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H Y P E R - C O O R D I N A T E  P H O S P H O R U S  A T O M S  I N  A G O L D E N  HOUR-GLASS# 

* 
H. SCHMIDBAUR, H. B E R U D A  and E. Z E L L E R  

A n o r g a nisch-chemisches Institut der T e c h n i s c h e n  U n i v e r -  

sitat M u n c h e n ,  L i c h t e n b e r g s t r a s s e  4, D-85747 G a r c h i n g ,  

G e r m a n y  

( R e c e i v e d ,  December 20, 1 9 9 3 )  

T r e a t m e n t  o f  p h o s p h i n e ,  PH,, or b i s ( p i v a l o y l ) p h o s p h i n e ,  
( t B ~ C O )  ,PH, w i t h  { tr i s [  ( t  r i p h e n y l p h o s p hi ne )go1 dloxoni um} 
t e t r a f l u o r o b o r a t e  (Ph,PAu),O+ BF,- in t e t r a h y d r o f u r a n  at 
- 6 O o C  a f f o r d s  small a m o u n t s  o f  a t r i c a t i o n i c  nona-nuc- 
lear gold c o m p l e x  {Au[P(AuPPh,),],}3+(BF4-)3. T h e  l o w  
t e m p e r a t u r e  {'H} I I P  N M R  s p e c t r a  o f  t h i s  p r o d u c t  e x h i b i t  
a n  (A,M), s p i n  system indicating a h i g h l y  s y m m e t r i c a l  
s p e c i e s  o f  D B d  o r  D d h  s y m m e t r y  in s o l u t i o n .  T h e  D U h  
s t r u c t u r e ,  resembling a g o l d e n  hour-glass, has been 
c o n f i r m e d  b y  an X-ray d i f f r a c t i o n  a n a l y s i s  o f  s i n g l e  
c r y s t a l s  ( t e t r a g o n a l  s p a c e  g r o u p  IU/mmm, 2 = 2, a = 
16.878(2), c = 30.320(3) A ) .  T h e  t r i c a t i o n  c o n t a i n s  t w o  
s q u a r e  pyramidal P(AuPPh,),+ u n i t s  P-coordinated t o  t h e  
central Au' cation. 

K e y  words: Gold c l u s t e r s ;  H y p e r c o o r d i n a t e  p h o s p h o r u s ;  
NMR s p e c t r o s c o p y ;  X-ray crystallography. 

# 
Dedicated t o  P r o f e s s o r  Alan H .  C o w l e y  o n  t h e  o c c a s i o n  
o f  his 6 0 t h  birthday. 
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246 H. SCHMIDBAUR. H. BERUDA and E. ZELLER 

INTRODUCTION 

Recent work has s h o w n  that m a n y  Main G r o u p  E l e m e n t s  c a n  
function a s  c o o r d i n a t i o n  c e n t e r s  for gold(I).1,2 T h e  
c o m p o u n d s  obtained s h o w  m a n y  unusual t y p e s  of s t r u c t u r e  
and bonding. H y p e r c o o r d i n a t i o n  w i t h  electron-deficient 
bonding and non-classical c o o r d i n a t i o n  g e o m e t r i e s  a r e  
common features, w i t h  prominent e x a m p l e s  a l r e a d y  avail- 
able for b o r o n , 3  carbon,’+-’’ nitrogen” and arsenic.’* 
For the t w o  pnicogen e l e m e n t s  t h e  s i t u a t i o n  r e g a r d i n g  
t h e  s t r u c t u r e  o f  t h e  c a t i o n s  N(AuL),+ and As(AuL),+ is 
particularly intriguing: W h i l e  t h e  tetragold-ammonium 
cation f o l l o w s  o t h e r  a m m o n i u m  c a t i o n s  in e x h i b i t i n g  a 
tetrahedral s t r ~ c t u r e , ~ ~ - ~ ~  t h e  a n a l o g o u s  tetragold-ars- 
onium c a t i o n s  have been f o u n d  t o  be square-pyramidal.12 
Regarding structural details, it has a l s o  b e e n  noted 
that t h e  N(AuL),+ c a t i o n s  a r e  c l e a r l y  d e s t o r t e d , 1 3 - 1 5  
and t h a t  t h e  As(AuL),+ c a t i o n s  have rather small Au-As- 
Au ang1es.12 

T h e s e  structural p a r a m e t e r s  indicate s i g n i f i c a n t  A u * * * A u  
interactions between s e e m i n g l y  closed-shell A u ( 1 )  cen- 
t e r s  w i t h  their d l 0  c o n f i g u r a t i o n  o f   electron^.',^,^^ 
And in f a c t ,  recent computational t r e a t m e n t s ,  o f  t h e s e  
s y s t e m s  have lead t o  t h e  c o n c l u s i o n ,  that metal-metal 
interaction d o  p l a y  a d e c i s i v e  role in t h e  d e t e r m i n a t i o n  
of t h e  s t r u c t u r e s  o f  t h e  p ~ l y h e d r a . ~ ~ , ”  

From t h e s e  c a l c u l a t i o n s  t h e  p r e d i c t i o n  has a l s o  been 
made t h a t  t h e  a n a l o g o u s  tetragold-phosphonium c a t i o n  

should a l s o  s h o  a non-standard s q u a r e  planar struc- 
t u r e , 1 8  w h i c h  is a t  v a r i a n c e  w i t h  classical m o d e l s  o f  

s t r u c t u r e  and bonding based e.g. o n  t h e  LeBel - v a n ’ t  
Hoff r u l e  or o n  t h e  t h e o r y  o f  hybride o r b i t a l s  ( s p 3 )  for 
elements w i t h  an o c t e t  of electrons. 
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HYPER-COORDINATE PHOSPHORUS ATOMS IN A GOLDEN HOUR-GLASS 247 

I n i t i a l l y ,  all a t t e m p t s  t o  s y n t h e s i z e  s a l t s  c o n t a i n i n g  
i s o l a t e d  P(AuL),+ c a t i o n s ,  w h e r e  L is r e p r e s e n t i n g  a 
s t a n d a r d  t e r t i a r y  p h o s p h i n e  l i g a n d ,  h a v e  f a i l e d . l 9  It 
w a s  o n l y  w h e n  l i g a n d s  L = P R ,  w e r e  c h o s e n  w i t h  v e r y  
b u l k y  g r o u p s  R ,  t h a t  a t  l e a s t  o n e  e x a m p l e  ( w i t h  R = B u )  
c o u l d  b e  o b t a i n e d . = O  O w i n g  t o  t h e  s t e r i c  r e q u i r e m e n t s  o f  
t h e  l i g a n d s ,  t h e  s t r u c t u r e  o f  t h i s  c a t i o n ,  w a s  f o u n d  t o  
b e  ( d i s t o r t e d )  t e t r a h e d r a l ,  b u t  it w a s  o b v i o u s  t h a t  t h e  
d i m e n s i o n  o f  t h e  f o u r  p h o s p h i n e  l i g a n d s  a c t u a l l y  p r e -  
v e n t e d  t h e  c o m p o u n d  f r o m  b e c o m i n g  s q u a r e  p l a n a r .  In t h e  
e x p e r i m e n t s  c a r r i e d  o u t  w i t h  L = P P h ,  t h e  i s o l a t e d  c a t -  
i o n s  P(AuPPh,),+ h a v e  n o t  b e e n  o b s e r v e d ,  b u t  in o n e  c a s e  
an a d d i t i o n  c o m p o u n d  w i t h  Au(PPh,),+ h a s  b e e n  i s o l -  
a t e d . 2 1  T h e  s t o i c h i o m e t r y  o f  t h e  r e s u l t i n g  d i c a t i o n ,  
w r i t t e n  a s  [ ( P h , P A u ) , P * A u ( P P h , ) , 1 ” ,  is i n d i c a t i v e  o f  
t h e  t w o  c o m p o n e n t s ,  but t h e  s t r u c t u r e  is e x t r e m e l y  i r r e -  
g u l a r  a n d  d o e s  not a l l o w  t o  d r a w  a n y  c o n c l u s i o n  r e g a r d -  
ing t h e  s t r u c t u r e  o f  t h e  i n d e p e n d e n t  units. 

t 

T h e  e x p e r i m e n t s  w e r e  t h e r e f o r e  c o n t i n u e d , 2 2  a n d  in o n e  
n e w  v a r i a t i o n  o f  t h e  r e a c t i o n  c o m p o n e n t s  a n d  c o n d i t i o n s  
y e t  a n o t h e r  a d d u c t  o f  t h e  e l u s i v e  P(AuL),+ c a t i o n  h a s  
b e e n  d i s c o v e r e d .  F o r t u n a t e l y  t h e  s t r u c t u r e  o f  t h i s  a g -  
g r e g a t e  is o f  v e r y  h i g h  s y m m e t r y  a n d  s u g g e s t s  t h a t  t h e  
p r o p o s a l  o f  a s q u a r e  p y r a m i d a l  s t r u c t u r e  f o r  t h e  
P(AuL),’ is i n d e e d  v a l i d . 2 3  

T h e  e x p e r i m e n t s  w e r e  t h e r e f o r e  c o n t i n u e d , 2 2  a n d  in t w o  
n e w  v a r i a t i o n s  o f  t h e  r e a c t i o n  c o m p o n e n t s  a n d  c o n d i t i o n s  
y e t  a n o t h e r  a d d u c t  o f  t h e  e l u s i v e  P(AuL),+ c a t i o n  h a s  
b e e n  d i s c o v e r e d .  F o r t u n a t e l y  t h e  s t r u c t u r e  o f  t h i s  a g -  
g r e g a t e  is o f  v e r y  h i g h  s y m m e t r y  a n d  s u g g e s t s  t h a t  t h e  
p r o p o s a l  o f  a s q u a r e  p y r a m i d a l  s t r u c t u r e  f o r  t h e  
P(AuL),+ is i n d e e d  v a l i d . 2 3  
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248 H.  SCHMIDBAUR, H.  BERUDA and E. ZELLER 

R E S U L T S  

Treatment o f  a s l u r r y  o f  t r i s C ( t r i p h e n y 1 p h o s p h i n e ) -  

g o l d ( 1 ) l o x o n i um t e t r a f l u o r o b o r a t e  in tetrahydrofuran 
with b i s ( p i v a l o y 1 ) p h o s p h i n e  ( BuCO),PH at -6OOC l e a d s  t o  
a reaction mixture, w h i c h  c o n t a i n s  several p o l y n u c l e a r  
gold c l u s t e r  c a t i o n s  a s  t h e i r  t e t r a f l u o r o b o r a t e  salts. 
The product d i s t r i b u t i o n  is not unlike t h e  m i x t u r e s  ob- 
tained f r o m  t h e  a n a l o g o u s  r e a c t i o n s  w i t h  p h o s p h i n e  g a s  
PH, ( i n  t h f  at -78OC in t h e  p r e s e n c e  o f  e x c e s s  NaBF,). 
Removal o f  all volatile c o m p o n e n t s  f r o m  t h e  r e a c t i o n  
mixtures in a v a c u u m  leaves y e l l o w  s o l i d  r e s i d u e s ,  f r o m  
which t h r e e  c r y s t a l l i n e  p r o d u c t s  c a n  b e  isolated upon 
extraction w i t h  d i c h l o r o m e t h a n e  and fractional c r y s t a l -  
lization from d i c h l o r o m ethane/diethylether/pentane mixed 
solvents. T h e  t i t l e  c o m p o u n d  a p p e a r s  as t h e  last frac- 
tion i n  a b o u t  25% y i e l d  a f t e r  t h e  m a i n  p r o d u c t s  have 
been removed, i.e. after { [ ( P h , P ) , A u ] P C A u ( P P h ~ ) l ~ } ~ +  

t 

( t B ~ C O ) , P H  t [(Ph,P)Au],O+ BF,- - t B ~ C O O H  t (Au[P(AuPPh,),],}3' ( B F ,  

T h e  p r o d u c t  is a pale-yellow c r y s t a l l i n e  s o l i d ,  w h  
stable in air and water. It is readily d i s s o l v e d  
and t r i c h l o r o m e t h a n e  or acetonitrile. In an inert 

1 3  

c h  is 
n d i -  

atmo- 
sphere d e c o m p o s i t i o n  s t a r t s  a t  185OC w i t h  d e p o s i t i o n  o f  
a gold mirror at t h e  w a l l s  o f  t h e  g l a s s  capillary. 

S o l u t i o n s  i n  dichloromethane-d, a t  a m b i e n t  t e m p e r a t u r e  
s h o w  ( 1 H ) 3 1 P  NMR s p e c t r a  w h i c h  a r e  c h a r a c t e r i z e d  by a 
large doublet at 6 = 40.6 p p m ,  J ( P , P )  = 185 Hz ( r e l a t i v e  
intensity U ) ,  and a broad r e s o n a n c e  a t  6 = -105.0 ppm 
( r e l a t i v e  intensity 1). C o o l i n g  o f  t h e  s a m p l e  t o  -7OOC 
leads t o  an improved r e s o l u t i o n  r e v e a l i n g  fine s t r u c t u r e  
in both multiplets. 
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HYPER-COORDINATE PHOSPHORUS ATOMS IN A GOLDEN HOUR-GLASS 249 

T h e  signal p a t t e r n  c o u l d  b e  reproduced by c a l c u l a t i o n  o f  
a 1 0  spin s y s t e m  o f  t h e  t y p e  (A,M), w i t h  t h e  f o l l o w i n g  
set o f  parameters: 6 A  = 38.25, 6 M  = -106.2 ppm; J(M,M') 
= -309, J ( A , M )  = -189, J(A,M') = -11.0, a n d  J(A,A') = 

0.0 Hz ( F i g u r e  1). It t h u s  a p p e a r s  t h a t  t h e  c a t i o n  o f  
t h e  salt is o f  high s y m m e t r y  w i t h  e i g h t  c h e m i c a l l y  e q u i -  
valent ligand p h o s p h o r u s  a t o m s  and t w o  e q u i v a l e n t  cen- 
t r o i d  p h o s p h o r u s  atoms. At low t e m p e r a t u r e  e x t e n d e d  
P,P-couplings g i v e  r i s e  t o  magnetical non-equivalence 
and second o r d e r  splittings. At elevated t e m p e r a t u r e ,  
however, d y n a m i c  p r o c e s s e s  lead t o  a break-down o f  s o m e  
o f  t h e s e  c o u p l i n g s ,  leaving intact o n l y  t h e  'primary" 
c o u p l i n g s  o f  t h e  individual pyramid c o m p o n e n t s  ( b e l o w ) .  
r I. ? NMR s p e c - t r a  r e q u i r e  a h i g h  s y m m e t r y  for t h e  t r i c a t -  

7 ,  h r s t  r e p r e s e n t e d  D V  r r t i n t  g r o u p s  D 4 d  o r  D4h' 

F I G U R E  1 { 1 H } 3 1 P  NMR s p e c t r u m  o f  the t i t l e  iompot irrd , L o  
dichloromethane-d, a t  - 7 O O C ) .  T h e  s p e c t r u m  r e p r e s e n t s  a 
( A * M ) ,  ten-spin system. A -  and M-part a re s h o w n  seper- 
a t e l y ,  w i t h  r e l a t i v e  intensities not t o  scale. 
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The fast atom bombardment m a s s  zpectrometric studies in- 
dicated the presence of the component [P(AuPPh,),]+ at 
m / t  = 1868.1, but ions of higher mass could not be ob- 
s e r v e d  o w i n g  t o  f r a g m e n t a t i o n  p r o c e s s e s .  T h e  ions 
AuPPh,’ ( m / z  = 459.3) and (Ph,P),Au+ (m/z = 721.4) are 
also indicators for rather extensive fragmentation. 

Crystals of the title compound obtained from CH2C1,/Et20 
are tetragonal, space group I 4 / m m m  with two formula 
units in the unit cell. [a = 16.878(2), b = 30.320(3) 
A ,  V = 8637.2 A 3 ,  M = 4193.31. The lattice contains 
nona-nuclear trications [(LAu),P-Au-P(AuL),]”’ and inde- 
pendent tetrafluoroborate anions. These anions are part- 
ially disordered and meet the crystal symmetry only by 
employing appropriate site occupancy factors. 

The heavy atom skeleton o f  the trication is shown in 
Figure 2. This partial structure has Dah symmetry. It is 
composed of two square pyramids AuPAu, sharing a common 
vertice (Au2). By symmetry, the gold atoms at the square 
bases ( A u l )  are i n  an eclipsed conformation. The central 
gold atom Au2 is linearly two-coordinate with distances 

Au2-P1 at 2.293(7) A .  The phosphorus atoms P1 in the 
center of the AuPAu, pyramids are equidistant from the 
f o u r  basal gold a t o m s  A u l  at d i s t a n c e s  A u l - P 1  o f  
2.369(3) R .  The angles Aul-P1-Aula are as small as 
76.6(1)O, which leads to short contacts A u l * * * A u l a  o f  

2.9355(8) R .  

These dimensions of the two Pl(Aul), pyramids are very 
similar t o  those o f  the corresponding arsonium cations12 
As(AuL),+, also with L = PPh,, where the angles Au-As-Au 
are 71° (average) and the A u * * . A u  contacts are 2.896 A 

(average). For both structural units significant Au-Au 
bonding is t o  be considered as the main origin of the 
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n o n - t e t r a h e d r a l  ( s q u a r e  p y r a m i d a l )  g e o m e t r y  o f  t h e  c a t -  

ions. I n  t h e  t i t l e  c o m p o u n d  t h e  t w o  PAu, p y r a m i d s  a r e  
not i s o l a t e d ,  b u t  l i n k e d  t h r o u g h  t h e  c e n t r a l  g o l d  c a t i o n  
( A u Z ) ,  w h i c h  f u n c t i o n s  a s  t h e  a c c e p t o r  s i t e  f o r  t h e  
p h o s p h o r u s  d o n o r  f u n c t i o n s  o f  t h e  t w o  p y r a m i d s .  It a p -  
p e a r s  t h e r e f o r e  t h a t  c a t i o n s  P ( A u L ) , +  a r e  p o t e n t  d o n o r  
l i g a n d s ,  w h i c h  a r e  r e a d i l y  a t t a c h e d  to m e t a l  a c c e p t o r s .  

T h e r e  is a p a r a l l e l  f o r  t h i s  d o n o r  a c t i v i t y  o f  P ( A u L ) , +  
p y r a m i d s  in t h e  d i c a t i o n  [PAu,(PPh,),]*+, w h e r e  t h e  g o l d  
a t o m  o f  a c a t i o n  [ A u ! P P h , ) , ] *  s e r v e s  a s  t h e  a c c e p t o r  
site. 

F I G U R E  2 Au,PAuPAu, c o r e  o f  t h e  t r i c a t i o n  i n  c r y s t a l s  
o f  { [ ( P ~ , P ) A U ] , P A ~ P [ A ~ ( P P ~ , ) ~ , ~ ~ ' ( B F , - ) ~ .  T h e  p e r i p h e r a l  
Ph,p l i g a n d s  h a v e  b e e n  o m i t t e d .  
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T h e s e  results t h u s  p r o v i d e  e v i d e n c e  t h a t  p h o s p h o n i u m  
c a t i o n s  [P(AuL),]+ are indeed c o m p o n e n t s  o f  t h e  r e a c t i o n  
mixtures obtained f r o m  PH,, P(SiMe,),, or p i v a l o y l p h o s -  
p h i n e s  l i k e  ( B u C O ) , P H  o r  ( B u C O ) , P  w i t h  a u r a t i n g  ag- 
e n t s ,  and t h a t  t h e s e  c a t i o n s  a r e  pyramidal w i t h  a h i g h  
apical donor capacity. T h i s  leads t o  a g g r e g a t e s  w i t h  
v a r i o u s  o t h e r  c o m p o n e n t s ,  t h e  t i t l e  c o m p o n e n t  b e i n g  an 
example w i t h  Au'. T h e  s t o i c h i o m e t r y  of t h e  t r i c a t i o n  o f  
t h e  t i t l e  c o m p o u n d  is t h e n  s t r a i g h t f o r w a r d  a s  repres- 
ented by t h e  f o r m u l a  ((LAu),P+, Au', (LAu),P+). 

t t 

T h e  gold a t o m s  at t h e  basal p l a n e s  o f  t h e  t w o  small 
pyramids bear o n e  phosphine ligand L e a c h ,  w i t h  a n g l e s  
P1-Aul-P2 at 178.5(2)O and d i s t a n c e s  Aul-P2 a t  2.287(4) 
A ,  a s  expected f r o m  standard data. F i g u r e  3 s h o w s  t h e  
extended skeleton, again not unlike t h e  f r a m e  o f  an 
h o u r - g l a s s ,  t h i s  s y m b o l  b e i n g  o f  c o u r s e  c h o s e n  for t h e  
occasion'. T h e  d i m e n s i o n s  a n d  r e l a t i v e  o r i e n t a t i o n s  o f  
t h e  ligand phenyl g r o u p s  f o l l o w  t h e  usual pattern. 

DISCUSSION 

The description o f  bonding in t h e  t i t l e  c o m p l e x  c a n  fol- 
low model systems o f  similar s t o i c h i o m e t r y  and symmetry. 
The c l o s e s t  a n a l o g y ,  t h e  relation t o  t h e  a r s e n i c  com- 
pounds, has a l r e a d y  been mentioned. * Less o b v i o u s ,  but 
even m o r e  interesting, is t h e  parallel t o  b e  f o u n d  in 
the s q u a r e  pyramidal m e t h a n i u m  c a t i o n s  RC(AuL),+, w h i c h  
a l s o  o b e y  CllV s y m m e t r y  for t h e  CC(AuP), skeleton.2+ Un- 
der t h i s  point g r o u p  t h e  v a l e n c e  o r b i t a l s  o f  t h e  central 
carbon atom, t h e  a t o m  in t h e  apical position, and t h e  
four gold a t o m s  c a n  be c o m b i n e d  t o  g i v e  a set o f  t h r e e  
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b o n d i n g  o r b i t a l s  f o r  t h e  CAu, c l u s t e r  i n d i c a t i n g  d e l o c -  
a l i z e d ,  e l e c t r o n - d e f i c i e n t  b o n d i n g  f o r  t h i s  u n i t ,  a n d  a 
l o c a l i z e d  b o n d i n g  o f  t h e  a p i c a l  atom. T h e  d i a m a g n e t i c  
g r o u n d  s t a t e  t h u s  a r r i v e d  a t  b y  c o m p u t a t i o n a l  m e t h o d s  is 
c o m p a t i b l e  w i t h  t h e  g e n e r a l  p r o p e r t i e s  o f  a l l  c o m p o u n d s  
o b t a i n e d  to date. 

S i m i l a r  s t r u c t u r a l  f e a t u r e s  h a v e  b e e n  f o u n d  f i n a l l y  f o r  
a b o r o n i u m  c a t i o n  L-B(AuL),+, w h i c h  a l s o  e x h i b i t s  a 
sqr i  ' 5 , d ~ ,  + * f t + ?  :kt I t  ' - t ~ b  

F I G U R t  3 [(PAul,PAuP(AuP),]" s k e l e t o n  o f  t h e  t r i c a t i o n  
w i t h  a t o m i c  n u m b e r i n g  ( p o i n t  g r o u p  Dlh). P h e n y l  g r o u p s  
h a v e  b e e n  o m i t t e d .  
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T h e  t r e a t m e n t  o f  t h e  m e t a l - m e t a l  b o n d i n g  b e t w e e n  t h e  
g o l d  a t o m s  (,lo b l o c k s  ! )  t o  b e  i n v o k e d  f o r  t h e  s m a l l  
p y r a m i d s  w i t h  t h e i r  s h o r t  e d g e s  in all o f  t h e s e  e x a m p l e s  
a n d  in t h e  n e w  h y p e r - c o o r d i n a t e  p h o s p h o r u s  c o m p o u n d s  
n e e d s  m u c h  m o r e  s o p h i s t i c a t e d  t h e o r e t i c a l  a p p r o a c h e s .  
W o r k  d e d i c a t e d  t o  t h e s e  p h e n o m e n a  is in p r o g r e s s ,  a n d  
p r e l i m i n a r y  r e s u l t s  h a v e  b e e n  c o m m u n i c a t e d .  T h e  s i g n i f i -  
c a n c e  o f  r e l a t i v i s t i c  e f f e c t s  f o r  t h e s e  t h e o r e t i c a l  
t r e a t m e n t s  h a s  b e e n  s t r e s s e d  in a s e r i e s  o f  r e l e v a n t  
papers. It is p r o b a b l y  f r o m  t h i s  d i r e c t i o n ,  t h a t  pro- 
g r e s s  in t h e  u n d e r s t a n d i n g  o f  t h e  n e w  p h e n o m e n a  is m o s t  
imminent. 

S U P P L E M E N T A R Y  M A T E R I A L  

E x p e r i m e n t a l  d e t a i l s  o f  t h i s  w o r k  c a n  b e  e x t r a c t e d  f r o m  
t h e  P h D  T h e s e s  o f  t h e  H o l g e r  G e r u d a  a n d  E d g a r  Z e l l e r .  
C r y s t a l  a n d  s t r u c t u r e  s o l u t i o n  h a v e  b e e n  d e p o s i t e d .  
R e l a t e d  w o r k  will b e  t h e  s u b j e c t  o f  f o r t h c o m i n g  p u b l i c a -  
t i o n s .  
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T h i s  w o r k  w a s  s u p p o r t e d  b y  D e u t s c h e  F o r s c h u n g s g e m e i n -  
s c h a f t  a n d  b y  F o n d s  d e r  C h e m i s c h e n  I n d u s t r i e .  Mr. J. 
R i e d e  is t h a n k e d  f o r  e s t a b l i s h i n g  t h e  c r y s t a l l o g r a p h i c  
d a t a  s e t ,  Dr. K a r a g h i a s o f f  f o r  h e l p  w i t h  t h e  s i m u l a t i o n  
o f  NMR spectra. 
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