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RECENT RESULTS ON PHOSPHORUS RINGS AND CAGES 

MARIANNE BAUDLER 
I n s t i t u t  f u r  Anorgan i sche  Chemie der U n i v e r s i t a t  
Koln,  G r e i n s t r a B e  6 ,  D-5000 Koln 4 1 ,  FRG 

A b s t r a c t  V a r i o u s  new phosphorus  s i x -  and  t h r e e -  
membered r i n g  compounds, c y c l i c  p o l y p h o s p h i d e s  w i t h  
i s o l a t e d  a n i o n s ,  and p o l y c y c l i c  o rganophosphanes  
have  been s y n t h e s i z e d  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 .  

Monocycl ic  organophosphanes  PnRn have  a l r e a d y  been  

known f o r  a l o n g  t i m e .  Fo r  s t e r i c a l l y  u n p e r t u r b e d  com- 

pounds t h e  r i n g  s i z e  n i s  f i v e .  Sma l l e r  r i n g  s i z e s  c a n  

be  s t a b i l i z e d  by bu lky  s u b s t i t u e n t s .  The o n l y  n e u t r a l  

six-membered monocycle o f  t r i v a l e n t  phosphorus  so f a r  

known i s  hexaphenylcyclohexaphosphane. 2-4 We have  re- 
c e n t l y  been  a b l e  t o  e n r i c h  t h e  c o r r e s p o n d i n g  phosphorus  
h y d r i d e  P6H6 i n  t h e  t h e r m o l y s i s  p r o d u c t s  of h i g h e r  

open-cha in  phosphanes a t  25-35OC. The s t r u c t u r e  e l u c i -  

d a t i o n  w a s  a c h i e v e d  by comple t e  a n a l y s i s  o f  i t s  p r o t o n -  

decoup led  31P-NMR spec t rum on  t h e  b a s i s  o f  d o u b l e  r e s o -  

'gH6 nance e x p e r i m e n t s .  Accord ing  t o  t h e  da t a  o b t a i n e d ,  
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274 MARIANNE BAUDLER 

h a s  t h e  c o n s t i t u t i o n  o f  a phosphinocyclopentaphosphane 
i n  t h e  c o n f i g u r a t i o n  shown. P a r t i c u l a r l y  i n f o r m a t i v e  i n  

t h i s  r e s p e c t  i s  t h e  l a r g e ,  p o s i t i v e ,  long-range  cou- 
p l i n g  2 J ( P  P ) a s  a n  i n d i c a t i o n  t h a t  t h e  l o n e  e l e c t r o n  

p a i r s  of  t h e s e  phosphorus  atoms are  d i r e c t e d  toward 

e a c h  o t h e r .  Evidence  f o r  t h e  e x i s t e n c e  o f  t h e  c o n s t i -  

t u t i o n a l  isomer w i t h  a six-membered r i n g  o f  phosphorus  

atoms and an  a l l - t r a n s  a r r angemen t  of t h e  hydrogen 

atoms was n o t  found.  

2 6  

"Ac tua l "  cyc lohexaphosphanes ,  however,  c o u l d  be 

d e t e c t e d  i n  t h e  c o r r e s p o n d i n g  phosphorus  c h l o r i d e  and  

bromide compounds. Hexachlorocyclohexaphosphane and 

hexabromocyclohexaphosphane a re  formed i n  t h e  p a r t i a l  

PBr3 + Mg -6OOC z((PBrl6 1 + MgBr2 

d e h a l o g e n a t i o n  r e a c t i o n  o f  phosphorus  t r i c h l o r i d e  and  

phosphorus t r i b r o m i d e ,  r e s p e c t i v e l y ,  by l i t h i u m  h y d r i d e  

o r  magnesium i n  p o l a r  s o l v e n t s . 6  As t h e  f i r s t  p e r h a l o -  

gena ted  cyc lophosphanes  t h e y  a r e  o n l y  s t a b l e  i n  d i l u t e d  

s o l u t i o n s  a t  l o w  t e m p e r a t u r e  and c o u l d  be  c h a r a c t e r i z e d  

by means of  m a s s  s p e c t r o s c o p y  and  31P n u c l e a r  magne t i c  

r e sonance .  I n  t h e  r e a c t i o n  of P6C16 w i t h  p h e n y l l i t h i u m  

t h e  well-known hexaphenylcyclohexaphosphane i s  formed.  

These r e s u l t s  i n d i c a t e  t h a t  t h e  r i n g  s i z e  s i x  of neu- 

t r a l  phosphorus monocycles  i s  o b v i o u s l y  s t a b i l i z e d  by 

e l e c t r o n e g a t i v e  s u b s t i t u e n t s .  

Now a few words on three-membered phosphorus  homo- 
and h e t e r o c y c l e s .  S i n c e  1 9 7 0  a c o n s i d e r a b l e  number o f  

k i n e t i c a l l y  s t a b l e  triorganocyclotriphosphanes h a s  been 
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RECENT RESULTS ON PHOSPHORUS RINGS AND CAGES 275 

synthesized by different groups. Nevertheless , the 
synthetic potential of phosphorus three-membered ring 
compounds has scarcely been exploited. Starting from 

'-ti"\ 

P 
[>p-p<cl CI 

t-Ru 

M q S n  t-Bu 

- 2  Mc3SnCl 

functionalized cyclotriphosphanes with trimethylstannyl 
and chloro substituents, we have recently succeeded in 
linking two P 
sulting 1,l'-bicyclotriphosphane can also be obtained 
by an [1+2]-cyclocondensation of a dichlorophosphino- 
cyclotriphosphane with an 1,2-bifunctional diphosphane. 
The crystalline compound is stable at room temperature. 

ring skeletons via a a-bond.8 The re- 3 

R R = t a u  

According to spectroscopic investigations, of the two 
possible configurational isomers, which differ from 
each other in the relative arrangement of the trans- 
oriented tert-butyl groups at the two three-membered 
rings, the sterically more favorable all-trans isomer 
with C2 symmetry is present as an enantiomeric pair. 
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276 MARIANNE BAUDLER 

The 1,l'-bicyclotriphosphane is  a c o n s t i t u t i o n a l  isomer 
of  t h e  bicyclo[3.l.0]hexaphosphane formed by deha logen-  

a t i o n  o f  a m i x t u r e  o f  tert-butyldichlorophosphane and 

phosphorus  t r i c h l o r i d e  w i t h  magnesium. On warming up  t o  
1 28OC , t h e  l e f t  phosphorus  s k e l e t o n  c a n  b e  c o n v e r t e d  

i n t o  t h e  r i g h t  o n e .  

I n  o r d e r  t o  l i n k  t h r e e  P r i n g s  t h r o u g h  one atom, 3 
a c e n t r a l  atom l a r g e r  t h a n  phosphorus  i s  n e c e s s a r y .  

Hence, t h e  f i r s t  tris(cyclotriphosphany1) compound 

[ ( ~ - B u P ) ~ P ] ~ S ~  c o u l d  b e  o b t a i n e d  by r e a c t i n g  t h e  s t a n -  

n y l  s u b s t i t u t e d  c y c l o t r i p h o s p h a n e  w i t h  an t imony t r i -  
c h l o r i d e  i n  t h e  molar  r a t i o  o f  3: 1 . g The compound i s  
formed a s  a m i x t u r e  of t w o  c o n f i g u r a t i o n a l  i s o m e r s ,  o f  

which t h e  symmetr ic  one  p r e c i p i t a t e s  f rom t h e  r e a c t i o n  

m i x t u r e  a t  l o w  t e m p e r a t u r e .  I t  i s  a y e l l o w  s o l i d ,  which 

i s  s t a b l e  below -3OOC i n  t h e  a b s e n c e  of a i r  and l i g h t .  

A t  h i g h e r  t e m p e r a t u r e s  o r  upon e x p o s u r e  t o  d a y l i g h t  de-  

compos i t ion  o c c u r s ,  l e a d i n g  ma in ly  t o  t h e  1 , l ' - b i c y -  

c l o t r i p h o s p h a n e  and elemental  an t imony.  

Fol lowing  t h e  s y n t h e s i s  of homocycl ic  t r i o r g a n o -  

c y c l o t r i p h o s p h a n e s ,  numerous three-membered phosphorus  

h e t e r o c y c l e s  have  a l s o  been  prepared w i t h  c a r b o n ,  s i -  
l i c o n ,  germanium, t i n ,  bo ron ,  n i t r o g e n ,  a r s e n i c ,  a n t i -  

mony, s u l f u r ,  and s e l e n i u m  as  h e t e r o a t o m s  .' The s y n t h e -  

sis of  t h e  P2E r i n g  

1 1 X(R )P-P(R )X 

X = K ;  Y = C l :  

s k e l e t o n s  - E is  t h e  h e t e r o a t o m  - 

E = , C ,  Si, Ge,  Sn, B, As, Sb 

X = C1: Y = M e  Sn : E = S, Se, N 3 

K( t -Bu) P-P( t -Bu) K Cl(t  -Bu) P-P( t -Bu) C1 
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RECENT RESULTS ON PHOSPHORUS RINGS AND CAGES 277 

generally is done through the [2+1]-cyclocondensation 
of a bifunctional 1,2-diorganodiphosphane with a geminal 
nonmetal or metal compound. In particular, Il2-dipotas- 
sium-di-tert-butyldiphosphide and 1,2-dichloro-di-tert- 
butyldiphosphane have proved well suited synthons for 
the preparation of kinetically stable phosphorus three- 
membered ring heterocycles. 

Among the three-membered ring heterocyclophospha- 
nes the compounds with carbon as a hetero ring atom - 
the diphosphiranes - are of particular interest because 
of their close relationships to cyclopropanes. After it 
had turned out that the replacement of a tert-butyl sub- 
stituted phosphorus atom in tri-tert-butylcyclotriphos- 
phane by a >CR2 group does not significantly reduce the 
stability of the three-membered ring skeleton, we were 
particularly interested in P2C heterocycles with an exo- 
cyclic double bond, that means with a sp2 hybridized 
carbon atom. Since the corresponding cyclopropanes gen- 
erally are highly reactive, such compounds should be 
rather unstable. Applying our proven synthetic approach, 
starting from 1,2-di-potassium-di-tert-butyldiphosphide 
and 1,l-dichloroolefines, first various methylenediphos- 
phiranes (t-BuP) C=CR2 could be prepared. 'lo These com- 
pounds are unexpectedly stable and less reactive than 
cyclopropanes with an exocyclic methylene group. The 
X-ray structure analysis of the 4-chlorophenyl deriva- 
tive revealed a very small bond angle of only 52 at the 
phosphorus, whereas the endocyclic angle of 75O at the 
carbon is significantly larger than in methylenecyclo- 
propanes, where its value is 62-64O. 

2 
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278 MARIANNE BAUDLER 

I n  a n  a n a l o g o u s  way a l so  d i p h o s p h i r a n e i m i n e s  c o u l d  

be  o b t a i n e d  u s i n g  i s b c y a n i d e  d i c h l o r i d e s  as  s y n t h e t i c  

r e a g e n t s .  ' Because of  t h e  h i g h e r  r e a c t i v i t y  and worse  

t-B< 1-BU 

K(I-Bu)P-P(I-Bu)K t RNsCCI2  - v' C 
-2KCI 

II 
N / 

R- 
R I 2.4- t-Bu2C6H3 6(31P) -130.3. -172.1 (26OC) 

'J(PP) s -38,l HZ 

R I  2-t-B~CgHq 6(31P) I -129#9. -170,8 (25'0 

'J(PP) - 3 8 , 3 H ~  

s t e r i c  s h i e l d i n g  of  t h e  e x o c y c l i c  imino  g roup ,  a n  a r y l  

s u b s t i t u e n t  w i t h  o n e  a l k y l  g roup  i n  o r t h o - p o s i t i o n  i s  
needed i n  t h i s  case f o r  k i n e t i c  s t a b i l i z a t i o n .  I f  t h i s  

i s  a t e r t - b u t y l  g roup ,  t h e  compounds a r e  s t a b l e  a t  room 
t e m p e r a t u r e  and c a n  be  i so la ted  i n  t h e i r  p u r e  form. Two 

a l k y l  g roups  i n  o r t h o - p o s i t i o n ,  however,  b l o c k  t h e  f o r -  

ma t ion  o f  d i p h o s p h i r a n e i m i n e s ,  s i n c e  t h e  c o n j u g a t i o n  o f  

t h e  C=N d o u b l e  bond and t h e  a r y l  g r o u p  i s  a b o l i s h e d  due  
t o  a t o r s i o n  o f  t h e  C6 r i n g  r e l a t i v e l y  t o  t h e  P2C=N 
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RECENT RESULTS ON PHOSPHORUS RINGS AND CAGES 279 

plane. Thermolysis of the diphosphiraneimines produces 
the corresponding isonitrile and tetra-tert-butylcyclo- 
tetraphosphane, probably via the formation of di-tert- 
butyldiphosphene as an intermediate. 

With an optimum steric shielding of the exocyclic 
double bond we have also succeeded very recently in syn- 
thesizing the first phosphinidenediphosphirane 
(t-BuP)2C=PR with R = 2,4-tBu2-6-MeC H . I 2  The cor- 6 2  

R = 2,L-tBu2-6-MeC6H2 R’ 

tBu tqu t,p 

P-7 
F 

R’ 

IBu-P, ,P-IBu 

P IBu 

responding dichloromethylidenephosphane RP=CC12 has been 
prepared by the reaction of the monolithiumphosphide 
with tetrachloromethane and subsequent elimination of 
hydrogen chloride. Apart from the phosphinidenediphos- 
phirane mainly tert-butylcyclophosphanes of ring sizes 
four and three as well as a phosphinidenetetraphospho- 
lane and a diphosphino-substituted phosphindole are 
formed. The separation of the reaction products could be 
achieved by means of fractional crystallization and high 
pressure liquid chromatography. The yellow, solid phos- 
phinidenediphosphirane is stable at room temperature 
and has been completely characterized by various spec- 
troscopic methods. 
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280 MARIANNE BAUDLER 

Fur thermore  t h e  Cologne g r o u p  h a s ,  f o r  some t i m e ,  
p u t  a n  emphasis  on t h e  f i e l d  of c y c l i c  po lyphosph ides  

w i t h  i s o l a t e d  a n i o n s ,  o b t a i n a b l e  from s o l u t i o n s .  A s  h a s  

a l r e a d y  been r e p o r t e d  p r e v i o u s l y ,  d iphosphane  reacts 
w i t h  n - b u t y l l i t h i u m  w i t h  s i m u l t a n e o u s  d i s p r o p o r t i o n a t i o n  

t o  g i v e  t r i l i t h i u m  hep taphosph ide ,  PH3 , and  n-butane .  

Recen t ly ,  a series o f  new c y c l i c  po lyphosph ides  were de- 

t e c t e d  as  i n t e r m e d i a t e s  i n  t h i s  m e t a l a t i o n  r e a c t i o n  a n d  

most of  them were i s o l a t e d  i n  p u r e  f o r m  a t  lower tempe- 

r a t u r e s .  I 4 - l 7  The pr imary  s t e p  i s t  t h e  f o r m a t i o n  of  li- 

thium t r i h y d r o g e n  d i p h o s p h i d e ,  which,  however,  i s  n o t  

s t a b l e  i n  t h e  p r e s e n c e  of d iphosphane .  I n  a r a p i d  se- 
r ies  of  d i s p r o p o r t i o n a t i o n  and t r a n s m e t a l a t i o n  reac- 

t i o n s ,  it i s  i n i t i a l l y  c o n v e r t e d  i n t o  t h e  h i g h l y  reac- 
t i v e ,  m o n o l i t h i a t e d ,  open-cha in  phosphanes L i H  P and  n+l n 
t h e n  i n t o  c y c l i c  compounds w i t h  a g r e a t e r  number o f  

phosphorus a toms.  The f i r s t  NMR-spectroscopical ly  de-  

t e c t a b l e  r e a c t i o n  p r o d u c t s  a re  t h e  po lyphosph ides  L i H  P 

and LiH5P8 as  w e l l  a s  two p r e c u r s o r s  o f  LiH4P7, namely 

LiH8P7 and a n o t  y e t  i d e n t i f i e d  phosphide  L i  H P . On 
t h e  whole,  a n o t i c e a b l e  tendency  f o r  t h e  f o r m a t i o n  of  a 
P7 s k e l e t o n ,  ana logous  t o  t h a t  o f  no rbornane ,  i s  o b s e r v -  

4 7  

X Y  
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RECENT RESULTS ON PHOSPHORUS R I N G S  AND CAGES 281 

e d .  By a d d i n g  f u r t h e r  amounts o f  b u t y l l i t h i u m ,  LiH8P7 

and L i  H P 
r a r i l y  r ema ins  unchanged,  whereas  L i H  P reac ts  f u r t h e r  

t o  f u r n i s h  t h e  i n s o l u b l e  p o l y c y c l i c  t e t r a d e c a p h o s p h i d e  

L i 2 H 2 P I 4 .  A s  soon a s  i t s  f o r m a t i o n  is  c o m p l e t e ,  L i H  P 4 7  
a l s o  reacts f u r t h e r  t o  g i v e  t h e  t r i c y c l i c  h e p t a p h o s p h i d e  

L i H 2 P 7 ,  which i s  t h e n  g r a d u a l l y  t r a n s f o r m e d  i n t o  t h e  f i -  

n a l  p r o d u c t  L i 3 P 7 .  During t h e  l a s t  s t e p  i n  t h e  r e a c t i o n  
t h i s  compound i s  a l s o  formed by d e g r a d a t i o n  o f  t h e  te-  

t r a d e c a p h o s p h i d e  . 

a re  c o n v e r t e d  i n t o  L i H 4 P 7 ,  which t h e n  tempo- 
X Y Z  

5 8  

The c o m p o s i t i o n s  and s t r u c t u r e s  o f  t h e  new po ly -  

phosph ides  have been  e s t a b l i s h e d  by comple t e  a n a l y s e s  

o f  t h e i r  p ro ton -decoup led  31P-NMR s p e c t r a  o r  i n  t h e  case 

o f  t h e  t e t r a d e c a p h o s p h i d e  by a two-dimens iona l  phospho- 

rus-NMR spec t rum.  I t  i s  p a r t i c u l a r l y  i n t e r e s t i n g  t h a t  

t h e  p o l y c y c l i c  P s k e l e t o n  i s  formed i n  t h e  c o u r s e  o f  

t h e  t r a n s f o r m a t i o n  of  a b i c y c l i c  P s k e l e t o n  w i t h  a s ide  

c h a i n  t o  a t r i c y c l i c  P s k e l e t o n  w i t h  a c a g e  s t r u c t u r e .  

The P I 4 H 2  i o n  is a t y p i c a l  conjuncto-phosphane  , which 
i s  made up  o f  a P p a r t i a l  s t r u c t u r e  a n a l o g o u s  t o  t h a t  

of  no rbornane  and a P p a r t i a l  s t r u c t u r e  a n a l o g o u s  t o  

t h a t  o f  d e l t a c y c l a n e  j o i n e d  t h r o u g h  a common two-atom 

b r i d g e ;  t h u s ,  a c e n t r a l  P p a r t i a l  s t r u c t u r e  a n a l o g o u s  
t o  t h a t  of p e n t a l a n e  is  formed.  

1 4  

7 

7 2- 

7 
9 

a 

The d i l i t h i u m  hydrogen h e p t a p h o s p h i d e ,  a f u r t h e r  

i n t e r m e d i a t e ,  i s  n o t  s t a b l e  a t  room t e m p e r a t u r e  b u t  de-  

composes i n  a complex d i s p r o p o r t i o n a t i o n  r e a c t i o n  i n  

which,  among o t h e r  p r o d u c t s ,  d i l i t h i u m  hexadecaphosphi -  

d e  i s  formed.  7 ' 1 8  The c o n s t i t u t i o n  o f  t h e  P 16 i o n  i n  
s o l u t i o n  is  i d e n t i c a l  w i t h  t h a t  found by von S c h n e r i n g  

e t  a l .  19'20 f o r  s o l i d  ( P h 4 P ) 2 P 1 6  by means o f  X-ray 

s t r u c t u r a l  a n a l y s i s .  Thus,  t h e  P ,6  s k e l e t o n  r e p r e s e n t s  
a conjuncto-phosphane  made up o f  two P s t r u c t u r a l  ele- 

2-  

9 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
0
1
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1



282 MARIANNE BAUDLER 

Li2HP7 A Li2P16 

23 P4 + 12 LiPH2 - 6 Li2P16 + 8 PH3 

ments, analogous to that of deltacyclane, joined through 
a common two-atom bridge. Dilithium hexadecaphosphide 
can also be prepared more simply and in high yield by 
the nucleophilic cleavage of white phosphorus with li- 
thium dihydrogenphosphide in a molar ratio of 1 . 9 2 : l .  2 1  

Likewise, both the room temperature decomposition 
of Li2HP7 and the cleavage of white phosphorus with 
LiPH2 or sodium under different stoichiometric condi- 

and the tions give rise to the henicosaphosphides M 3 P 2 ,  
I 
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hexacosaphosph ides  M14P26 , o f  which t h e  compounds Na3P21 

and  L i4P26  have  been i s o l a t e d  i n  p u r e  form as  s o l v e n t  

a d d u c t s  w i t h  15 and  1 6  moles o f  t e t r a h y d r o f u r a n ,  respec- 
t i v e l y  . 2 2  t 23 According  t o  d e t a i l e d  P-NMR spectroscopic 
i n v e s t i g a t i o n s ,  t h e y  c o n t a i n  t h e  i s o l a t e d  a n i o n s  P21 

4 -  and P 2 6  

ana logous  t o  t h a t  o f  d e l t a c y c l a n e ,  and  o n e  o r  two, re- 
s p e c t i v e l y ,  P midd le  g r o u p s ,  a n a l o g o u s  t o  t h a t  o f  nor -  

bo rnane .  Noteworthy o f  t h e  phosphorus - r i ch  p h o s p h i d e s  

w i t h  conjuncto-phosphane  s k e l e t o n s  i s  t h e  p r e f e r e n c e  

f o r  Pg t e r m i n a l  g r o u p s  a n a l o g o u s  t o  t h a t  o f  d e l t a -  

c y c l a n e ,  whereas  c o v a l e n t ,  p o l y c y c l i c  o rganophosphanes  

'nRm 
w i t h  t r a n s - o r i e n t e d  s u b s t i t u e n t s .  A p p a r e n t l y ,  t w o - a t o m  

b r i d g e s  w i t h  n e g a t i v e  c h a r g e s  on n e i g h b o r i n g  phosphorus  

atoms a re  e n e r g e t i c a l l y  so u n f a v o r a b l e  i n  po lyphosph i -  

d e s  t h a t  t h e  sys t em s p o n t a n e o u s l y  s t a b i l i z e s  i t s e l f  by 

c l o s u r e  of  a zero b r i d g e  t o  form t h e  three-membered 

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

T h i s  e x p l a i n s  why t h e  c o r r e s p o n d i n g  p o l y p h o s p h i d e s  w i t h  

i s o l a t e d  Pn 

phanes  PnRm ( R  = H ,  a l k y l ,  a r y l ) .  

a l k y l  h a l i d e s  o r  t r i m e t h y l c h l o r o s i l a n e  a f f o r d s  t h e  par- 
t i a l l y  s u b s t i t u t e d  h e n i c o s a p h o s p h i d e s  NaP21R2 w i t h  

t r a n s - o r i e n t e d  s u b s t i t u e n t s  R on  t h e  t e r m i n a l  P 

g r o u p s .  24 A s u b s t i t u t i o n  a t  t h e  p h o s p h i d i c  phosphorus  

atom of  t h e  P7 midd le  g r o u p  d o e s  n o t  o c c u r  f o r  s t e r i c  
r e a s o n s .  P r o t o n a t i n g  a g e n t s  s u c h  a s  a c e t y l a c e t o n e ,  i n  

c o n t r a s t ,  a t t a c k  p r i m a r i l y  a t  t h e  c e n t r a l  P- atom, t h e  

s i t e  o f  g r e a t e s t  n u c l e o p h i l i c i t y ,  so t h a t  t h e  hydrogen 

hen icosaphosph ide  N a 2 H P 2 ,  i s  a c c e s s i b l e  i n  t h i s  man- 

n e r .  

3- 

, which are made up  o f  two P t e r m i n a l  g r o u p s ,  9 

7 

( m  < n )  u s u a l l y  c o n t a i n  t e r m i n a l ,  t w o - a t o m  b r i d g e s  

m- i o n s  do n o t  e x i s t  f o r  a l l  c o v a l e n t  phos-  

R e a c t i n g  t r i s o d i u m  h e n i c o s a p h o s p h i d e  w i t h  e x c e s s  

9 

25 
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I n  t h e  r e a c t i o n  of w h i t e  phosphorus  w i t h  sodium 

powder i n  t h e  atomic r a t i o  of  3:l i n  b o i l i n g  d ig lyme,  

s m a l l  amounts o f  t h r e e  f u r t h e r  compounds a re  formed i n  

a d d i t i o n  t o  t h o s e  po lyphosph ides  o b t a i n e d  when t h e  reac- 
t i o n  i s  performed i n  t e t r a h y d r o f u r a n  o r  1,2-dimethoxy-  

e t h a n e .  26 These p r o d u c t s  a re  c h a r a c t e r i z e d  by 

s i g n a l s  a t  l o w  f i e l d  i n  t h e  r e g i o n  t y p i c a l  f o r  d iphos -  
P-NMR 

6@P) = 470.2 (sharp singlet) 
IM'(THF)xl* 
MI = Li, Na 

6A = +362,1,6g = *355,1 

J~~ = J ~ , ~ ,  = -484.0 nz 

INa(THF)xl* J ~ ~ l  

JAA' 

= -505.4 Hz 

= -53,3 HZ 

-3.6 Hz JAB, = JA1B = 

6A = 4272.0 

= +262,9 INa(THF),I' 
J ~ ~ =  -484.1 nz 

phenes and phosphaa lkenes .  With L i P H 2  i n  t e t r a h y d r o f u r a n ,  

o n l y  l i t h i u m  pen taphosph ide  is  formed and ,  a f t e r  s e p a r a -  

t i o n  o f  t h e  o t h e r  po lyphosph ides ,  it can  b e  o b t a i n e d  as 
a p u r e  s o l u t i o n  i n  t e t r a h y d r o f u r a n . 2 6  The f o r m a t i o n  o f  

t h e  h e t e r o c y c l i c  a n i o n s  i n  t h e  r e a c t i o n  w i t h  sodium i s  

i n d i c a t i v e  of  t h e  p a r t i c i p a t i o n  of  t h e  s o l v e n t  d ig lyme 

i n  t h e  c o u r s e  o f  t h e  r e a c t i o n .  The n o v e l  po lyphosph ides  

are  remarkably  s t a b l e  i n  s o l u t i o n ;  n e i t h e r  a t  room t e m -  
p e r a t u r e  n o r  a f t e r  s h o r t - h e a t i n g  can  t h e  s t a r t  o f  decom- 
p o s i t i o n  be  d e t e c t e d  by 3'P-NMR s p e c t r o s c o p y .  I n  con- 

t r a s t ,  a c o n v e r s i o n  t o  p h o s p h o r u s - r i c h e r  po lyphosph ides ,  

t a k e s  p l a c e  on  comple t e  e s p e c i a l l y  M I 2P16 and M13P21 , 
removal of  t h e  s o l v e n t .  The c o n s t i t u t i o n a l  a s s i g n m e n t s  

f o r  t h e  t h r e e  a n i o n s  are based  on  t h e i r  NMR d a t a  and ,  i n  
t h e  case o f  t h e  pentaphosphacyclopentadienide i o n ,  a l s o  
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on the negative-ion mass spectrum and the analytically 
determined Na:P ratio of 1:5 for solutions of Nap5. TO 
date, the P5 

27 gative-ion mass spectrum of red phosphorus at 325OC 
and in some transition metal complexes, recently pre- 
pared by Scherer. 28'29 The formation of this ion in the 
subsequent reactions of the nucleophilic cleavage of 
white phosphorus under conditions that favor the forma- 
tion of polyphosphides with conjuncto-phosphane skele- 
tons is indicative of its direct participation in the 
complex reactions involved in the synthesis of phospho- 
rus-richer from phosphorus-poorer polyphosphides. The 
spontaneous formation and thermal stability are in ac- 
cord with the most recent MNDO calculations , 30 which 
predict a significant stability for the P ion. 

- 
species has only been observed in the ne- 

- 
5 

Studies on the reaction behavior of the alkali-metal 

pentaphosphacyclopentadienides are in progress. With 
compounds of the transition metals Fe, Nil Rh, Mn, Cr, 
or M o  dark brown to black solids are formed, whose in- 
solubility and relative nonvolatility make their charac- 
terization difficult. 3 1  However, the black reaction 
product formed immediately upon reaction with FeCl in 2 
THF at room temperature exhibits a characteristic IR 
band at 815 cm-', which is evidence for an intact aro- 
matic P ring as structural element. In addition, the 
mixed pentaphosphacyclopentadienyl-pentamethylcyclopen- 
tadienyl sandwich complex could be prepared by direct 

one-pot synthesis from Lip LiC5Me5 and FeC12;31 the 5' 

5 

LiC5Me5 + Lip5 + FeC12 - - 2  LlCl Hq5-P5)Fe(~5- C5Me5)l 
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p r o d u c t  i s  i d e n t i c a l  w i t h  t h e  compound r e c e n t l y  o b t a i n e d  

by S c h e r e r  e t  a1.32 by c o t h e r m o l y s i s  o f  a mixed p e n t a -  

m e t h y l c y c l o p e n t a d i e n y l  c a r b o n y l  i r o n  complex and  w h i t e  

phosphorus .  The e x i s t e n c e  o f  t h e  f r e e  "aromatic" a n i o n s  

P5 and P4CH- a g a i n  r e v e a l s  t h e  c l o s e  r e l a t i o n s h i p  be- 

tween phosphorus  and c a r b o n  c h e m i s t r y .  

- 
7 

A f u r t h e r  f i e l d ,  i n t e n s i v e l y  s t u d i e d  by t h e  Cologne 

g roup ,  i s  t h a t  of t h e  p o l y c y c l i c  organophosphanes  PnRm 

( m  < n ) .  I n  a d d i t i o n  t o  r e s u l t s  a l r e a d y  r e p o r t e d  p r e v i -  

o u s l y ,  many new r e p r e s e n t a t i v e s  w i t h  4-1 3 phosphorus  

atoms i n  t h e  molecu le  have been p r e p a r e d  and t h e i r  

s t r u c t u r e s  e l u c i d a t e d  d u r i n g  t h e  l a s t  few y e a r s .  The or- 
ganopolycyclophosphane  w i t h  t h e  l a r g e s t  phosphorus  s k e l -  

e t o n  so f a r  i d e n t i f i e d  i s  t h e  compound P ( i - P r )  o f  as 
y e t  unknown s t r u c t u r e .  The i n c r e a s i n g  i n f o r m a t i o n  mean- 

w h i l e  a v a i l a b l e  on t h e  p o l y c y c l i c  organophosphanes  i n -  
d i c a t e s  t h a t  t h e  f o r m a t i o n  o f  c o n s t i t u t i o n a l  isomers i s  

p robab ly  a s  common a s  it is  w i t h  t h e  p o l y c y c l o a l k a n e s .  

I n  t h e  f o l l o w i n g  a few t y p i c a l  examples  s h a l l  b e  d i s -  

c u s s e d  i n  more d e t a i l .  

24 4 

5 RPCl2 + 2 PC13 8 Mg - P7R5 8 MgC12 

R = Me,Et,i-Pr R = t - 6 ~  

A s  r e p o r t e d  p r e v i o u s l y ,  t h e  d e h a l o g e n a t i o n  o f  

organodichlorophosphanes i n  a d m i x t u r e  w i t h  phosphorus  

t r i c h l o r i d e  l eads ,  i n  t h e  case o f  s m a l l  a l k y l  g r o u p s ,  t o  

t h e  2,3,5,6,7-pentaorganobicyclo[2.2.l]heptaphosphanes. 
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Surprisingly, the recently prepared tert-butyl compound 
contains a completely different phosphorus skeleton, 
consisting of a five-membered ring and an annelated 
four-membered ring. 34 The structure of a 2,3,4,6,7- 
penta-tert-butylbicyclo[3.2.O]heptaphosphane is appar- 
ently the result of a destabilization of the P7 skeleton 
analogous to that of norbornane owing to increasing 
steric interactions with increasing steric bulk of the 
substituents at P and P 7 .  

can be formed when several skeletons with comparable 
stabilities are possible for a single compound. Thus, 
constitutional isomers of conjuncto-phosphanes can vary 
by different linkage of the same partial skeletons. One 
example of this is the octa-tert-butyldodecaphosphane, 

6 
Different structures for one and the same compound 

which is formed by thermolytic "dimerization" of the 
corresponding bicyclo[3.l.0]hexaphosphane and can be 
isolated as colorless crystals. 3 5 r 3 6  Its phosphorus 
skeleton is a ring assembly of a bicyclic and a mono- 
cyclic ring system which can be linked in two different 
ways. Accordingly, the compound is produced as a mixture 
of two constitutional isomers of comparable abundance, 
which can be separated by chromatography. Both compounds 
have similar stabilities. 

Constitutional isomers can also be formed in the 
class of organopolycyclophosphane oxides. Like all other 
compounds of trivalent phosphorus, polycyclic organo- 
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phosphanes r e a d i l y  undergo o x i d a t i v e  a t t a c k  a t  t h e  l o n e  
e l e c t r o n  p a i r s  on  t h e  phosphorus  atoms. Although t h e  re- 
s i s t a n c e  toward a t m o s p h e r i c  oxygen i n c r e a s e s  w i t h  i n -  
c r e a s i n g  phosphorus c o n t e n t  and i n c r e a s i n g  b u l k  of t h e  

s u b s t i t u e n t s ,  r a p i d  o x y d a t i o n  g e n e r a l l y  t a k e s  p l a c e  i n  

s o l u t i o n .  Thus,  t h e  b i cyc lophosphanes  P 6 ( t - B u ) 4  and 

t-BU- 

0 
ND- t- Bu 

t- BU 

1 
t- BU 

P 7 ( t - B u ) 5  reac t  w i t h  d r y  a i r  i n  s o l u t i o n  a t  room temper-  

a t u r e  t o  form t h e  c o r r e s p o n d i n g  monoxides,  r e s p e c t i v e l y ,  

which can  be i s o l a t e d  as  p a l e  y e l l o w  s o l i d s . 3 7  Both com- 
pounds a r e  p r o d u c t  m i x t u r e s  of  two c o n s t i t u t i o n a l  i so-  
m e r s .  T h e i r  s t r u c t u r e s  have  been e l u c i d a t e d  by comple t e  

a n a l y s e s  of  t h e i r  p ro ton-decoupled  P-NMR s p e c t r a .  

Accord ingly ,  i n  e a c h  case, t h e  oxygen atom i s  bonded 

e x o c y c l i c a l l y  t o  t h e  Pn s k e l e t o n  of t h e  p a r e n t  compound 

and t h e  t h r e e -  and four-membered r i n g ,  r e s p e c t i v e l y ,  a re  
s t r o n g l y  i n c l i n e d  towards  t h e  f i v e  membered r i n g .  The 

a t t a c k  o f  t h e  oxygen a t  a p o l y c y c l i c  organophosphane i s  

o b v i o u s l y  main ly  de t e rmined  by s t e r i c  f a c t o r s .  A s  c a n  

be s e e n  from t h e  obse rved  isomer d i s t r i b u t i o n ,  f o r  i n -  
7 s t a n c e  i n  P 7 ( t - B u ) 5  t h e  bonding of  oxygen t o  P’ and P 
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4 i s  a p p a r e n t l y  e q u a l l y  f a v o r a b l e ,  b u t  a t  P2 o r  P , i n  
c o n t r a s t ,  it i s  h i n d e r e d  by t h e  endo p o s i t i o n  o f  t h e  

t e r t - b u t y l  g roup  a t  P 7 .  The f a c t  t h a t  no i s o m e r s  o f  

P ( t - B u )  0 a re  formed w i t h  t h e  oxygen bonded t o  t h e  

three-membered r i n g  i s  presumably a t t r i b u t a b l e  t o  t h e  

predominant  s c h a r a c t e r  of t h e  lone  e lec t ron  p a i r s  o n  
t h e  c o r r e s p o n d i n g  phosphorus atoms o f  t h e  p a r e n t  com- 

pound. 

6 4 
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