (9)

Os(3)-Os(2)-C(23) 98.6(8) Os(2)-Ru(4)-C(43) 91.1(9)

Ru(4)-Os(2)-C(21) 169.6(9) Os(2)-Ru(4)-C(44) 95(1)

Ru(4)-Os(2)-C(22) 91.2(8) Os(3)-Ru(4)-C(41) 104.7(9)

Ru(4)-Os(2)-C(23) 91 .7 (8) Os(3)-Ru(4 )—C(4 3) 122 . ( 1)

Os(3)-Ru(4)-C(44) 140(1)

C- M- M' Csemibridge A"Sles
Os(1)-Ru(4 )—C(43) 61(1) Os(3)-Ru(4)-C(42) 60.4(9)
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Table 10. Selected Bond Angles (deg) and Esd.'s for (vi-HKRuOs-(CO). _
(cont.). • / J u

°- "-“ terminal A"9les
O s ( l ) - C ( l l ) - 0 ( l l ) 177(3) 0s (3 ) -C (31) -0 (31) 172(3)
0 s ( l ) - C ( 1 2 ) -0 (1 2 ) 176(3) Os(3 ) -C (32)-0(32) 177(3)

0 s ( l ) - C ( 1 3 ) -0 (1 3 ) 177(3) Os(3 )-C (33)-0(33) 177(2)

Os(2 )-C (21)-0(21) 178(4) Ru(4)-C(41)-0(41) 178(3)

Os(2 ) -C (22)-0(22) 174(2) Ru (4)-C(44)-0(44) 179(3)

Os(2 )-C (23)-0(23) 176(2)

E. M-CC) .. ■ .na semibndge and M-CO-M Angles

Ru(4)-C(42)-0(42) 159(3) Ru(4)-C(42)-Os(3) 77(1)

Ru(4)-C(43)-0(43) 160(3) Ru(4)-C(43)-Os(1) 78(1)
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to  the  d i s t a n c e s  found in  0 s 3 (C0 ) 12 (d(Os-Os>ave=2.877(3)A [ 100a ] )  or  

the  unbridged osmium-osmium bonds in  H2Os3 (CO)1Q (2-857(7>A [ 9 5 , 9 9 , 

100] ) ,  H2FeOs3 (CO) 13 (2.847(1)A [ 9 4 ] ) ,  H4Os4 (CO)n (CNMe) (2.822(1)A 

[1 16 ] ) ,  HCpWOs3 (CO)12(2 .784(2)-2 .799(2)A  [117]) or l^CpWOs^CO) u  

(2 .825(2)-2 .827(2)A [9 2 ] ) .  Comparison of the  corresponding  d i s t a n c e  

with t h a t  r e p o r t e d  by Shore e t  a l .  (2 .816 (1 )A fo r  Molecule 1, 2.823(1)A 

fo r  Molecule 2 [75]) or Rheingold e t  a t .  (2.850(1)A fo r  Molecule 1,

2 .842 (1 )A f o r  Molecule 2 [ 1 1 5 ] ) - shows no s i g n i f i c a n t  d i f f e r e n c e .

Somewhat longer  d i s t a n c e s  a re  a s s o c i a t e d  with  0 s ( 2 ) ,  0 s ( l ) - 0 s ( 2 ) =  

2.946(2)A and Os(2)-Os(3)=2 .950( l )A .  This leng then ing  i s  c o n s i s t e n t  

with the  p resence  of  b r idg ing  hydr ide  l i g a n d s ;  [4 9 ,5 5 ,5 9 a ,7 0 a ,92-100] 

however,  the  hyd r ides  were not d i r e c t l y  l o c a t e d  in  t h i s  s tudy .  These 

bond l e n g th s  a r e  comparable to  those  found in  H2Fe0s3 (CO)^3 (2 .934(1)A, 

2.937(1)A [94]) or those  rep o r ted  f o r  H2RuOs3 (CO)^3 i n  the  

p rev ious  s t u d i e s .  (Shore:  2 .9 2 9 ( l ) - 2 .9 4 7 (1)A [75] ;  Rheingold:

2 .9 4 5 (1 ) -2 .9 6 3 (1 )A [115])

The h e t e r o m e t a l l i c  d i s t a n c e s  R u(4 ) -0s( l )=2 .795 (3 )A ,  Ru(4)-Os(2)= 

2.787(2)A and Ru(4)-Os(3)=2.794(2)A a re  c o n s i s t e n t  w ith  those 

r e p o r te d  by Shore (2 .7 8 6 ( 1 ) -2 .8 2 5 (1 )A [75]) and Rheingold (2 .7 8 7 (2 ) -  

2 .817 (2)A [115]) fo r  H2RuOs3 (CO)13-

Two semibr idging  carbonyls  a re  a s s o c i a t e d  with Ru(4) which e x h i b i t  

t y p i c a l  meta l -carbon  and carbon-oxygen bond d i s t a n c e s  as  t a b u la t e d  in 

Table 9. In  the  i s o s t r u c t u r a l  c l u s t e r s ,  H2FeRu3 (CO)^3 [74] and 

H2FeOs3 (CO)j3 [94] a s l i g h t  c o n t r a c t i o n  of the  m e ta l -m eta l  bond i s  

observed.  Examination of the h e t e r o m e t a l l i c  d i s t a n c e s  a s s o c i a t e d
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with  the  semibr idging  carbonyl in  a l l  the  I^RuOs^CO) ^  s t u d i e s  does

not r e v e a l  a s i m i l a r  t r e n d .  Bond ang les  a s s o c i a t e d  with  these

carbonyls  a r e  a l s o  t y p i c a l  and s im i l a r  to  those  re p o r t e d  f o r  the

i s o s t r u c t u r a l  a na logs .  (Table 11)

The f i n a l  d i f f e r e n c e  Four ie r  map c a l c u l a t e d  fo r  l^RuOs (CO)^
- 3

shows two peaks around Os( l )  with 5 .8  EA about 0 .9 -1 .0A away, 0s(2)
_ 3

with two peaks with 4 .6  EA about 0 .9 -1 .0A away, 0s (3)  with one peak
- 3  _3

with 5 .2  EA about 1.0A away and Ru(4) with one peak 4 .0  EA about

0.9A away. This may sugges t  some type of o r i e n t a t i o n a l  d i s o rd e r  of

the  molecule ,  microscopic  twinning or perhaps more l i k e l y  due to the

marginal q u a l i t y  of  the  c r y s t a l  used in  t h i s  s tudy .  The q u a l i t y  of

the  c r y s t a l  be ing  l e s s  than id e a l  i s  a l s o  observed in  the  presence  of

thermal paramete rs  going n ega t ive  upon a n i s o t r o p i c  re f inement  of

carbons  C(11) ,  C(22) ,  C(42) and C(44 ) . The presence  of high e l e c t r o n

d e n s i t y  peaks around the  meta l  atoms was a l s o  observed by Shore and

Sir iwardane [75] and Rheingold and Gates [115] f o r  l^RuOs^CO)

Yawney e t  a t .  [119] observed t h i s  f o r  H ^Ru^CO )^  anc* s im i l a r

occurrences  were noted by C h u rc h i l l  [87] and Dahl [120] fo r  o th e r

po lynuc lear  meta l  carbonyl s p e c ie s .

Comparison of a l l  the  I^RuOs^CCO)^ s t r u c t u r e s  d iscussed  thus  f a r

lead  one to b e l i e v e  t h a t  two c r y s t a l l i n e  polymorphs e x i s t  fo r  t h i s

c l u s t e r ,  a monocl in ic  form and a t r i c l i n i c  form. Rheingold [115]

k
Polymorphism: P roper ty  of  c r y s t a l l i z i n g  in two or more forms with

d i s t i n c t  s t r u c t u r e s .  [118]
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Table 11. Comparison of Semibridging Carbonyl Bond D is tances  and 
Bond Angles fo r  H_RuOs_(CO)._ ,  H„FeOs_(CO). ,  and 
H2FeRu3 (CO)13 . J  U  1 J

H2RuOs3 (CO)13a H2FeOs3 (CO)13b H2FeRu3 (CO)13C

M’-C (A)d 2.50(3) 2.34(2) 2.334(5)

2.49(3) 2.35(2) 2.299(5)

M'-M-C (deg) 61(1) 58.9(7) 58.9(2)

60.4(9) 58.9(6) 58.5(2)

M-C-0 (deg) 159(3) 152.5(2) 154.7(5)

160(3) 153.6(2) 152.5(4)

M-C...M' (deg) 77(1) 79.3(8) 78.8(2)

78(1) 78.6(7) 79.1(2)

t h i s  work

bR ef . 94 

CR ef . 74

dM denotes  apex m e ta l ,  M' denotes  m eta ls  in  t r i a n g u l a r  u n i t
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sugges ts  the  polymorphs a r i s e  due to  c r y s t a l l i z a t i o n  from d i f f e r e n t  

s o lv en t  systems.  Apparent ly  c r y s t a l l i z a t i o n  from pentane favors  the  

t r i c l i n i c  c r y s t a l  system; whereas,  C t^ C ^  favors  the  monoclinic 

system. (Table 7)

As p a r t  of t h i s  s t r u c t u r a l  a n a l y s i s ,  the  e f f e c t  of the  so lv en t  on 

c r y s t a l l i z a t i o n  was s tu d i e d .  C ry s ta l s  were grown from pentane or 

C l^C ^  us ing  l^RuOs^CCO)  ̂ ob ta ined  from the  same s y n t h e t i c  mixture  

which was shown to be pure by NMR, IR and HPLC. C ry s ta l s  were 

grown under i d e n t i c a l  environmental  co n d i t io n s  in  order  to  ensure  

e f f e c t s ;  such a s ,  tempera ture  did not p lay  a s u b s ta n t ia l  r o l e  in  the  

c r y s t a l l i z a t i o n  p ro c e ss .  Unit c e l l  paramete rs  f o r  these  two samples 

a re  c o l l e c t e d  in  Table 8 . One sees  t h a t  the  d i f f e r e n t  s o lv e n t s  cause 

a change in  space groups;  however, the  c r y s t a l  system remains the 

same ( i e .  m onoc l in ic ) .

Upon c l o s e r  examination of Tables 6- 8 , one may draw the  conclus ion  

t h a t  in c o rp o ra t io n  of a h igh  r a t i o  of I^Os^CCO)^ in to  the  s in g le  

c r y s t a l  would tend to  cause c r y s t a l l i z a t i o n  in  the  t r i c l i n i c  c r y s t a l
«fetfe

system. Large amounts of ^RuOs^CO) ^  or H2Ru4^C0^13 would favor 

c r y s t a l l i z a t i o n  in  the monoclin ic  system.

Examination of the  meta l  thermal paramete rs  fo r  a l l  the  

l^RuOs^(CO)^ s t r u c t u r e  an a ly se s  a re  t a b u la te d  i n  Table 12 (excluding

•k
C r y s t a l l i z a t i o n  Data f o r  l ^ O s ^ C O ) ^  [75] 

a=9.129(4)A a=91.95(4)°  PI bar  (Z=4)

b=26.552 (6)A 6=112.27(4)° Dc=3.46 g cm"3

C=9.025(5)A y=81.7 6 ( 3 ) °
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Table 12. Comparison of Metal Thermal Parameters in I^RuOs^CO) ̂ .

(A) Biso

This Work
£

Shore & Sir iwardane

Os 2 . 8 7 ( 2 ) 2 . 9 2 ( 2 ) 3. 26 (2)
Os 2. 6 4 ( 2 ) 2 . 8 4 ( 2 ) 2. 87 (2)
Os 2 . 9 4 ( 2 ) 2. 9 7 ( 2 ) 3. 31 (2)
Ru 2. 1 4 ( 2 ) 2. 1 9 ( 3 ) 2 . 37 (3)
(B) B. J3 f r o m  U. is o iso

U. Rheingold & Gates0 xso B. Rheingold & Gates i s o  °

Os 35 (1 ) 41 ( 1 ) 2 . 81 3 . 29
Os 34 ( 1 )  43 ( 1 ) 2 . 7 3 3. 4 5
Os 38 ( 1 )  42 (1 ) 3 . 0 5 3 . 37
Ru 25 ( 1 )  34 (1 ) 2 . 0 0 2. 7 3
(C) U. d f r o m  B. i s o  iso

This Work Shore & Sir iwardane

Os 36 36 41
Os 33 35 36
Os 37 37 41
Ru 27 27 30

ada ta corresponding  to  s t r u c t u r e s o l u t i o n  in  Table 7 -Column I
i 2 ^2 ^

c a l c u l a t e d  as  B . =U. (2ir a ) where a = r e c ip ro c a l  of a a x i s  s incei s o  iso

B. =B . =B_ =B__ [118,142] (a a x i s  chosen s ince  has  l a r g e s t  r e c ip r o c a l  i s o  11 22 id

va lue)

da ta  corresponding  to s t r u c t u r e  s o l u t i o n  in  Table 7-Column I I

^ c a l c u l a t e d  as U. =B. / 2 tt̂ A  ̂xso i so
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the  c o - c r y s t a l l i z e d  s i t u a t i o n s ) . Normally an abnormal va lue  would be 

observed f o r  the  ruthenium atom i f  c o - c r y s t a l l i z a t i o n  were occur r ing  

a t  t h i s  p o s i t i o n ;  however,  the  da ta  he re  does not g ive  conc lus ive  

evidence f o r  or a g a in s t  c o - c r y s t a l l i z a t i o n .

A r e - i n v e s t i g a t i o n  of the  exper imenta l  procedures  c i t e d  by 

Rheingold and Gates [113-115] (Equation 51) r e s u l t s  in  format ion of 

the  in sep a ra b le  mixture  I^RuOs^ (CO) ^  anc* H jO s ^ C O ) ^  ( i n t h i s  

i n v e s t i g a t o r ' s  hands) as  i d e n t i f i e d  by NMR, IR and HPLC. The re fo re ,  

based upon the  chemical  and s t r u c t u r a l  s t u d i e s  performed h e r e ,  the  

conclus ion  i s  made t h a t  l^RuOs^CO) ^  i t s  pure  form c r y s t a l l i z e s  

in  the  monocl in ic  system and any type of  c o - c r y s t a l l i z a t i o n  not  

d i s o rd e r  in f l u e n c e s  c r y s t a l  growth and i s  e x h ib i t e d  a s  the  t r i c l i n i c  

form.

IV. REACTIVITY STUDIES OF H2Ru6 (C0)17
As mentioned e a r l i e r ,  the  o v e r a l l  geometry adopted by H0Ru,(CO) . n

L o 1 /

i s  a b icapped t e t r a h e d r o n .  This type o f  meta l  framework i s  r a r e  fo r
2 -

a hexanuc lear  c l u s t e r ,  f o r  example,  [Ru^(C0 )^g] , which u s u a l l y

e x h i b i t s  an o c ta h e d ra l  arrangement according  to  c l a s s i c a l  e l e c t r o n  

counting r u l e s ,  [ 3 1 ,3 3 , 3 4 a , 121-122] as  d e p ic ted  in  Figure  39 fo r  

r e l a t e d  ruthenium and osmium c l u s t e r s .  I f  one counts  e l e c t r o n s  fo r

C r y s t a l l i z a t i o n  Data f o r  l ^ R u ^ C O ) ^  [119] 
a=9.534(10)A (3=90.29(3) °
b=9.032(9)A P21/c  (Z=8 )

C=47.44(4)A



Figure  39. S t r u c t u r a l  V a r i a t i o n s  of the  Ruthenium 
and Osmium Hexanuclear C l u s t e r s .

Ill



112
2-

[Ru^(CO)^g] one a r r i v e s  a t  the  "magic number" o f  86 e l e c t r o n s  f o r  a

s t a b l e  o c tah e d ra l  arrangement;  however, f o r  H.Ru,(C0),_ only 84
Z  o  17

e l e c t r o n s  a r e  p r e s e n t .  This e l e c t r o n - d e f i c i e n c y  de termines  the  

outcome of the  framework geometry and one may p r e d i c t  a bicapped 

t e t r a h ed ro n  when the  Capping P r i n c i p l e  developed by Mingos [3 2 a ,123] 

i s  invoked. Surface  sc ience  a l so  recogn izes  t h i s  geometry as  a 

l o g i c a l  p ro g res s io n  to  metal  c r y s t a l l i t e  fo rmat ion .  [124,125]

(Fig .  40)

The e l e c t r o n  d e f i c i en c y  of the  H-Ru,(CO)._ c l u s t e r  may a l s o  be
L O 1 /

desc r ibed  as being " lo c a l i z e d "  a t  the  s i t e  of the  Ru(5)-Ru(6) bond. 

This  d e s c r i p t i o n  i s  s i m i l a r  to  arguments used with r e s p e c t  to  the 

e l e c t r o n  d e f i c i e n c y  (44 e l e c t r o n s )  and m u l t ip l e  bond c h a r a c t e r  of 

^ 2^ s 3 ^ ^ 10‘ Poss:*-ble importance of  the  u n s a t u r a t i o n  in

H^RUgtCO)^ rega rd ing  r e a c t i v i t y  i s  d i scussed  in  the  fo l lowing 

s e c t i o n s .

A. DEPROTONATION OF H2Ru6 (C0)17
In an ongoing a t tempt  to  study c l u s t e r  s p ec ie s  on s u p p o r t s ,  i t  

has become necessa ry  to  independently  s y n th e s iz e  and f u l l y  

c h a r a c t e r i z e  an ion ic  c l u s t e r  s p e c i e s ,  in o rde r  to e l u c i d a t e  events  

occu r r ing  on the suppor t .

I t  has been shown by Lavigne and Kaesz [126] t h a t  PPNC1 i s  

capable  of dep ro tona t ing  hydrido complexes s e l e c t i v e l y  forming the  

monoanion under mild c o n d i t i o n s .  Depro tonation r e a c t i o n s  us ing  PPNC1 

were employed in  the  a t tempt  -to genera te  the  monoanion, [HRug(C0 ) j 7] .
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Figure  40. Metal C r y s t a l l i t e  Growth.
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This anion would be r a t h e r  i n t e r e s t i n g  in  t h a t  i t ,  to o ,  i s  an 84 

e l e c t r o n ,  u n s a tu r a te d  s p e c i e s .  U n fo r tu n a te ly ,  t h i s  r e a c t i o n  does 

not proceed as  planned; i n s t e a d ,  format ion of [HRUg(CO)^g] and 

[H^Ru^ (CO) j, 2 ] i s  observed. (Equation 59)

25°C
H_Ru. (CO) . n + PPNC1 ------------ ► [PPN][HRu,(CO)10] +

2  6 17  6 18

[p p n }[h 3Ru a (c o ) 12)

The formation of [ P P N ] [ H ^ R u ^ ( C O ) i s r e a d i l y  i d e n t i f i e d  by 

XH NMR (6-17.04 ppm) (F ig .  41) and 13C NMR (6198.17 ppm) (F ig .  42)

[68a ] ;  the  [PPN] [HRû . (CO) ^g ] ,  on the  o th e r  hand, i s  n o t .  The

13s a tu r a t e d  monoanion, [HRu,(C0)1o] , e x h i b i t s  a s i n g l e t  in  the  Cb Io
NMR a t  6202.01 ppm which i n d i c a t e s  e q u iv a len t  te rm ina l  carbony ls .

(F ig .  42) The pro ton  spectrum a t  f i r s t  g lance  does not i n d i c a t e  any 

hydr ides  a s s o c ia te d  with t h i s  c l u s t e r .  However, i f  the downfield 

reg ion  between 620 to  10 ppm i s  magnified a resonance a t  616.4 ppm 

i s  d e te c te d .  This s i g n a l  does not always appear c lean ly  in  the  

NMR, most t ime severe  m a g n i f ic a t io n  i s  n ecessa ry .  A s ig n a l  t h i s  

desh ie lded  sugges ts  the  presence  of an i n t e r s t i t i a l  hydr ide  [127] 

which ag rees  well  with t h a t  rep o r ted  by Johnson and Lewis fo r  t h i s  

monoanion. [84-86]■ However, one may doubt the e x i s t en c e  of t h i s  peak

due to  i t s  lack  of i n t e n s i t y  and haphazard appearance.

In o rder  to  de termine the t ru e  na tu re  of the  monoanion, an X-ray 

a n a l y s i s  was performed. The molecular s t r u c t u r e  of t h i s  anion proved 

to  be the same as  r e p o r t e d  by Johnson and Lewis [84,86] fo r  one of the 

c r y s t a l l i n e  forms they observed. Figure 43 g ives  the molecular
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PPN

' I ' ' ' ’ ' ' i ................... i ..................... I -
10 0 -1 0  -2 0PPM

Figure 41. Proton NMR Spectrum of  [HRu (CO) ] -  
and [H3Ru4 (CO) ] . 6 18
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O

•  [HRu6 (CO)181 

O [H3Ru4 (CO)12]

^ , , r— - f . . .     J    ,    • 7 ...................  , . ■

220 . 210 200 190 1B0PPM

Figure  42. Carbon-13 NMR Spectrum of [HRu,(C0).r ] 
and [H3RuA(CO)12r .  6 18
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Ru(1)

Ru(5)

RuU)

Rul2)
Ru(3)

Ru(6)

Figure  43. Molecular S t r u c tu re  of [HRu^CO)^]
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s t r u c t u r e  of [PPN][HRu^(CO)^g] as  r e p o r te d  by Johnson and Lewis.

Table 13 g ives  c r y s t a l l o g r a p h i c  d a ta  ob ta ined  in  t h i s  s tudy .  Table 14 

g ives  the c r y s t a l l o g r a p h i c  d a ta  ob ta ined  by Johnson and Lewis.  (The 

p a r t i c u l a r  d e t a i l s  with r e s p e c t  to  t h i s  da ta  c o l l e c t i o n  and s t r u c t u r e  

s o lu t io n  a re  o u t l in e d  in  the  Experimental  S e c t io n . )  As with the 

previous  a n a l y s i s ,  l o c a t i o n  of the  i n t e r s t i t i a l  hydr ide  was not 

p o s s ib l e .

Once i t  became apparen t  t h a t  the  product in  t h i s  depro tona t ion  '

was a c t u a l l y  [PPN][HRu,(CO), „ ] ,  the  most l o g i c a l  concerns were:o lo

(1) I s  CO being l i b e r a t e d  in the  r e a c t i o n  so t h a t  [HRu^(CO)jg] i s

being  formed in s te a d  of the  d e s i r e d  [HRUg(CO)^] ? (2) Could the

n e u t r a l  u n s a tu r a te d  c l u s t e r  be regenera ted  by p ro to n a t io n  of the

[HRu.(CO),„] or would the  product obta ined  by H.Ru.(CO), D? o lo L b io
In a s e r i e s  of exper iments  i t  was shown t h a t  CO i s  indeed given 

o f f  during the  r e a c t i o n  as  i d e n t i f i e d  by gas mass s p e c t r a .  I t  was 

a l s o  shown t h a t  H_Ru,(CO)1_ may be reg en e ra ted  accord ing  to  the2 o i t
r e a c t i o n  below; (Equation 60) however, y i e l d s  of ^ R u ^ C O ) ^  a re  

d i s a p p o i n t in g ly  low.

H+
[HRu6 (CO) i s  -------------------► H2 Ru 6 ( C O ) 17

+ . + (60)

[H3Ru4 (CO)12]" H4Ru4 (CO)12

Note t h a t  t h i s  r e s u l t  i s  in  d isagreement with what Johnson and Lewis 

[84-86] claimed as  o u t l in e d  in Equation 35.
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Table 13. C ry s ta l lo g ra p h ic  Data f o r  [PPN] [HRu,. (CO), n ] .o lo

Chemical formula/Color  of c r y s t

Molecular wt

Space group

M olecu le s /un i t  c e l l

Temp, °C

a , A
b, A
c, A 
a,  deg 

B, deg 

Y > deg
3

Volume, u n i t  c e l l  A 
-3D ( c a l c d ) , g cm

-1Absorptn c o e f f ,  cm 

Max/Min t ransm issn ,  %

Scan mode

Data c o l l e c t n  l i m i t s ,  deg

No. of unique r e f l c t n s

No. of r e f l c t n s  used in  s t r u c t u r e  
ref inement (>3o(I) )

C5AH33P2NRu6°18y,° range~red
1655.55
Pi

4

-50

1 8 . 0 0 4 ( A )

19.002(3)

19.170(3)

62.39(1)

77.95(2)

83.13(2)

5681.36 

1.787 

16.A

99.95/87.69
co-20

A -A 5

15398

9623
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Table 14. C ry s ta l lo g ra p h ic  Data f o r  [PPN][HRu^(CO)^g] a s  Reported 
by Johnson and Lewis.

Space group P la P21/n b

M o lecu le s /un i t  c e l l 4 12

a, A 18.083(4) 33.82(8)

b, A 19.101(4) 52.55(10)

c, A 19.238(5) 9.832(2)

a,  deg 117.70(4)

8 . deg 78.13(2)

Y» deg 97.05(2)

Volume, u n i t  c e l l  A 5767 17452
_7

D (ca lcd ) ,  g cm 1.90 1.88

No. of r e f l c t n s  used
in  s t r u c t u r e  
ref inement
(>3cr(I)) 9165

Rf 0.068 0.23

Scan mode 6-20

Radia t ion Mo Ko (0.710730A)

D if f rac to m e te r P h i l i p s  PW1100

t r i c l i n i c  c e l l  conver ted to c l  c e l l  in  a c tu a l s t r u c t u r e  s o lu t io n

a=19.248(4)A a=91.23(2)°

b=33.912 (8)A 8=101.86(3)°

C=18.081(4)A y=92.53(2)°

bonly Ru atoms re f in e d
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The analogy has been made between ^ O s ^ C O ) ^  and H jR u^C O )^

with r e s p e c t  to  the  u n s a t u r a t i o n  w i th in  the c l u s t e r  framework. I t

has  been shown by Kennedy [48] t h a t  r e a c t i o n  of  l ^ O s ^ C O ) ^  with

an a l k a l i - m e t a l  hydride  r e s u l t s  in  the  s a t u r a t e d ,  48 e l e c t r o n  an ion ic

c l u s t e r  [H„Os„ (CO), _.] . Perhaps the  H„Ru,. ( C O ) _ c l u s t e r  in  the  
3 3 10 I  o 17

presence  of a hydr ide  source;  such as KH, would a l s o  d i sp lay  s im i l a r  

r e a c t i v i t y .  (Equat ion 61)

H2Ru6 (CO)1? + 1 or 2 eq MH —- / / +  M[H3Ru6 (CO)n ]

(M=Na,K)

(61)

AsPh Cl
M[HRu 6 (CO) 18] ------------ ---------- =----- ► [ AsPhA ] [HRu 6 (CO) lg ]

(65%)

As i s  o u t l i n e d  above, fo rmation  of [H0Ru., (CO) ..,] i s  not r e a l i z e d ,
J o  1 /

only the  aforementioned  [HRu,(CO), 0 ] s p ec ie s  i s  i s o l a b l e .  I t  haso lo
been noted by Johnson and Lewis [84] and Shapley [67] t h a t

[HRu,(CO).„] does not r e a d i l y  depro tona te  even under s t r o n g ly  b a s ic  
6 18

c o n d i t io n s .

B. HYDROGENATION OR CARBONYLATION OF H2Ru6 (C0)17
**2^ S3 ^ ^ 1 0  r e a d i l Y undergoes a d d i t i o n  r e a c t i o n s  with tw o -e lec t ron

donors ;  such a s ,  CO, PRg , i socyan ides  and h a l i d e s .  Unsa tura ted

hydrocarbons and t r a n s i t i o n  metal  fragments a re  a l s o  inco rpo ra ted  in to

t h i s  h igh ly  r e a c t i v e  c l u s t e r  [48-51,128] (Equation 62). Since

H„Ru ,(C0),t displays a site of unsaturation one would hope that similar 
2 6 17

reactions could be carried out.
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RCSCR
- ► h 2o s 3 (c o )10(r c =c r )

M(CO)

(62)

The r e a c t i o n  of H.Ru, (CO)... with H„ or CO under va r iousZ D  1 / £
c o n d i t io n s  does not lead  to  a d d i t i o n  of the  or  CO r e l i e v i n g  the 

c l u s t e r  of  i t s  u n s a t u r a t i o n  a s  shown in  Equation 63.

H2Ru6 (CO) 17

' H2Ru6 (CO)18

(63)

Hl >
H4Ru6(CO)17

I n s t e a d ,  f ragm en ta t ion  of  the  c l u s t e r  i s  observed. (Equation 64)’

CO

H2

13 4 4 12 (64)

_Reaction c o n d i t io n s  ranging  from 1 eq r e a c t a n t  gas to  1 atm re a c t a n t  

gas over the  c l u s t e r  s o l u t i o n  or bubbling of  gas through the c l u s t e r  

s o lu t io n  a t  tem pera tu res  ranging from -10°C to 40°C.
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This f ragm en ta t ion  p a t t e r n  i s  s i m i l a r  to  t h a t  d i sp layed  by Os,(C0) ,„
o 18

in  the  presence  of s t ro n g  bases ;  such a s ,  OH , OMe o r  CN . [129] 

Fragmentation of  Osg(CO)^g i s  a l s o  ob ta ined  when re a c te d  with  CO or  

H2 under high p re s s u r e s  and tem pera tu res .  [130] (Equation 65)

(1) 6 CO Os (C0)1Q + Os(CO)
(2) 160°C, 90 atm

(65)

(1) H,

(2) 190°C, 100 atm
>- H4 Os a ( C O ) 12 +  H20 s ( C 0 ) 4

The f ragm enta t ion  of H2Rug(CO)^ may be env is ioned  as  dep ic ted  

in  F igure  44 where one sees  success ive  l o s s  of "Ru(C0)g" u n i t s .  Loss 

of the  f i r s t  Ru(C0)g capping u n i t  r e s u l t s  in  g e n e ra t io n  of  a 

r e a c t i v e ,  u n s t a b l e  Ru^ sp ec ie s  which i s  not d e t e c t a b l e  by NMR.

Loss of a second Ru(C0)g u n i t  g e n e ra te s  the  s t a b l e  Ru^ s p e c i e s .  I t  

should be noted t h a t  in  the  hydrogenat ion  r e a c t i o n  the  major c l u s t e r  

i s o l a t e d  i s  H^R u^C O )^ .  I f  the  ca rb o n y la t i o n  r e a c t i o n  i s  c a r r i e d  

o u t ,  H2Ru4 (C0 ) j ^  c o n s t i t u t e s  the  major y i e l d .  RUg(C0)^ 2 may be 

genera ted  from combination of the  r e a c t i v e  "Ru(C0)g" f ragments .

C. HYDR0B0RATI0N OF H2Ru6 (C0)17
Hydroboration of u n sa tu r a te d  organic  compounds i s  a u s e f u l  

r e d u c t iv e  method and has been e x t e n s iv e ly  s tu d ie d  by Brown and co

workers .  [131] The concept of hydrobora t ion  has  been extended to



Figure  44. Proposed Fragm enta tion  P a t te r n  
fo r  (u3-H )2Ru6 (p-CO)(C0 ) 16-

n 
I
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u n sa tu ra te d  t r a n s i t i o n  m etal complexes, namely H^Os^CCO)^^, by 

Shore and co-w orkers. [4 8 ,4 9 ,5 0 h ,5 0 i]  They were a b le  to  show th a t  

r e a c t io n s  conducted under d i f f e r e n t  c o n d i t io n s  can le ad  to  two very 

unique c l u s t e r  systems: a triosmium b o ry lidyne  carbonyl (Equation 66)

(F ig . 45) and a b o rox ine-supported  oxymethylidyne ca rbony l.  (Equation 

67) (F ig . 46)

OMe- (1 eq)
H_Os„ (CO). n + is B_H, ---------------------- ►H-Os (CO) BCO (66)

CH2C12 ,25°C

H2OS3 (CO)10 + h B2H6

THF (*s> (6?)
CH2C12 ,25”C

> f

1 / 3  [ ( y - H ) 3 ( C 0 ) 9 0 s 3 ( y - C 0 ) ] 3 (B 30 3 )

The in te n t  here  was to  g en era te  a hexanuc lear  analog of the

H_Os_(CO)nBCO c l u s t e r .  H.Ru,(CO),_ was re a c te d  w ith  1/2 3 3 9 2 b 1/
eq u iv a len t  B„H, and 1 e q u iv a len t  Meo0 in  CH-C1- in  a manner s im i la r  

2 b 2 2 2

to  th a t  shown in  Equation 66 fo r  H2Os3 (CO)^q. *^B NMR in d ic a te s  

form ation  of Bo0 (621 .54(s)  ppm in  d - a c e to n e ) . The p ro ton  NMR
L j  O

shows form ation  of H^Ru^(CO)^2 (6-17.74 ppm in  CD2C12) a long with 

hydride  s ig n a ls  between 6-18 .0  to  -1 8 .5  ppm. However, upon 

p u r i f i c a t i o n  by TLC the only i s o l a b l e  p roduct proved to  be H^Ru^(C0)^2 *

D. R E A C T I V I T Y  OF  H 2 R u 6 ( C 0 ) 17 W I T H  O X O N I U M  S A L T S
The lack  of r e a c t i v i t y  of H ^ u ^ C O ) ^  could be caused by the 

presence of the b r idg ing  carbonyl spanning the doubly bonded
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Figure 45. ORTEP of H30 s3 (CO)gBCO.
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o*

.0 *

Figure 46. Molecular Structure of
[h 3 .(c o )9o s 3 (u 3-c o )]3 (b 3o 3).



Ru(5)-Ru(6) bond. Perhaps r e a c t i v i t y  of t h i s  c l u s t e r  could be

induced through the b r id g in g  carbonyl u n i t .  I f  the  bond o rd e r  of the

b r id g in g  carbonyl i s  reduced th a t  s i t e  should then be more

s u s c e p t ib le  to  a t t a c k .  This type of r e a c t i v i t y  i s  observed fo r  the

t r i m e t a l l i c  systems [HM^(y-CO)(CO)jq ] (M=Ru,Os). [132-136]

However i f  H„Ru.. (CO). i s  re a c te d  w ith  e i t h e r  Me_OBF, or Z b 1 / J 4
Et^OPF^ no s ig n a l  due to  a y-COMe moiety could be d e tec te d  by proton

NMR. In the  case  of Me^OBF^ one observes a s ig n a l  a t  512.22 ppm

which may be the  r e s u l t  of an i n t e r s t i t i a l  h y d r id e .  Using Et-OPF,J o
a s ig n a l  a t  68.83 ppm grows in  which may be due to  an i n t e r s t i t i a l  

hydride  rearrangem ent bu t i s  more l i k e l y  due to  y^-CH) form ation .

In e i t h e r  case  the  reg io n  between 60 to  -35 ppm i s  void of any 

hydride  s ig n a l s .  F u r th e r  p u r i f i c a t i o n  to  i s o l a t e  th ese  sp ec ie s  was 

f u t i l e .  Other p roduc ts  ob ta ined  in  low y ie ld s  were ^ R u ^ C O ) ^  an^ 

H^Ru^(C0 )^ 2 > most of the  product m ixture  c o n s is te d  of unreac ted



CONCLUDING REMARKS

The prim ary goal of t h i s  in v e s t ig a t io n  was to  develop system atic

syn theses  of mixed-metal c l u s t e r s  us ing  the  redox condensation

method. Using th is .m e th o d , the  h ig h e r  n u c le a r i t y  c l u s t e r s

H20s,. (CO) , H2Fe2Os3 (CO) ^  and H ^ u ^ s^ (C O ) ^  were g en e ra ted .

T e tra n u c le a r  c l u s t e r s ,  H2Fe2Ru2 (CO)13> H2FeRu3 (CO)13, H2FeOs3 (CO)j

and H2RuOs3 (CO)^3 were a l s o  observed .

In  the  course  of t h i s  in v e s t ig a t i o n  the  n ove l,  u n s a tu ra te d ,

hexanuc lear  c l u s t e r ,  (y3-H )2Ru&(y-CO)(C0 ) 16, was sy n th es ized  and

s t r u c t u r a l l y  c h a r a c te r iz e d .  R e a c t iv i ty  s tu d ie s  of

(y„-H) „Ru, (y-CO) (CO) , ,  w ith  sm all molecules showed th a t  th e re  is  j  z o lb

l i t t l e  tendency to  o x id a t iv e ly  add tw o -e le c tro n  donors. Fragm entation 

of the  m e ta l l i c  core to  g ive  te t r a n u c l e a r  c l u s t e r s  was observed.

A d d i t io n a l ly ,  the  s t r u c tu r e  o f  H2RuOs3 (CO)j3 was 

re -d e te rm in ed . I t  e x i s t s  in  the  m onoclin ic  c r y s t a l  system when pure 

and in  the t r i c l i n i c  system when c o - c r y s t a l l i z e d  with H2Os^(CO)13- 

A lso , [P Ph .] „ [Ru.(CO). 0 ] and [PPN][HRu,(CO)1Q] were s t r u c t u r a l l y
H L  D l o  D I O

c h a r a c t e r i z e d .
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EXPERIMENTAL

I. APPARATUS
A. VACUUM SYSTEM

A Pyrex g la s s  high-vacuum system s im i la r  to  th a t  d esc ribed  by 

S h r iv er  [137] was used fo r  m an ipu la tion  of v o l a t i l e  compounds. The 

vacuum l i n e  c o n s i s t s  of two r e a c t io n  m an ifo ld s ,  McLeod gauge, and 

d i s t i l l a t i o n  t r a i n .  The e n t i r e  system was evacuated  to  a p re s su re  of 

10 t o r r  by a tw o-stage  mercury d i f f u s io n  pump and a Welch Duo-Seal 

h igh-speed  mechanical pump, which were p ro te c te d  by t r a p s  cooled to  

-196°C ( l i q u id  n i t ro g e n )  and -78°C (dry i c e / i s o p r o p a n o l ) , 

r e s p e c t iv e ly .

One re a c t io n  m anifold  c o n ta in s  f iv e  i n l e t s  c o n s i s t in g  of two 

F is c h e r -P o r te r  9-mm S o lv -S ea l j o i n t s  and th re e  14/35 s tandard  ta p e r  

j o i n t s ,  equipped w ith  F is c h e r - P o r te r  Teflon  s topcocks . The o th e r  

m anifold c o n s i s t s  of f iv e  14/35 s tanda rd  ta p e r  j o i n t s  equipped with 

F i s c h e r -P o r te r  T eflon  s to p co ck s .  Mercury blowouts were a t ta ch e d  to  

each of the  i n l e t s  and were used fo r  m onito r ing  r e a c t io n  p re s s u re s .

The d i s t i l l a t i o n  t r a i n  c o n s i s t s  of fou r  U -traps  with 4-mm bore 

ground g la s s  s topcocks , an i s o l a t e d  mercury manometer, a 14/35 

s tanda rd  ta p e r  j o i n t  i n l e t ,  and a 9/18 b a l l  j o i n t  i n l e t .

130
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B. GLOVE BOX
M anipulation  of n o n - v o la t i l e  a i r - s e n s i t i v e  compounds was 

conducted in  a Vacuum Atmospheres g love box. A n i t ro g e n  atmosphere 

(Matheson) in  the  range of 10 ppm oxygen was m ain tained  by co n tin u a l  

c i r c u l a t i o n  of p r e - p u r i f i e d  n i t ro g e n  through a p u r i f i c a t i o n  tower which 

c o n ta in s  Ridox oxygen scavenger (F isch e r  S c i e n t i f i c  Co.) and Linde 

13-X m olecular s ie v e s .  The n i t ro g e n  atmosphere was monitored by mass 

s p e c t r a l  a n a ly s i s ,  the  t i ta n o c e n e  t e s t  and a l s o  be exposing a f r e s h ly -  

p iece  of potassium . Design and o p e ra t io n  of the  glove box has been 

d e sc r ib ed  p re v io u s ly .  [138]

C. GLASSWARE
Pyrex and Kimax round-bottom f l a s k s  w ith  9-ram or 15-mm F is c h e r -  

P o r te r  So lv-Seal j o i n t s  were u t i l i z e d .  These v e s s e l s  were 

connected to  the  vacuum l i n e  by g la s s  a d ap to rs  w ith  T eflon  s topcocks . 

Sidearm f l a s k s  and t ip tu b e s  were used f o r  a d d i t io n  of v a r io u s  non

v o l a t i l e  r e a c t a n t s  to  the  r e a c t io n  m ixture and a l s o  fo r  removal of 

samples fo r  NMR. A ty p ic a l  r e a c t io n  ap p a ra tu s  fo r  an NMR study i s  

i l l u s t r a t e d  in  F igure  47. F i l t r a t i o n s  were c a r r i e d  out us ing  vacuum 

e x t r a c to r s  as  shown in  F igure  48.

D. FILTRATION APPARATUS
For f i l t r a t i o n s  r e q u i r in g  removal of very f in e  p a r t i c u l a t e  m atte r  

from s o lu t io n  ( i e .  HPLC) the  f i l t r a t i o n  a p p a ra tu s  shown in  F igure 49 

was employed. I t  c o n s is te d  of a T eflon  PFA in l i n e  f i l t e r  purchased
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Figure  47. Reaction Apparatus fo r  NMR Study.
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Figure A8. Vacuum Extractor.
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Figure 49. Filtration Apparatus.
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from Cole-Parmer I n t e r n a t io n a l  w ith  c e r t a i n  m o d if ic a t io n s .  Design of 

t h i s  ap p a ra tu s  has been d e sc r ib ed  p re v io u s ly .  [139]

E. NUCLEAR MAGNETIC RESONANCE SPECTRA
Nuclear Magnetic Resonance s p e c tra  were ob ta ined  on Bruker 

AM-500, Bruker WH-300, Bruker MSL-300, Bruker AM-250 and Bruker 

WP-200 sp ec tro m e te rs  o p e ra t in g  in  the  FT mode. The spec trom ete rs  were 

equipped with v a r ia b le  tem perature  and h e te ro n u c le a r  decoupling 

c a p a b i l i t i e s .  The o p e ra t in g  frequency , MHz, of each spec trom ete r  i s  

l i s t e d  below:

SPECTROMETER l H U B 13C
Bruker AM-500 500.14 125.75

Bruker WH-300 300.13 96.27 75.48

Bruker MSL-300 ' 96.30

Bruker AM250 250.13 80.25 62.90

Bruker WP-200 200.13

Proton  and carbon-13 s h i f t s  a re  re p o r te d  in  6 u n i t s  re fe ren ced  to  

t e t r a m e th y ls i l a n e  (TMS) a t  0 .00  ppm. Boron-11 chemical s h i f t s  a re  

r e l a t i v e  to  E t20 /BF^ a t  0 .00  ppm.

F. INFRARED SPECTRA
In f r a r e d  s p e c t ra  were ob ta ined  w ith a Matteson Cygnus-25 FT 

s p e c tro m e te r .  S o lu t io n  sp e c t ra  were ob ta ined  in  matched P e rk in -  

Elmer l i q u id  c e l l s  w ith  0 .1 -  o r  0.5-mm Teflon sp ace rs  and KBr or 

NaCl windows.



G. THIN-LAYER CHROMATOGRAPHY (TLC)
The p l a t e s  used were made by f i r s t  mixing s i l i c a  g e l ,  CaSO^, 

and I^O in  a 30 :8 :80  r a t i o  by w eigh t. The p a s te  was then deposited  

on 20 x 20 cm g la s s  p l a t e s  forming a homogenous la y e r  of 2-mm 

th ic k n e s s .  The p l a t e s  were then s to re d  in  a c losed  space fo r  a 

week to  c o n t ro l  the  d ry ing  p ro cess .  The p la t e s  were a c t iv a te d  by 

h e a t in g  in  an oven a t  90-100°C fo r  7 hours  be fo re  u se .

H. HIGH PRESSURE LIQUID CHROMATOGRAPHY (HPLC)
A Perkin-E lm er h igh  p re s su re  l i q u id  chromatograph equipped 

w ith  an a n a l y t i c a l  column (PEO 258-0051) was used to  analyze n e u t r a l  

c l u s t e r  complexes fo r  q u a l i t a t i v e  a n a ly s i s .  A p r e p a ra t iv e  s i l i c a  

column (PEO 258-5002) was a ls o  used fo r  p r e p a ra t iv e  s c a le  s e p a ra t io n s .  

Heptane and methylene c h lo r id e  were used to  e lu t e  samples. 

Chromatograms were p lo t t e d  on a L inear p l o t t e r  as  a v a r i a t i o n  of 

absorbance a t  255 nm UV r a d i a t io n  produced by a deuterium  lamp.

I. SINGLE CRYSTAL X-RAY DIFFRACTION
1. Hardware

A ll  d a ta  was c o l l e c te d  us ing  the  Enraf-Nonius D e lf t  CAD4 Kappa 

Axis D if f ra c to m e te r  system. (F ig . 50) This system c o n s i s t s  of the  

D i f f r a c t i s  586 G enerator and CAD4 Kappa Geometry G on ios ta t  equipped 

w ith  a microscope (75x m ag n if ic a t io n )  a t ta c h e d  to  the  Omega base 

w ith  a s tanda rd  c r y s t a l - t o - d e t e c t o r  d is ta n c e  of 173 mm.

The power to  the  X-ray tube was supp lied  by a 3 kW co n stan t  

p o t e n t i a l  X-ray g e n e ra to r  and the X-ray source c o n s is te d  of a Mo
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KAPPA ' 
vBLOCK

Figure  50. X,Y,Z C oordinate  System and R o ta tion  D ire c t io n s  on 
the CAD4 Kappa Geometry D if f rac to m e te r  System. 
(Reproduced from "Enraf Nonius CAD4 D iff rac to m e te r  
U se r 's  Manual"; Enraf Nonius D e l f t :  D e l f t ,  The
N e th er lan d s ,  1982 by perm ission  of Enraf Nonius D e l f t . )
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t a r g e t  e m i t t in g  graphite-monochromated Mo Ka r a d i a t i o n  a t  

A=0.710730 A. The X-ray tube was opera ted  a t  20 mA and 45 kV.

The c r y s t a l s  were cooled in  a continuous stream  of a i r  using 

an FTS Systems r e f r i g e r a t i o n  u n i t .  C o llec ted  da ta  was processed  on 

a D ig i ta l  PDP 11/44 minicomputer in te r f a c e d  to  the  d i f f r a c to m e te r .

The o p e ra t io n s  of the  d i f f r a c to m e te r  were c o n t r o l le d  by inpu t from a 

LA 34 l i n e p r i n t e r  which has a speed of 30 c h a ra c te rs / s e c o n d .  The 

movements of the  kappa g o n io s ta t  can a ls o  be c o n t ro l le d  manually us ing  

a pocket te rm in a l .  The s te p s  up to  the  d a ta  c o l l e c t i o n  were c a r r ie d  

out us ing  the  pocket te rm ina l and the LA 34 l i n e p r i n t e r .  The PDP 

11/44 computer i s  a l so  in te r f a c e d  to  a LA 120 l i n e p r i n t e r  with a 

speed of 180 c h a ra c te r s / s e c o n d ,  a VT100 video  te rm in a l ,  and a 

VT330 g ra p h ic s  te rm in a l .  The d a ta  r e d u c t io n ,  s t r u c tu r e  s o lu t io n  and 

re finem en t were c a r r ie d  out on th e se  p e r ip h e r a l s  us ing  the  S tru c tu re  

D eterm ination  Package (SDP). [140]

M olecular s t r u c tu r e  o r i e n t a t i o n s  us ing  the  program ORTEP [141] 

o r  PLUTO [140] were monitored on an ESPRIT EXECUTIVE 10/102 g rap h ics  

te rm in a l  o r  the  VT330 g rap h ic s  te rm in a l .  The f i n a l  ORTEP p lo t s  were 

drawn on a TEKTRONIX 4662 I n t e r a c t i v e  D ig i t a l  p l o t t e r  or an Evans & 

Su therland  PS300 g rap h ics  te rm in a l  us ing  the  computer program 

PS0RTEP. [142]

2. Software

The programs d iscu ssed  below a re  p a r t  o f the  CAD4 da ta  c o l l e c t io n  

package [143] and SDP (S tru c tu re  D eterm ination  Package) [140] w r i t t e n  

fo r  use with t h i s  system.
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The automated SEARCH program i s  used to  scan the  c r y s t a l ' s  

r e c ip r o c a l  space to  f in d  and c e n te r  observab le  r e f l e c t i o n s .  This 

program i s  then followed by SETANG which a c tu a l ly  c e n te r s  the 

r e f l e c t i o n s  p re v io u s ly  lo c a te d  in  the  SEARCH program, s in ce  now the 

angle  s e t t i n g s  of <{>, 2 0 , oj and K a re  known, approx im ate ly .

A f te r  s e v e ra l  r e f l e c t i o n s  (u su a l ly  25) have been c e n te re d ,  an 

i n i t i a l  o r i e n t a t i o n  m a tr ix  i s  c a lc u la te d  and the  u n i t  c e l l  dimensions 

a re  de term ined. Optimized angu lar  v a lu es  from the  i n i t i a l  

o r i e n t a t i o n  m atrix  a re  subsequen tly  used in  a l e a s t  squares  

re finem ent program, LS, to  ensure  the  c r y s t a l ' s  p roper o r i e n ta t io n  

and a f i n a l  o r i e n t a t i o n  m a tr ix  i s  genera ted  and used in  the  

com putation’ of the  p o s i t io n s  of the  r e f l e c t i o n s  during  th e  d a ta  

c o l l e c t i o n .

Using in fo rm atio n  from the  f i n a l  o r i e n t a t i o n  m atrix  and u n i t  c e l l  

d im ensions, the  c r y s t a l ' s  r e f l e c t i o n s  a re  c l a s s i f i e d  as  belonging  to  

one of the  seven c r y s t a l  system s. Hence, knowing the  c r y s t a l  system 

in f lu e n c e s  the  amount of d a ta  c o l l e c te d .  (Table 15)

The d a ta  c o l l e c t io n  method u t i l i z e d  in  the i n t e n s i t y  da ta  

a c q u i s i t i o n  i s  norm ally  the  w-20  scan mode, where both the  c r y s t a l  

and d e te c to r  a re  in  m otion. Param eters  p e r ta in in g  to  t h i s  c o l l e c t io n  

mode such a s ,  maximum and minimum 2 0 , scan w id th ,  scan r a t e  and the 

time fo r  background i n t e n s i t y  measurements a re  s p e c i f i e d  in  DATCIN, 

depending on th e  s i z e  and shape of the d i f f r a c t i o n  peaks based on a 

few t r i a l  scan s .  The s t a b i l i t y  of the c r y s t a l  and d i f f r a c to m e te r
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Table 15. C la s s s i f i c a t i o n  of the  Seven C ry s ta l  Systems.

CRYSTAL SYSTEM PARAMETERS
T r i c l i n i c  a ^ b / c ;  a ^ B ^ Y

Monoclinic a ^ b ^ c ;  a = y =  90°; S

Orthorhombic a ^ b ^ c ;  a = B = Y =  90'

T e tragonal a = b ^ c ;  a = B = Y =  90'

Rhombohedral a = b = c ; o = B = Y ^  90'

Hexagonal a = b ^ c ; a = B =  90°; y

Cubic a = b = c ; a = 3 = Y = 90‘

90°

= 120°
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e l e c t r o n i c s  a re  a l s o  monitored in  t h i s  scan mode by measuring the 

i n t e n s i t i e s  of s e v e ra l  s tan d a rd  r e f l e c t i o n s  a f t e r  every  ba tch  of 500 

r e f l e c t i o n s .

The S t ru c tu re  D eterm ination  Package (SDP) p ro cesses  the X-ray 

d a ta  and a p p l ie s  a p p ro p r ia te  p o la r i z a t io n  and ab so rp t io n  c o r r e c t io n s ,  

so lv es  and r e f in e s  the  s t r u c tu r e  and produces the  ta b le s  and 

drawings fo r  p u b l i c a t io n .  Described below i s  a b r i e f  account of the 

program sequence used in  d a ta  re d u c t io n  and s t r u c tu r e  s o lu t io n .

The programs GENESIS and BEGIN i n i t i a l i z e  the  d a ta  red u c t io n  

sequence by c re a t in g  the  STRUC.NME f i l e .  This f i l e  i s  a genera l  

param eter f i l e  in  which a l l  p re l im in a ry  in fo rm ation  p e r ta in in g  to  the 

c r y s t a l  and d a ta  c o l l e c t i o n  a re  s to re d .

The d a ta ,  a t  t h i s  p o in t ,  may be c o r re c te d  f o r  i n t e n s i t y  decay 

us in g  the  program DECAY. A num erical o r  g ra p h ic a l  d is p la y  of the  

c r y s t a l ' s  decay p a t t e r n  as  in d ic a te d  by th e  i n t e n s i t y  of the s tan d a rd  

r e f l e c t i o n s  may be c a lc u la te d  u s in g  the  program STDPLT.

The program PSI i s  the  i n i t i a l  s tep  of the  e m p ir ic a l  a b so rp tio n  

c o r r e c t io n  r o u t in e  us ing  *F scan da ta  taken  from the  PSI.DAT f i l e .  

Program EAC a c tu a l ly  a p p l ie s  the  e m p ir ic a l  a b so rp t io n  c o r r e c t io n  to  

the  r e f l e c t i o n  d a ta  u s in g  the  c r y s t a l ' s  o r i e n t a t i o n  m a tr ix  and the  

p s i  d a ta  from program PSI.

Space group requ irem ents  must a l so  be taken in to  c o n s id e ra t io n  

when app ly ing  c o r r e c t io n s  to  the  d a ta .  F i r s t ,  r e f l e c t i o n s  which a re  

conside red  to  be unobserved o r s y s te m a t ic a l ly  absen t a re  removed v i a  

the  program REJECT. Table 16 l i s t s  absen t r e f l e c t i o n  requ irem en ts  of
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Table 16. System atic  Absences Caused by T ra n s la t io n a l  Symmetry 
in  the  C ry s ta l  System.

SYMMETRY ELEMENT AFFECTED REFLECTION CONDITION FOR ABSENCE
2- f o ld  screw (2 ^) hOO

OkO
001

h = 2n + 1 
k = 2n + 1 1 = 2n + 1

= odd

Glide p lane 1 a Okl

b g l id e k = 2n + 1

c g l id e 1 = 2n + 1

n g l id e k + 1 = 2n + 1

d g l id e k + 1 = 4n + 1, 2, or 3

Glide p lane  1 b hOl

a g l id e h = 2n + 1

c g l id e 1 = 2n + 1
n g l id e h + 1 = 2n + 1
d g l id e h +  1 = 4n + 1, 2 , o r 3

Glide p lane  1 c hkO
a  g l id e h = 2n + 1

b g l id e k = 2n + 1

n g l id e h + k = 2n + 1

d g l id e h + k = 4n + 1, 2, or 3

A -centered  (A) hkl k + 1 = 2n + 1

B -cen tered  (B) h + 1 = 2n + 1

C -cen tered  (C) h + k = 2n + 1

F -cen te red  (F) h + k = 2n h + 1 = 2n 
k + 1 = 2n

+
+
+

I \  not a l l  
1 > even or 
1 J odd

Body-centered ( I ) h + k + 1 » 2n + 1
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of the  230 c ry s ta l lo g r a p h lc  space groups. [144] Secondly, the  d a ta  

i s  averaged in  PAINT to  remove e q u iv a len t  r e f l e c t i o n s  due to  the 

F r ie d e l  p a i r  r e l a t i o n s h i p ,  F ^ ^  = F_h_k - 1 .

Having the  reduced s t r u c tu r e  f a c to r  d a ta ,  the  phase ang les  must 

be c a lc u la te d  by one of s e v e ra l  methods. The d i r e c t  methods program 

MULTAN i s  most o f te n  used . In the  subsequent programs EXFFT and 

DMS, simple s te reochem ica l r e s t r a i n t s  concerning  bond le n g th s  and 

bond an g les  a re  ap p lied  to  produce a " s e n s ib le "  s t r u c t u r e .  In  the  

case  where d i r e c t  methods f a i l e d  to  g ive  a t ru e  s o lu t io n ,  a 

P a t te r s o n  map, PATTERSON, could be used to  a ttem pt to  so lve  the  

s t r u c t u r e .

The S tru c tu re  D eterm ination  Package (SDP) has a r a th e r  

f l e x i b l e  s e t  o f  programs to  analyze  the  geometry of the  peaks 

ob ta ined  from e i t h e r  MULTAN or PATTERSON. The most widely used 

SEARCH program uses the  e le c t r o n  d e n s i ty  peaks to  produce a l i n e 

p r i n t e r  p lo t  of the  m olecular u n i t s  as  w e ll  as  g iv in g  a complete 

l i s t i n g  of bond d is ta n c e s  and a n g le s .  The program DMS may a l s o  be 

used fo r  t h i s  purpose bu t i s  most o f te n  r e s t r i c t e d  to  bond 

d is ta n c e s  of up to  2 . 0A.

The ATOMS program i s  the  main u t i l i t y  fo r  modifying atomic 

param eters  o b ta in e d .  I t  i s  used fo r  a d d in g /d e le t in g ,  s o r t i n g ,  

renaming e t c .  of the  atoms o r e le c t r o n  d e n s i ty  peaks . I t  i s  a lso  

used to  modify thermal param eter o p t io n s  in  the  subsequent l e a s t  

squares  re f in em en t,  LSFM.

F in a l ly ,  ESD and the  s e t  of programs PTA, BTA, and FTA complete
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th e  s t r u c tu r e  s o lu t io n  by c a lc u la t in g  the  bond d is ta n c e s  and ang les  

(w ith s tan d a rd  d e v ia t io n s )  to  produce the  f i n a l  t a b le s  fo r  

p u b l ic a t io n .

J. MASS SPECTRA
Mass s p e c t ra  (C l, FAB) were ob ta ined  a t  the  OSU Chemical 

Ins trum ent Center by us ing  a VG 70-250S mass sp ec tro m e te r .  FT-ICR 

(F o u rie r  Transform Ion Cyclotron Resonance) mass s p e c tra  were 

ob ta ined  on a N ico le t  FT-MS-1000 spec trom ete r  equipped w ith a 1-inch 

cubic  c e l l  and a 3.022 T es la  c o i l .  Mass s p e c t r a  of a l l  gas samples 

were run on e i t h e r  a m odified AEI MS-10 sp ec tro m ete r  or a 

B alze rs  QME 112 Quadrupole mass spec trom ete r  w ith  a Faraday cup 

d e te c to r .

II. REAGENTS
A. ACETYL CHLORIDE

A cetyl c h lo r id e  was ob ta ined  from M a ll in ck ro d t .  P u r i f i c a t i o n  of 

the  a c e ty l  c h lo r id e  invo lved  r e f lu x in g  i t  over PCI,, f o r  s e v e ra l  hours 

and then  d i s t i l l i n g  i t .  I t  was then  r e - d i s t i l l e d  from q u in o l in e  and 

subsequen tly  f r a c t io n a te d  in  a s e r i e s  of t r a p s  a t  -31°C, -78°C, and 

-196°C. The a c e ty l  c h lo r id e  was c o l le c te d  in  the  -78°C t r a p .

B. AMMONIA
Ammonia was ob ta ined  from Matheson S c i e n t i f i c  P ro d u c ts .  I t  was 

p u r i f i e d  by condensation  onto m e ta l l ic  Na followed by s t i r r i n g  fo r  

s e v e ra l  h ou rs .  P u r i f i e d  ammonia was t r a n s f e r r e d  in to  a th ic k -w a lle d  

Pyrex tube equipped with a 4-mm Kontes stopcock and s to re d  a t  -78°C.



C. BENZOPHENONE
Benzophenone was purchased from F isc h e r  S c i e n t i f i c  Co. and used 

as rec e iv e d .

D. BIS(TRIPHENYLPHOSPHORANYLIDENE)AMMONIUM CHLORIDE
Bis(triphenylphosphoranylidene)am m onium  c h lo r id e  was ob ta ined  from 

from A ld rich  Chemical Co. I t  was d r ie d  a t  110°C o vern igh t and s to red  

in  a glove box p r io r  to  u se .

E. CARBON DIOXIDE
Carbon d iox ide  was ob ta ined  from Matheson S c i e n t i f i c  P roducts .

I t  was p u r i f i e d  by f r a c t i o n a t i o n  through su ccess iv e  U -traps  a t  -78°C, 

-111°C, and -1266C and s to re d  in  a th ic k -w a lle d  Pyrex tube equipped 

w ith a 4-mm Kontes stopcock  a t  -78°C.

F. CARBON MONOXIDE
Carbon monoxide, 99.9%, was o b ta ined  from Matheson Gas Products  

and used as  re c e iv e d .

G. CARBON MONOXIDE (99% 13C ENRICHED)
13Carbon monoxide, 99% C e n r ic h e d ,  was purchased from Monsanto 

(Mound L abora to ry , OH) and used as  re c e iv e d .

H. DIBORANE
Diborane was kindly donated by Dr. Joseph Wermer, Mr. Timothy 

Coffy and Mr. David Workman.
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I. DIIRON NONACARBONYL
D iiron  nonacarbonyl was purchased from A ldrich  Chemical Co. and 

used as re c e iv e d .

J. DIMETHYL ETHER
Dimethyl e th e r  was k in d ly  donated by Dr. Thomas Getman and Mr. 

P h i l ip p  Niedenzu.

K. ETHYLENE
Ethylene was ob ta ined  from Matheson S c i e n t i f i c  P roducts  and used 

as  rece iv e d .

L. HYDROGEN
Hydrogen ( p r e - p u r i f i e d )  was ob ta ined  from Union Carbide Corp. 

Linde D iv is ion  and used as  re c e iv e d .

M. HYDROGEN BROMIDE
Hydrogen bromide was o b ta ined  from Matheson S c i e n t i f i c  P ro d u c ts .  

I t  was p u r i f i e d  by f r a c t i o n a t i o n  through a -140°C t r a p  and s to re d  in  

a th ic k -w a lle d  Pyrex tube equipped w ith  a Rentes s topcock  a t  -78°C.

N. HYDROGEN CHLORIDE
Hydrogen c h lo r id e  was o b ta in ed  from Matheson S c i e n t i f i c  P ro d u c ts .  

I t  was p u r i f i e d  by f r a c t i o n a t i o n  through a s e r i e s  of t r a p s  a t  -78°C, 

-111°C, and -126°C and s to re d  in  a th ic k -w a lle d  Pyrex tube equipped 

w ith  a Kontes stopcock a t  -78°C.
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0. IRON PENTACARBONYL

Iron  pen tacarbony l was purchased from A ldrich  Chemical Co. I t  

was vacuum d i s t i l l e d  in to  a l ig h tp r o o f  s to ra g e  tube and s to re d  a t  

-15°C.

P. LITHIUM TRIETHYLBOROHYDRIDE, 1.0M IN TETRAHYDROFURAN
Lithium t r i e th y lb o r o h y d r id e , 1.0M in  THF, was o b ta ined  from 

A ldrich  Chemical Co. and used in  the  glove box.

Q. POTASSIUM
Potassium metal in  m inera l o i l  was purchased from M a l l in c k ro d t .

I t  was washed w ith hexane and cut in to  p ie ce s  and s to re d  in  the  

glove box .

R. POTASSIUM HYDRIDE
Potassium  hydride  in  m ineral o i l  was purchased from A lfa  Products

Ventron D iv is io n .  I t  was washed w ith  e i t h e r  hexane o r  pentane  and

s to re d  in  the  glove box p r io r  to  u se .

S. RUTHENIUM(III) CHLORIDE
R uthen ium (III)  c h lo r id e  was purchased from A ldrich  Chemical Co. 

and used as re c e iv e d .  I t  was s to re d  in  the  glove box.

T. SILICA GEL FOR COLUMN CHROMATOGRAPHY
S i l i c a  ge l fo r  t h i s  purpose , Grade H type 100-200 mesh s iz e  was 

ob ta ined  from Davison Chemical or Grade 60 type 0 .063-0 .1000 mm 

p a r t i c l e  s iz e  was ob ta ined  from EM Science , and used as re c e iv e d .
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U. SILICA GEL FOR THIN-LAYER CHROMATOGRAPHY
S i l i c a  g e l  fo r  t h i s  purpose , 60 was ob ta ined  from EM

A
Reagents and used as  re ce iv ed .

V. SODIUM
Sodium m etal in  m inera l o i l  was purchased from M all in ck ro d t . 

P re p a ra t io n  p r io r  to  use of t h i s  a l k a l i  metal i s  i d e n t i c a l  to  th a t  of

potassium  m eta l .  I t  was s to re d  in  the glove box p r io r  to  use .

W. SULFUR (SUBLIMED)
S u lfu r  (sublimed) was purchased from M all in ck ro d t and used as 

rece iv e d .

X. SULFURIC ACID
S u lf u r ic  a c id  (aqueous) was used as rece iv ed  from M all in ck ro d t.

Y. TETRAPHENYLARSONIUM CHLORIDE
T etraphenylarsonium  c h lo r id e  was purchased from A ldrich  Chemical 

Co. o r  J .  T. Baker Chemical Co. I t  was d r ied  a t  100°C under vacuum

and s to re d  in  a glove box p r io r  to  u se .

Z. TETRAPHENYLPHOSPHONIUM BROMIDE
Tetraphenylphosphonium bromide was purchased from A ldrich  

Chemical Co. and used as rec e iv e d .

AA. TRIETHYL 0X0NIUM HEXAFLUOROPHOSPHATE
T r ie th y l  oxonium hexafluorophosphate  was purchased from A ldrich  

Chemical Co. and used as rec e iv e d .  I t  was s to re d  a t  -15°C in  a glove 

box .



BB. TRIETHYLBORON
T rie th y lb o ro n  was k in d ly  donated by Dr. Thomas Getman and Mr. 

David Workman.

CC. TRIFLUOROACETIC ACID
T r i f lu o r o a c e t i c  a c id  was purchased from A lfa  Products  Ventron 

D iv is io n .  I t  was s to re d  in  the  dark a t  -15°C and degassed p r io r  to  

u s e .

DD. TRIIRON DODECACARBONYL
T r i i r o n  dodecacarbonyl was purchased from Strem Chemical, Inc . 

I t  was r e c r y s t a l l i z e d  from CH^C^ and d r ied  under vacuum a t  25°C and 

s to re d  under ^  a t  -15°C.

EE. TRIMETHYL OXONIUM TETRAFLUOROBORATE
T rim ethyl oxonium t e t r a f lu o r o b o r a t e  was o b ta ined  from A lfa 

Products  Ventron D iv is io n .  I t  was s to re d  under Ng a t  -15°C and used 

in  the  glove box.

FF. TRIMETHYLAMINE N-OXIDE DIHYDRATE
Trimethylamine N-oxide d ih y d ra te  was purchased from A ldrich  

Chemical Co. and sublimed p r io r  to  u se .

GG. TRIMETHYLBORON
Trim ethylboron was k in d ly  donated by Dr. M artin  Payne and Dr. 

Thomas Getman.
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HH. TRIOSMIUM DODECACARBONYL
Triosmium dodecacarbonyl was purchased from Strera Chemical, Inc . 

and used as  re c e iv e d .

II. TRIPHENYLMETHYLPHOSPHONIUM TETRAFLUOROBORATE
Triphenylmethylphosphonium t e t r a f lu o r o b o r a te  was purchased from 

A lfa  Products  Ventron D iv is io n  and used in  the  glove box.

JJ-. TRIRUTHENIUM DODECACARBONYL
Triru then ium  dodecacarbonyl was purchased from Strem Chemical, 

In c .  and used as  re c e iv e d .

III. SOLVENTS
P e n ta n e , hexane and cyclohexane were d r ie d  over Cal^ a t  

e le v a te d  tem pera tu res  fo r  a minimum of 24 h o u rs .  They were then 

vacuum d i s t i l l e d  in to  so lv en t  s to ra g e  b u lb s .  Methylene c h lo r id e  and 

a c e t o n i t r i l e  were d r ie d  over e i t h e r  CaH  ̂ o r ^2^5 a t  room tem perature  

fo r  a minimum of 48 hours  and then vacuum d i s t i l l e d  in to  so lv en t  

s to ra g e  b u lb s .  Dimethyl e t h e r ,  benzene and to luene  were d r ie d  over 

CaC^ or sodium-benzophenone k e ty l  a t  e lev a te d  tem pera tu res  fo r  a 

minimum of 24 hours  and subsequen tly  d i s t i l l e d  in to  so lv en t  s to rag e  

bu lbs  c o n ta in in g  sodium-benzophenone k e t y l .  T e trahydro fu ran  and 

d ie th y l  e th e r  were d r ie d  over sodium-benzophenone k e ty l  a t  e lev a te d  

tem p era tu res  fo r  a minimum of 24 hours  and vacuum d i s t i l l e d  in to  

s to ra g e  bu lbs  co n ta in in g  sodium m etal and benzophenone. Methanol was 

d r ie d  by re f lu x in g  over magnesium methoxide [143] and vacuum
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d i s t i l l e d  in to  a s to ra g e  b u lb .  D eu tera ted  s o lv e n ts  were d r ie d  and 

s to re d  in  th e  same manner as the  p ro to n -c o n ta in in g  an a lo g .

IV. CRYSTAL GROWING
C ry s ta l  growing procedures  and c o n d i t io n s  a re  i n t r i n s i c a l l y  a 

m a tte r  of t r i a l  and e r r o r  and have v a r ie d  fo r  the  d i f f e r e n t  compounds 

re p o r te d  h e re .  A b a s ic  s t a r t i n g  p o in t  to  o b ta in  s u i t a b l e  c r y s t a l s  fo r  

d i f f r a c t i o n  i s  o u t l in e d  below. For a i r - s t a b l e  compounds, the 

p re fe r r e d  procedure i s  as  fo l lo w s .

The d e s i r e d  compound i s  d is so lv e d  in  a minimum amount of a l e s s  

p o la r  s o lv e n t  to  which a more p o la r  so lv en t  i s  added. The more p o la r  

so lv en t  i s  added in  a dropwise manner to  th e  s o lu t io n  so as no t to  

a g i t a t e  the  c u l tu r e  tu b e .  The tube i s  f lu sh ed  w ith  n i t r o g e n  and then 

qu ick ly  sea le d  and l e f t  u n d is tu rb ed  in  a r e f r i g e r a t o r  (-I5°C) u n t i l  

c r y s t a l s  appear on the  s id e s  o f  the  tube .

A s im i la r  procedure  i s  adapted  to  grow c r y s t a l s  of a i r - s e n s i t i v e  

compounds by us ing  a d i f f u s io n  a p p a ra tu s .  (F ig .  51) In the  glove box, 

the  compound i s  aga in  d is so lv e d  in  a s o lv e n t ;  however, t h i s  time the  

d e s ired  so lv en t  i s  the  more p o la r  s o lv e n t .  The s o lu t io n  i s  p laced  in  

the  removable tube of the  a p p a ra tu s .  The a p p a ra tu s  i s  then removed 

from the  glove box and evacuated  on the vacuum l i n e .  A l e s s  p o la r  

so lv en t  i s  then t r a n s f e r r e d  v i a  the  vacuum l i n e  to  the  o th e r  tube 

of t h i s  a p p a ra tu s .  The a p p a ra tu s  i s  p laced  in  an u n d is tu rb e d  p lace  

which i s  f r e e  o f . l a r g e  tem perature  f l u c t u a t i o n s .  The s topcock between 

the  two tubes  i s  opened and a d ju s te d  so th a t  an o b se rv ab le  change in 

the  so lv en t  l e v e l s  occurs  only a f t e r  3-5 h o u rs .  When the c r y s t a l s
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Figure 51. Crystal Growing Apparatus.
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a re  observed on the  w a l l s  of  the  removable tube ,  the  so lven t  i s  

decanted to  the  o th e r  s id e  le av in g  the  c r y s t a l s  behind .  The c r y s t a l s  

may then be removed from the  tube and s ea led  in  g l a s s  c a p i l l a r i e s .

V. PREPARATION OF STARTING MATERIALS

A. M20s3(C0)n  (M=Na,K)

M^Os^CCO)^ was prepared  by the method of Shore and co

workers .  [146]

B. M20s3( 13C0)u  (M=Na,K)
13 13

^2^S3^ ^ ^ 1 1  Was e n r ^c^eĉ  by e q u i l i b r a t i o n  of 1 atm CO over a

THF s o l u t i o n  of  the  anion a t  room temperature .

C. [PPN]2[0s3(C0)u ]

M eta thes i s  of K2Os3 (CO)n  with PPNC1 a f fo rded  [PPN]2 [Os3 (CO)n ] .

D. [PPN]2[0s3(C0)gCC0]

[PPN]2 (Os3 (CO)gCCO] was prepared  in  a s im i l a r  manner to  t h a t  of

i t s  an a lo g s ,  [PPN]0 [Fe,(CO).CCO] [147] and [PPN]_ [Ru.(CO)QCCO]. [148]z j y z y

E. H0s3(C0)10C0CH3

HOs3 (CO)^qCOCH3 was prepared  as  desc r ibed  by K e i s t e r  and co

workers .  [149] Another method was a l s o  employed us ing  a s l i g h t  

m o d i f ica t io n  [98] of  the  procedure  desc r ibed  by Johnson [150] f o r  

the  s y n th e s i s  o f  HRu3 (C0 ) ^ C 0CH3 .

F. H0s3(C0)1QCH

HOs3 (CO)^qCH was prepared by the l i t e r a t u r e  method of 

Shapley.  [149]
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G. KH0s 3 (C0)u
KHOs^CCO)^ was prepared  by the  method developed by 

B r icker .  [152]

H. K[BR3H] (R=Me,Et)

KfBR^H] was prepared by the  method developed by Nagel [153] 

or a s l i g h t  v a r i a t i o n  t h e r e o f .

I. H20s3(C0)gCCH2

H2Os 3 (C0 ) gCCH2 was p repared  by the  method developed by 

Deeming. [154]

J. H20s3(C0)gCC0

H20s 3 (CO)gCCO may be accomplished by two methods. [98] The 

f i r s t  method invo lves  the p ro to n a t io n  of [PPN]2 [Os3 (CO)gCCO] . [155] 

The a l t e r n a t i v e  method in vo lves  thermal convers ion o f  the  osmium 

methylidyne c l u s t e r ,  HOs3 (CO)^qCH. [8,156]

K. M2[Ru(C0)4] (M=Na,K)

M2 [Ru(CO)4 ] was prepared by the  method of Stone and co

workers .  [ 112]

L. M2[0s (C0)4] (M=Na,K)

M2 [Os(CO)4 ] was prepared by the  method of Stone and co

workers .  [ 112]
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M. M2 [Ru 6 (C0)18] (M=Na,K,PPN)
M^tRUgCCO)jg] was prepared by m od i f ica t io n  of one o f  the  methods 

developed by Shore [64] ,  Johnson and Lewis [84] or Shapley [67] as  

o u t l i n e d  below.

Prep I .

A f l a s k  was charged with R u ^ C O ) ^  (0.5000g, 0.7824 mmoles), K

(0.0315g, 0.8057 mmoles) and Pl^CO (0.1432g, 0.7859 mmoles) to  which

THF was in t roduced .  The mixture was s t i r r e d  a t  60-65°C fo r  38 hours

during which time the  s o lu t io n  turned deep red .  The THF was removed

and CH0C10 was in t roduced  to  p r e c i p i t a t e  out K„Ru.(CO) .
Z Z Z o l o

NOTE: I f  the  r e a c t i o n  temperature  i s  reduced to  55-60°C the  r e a c t io n

slows and i s  complete w i th in  65 hours .  Also when Na i s  the 

counter ion  the  r e a c t io n  r a t e  i s  slowed.

Prep I I .

R u ^ C O ) ^  (0.0965g, 0.1509 mmoles) was d i s so lv e d  in  20 mL THF.

KOH (0.2603g, 4.5762 mmoles) was d is so lved  in  0 .1  mL ^ 0  and 2 mL

THF. The Ru^CCO)^ s o lu t i o n  was slowly dr ipped i n to  the  aqueous

KOH s o lu t io n  over a per iod  of 30 minutes .  During the  course  of 1%

hours  a t  room tempera ture  the s o lu t io n  turned dark red-brown. The

so lv en t  was removed and MeOH added. To t h i s  s o l u t i o n  was added PPNC1

(0.1018g, 0.1173 mmoles) and again  s t i r r e d  a t  room temperature  fo r

3h hours .  F i l t r a t i o n  to remove unreac ted  PPNC1 a f fo rded

[PPN]„[Ru,(CO).„] as  a dark brown s o l i d .
Z o lo
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Prep III.

A f l a s k  was charged with I^Ru^CCO)^ (O.lOOOg, 0.1181 mmoles), 

Ru^CCO)^ (0.0503g, 0.0787 mmoles) and THF. The s o lu t io n  was 

s t i r r e d  a t  60-65°C fo r  53 hours .  A f te r  t h i s  r e a c t io n  per iod  the 

THF was removed and the product was p r e c i p i t a t e d  us ing  CH^Cl^.

NOTE: P rep a ra t io n  of K_Ru,(C0)1o can a l so  be accomplished by
2 D lO

r e a c t in g  I ^ R u ^ C O )^  with Ru^CCO)^ i n a s to ic h io m e t r i c  

r a t i o .  [64] (F ig .  12)

N. M'2[Ru6(C0)18] (M'=PMePh3 ,PPh4)

M eta thes is  of K„Ru,(C0)lo with Ph.PBr o r  Ph.MePBF, a f fo rded  
2 6 l o  4 3 4

M'2 [Rug(CO)l g ] .

0. M2[Ru6( 13C0)18] (M=Na,K)
13 13M2 [Rug( CO)jg] was enr iched  by e q u i l i b r a t i o n  of  1 atm CO over

a THF s o lu t io n  of the  anion a t  room tem pera ture .

P. M2[Ru4(C0)13] (M=Na,K)

M2 [Ru4 (CO)jg] was prepared by the method of Shore and co

workers .  [64]

Q. M2[Ru3(C0)n ] (M=Na, K)

M2 [Ru3 CCO) 111 was prepared  by the method of Shore and co

workers .  [64]

R. Na6[Ru4(C0)n ]

Na,[Ru.(CO), , ]  was prepared by the method of Shore and co- 
o 4 Jli

workers .  [65]
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s .  k 4[ r u 6 ( c o ) 1 7 ]

K^fRu^CCO)^] was p repared  by the  method of  Shore and co

workers .  [65]

T. K 6 [ R u 6 ( C 0 ) 1 6 ]
K^[Ru^(CO)^] was p repared  by the  method of Shore and co

workers .  [65]

U. R u 3 ( C 0 ) 12
Ru^CCO)^ t h a t  was prepared  from RuCl^ and CO was accomplished 

with a s l i g h t  m o d i f i c a t io n  [139] of  the  l i t e r a t u r e  p rocedure .  [84]

In  the  glove box, 5g of RuCl^ was weighed in to  a small v i a l  and 

was sea led  with  p a ra f i lm .  About 150 mL of f r e sh  MeOH and a Tef lon-  

coated  s t i r  bar  were added to  the g l a s s  j a c k e t  in  the  bomb and the 

RuCl^ was immediately added. The bomb was s ea led  and the  atmosphere 

over the  s o l u t i o n  was f lu sh e d  s e v e ra l  t imes with CO gas from the 

c y l i n d e r .  The bomb was then p re s su r i z e d  to  750 p s i  CO and heated to 

125°C. The bomb was allowed to  s t i r  f o r  8-9 hou rs .  A f te r  t h i s  time 

per iod  the  bomb was slowly cooled  to  room tem pera tu re ,  vented and 

opened to  the  a i r .  Orange c r y s t a l s  of Ru^CCO)^ were f i l t e r e d  us ing  

the  mother l i q u o r  to wash the  c r y s t a l s .  Usually  the  c r y s t a l s  could be 

used without f u r t h e r  p u r i f i c a t i o n .  I f ,  however,  the  c r y s t a l s  had 

i m p u r i t i e s  they were c r y s t a l l i z e d  from ho t  to lu e n e .  Average y i e l d  

was 3.4g (84%)
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V. K2FeRu3(C0)13

K^FeRu^CCO)^ was p repared  by the  method developed by 

S ir iwardane .  [75]

w. h2Os4(co) 13

H20s4 (C0 ) j 3 was prepared  by the method developed by 

S ir iwardane .  [75]

VI. PREPARATION OF NEW COMPOUNDS

A. IRON/RUTHENIUM SYSTEMS

1. Reaction of [Ru3(C0)11] 2~

K 2Ru 3 (CO)u  (0.0996g, 0.144 mmoles) and Fe2 (CO) 9 (0.2649g,

0.7281 mmoles) were placed  in  a f l a s k .  THF was in t roduced  and the  

mix ture  s t i r r e d  a t  room temperature  f o r  6 h ou rs .  The so lv en t  was 

removed leav in g  behind a dark green-brown r e s id u e .  The re s id u e  was 

d i s so lv e d  in  CH2C12 , p ro tona ted  with  HC1 (0.5069 mmoles) and s t i r r e d  

a t  room tempera ture  fo r  7 hours .  F i l t r a t i o n  a f fo rd e d  a g rey ish -w h i te  

p r e c i p i t a t e  and a dark brown f i l t r a t e .  P u r i f i c a t i o n  of the  f i l t r a t e  

by TLC ( s i l i c a  g e l ,  hexane) y ie ld e d  four  bands ( i n  o rd e r  of 

decreas ing  R^) : ye llow, g reen ,  p u r p l e ,  and orange-brown. The

compounds were i d e n t i f i e d  as  H^Ru^CO)^ (11.4%) [3 4 b ,76] ,  Fe3 (CO) ^2 

(11.7%), H2Ru4 (CO) 13 (17.0%) [110,157] ,  and H^eRu^CO) (10-20%) 

[4 0 a ,6 0 ,7 1 ] ,  r e s p e c t i v e l y ,  by IR or NMR spec t roscopy .

2. Reaction of [Ru^(CO)131 -̂

A f l a s k  a t t a ch e d  to the vacuum l i n e  was charged with  1<2Ru4 (CO)j3 

(0.1005g, 0.1187 mmoles) and Fe2 (CO) 9 (0.2138g, 0.5877 mmoles). THF
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was condensed i n  and the  s o l u t i o n  s t i r r e d  a t  room tempera ture  fo r  6 

hours .  The so lv en t  was removed and CHjC^ in t roduced .  P ro tona t ion  

us ing  HC1 (0.4816 mmoles) was s t i r r e d  a t  room tempera ture  fo r  7 hours 

and subsequent p u r i f i c a t i o n  v ia  TLC ( s i l i c a  g e l ,  hexane) a f forded  four 

bands; yellow, g reen ,  p u rp le ,  and orange-brown. Spec troscopic  data  

(^H NMR and IR) i n d i c a t e  formation of H^Ru^CO)^ [3 4b ,76],  F e ^ C O )^ *  

^ R u ^ C O ) ^  [110,157] ,  and l^FeRu (CO)^  [ 4 0 a ,6 0 ,71 ] ,  r e s p e c t i v e l y .

A minor amount of H^Fe^Ru^(CO)^ [69,70a] i s  a l so  formed which i s

p a r t i a l l y  i n s ep a ra b le  from l ^ F e R u ^ C O ) ^ .

NOTE: In the above r e a c t i o n s  one may s u b s t i t u t e  Fe(CO),. f o r  Fe2 (C0 ) g .

I f  t h i s  i s  done, fo rmation  of F e ^ C O ) ^  i s  s ev e r ly  depressed or

even e l im in a ted  i n d i c a t i n g  th a t  Fe^fCO)^ d i s p r o p o r t i o n a t e s  in
2 -

s o lu t io n  to  g ive  Fe(CO),. and [Fe(CO)^] under these  r e a c t io n  

c o n d i t i o n s .  F u r th e r  evidence fo r  t h i s  occurrence  i s  t h a t  when 

Fe2 (C0)g i s  employed one recove rs  u n reac ted  Fe(CO),. while 

removing the  s o l v e n t ,  THF, p r i o r  to  p ro to n a t io n .

NOTE: Changing r e a c t i o n  c o n d i t io n s  ( i e .  r e a c t i o n  time f o r  both the

i n i t i a l  redox condensa t ion  and the  p ro to n a t io n ,  s o l v e n t s ,  e t c . )

and r e a c t a n t  c o n c e n t r a t i o n s  only in f lu e n c e s  the product 

y i e ld s  not the  s p ec ie s  formed.

3.  Reaction of [Ru^(CO)^3^"

K^Ru^(CO) 12 (0 .0728g, 0.0808 mmoles) and Fe2 (C0)g (0.1489g,

0.4093 mmoles) were combined in a f l a s k  and THF condensed in .  The 

s o l u t i o n  was s t i r r e d  a t  room tempera ture  fo r  20 hours .  The so lvent 

was removed. P ro to n a t io n  of the r e s u l t i n g  dark purple-brown res idue
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with HC1 (0.4331 mmoles) in  CH2C12 a t  room tempera ture  a f forded  

H4RU4 (CO) 12 (3.1%) [34b ,76],  Fe3 (CO) 12 (9.6%), H2Ru4 (CO) 13 (2.4%) 

[110,157] ,  H2FeRu3 (CO) -(7.3%) [40a ,6 0 ,7 1 ] ,  and H2Fe2Ru2 (CO)

( t r a c e )  [69,70a] a f t e r  TLC ( s i l i c a  g e l ,  hexane).

4. Reaction of [FeRu^CO)^]^”

A f l a s k  was charged with K2FeRu3 (CO)^3 (0.0665g, 0.0827 mmoles) 

and THF was in t roduced .  Fe(C0) 3 (0.1103 mmoles) was condensed in to  

the  f l a s k  and the r e a c t i o n  mixture  s t i r r e d  a t  55°C fo r  25 hours .  THF 

was removed, CH2C12 in troduced and HC1 (0.4689 mmoles) condensed onto 

the  r e a c t i o n  m ix ture .  The s o l u t i o n  was s t i r r e d  a t  room temperature  

f o r  4 hours  and p u r i f i c a t i o n  by TLC ( s i l i c a  g e l ,  hexane) a f fo rded  

H4RU4 (CO) 12 [3 4 b ,76] ,  Fe3 (CO)12, H2Ru4 (CO) 13 [110 ,157] ,  H2FeRu3 (CO) 13 

[4 0 a ,6 0 ,7 1 ] ,  and t r a c e  amounts of H2Fe2Ru2 (CO)^3 [69 ,70a ] .  The 

major product was H2FeRu3 (CO)^3 .

5. Reduction of H2FeRu3(C0)13

H2FeRu3 (CO) 13 (0.0312g, 0.0430 mmoles) and K (0.0038g, 0.097 

mmoles) and Ph2C0 (0.0158g, 0.0867 mmoles) were combined in  a f l a s k .  

THF was added and the  r e a c t i o n  s t i r r e d  a t  room temperature  f o r  36 

hours .  Within s ev e ra l  minutes the  r e a c t i o n  tu rned  from red-orange  

to  dark red .  The r e a c t i o n  was f i l t e r e d  to  remove a g rey ish -w h i te  

p r e c i p i t a t e  and the f i l t r a t e  analyzed v ia  ^H NMR. ^H NMR in d i c a t e s  

formation of KH3Ru^(CO)^2 [68a ] ,  H2Ru4 (CO)^3 [110 ,157] ,  H^Ru^CO)^  

[3 4 b ,76] and mostly un reac ted  H2FeRu3 (CO)j3 .
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6. Reaction of [Ru (̂CO)113 ~̂

Na^Ru^(CO)^ (0.0262g, 0.0307 mmoles) was re a c te d  with  Fe2 (CO)^

(0.0566g, 0.156 mmoles) in  THF. The mixture  was s t i r r e d  a t  room

temperature  f o r  14 hours a t  which time the s o lu t io n  turned pu rp le .

The THF was removed and the re s id u e  taken up in  C ^ C ^ .  Pro tona t ion

with HBr (0.3722 mmoles) a f fo rded  H^Ru^CCO)^ [3 4 b ,76],  Fe (CO)^*

HoRu.(C0)._ [110,157] ,  H.FeRu„(CO).„ [40a ,60,71] and small amounts of 
L 4  1 3  I  3  l J

H-Ru,(CO). n . These compounds were p u r i f i e d  v ia  TLC ( s i l i c a  g e l ,
L 6 1 /

hexane) and i d e n t i f i e d  by s tandard  s p e c t r a l  means.

7. Reaction of [RUg(C0)1 ]̂^"

K^RUg(CO)^ (0.0249g, 0.0200 mmoles) and Fe2 (CO)g (0.0424g,

0.117 mmoles) were re a c te d  in  THF a t  room temperature  f o r  14 hours

a t  which time the  s o l u t i o n  turned pu rp le .  P ro to n a t io n  in  C ^ C ^

with  HBr (0.1933 mmoles) a f fo rded  H^Ru^tCO)^ [3 4 b ,76] ,  F e ^ C O ) ^ *

H2Ru^(CO) 12 [110,157] ,  ^ F e R u ^ C O ) ^  [40a ,60,71] and f a i r l y  low

y i e l d s  of H_Ru, (CO), .L o I /

8. Reaction of [RUg(C0)16] 6“

K^Ru,(C0).,  (0.0254g, 0.0196 mmoles) was r e a c t e d  with Fe_(CO). o o io /  y

(0 .0418g,  0.115 mmoles) in  THF. The mixture  was s t i r r e d  a t  room 

temperature  fo r  14 hours  a t  which time the s o lu t io n  turned purp le  as 

in  the  above c a s e s .  The THF was removed and the  r e s id u e  taken up in 

C ^ C ^ .  P ro to n a t io n  with  HBr (0.2577 mmoles) and p u r i f i c a t i o n  as 

above a f fo rded  the  same p roduc ts  in comparable y i e l d s .



9. Reaction of [RUg(C0)18] 2~

K2Ru6 (CO) 18 (O .l lOg, 0.0921 mmoles) and Fe2 (C0)g (0.1730g,

0.4755 mmoles) were added to  a f l a s k  to  which THF was in t roduced.

The mixture  was s t i r r e d  a t  room temperature  fo r  25 hours .  The so lven t

was removed and the purp le  r e s id u e  taken up in CHjCl^ HC1 (0.3364

mmoles) was added and the  r e a c t i o n  was s t i r r e d  a t  room temperature  for

4 hours .  The s o lu t io n  was f i l t e r e d  to  remove a g rey ish -w h i te

p r e c i p i t a t e  assumed to be KC1. CH2C12 removal from the f i l t r a t e  and

i n t r o d u c t io n  of hexane p r e c i p i t a t e d  out H„Ru, (CO),., as a dark purp leL o i /

s o l i d  in 55% y i e l d .  Hexane was removed from the  f i l t r a t e  and CH2C12 

i n t roduced .  This  f r a c t i o n  was then p u r i f i e d  by TLC ( s i l i c a  g e l ,  

hexane) to give the  p rev io u s ly  observed c l u s t e r s  H^Ru^(C0)^2 (< 5%) 

[3 4 b ,76] ,  Fe3 (CO) 12 (10%), H2Ru4 (CO) 13 (< 5%) [110,157],

H2FeRu3 (CO)^3 (10%) [4 0 a ,60,71] and t r a c e  amounts of H2Fe2Ru2 (CO)^3

[69 ,70a ] .

S p e c t r a l  C h a r a c t e r i z a t i o n  of H Ru£ (C0)i n .
2. o  1 /

XH NMR (CDC13 , 30°C) 6-15.61 (s,2H) ppm 

(CD2C12 , 30°C) 6-15.56 (s,2H) ppm 

13C NMR (CDC13 30°C) 6194.45 (s)  ppm

IR (CH2C12 , 30°C) v cq  2060 ( v s ) , 2 0 5 5 ( s , sh ) ,  2006(w),  1983(vw,sh) cm"1 

( n u jo l ,  30°C) vCQ 2 0 5 0 ( s ,b r ) ,  2006(w),  1732(w,br) cm 1 

Elemental  A na lys is :  Calcd fo r  C ^ H ^ ^ R u ^ .

Calcd : C, 18.76; H, 0.18

Found: C, 18.78; H, 0.21



C r y s t a l lo g ra p h ic  q u a l i t y  c r y s t a l s  were grown from slow evapora t ion  

of a CH^Cl^/hexane s o l u t i o n  a t  room tem pera tu re .  S u i t a b le  c r y s t a l s  

may a l s o  be grown from slow evapora t ion  of concen t ra ted  CH2C12 

s o l u t io n s  a t  e i t h e r  room or  lower t em pera tu res .

10. Reaction of [RUg(C0)^g]3"

K_Ru,(C0)lo ( O . l l l g ,  0.0935 mmoles) were re a c te d  with Fe(C0)c 2 6 io j
(0.1545 mmoles, 1.65 eq) in  THF a t  55°C fo r  25 hours .  Removal of 

THF and p ro to n a t io n  with HC1 (0.4259 mmoles) in  a f fo rded

H2RUg(C0)^2 (30%) along with minor amounts of H^Ru^CO)^  [34b ,76] 

and H2Rua (CO) 13 [110,157] .

11. 13C Enrichment of H2Rug(C0)^

K2RUg(C0)1g (O.lOlg,  0.0852 mmoles) and Fe2 (CO)g (0.1654g,

0.4546 mmoles) were combined in  a f l a s k  which was a t t a ch e d  to  the

vacuum l i n e .  THF was condensed in and the r e a c t i o n  was s t i r r e d  a t
13room tem pera ture  f o r  3h h o u rs .  CO (1 .4  atm) was t r a n s f e r r e d  to  the 

r e a c t i o n  v e s s e l  a t  -196°C and the  r e a c t i o n  was warmed to  room 

tem pera tu re .  The r e a c t i o n  was s t i r r e d  fo r  an a d d i t i o n a l  10 hours .

THF was removed and CH2C12 i n t ro d u ced .  HC1 (0.3293 mmoles) was added 

and s t i r r e d  a t  room temperature  f o r  2 h o u rs .  The s o l u t i o n  was 

f i l t e r e d  to remove a g rey ish -w h i te  p r e c i p i t a t e .  The f i l t r a t e  was 

d r ied  and subsequent ly  taken up in  hexane to  p r e c i p i t a t e  out 

H2Ru6 ( 13C 0)1 ? .

NOTE: Enrichment of H_Ru,(C0),-, can a l s o  be accomplished using
2 b l  /

13K2RUg( Percentage  enrichment f o r  H2Ru&(CO) 17 i s

s l i g h t l y  b e t t e r  than the above method.
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12. Pyrolysis of .^FeRu^CO).^

H^FeRu^CCO)^ (0.0115g, 0.0159 mmoles) was placed i n to  a f l a s k

to  which was condensed THF and Fe(CO)^ (0.1718 mmoles, 10.8 e q ) . The

r e a c t i o n  was s t i r r e d  a t  65°C fo r  2 days.  During t h i s  time the

o r i g i n a l  orange s o lu t io n  underwent d i s c o l o r a t i o n  u n t i l  i t  was yellowish

brown in c o lo r .  At t h i s  t ime the so lven t  was removed and no Fe(CO)^

was observed with the v o l a t i l e s .  was added and the s o lu t io n

f i l t e r e d .  NMR of t h i s  s o l u t i o n  in d i c a te d  formation of H^Ru^CCO)^

[3 4b ,76] ,  H.Ru.(CO),.  [110 ,157] ,  unreac ted  H.FeRu.(CO). ,  and 
2 4 13 Z 3 13

H_Ru (C0)._ (9% based on peak a r e a ) .1. 6 1 /

13. Protonation of [Rug(C0)^g]^~

K Ru,(CO) (0.1491g,  0.1254 mmoles) was p ro tona ted  with  HC1
Z D  l O

(0.4259 mmoles) in C ^ C ^ .  The s o l u t i o n  was s t i r r e d  a t  room 

tempera ture  f o r  19 hours  and then was removed. NMR of the

re s id u e  showed formation of H^Ru^tCO)^* ^ R u ^ C O ) ^  ancJ l ^ R u ^ C O ) ^ .

H_Ru, (CO),., was i s o l a t e d  in  40.1% y i e l d  from t h i s  r e a c t i o n .
2 . b  17

B. IRON/OSMIUM SYSTEMS

1. Preparation of NagFeOSgCCO)jg

An e x t r a c t o r  was charged with Na20Sg(CO)jj (0.2002g, 0.2153

mmoles) and THF condensed i n .  Fe(CO)^ (0.4634 mmoles) was condensed

in to  the  f l a s k  and the  s o l u t i o n  s t i r r e d  a t  room temperature  fo r  7

hours .  The THF and excess  Fe(CO)^ was pumped away and CH2CI2 added
2 -to  p r e c i p i t a t e  Na2Fe0so (CO) 13 (33%). [FeOs^CO) 13] was
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c h a r a c t e r i z e d  by comparison of i t s  IR spectrum with t h a t  of 
2 -

[FeRu^CCO) . [75] Other products  ob ta ined  in t h i s  r e a c t i o n  were 

Os3 (CO) 12 and Fe3 (CO)12.

The potass ium s a l t  was p repared  us ing  K20 s 3 ( C 0 ) ^  and g e n e r a l ly  

was produced in  approx. 50% y i e l d  when the same r e a c t i o n  c o n d i t io n s  

desc r ibed  above a re  employed.

2. Reaction of [FeOs-^CO)^]^

Na2FeOs3 (CO)^3 (0.0756g, 0.0726 mmoles) was r e a c te d  with Fe(CO) 3 

(0.1103 mmoles) in  THF a t  55°C f o r  25 hours .  So lvent removal and 

p ro to n a t io n  w i th  HC1 (0.3944 mmoles) in  CH2C12 a f fo rded  Fe3 (CO)^2 

(60%) and H2FeOs3 (CO) (37%). [ 5 0 a ,71]

3. Reaction of [Os^CO)^]^"

K20 s 3 (C0 ) u  (0.0975g,  0.102 mmoles) and Fe2 (C0)g (0.2215g,

0.6089 mmoles) were combined and THF in t ro d u ced .  The r e a c t i o n  was 

s t i r r e d  a t  0°C fo r  3-4 days then a t  room temperature  f o r  1 hour .

The so lv en t  was removed and the  r e s id u e  p ro tona ted  with  HC1 (0.4331 

mmoles) in CH2C12 and s t i r r e d  a t  room temperature  fo r  1^  hours .  

P u r i f i c a t i o n  v ia  m u l t i p l e  TLC runs ( s i l i c a  g e l ,  4:1 hexane : to luene)  

a f fo rd ed  H2Os3 (CO)1Q [76 ,100b] ,  Fe (C0)12, H2FeOs3 (CO) , [ 5 0 a ,71] 

Fe2Os(CO) 12 [40 ,42 ,103 ,105]  and H2Fe2Os3 (CO) (13-15%). [50a]

S p e c t r a l  C h a r a c t e r i z a t i o n  of HoFeo0s„(CO), , .
L 1 J i o

XH NMR (CDC1 , 30°C) 6-21.39 (s,2H) ppm •

(d - t o l u e n e ,  30°C) 6-21.52 (s,2H) ppm o
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13C NMR (CDC13 , 30°C) 6200.57 (s )  ppm

The IR spectrum matches t h a t  r e p o r te d  by P lo t k in  and Shore.  [50a]

FAB MS shows a pa ren t  peak which corresponds to  the molecular 

formula 1H056Fe„1920 s „ 12C., 160 , , m/z(obsd) 1138, m/z (calcd)  1138.L L J lb 15

NOTE: The above p re p a ra t io n g ives  optimum y i e l d s  of H2Fe20 s 3<C0)16
when run a t 0°C f o r  4 days with a 5-6 molar excess  of Fe2 (CO)9 .

I f the r e a c t io n  co n d i t io n s  a re var ied  one may ob ta in the  y i e l d s

as in d ic a ted below.

Fe Eq T,° C Time %I %II %III %IV %V

2 25 22h — — 11.4 1.5 24.2

5 25 12h t r a c e — > 20 < 5 9.9

5 25 22h — t r a c e 19.2 6 . 8 4 4 .6

5 0
25

16h
12h

2.1 t r a c e 9.9 13-15 XX

5 0
25

3d
lh

— tr a c e 8 . 8 12-15 > 22

5 0
25

4d
lh

“ — t r a c e 15.1 13-15 ‘9.5-30

I  = H^Os^fCO)^ — = not observed

I I  = Fe20s(C0)^2 xx = no t  measured

I I I  = Fe3 (CO) 12

IV = H2Fe2Os3 (CO) 16

V = H2FeOs3 (CO) 13

NOTE: I f  s o lv e n t s  a r e  not thoroughly  d r ied  or i f  the  TLC p l a t e s  a re

not p rope r ly  a c t i v a t e d ,  H„Fe 0 s o (CO). ,  i s  not observed to form
2. 2 5 l b

or i s  formed in  extremely low y i e l d .  The product which i s  

formed in s te a d  i s  H0 s 3 (C0 )^q0H and Os3 (CO)^2.



167

C ry s ta l s  were grown by slow evapora t ion  of e i t h e r  the  mixed so lv en t  

system /hexane or the  pure so lven t  a t  room temperature .

C ry s ta l s  were not observed to  form a t  lower tempera tures  or  in  o th e r  

so lven t  systems. During the course of c r y s t a l  growth which was a 

r a t h e r  long time (3-6 weeks approximate ly) the  product H^Fe^Os^CCO)^ 

decomposed forming O s ^ C O ) ^  anc* m° s t  l i k e l y  Fe^OsCCO)^*

4. 13C Enrichment of H2Fe20s3(C0)jg

l^Os^CCO)^ (O.lOOlg, 0.1046 mmoles) and Fe2 (C0)g (0.2039g,

0.5605 mmoles) were combined and THF in t roduced .  The r e a c t i o n  was

13s t i r r e d  a t  0°C fo r  2 days.  CO (1 .7  atm) was t r a n s f e r r e d  to  the 

r e a c t i o n  v e s s e l  a t  -196°C and the r e a c t i o n  was then warmed to  0°C 

and s t i r r e d  f o r  an a d d i t i o n a l  1% days and then a t  room temperature  

fo r  1 hour .  The so lven t  was removed and the r e s id u e  p ro tona ted  with 

HC1 (0.3722 mmoles) in  C ^ C ^  and s t i r r e d  a t  room temperature  fo r  2 

hours .  P u r i f i c a t i o n  v ia  TLC ( s i l i c a  g e l ,  4:1 hexane : to luene)  a f fo rded  

^ F e ^ s ^ ^ C O )  jg along with  enr iched  H ^ s ^ C O ) ^ ,  F e ^ C O ) ^ ,  

H2FeOs3 (CO) 13 and Fe^OstCO)^.
13NOTE: Enrichment can a l s o  be accomplished u s ing  ^ O s ^  CO).

Enrichment by t h i s  second method i s  s l i g h t l y  b e t t e r  than 

th a t  above depending oh the degree of enrichment of  the  

K2O s 3(CO)u .

5. Reduction of HgFeOs^CO)^

H2FeOs3 (CO)j3 (0.0398g, 0.0401 mmoles) and K (0.0033g,  0.084 

mmoles) and Ph2C0 (0.0149g, 0.0818 mmoles) were combined in a f l a s k .
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THF was added and the reaction stirred at room temperature for 36 

hours. Within several minutes the reaction turned from orange-yellow 

to red-orange. The reaction was filtered to remove a greyish-white 

precipitate. The filtrate was taken up in hexane and subsequently 

filtered giving a red precipitate and a yellow filtrate. The red 

precipitate was shown to be KHFeOs^ (CO) ̂  [ HO] by NMR. The yellow 

filtrated was identified as Os^CCO)^*

C. RUTHENIUM/OSMIUM SYSTEMS
1. Reaction of [ O s ^ C O ) ^ ] 2- with Ru3 (C0)12
A THF s o l u t i o n  of  I ^ O s ^ C O ) ^  (0.1013g, 0.1059 mmoles) was slowly

dr ipped i n to  a THF s o l u t i o n  of R u ^ C O ) ^  (0.0339g, 0.0530 mmoles)

which was main ta ined  a t  55°C. The r e a c t io n  was s t i r r e d  a t  55°C fo r

24 hours .  The THF was removed and C ^ C ^  in t roduced .  P ro tona t ion

using  HC1 (0.1933 mmoles) and p u r i f i c a t i o n  by column chromatography

( s i l i c a  g e l ,  hexane) a f fo rded  four  bands in  order  of e l u t i o n :  ye llow,

ye l low -orange ,  orange-brown and dark brown. The yellow band was

i d e n t i f i e d  as  H^Ru^CO)^ [3 4 b ,76] which a l s o  con ta ined  minor

quantities of H20s 3 (CO)^q , H2Ru 20s 3 (C0) ̂  [75] and ^ O s ^ C O ) ^ .  [44a]

P u r i f i c a t i o n  of the  orange-brown band by TLC or HPLC y ie lded

H„Ru„0s_(CO). ,  and H„0sc (CO), ,  as in sepa rab le  m ix tu res .  The yellow- 2 2 3 Id 2 3 10
orange band c o n s i s t e d  of the  chromatograph ica l ly  in sep a ra b le  mixture 

H2RuOs3 (CO) 13 and H ^ s ^  (CO) 13 .
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2. Reaction of [Os^CO)^]2- with Ru(C0)5

A two-neck f l a s k  was charged with  Na^RuCCO)^ (0.0537g, 0.207 

mmoles) in  THF. A d r ip tu b e  was connected which conta ined  a THF 

s o lu t io n  of K^Os^CCO)^ (0.2010g, 0.2101 mmoles). CÔ  (1.0308 

mmoles) was condensed onto the  Na^RuCCO)^ s o l u t i o n  a t  -196°C and the 

r e a c t i o n  v e s s e l  was then covered with  aluminum f o i l  to  exclude a l l  

l i g h t .  The r e a c t i o n  was s t i r r e d  a t  -22°C fo r  3 hours and then 

brought down to  -78°C. Excess (X^ was removed by pumping on the 

r e a c t i o n  mix ture  fo r  a t  l e a s t  15 minutes while keeping i t  a t  -78°C.

The l ^ O s ^ C O ) ^  s o l u t i o n  was slowly added as  the  mix ture  was s t i r r e d  

a t  0°C. The r e a c t i o n  was main ta ined  a t  0°C while  s t i r r i n g  f o r  3 hours  

and then warmed to  room temperature  and placed  in  an o i l  ba th  

main ta ined a t  55°C. The r e a c t i o n  was s t i r r e d  a t  55°C f o r  4 hours ,  

cooled to  room temperature  and subsequently  p ro tona ted  with HC1 

(0.9931 mmoles). P u r i f i c a t i o n  v ia  TLC (3:1 hexane : C ^ C l g , s i l i c a  

ge l )  a f fo rd e d  t h r e e  bands ( p u r p le ,  ye llow, and orange in  decreas ing  

R v a l u e ) .  The pu rp le  and yellow bands were i d e n t i f i e d  as  ^ O s ^ C O ) ^  

(13%) [76,100b] and H^Ru^CO)^ (7%) [34b ,76] ,  r e s p e c t i v e l y ,  by *H 

NMR and IR. F u r th e r  p u r i f i c a t i o n  of the  orange band by numerous HPLC 

runs (10%:90% :n - h e p ta n e , normal phase ,  s i l i c a  g e l )  and TLC

( s i l i c a  g e l ,  3:1 hexane:CH2Cl2 ) gave H2Ru0 s^(C0 ) ^  [71,75,110] and 

^ O s ^ C O ) ^  [ 4 4 a , 110] as  an in sep a ra b le  mix ture .

3. Reaction of [Ru^CO)^]2'  with Os-^CO)^

A THF s o l u t i o n  of l ^ R u ^ C O ) ^  (0.1500g, 0.2175 mmoles) was slowly 

dr ipped in to  a THF s o l u t i o n  of 0s^(C0 ) j 2 (0.0980g,  0.108 mmoles)
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which was main ta ined  a t  55°C. The r e a c t i o n  mix ture  was s t i r r e d  a t

55°C f o r  22 hours  and then p ro to n a ted  us ing  HC1 (0.3865 mmoles) in

C I^ C ^ .  P u r i f i c a t i o n  v ia  column chromatography ( s i l i c a  g e l ,  hexane)

a f fo rded  four bands.  These bands were in order  of e l u t i o n :  yellow,

o range - red ,  orange-brown and dark brown. The yellow band was

i d e n t i f i e d  as  a mixture  of Os^(CO)^ an^ H^Ru^(C0 ) j 2 * [34b ,76] The

o range-red  band was ^ R u ^ C O ) ^ .  [110,157] The orange-brown band was

i d e n t i f i e d  as  a mixture  of l ^ R u ^ C O ) ^  an^ l^RuOs^CO) F in a l ly  the

dark  brown band was i d e n t i f i e d  as  a mix tu re  of l^RuOs^CO) ^  an^

H 2 Ru 2 0 s2 ( C O ) [75] Further purification of the orange-brown band

v ia  TLC ( s i l i c a  g e l ,  hexane) gave two bands: o range-red  and yellow-

orange. The orange-red  band was i d e n t i f i e d  as  l ^ R u ^ C O ) ^  and the

ye llow-orange band as  I^RuOs^CO) ^  (13%). F u r the r  p u r i f i c a t i o n  of

the  dark  brown band by TLC ( s i l i c a  g e l ,  5:1 h e x a n e ^ l ^ C ^ )  gave

HoRuo0 s o (CO). ,  (6%) and minor amounts of the  p roduc ts  Ru_(C0).„ and Z Z J lb j  1/

Os3 (CO)12.

S p e c t r a l  C h a r a c t e r i z a t i o n  of l^RuOs^(CO)^ .

XH NMR (C6D6 , 30°C) 6-21.21 (s,2H) ppm 

(CDC13 , 30°C) 6-21.05 (s,2H) ppm 

(CD2C12 , 30°C) 6-20.96 (s,2H) ppm 

IR (hexane,  30°C) v 2081(vs) ,  2068(vs) ,  2056(vs) ,  2027(m,sh),LU
2023(m,sh) , 2018(m), 2006(w,sh) cm-1 

FT-ICR MS shows a p a ren t  ion peak which corresponds  to  the  molecular 

formula ^ l ^ ^ R u ^ ^ O S g ^ C j ^ ^ O ^  m/z(obsd) 1044, m/z (calcd)  1044. The 

s e q u e n t i a l  l o s s  of each of the  13 carbonyls  and the 2 hyd r ides  from
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the  molecular  ion was observed.  C ry s ta l lo g ra p h ic  q u a l i t y  c r y s t a l s  

were grown from slow evapora t ion  of  a C I^C ^  s o l u t i o n  or  from pentane 

s o lu t io n  a t  e i t h e r  room or lower tem pera tu res .

S p ec t ra l  C h a r a c t e r i z a t i o n  of H„Ruo0s (CO), , .I 2. 3 lo

*H NMR (CDC13 , 30°C) 6-19.54 (s,2H) ppm

IR (CH2C12 , 30°C) v 2123(w), 2081(s ) ,  2061(vs) ,  20 4 7 ( s ) ,

2016(w,sh) cm ^

VII. REACTIVITY STUDIES OF H 2Rug (C0)17
A. DEPROTONATION OF H2Ru6 (C0)1? WITH PPNC1

H2Ru6 (CO) 17 (0.0187g, 0.0172 mmoles) and PPNC1 (0.0098g, 0.017

mmoles) were combined in  an e x t r a c t o r  and THF in t ro d u ced .  The

r e a c t i o n  was s t i r r e d  a t  room temperature  f o r  2 hours  during which

time the  r e a c t i o n  changed from purp le  to deep o ran g e - red .  The

s o lv en t  was removed and hexane added to  p r e c i p i t a t e  out a dark re d -

orange s o l i d  in  63% y i e l d .  This compound was i d e n t i f i e d  on the  b a s i s

of *H NMR (616.38 ppm (CDC1.), 616.46 ppm (dc-THF)) ,  13C NMR (6202.01J o
ppm (dg-THF)) and X-ray a n a l y s i s  a s  PPNHRUg(CO). The X-ray and

NMR a re  in  accord  with t h a t  r e p o r te d  by Johnson and Lewis.  [8 6 ]

13Johnson and Lewis have rep o r ted  t h a t  the  C NMR e x h i b i t s  a sharp 

s i n g l e t  a t  room tem pera ture ;  however,  f a i l e d  to r e p o r t  the  chemical

s h i f t .  The o th e r  product in the r e a c t i o n  i s  PPNHgRu^(CO) ^  as

1 13i d e n t i f i e d  by H NMR (6-17.04 ppm (CDCl^)) and C NMR (6198.17 ppm

(d -THF)). [68a] S u i t ab le  c r y s t a l s  fo r  X-ray a n a l y s i s  were grown fromO
slow d i f f u s i o n  of hexane in to  CH2C12 a t  room tem pera tu re .



B. DEPROTONATION OF H2Rug (CO)17 WITH NaH
(0 .0585g,  0.0536 mmoles) and NaH (0.0020g, 0.083

mmoles) were combined in  a f l a s k  and THF in t roduced .  The r e a c t io n  was

s t i r r e d  a t  55°C fo r  24 hours .  THF was removed and Ph^AsCl (0.0290g,

0.0692 mmoles) was added to  the  r e s id u e .  A mixed so lven t  system of

CH^Cl^/THF was condensed in. The reaction was stirred at room

temperature for 8% hours. The mixed solvent was removed and the flask

taken into a glove box where an extractor was attached. Fresh

was condensed in  to  p r e c i p i t a t e  out Ph^AsHRug ( C O ) i n  65% y i e l d .

The f i l t r a t e  was i d e n t i f i e d  a s  Ph.AsH„Ru.(CO),_ on the  b a s i s  of *H4 3 4 11

NMR.

The potass ium s a l t  was genera ted  us ing  KH in  p lace  of NaH. The 

r e a c t i o n  c o n d i t io n s  were as  fo l lows:  One or  two e q u iv a l e n t s  of KH

were r e a c te d  with one eq u iv a l en t  of  ^R u^C C O )^ .  The s o l u t i o n  was 

s t i r r e d  a t  55°C fo r  12 hours .

NOTE: CO was observed to  be l i b e r a t e d  in  these  re d u c t io n  r e a c t i o n s  as

i d e n t i f i e d  by mass s p e c t r a l  a n a l y s i s .

C. PROTONATION OF [HRu6 (C0)18] 7 [ H 3Ru4 (C0)12]“ REACTION MIXTURES
P r o to n a t io n  of the  product mix tures  from e i t h e r  Reaction  A or  B 

in  CH^Cl^ o r  THF a t  room temperature  with  a s t rong  ac id  (H^PO^, HC1, 

HBr, or  ^S O^)  r e s u l t s  in  formation of ^Ru^CCO)^ and H^Ru^CCO)^ 

as  i d e n t i f i e d  by *H NMR.

NOTE: H^Ru^CO)^ can be isolated from the above reaction in

approximate ly  25%; t h e r e f o r e ,  approximate ly  1 equ iva len t  CO is
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l i b e r a t e d  upon d e p ro tona t ion .  This l i b e r a t e d  CO then r e a c t s  

to  form [HRu,(C0)lfJ  .
o  l o

D. HYDROGENATION OF H2Ru6(C0)17

1. With 1 atm H2

An atmosphere of H2 was expanded over a CH2C12 s o lu t io n  of 

H2Ru6 (CO) 17 (O.OlOg, 0.0092 mmoles). This s o lu t io n  was s t i r r e d  a t  

room temperature  f o r  6 hours .  During t h i s  per iod  the  s o lu t io n  turned 

from purple  to red -o range .  Spec troscopic  a n a l y s i s  in d i c a t e d  c l u s t e r  

fragmenta t ion  to  give H^Ru^(C0)^2 (major p ro d u c t ) ,  I^Ru^CCO)^ an(l 

t r a c e  amounts of R u ^ C O ) ^ .

2. With 1 equivalent H2--NMR Study

The r e a c t i o n  was s tu d ie d  in  a 5-mL r e a c t i o n  v e s s e l  with  a sidearm 

connected to  an NMR tube .  H2 (0.0137 mmoles, 1.3eq) was measured 

us ing  a c a l i b r a t e d  bulb and then expanded over a CD2C12 ( d r i e d ,  

degassed) s o l u t i o n  of H„Ru., (CO). (O .O l l lg ,  0.0102 mmoles) which
I  o I /

was kept a t  -196°C. The sample was then s ea led  under h igh vacuum.

NMR da ta  was c o l l e c t e d  a t  room temperature  every 20 minutes over a 

pe r iod  of 12 hours .  During t h i s  r e a c t i o n  pe r iod  no change in  the 

NMR spectrum was observed.  A f te r  24 hours  a t  room temperature  the 

c l u s t e r  was observed to  fragment forming H ^R u^C O )^ .  The IR spectrum 

of the  s o lu t io n  in d i c a te d  the  presence of Ru^(CO)j2 in  t r a c e  amounts.

3. With Bubbling H2

H„Ru^(C0)._ (O.OlOg, 0.0095 mmoles) was d i s so lv ed  in  CH„Clo and L o 1 / c
maintained a t  40°C. was bubbled through the s o lu t io n  fo r  2
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hours .  Spec troscopic  a n a l y s i s  revea led  H^Ru^CCO)^ to  be the

as the major p roduc t .

I f  the  r e a c t i o n  above i s  run a t  -10°C f o r  4 h o u rs ,  the  products

formed a re  H.Ru.(C0)lo (major) ,  H„Ru,(CO),_ and t r a c e  amounts of 4 4 12 2 4 13

Ru 2 ^ ^12*

E. CARBONYLATION OF H2Ru6(C0)17

1. With 1 atm CO

An atmosphere of CO was expanded over a s o l u t i o n  of

H„Ru,, (CO), _ (0.0206g,  0.0189 mmoles). This s o lu t io n  was s t i r r e d  a t  Z o 1 /

room temperature  over a pe r iod  of 5 hours .  During the  course  of the

re a c t io n  the  s o l u t i o n  changed from purple  to  red to  o range-red  to

orange and f i n a l l y  ye l low-orange .  Removal of  the  so lv en t  and 

p u r i f i c a t i o n  by TLC ( s i l i c a  g e l ,  C l^ C ^ )  gave l ^ R u ^ C O ) ^  and 

Ru^(C0)^2  a s  i d e n t i f i e d  by NMR and IR.

I f  the  r e a c t i o n  i s  run f o r  1-1% hours  a s  opposed to  5 hours ,  

formation  of H^Ru^CO)^ in  a d d i t i o n  to  the ^ R u ^ C O ) ^  and 

Ru^tCO)^ i s  observed.

2. With 1 equivalent C0--NMR Study

The r e a c t i o n  was s tu d ied  in  a 5-mL r e a c t i o n  v e s s e l  with a sidearm

connected to  an NMR tube .  CO (0.0106 mmoles, l . l e q )  was measured

us ing  a c a l i b r a t e d  bulb and then expanded over a CD2CI2 ( d r i e d ,

degassed) s o l u t i o n  of H„Ru,(CO) (0.0104g, 0.0095 mmoles) which wasL 0 17
kept a t  -196°C. The sample was then sea led  under h igh vacuum. NMR

data  was c o l l e c t e d  a t  room tempera ture  every 20 minutes over a period
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of 12 hou rs .  (The i n i t i a l  spectrum was taken a f t e r  the  sample 

e q u i l i b r a t e d  to  room tem pera tu re ,  approx. 5 m in u te s . )  During t h i s  

r e a c t i o n  pe r iod  no change in  the NMR spectrum was observed.  A f te r  

48 hours  a t  room tempera ture  and con t inu ing  fo r  an a d d i t i o n a l  7 days 

the  c l u s t e r  was observed to  fragment forming H^Ru^CO)^  (major) ,  

and I ^ R u ^ C O ) ^  (minor).  R u ^ C O ) ^  was a l s o  observed v ia  IR.

3. With Bubbling CO

H2Ru6 (CO) 17 (O.Ollg ,  0.0098 mmoles) was d i s so lv e d  in  Cl^Clj  

and main ta ined a t  40°C. CO was bubbled through t h i s  s o l u t i o n  for 

2 h ou rs .  Removal of the  C l^ C ^  and subsequent sp ec t ro sc o p ic  a n a l y s i s  

i n d i c a te d  c l u s t e r  f ragm enta t ion  as  p rev io u s ly  observed.

I f  the  r e a c t i o n  i s  run f o r  5 hours  a t  -10°C c l u s t e r  fragmenta t ion  

i s  s t i l l  observed.

F. HYDR0B0RATI0N OF H2Ru6(C0)17

H_Ru(CO)... (0.0420g, 0.0385 mmoles) was d i s so lv e d  in  CH„C1
2  O l  /  2 2

and f rozen  a t  -196°C. B_H, (0.0211 mmoles, 0.55eq) and Meo0 (0.04232 o 2
mmoles, l . l e q )  were condensed over i n to  the r e a c t i o n  f l a s k  and the

f l a s k  covered with f o i l .  The r e a c t i o n  was then s t i r r e d  a t  room

temperature  fo r  3 days.  A white p r e c i p i t a t e  formed which was

f i l t e r e d  o f f  and subsequently  i d e n t i f i e d  as  by NMR

(621.54 (s)  ppm (d - a c e t o n e ) ) .  Removal of the so lven t  a f t e r  f i l t r a t i o nn
af fo rd ed  a red-brown re s id u e  which e x h ib i t e d  hydr ide  s i g n a l s  between 

6-18.0  to -18 .5  ppm along with some H^Ru^tCO)^ (<5-17.74 ppm
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(CD2CI2) ) .  The r e s id u e  decomposed upon p u r i f i c a t i o n  by TLC ( s i l i c a  

g e l ,  cyclohexane) to  give H^Ru^CO)^ a s ' t h e  only i s o l a b l e  p roduc t .

G. REACTION OF H2Ru6 (C0)ly WITH OXONIUM SALTS
1. With Me30BF4
H2Ru6 (CO) 17 (0.0093g, 0.0085 mmoles) and Me^OBF^ (0.0368g, 0.248

mmoles) were combined in  a f l a s k  to  which was in t roduced .  The

r e a c t i o n  was allowed to s t i r  a t  room temperature  f o r  3 days.  The

CH2CI2 was removed and the  r e s id u e  taken up in  CD2C1 2 * NMR

i n d i c a t e s  formation of l ^ R u ^ C O ) ^  presumably from the  decomposit ion

of  H_Ru, ( CO) . NMR a l s o  e x h i b i t s  a s i n g l e t  a t  512.22 ppm which Z O 1 /

could be i n d i c a t i v e  of  a spec ie s  with  an i n t e r s t i t i a l  hydr ide  

s i m i l a r  to  t h a t  found fo r  [HRu,. (CO). _ ] (616.43 ppm). [8 6 ]D lo
Treatment by TLC led  to  decomposi t ion p roduc ts  t h a t  could not 

be removed from the  s i l i c a  g e l .  P u r i f i c a t i o n  by f r a c t i o n a l  

c y s t a l l i z a t i o n  techn iques  did not prove to be f r u i t f u l  e i t h e r .

2. With Et30PFg
Reaction with  E to0PF, f o r  5 days a t  room tempera ture  as aboveJ D

gives  a sp ec ie s  e x h i b i t i n g  a s i g n a l  a t  68.83 ppm (CD2CI2 ) in  the  

pro ton NMR. NMR a l s o  d isp layed  peaks which can be a t t r i b u t e d  to  the 

group (63.61 (q) , 2.1 ( t )  ppm). However, s in ce  p u r i f i c a t i o n  

was again  f u t i l e  one can not say with c e r t a i n t y  t h a t  the  spec ie s  

formed con ta in s  an ethoxy moiety.  Again,  the  downfie ld  s i g n a l  could 

i n d i c a t e  an i n t e r s t i t i a l  hydr ide ;  but s ince  t h i s  s ig n a l  i s  h ighe r  

u p f i e l d  i t  could i n d i c a t e  -CH formation .  Other p roduc ts  observed are

H.Ru^CO),™ and minor amounts of H Rti. (CO)  .4 4 \ . l 2 4 1J
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VIII. STRUCTURE DETERMINATION OF H2Ru6 (C0)17
For X-ray examinat ion and da ta  c o l l e c t i o n ,  a s u i t a b l e  c r y s t a l  of 

approximate dimensions 0.200 x 0.150 x 0.050 mm was mounted in  a 

g l a s s  c a p i l l a r y .  All  X-ray d a ta  were c o l l e c t e d  a t  -40°C on an 

Enraf-Nonius d i f f r a c t o m e t e r  with graphite-monochromated Mo Ka 

r a d i a t i o n .

Table 2 g ives  c r y s t a l l o g r a p h i c  da ta  fo r  H„Ru,(C0),_.  Unit c e l l
2 6 17

paramete rs  (a ,  b, C, a ,  g,  y) were obta ined by l e a s t  squares  

ref inement of the  angu lar  s e t t i n g s  (<)>, uj, k) from 25 r e f l e c t i o n s ,  

w e l l - d i s t r i b u t e d  in  r e c i p r o c a l  space and ly in g  in  a 20 range of 

24-30° .  I n t e n s i t y  da ta  were c o l l e c t e d  in  the  oj-20 scan mode with 

4^20^55°.  Four s tandard  r e f l e c t i o n s  were monitored and showed no 

s i g n i f i c a n t  decay. Data were c o r re c t ed  fo r  Lorentz  and p o l a r i z a t i o n  

e f f e c t s .  The i n t e n s i t i e s  were a l s o  co r re c t ed  f o r  ab so rp t io n  by us ing  

an em p i r i c a l  method based on the  c r y s t a l  o r i e n t a t i o n  and measured iJj 

s c a n s .

The s t r u c t u r e  was solved by a combination of the  d i r e c t  method 

MULTAN 11/82 [140] and the  d i f f e r e n c e  Four ie r  techn ique ,  and r e f in e d  

by f u l l - m a t r i x  l e a s t  squares .  A n a ly t i c a l  atomic s c a t t e r i n g  

f a c t o r s  were used th roughout  the  s t r u c t u r e  re f inement  with both the 

r e a l  and imaginary components of the  anomolous d i s p e r s io n  inc luded for  

a l l  atoms. The heavy atoms f i r s t  appeared in  the E-map. Then the 

p o s i t i o n s  of  the  remaining atoms were determined from a F our ie r  

s y n th e s i s  which was phased on the metal  atoms. F u l l -m a t r ix  l e a s t
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squares  ref inement minimizing w( [fJ  -  |fJ  ) was c a r r i e d  out by us ing

a n i s o t r o p ic  thermal pa ram ete rs .  The weights  were taken as
2 2 - k  2w = [ a ( I )  + (k l )  ] where k = 0.04 was chosen to  make wAF

uniformly d i s t r i b u t e d  in |fJ .  The f u l l - m a t r i x  l e a s t  squares

re finement converged with = £( [fJ  -  |fJ  ) /E |fJ  and
9 9 U= [£w( | f J  -  (f I ) / £  | f J  ] equal to  0.028 and 0 .032, r e s p e c t i v e l y ,  

and GOF = 0.989.

The capping hydrogens were lo c a ted  d i r e c t l y  from the  d i f f e r en c e  

Four ie r  sy n th e s i s  and a re  in agreement with  o th e r  s t r u c t u r e s .  [95—

100] The p o s i t i o n s  and thermal  paramete rs  of the  hydrogens were 

inc luded in  the l e a s t  squares  re f inem ent .  F in a l  atomic p o s i t i o n a l

and i s o t r o p i c  thermal paramete rs  a re  given in  Table 17.

IX. STRUCTURE DETERMINATION OF [PPh4 ]2[Ru6 (C0)18]
For X-ray examinat ion and da ta  c o l l e c t i o n ,  a s u i t a b l e  

c r y s t a l  grown from MeOH/CI^C^/pentane was mounted in  a g l a s s  

c a p i l l a r y .  All  X-ray da ta  were c o l l e c t e d  a t  25°C on an Enraf-Nonius 

d i f f r a c to m e te r  w i th  graphite-monochromated Mo Ka r a d i a t i o n .

Table 5 g ives  c r y s t a l l o g r a p h i c  data  f o r  [PPh^^tRu^CCO) ^ g ] .

Unit c e l l  paramete rs  (a ,  b, C, a ,  8 , y) were ob ta ined  by l e a s t  

squares  re finement of the  angular  s e t t i n g s  (()>, uj, k) from 25 

r e f l e c t i o n s ,  w e l l - d i s t r i b u t e d  in  r e c i p r o c a l  space and ly in g  in  a 20 

range of 24-30°.  I n t e n s i t y  da ta  were c o l l e c t e d  in  the  w-20 scan mode 

with 4^20^40°.  Three s tandard  r e f l e c t i o n s  were monitored and showed 

moderate (4%) decay. Data were c o r rec ted  fo r  Lorentz  and p o l a r i z a t i o n  

and decay e f f e c t s .
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Table 17. Atomic P o s i t i o n a l  Parameters  and Iso thermal  Parameters 
(and Esd’s) fo r  l ^ R u ^ C O ) ^ .

ATOM X Y Y B(iso
Ru(l) 0.70731(7) 0.25043(5) 0.15385(4) 1.53(1

Ru (2) 0.96165(8) 0.50013(5) 0.21079(4) 1.98(1

Ru(3) 0.74110(8) 0.02328(5) 0.21960(4) 2 . 00(1

Ru(4) 0.98069(7) 0.27580(5) 0.28909(4) 1.59(1

Ru (5) 0.61249(8) 0.16162(5) 0.32692(4) 1.93(1

Ru ( 6 ) 0.72866(8) 0.41516(5) 0.32114(4) 1.90(1

0 ( 11) 0.9125(7) 0 .2334(5) 0.0062(4) 3 .2 (1)

0 ( 12) 0.3764(8) 0.0352(6) 0 .0582(4) 3 .7 (2)

0(13) 0.5170(8) 0.4103(6) 0 .0553(4) 4 .2 (1 )

0 ( 21) 1.2417(9) 0.7307(6) 0.3213(4) 4 .6 (2 )

0 (22 ) 0.8004(9) 0 .6831(6) 0.1255(5) 4 .6 (2)

0(23) 1.1920(8) 0 .5078(6) 0.0701(4) 3 .8(1)

0(31) 0.8470(9) -0 .1573(6) 0.3368(4) 4 .9 (2 )

0(32) 0.4211(9) -0 .2070(6) 0.1386(5) 5 .0(2)

0(33) 0.9579(8) -0 .0325(6) 0.0867(4) 4 .3 (2)

0(41) 1.2731(8) 0.4976(5) 0 .4055(4) 3 .5 (1)

0(42) 1.2256(7) 0.2488(6) 0 .1639(4) 3 .7 (1)

0(43) 1.0912(8) 0.1130(6) 0 .4239(4) 4 .0 (2 )

0(51) 0.2412(8) -0 .0205(6) 0.2650(5) 4 .1 (2)

0(52) 0.3316(9) -0 .0012(7) 0.5290(4) 6 .5 (2)

0(56) 0.4676(8) 0.3092(6) 0 .4603(4) 3 .8 (1)

0(61) 0.9553(8) 0.6354(6) 0.4562(4) 3 .9 (2)

0(62) 0.5129(8) 0.5768(5) 0.2588(4) 4 .1 (1 )

C(ll) 0.841(1) 0 .2410(7) 0 .0629(5) 2 .3 (2)

C(12) 0.506(1) 0 .1055(7) 0 .0994(5) 2 . 6 (2)

C(13) 0.599(1) 0.3602(7) 0 .0945(5) 2 . 6 (2 )

C (21) 1.135(1) 0 .6426(7) 0 .2808(5) 3 .1 (2)

C(22) 0.859(1) 0 .6140(7) 0 .1566(5) 2 .9(2)
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Table 17. Atomic Positional Parameters and Isothermal Parameters
(and E sd ' s )  f o r  H-Ru. (CO). ( c o n t . ) .

L b i  /

ATOM X Y Z B(iso)
C ( 2 3) 1.107(1) 0.5029(7) 0.1223(5) 2 . 9 (2 )

C(31) 0.807(1) -0 .0866(7) 0.2933(6) 3 .0(2)

C(32) 0.538(1) -0 .1196(7) 0.1679(6) 2 . 9 (2 )

C(33) 0.874(1) -0 .0107(7) 0.1350(6) 3 .1 (2)

C(41) 1.160(1) 0.4233(7) 0.3590(5) 2 .4(2)

C ( A 2 ) 1.1296(9) 0.2590(7) 0.2082(5) 2 .3 (2 )

C(43) 1.044(1) 0.1647(7) 0.3705(5) 2 .5 (2 )

C (51) 0.384(1) 0.0458(7) 0.2895(5) 2 . 6 (2 )

C(52) 1.645(1) 1.0592(8) 0.4156(5) 3 .6 (2 )

C(56) 0.544(1) 0.2936(8) 0.4071(5) 2 . 9 (2 )

C(61) 0.869(1) 0.5509(7) 0.4049(5) 2 . 6 (2 )

C(62) 0.597(1) 0.5167(7) 0.2845(5) 2 .5 (2 )

H(l) 0.583(9) 0.281(7) 0.236(4) 2 (2 )*

H(2) 0.845(7) 0.300(5) 0.366(4) 1(1)*

S ta r r ed  atoms were r e f in e d  i s o t r o p i c a l l y .

A n i s o t r o p ic a l ly  r e f i n e d  atoms a re  given in  the  form of the  i s o t r o p i c  
e q u iv a l en t  thermal parameter de f ined  a s :

( 4 / 3 ) * [ a 2 * 6 ( l , l )  + b2*8(2 ,2) + c2*B(3,3) + ab(cos  gamma)*B(1 ,2 )  + 
ac(cos  b e ta ) * B ( l ,3 )  + bc(cos  a l p h a ) *8 (2 ,3)]
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The s t r u c t u r e  was solved by a combination of the  d i r e c t  method 

MULTAN 11/82 [140] and the  d i f f e r e n c e  F our ie r  techn ique ,  and r e f in ed  

by f u l l - m a t r i x  l e a s t  squares .  A n a ly t i c a l  atomic s c a t t e r i n g  f a c t o r s  

were used throughout the s t r u c t u r e  ref inement with both the r e a l  and 

imaginary components of the  anomolous d i s p e r s io n  inc luded f o r  a l l  

atoms. The heavy atoms f i r s t  appeared in the  E-map. Then the 

p o s i t i o n s  of the  remaining atoms were determined from a F o u r ie r  

sy n th e s i s  which was phased on the  metal  atoms.

Since the c r y s t a l  s t r u c t u r e  had been p re v io u s ly  determined by 

Shore and Hsu [102] and Johnson and Lewis, [85] f u r t h e r  ref inement 

was abandoned a f t e r  a l l  the  atoms were r e f in e d  i s o t r o p i c a l l y . The 

va lue  had converged below 10% a t  t h i s  p o i n t .

X. STRUCTURE DETERMINATION OF H2Ru0s3 (C0)13
For X-ray examinat ion and da ta  c o l l e c t i o n ,  a s u i t a b l e  c r y s t a l  

grown from pentane s o l u t i o n  o f  approximate dimensions 0.300 x 0.350 x 

0.275 mm was mounted in  a  g l a s s  c a p i l l a r y .  A l l  X-ray d a ta  were 

c o l l e c t e d  a t  25°C on an Enraf-Nonius  d i f f r a c t o m e t e r  with g r a p h i t e -  

monochromated Mo Ka r a d i a t i o n .

Table 8 g ives  c r y s t a l l o g r a p h i c  da ta  fo r  H^RuOs^(CO) . Unit c e l l  

paramete rs  (a ,  b,  C, a ,  S» y) were obta ined  by l e a s t  squares  re finement 

of the  angular  s e t t i n g s  ( <f>, k,  uj) from 25 r e f l e c t i o n s ,  w e l l - d i s t r i b u t e d  

in r e c i p r o c a l  space and ly in g  in a 20 range of 24-30°.  I n t e n s i t y  data 

were c o l l e c t e d  in  the  to-20 scan mode with 4^20^55°. Three s tandard  

r e f l e c t i o n s  were monitored and showed no s i g n i f i c a n t  decay; however, 

da ta  were c o r r e c t ed  fo r  decay n o n e th e l e s s .  Data were a l s o  c o r rec ted



f o r  Lorentz  and p o l a r i z a t i o n  e f f e c t s .  The i n t e n s i t i e s  were a l so

c o r r e c t e d  f o r  a b s o r p t io n  by u s ing  an e m p i r ic a l  method based on the

c r y s t a l  o r i e n t a t i o n  and measured iJj scans .

The s t r u c t u r e  was solved by a combination of the  d i r e c t  method

MULTAN 11/82 [140] and the  d i f f e r e n c e  F o u r ie r  techn ique ,  and re f ined

by f u l l - m a t r i x  l e a s t  squares .  A n a ly t i c a l  atomic s c a t t e r i n g  f a c t o r s

were used throughout the  s t r u c t u r e  re finement with both the r e a l  and

imaginary components of the  anomolous d i s p e r s io n  inc luded f o r  a l l

atoms. The heavy atoms f i r s t  appeared on the  E-map. Then the

p o s i t i o n s  of the remaining atoms were determined from a F o u r ie r

s y n th e s i s  which was phased on the  meta l  atoms. F u l l -m a t r ix  l e a s t

2squares  re f inement  minimizing w( |fJ  -  |fJ  ) was c a r r i e d  out by

us ing  a n i s o t r o p i c  thermal parameters  fo r  a l l  atoms except C l l ,  C22,

C42 and C44 which were r e f i n e d  i s o t r o p i c a l l y . These atoms were so

r e f i n e d  due to  the appearance  of neg a t iv e  a n i s o t r o p i c  thermal

2 2 - kparam ete rs .  The w e igh ts  were taken as w = [ o ( I )  + (k l )  ] where
2

k = 0 .05 was chosen to  make wAF uniformly  d i s t r i b u t e d  in  (fJ. The 

f u l l - m a t r i x  l e a s t  squares  re f inem ent  converged with 

Rf = £< k j  " |Fj )/£ fcj and Rwf = Uw( JfJ -  |fJ ) 2/Z |fJ 2]h equal to

0.064 and 0 .075 ,  r e s p e c t i v e l y ,  and GOF = 2.065. F in a l  atomic 

p o s i t i o n a l  and i s o t r o p i c  thermal paramete rs  a re  given in  Table 18.

XI. STRUCTURE DETERMINATION OF [PPN][HRu6 (CO)18]
For X-ray examinat ion and da ta  c o l l e c t i o n ,  a s u i t a b l e  c r y s t a l  of 

approximate dimensions 0.250 x 0.275 x 0.325 mm was mounted in a g la s
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Table 18. Atomic Positional Parameters and Isothermal Parameters
(and Esd's) for l^RuOs^CO)

ATOM X Y Z B(iso)
Os( l) 0.17489(4) 0.2777(1) 0.59779(8) 2.87(2)

Os (2) 0.13991(4) 0.2195(1) 0.76263(8) 2.63(2)

Os (3) 0.10332(4) 0.4400(1) 0.61151(8) 2.94(2)

Ru (4) 0.08985(7) 0.1638(2) 0.5578(1) 2.14(4)

0 ( 11) 0.2419(9) 0.511(3) 0.675(2) 8 .0 (9 )

0 ( 12) 0.2499(9) 0 .085(3) 0 .594(2) 7 .6(8)

0(13) 0.1551(8) 0 .366(2) 0 .379(1) 4 .9 (6 )

0 (21) 0.198(1) 0 .325(2) 0 .971(2) 6 .7 (8 )

0 (22) 0.1639(9) -0 .077(2) 0 .814(2) 6 .4 (7 )

0(23) 0.0590(7) 0.167(2) 0 .826(2) 6 . 0 (6 )

0(31) 0.165(1) 0 . 6 8 6 (2) 0 .673(2) 6 .5 (7 )

0(32) 0.0323(9) 0.596(2) 0 .663(2) 6 .8 (7 )

0(33) 0.0706(8) 0.530(2) 0 .390(1) 5 .3 (6)

0(41) 0.0478(9) 0 .161(2) 0 .322(2) 6 .3 (7 )

0(42) 0.0049(9) 0.297(3) 0 .573(2) 6 .5 (7 )

0(43) 0.1558(9) ‘ -0 .050(2) 0 .537(2) 6 .6 (7 )

0(44) 0.045(1) -0 .089(3) 0 .603(2) 11 ( 1)

C ( l l ) 0 .217(1) 0.421(3) 0 .648(2) 4:.2(6)*

0 ( 12) 0 . 222 ( 1) 0 .155(3) 0 .598(2) 4 .7 (8 )

0(13) 0.1604(9) 0 .329(3) 0 .460(2) 3 .2 (6 )

0 (21) 0 .178(1) 0.288(3) 0 .896(2) 4 .3 (7 )

C(22) 0.153(1) 0 .031(3) 0 .790(2) 4 .0 (6 )*

C(23) 0.089(1) 0 .192(3) 0 .801(2) 3 .9 (7)

0(31) 0.146(1) 0.592(3) 0 .654(2) 3 .4 (7)

C(32) 0.058(1) 0 .535(3) 0 .643(2) 4 .7 (7 )

C(33) 0.083(1) 0.492(2) 0 .473(2) 3 .5 (7)

l
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Table 18. Atomic P o s i t i o n a l  Parameters  and Iso thermal Parameters 
(and E sd 's )  f o r  I^RuOs^(CO)^ ( c o n t . ) .

ATOM X Y Z B(iso)
C(41) 0.065(1) 0.164(3) 0.415(2) 3 .9 (7)
C (42) 0.041(1) 0.271(3) 0.570(2) 4 .2 (6 )*

C(43) 0.135(1) 0.054(3) 0.547(2) 5 .5 (9)

C(44) . 0.062(1) 0.011(3) 0 .586(3) 4 .9 (7 )*

S ta r r ed  atoms were r e f in e d  i s o t r o p i c a l l y .

A n i s o t r o p ic a l ly  r e f i n e d  atoms are  given in the form of the  i s o t r o p i c  
eq u iv a len t  thermal parameter def ined  as :

(4 /3 )* [a2 * 8 (1 ,1) + b2*8(2 ,2) + c2*B(3,3) + ab(cos  gamma)*B(1,2) + 
ac(cos  b e ta ) * B ( l ,3 )  + bc(cos  a lp h a ) *8(2 ,3) ]
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c a p i l l a r y .  A ll  X-ray data  were c o l l e c t e d  a t  -50°C on an Enraf-Nonius 

d i f f r a c to m e te r  with graphite-monochromated Mo Ka r a d i a t i o n .

Table 13 g ives  c r y s t a l l o g r a p h i c  da ta  f o r  [PPN][HRu,(CO) ' ] .  UnitO lo
c e l l  paramete rs  (a,  b, C, a ,  8 » y) were obta ined by l e a s t  squares 

ref inement of the  angular  s e t t i n g s  (ij>, k,  w) from 25 r e f l e c t i o n s ,  

w e l l - d i s t r i b u t e d  in r e c i p r o c a l  space and ly ing  in  a 20 range of 

24-30°.  I n t e n s i t y  da ta  were c o l l e c t e d  in  the w-20 scan mode with 

4^20^45°. Three s tandard  r e f l e c t i o n s  were monitored and showed no 

s i g n i f i c a n t  decay. Data were co r re c t ed  fo r  Lorentz and p o l a r i z a t i o n  

e f f e c t s .  The i n t e n s i t i e s  were a l s o  co r re c t ed  f o r  abso rp t io n  by us ing  

an em p i r ica l  method based on the  c r y s t a l  o r i e n t a t i o n  and measured ij; 

scans .

The s t r u c t u r e  was solved by a combination of the  d i r e c t  method 

MULTAN 11/82 [140] and the  d i f f e r e n c e  F our ie r  techn ique ,  and r e f in e d  

by f u l l - m a t r i x  l e a s t  squares .  A n a ly t i c a l  atomic s c a t t e r i n g  f a c t o r s  

were used throughout the  s t r u c t u r e  ref inement with both the  r e a l  and 

imaginary components of the anomolous d i s p e r s io n  included fo r  a l l  

atoms. The heavy atoms f i r s t  appeared in  the  E-map. Then the 

p o s i t i o n s  of the  remaining atoms were determined from a F our ie r  

syn thes is ,  which was phased on the  meta l  atoms.

Since the  c r y s t a l  s t r u c t u r e  had been p rev io u s ly  determined by 

Johnson and Lewis [84,86] f u r t h e r  ref inement was abandoned a f t e r  

ref inement of the  s t r u c t u r e  i s o t r o p i c a l l y  brought below 10%.

As with Johnson and Lewis, the interstitial hydride could not be 

located even after low temperature data collection.



APPENDIX

REACTION OF H20s3 (C0)gCC0 WITH
The t h r u s t  behind c l u s t e r  chemistry  i s  i t s  connection to surface

sc ience  and c a t a l y s i s .  Keeping t h i s  in  mind, the  c l u s t e r  chemist

always a t tem pts  to syn thes ize  models fo r  molecules on a metal  su r face .

One of the key r e a c t i o n s  in c a t a l y s i s  today i s  the  convers ion of CO to

hydrocarbons.  This idea was the  premise on which the  re d u c t io n  of

(p-H) Os.(C0)Q(p0-BCO) with BH„ was c a r r i e d  out to  form the
j  j  y  j  j

2
tr iosmium bory l idene  carbonyl ,  (y-H)^Os^(C0)g (p^-n -B C l^ ) • [159] 

(Equation 68 )

(p -h )3O s 3 (c o )9 (p 3-b c o ) + b h 3 

THF

>'
(p-H)3Os3 (CO)g (p3- n 2-BCH2) + 1/3(H3B303) (68)

j
1/3BH3 + 2/3B20 3

The bory l idyne  i s  reduced by the  diborane  to  form the  bory l idene  

c l u s t e r .  This r e a c t io n  [159] i s  be l ieved  to  occur through i n i t i a l  

a t t a c k  of BH3 on the oxygen of the -BCO u n i t  followed by t r a n s f e r  of

186
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two hyd r ides  to  the  carbon atoms and subsequent e l im in a t io n  of HBO 

to  form the  bory idene and which then decomposes to  B20 3 and

B2H6 . [160]

The bory l idene  i s  of i n t e r e s t  due to  i t s  p o s s ib l e  r e l a t i o n s h i p

to  an in te rm ed ia te  which might form on a metal  bo r ide  su r fa ce  during

the  methanat ion of CO in  the presence  of a metal  bo r ide  c a t a l y s t .  The

next l o g i c a l  ques t ion  i s :  Could t h i s  red u c t io n  with BĤ  be c a r r i e d  out

us ing  (y-H)20s^(CO)^(y^-CCO) to  model an in t e rm e d ia te  on a metal

ca rb id e  su r face?

The triosmium e th y l id y n e  c l u s t e r ,  (y-H^Os^CCO^Cu-CCH^), which

has  been p re v io u s ly  r e p o r te d  by Deeming [154] i s  the  r e s u l t i n g  product

when d iborane  i s  re a c te d  a t  ambient tempera ture  with the

k e t e n y l i d e n e , (y-HKOs (C0)Q(y_-CC0) . [98,161] (Equat ion 69)
2. j  y j

(u-H)2Os3 (CO)9 (u3-CCO) + BH3-THF—*~(y-H)3Os3 (CO)g (u3-CCH3) (69)

In the  case of the  k e t e n y l id e n e ,  a two-fold  r e d u c t io n  seems to  be

o ccu r r in g  to  produce the e th y l id y n e  r a t h e r  than the  v in y l id e n e .

In  an independent exper iment ,  (Equation 70) d iborane  was reac ted

with the  v in y l id e n e  under i d e n t i c a l  c o n d i t io n s  a s  in  the

k e ten y l id en e  case ;  however, no r e a c t i o n  was observed to  occur when
»

followed by pro ton  NMR.

(y-H)2Os3 (CO)g (u3- n 2-CCH2) + BH3-THF ►No Reaction (70)

Thus the red u c t io n  of (y-H)20 s 3 (C0)g (y3~CC0) appears  to proceed v ia  a
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concer ted  r e d u c t io n  mechanism invo lv ing  BĤ  c o o rd in a t io n  to  the 

oxygen of the  -CCO moiety as opposed to  a two-s tep  re d u c t io n  to  

f i r s t  form the  v in y l id e n e  and then the f i n a l  p ro d u c t ,

( p - h ) 3o s3 ( co )9 (u3- cch3) .

However, i t  has been suggested by Shapley [162] t h a t  the  source

of d iborane  may a f f e c t  the  r e a c t i o n  outcome. He r e p o r t s  t h a t  i f

commerical BH^THF, c o n ta in in g  £a .  5 mole % NaBH  ̂ as  a s t a b i l i z e r ,
2

i s  employed the  v in y l id e n e ,  ( u - H ^ O s ^ C O ) ^ ^ - *! -CCH2) i s  observed 

in  54% y i e l d .  (Equation 71)

BH “
H„0s,(C0)oCC0 + BH -THF------------►- H„Os,(CO)QCCH. (54%) +

(71)
H2Os3 (CO)9CCH3 (39%)

These r e s u l t s  sugges t  t h a t  BĤ  a c t s  as  a reduc ing  agent  forming the

p o t e n t i a l  i n t e rm e d ia te  [H20 s 3 (COJgCCHO] which may be involved in  an

" io n ic "  pathway lead ing  to  the  fo rmation  of the  observed

p roduc t .  [162] However, he l a t e r  r e p o r t s  t h a t  in  an independent

r e a c t i o n  of [H2Os3 (CO)9CCHO] with BH^THF no evidence  f o r  formation

of e i t h e r  H0Os (CO) CCH_ or H_Os (C0)oCCH was observed. [162] 
i> j  y z J j  y j

Independent r e a c t i o n s  of H2Os3 (CO)9CCO in the  p resence  of  e i t h e r

commercial BH -THF o r  pure B„H, in THF, show no s ig n s  of 3 l  o
[HOs3 (CO)9CCHO] or H20 s 3 (CO)gCCH2 when followed by p ro ton  NMR. The 

only product formed i s  H3Os3 (CO)9CCH3 .



A. Reaction of ^ ( ^ ( C O j g C C O  With Pure BgHg
In a t y p i c a l  r e a c t i o n ,  an excess  of B0H (0.276 mmoles) wasZ o

condensed i n to  a THF s o l u t i o n  of H^Os^(CO)gCCO (0.023 mmoles). This

s o l u t i o n  was s t i r r e d  a t  room temperature  f o r  12 hours .  The

v o l a t i l e s  were removed and the  r e s u l t i n g  yellow re s id u e  was

p u r i f i e d  by TLC ( s i l i c a  g e l ,  C^Clgrhexane)  . The product was

i d e n t i f i e d  as  H^Os^CO^CCH^ by comparison of i t s  NMR spectrum to

t h a t  r e p o r te d  by Deeming [154] and Yesinowski and Bai ley [163] and IR

spectrum re p o r t e d  by Evans and McNulty. [164] The product was i s o l a t e d

in  ca.  30% y i e l d .  NMR (CDC13> 30°C) 64.54 (s ,2H ) ,  -18.58 (s,3H)

ppm; (F ig .  52) IR (CHC10) v 2077(m), 2068(m,sh),  2056(m),3 co
2033( s , s h ) ,  202l ( s )  cm (F ig .  53) The mass spectrum shows a pa ren t

, , . , , , i i i 12_ 1„ 16„ 192-ion peak which corresponds  to the  molecular formula 0^ Os^

m/z(obsd) 858, m /z (ca lcd )  858. The s e q u e n t i a l  l o s s  of each of the

n ine  carbony ls  from the  molecular ion was v i s i b l e  in  the mass spectrum.

B. NMR Reaction of HgOs^COjgCCO With Pure B2Hg in THF
An NMR tube sea led  to  an adap tor  and a t t a c h e d  to  the vacuum l i n e

was charged with  a d_-THF s o l u t i o n  of Ho0s_(C0)nCC0 (0.0095 mmoles)
o l 3 y

and cooled to  -196°C. While a t  t h i s  tempera ture  B„H, (0.0095 mmoles)Z D
was condensed onto  the  s o l u t i o n  and the NMR tube sea led  under vacuum. 

The NMR sample was warmed to room temperature  and the f i r s t  spectrum 

recorded a f t e r  10 minutes  r e a c t i o n  t ime. The r e a c t i o n  was followed 

a t  room tempera ture  by and NMR over a per iod  ot  16 hours .  

Cpnversion from H^Os^(CO)gCCO to H^Os^(CO)gCCH3 i s  approximate ly  50-
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Figure 52. Proton NMR Spectrum of ( y - H ) ( C O ) ^ ( y ^ - C C H ^ ) .
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55%. The boron-11 spectrum shows formation of a boron oxide s p ec ie s

a t  64.1 ( t ,  dg_j| = 132 Hz) ppm.

In  a second NMR exper iment ,  B.H, (0.012 mmoles) was r e a c te d  with2 o
H2OS3 (00)9000  (0.024 mmoles). i n d i c a t e s  formation of 

H^Os^COigCCH^ in  approximate ly  25% y i e l d  a f t e r  16 hours  and l e v e l in g  

o f f  a t  28% a f t e r  22 h ou rs .

C. NMR Reaction of F^Os^COjgCCO With Pure BHg-THF in Ch^C^

An NMR tube sea led  to  an adap to r  and a t t a c h e d  to  the  vacuum l i n e  

was charged with H„0s (C0)QCC0 (0.0426 mmoles) in  CDo01_ (0.4 mL).
2 J 7  2 2

B_H,. (0.2130 mmoles) and THF (0.4295 mmoles) were condensed over and Z b
the  tube cooled to  -196°C and s ea led  under vacuum. The NMR sample

was warmed to  room tempera ture  and the  f i r s t  spectrum recorded a f t e r

5 minutes r e a c t i o n  t im e. The r e a c t i o n  was followed by and ^ B

NMR over  a pe r iod  of 5 hou rs .  During t h i s  t ime ^H NMR showed only

H^Os^CO^CCH^ format ion .  The ^ B  NMR showed fo rmation  of  the

p re v io u s ly  observed oxide a t  64.1 ( t ,  J  = 132 Hz) ppm along with
D~ri

a new s p ec ie s  e x h i b i t i n g  a s e p t e t  a t  618.00 ( s e p t e t ,  J D „  = 184 Hz)D—H

ppm which upon pro ton  decoupling c o l l a p s e s  to  a s i n g l e t .

D. NMR Reaction of HgOSgCCOJgCCO With Commercial BHg-THF in CH2C12

CD2C12 (0.4 mL) and BH^-THF (0.4 mL @ 1M, 0 .4  mmol, ca.  5 mol % 

NaBH^ as  s t a b i l i z e r )  were added to  H ^s^CO ^CCO  (0.0424 mmoles) under 

N2 i n  an NMR tube .  The co n ten t s  of  the  tube were f rozen  a t  -196°C and 

the  N2purged from the system. The NMR tube was s ea led  under vacuum 

and then warmed to  room tem pera tu re .  The r e a c t i o n  was followed by



193

and NMR over a pe r iod  fo 10 hours  record ing  the f i r s t  spectrum 

a f t e r  5 minutes  of r e a c t i o n  t ime. During t h i s  time only the formation 

of  H^Os^CCOJgCCH^ was observed.

E. Reaction of ^Os^COjgCCl-^ With Pure l^Hg
An excess  of B„H, (0.2758 mmoles) was condensed in to  a THF 

2 6

s o l u t i o n  of H„0s (C0)qCCH (0.0208 mmoles). The s o lu t io n  was then z j  y z

s t i r r e d  a t  room tempera ture  f o r  12 hours .  The v o l a t i l e s  were /

removed and the  r e s id u e  d i s so lv e d  in CDCl^. NMR showed no 

formation of H^Os^(COJ^CCH^ or  o th e r  c l u s t e r  s p e c i e s ,  only the  

s t a r t i n g  v in y l id e n e  c l u s t e r .

F. NMR Reaction of HgOs-^CCOgCCh^ With Pure B^Hg in THF.
B0H. (0.0132 mmoles) was r e a c te d  with H„Os„(COJ-CCH^ (0.0132 z  o z j  y z

mmoles) in  a manner analogous  to t h a t  desc r ibed  in  the  ^ O s ^ (C 0 )gCC0 

c ase .  NMR in d ic a t e d  no fo rmation  of H^Os^COJgCCH^ a f t e r  12 hours

a t  room tem pera tu re .  No r e a c t i o n  was observed even a f t e r  1 week.
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