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FOREWORD 
The A C S S Y M P O S I U

a medium for publishin
format of the Series parallels that of the continuing A D V A N C E S 

I N C H E M I S T R Y S E R I E S except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

S T U D Y O F T H E M A I N G R O U P E L E M E N T S has consistently promoted ad
vances in many fields of chemistry. The mainstream of research, though, 
has been somewhat restricted in the past to the study of relatively small 
molecules. More recently, the increased knowledge of molecular to
pology, bonding, and coordination chemistry, coupled with safer and sim
pler syntheses of reasonable yield, has forged a path for more productive 
study of the larger ring,
Although the puzzles to
challenging, the relatively small group of researchers who tackle mac-
romolecular studies perceive the promise of exciting and dramatic ad
vances in the near future in both fundamental science and technology. 

The Ralph Rudolph Memorial Symposium on rings, clusters, and poly
mers of the main group elements embraced a unique array of topics in 
this diverse field presented by a remarkable group of experts from around 
the world. Their contributions in this volume establish a long-needed 
definitive work in this now fast-moving area. The authors outline the 
realized and potential impact of the advances in their subspecialties—a 
very valuable perspective—and detail specific examples from their own 
research. 

It is hoped that this unprecedented collection will increase interaction 
among researchers in this area of inorganic chemistry and researchers in 
organic chemistry, polymer chemistry, and applied material science; the 
rewards are undeniable. 

vii 
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IN M E M O R I A M : Ralph W. Rudolph 

Adapted from a speech by Robert W. Parry, President of the American 
Chemical Society, 1982 

Ralph W. Rudolph, a brilliant and innovative inorganic chemist, was a 
proponent of active communication within his field and across related 
disciplines. Initially his research interest  focused  fluorophosphines
but he continually explore
the inorganic community. He used his pioneering expertise to decipher 
mysteries of compounds having phosphorus-phosphorus bonds, poly-
boranes and carboranes, and complex cage structures involving various 
main group elements. He strove to devise classification systems much 
needed in this undefined area. He wrote, "speaking personally, my re
search has attracted much more attention and become more fulfilling as 
it has evolved and diversified from boron clusters to include main group 
metal clusters, catalysis, etc. Many have suggested that although spe
cialization has some advantages, creativity usually fluorishes with diver
sification." 

Not surprisingly, it was Ralph Rudolph who foresaw the great need for 
a comprehensive forum in the fast-moving area of rings, clusters, and 
polymers of the main group elements. The purposes of this symposium 
were to communicate advances to the inorganic community, to fill the 
gap for a much needed definitive work in this area, and to spur greater 
interaction with organic chemistry, transition metal chemistry, and ap
plied science that is needed to fully develop this field. In response to his 
proposal for such a unifying symposium, the Inorganic Division requested 
that he organize the program. He agreed, and things were going well until 
late in April 1981. At that time, Ralph went into the hospital for a check
up. He had been suffering from Hodgkin's disease, but his progress 
seemed wonderful. Then, one week later he became dreadfully ill and 
passed away in Ann Arbor on May 11, 1981. Thanks to the efforts of 
Alan Cowley, the distinguished panel of speakers, and those who at
tended the symposium, the program envisioned by Ralph was a monu
mental success, a very fitting tribute to this bright and dedicated scientist. 

Ralph Rudolph was born on July 14, 1940 in Erie, Pennsylvania. In 
1962, he was graduated from Pennsylvania State University very near the 
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top of his class. He received the Ph.D. from the University of Michigan 
in 1966. His thesis, which reported the synthesis of P F 2 H , P 2 F 4 , and 
P F 2 C N , initiated many studies, both theoretical and experimental, in lab
oratories around the world. Following his graduation from Michigan, he 
spent three years in Fort Collins, Colorado, at the F. J. Seiler Research 
Laboratory of the U.S. Air Force. In 1969, he returned to the University 
of Michigan as a member of the faculty. At the time of his death he was 
developing a program of research in the chemistry of "naked metal clus
ters." 

He will be remembered for his pioneering syntheses in phosphorus 
chemistry, for his synthesis of thiaborane (a boron cage with a sulfur 
atom incorporated into the cage), for his inspirational teaching at both 
the graduate and undergraduate levels, for his strong sense of professional 
responsibility which is illustrated by the birth of this symposium, and for 
his many personal attribute
was a delightful human
achievement. 

χ 
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1 

Systematic Approaches to the Preparation of 
Boron Hydrides and Their Derivatives 

S. G. SHORE 

The Ohio State University, Department of Chemistry, Columbus, OH 43210 

Classical procedures for boron hydride syntheses are 
reviewed. The development f principle f synthese
is presented an
drides and thei

One of the main drawbacks to the development of the 
c h e m i s t r y of many of the boron h y d r i d e s has been the absence of 
s y n t h e t i c procedures f o r producing these m a t e r i a l s i n r e a s o n a b l e 
y i e l d s and q u a n t i t i e s by r e l a t i v e l y s a f e and s i m p l e t e c h n i q u e s . 
C l a s s i c a l approaches are h e a v i l y dependent upon p y r o l y t i c p r o 
cedures. A l t h o u g h they have been developed t o a " f i n e a r t , " 
they r e q u i r e a h i g h degree of s k i l l i n order to be employed 
s a f e l y i n o r d i n a r y l a b o r a t o r y environments. Other important 
c l a s s i c a l methods are dependent upon c o n t r o l l e d p r o t o l y s i s 
r e a c t i o n s , f r e q u e n t l y g i v i n g m i x t u r e s of m a t e r i a l s which are 
d i f f i c u l t to s e p a r a t e . 

For some time we have been concerned w i t h d e v e l o p i n g 
r a t i o n a l approaches to boron h y d r i d e syntheses which would be 
based upon the s y s t e m a t i c a p p l i c a t i o n of c h e m i c a l p r i n c i p l e s . 
T h is approach has proved to be s u c c e s s f u l f o r the p r e p a r a t i o n of 
a number of boron h y d r i d e s . D e s c r i b e d below i s the development 
of p r i n c i p l e s of boron h y d r i d e syntheses and t h e i r a p p l i c a t i o n s . 

Background 

The f i r s t d e f i n i t i v e p r e p a r a t i o n and c h a r a c t e r i z a t i o n of 
boron h y d r i d e s was r e p o r t e d i n 1912 ( 1 ) . With t h i s work, A l f r e d 
Stock and h i s c o l l a b o r a t o r s i n t r o d u c e d an area of i n o r g a n i c 
c h e m i s t r y f o r which there was no precedent i n terms of s t r u c t u r e 
and bonding. Over a p e r i o d of t w e n t y - f o u r years t h i s group 
i s o l a t e d , i d e n t i f i e d and s t u d i e d the c h e m i s t r y of s i x boron 
h y d r i d e s ( B 2 H f c , B i f H i o , B 5 H 9 , B 5 H 1 1 , B 6 H 1 0 , and Β 10H. H+) · In t h a t 
p a r t i c u l a r time frame (1912-1936) these e f f o r t s r e p r e s e n t e d 
remarkable achievements s i n c e i t was f i r s t n ecessary to develop 
techniques f o r h a n d l i n g , s e p a r a t i n g and p h y s i c a l l y c h a r a c t e r -

0097-6156/83/0232-0001 $06.00/0 
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2 R I N G S , C L U S T E R S , A N D P O L Y M E R S 

i z i n g m a t e r i a l s ( f r e q u e n t l y i n l e s s than m i l l i m o l a r q u a n t i t y ) 
which f o r the most p a r t were v o l a t i l e substances t h a t r e a c t 
v i o l e n t l y w i t h a i r ( 2 ) . 

The e a r l i e s t syntheses of boron h y d r i d e s were g r o s s l y 
i n e f f i c i e n t , g i v i n g m i x t u r e s of products of 4-5% t o t a l y i e l d s . 
These procedures were based upon the r e a c t i o n of magnesium 
b o r i d e w i t h h y d r o c h l o r i c a c i d . Only much l a t e r were y i e l d s of 
11% o b t a i n e d when 8N p h o s p h o r i c a c i d was used ( 2 ) . 

Mg3B2 + H3P0i+ • Boron Hydrides + H 2 (1) 

Β^Ηιο, B 5 H 9 , 

,ΒβΗιο, B i o H m ( t r a c e ) _ 

Diborane(6) was o b t a i n e
( 2 ) . In view of the r e s t r i c t e
the use of magnesium b o r i d e i n boron h y d r i d e s y n t h e s e s , d e v e l o p 
ment of t h e i r c h e m i s t r y proceeded s l o w l y even a f t e r t e c h n i q u e s 
had been a c q u i r e d f o r h a n d l i n g these m a t e r i a l s . 

The f i r s t s i g n i f i c a n t improvement i n boron h y d r i d e 
syntheses o c c u r r e d i n 1931 when S c h l e s i n g e r and Burg (3) 
o b t a i n e d B 2 H 6 i n o v e r a l l y i e l d s of 75%, a l b e i t i n s m a l l amounts, 
by p a s s i n g B C I 3 and H 2 through a h i g h v o l t a g e d i s c h a r g e . Over a 
p e r i o d of a p p r o x i m a t e l y ten years S c h l e s i n g e r and Burg ( 4 ) , 
a l o n g w i t h a number of a s s o c i a t e s , c o n t i n u e d to improve upon the 
p r e p a r a t i o n of B 2 H 6 , and they a l s o p i o n e e r e d i n s t u d y i n g the 
c h e m i s t r y of t h i s h y d r i d e . T h i s work i n c o n j u n c t i o n w i t h the 
d i s c o v e r y of metal b o r o h y d r i d e s (5-12) made p o s s i b l e l a t e r l a r g e 
s c a l e p r e p a r a t i o n s of Β2Η6· 

Based upon a h a l i d e - h y d r i d e exchange r e a c t i o n , the f i r s t 
t r u l y p r a c t i c a l s y n t h e s i s of B 2 H 6 was r e p o r t e d by F i n h o l t , Bond, 
and S c h l e s i n g e r i n 1947 (13) ( R e a c t i o n ( 2 ) ) . 

Et20 
3 L 1 A I H 4 + 4 B C I 3 • 2B 2H6 + 3LÎC1 + 3A1C13 (2) 

Y i e l d s of 99% B 2 H 6 were o b t a i n e d . Subsequently, a number of 
v i a b l e procedures were developed f o r the p r e p a r a t i o n of B 2 H 6 by 
the h a l i d e - h y d r i d e exchange r o u t e (14,15). Prominent among 
these i s the f o l l o w i n g r e a c t i o n (16)Γ 

diglyme 
3 NaBHi+ + 4 B F 3 * 2B 2H6 + 3 NaBF4 (3) 

Other u s e f u l r o u t e s to B 2 H 6 were a l s o d e l i n e a t e d . Among these 
i s the r e a c t i o n of NaH w i t h excess B(OCH3)3 (14,1£,17), the 
r e a c t i o n of BHi+~ w i t h I 2 (18,19), and the c o n t r o l l e d " r e a c t i o n of 
BHi+~ w i t h H3P0i|(conc) (20) Γ~ In a l a t e r s e c t i o n of t h i s a r t i c l e 
t h ere i s r e p o r t e d a h i g h y i e l d p r e p a r a t i o n of B 2 H 6 by h y d r i d e 
a b s t r a c t i o n from BHi+"~ i n the absence of a s o l v e n t ( 2 1 ) . 

Attempts to develop h i g h energy borane f u e l s i n the 1950's 
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1. S H O R E Boron Hydrides and Derivatives 3 

e l e v a t e d B2H6 , B 5 H 9 , and BioHm from the s t a t u s of l a b o r a t o r y 
c u r i o s i t i e s to compounds produced on a tonnage b a s i s . From the 
c o n t r o l l e d p y r o l y s i s of B2H6 , e i t h e r B5H9 or B10H14. as the 
d e s i r e d product, was o b t a i n e d ( 2 2 ) . This program spawned 
i n t e n s e r e s e a r c h a c t i v i t y , l e a d i n g to r a p i d developments i n 
s y n t h e t i c c h e m i s t r y (organoboranes ( 2 3 ) , h y d r o b o r a t i o n (24,25), 
p o l y h e d r a l boranes (26,27), carboranes (27,49), m e t a l l o b o r a n e s 
(27,50), m e t a l l o c a r b o r a n e s (27,50)) and s t r u c t u r a l and 
t h e o r e t i c a l c h e m i s t r y (27,28)^ Today, a number of B2H6 
d e r i v a t i v e s are commercially a v a i l a b l e , and BioHm serves as the 
s t a r t i n g m a t e r i a l f o r a l a r g e v a r i e t y of h i g h e r boranes, 
carboranes, m e t a l l o b o r a n e s , and m e t a l l o c a r b o r a n e s . Uses f o r 
B5H9 have been p r i m a r i l y concerned w i t h i t s a p p l i c a t i o n as a 
s t a r t i n g m a t e r i a l i n the p r e p a r a t i o n of s m a l l e r c a r b o r a n e s , 
m e t a l l o b o r a n e s , and m e t a l l o c a r b o r a n e s . 

In the 1950's and 1960'
boron h y d r i d e anions wer
emphasis was p l a c e d upon s t a b l e h i g h e r borane e n t i t i e s d e r i v e d 
from B i o H m , s i g n i f i c a n t progress was made i n the p r e p a r a t i o n of 
new, s m a l l e r boron h y d r i d e s . U n f o r t u n a t e l y , at t h i s p e r i o d of 
time, most of these m a t e r i a l s c o u l d be o b t a i n e d o n l y i n s m a l l 
amounts. (A comprehensive treatment of a l l boron h y d r i d e s 
prepared through 1978 i s g i v e n i n r e f e r e n c e s (51) and ( 5 2 ) . 

During t h i s p e r i o d of p r o g r e s s , s i g n i f i c a n t procedures f o r 
the a l r e a d y known lower boron h y d r i d e s Bi+Hio (15,29,30) and 
B 5 H 1 1(30,31) were i n t r o d u c e d , but these posed t e c h n i c a l demands 
and s a f e t y problems, which i n g e n e r a l made them u n a t t r a c t i v e as 
l a b o r a t o r y p r e p a r a t i o n s . Subsequent, r e l a t i v e l y s a f e 
p r e p a r a t i o n s of Bi+Hio were achieved through the r e a c t i o n of 
[N(CH3 [ B 3 H 8 ] w i t h p o l y p h o s p h o r i c a c i d (40% y i e l d ) (32) and 
NaB3H8 w i t h HC1 (40% y i e l d ) ( 3 3 ) , but s u f f e r e d from the~ 
requirement of time-consuming and t e d i o u s s e p a r a t i o n procedures. 

By the c l o s e of the I960's emphasis had s h i f t e d to the 
p r e p a r a t i o n and study of metalloboranes and m e t a l l o c a r b o r a n e s , 
many of which were prepared from BioHm and B5H9 ( l e g a c i e s from 
the h i g h energy f u e l s program). I n t e r e s t i n boron h y d r i d e s 
which c o u l d not be r e a d i l y o b t a i n e d or prepared had waned, not 
because they were i n t r i n s i c a l l y u n i n t e r e s t i n g , but more l i k e l y 
because of problems a s s o c i a t e d w i t h o b t a i n i n g . them. At t h i s 
time, from s t u d i e s of B 5 H 9 , we became i n c r e a s i n g l y aware of 
p o s s i b i l i t i e s f o r d e v e l o p i n g r a t i o n a l , s y s t e m a t i c methods f o r 
p r e p a r i n g some of the rare s m a l l e r boron h y d r i d e s i n good y i e l d s 
and reasonable q u a n t i t i e s . T h i s work e v e n t u a l l y l e d to the 
development of two d i f f e r e n t types of s y s t e m a t i c approaches to 
boron h y d r i d e syntheses (34,21). I t not only r e s u l t e d i n the 
p r e p a r a t i o n of boron h y d r i d e s p r e v i o u s l y not r e a d i l y a c c e s s i b l e , 
but a l s o r e c e n t l y demonstrated the p o t e n t i a l of B5H9 as a 
f e e d s t o c k i n the p r e p a r a t i o n of BioHm and o t h e r h i g h e r boron 
h y d r i d e systems and d e r i v a t i v e s . D e s c r i b e d below are the 
r e s u l t s of these s t u d i e s . 
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D e p r o t o n a t i o n and Boraae I n s e r t i o n R e a c t i o n s 

Many of the boron h y d r i d e s have been shown to f u n c t i o n as 
Bro'nsted a c i d s (See 34 f o r r e f e r e n c e s ) . The b r i d g i n g hydrogens 
are a c i d i c . Pentaborane(9) i s a monoprotic a c i d i n the presence 
of a v a r i e t y of bases (35,36,37). An example of such a r e a c t i o n 
(38) i s g i v e n i n Scheme I , R e a c t i o n ( 4 ) . By removing the 
b r i d g i n g p r o t o n to g i v e BsHs~, a boron-boron bond i s formed 
which i s s u s c e p t i b l e to i n s e r t i o n of e l e c t r o p h i l l i c a g e nts. 
Thus by i n s e r t i n g BH3 i n t o t h i s s i t e , the new a n i o n BfcHn" was 
formed (35,39) (Scheme I , R e a c t i o n ( 5 ) ) . Treatment of t h i s 
a n i o n w i t h HC1 gave B 6 H 1 2 i n 60% y i e l d s (39) (Scheme I , R e a c t i o n 
( 6 ) ) . On the o t h e r hand by t r e a t i n g B e H i i ^ w i t h an a d d i t i o n a l 
q u a n t i t y of B 2 H 6 , B 6 H 1 0 was o b t a i n e d i n y i e l d s of 30% (40) 
(Scheme I , R e a c t i o n ( 7 ) ) . 

The procedures o u t l i n e
c i p l e s f o r p r e p a r i n g tw
w i t h d i f f i c u l t y i n very s m a l l y i e l d s as apparent by-products of 
r e a c t i o n s . The commercial a v a i l a b i l i t y of the s t a r t i n g m a t e r i a l 
B 5 H 9 ( C a l l e r y Chemical Co., C a l l e r y , PA 16024) enhances the 
u s e f u l n e s s of these p r e p a r a t i o n s . 

T h i s approach to boron h y d r i d e syntheses was f u r t h e r 
a p p l i e d through the f o l l o w i n g sequence which s t a r t e d w i t h B 4 H 1 0 
and gave B 5 H 1 1 i n 60% y i e l d s (39) (Scheme I I , Reactions ( 8 ) , 
( 9 ) , ( 1 0 ) . 

The p r e p a r a t i o n of B 6 H 1 0 was g r e a t l y improved when 
brominated pentaborane(9) was used as a s t a r t i n g m a t e r i a l ( 4 1 ) . 

l - B r B 5 H s + KH > K [ l - B r B s H 7 ] + H 2 ( 1 1 ) 

K [ l - B r B 5 H 7 ] + V 2 B 2
H6 y B 6 H i o + K B r (12) 

Y i e l d s of ΒβΗχο were 75%. This method demonstrates t h a t bromide 
i o n i s a good l e a v i n g group from borane e n t i t i e s . In subsequent 
s t u d i e s by S c h a e f f e r (42) and by Gaines ( 4 3 ) , f u s e d borane and 
l i n k e d borane cages were prepared by t a k i n g advantage of t h i s 
p r o p e r t y . 

Hydride A b s t r a c t i o n R e a c t i o n s i n the Absence of a S o l v e n t 

In the course of s t u d y i n g the p r e p a r a t i o n of B 6 H 1 0 from 
B 6 H i i ~ " ( R e a c t i o n ( 7 ) ) , s i g n i f i c a n t q u a n t i t i e s of B 1 0 H 1 4 (up to 
27% y i e l d s ) (40) were o b t a i n e d from r e a c t i o n m i x t u r e s i n e t h e r s 
m a i n t a i n e d at or above room temperature. The source of B i o H m 
was b e l i e v e d to be B 6 H i ] ~ from which ΒΗι+"~ was a p p a r e n t l y 
e l i m i n a t e d upon warming the system. 

In Rings, Clusters, and Polymers of the Main Group Elements; Cowley, A.; 
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K [ B 5 H 8 ] +V 2B2H6 • K [ B 6 H l l ] • [ B5 H7 ] + K[ ΒΗΊ+ ] (13) 

i 
V2 Bio Hii+ 

The p o s s i b i l i t y was c o n s i d e r e d that i f R e a c t i o n (13) does occur 
through the i n t e r m e d i a t e [ B 5 H 7 ] , then l-BrBsHz" might be a very 
good ca n d i d a t e f o r p r e p a r i n g BioHm. i n h i g h y i e l d s , s i n c e Br~ i s 
a good l e a v i n g group. The f o l l o w i n g r e a c t i o n was attempted. 

K[l-BrB5H7] + BBr3 • [ B 5 H 7 ] + K[BBri+ ] (14) 

ι 
V 2 Bio Hi 

I t was a f a i l u r e . Althoug
i c a l l y , the y i e l d was i n s i g n i f i c a n
i n t r a c t a b l e . 

A second attempt was made at bromide i o n a b s t r a c t i o n . In 
t h i s case, however, the B3H7Br" i o n was used i n the hope of 
p r e p a r i n g B6H12 through the f o l l o w i n g proposed r e a c t i o n . 

[N(n-OtH9)if ][B3H7Br] + BBr3 • [ B 3 H 7 ] + [N(r,-C 4H 9) 4] [ B B r 4 ] 

V 2 B6Hm->V 2 B6H12 + V 2 «2 (15) 

In the sense t h a t B6H12 was not produced, t h i s r e a c t i o n was a l s o 
a f a i l u r e ; however i t d i d produce 2-BrBi+H9 and B1+H10 (each i n 
10-15% y i e l d ) . In f a c t , t h i s i s the p r e f e r r e d route to 2-
BrB^Hg. Furthermore, t h i s r e s u l t suggested t h a t the H~ i o n as 
w e l l as Br~ can be a b s t r a c t e d from B 3 H/Br". Thus i f B 3 H 8 " were 
used i n p l a c e of B r B 3 H 7 ~ , the y i e l d of Βι+Ηιο should i n c r e a s e . 
Indeed t h i s proved to be the case and p r o v i d e d the key to 
e s t a b l i s h i n g a s y s t e m a t i c r o u t e to boron h y d r i d e syntheses to 
produce B 2 H 6 , Βι+Ηιο, B 5 H 1 1 , and BioHm ( 2 1 ) . 

The procedures are s i m p l e and g i v e e s s e n t i a l l y s t o i c h i o 
m e t r i c r e a c t i o n s which can be c a r r i e d out i n the absence of a 
s o l v e n t . The s y s t e m a t i c nature of these syntheses r e l a t e s to 
the o b s e r v a t i o n that h y d r i d e i o n can be a b s t r a c t e d from c e r t a i n 
boron h y d r i d e anions to g i v e as one of the f i n a l products a 
n e u t r a l boron h y d r i d e which c o n t a i n s one more boron atom than 
the a n i o n i c s t a r t i n g m a t e r i a l . These r e a c t i o n s are d e s c r i b e d 
below. 

B2H6 from BHt+~. The s i m p l e s t r e a c t i o n observed i n v o l v e s 
the a b s t r a c t i o n of h y d r i d e i o n from ΒΗι+~" by a boron h a l i d e to 
generate BH3 u n i t s which combine to form B 2 H 6. R e a c t i o n (16) 
r e p r e s e n t s the g e n e r a l r e a c t i o n observed. 

In Rings, Clusters, and Polymers of the Main Group Elements; Cowley, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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2 B H 4 ~ + 2 BX3 • 2 BH3 + 2 HBX 3~ 
BH3 + BH3 • B2H6 

2 BHi+ + 2 BX3 • B2H6 + 2 HBX3 (16) 

The r e a c t i o n of s o l i d NaBHi+ w i t h BF3 at room temperature g i v e s 
B2H6 i n 95% y i e l d . T h is procedure d i f f e r s from R e a c t i o n (3) i n 
t h a t h y d r i d e - h a l i d e exchange i s not i n v o l v e d and the system i s 
f r e e of e t h e r s o l v e n t . 

Bt+Hip from B 3 H 8 " . Tetraborane( 10) i s o b t a i n e d i n 65% y i e l d 
(based on boron i n B 3 H 8 " ) from the r e a c t i o n of s o l i d [N(n-
Ci*R9 )4 ] [B3He ] w i t h B C I 3 at room temperature. This r e a c t i o n has 
been s t u d i e d i n d e t a i l
viewed i n the f o l l o w i n

An i n i t i a l step i n v o l v e s a b s t r a c t i o n of h y d r i d e i o n from 
B 3 H 8 " to generate the u n s t a b l e i n t e r m e d i a t e [ B 3 H 7 ] . T r a n s f e r of 
a BH3 u n i t from one [ B 3 H 7 ] molecule to another would generate 
Bi+Hio and a r e s i d u e of e m p i r i c a l c o m p o s i t i o n ( B H 2 ) · Thus the 
f o l l o w i n g sequence w i t h r e s u l t i n g s t o i c h i o m e t r y (17) i s 
e n v i s i o n e d . 

B3H8"" + B C I 3 • [ B 3 H 7 ] + H B C I 3 " 

V 2 [ B 3 H 7 ] + V 2 [ B 3 H 7 ] • V 2 B4H10 + 1/χ(ΒΗ 2) χ 

B3H8"" + BC13 • • \ Bi+HiO + H B C I 3 " + 1/χ(ΒΗ2) χ (17) 

In r e a c t i o n ( 1 7 ) , 67% of the boron i n B 3 H e ~ i s converted to 
Bi+Hio. This percent c o n v e r s i o n agrees c l o s e l y w i t h e x p e r i m e n t a l 
y i e l d s . I t suggests that the p r e p a r a t i v e procedure i s q u a n t i t a 
t i v e w i t h respect to the t h e o r e t i c a l amount of Bi+Hio which can 
be produced. T h i s i s by f a r the s a f e s t route to B ^ H ^ Q 
a v a i l a b l e . I t i s a l s o a t t r a c t i v e because of the commercial 
a v a i l a b i l i t y of [N(CHU)/][Β0Η0] ( A l f a P r o d u c t s , Danvers, MA 
01923). 

B5H11 from Β^Ηθ". Pentaborane(11) i s o b t a i n e d i n 60% y i e l d 
(based upon boron i n Bi+H9~~) from the r e a c t i o n of s o l i d K[Bi+Hg] 
w i t h l i q u i d B C I 3 at -35°C. Th i s r e a c t i o n has been s t u d i e d i n 
d e t a i l . I t i s analogous to r e a c t i o n s (16) and (17) and i s 
viewed as f o l l o w s . 

Hydride a b s t r a c t i o n from Bi+Hg" generates the u n s t a b l e 
i n t e r m e d i a t e [Bi+He]. Formation of B5H11 can occur i n a second 
s t e p which i n v o l v e s t r a n s f e r of BH3 from one [Bi+Ηβ] u n i t to 
another [ B 4 H 8 ] . The f o l l o w i n g sequence w i t h r e s u l t i n g s t o i c h i o 
metry (18) i s suggested. 

In Rings, Clusters, and Polymers of the Main Group Elements; Cowley, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



1. S H O R E Boron Hydrides and Derivatives 9 

Bi+Hg" + B C I 3 • [ B 4 H 8 ] + H B C l 3 ~ 

ν 2[Βι,Η8] + 1/2[Bi +H 8] ^ B s H l l * ( V 2
 x ) ( B 3H 5> x 

Bi+Hg"" + B C I 3 > V 2 B 5 H 1 1 + H B C I 3 " + ( V 2 X ) ( B 3 H 5 ) X (18) 

In r e a c t i o n (18) 63% of the boron i n the Bi+Hg"~ i s c o n v e r t e d to 
B 5 H 1 1 . Thus the e x p e r i m e n t a l y i e l d , 60%, i s c l o s e to the 
t h e o r e t i c a l l i m i t of B 5 H 1 1 a v a i l a b l e from ( 1 8 ) . This i s the 
s a f e s t route to B^H^. 

B i p H m from BgHm~". Decaborane( 14) i s o b t a i n e d i n 50% 
y i e l d (based upon boron i n BgHm"") from the r e a c t i o n of s o l i d 
[N(CH3)i+] [BgHm] w i t h BC13 a t room temperature. This r e a c t i o n 
has been s t u d i e d i n d e t a i l . I t i s analogous t o Re a c t i o n s ( 1 6 ) , 
( 1 7 ) , and (18) and i s b e l i e v e
sequence g i v i n g s t o i c h i o m e t r

Β 9 Η 1 1 Γ + B C I 3 + [ B 9 H 1 3 ] + HBCl3~" 
V 2 B 9 H 1 3 + V 2 B 9 H 1 3 ^ V 2 B i o H m + V 2 x ( B 8 H 1 0 ) x + 1/ 2H 2 

BgHm" + B C I 3 • V 2 B i o H i i f + V 2 H 2 + HBC1 3" + 

( V 2 x ) ( B 8 H l 0 ) x (19) 

In r e a c t i o n (19) 56% of the boron i n the BgHm" i s c o n v e r t e d t o 
Bl O ^ m . The e x p e r i m e n t a l y i e l d of B i o H m , 50%, suggests t h a t 
the t h e o r e t i c a l l i m i t d e f i n e d by R e a c t i o n (19) i s approached. 

In the above p r e p a r a t i o n s of B i o H m , B 5 H 1 1 , and Bi+HlO> 
a b s t r a c t i o n of H" from a borane an i o n g i v e s an u n s t a b l e n e u t r a l 
fragment which i s b e l i e v e d to o b t a i n a B H 3 u n i t from another 
l i k e fragment to form the d e s i r e d borane p r o d u c t . One hundred 
per cent c o n v e r s i o n of the s t a r t i n g m a t e r i a l to the d e s i r e d 
boron h y d r i d e cannot be a c h i e v e d . On the ot h e r hand i f B H 3 
c o u l d be " f u n n e l e d " i n t o the r e a c t i o n m i x t u r e to r e a c t w i t h the 
u n s t a b l e i n t e r m e d i a t e , then 100% c o n v e r s i o n c o u l d be ac h i e v e d i n 
p r i n c i p l e . 

The a b i l i t y of C I B H 3 " t o f u n c t i o n as a B H 3 donor was 
examined i n the p r e p a r a t i o n of Β îoHm. An e q u i v a l e n t of 
[N ( C H 3)itJ [ C I B H 3 ] was added to [N(CH3> 4] [BgHn+] a l o n g w i t h double 
the amount of B C I 3 n o r m a l l y used to prepare B i o H m The purpose 
of the excess B C I 3 was to e x t r a c t C l ~ from C1BH3~, thereby 
r e l e a s i n g BH3 to r e a c t w i t h the [BgHi3] generated from the 
r e a c t i o n of BgHm~ w i t h B C I 3 . The p r o j e c t e d s t o i c h i o m e t r y i s 
R e a c t i o n ( 2 0 ) , w i t h complete c o n v e r s i o n of BgH^ 4~ to B ^ Q H ^ -

BgHm" + C I B H 3 " + 2 B C I 3 y B i o H m + H 2 + HBC1 3 " + BC1 4 " (20) 

A y i e l d of 70% Β-^Η·^ (based upon the boron i n Β^Η·^ and C1BH3~) 
was o b t a i n e d . This r e s u l t supports the proposed sequence f o r 

In Rings, Clusters, and Polymers of the Main Group Elements; Cowley, A.; 
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R e a c t i o n (19) and p r e s e n t s a p r o m i s i n g m o d i f i c a t i o n of the 
s y n t h e t i c procedure. 

Pentaborane(9): A Raw M a t e r i a l f o r the P r e p a r a t i o n of Boron 
Hydrides and Boron Hydride D e r i v a t i v e s . 

Pentaborane(9) i s a p o t e n t i a l l y u s e f u l raw m a t e r i a l f o r the 
p r o d u c t i o n of h i g h e r boron h y d r i d e s . I t i s c o m m e r c i a l l y 
a v a i l a b l e ( C a l l e r y Chemical Co.; C a l l e r y , PA 16024). Close to 
100 tons i s i n s t o r a g e , l e f t over from the h i g h energy borane 
f u e l s program. I t s use i n the p r e p a r a t i o n of ΒβΗιο and ΒβΗΐ2 
has a l r e a d y been d i s c u s s e d i n t h i s a r t i c l e . Other, perhaps more 
important a p p l i c a t i o n s can be made a l s o . The examples g i v e n 
below r e p r e s e n t a b e g i n n i n g i n the study of such a p p l i c a t i o n s . 

B i p H m from B 5 H 9 v i
procedure has been develope
B 5 H 9 which i s amenable t o a wide range of r e a c t i o n s c a l e s 
( 2 1 ) . In one step the B 5 H 9 i s con v e r t e d to [N(CH 3 ) 4 ][Β9 Hm], 
and i n the second step BgHm" i s co n v e r t e d to ΒιοΗ]Λ a c c o r d i n g 
to the p r e p a r a t i o n d i s c u s s e d p r e v i o u s l y (See Scheme I I I ) . The 
B 1 0 H 1 4 i s then sublimed from the r e a c t o r . 

C o n v e r s i o n of B 5 H 9 to [N(CH3)4 ] [ B 9 H 1 4 ] i s a c h i e v e d through 
the r e a c t i o n of B 5 H 9 w i t h NaH i n 2:1 molar r a t i o i n THF at room 
temperature i n the presence of one e q u i v a l e n t of [ N ( C H 3 ) i j C l . 
An i n i t i a l d e p r o t o n a t i o n s t e p i s i n v o l v e d , as i n R e a c t i o n ( 4 ) , 
to generate B5H8"" which then r e a c t s w i t h an e q u i v a l e n t amount of 
the remaining B 5 H 9 to g i v e B 9 H 1 4 " " . 

B 9 H 1 3 L and n-B],8H22 from B 9 H 1 4 " " . Standard syntheses f o r 
B g H i 4 ~ , B 9 H 1 3 L (L = Lewis base) and n-Bi8H22 use B 1 0 H 1 4 as a 
s t a r t i n g p o i n t and i n v o l v e d e g r a d a t i o n of the B i o s k e l e t o n to a 
B9 s k e l e t o n . By t a k i n g advantage of the s i m p l e - h i g h y i e l d 
c o n v e r s i o n of B 5 H 9 t o B9H14"" , d e s c r i b e d above, i t has been 
p o s s i b l e to co n v e r t B 5 H 9 to B 9 H 1 3 L (L = R 2 S , N R 3 , Ph3 P ) and n-
B18^22 * n p r a c t i c a l "one-pot" procedures which are m o d i f i c a t i o n s 
of e a r l i e r methods(44). The B9H14"" i s con v e r t e d to B 9 H 1 3 L and 
n - B i s H 2 2 a c c o r d i n g to Scheme IV below. 

5,6-(CH3) 2C2B8HiQ from B 5 H 9 v i a B 9 H 1 4 " . The carborane 5,6-
(CH3)2C2B8Hio was produced i n 35% y i e l d (based on boron i n 
B 5 H 9 ) . Scheme V o u t l i n e s the s y n t h e s i s . This type of carborane 
was p r e v i o u s l y prepared from a l a r g e r carborane system through a 
d e g r a d a t i o n process (45,46) and a l s o from the r e a c t i o n of Β3^12 
w i t h a l k y n e s (47,48). The procedure g i v e n i n Scheme V i s 
s i m p l e r than t h e s e " e a r l i e r p r e p a r a t i v e methods. 

Acknowledgments are made to the Army Research O f f i c e and the 
N a t i o n a l Science Foundation f o r f i n a n c i a l s u p p o r t . 
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Να H + 2 B 5 H 9 + N(CH 3) 4CI 

(B, 0H, 4) 

SCHEME EE 
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NaH + 2 B 5 H 9 

THF 
Ν 0 Β 9 Η , 4 + H 2 

B 9 H | 3 O R 2 

+ L 

HCI + R 2 0 

(B^ | 3 L) (n-B | 8 H 2 2 ) 

SCHEME 32 
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Coordination and Related Chemistry of 
Polycyclic Tetraphosphorus Compounds 

JEAN G. RIESS 

Laboratoire de Chimie Minérale Moléculaire, Equipe de Recherche Associée au 
CNRS, Université de Nice, 06034 Nice, France 

Polycyclic tetraphosphorus compounds  including 
the Ρ4 molecule
mixed derivatives
a wide choice of potential donor sites. Their coor
dination chemistry is described and discussed. The 
transmission of structural and electronic effects 
through the molecular frame -i.e. the interdepen
dence of the phosphorus donor sites - is evident in 
their chemical behavior, kinetic and thermodynamic 
differences, spectral and structural data. The in
terpretation of NMR and X-ray data in terms of chan
ges in electronic distribution and of π character 
in bonding, is critically scrutinized. It is con
cluded that apportioning the observed effects among 
σ and π electronic contributions and steric contri
butions can usually not be achieved in a reliable 
way. Structural "softness" and disorder in the solid 
are recognized as prominent features characteristic 
of tetraphosphorus closo-compounds. The field con
tains many riddles, and promises new developments, 
especially in the realm of mixed picnogen/transition 
metal complexes and clusters. 

Phosphorus d i s p l a y s a remarkable p r o p e n s i t y t o breed s t a b l e 
t e t r a p h o s p h o r u s closo-type s t r u c t u r e s i n many of i t s s i m p l e s t mo
l e c u l a r c o m b i n a t i o n s , i n c l u d i n g i t s o x i d e s , s u l f i d e s and imides 
( 1 - 6 ) . A l l d e r i v e , at l e a s t f o r m a l l y , from the P4 t e t r a h e d r o n . The 
ox i d e s ( P 4 0 6 ) 0 n (η = 0 t o 4 ) , the r e l a t e d imides [ P ^ N R ) ^ ] ( N R ) n 

(n = 0 t o 4 ) , and some of the s u l f i d e s , adopt the adamantanelike 
bonding arrangement (A^B^)Cn (n = 0 to 4) shown i n scheme 1. Thi s 
arrangement i s a l s o found i n an i n c r e a s i n g range of mixed compounds 
t h a t d e r i v e from the former by d i v e r s e s u b s t i t u t i o n s i n the bran
c h i n g , b r i d g i n g and t e r m i n a l p o s i t i o n s (scheme 1 ) ; some of these 
were not i s o l a t e d , but have o n l y been i d e n t i f i e d i n r e d i s t r i b u t i o n 

0097-6156/83/0232-0017 $09.00/0 
© 1983 American Chemical Society 
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m i x t u r e s . The lower phosphorus s u l f i d e s , f o r t h e i r p a r t , form a 
unique s e r i e s of s t r u c t u r e s , g e n e r a l l y of l e s s e r symmetry, a sam
p l i n g of which i s shown i n scheme 2. 

A l l these compounds are c l o s e to s p h e r i c a l i n shape ( s e v e r a l of 
them show p l a s t i c - p h a s e b e h a v i o r ) , and are l i t e r a l l y coated w i t h 
v a l e n c e - s h e l l e l e c t r o n p a i r s , which make them p o t e n t i a l m u l t i d e n -
t a t e donors. A l t h o u g h many of them have been known f o r over a 
c e n t u r y , i t was not u n t i l 1965 t h a t the f i r s t c o o r d i n a t i o n adduct 
of a closo-phosphorus s t r u c t u r e , P 4 O 5 [ ( N i ( C 0 ) 3 ]4 1 ( F i g u r e 1) 
was r e p o r t e d ( 2 8 ) . 

S e v e r a l books and g e n e r a l reviews are a l r e a d y a v a i l a b l e on 
phosphorus r i n g and cage* systems ( 1 6 ) . T h i s one w i l l focus more 
s p e c i f i c a l l y on the c o o r d i n a t i o n c h e m i s t r y of m o l e c u l a r t e t r a p h o s -
phorus-based closo-compounds, i n c l u d i n g P4 i t s e l f and c l o s e l y r e l a 
ted a n a l o g s , and w i l l a l s o i n c l u d e s t r u c t u r a l d a t a on both f r e e 
and c o o r d i n a t e d s p e c i e s
e l e c t r o n i c and s t r u c t u r a
and of the e x t e n t of ττ -bonding, w i l l be c r i t i c a l l y c o n s i d e r e d . 
Some u n p u b l i s h e d p r e l i m i n a r y o b s e r v a t i o n s , as w e l l as u n r e s o l v e d 
enigmas, w i l l a l s o be t r e a t e d . 

P4 and P 4 ~ r e l a t e d T e t r a h e d r a l C l u s t e r s as Donors. 

T h e o r e t i c a l i n v e s t i g a t i o n s of the P4 molecule (30,31) d e p i c t 
i t s v a l e n c e s h e l l e l e c t r o n d e n s i t y as b e i n g c o n c e n t r a t e d i n s i d e 
and on the faces of the t e t r a h e d r o n , where i t p l a y s the r o l e of 
m u l t i c e n t e r m o l e c u l a r bonding, w i t h l i t t l e or no ( n u c l e o p h i l i c ) 
f r e e e l e c t r o n p a i r s l o c a t e d on, and p o i n t i n g out from, the i n d i 
v i d u a l atoms. 

At the same time the third-row-element based molecule i s un-
s a t u r e d and expected t o d i s p l a y - a c i d c h a r a c t e r . Thus the most 
p r o p i t i o u s c o n d i t i o n s f o r bonding to a t r a n s i t i o n m e t a l should be 
those under which the metal can both accept and back-donate e l e c 
t r o n d e n s i t y t o the P4 l i g a n d . 

The f i r s t t r a n s i t i o n m e t a l adducts c o n t a i n i n g the t e t r a p h o s 
phorus molecule were r e p o r t e d by G i n s b e r g i n 1971 (32 ). They 
r e s u l t e d indeed from d i r e c t s u b s t i t u t i o n of w h i t e phosphorus f o r 
phosphane or arsane l i g a n d s on l o w - v a l e n t rhodium : 

L 3 R h C l + P 4 - — • L 2 R h C l ( P 4 ) + L 

L = P P h 3 , P ( m - t o l y l ) 3 , P ( p - t o l y l ) 3 , A s P h 3 

The presence of the P4 molecule was i n d i c a t e d by osmometric 
m o l e c u l a r weight d e t e r m i n a t i o n s , mass s p e c t r o m e t r y , and by the 
easy d i s p l a c e m e n t , even at -78°C, of the i n t a c t P4 u n i t by carbon 
monoxide or phosphane l i g a n d s . The i n f r a - r e d and Raman s p e c t r a 
showed bands a t t r i b u t a b l e to a bound P4 molecule under C 3 v or C s 

* a m i s l e a d i n g denomination s i n c e t h e r e i s no room i n the "cage". 
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A . 

A : BRANCHING SITES 
P, As, P/N, P/CR, As/CR 

Q Β : BRIDGING SITES 
Β 0, NRa, Sb, Se 

I ? I PPhC, SiMe2°, GeMe2
C, SnMe^ 

A ^ L D ^ A R S/N"d, 0/CH2
e 

B ' / TERMINAL SITES 
0, NPh, S, Se 
0/Sf, 0/Sef 

Scheme 1. Examples of tetraphosphorus-
adamantane-type core A4B
superscripts (when no reference is given, consult Ref. 1-6): A unique non-ada-
mantane P4(NR)6 closo-structure has recently been obtained with R = i-C3H7 (1) 
and has been shown to convert into the thermodynamically more stable ada
mantane-type isomer upon heating; bas in P4S8 (8), P4S9, and P4S10; cRef 9; din 
P4S5N~ (10); ein[P404(CH2)2]04(\\) or As40(CH2)2 (\2);fas in (P406)04-nSn(\3) 

and[P4(NMe)^04-nSn(\^). 

Figure 1. Structure of the (P406)[Ni(CO)3]4 adduct (29). 
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symmetry but the mode of c o o r d i n a t i o n of the P4 molecule c o u l d not 
be determined e x a c t l y . I n view of some of the above t h e o r e t i c a l 
c o n s i d e r a t i o n s , the h y p o t h e s i s of bonding through a face of the 
t e t r a h e d r o n was p r e f e r r e d over those through an edge or an apex. 
The f a i l u r e t o observe 31p NMR l i n e s due t o P4 suggested t h a t 
some f a s t i n t e r o r i n t r a m o l e c u l a r exchange process was t a k i n g p l a c e 
on the NMR time s c a l e . 

S i x y e a r s l a t e r the d i s c r e t e diamagnetic complex P 4[Fe(C0 ) 4 l 3 
was o b t a i n e d by Schmid and Kempney by a l l o w i n g P4 t o r e a c t w i t h 
Fe2(CO)9 (33 ). I t s i n f r a - r e d spectrum i n s o l u t i o n i n d i c a t e d the 
presence of d i s t i n c t Fe(C0 )4 groups, and the Mossbauer spectrum 
d e f i n i t e l y showed the e x i s t e n c e of penta- and h e x a - c o o r d i n a t e d 
i r o n atoms i n a 1:2 r a t i o . The 31p NMR, however, e x h i b i t e d o n l y 
a s i n g l e l i n e at 21 ppm at room temperature, which caused the 
authors to suggest a f l u c t u a t i n g s t r u c t u r e i n which two b r i d g i n g 
and one apex-bound Fe(C0
d l y i n s o l u t i o n ( F i g u r
and t e m p e r a t u r e - s e n s i t i v e , and decomposed w i t h i n hours i n benzene, 
t o l u e n e or THF s o l u t i o n , w i t h e v o l u t i o n of CO and f o r m a t i o n of a 
polymer [(C0>3Fe02] n , which no longer c o n t a i n e d the P& u n i t . 

Figure 2. Proposed dynamic structure of P4Fe(CO)4]3 (33). 

The n i c k e l - P 4 and palladium-P4 adducts 3 were prepared by 
Sacc o n i et a l . , by the f o l l o w i n g r e a c t i o n (34) : 

The n i c k e l complex was s t a b l e enough t o a l l o w , f o r the f i r s t 
t ime, an X-ray d i f f r a c t i o n a n a l y s i s , which showed t h a t the P4 
t e t r a h e d r o n i s bound to the metal through an apex. The n i c k e l atom 
i s surrounded by i t s f o u r phosphorus l i g a n d s i n a q u i t e r e g u l a r 
t e t r a h e d r a l f a s h i o n , the n i t r o g e n atom no lo n g e r b e i n g bound t o 
the m e t a l , i . e . r e a c t i o n 2 can be d e s c r i b e d as a simple l i g a n d 
exchange, w i t h the P4 molecule p r o v i d i n g the m e t a l w i t h the two 
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e l e c t r o n s i n i t i a l l y donated by the n i t r o g e n atom. The Ni-CP^.) bond 
i s the s h o r t e s t (by 0.25Â) of the f o u r Ni-P bonds, s u g g e s t i n g 
a s i g n i f i c a n t d-̂ -d-p. i n t e r a c t i o n between the two atoms, and/or 
lower s t e r i c requirements f o r the P4 m o l e c u l e . 

A d i s t i n c t s i t u a t i o n i s c r e a t e d when reagents t h a t are poten
t i a l sources of a group based on a 1 5 - e l e c t r o n t r a n s i t i o n m e t a l 
are a l l o w e d t o r e a c t w i t h P 4 . Such groups are e l e c t r o n i c a l l y e q u i 
v a l e n t to phosphorus, i n the sense t h a t both the t r a n s i t i o n m e t a l -
based group and the pnicnogen element need 3 e l e c t r o n s i n or d e r t o 
reach t h e i r s t a b l e c l o s e d - s h e l l c o n f i g u r a t i o n s of 18 and 8 e l e c 
t r o n s r e s p e c t i v e l y (35, 36). One way t o s a t i s f y t h i s need i s , i n 
e i t h e r case, f o r the d e f i c i e n t c e n t e r to share e l e c t r o n s w i t h 
t h r e e o t h e r e l e c t r o n i c a l l y analogous groups or elements; hence one 
has the analogy between the s t a b l e P 4 molecule and the C l r ( C O ) 3 l 4 
c l u s t e r . T h i s concept can be used t o r a t i o n a l i z e the e x i s t e n c e of 
a s e r i e s of f a i r l y s t a b l
c l u s t e r s o b t a i n e d by Dah
and co-workers, which can then be regarded as d e r i v i n g from P 4 or 
A S 4 by stepwise replacement of phosphorus or a r s e n i c atoms by 
e l e c t r o n i c a l l y e q u i v a l e n t m e t a l l i c groups, f o r example (38) : 

P 3 C o ( C 0 ) 3 

P 2 [ C o ( C 0 ) 3 ] 2 

P [ C o ( C 0 ) 3 ] 3 

[ P C o 3 ( C 0 ) 8 ] 3 

The same s e r i e s of products was a l s o o b t a i n e d by the r e a c t i o n 
of PC1 3 or P B r 3 w i t h C o 2 ( C O ) 8 or t h a t of P I 3 w i t h Co(C0)4~ ( 3 8 ) . 
A r s e n i c analogs had a l r e a d y been r e p o r t e d (35,37) by Dahl. 

C O 

That these P 4 ~ r e l a t e d t e t r a h e d r a l c l u s t e r s r e t a i n donor c a p a c i t y 
through the phosphorus atoms was i l l u s t r a t e d by the i s o l a t i o n 
of adduct 5 (the parent P [ C o ( C 0 ) 3 ] 3 c l u s t e r i s u n s t a b l e ( 3 8 ) , 
i n which the PCo 3 c l u s t e r behaves as a t w o - e l e c t r o n donor towards 
the u n s a t u r a t e d 1 6 - e l e c t r o n Fe(C0)4 moiety. The r a t h e r h i g h CO v i 
b r a t i o n f r e q u e n c i e s i n the i n f r a - r e d spectrum i n d i c a t e a g a i n t h a t 
the c l u s t e r a l s o has some TT-accepting c a p a c i t y . F u r t h e r mani
f e s t a t i o n of the donor c h a r a c t e r of t h i s phosphorus atom can be 
seen i n i t s tendency to r e a d i l y d i s p l a c e CO from a C o ( C 0 ) 3 moiety 

P 4 + C o 2 ( C O ) 8 
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to form the remarkable c y c l i c t r i m e r { E3 [ 0 0(00)3] 2 ECoCCO^] } 3 

(Ε = Ρ or As) ( 4 0 ) , which r e s u l t s from the d i s p l a c e m e n t of one 
c a r b o n y l l i g a n d on Co by the phosphorus apex of the next c l u s t e r 
i n the c y c l i c t r i m e r . As [ 0 0(00)3] 3 r e a d i l y gave the M(C0)5 (M = 
Or, Mo, W) and AICI3 adducts ( u n s t a b l e i n the l a t t e r case) ( 4 1 ) , 
and s i m i l a r d e r i v a t i v e s of the antimony c l u s t e r Sb[rpCpFe(00)2!3 
have a l s o been r e p o r t e d ( 4 2 ) . The a c t i o n of Lewis a c i d s ( o r 
bases) on the E n [ 0 0(00)3]4-n c l u s t e r s can however a l s o provoke 
the r e d i s t r i b u t i o n of fragments w i t h i n the c l u s t e r ' s core ( 4 3 ) . 
For example : 

A s 3 C o ( C 0 ) 3 + C o 2 ( C O ) 8 b y _ • A s 2 [ C o ( C 0 ) 3 ] 2 + (CO) 5WAs [ C o ( C 0 ) 3 ] 3 
w(co)6 

+ { A s [ C o ( C O ) l [ C o ( C O ) 2 l } 3 

In the same v e i n on
h y b r i d c l u s t e r s 6 : 

C o 2 ( C O ) 8 

R C l 2 C L i + ECI3 -RC1 2C-EC1 2 [Co] 
[Co] = C o ( C 0 ) 3 ; Ε = P, As; R = H (As o n l y ) , Me, 

Ph, SiMe 3 tCo] 6 

which i n c o r p o r a t e the t h r e e d i s t i n c t e l e c t r o n i c a l l y e q u i v a l e n t 
groups P, RC and 00(00)3 (4-4). These c l u s t e r s may a l s o be regarded 
as 002(00)5 adducts of the u s u a l l y u n s t a b l e phospha and a r s a a c e -
t y l e n e RC=E l i g a n d s , and are t h e r e f o r e r e l a t e d t o the t e t r a h e d r a l 
a c e t y l e n e complexes (RC=CR)[(00)300-00(00)3]. The donor a b i l i t y 
of the Ρ (but not the As) atom i s e s t a b l i s h e d by the f o r m a t i o n 
of (C0) 5MP(CR) [0ο(00) 31 2 adducts (M = Or, Mo, W) when 6 i s a l l o w e d 
to r e a c t w i t h M ( C 0 ) 5 ( t h f ) , as w e l l as by t h e i r slow c y c l o t r i m e r i s a -
t i o n t o { (MeC)P[Co(CO) 3 ]CCo(CO) 2]}3 ( 4 4 ) . 

The t e t r a h e d r a l P3ML c l u s t e r s 7, where M = Co, I r , Rh,Pd or Pt, 
and L i s a t r i p o d l i g a n d , o b t a i n e d by Sacconi e t a l (34,45,47,49) : 

0 ο ( Η 2 0 ) 6
+ + 2 BF 4" 

or [ R h ( C O ) 2 C l ] 2 P4 

or [ R h ( C 2 H 4 ) 2 C l l 2 CH 3C(CH 2PPh 2)3 

or I r ( P P h 3 ) 2 ( C O ) C l 
7 

can be regarded, f o r the purposes of e l e c t r o n - c o u n t i n g , e i t h e r 
as complexes i n which the t r i p h o s p h o r u s c y c l e a c t s as a t r i - h a p t o 
3 - e l e c t r o n donor towards the t r a n s i t i o n metal m o i e t y , or as 
t e t r a h e d r a l P3M c l u s t e r s whose e x i s t e n c e i s based on 2 - e l e c t r o n 
Covalent bond f o r m a t i o n . X-ray d i f f r a c t i o n s t u d i e s showed these 
compounds t o be isomorphous ( 4 7 ) . A l l c o n t a i n the c y c l o t r i p h o s p h o -
rus moiety and the t r i p h o s p h o r u s t r i p o d l i g a n d , and a l l show an 
o c t a h e d r a l arrangement of the s i x phosphorus atoms around the me
t a l . The M(P3) bonds are c o n s i s t e n t l y l o n g e r than the o t h e r metal-P 
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bonds, by 0.10 t o 0.16 Â, w h i l e the P-P d i s t a n c e s i n the c y c l o - P 3 
u n i t are s i g n i f i c a n t l y s h o r t e r (2.14 to 2.16 Â) than i n P4 (2.21Â) 
or i n the P3[Mn(C0) 2Cp]3 adduct (2.26 Â) ( 4 8 ) . T h i s s h o r t e n i n g , as 
e a r l i e r proposed f o r the As3Co(C0)3 c l u s t e r ( 3 5 ) , has been r a t i o 
n a l i z e d on the b a s i s of p a r t i a l d e r e a l i z a t i o n of the e l e c t r o n 
d e n s i t y from the p o l a r i z a b l e c y c l o - P 3 fragment t o the more e l e c 
tron-demanding 0 0(00)3 moiety, and consequent r e l i e f of i n t e r -
e l e c t r o n i c r e p u l s i o n s i n the c y c l o - P 3 fragment. In compensation 
the m e t a l d r a i n s l e s s e l e c t r o n d e n s i t y from the t r i p o d ' s Ρ atoms, 
which d i s p l a y l o n g e r Co-P bonds (by 0.10 t o 0.15 Â) than u s u a l . 
The s l i g h t i n c r e a s e i n P-P b o n d - l e n g t h s , and concomitant decrease 
of the PMP a n g l e , from c o b a l t t o rhodium or i r i d i u m , i s c o n s i s t e n t 
w i t h the i n c r e a s i n g s i z e of the m e t a l atom and consequent reduc
t i o n of o r b i t a l o v e r l a p w i t h phosphorus. 

That these mixed P3M c l u s t e r s s t i l l have e l e c t r o n - d o n o r capa
c i t y i s i l l u s t r a t e d by

-P\ C r ( C 0 ) 6 U t r i p h o s ) C o ( n - P 3 ) C r ( C 0 ) 5 

p / C ° \ j / P ( ( t r i p h o s ) C o ( n 3 - P 3 ) [ C r ( C O ) 5 ] 2 Ρ 
8 

i n which the phosphorus atoms r e a d i l y r e p l a c e CO groups from 
Cr(C0)5 t o g i v e s t a b l e adducts ( 4 9 ) . The X-ray s t r u c t u r e a n a l y s i s 
performed on 8 showed ( F i g u r e 3) the two Or(00)5 groups to be 
bound t o i n d i v i d u a l phosphorus atoms, w i t h Cr-P d i s t a n c e s of 
2.42 Â, e q u a l t o t h a t found i n PtvjP [Cr(CO)5], s u g g e s t i n g t h a t 
the Lewis base p r o p e r t i e s of the phosphorus atoms i n the C0P3 
u n i t are s i m i l a r t o those of PPh3. I t i s a l s o noteworthy t h a t 
the C0P3 t e t r a h e d r o n remains almost u n a f f e c t e d on bonding t o the 
two Cr(C0)5 groups. 

The c y c l o - P 3 u n i t can a l s o behave as a three e l e c t r o n b r i d g i n g 
l i g a n d (45) to g i v e a v a r i e t y of homo and h e t e r o m e t a l l i c t r i p l e - d e 
c k e r sandwich complexes which are t r e a t e d i n a r e c e n t r e v i e w (100). 

The remarkable i d e a l l y c u b i c mixed m e t a l / p n i c o g e n 
S b 4 [ 0 0 ( 0 0 ) 3 ] 4 ( 5 0 ) , or P4[SnPhl4 ( 5 1 ) , and t e t r a g o n a l l y d i s t o r t e d 
metal/phosphorus P4 [CpCo]4 (52) c u b a n e - l i k e c l u s t e r s ( F i g u r e 4 ) , 
o b t a i n e d by Dahl or Schumann, may be viewed a l o n g s i m i l a r l i n e s . 
I n the l a t t e r case each 1 4 - e l e c t r o n CpCo group completes i t s va
l e n c e - s h e l l by s h a r i n g e l e c t r o n p a i r s w i t h one o t h e r CpCO group 
and w i t h t h r e e phosphorus atoms, c o n s i s t e n t w i t h i t s diamagnetic 
c h a r a c t e r and w i t h the observed geometry. I t i s l i k e l y t h a t many 
more such mixed c l u s t e r s , i n c o r p o r a t i n g b o t h t r a n s i t i o n metals 
and main group element, w i l l be developed i n the f u t u r e . 

A range of polyphosphorus compounds, many of which e x h i b i t 
remarkable p o l y c y c l i c s k e l e t o n s , i n c l u d i n g s t a b l e compounds t h a t 
can be f o r m a l l y d e r i v e d from the P4S3 or p-P4S5 frames by r e p l a 
c i n g the s u l f u r by P" or PR b r i d g e s , have been developped i n 
r e c e n t y e a r s , and are t r e a t e d i n two f a s c i n a t i n g r e c e n t r e v i e w 
a r t i c l e s (19,20). T h e i r c o o r d i n a t i o n c h e m i s t r y , which does not 
seem t o have been i n v e s t i g a t e d y e t , s h o u l d prove p r o m i s i n g , espe
c i a l l y i n view o f t h e f a c t t h a t s e v e r a l t r a n s i t i o n m e t a l adducts 
o f m o n o c y c l i c p o l y p h o s p h i n e s have a l r e a d y been r e p o r t e d (53). 
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Tetraphosphorus Oxides and Imides as Donors. The T r a n s m i s s i o n 
of E l e c t r o n i c and S t r u c t u r a l E f f e c t s through the M o l e c u l a r Frame 

The C o o r d i n a t i o n Chemistry of P^Oft, P&O7 and P&(NMe)fi. 
The phosphorus o x i d e s , i m i d e s , t h e i r d e r i v a t i v e s and t h e i r analogs 
u s u a l l y have the adamantane-type s t r u c t u r e shown i n scheme 1. 
A l l bear numerous lone p a i r s on t h e i r phosphorus or a r s e n i c and/or 
oxygen, n i t r o g e n , s u l f u r , e t c . , atoms, whether i n b r a n c h i n g , 
b r i d g i n g or t e r m i n a l p o s i t i o n s , thus o f f e r i n g a wide c h o i c e 
of p o t e n t i a l donor s i t e s f o r c o o r d i n a t i o n , π - a c c e p t i n g c h a r a c t e r 
can a l s o be a n t i c i p a t e d from the elements from the T h i r d Row on. 
No c h e l a t i n g b e h a v i o r can be expected, however, from the b r a n c h i n g 
P ( I I I ) or A s ( l l l ) atoms, i n view of the d i v e r g i n g o r i e n t a t i o n s of 
t h e i r lone e l e c t r o n p a i r s . The p a r t i c i p a t i o n of 3d o r b i t a l s i n 
bonding i n P4O5 has been judged, from an LCAO-SCF-CNDO c a l c u l a 
t i o n , t o be s u b s t a n t i a l
even out the r e l a t i v e charge

These e x p e c t a t i o n s were borne out f o r example by the r e a c t i o n s 
of d i b o r a n e and of a s e r i e s of metal c a r b o n y l s w i t h P4O5 and 
P4(NMe)£, whose c o o r d i n a t i n g a b i l i t i e s have been t h o r o u g h l y i n v e s 
t i g a t e d (28,55). P4O5, i n c o n t r a s t t o i t s u s u a l b e h a v i o r , which 
i s o f t e n c h a r a c t e r i z e d by v i o l e n t r e a c t i o n s i n which the polyphos-
phorus s t r u c t u r e i s s h a t t e r e d ( 5 6 ) , r e a c t s smoothly a t room tem
p e r a t u r e , w i t h a l a r g e excess of N i ( C 0 ) 4 , t o add 1 t o 4 Ni ( C 0 ) 3 
groups i n a s e q u e n t i a l manner, as shown by 3^P NMR m o n i t o r i n g ( 5 5 ) ; 

3 1 p NMR pattern : AB 3 A 2 B 2 A 3B singlet 

Ni(CO)4 

P 4 ° 6 = r ( P 4 ° 6 ) C N i ] — ^ A ° 6 ^ 2 - Ρ 4 0 6 Μ 3 ^ Ρ 4

0

6 [ ^ ] 4 ] 
excess, RT f 

I } FAST 
. . P 4 ° 6 

[Ni] = Ni(CO)3 

1 -CO slow 
P406/Ni/CO POLYMERS 

When on the c o n t r a r y i t i s P4O5 t h a t i s i n e x c e s s , i t can r e p l a c e 
up t o t h r e e c a r b o n y l groups i n N i ( C 0 ) 4 . When n e i t h e r reagent i s i n 
ex c e s s , h i g h l y c r o s s - l i n k e d , t h r e e - d i m e n s i o n a l p o l y m e r i c networks 
are o b t a i n e d , i n which the n i c k e l atoms are b r i d g e d by i n t a c t P4O5 
m o l e c u l e s , which i n t u r n are b r i d g e d by n i c k e l atoms (5 5 ) . As ex
pected from the f o u r - f o l d b r a n c h i n g c h a r a c t e r of both P4O5 and the 
Ni atoms, there are two g e l p o i n t s i n the system, at N1/P4O5 mole
c u l a r r a t i o s of c_a 0.25 and 4. I t i s noteworthy t h a t polycondensa-
t i o n does not occur immediately when the i s o l a t e d (P4O5)|Ni(C0)3l4 
i s a l l o w e d t o r e a c t w i t h P4O5 : the i n i t i a l s t e p s of the r e a c t i o n 

In Rings, Clusters, and Polymers of the Main Group Elements; Cowley, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



2. R i E S S Poly cyclic Tetraphosphorus Compounds 27 

c o n s i s t of the p r o g r e s s i v e s t r i p p i n g , i n a matt e r of minutes, of 
Ni ( 0 0 ) 3 groups from the P4O5 core u n t i l o n l y one i s l e f t , thus 
a v o i d i n g , at the f i r s t s t a g e , the r e g i o n of p o l y m e r i c s t r u c t u r e s 
i n which the r e a c t i o n r a t e s decrease r a p i d l y as c r o s s - l i n k i n g i n 
c r e a s e s . 

Tetraphosphorus and t e t r a a r s e n i c hexamethylimides s i m i l a r l y 
add one t o f o u r N i ( C 0 ) 3 groups, but the c o o r d i n a t i o n of more than 
one P4(NMe)£ l i g a n d on N i , and hence the f o r m a t i o n of p o l y m e r i c 
s t r u c t u r e s , are not observed, presumably f o r s t e r i c reasons (57, 
58). The Ni ( C 0 ) 3 groups always exchange between the phosphorus do
nor s i t e s ; i n the case of the a r s e n i c a n a log As4(NMe)£, t h i s ex
change i s f a s t enough to provoke the co a l e s c e n c e of the s i g n a l s 
i n the 1 H NMR ( F i g u r e 5 ) . 

The r e a c t i o n s of P4O5 (and P4O7) w i t h i r o n and group VI c a r -
bo n y l s have a l s o been i n v e s t i g a t e d  p r i n c i p a l l y by M i l l s e t a l
(59-61): 

P 4 0 6 + F e ( C O ) 5 . 

140° I % χ (59) 
- J ( C 0 K F e ( P 4 0 f i ) 9 — 

diglyme I 3 4 6 2 

P>|0-7 •+ P „ O c 

4 7 H i o i ™ 4 6 diglyme 

Μ,ΓΡΤ ' ( " > V e ( P 4 0 6 ) • < C O ) 3 F e ( P 4 0 6 ) 2 • P.Og (?) 

P 4 ° 6 + F e 2 < C O ) 9 R T t M ' [ ' C O ' 4 F e ] n

( P 4 ° 6 ) n = l , 2, 3, 4 
(59) 

thf, hv 
P 4 ° 6 + H< C 0>6 or c y c l o h e x a n e'Pce's^W M = C r , Mo, W 

reflux (60) 

P4O7 + nM(C0)m iMtCOJm.iln (P4O7) + η CO (61) 

M = Ni , η = 1-3; M = Fe, η = 1,2; M = Cr,Mo,W, n=l 

i s o l a t e d 

The thermal r e a c t i o n of P4O5 w i t h Fe(C0)5 l e a d s t o a m i x t u r e of 
the mono and d i - i r o n c a r b o n y l s , which were s e p a r a t e d by subl i m a 
t i o n ; the accompanying a u t o x i d a t i o n of P4O5 t o P4O7 i s presumably 
independent of the presence of the i r o n compound, s i n c e i t c o u l d 
be o b t a i n e d i n h i g h y i e l d s by sim p l y h e a t i n g a diglyme s o l u t i o n 
of P4O5 ( 5 9 ) . The same metal adducts were o b t a i n e d a t lower tempe
r a t u r e under photochemical a c t i v a t i o n ; they were then accompanied 
by another u n c o o r d i n a t e d phosphorus s p e c i e s , p r o b a b l y P4O9. S i m i l a r 
b e h a v i o r was found w i t h Fe2(CO)9, and appears t o take p l a c e w i t h 
F e 3 ( C O ) 1 2 . The P 4 0 6 [ M ( C O ) 3 l compounds (M = Cr, Mo, W) (60) and 
t h e i r P4O7 analogs (61) d i s p l a y h i g h c a r b o n y l s t r e t c h i n g f requen
c i e s , c o n s i s t e n t w i t h the l i g a n d 1 s h a v i n g a s t r o n g T T - a c c e p t i n g 
c h a r a c t e r . The i n c r e a s e i n frequency noted when descending the 
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Figure 5. Variable-temperature !H-NMR of a mixture of As4(NMe)6[Ni(CO)3]n 

complexes in CDCl3. 
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y j t h group i s an i n d i c a t i o n of a decrease i n the I T * c a r b o n y l o r b i 
t a l p o p u l a t i o n , as expected from the decrease of the P(3d) o r b i t a l 
o v e r l a p w i t h the l a r g e r , more d i f f u s e , 4d or 5d o r b i t a l s of Mo or 
W. The h i g h v a l u e (486 Hz) of the J ( 3 ^ P - 1 8 3 W ) c o u p l i n g c o n s t a n t , 
which i s a l s o thought t o r e f l e c t the TT-acceptor a b i l i t y of phos-
phoranes, ranks P4O5 among the s t r o n g l y T T - a c c e p t i n g l i g a n d s . 

Nôth and Thorn r e p o r t e d the p r e p a r a t i o n of P 4(NH)fc[M ( C 0)5l 4 
w i t h M = Cr and Mo, by thermal d e c o m p o s i t i o n of P ( N H 2 ) 3 M(CO ) 5, and 
of P 4(NH ) £ S 4 , through the r e a c t i o n of Sg on the chromium adduct; 
the mixed P 4(NH)£[Or ( 0 0 ) 5 ] n S 4 _ n were i d e n t i f i e d d u r i n g the p rocess 
( 6 2 ) . S i n c e the parent compound P4(NH)£ i t s e l f i s s t i l l unknown, 
t h i s e x e m p l i f i e s the p o s s i b i l i t y of o b t a i n i n g new cj 1oso_-structure s, 
or l e s s s t a b l e isomers of known ones, i n a complexed form. 

The Non-independent Behavior of the f o u r Phosphorus Atoms. 
The w e a l t h of d a t a now a v a i l a b l
P4(NMe)fc core p r o v i d e s a
e l e c t r o n i c and/or s t e r i c e f f e c t s through the c l o s o - s t r u c t u r e , 
which m a n i f e s t s i t s e l f i n many ways - f o r example, i n the comport
ment of P 4 O 5 and P4(NMe)£ towards B 2 H 5 and B F 3 . Both l i g a n d s r e a c t 
r e a d i l y w i t h diborane under one atmosphere t o g i v e P 4 E ^ ( B H 3 ) n 

adducts, w i t h η = 1 t o 3 f o r Ε = 0 , and 1 t o 4 f o r Ε = NMe; 
c o o r d i n a t i o n o c c u r r e d o n l y on phosphorus; c r y s t a l l i n e Ρ 4 θ 5 ( Β Η 3 ) 2 5 

Ρ 4 θ 6 ( Β Η 3 ) 3 and P 4(NMe)fc ( B H 3 ) 4 were i s o l a t e d (63-66). An i n t e r e s 
t i n g p o i n t , as shown i n F i g u r e 6 f o r P4(NMe)£, i s t h a t the composi
t i o n of the m i x t u r e of adducts formed was i n i t i a l l y c l o s e t o t h a t 
which would be expected from random o c c u p a t i o n of the donor s i t e s , 
but t h a t t h i s c o m p o s i t i o n e v o l v e d s l o w l y , as the BH3 groups 
r e d i s t r i b u t e d themselves among the a v a i l a b l e s i t e s , t o f i n a l l y 
r e a c h an e q u i l i b r i u m d i s t r i b u t i o n t h a t departed c o n s i d e r a b l y from 
randomness. Such r e d i s t r i b u t i o n d a ta r e f l e c t the r e l a t i v e thermo
dynamic s t a b i l i t i e s of the v a r i o u s s p e c i e s i n presence ( 6 7 ) , as 
w e l l as d i f f e r e n c e s i n e n e r g i e s of c h e m i c a l l y e q u i v a l e n t bonds 
( 6 8 ) . The r e d i s t r i b u t i o n i s f a s t e r among the P 4 C 5 ( B H 3 ) n adducts, 
and the e q u i l i b r i u m d i s t r i b u t i o n ( F i g u r e 7) d e p a r t s even f u r t h e r 
from randomness, showing a g a i n t h a t each phosphorus s i t e "senses" 
whether the o t h e r s i t e s are c o o r d i n a t e d or not. 

The e f f e c t of the o x i d a t i o n of one phosphorus atom on the 
Lewis b a s i c i t y of the r e m a i n i n g t h r e e , has been approached through 
the i n v e s t i g a t i o n of the c o o r d i n a t i o n c h e m i s t r y of P4O7 ( 6 1 ) , and 
proved remarkable. Thus, i n c o n t r a s t t o P 4 O 5 , t e n s i o m e t r i c t i t r a 
t i o n of P4O7 w i t h B2H5 a t ambient temperature and normal p r e s s u r e 
i n d i c a t e d no r e a c t i o n . On the o t h e r hand, P4O7 has been r e p o r t e d 
t o add two e q u i v a l e n t s of B F 3 ( 6 1 ) , w h i l e P 4 O 5 i n comparable 
c o n d i t i o n s i s decomposed by B F 3 . 0 E t 2 t o a m i x t u r e which i n c l u d e s 
P F 3 , P F 2 O P F 2 -whose p r e p a r a t i o n by another, s e l e c t i v e , r o u t e was 
r e p o r t e d by Ralph Rudolph (69) -, P F 2 0 E t and p o l y m e r i c m a t e r i a l s 
i n which F 2 B O - and F B O 2 - fragments were i d e n t i f i e d (64,70). The 
phosphorus lone p a i r s on P4O7 should indeed be l e s s p o l a r i z a b l e 
than those of P 4 O 5 , due t o the e l e c t r o n - w i t h d r a w i n g e f f e c t of the 
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P 4(NMe) 6.2BH 3 

4days 

Figure 6. Evolution of the composition of a mixture of P4(NMe)6(BH3)n com
plexes upon standing (66). 

Figure 7. Equilibrium distribution of BH3 groups on P406 . (Reproduced 
from Ref. 64. Copyright 1966, American Chemical Society.) 
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e x o c y c l i c oxygen. P e r t i n e n t t o the argument i s a l s o the o b s e r v a t i o n 
t h a t P 4 O 5 S 2 i s more e a s i l y o x i d i z e d than P 4 O 3 by P 4 S 1 0 ( 1 3 ) . 
The lower r e a c t i v i t y observed f o r the r e s i d u a l P ( I I l ) s i t e i n 
P4(NMe)5S3, compared to P4(NMe)5, under the a c t i o n of Me l , PI1N3, 
B2H5 or N i ( 0 0 ) 4 ( 7 1 ) , can a l s o be examined a l o n g these l i n e s . 
I t can be r a t i o n a l i z e d both i n terms of the e l e c t r o n - w i t h d r a w i n g 
e f f e c t caused by the p e n t a v a l e n t P's, and i n a d d i t i o n , by the 
i n c r e a s e d crowding of the P ( I I I ) s i t e , r e s u l t i n g from non-bonding 
r e p u l s i o n s between the s u l f u r atoms and the methyl groups, w i t h 
no means of a p p o r t i o n i n g these two e f f e c t s . 

The a n a l y s i s of the changes observed i n 31p c h e m i c a l s h i f t s 
upon stepwise c o o r d i n a t i o n i n terms of t r a n s m i s s i o n of e l e c t r o n i c 
e f f e c t s i s a tempting approach. However, t h i s s h o u l d o n l y be under
taken w i t h extreme c a u t i o n , p a r t i c u l a r l y i n view of the pronounced 
dependence of these s h i f t s on angular changes ( 6 5 ) , and of the 
f a c t t h a t closο-structure
F i g u r e 8 shows t h a t th
d i n a t e d phosphorus atoms are indeed a f f e c t e d by stepwise c o o r d i n a 
t i o n , but i n a r a t h e r p e c u l i a r way, w i t h the e f f e c t o f t e n r e a c h i n g 
a maximum a f t e r one or two s u b s t i t u t i o n s , and d i m i n i s h i n g a g a i n 
t h e r e a f t e r . 

F i r s t i t should be c l e a r t h a t the amplitude o f these v a r i a 
t i o n s can pr o b a b l y be accounted f o r by a n g u l a r changes of o n l y a 
few degrees ( 6 5 ) . Then, t h e i r unusual appearance should p r o b a b l y 
be c o n s i d e r e d t o g e t h e r w i t h the change i n symmetry from T^ t o C 3 V , 
then C 2 V, and back to C 3 V and T^, d u r i n g the c o o r d i n a t i o n sequence. 
The c h e m i c a l s h i f t v a r i a t i o n s may t h e r e f o r e p r i m a r i l y r e f l e c t 
s t r u c t u r a l d eformations and ang u l a r v a r i a t i o n s , and w i l l p r o b a b l y 
prove t o be of l i t t l e h e l p i n a p p r e c i a t i n g d i s p l a c e m e n t s o f e l e c 
t r o n d e n s i t y d u r i n g the c o o r d i n a t i o n p r o c e s s . 

One of the most o b v i o u s l y d e s i r a b l e approaches t o the q u a n t i 
t a t i v e a p p r e c i a t i o n of such t r a n s m i s s i o n e f f e c t s , as w e l l as of 
the e x t e n t of m u l t i p l e c h a r a c t e r i n bonding, would have been t o 
perform X-ray d i f f r a c t i o n a n a l y s i s on a complete s e r i e s of adducts 
w i t h 0 t o 4 c o o r d i n a t e d phosphorus atoms. Th i s has so f a r been 
prevented by d i f f i c u l t i e s i n i s o l a t i n g the p a r t i a l l y c o o r d i n a t e d 
s p e c i e s , l a r g e l y on account of t h e i r i n s t a b i l i t y w i t h r e s p e c t t o 
r e d i s t r i b u t i o n o f the Lewis a c i d s among the donor s i t e s . But, 
s i n c e the problem does not change i n na t u r e when oxygen or s u l f u r 
are s t e p w i s e l y added i n the e x o c y c l i c p o s i t i o n s of the c l o s o -
s t r u c t u r e s , i n s t e a d of the p r e v i o u s l y mentioned Lewis a c i d s , a 
s e r i e s of oxy i m i d e s , t h i o i m i d e s and mixed o x y t h i o i m i d e s was prepa
r e d f o r t h i s purpose, a c c o r d i n g t o f o l l o w i n g scheme. 

P4(NMe)6 

or P 4(NMe) 6S 4 

!==a * P 4(NMe) 60 4 

P4(NMe)6S — P 4(NMe) 6S 2 • P 4(NMe) 6S 3 • P 4(NMe) 6S 4 

\ \ \ P4(NMe)6 

P 4(NMe) 6S0 3 P 4(NMe) 6S 20 2 P 4(NMe) 6S 30 
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A l l f o u r s u l f i d e s formed r e a d i l y , were i s o l a t e d , and gave s i n g l e 
c r y s t a l s (72); the t e t r a s u l f i d e had been prepared p r e v i o u s l y by 
Holmes ( 7 3 ) . On the c o n t r a r y , o n l y the t e t r a o x i d e , a l o n g w i t h the 
complementary amount of unreact e d s t a r t i n g m a t e r i a l , was o b t a i n e d , 
i n d e p e n d e n t l y of the s t o i c h i o m e t r y of the smooth o x i d i z i n g agent 
employed, 0NMe3; no p a r t i a l l y o x i d i z e d imides were formed e i t h e r 
upon attempted r e d i s t r i b u t i o n of the p e r i p h e r a l oxygens between 
P4(NMe)£ and P4(NMe)fc04 ( 1 4 ) . T h i s i s c e r t a i n l y another s t r i k i n g 
m a n i f e s t a t i o n of the t r a n s m i s s i o n of e l e c t r o n i c e f f e c t s through 
the s t r u c t u r e : the c o o r d i n a t i o n of a f i r s t oxygen atom would i n 
c r e a s e the a f f i n i t y f o r oxygen of the re m a i n i n g ones t o such an 
e x t e n t t h a t the f u l l y o x i d i z e d s p e c i e s would form. 

The exchange of the p e r i p h e r a l , f o r m a l l y double-bonded s u l f u r 
atoms, when f o r example P4(NMe)£ i s added t o P4(NMe)£S4, was found 
to occur w i t h o u t l o s s of the i n n e r P4(NMe)£ core (74,75). However, 
i t takes s e v e r a l days a
P4(NMe)£S4 m o l e c u l e s ; th
p a r t s s i g n i f i c a n t l y from randomness. The f a c t t h a t the term w i t h 
η = 2 i s l e s s s t a b l e than those w i t h η = 1 or 3 c o u l d a l s o be r e 
l a t e d t o changes i n symmetry r a t h e r than t o e l e c t r o n i c p o l a r i 
z a t i o n e f f e c t s which would be expected t o var y i n a monotonous 
way as η i n c r e a s e s . The same holds f o r P4S3 - or (?^Sfr)S2 - which 
i s l e s s s t a b l e than both P4S7 and P4S9 (8). 

S t r u c t u r a l D i s o r d e r : a Prominent F e a t u r e of Closo-Compounds 
X-ray s t r u c t u r e d e t e r m i n a t i o n have been performed on the 

e n t i r e s e r i e s of compounds P4(NMe)£S n (η = 0 - 4) and P4(NMe)£04 
w i t h the aim of g a i n i n g some i n s i g h t i n t o the e x t e n t of TT c o n t r i 
b u t i o n t o t h e i r bonding and the t r a n s m i s s i o n of e f f e c t s through 
s t r u c t u r e s (76-80). 

A c c u r a t e bond d i s t a n c e s were expected, i f o n l y because each 
type of P-N bond i s re p e a t e d , f o r example 12 times i n mo l e c u l e s of 
T^ symmetry - or even 24 or 48 times when two (P4(NMe)£) or f o u r 
(P4(NMe)504) c r y s t a l l o g r a p h i c a l l y independent m o l e c u l e s are pres e n t 
i n the u n i t c e l l - thus p r o v i d i n g 12, 24 or 48 independent measure
ments of the same m o l e c u l a r q u a n t i t y , from which an a c c u r a t e 
average would o r d i n a r i l y be expected. 

In s p i t e of s o l i c i t o u s e f f o r t s - dat a b e i n g i n some cases c o l 
l e c t e d on s e v e r a l c r y s t a l s or at d i f f e r e n t temperatures (see a l s o 
r e f . 81) - o n l y d i s a p p o i n t i n g l y i m p r e c i s e bond d i s t a n c e s were ob
t a i n e d , j u s t s u f f i c i e n t t o d i s c e r n q u a l i t a t i v e t r e n d s i n bond-
l e n g t h v a r i a t i o n s upon p r o g r e s s i v e c o o r d i n a t i o n of the c l o s o s t r u c 
t u r e , but i n s u f f i c i e n t t o permit any v a l i d d i s c u s s i o n of these da
t a i n terms of the v a r i o u s c o n t r i b u t i o n s t h a t might determine 
them. T h i s tendency t o d i s o r d e r i s i l l u s t r a t e d by a l a r g e spread 
i n bond l e n g t h - u s u a l l y over a t e n t h o f an angstrom - so t h a t the 
average v a l u e c a r r i e s a wide i n t e r v a l of u n c e r t a i n t y ( 7 7 ) . I t a l s o 
m a n i f e s t s i t s e l f by the e x i s t e n c e of polymorphs, m o n o c l i n i c and 
orthorhombic f o r P4(NMe)£S ( 7 8 ) , and, i n the case of P4(NMe)fcS4, 
of a gross d i s o r d e r ( F i g u r e 9) of a p u z z l i n g c h a r a c t e r , w i t h at 
3°C, two p o s s i b l e l o c a t i o n s f o r the s u l f u r atoms w i t h occupancy 
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Figure 9. A view of the P4(NMe)6S4 molecule with the two locations Sj and S2 

found for the sulfur atoms at 3 °C (11). This disorder is shown on one phosphorus 
atom only to avoid overcrowding. 
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f a c t o r s c l o s e t o 50% ( t h r e e l i k e l y p o s i t i o n s f o r these s u l f u r s , 
w i t h occupancy f a c t o r s of 0.65, 0.28 and 0.07%, were found a t 
22°C (7 7 ) . 

The most i n t e r e s t i n g outcome of t h i s study l i e s i n f a c t i n 
the r e c o g n i t i o n t h a t t h i s u n c e r t a i n l y and tendency t o s t r u c t u r a l 
d i s o r d e r appears t o be a common, prominent f e a t u r e i n c l o s o -
phosphorus compounds. 

Th i s f e a t u r e can be understood i n t u i t i v e l y on two grounds : 
1) the c l o s o - m o l e c u l e s have no c e n t r a l atom t y i n g the atoms toge
t h e r a c r o s s the cage s t r u c t u r e , and hence shou l d be e n v i s i o n e d as 
r a t h e r s o f t , deformable envelopes ( a l t h o u g h t h e r e i s no room i n s i 
de t o accommodate such a c e n t r a l atom), r e m i n i s c e n t of a d e f l a t e d 
t e n n i s b a l l , s u b j e c t t o easy d e f o r m a t i o n under the a c t i o n of c r y s 
t a l p a c k i n g f o r c e s ; as a r e s u l t the e l e c t r o n d i s t r i b u t i o n i s more 
l i k e l y t o adapt t o , r a t h e r than t o determine, the geometric s t r u c 
t u r e s . 
2) these molecules are
which tends t o f a v o r r o t a t i o n a l d i s o r d e r and/or l i b r a t i o n a l mo

t i o n of l a r g e amplitude i n the c r y s t a l , and, i n the extreme c a s e s , 
le a d s t o the e x i s t e n c e of a d i s t i n c t p l a s t i c phase c h a r a c t e r i z e d 
by v i r t u a l l y f r e e r o t a t i o n i n the s o l i d . T h e r e f o r e o n l y q u a l i t a t i v e 
t r e n d s can be r e c o g n i z e d and d i s c u s s e d (79-80). 

Trends i n P-0 and P-N Bond Lengths; C o n t r i b u t i o n t o TT-Bonding 
The bond l e n g t h d a t a c o l l e c t e d f o r (P40fc) n and f o r P4(NMe)6S n 

are d i s p l a y e d d i a g r a m m a t i c a l l y below (A) : 

P4<>6 ) 
Ρ ( 111 )—Ε 

1.638(3)1 
1.656(4) 

[gas) 
(solid) 
P(III) 

P4(NMe)6 ) 
Ρ ( 111 )—Ε 

1.70(1) 

[gas) 
(solid) 
P(III) 

P4U7 ) 

P4(NMe)6S ) 
P(III) —Ε 

1.645(7) 

1.70(1) P(IH) 
1.684(7) 

1.73(2) 
. 1 . 5 9 3 ( 7 ) 

1.63(2) 
P(V) 

ρ4<>8 ) 

P 4(NMe) 6S 2\ 
P ( I I I ) - E 

1.63(1) 
1.70(1) 

-P(III) 
1.67(1) 
1.73(1) 

r 1.57(2) 
1.66(1) 

P(V) 
1.59(1) 
1.692(4) 

P4O9 j 

P 4(NMe) 6S 3 

P(IH) 
1.66(1) 
1.71(2) 

r 1.60(2) 
1.65(2) 

P(V) 
1.59(1) 
1.68(2) 

E-P(V) 

E-P(V) 

p4<>10 ) 

P 4 (NMe) 6 S 4 | 

(Data from ref. 4, 76-79, 82-85). 

In view of the l a r g e esd's u s u a l l y a s s o c i a t e d w i t h these d a t a , 
d i f f e r e n c e s among i n d i v i d u a l bond l e n g t h s may not always be s i g n i 
f i c a n t . But the f a c t t h a t p a r a l l e l t r e n d s emerge throughout both 
s e r i e s s u b s t a n t i a t e s t h e i r r e a l i t y . 

1.60(1) } 

1.66(1) n ' 
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The s h o r t e n i n g of the P-E bonds when Ρ becomes p e n t a v a l e n t i s 
s u r p r i s i n g l y low and o f t e n not s i g n i f i c a n t . Such s h o r t e n i n g was 
c e r t a i n l y expected on e i t h e r or both of two grounds : f i r s t , the 
i n c r e a s e i n f o r m a l o x i d a t i o n s t a t e of the phosphorus atom upon a t 
tachment of an e x o c y c l i c oxygen or s u l f u r atom should l e a d t o a 
decrease i n i t s c o v a l e n t r a d i i ; d a t a a v a i l a b l e on a c y c l i c analogs 
suggest t h a t t h i s mechanism might account f o r 0.03-0.04 Â of shor
t e n i n g ( 7 9 ) . Then the i n c r e a s e i n ττ-electron d e n s i t y drawn from the 
n i t r o g e n atoms by the more p o s i t i v e phosphorus atom c o u l d a l s o 
c o n t r i b u t e i n s t r e n g t h e n i n g the bond; the c o n t r a c t i o n of the d o r -
b i t a l s s h o u l d i n p a r t i c u l a r enhance the Np-^-Pdyy c o n t r i b u t i o n t o 
bonding. 

More i n t e r e s t i n g , and r e v e a l i n g of a second range e f f e c t , i s 
t h a t the n a t u r e of the phosphorus atom l o c a t e d on the o t h e r s i d e of 
the b r i d g i n g atom has a c l e a r e f f e c t on the P-N- or P-0- bond 
l e n g t h . The g e n e r a l t r e n
and P4(NMe)£S2 which c o n t a i

P ( I I I ) - E P ( V ) > P ( I I I ) - E P ( I I I ) > P(V)-EP(V) > P ( V ) - E P ( I I I ) 

The l o n g e s t and the s h o r t e s t bonds are b o t h found i n the P ( I I I ) -
E-P(V) sequence. The f i r s t g a i n s £a 0.03 Â, w h i l e the second l o s e s 
a comparable l e n g t h w i t h r e s p e c t t o the "same" bond as found i n 
the symmetric P4E5 and (P4E£)E'4 m o l e c u l e s . The e l e c t r o n s are a t 
t r a c t e d on the s i d e of the p e n t a v a l e n t phosphorus at the expense 
of the bond l o c a t e d on the o t h e r s i d e of the b r i d g i n g element; 
t h i s d i splacement of e l e c t r o n d e n s i t y can occur through b o t h the 
σ and the π bonding frames. 

X-Ray s t u d i e s on the phosphorus o x i d e s l e d t o s i m i l a r observa
t i o n s (82-86). P4O7, f o r example, cannot be c o n s i d e r e d as made up 
of fragments taken from P4O5 and P4O10 ( 8 5 ) . They a l s o r e v e a l the 
e f f e c t of p a c k i n g , as w e l l as s i g n i f i c a n t d i f f e r e n c e s between the 
s o l i d and gas phase s t r u c t u r e s (84,86). 

Evidence f o r Np J T-Pd T T c o n t r i b u t i o n t o bonding i n P4(NMe)£S n 

i n c l u d e the c l o s e - t o - p l a n a r arrangement of the bonds about a l l n i 
t r o g e n atoms ( d e v i a t i o n s are i n the d i r e c t i o n expected from s t e r i c 
e f f e c t s r a t h e r than r e l a t e d t o the type of bonded Ρ atoms), the s i 
g n i f i c a n t s h o r t e n i n g - by 0.07-0.10 Â - of the P-N bonds, w i t h r e s 
pect t o p r o p e r l y r e d e f i n e d P ( l l l ) - N ( s p 2 ) and P ( V ) - N ( s p 2 ) standards 
( t a k i n g i n t o account b o t h the change i n h y b r i d i z a t i o n of Ν w i t h 
r e s p e c t t o the u s u a l s t a n d a r d s , and the o x i d a t i o n s t a t e of phospho
rus ( 7 9 ) , the h i g h energy and b r e a d t h of the n i t r o g e n atom's lone 
p a i r a b s o r p t i o n s i n the p h o t o e l e c t r o n s p e c t r a , and, t o a l e s s e r de
gree, some NMR c o u p l i n g d a t a . 

W i t h an average 1.70 Â, a l l P-N bonds are s h o r t e r than would 
be expected on the b a s i s of σ bonding a l o n e , even a f t e r the u s u a l 
s i n g l e bond r a d i i are c o r r e c t e d f o r the change of the n i t r o g e n ' s 
h y b r i d i z a t i o n from s p 3 to s p 2 . T h i s s h o r t e n i n g would c o r r e s p o n d , 
on the b a s i s of C r u i c k s h a n k 1 s treatment ( 8 3 ) , to a bond-order i n 
the range of 1.18 t o 1.30 f o r the P ( I I I ) — N - P ( l l l ) bonds. 
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The π c o n t r i b u t i o n t o bonding may i n f a c t be l a r g e r than 
would appear from the bond s h o r t e n i n g . The f a c t t h a t t h e r e i s no 
s i g n i f i c a n t change i n P-N bond-lengths i n the s e r i e s P^NMe)^, 
P4(NMe)£S4 and P4(NMe)^04 may s i g n i f y t h a t p a r t of the bond-
l e n g t h ' s s h o r t e n i n g , which would n o r m a l l y r e s u l t from a g i v e n π 
c o n t r i b u t i o n i n an open system, i s absorbed here i n c o u n t e r a c t i n g 
i n c r e a s e d Van der W a l l s r e p u l s i o n between non-bonded atoms i n the 
c l o s e d , c o n s t r a i n e d , p o l y c y c l i c system. 

The a b s o r p t i o n of the n i t r o g e n ' s l o n e - p a i r s o f P4(NMe)fc i n 
the p h o t o e l e c t r o n spectrum l i e s between 8 and 9 eV, w h i l e i t would 
have been expected t o be w e l l below 7 eV f o r a pure N2p lone p a i r . 
And the b r e a d t h o f the bond i n d i c a t e s t h a t these e l e c t r o n s are not 
si m p l y i s o l a t e d , e q u i v a l e n t lone p a i r s , but t h a t they occupy d e l o -
c a l i z e d o r b i t a l s w i t h bonding c h a r a c t e r ( 7 6 ) . The a d d i t i o n of 1 t o 
4 e x o c y c l i c s u l f u r atoms provokes a r e g u l a r i n c r e a s e i n the i o n i 
s a t i o n energy of these NpT
1 eV from P4(NMe)£ t o P4(NMe)£S4
t r o n s i s c o n s i s t e n t w i t h a s t r e n g t h e n i n g of the Νρττ-Pdn i n t e r a c t i o n , 
but c o u l d a l s o a r i s e i n d i r e c t l y by p o l a r i z i n g the N-P bonds so as 
to cause the more p o s i t i v e n i t r o g e n atoms t o b i n d the Ρ e l e c t r o n s 
more s t r o n g l y . 

In the NMR s p e c t r a , the l^C-^-H c o u p l i n g c o n s t a n t s i n c r e a s e 
from P4(NMe)5 t o P4(NMe)£S4 t o P4(NMe)fc04; t h i s i s c o n s i s t e n t w i t h 
the e x p e c t a t i o n t h a t the e x o c y c l i c atoms w i l l draw e l e c t r o n d e n s i 
t y away from the n i t r o g e n atoms, and t h i s t o a g r e a t e r e x t e n t w i t h 
oxygen than w i t h s u l f u r , and a l s o c o n s i s t e n t w i t h i n c r e a s e d Npjy-
P d n bonding, i n the same ord e r ( 8 0 ) . But t h i s i n t e r p r e t a t i o n a g a i n 
i s not unique, s i n c e the a t t r a c t i o n o f e l e c t r o n d e n s i t y can occur 
e i t h e r through the σ system or through the π system, or b o t h , and 
the NMR dat a p r o v i d e no b a s i s f o r d e t e r m i n i n g the r e l a t i v e impor
tance of the two pathways. 

P l a s t i c phases. P l a s t i c phase b e h a v i o r has been r e c o g n i z e d 
f o r P4, P4S3, P 7

J " s a l t s , P4S10, P4(NMe)^ and As4(NMe)fc. I t i s 
e x e m p l i f i e d here by P4(NMe)^ ( 8 7 ) . F i g u r e 10 shows the v a r i a t i o n 
i n l i n e w i d t h of the s i g n a l i n the NMR s p e c t r a measured on s o l i d 
P4(NMe)5 between 40 and 140°C. The f a c t t h a t the l i n e w i d t h i s 
" o n l y " 4700 Hz at 40°C a l r e a d y supposes c o n s i d e r a b l e r a p i d r e o r i e n -
t a t i o n a l movement i n the s o l i d a t t h a t temperature. The abrupt 
change t h a t occurs w i t h i n one degree at 56°C r e f l e c t s a d r a s t i c 
change i n m o l e c u l a r freedom, which was a s s i g n e d t o a p l a s t i c phase 
t r a n s i t i o n above which the molecules r o t a t e almost f r e e l y w h i l e 
m a i n t a i n i n g t h e i r p o s i t i o n a l o rder i n the s o l i d . T h i s i n t e r p r e t a 
t i o n i s supported by d i f f e r e n t i a l s c a n n i n g c a l o r i m e t r y ( F i g u r e 11), 
which shows, at the same temperature, a sharp, f i r s t - o r d e r t r a n s i 
t i o n upon h e a t i n g (upon c o o l i n g , the t r a n s i t i o n i s found a t 50.5°C, 
which denotes h y s t e r y s i s , a common f e a t u r e of p l a s t i c phase t r a n 
s i t i o n s ( 8 7 ) ) . A t r a n s i t i o n a t 38°C was t e n t a t i v e l y a s s i g n e d t o 
the r o t a t i o n of the molecule about one of i t s C3 axes; the f a c t 
t h a t the process i s h i g h — o r d e r upon h e a t i n g means t h a t the onset 
of the r o t a t i o n i s c o n c e r t e d . The low entr o p y of m e l t i n g 

In Rings, Clusters, and Polymers of the Main Group Elements; Cowley, A.; 
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P l a s t i c Phase 

Figure 10. Line-width of the !H-NMR signal measured on solid P4(NMe)6 as a 
function of temperature. 

(Reproduced with permission from Ref. 88. Copyright 1977, Institut Mondial du Phosphate.) 
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Figure 11. Differential scanning calorimetry of P4(NMe)6. 

(Reproduced with permission from Ref 88. Copyright 1977, Institut Mondial du Phosphate.) 
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(AS = 4.8 J m o l ^ K ' 1 ) , at 122°C, i s a l s o c h a r a c t e r i s t i c of a 
p l a s t i c c r y s t a l l i n e phase, as i s the s o f t n e s s of the c r y s t a l s and 
t h e i r s e n s i t i v i t y t o macroscopic m e c h a n i c a l damage. V a r i a b l e tem
p e r a t u r e X-ray powder d i f f r a c t i o n shows a change i n p a t t e r n from 
m o n o c l i n i c t o c u b i c upon h e a t i n g ; the d i f f r a c t i o n l i n e s , sharp and 
numerous f o r the " r i g i d 1 1 c r y s t a l s , become few and l e s s w e l l - d e f i 
ned f o r the p l a s t i c c r y s t a l . 

I t s h o u l d be noted t h a t the s t r u c t u r a l c r i t e r i a - g l o b u l a r i -
t y - which i s u s u a l l y s u f f i c i e n t t o determine the e x i s t e n c e of 
a p l a s t i c phase f o r o r g a n i c compounds, no l o n g e r s u f f i c e s h e r e , 
s i n c e P4, P4S10 and P4(NMe)fc do e x h i b i t p l a s t i c phases, w h i l e the 
e q u a l l y g l o b u l a r P4O5 and P4S1Q of same symmetry do not ( 8 9 ) . Se
v e r a l f a c t o r s are l i k e l y t o c o n t r i b u t e t o t h i s d i f f e r e n c e . F i r s t 
the i n t e r m o l e c u l a r hydrogen/hydrogen i n t e r a c t i o n s , w h i c h are known 
t o have a d e t e r m i n i n g i n f l u e n c e on the c r y s t a l p a c k i n g , s h o u l d 
c o n t r i b u t e t o the s e p a r a t i o
thus f a v o r f r e e r o t a t i o
t l y s p h e r i c a l , and l i t e r a l l y coated w i t h hydrogen atoms, as i s 
adamantane. On the o t h e r hand, the l o c a t i o n and l o c a l p o l a r i t y of 
the oxygen atoms i n P4O5 and P4O1Q p r o b a b l y c o n t r i b u t e t o i n c r e a 
s i n g m o l e c u l a r i n t e r l o c k i n g , and t h e r e f o r e h i n d e r the r o t a t i o n . 
Thus the way the P4O1Q molecules pack t o g e t h e r i s of much i n t e r e s t : 
each molecule has f o u r s p i k e s and f o u r r e c e s s e s , and the s p i k e s of 
each molecule f i t i n t o the r e c e s s e s of i t s f o u r n e a r e s t n e i g h b o r s , 
l e a d i n g t o a c l o s e p a c k i n g w i t h c o n s i d e r a b l e i n t e r l o c k i n g . The 
s t r u c t u r a l d ata show t h a t such interpénétration does not e x i s t i n 
P4 S10» w i t n i t s p e r i p h e r a l s u l f u r atoms too l a r g e t o f i t i n t o the 
n i t c h e s of the n e i g h b o r i n g m o l e c u l e s , and w i t h s m a l l e r d i p o l a r 
i n t e r a c t i o n s . These o b s e r v a t i o n s l e d t o the d e f i n i n g of a new 
s t r u c t u r a l c r i t e r i o n f o r p r e d i c t i n g p l a s t i c phase b e h a v i o r , based 
on the degree of i n t e r m o l e c u l a r i n t e r l o c k i n g ( 8 9 ) . 

The C o o r d i n a t i o n Chemistry of Tetraphosphorus S u l f i d e s ; a Decep
t i v e but Open Case 

The closo-tetraphosphorus s u l f i d e s , w i t h t h e i r v a r i o u s s t o i 
c h i o m e t r i c s and unique s t r u c t u r e s (Scheme 2 ) , e x h i b i t m u l t i p l e and 
o f t e n d i s t i n c t p o t e n t i a l c o o r d i n a t i o n s i t e s . These s i t e s o f t e n i n 
v o l v e s e v e r a l d i s t i n c t s e t s of f o r m a l l y non-bonding e l e c t r o n p a i r s 
at b o t h phosphorus and s u l f u r atoms, and the t e t r a p h o s p h o r u s s u l 
f i d e s c o u l d t h e r e f o r e be expected t o e x h i b i t a wide range of coor
d i n a t i o n modes and o r i g i n a l b e h a v i o r towards Lewis a c i d s . But so 
f a r t h i s has not proved so. 

T h i s i s a l l the more d i s a p p o i n t i n g , as a thorough t h e o r e t i c a l 
i n v e s t i g a t i o n of the e l e c t r o n i c s t r u c t u r e of P4S3, performed by Χα 
s c a t t e r e d wave, as w e l l as by the extended Hûckel and CNDO molecu
l a r o r b i t a l methods, l e d t o the c o n c l u s i o n t h a t the a p i c a l and the 
b a s a l phosphorus atoms c o u l d be expected t o be e q u a l l y good donors 
( 9 0 ) . The e l e c t r o n i c s t r u c t u r e o f the m o l e c u l e i s d e s c r i b e d by a 
s e t of lower energy v a l e n c e - s h e l l l e v e l s h a v i n g h i g h 3s c h a r a c t e r , 
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which p r o v i d e i t s main c o h e s i v e energy t h r o u g h m u l t i - c e n t e r bond
i n g w i t h i n the and PS^ s u b - u n i t s , and by another s e t o f h i g h e r , 
o c c u p i e d non-bonding or weakly bonding l e v e l s t h a t have a l a r g e 3p 
component. Contour p l o t s show the l a t t e r t o have e l e c t r o n d i s t r i 
b u t i o n s c h a r a c t e r i s t i c of d i r e c t e d lone p a i r s both a t the a p i c a l 
Ρ and b a s a l P3- u n i t . While the a p i c a l phosphorus i s p r e d i c t e d t o 
have donor p r o p e r t i e s s i m i l a r t o those o f t e r t i a r y phosphanes, the 
b a s a l P3 u n i t would be expected to behave e s s e n t i a l l y l i k e P4. 

The h i g h i o n i z a t i o n energy (from Hel p h o t o e l e c t r o n s p e c t r o s 
copy ( 9 0 ) ) a s s i g n e d t o the a p i c a l lone p a i r e l e c t r o n s i n d i c a t e s a 
ve r y weak base. T h i s i s c o n s i s t e n t w i t h the l a c k of r e a c t i v i t y of 
P4S3 towards BCI3 or BF3, i t s f a i l u r e t o be q u a t e r n i z e d under the 
a c t i o n of MeS03F or Et30BF4 and, i n g e n e r a l , i t s r e s i s t a n c e t o pro 
t o n a t i o n ( 9 1 ) . 

A f i r s t s e r i e s of t r a n s i t i o n m e t a l adducts of P4S3 was o b t a i 
ned i n 1969 by Nixon e

CSo r e f l u x 
2 P4S3 + C 7H 8M(CO) 4 • ^ s - ( P 4 S 3 ) 2 M ( C O ) 4 

M = Or, Mo, W 
3 P4S3 + C 7H 8M(CO) 3 • / ,ac-(P4S3) 3M(CO)3 

M = Or, Mo 
4 P4S3 + (η 5-0 5Η 5) 2ΝΪ 

( P 4 S 3 ) 4 N i 
4 P4S3 + ( n 3 - c 3H 5) 2Ni τ ^ Τ ^ ο 

o-is and fac s t e r e o c h e m i s t r i e s were proposed on the b a s i s of the IR 
s p e c t r a . The 3^P s p e c t r a were r e p o r t e d as c o n s i s t i n g of a do u b l e t 
and a q u a r t e t i n 3:1 r a t i o , i n d i c a t i n g t h a t (on the average) the 
C 3 V symmetry of the l i g a n d had been r e t a i n e d . Both s i g n a l s were 
s h i f t e d towards lower f i e l d s w i t h r e s p e c t t o those observed f o r 
f r e e P4S3. As the l a r g e s t s h i f t a f f e c t e d the q u a r t e t , i t was pro
posed t h a t i t i s the a p i c a l phosphorus which i s bound to the me
t a l . Ni(P4S3)4 was o b t a i n e d by displacement of bot h c y c l o p e n t a d i e -
n y l r i n g s from n i c k e l o c e n e o r , more c o n v e n i e n t l y , from b i s - T T - a l l y l 
n i c k e l ( 9 2 ) . 

P4S3Mo(CO)5 was prepared by Cordes e t a l . by r e f l u x i n g equimo 
l a r amounts of P4S3 and Μο(00)β i n cyclohexane c o n t a i n i n g a s m a l l 
amount of diglyme ( 9 3 ) . The y i e l d was improved by photochemical ac 
t i v a t i o n ; P4S3W(CO)5 was a l s o thus o b t a i n e d i n 66% y i e l d ( 9 4 ) . The 
X-ray c r y s t a l s t r u c t u r e of the former r e v e a l s t h a t , i n the s o l i d , 
the i n t a c t P4S3 molecule behaves as a monodentate l i g a n d through i 
a p i c a l phosphorus atom ( F i g u r e 12) ( 9 3 ) . The P4S3 core shows s u r p r 
s i n g l y l i t t l e d e f o r m a t i o n upon c o o r d i n a t i o n : none of the bond an
g l e s nor the b a s a l bond l e n g t h s are changed a t a l l , and o n l y ba
r e l y s i g n i f i c a n t l e n g t h e n i n g of both types of P-S bonds c o u l d be 
noted. The s h o r t Mo-P d i s t a n c e of 2.477(9) Â, the h i g h c a r b o n y l 
s t r e t c h i n g f r e q u e n c i e s and an Mo-C bond l e n g t h comparable t o those 
i n Mo(C0)5 and Mo(C0)PF3, l e a d t o the r a n k i n g of P4S3 among the 
s t r o n g l y T T-accepting l i g a n d s . 

In Rings, Clusters, and Polymers of the Main Group Elements; Cowley, A.; 
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I n s o l u b l e , p r o b a b l y p o l y m e r i c adducts, f o r m u l a t e d as P 4 S 3 C U X 

(X = C l , B r , I ) , have been o b t a i n e d by a l l o w i n g P4S3 t o r e a c t w i t h 
C u ( l ) or C u ( l l ) h a l i d e s i n CS 2 ( 9 5 ) . 

C o o r d i n a t i o n through the b a s a l phosphorus atoms has so f a r not 
been e s t a b l i s h e d , i n s p i t e o f numerous attempts. The 31p NMR spec
t r a d i s p l a y e d by P4S3M(CO)5is however p u z z l i n g ( 9 4 ) . These s p e c t r a 
independent of s o l v e n t (hexane, t o l u e n e , CH2CI2, C S 2 ) , and met a l 
(Mo, W), e x h i b i t two s e t s of s i g n a l s h a v i n g ca 3:1 peak area r a t i o , 
each c o n s i s t i n g of a dou b l e t and a q u a d r u p l e t , a l s o i n ca 3:1 r a t i o . 
The most i n t e n s e of these s e t s has che m i c a l s h i f t s and c o u p l i n g 
c o n s t a n t s i d e n t i c a l t o those of f r e e P4S3(6= -128.4(d), +62.1(q) 
ppm, J = 70 Hz). The second, weaker, s e t i s found at lower f i e l d , 
and shows a g r e a t l y reduced s p l i t t i n g (Mo : δ = -111.9(d), 
+122.5(q) ; J = 33 Hz; W : δ = -111.3(d), +84.8(q) ppm; J = 30 Hz). 
Both the s o l u t i o n and s o l i d s t a t e i n f r a - r e d s p e c t r a show no v i b r a 
t i o n s i n the c a r b o n y l r e g i o
M(C0)5 moiety. When th
c r y s t a l l i n e adduct c o u l d be r e c o v e r e d . 
P o s s i b l e c o o r d i n a t i o n by the s u l f u r atoms seems t o be excluded by 
the Mo-P c o u p l i n g c o n s t a n t observed i n the 9 5Mo NMR ( J M o - P = 140Hz 
at δ = +99 ppm) w i t h r e s p e c t t o M o i C O ^ ) . The a d d i t i o n of f r e e PPI13 
had no i n f l u e n c e on the process and PPI13 remains u n c o o r d i n a t e d i n 
a s o l u t i o n of P4S3Mo(CO)5. A d i s s o c i a t i o n t o form an apex-plus-base 
c o o r d i n a t e d P 4 S 3 [M(C0)5] 2 adduct which would r e t a i n the C 3 V symme
t r y of P 4 S 3 i s h a r d l y c o m p a t i b l e w i t h the peak ar e a r a t i o found i n 
the NMR. Thus, the h y p o t h e s i s we f a v o r , on the b a s i s of the peak 
area r a t i o s , would be a d i s s o c i a t i o n a c c o r d i n g t o : 

4 P 4 S 3 M ( C O ) 5 • P4S 3rM(CO) 5]4 + 3 P4S3 
i n which P4S3 would behave as a tetvaàentate, apex-plus-base coor
d i n a t e d l i g a n d ; but t h i s remains to be e s t a b l i s h e d . 

The l i g a n d b e h a v i o r o f the a r s e n i c - b a s e d compound 9 ( F i g u r e l 3 ) 
s t r u c t u r a l l y r e l a t e d t o P4S3, i s of i n t e r e s t i n t h i s c o n t e x t . I t 
was shown t h a t 9 r e a c t s w i t h group VI met a l h e x a c a r b o n y l s under UV 
i r r a d i a t i o n to g i v e the adducts [CH3C(CH 2As) 3] n M ( C 0 ) 5 _ n (N = 1, 
M = Or, Mo, W; η = 2, M = Cr, W) i n which 9 behaves as a monodenta-
te l i g a n d ( 9 6 ) . An X-ray d i f f r a c t i o n a n a l y s i s (n = 1, M = Cr) d e f i 
n i t e l y proves t h a t i n the s o l i d the metal i s l o c a t e d on one of the 
three a r s e n i c atoms of the base, r e m i n i s c e n t of P4 adducts ( 9 7 ) . 
P o l y m e r i c s p e c i e s of formula [CH3C(CH 2As ̂ M o i C O ^ ] n and [CH3C-
(CH 2As)3Mo(CO)3J n, f o r which b r i d g i n g b i d e n t a t e b e h a v i o r of the 
l i g a n d was suggested, were a l s o o b t a i n e d , and a c o b a l t c a r b o n y l n i -
t r o s y l adduct, CH3C(CH 2As^COÎNO)(C0) 2, was b r i e f l y mentionned ( 9 6 ) . 

R e l a t e d t o the c o o r d i n a t i o n c h e m i s t r y of P4S3 i s t h a t of 
CI-P4S3I2,, which a l s o d i s p l a y s m u l t i p l e p o t e n t i a l c o o r d i n a t i o n s i 
tes i n a semi-open ( n i d o ) s t r u c t u r e , but w i t h fewer s t e r i c cons
t r a i n t s and no P 3 ~ u n i t . The c o o r d i n a t i o n a b i l i t i e s of (I-P4S3I2., ho
wever, have a l s o proven r a t h e r l i m i t e d . B a u d l e r eb dl r e p o r t e d a 
s e r i e s of m o l e c u l a r l o w - v a l e n t m etal adducts of type M ( a-P4S3l 2) n 

( C 0 ) n _ m ( M = N i , Fe; m = 1-3) ( 9 8 ) . I t i s remarkable - and f r u s -
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t r a t i n g t h a t the l i g a n d a c t e d e x c l u s i v e l y as a monodentate l i 
gand; whether t h i s a r i s e s from s t e r i c h i n d r a n c e or from e l e c t r o n 
délocalisation w i t h i n the l i g a n d 1 s frame i s not c l e a r . Depending 
on the s o l v e n t used, [Co(C0)4l2 r e a c t s w i t h CI-P4S3I2 t o g i v e the 
s u b s t i t u t i o n product [Co( C I-P4S3I2)(CCO3]2 or an i o n i c complex 
[Co( d - P 4 S 3 l 2 ( C O ) 3 ] + [ 0 0(00)4!" v i a v a l e n c e d i s p r o p o r t i o n a t i o n . 

P r e l i m i n a r y but encouraging r e s u l t s have been o b t a i n e d w i t h 
P4S7 ( 9 4 ) . When a l l o w e d t o r e a c t w i t h an excess of MoiCO)^ at r e 
f l u x i n cyclohexane, the i n s o l u b l e P4S7 i s con v e r t e d i n t o a y e l l o w 
c r y s t a l l i n e a i r - s e n s i t i v e m a t e r i a l , s o l u b l e i n most st a n d a r d orga
n i c s o l v e n t s and w i t h an e l e m e n t a l a n a l y s i s which p o i n t s t o the 
f o r m u l a t i o n P 4 S 7 [ M o i C O ^ I η , η b e i n g 6 or 7 ! S i n g l e c r y s t a l s were 
o b t a i n e d from CH2CI2, but decomposed w i t h r e l e a s e of MoiCO)^ upon 
s t a n d i n g , or under the X-ray beam. The presence of Mo(C0)5 groups 
(and absence of Mo(CO)£)in the adduct was e s t a b l i s h e d by the cha
r a c t e r i s t i c v(CO) a b s o r p t i o
t i o n s , i n the i n f r a - r e d
which e x h i b i t s two s i g n a l s i n 4:1 r a t i o . The 3 1 P NMR (CHCI3) d i s 
p l a y s two sharp s i g n a l s at +107.0 and +46.4 ppm w i t h peak area i n 
1:3 r a t i o and no d e t e c t a b l e c o u p l i n g , i n c o n t r a s t t o +110.7 and 
+83.9 ppm i n 1:1 r a t i o ( a l s o w i t h no d e t e c t a b l e c o u p l i n g ) , f o r 
f r e e P4S7 i n CS2 s o l u t i o n ( 9 9 ) . The 1:3 s i g n a l r a t i o of the new 
adduct i s no lo n g e r c o m p a t i b l e w i t h the i n i t i a l s t r u c t u r e of P4S7, 
and c o u l d i n d i c a t e a rearrangement i n which one of the t e r m i n a l 
s u l f u r atoms would be i n s e r t e d i n t o the a l r e a d y d i s t e n d e d (2.33 Â) 
P-P bond of P4S7. Such a rearrangement has a l r e a d y been found to 
occur between CI-P4S5 and p-P4S5 (Scheme 2 ) ; f u r t h e r work i s under 
way t o e l u c i d a t e t h i s r i d d l e . 

When P4S9 and P4S1Q were a l l o w e d t o r e a c t w i t h Μο(θθ)^, s u l 
f u r was r e l e a s e d , and a m i x t u r e o f the above P 4 S 7 [ M o i C O ^ ] 6 ( o r 7 ) 
- f o r m u l a t e d adduct, w i t h a new adduct, (which i n the ̂ l p NMR d i s 
p l a y s a q u a r t e t and a do u b l e t a t 80.0 and +63.4 ppm r e s p e c t i v e l y , 
i n 1:3 r a t i o , w i t h Jpp = 6 Hz, t e n t a t i v e l y a s s i g n e d t o a 
P4S9Mo(CO)5 adduct) was ob t a i n e d ( 9 4 ) . 
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Cyclic and hig
modified by nucleophilic-type substitution reactions 
to generate a wide range of derivatives. Recent 
developments include the introduction of bioactive 
organic residues to yield biologically-active high 
polymers and the synthesis of transition metal 
derivatives of phosphazenes. In addition, hybrid 
phosphazene-carborane compounds have been prepared 
including examples in which nido-carboranyl units, 
attached to a phosphazene ring or chain, function 
as binding sites for transition metal organometallic 
units. 

Most i n o r g a n i c r e s e a r c h i n v o l v e s work w i t h s m a l l m o l e c u l e s , 
and r e l a t i v e l y l i t t l e c o n c e n t r a t e d e f f o r t has been devoted to the 
macromolecular a s p e c t s o f the s u b j e c t . The c o m p l e x i t y o f the 
macromolecular c h e m i s t r y has undoubtedly c o n t r i b u t e d t o t h i s 
n e g l e c t . However, i t i s c l e a r from r e c e n t work t h a t d r a m a t i c 
advances i n both fundamental s c i e n c e and te c h n o l o g y would be 
p o s s i b l e i f the h i g h polymer c h e m i s t r y o f the r e p r e s e n t a t i v e 
elements were t o be s t u d i e d i n d e t a i l . Indeed, the much-
h e r a l d e d r e n a i s s a n c e i n Main Group c h e m i s t r y may u l t i m a t e l y depend 
on a c l o s e r i n v e s t i g a t i o n o f the macromolecular a s p e c t s o f the 
f i e l d . 

My purpose here i s t o i l l u s t r a t e what can be accomplished 
w i t h j u s t one i n o r g a n i c macromolecular system — i n t h i s case 
c o n s t r u c t e d from a backbone o f phosphorus and n i t r o g e n atoms. 
Almost c e r t a i n l y , o t h e r systems based on the Main Group elements 
can be developed to an e q u a l o r g r e a t e r degree. I hope t h a t the 
f o l l o w i n g comments w i l l s t i m u l a t e an i n c r e a s e d i n t e r e s t i n t h a t 
d i r e c t i o n . I w i l l a l s o attempt t o i l l u s t r a t e the r e l a t i o n s h i p 
between the fundamental c h e m i s t r y and an approach t o s o l v i n g 
p r a c t i c a l problems. 
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G u i d i n g P r i n c i p l e s 

N e a r l y a l l s y n t h e t i c polymers a r e s y n t h e s i z e d by the polymer
i z a t i o n o r c o p o l y m e r i z a t i o n o f d i f f e r e n t "monomers." The c h a i n 
growth p r o c e s s may i n v o l v e the a d d i t i o n c h a i n r e a c t i o n s o f 
u n s a t u r a t e d s m a l l m o l e c u l e s , c o n d e n s a t i o n r e a c t i o n s , o r r i n g -
opening c h a i n - c o u p l i n g p r o c e s s e s . In c o n v e n t i o n a l polymer 
c h e m i s t r y , the s y n t h e s i s o f a new polymer r e q u i r e s the use o f a 
new monomer. T h i s approach i s o f t e n u n s a t i s f a c t o r y f o r i n o r g a n i c 
systems, where r e l a t i v e l y few monomers o r c y c l i c o l i g o m e r s can be 
induced to p o l y m e r i z e , at l e a s t under c o n d i t i o n s t h a t have been 
s t u d i e d t o date. The main e x c e p t i o n to t h i s r u l e i s the 
c o n d e n s a t i o n - t y p e growth t h a t o c c u r s w i t h i n o r g a n i c d i - h y d r o x y 
a c i d s . 

Because the o p p o r t u n i t i e s f o r c o n t r o l l e d c h a i n growth are 
more r e s t r i c t e d i n i n o r g a n i
n a t i v e approach t o polyme
i n v o l v e s the use o f s u b s t i t u t i o n p r o c e s s e s c a r r i e d out on a 
preformed r e a c t i v e p o l y m e r i c i n t e r m e d i a t e . In t h i s way m o l e c u l a r 
d i v e r s i t y can be i n t r o d u c e d by d i f f e r e n t s u b s t i t u t i o n r e a c t i o n s 
r a t h e r than by a d i v e r s i f i c a t i o n o f the p o l y m e r i z a t i o n p r o c e s s . 

I f t h i s p r i n c i p l e can be a p p l i e d , two p o t e n t i a l problems must 
be a v o i d e d : the s u b s t i t u t i o n r e a c t i o n s must l e a d t o n e i t h e r c h a i n 
c l e a v age nor c r o s s l i n k i n g . 

Simple S u b s t i t u t i o n R e a c t i o n s w i t h P o l y ( d i h a l o p h o s p h a z e n e s ) 

P o l y ( d i c h l o r o p h o s p h a z e n e ) ( I I ) i s a h i g h l y r e a c t i v e i n o r g a n i c 
macromolecule. I t can be prepared by the c a r e f u l l y c o n t r o l l e d 
thermal p o l y m e r i z a t i o n o f the c y c l i c t r i m e r , h e x a c h l o r o c y c l o t r i -
phosphazene ( I ) , i t s e l f s y n t h e s i z e d from phosphorus p e n t a c h l o r i d e 
and ammonium c h l o r i d e . I n s o l u t i o n , the c h l o r i n e atoms i n I I can 
be r e p l a c e d r e a d i l y by r e a c t i o n w i t h a wide v a r i e t y o f o r g a n i c 
n u c l e o p h i l e s (1,2., 3.) (Scheme 1 ) . The r e s u l t a n t polymers ( I I I - V ) 
are s t a b l e and d i s p l a y a range o f p h y s i c a l and c h e m i c a l p r o p e r t i e s 
determined by the n a t u r e o f the o r g a n i c s i d e groups. T h i s 
s y n t h e s i s p r o c e s s has been reviewed i n d e t a i l elsewhere (4.-7) . 
Here i t i s s u f f i c i e n t to note t h a t s e v e r a l hundred p o l y ( o r g a n o -
phosphazenes) have been pr e p a r e d by t h i s method. Polymers o f 
t h i s type are a l r e a d y b e i n g used i n t e c h n o l o g y ; they a r e a l s o o f 
c o n s i d e r a b l e s c i e n t i f i c i n t e r e s t . S i m i l a r syntheses have been 
developed based on p o l y ( d i f l u o r o p h o s p h a z e n e ) , ( N P F 2 ) n ( 8 ) . 

C y c l i c T r i m e r s and Tetramers as R e a c t i o n Models 

From a t h e o r e t i c a l and m e c h a n i s t i c p o i n t o f v i e w , s m a l l 
molecule r i n g s are much e a s i e r t o study than l o n g macromolecular 
c h a i n s . S u b s t i t u t i o n r e a c t i o n s c a r r i e d out on macromolecular 

In Rings, Clusters, and Polymers of the Main Group Elements; Cowley, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



3. A L L C O C K Cyclic and High-Polymeric Phosphazenes 51 

Scheme 1 

s u b s t r a t e s may i n v o l v e s i d e r e a c t i o n s t h a t l e a d t o c h a i n c l e a v a g e 
o r c r o s s l i n k i n g . M e c h a n i s t i c s t u d i e s w i t h macromolecules are 
d i f f i c u l t to c a r r y out because o f s o l u t i o n v i s c o s i t y e f f e c t s , 
d i s t r i b u t i o n s i n c h a i n l e n g t h , and the problems o f c h a r a c t e r 
i z a t i o n . Hence, i t i s prudent to e x p l o r e p o t e n t i a l new r e a c t i o n s 
f i r s t w i t h the use o f s m a l l molecule models such as I , V I , and V I I 
and then to extend these r e a c t i o n s to the h i g h polymers. 
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CI CI F F C l C l 

C l 

C l 

C 1 - P = N - P - C 1 
l II 
Ν N 
Il I 

C 1 - P - N = P - C 1 

C l C l 

I VI V I I 

Some o f the p o l y m e r i c r e a c t i o n s mentioned below a r e s t i l l under 
study a t the model compound l e v e l . 

Modern O b j e c t i v e s i n Polyme

Polymers have been v a l u e d s i n c e a n t i q u i t y f o r t h e i r s o l i d 
s t a t e p r o p e r t i e s . By t h i s i s meant t h e i r a b i l i t y t o undergo 
c h a i n entanglement o r c o - l i n e a r o r i e n t a t i o n and m i c r o c r y s t a l l i -
z a t i o n i n the s o l i d s t a t e . T h i s u n d e r l i e s t h e i r use as 
s t r u c t u r a l m a t e r i a l s , f i l m s , f i b e r s , and e l a s t o m e r s . Such 
p r o p e r t i e s s t i l l c o n s t i t u t e the d r i v i n g f o r c e f o r most polymer-
o r i e n t e d r e s e a r c h , e s p e c i a l l y w i t h r e s p e c t to the s y n t h e s i s o f 
h e a t - s t a b l e , r a d i a t i o n - s t a b l e , o r h i g h l y f l e x i b l e m a t e r i a l s . 
The e l e c t r i c a l p r o p e r t i e s o f s o l i d polymers have always been o f 
i n t e r e s t . 

However, i n r e c e n t y e a r s another approach t o polymer 
c h e m i s t r y has r e c e i v e d i n c r e a s e d emphasis. In t h i s , macro-
m o l e c u l e s are s t u d i e d i n terms o f t h e i r b e h a v i o r as s i n g l e 
m o lecules r a t h e r than as m o l e c u l a r conglomerates. I n s o l u t i o n , 
polymer m o l e c u l e s behave d i f f e r e n t l y from s m a l l m o l e c u l e s 
because the l o n g c h a i n l e n g t h p e r m i t s e x t e n s i v e c o i l i n g , reduced 
t r a n s l a t i o n a l m o b i l i t y , and an i n a b i l i t y t o pass through semi
permeable membranes. L i g h t l y c r o s s l i n k e d polymers behave l i k e 
l i n e a r polymers i n s o l u t i o n except t h a t the s w o l l e n m a t r i x has a 
p h y s i c a l i m m o b i l i t y and an open m a t r i x c h a r a c t e r u n l i k e any o t h e r 
system. For these r e a s o n s , polymers a r e o f great i n t e r e s t as 
" c a r r i e r m o l e c u l e s " f o r chemotherapeutic drugs o r t r a n s i t i o n 
metal c a t a l y s t s . 

F i n a l l y , s i n g l e macromolecules, because o f t h e i r one-
d i m e n s i o n a l c h a r a c t e r , o f f e r the promise o f s e q u e n t i a l s i d e group 
c o d i n g , i n f o r m a t i o n s t o r a g e , and template f u n c t i o n i n the manner 
t h a t i s w e l l known i n b i o l o g i c a l polymers ( F i g u r e 1 ) . 

C o n v e n t i o n a l s y n t h e t i c o r g a n i c polymers a re b e i n g s t u d i e d 
f o r a l l o f these r e a s o n s , but the g e n e r a l l a c k o f c h e m i c a l 
r e a c t i v i t y i n these systems i s a s e r i o u s drawback. I t i s f o r 
t h i s reason t h a t polyphosphazenes, w i t h t h e i r s u b s t i t u t i v e 
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method o f s y n t h e s i s , a re o f c o n s i d e r a b l e i n t e r e s t . In the 
f o l l o w i n g s e c t i o n s , I w i l l i l l u s t r a t e why the polyphosphazene 
system i s an a p p e a l i n g s t a r t i n g p o i n t f o r new developments i n two 
s p e c i f i c areas — i n chemotherapy and polymer-bound c a t a l y s t work. 

B i o a c t i v e Polyphosphazenes 

S p e c i f i c i n o r g a n i c macromolecules a r e unusual because they 
can be h y d r o l y z e d t o r e l a t i v e l y innocuous p r o d u c t s o r to s m a l l 
m o l e c u l e s t h a t can be m e t a b o l i z e d . Most c o n v e n t i o n a l o r g a n i c 
polymers do not have t h i s a t t r i b u t e . Thus, these i n o r g a n i c 
systems are o f s p e c i a l i n t e r e s t as c a r r i e r m o l e c u l e s i n chemo
th e r a p y . 

Recent work i n our l a b o r a t o r y has shown t h a t c e r t a i n s i d e 
groups a t t a c h e d to a polyphosphazene c h a i n impart a s e n s i t i v i t y 
t o h y d r o l y t i c c h a i n c l e a v a g e
s o l u b i l i t y . Both o f thes
chemotherapy. Polyphosphazenes a r e a l s o v a l u a b l e i n b i o l o g y 
because two o r more s u b s t i t u t e d groups can be r e a d i l y a t t a c h e d 
to the same c h a i n . Thus, i n d i v i d u a l s i d e groups t h a t possess 
chemotherapeutic, w a t e r - s o l u b i l i z a t i o n , h y d r o l y t i c - d e s t a b i l i z a t i o n , 
o r "homing" c h a r a c t e r i s t i c s can be combined i n one molecule t o 
form a drug w i t h a s e t o f s y n e r g i s t i c p r o p e r t i e s . 

Polymers c o n t a i n i n g the r e p e a t i n g u n i t s shown i n V I I I - X I 
have been shown t o be h y d r o l y t i c a l l y degradable and/or w a t e r -
s o l u b l e (9-13). Amino a c i d e s t e r d e r i v a t i v e s ( V I I I ) degrade t o 
e t h a n o l , amino a c i d , phosphate, and ammonia, which can e i t h e r be 
m e t a b o l i z e d o r e x c r e t e d . Thus, such s i d e u n i t s used t o g e t h e r 
w i t h chemotherapeutic c o s u b s t i t u e n t groups, p r o v i d e a f a c i l e drug 
d e l i v e r y system. I m i d a z o l y l s i d e groups (IX) a l s o c o n f e r 
h y d r o l y t i c s e n s i t i v i t y , but the b i o c h e m i c a l response to the 
h y d r o l y s i s p r o d u c t s has not y e t been e s t a b l i s h e d . Methylamino 
s i d e groups (X) p r o v i d e w a t e r - s o l u b i l i t y , as do g l u c o s e r e s i d u e s 
( X I ) . 

NHCH COOEt 
I l 

- Ν = Ρ 
! 
NHCH2COOEt 

V I I I IX 
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CELOH 
ι ^ 

H° J OH ° H 

NHCH„ 
I 3 

Ν = Ρ -
I 
NHCfi\ 

Ν = Ρ 

CH2OH 

XI 

These polymers were s y n t h e s i z e d by the g e n e r a l methods shown i n 
Scheme 1. T h e i r h y d r o l y s i s b e h a v i o r has been the s u b j e c t o f 
s e v e r a l fundamental m e c h a n i s t i c s t u d i e s a t the model compound 
l e v e l (10,11). 

The attachment o f b i o l o g i c a l l y - a c t i v e s i d e groups has a l s o 
been e x p l o r e d . At the p r e s e n t time s e v e r a l d i f f e r e n t approaches 
have been developed which l e a d to the s y n t h e s i s o f polymers such 
as X I I - X V I I . 

- Ν 

o N 

NHCH 2C00Et 

Ρ -

OPh 

X I I X I I I 
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OH y OH 

Ν =
I 
OPh 

XVI 

o/f \-CH 0NE \J -λ. ,/-v,u0NEt0 H e p a r i n 
I 2 3 

Ν = Ρ 

0< )/-CHn 

XVII 

Steroid-bound polyphosphazenes ( X I I ) can be prepared by the 
r e a c t i o n o f I I w i t h m etal s t e r o i d o x i d e s a l t s f o l l o w e d by treatment 
w i t h amino a c i d e s t e r s (14,15). The s u l f a d i a z i n e - b o u n d polymer 
( X I I I ) was s y n t h e s i z e d by S c h i f f ' s base c o u p l i n g o f a p o l y p h o s 
phazene b e a r i n g a pendent a l d e h y d i c group w i t h t he a n t i o b i o t i c 
amine (16). The l o c a l a n e s t h e t i c , p r o c a i n e , was l i n k e d t o the 
polymer backbone by d i r e c t a m i n o l y s i s o f I I t o y i e l d polymers 
based on the r e p e a t i n g u n i t XIV (17). P e p t i d e - c o u p l i n g 
t e c h n i q u e s have been used f o r the l i n k a g e o f polyphosphazenes 
b e a r i n g pendent amino r e s i d u e s t o b i o a c t i v e c a r b o x y l i c a c i d s (XV) 
(18). Catecholamines, such as dopamine o r e p i n e p h r i n e , have been 
l i n k e d t o aryloxyphosphazene h i g h polymers by d i a z o c o u p l i n g 
methods (XVI) ( 1 9 ) , and these polymers r e t a i n t he b i o l o g i c a l 
a c t i v i t y o f the f r e e hormone. The muc o p o l y s a c c h a r i d e , h e p a r i n , 
can be bound to aryloxyphosphazene polymers v i a i o n i c exchange 
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w i t h q u a t e r n i z e d ammonium pendent groups (XVII) (20). These 
polymers show promise as non-thrombogenie m a t e r i a l s f o r b i o -
e n g i n e e r i n g . 

I t w i l l be c l e a r t h a t , combined w i t h the use o f hydro-
l y t i c a l l y - s e n s i t i z i n g o r w a t e r - s o l u b i l i z i n g c o s u b s t i t u e n t groups, 
these polymers c o u l d have an impor t a n t impact on chemotherapy and 
o t h e r areas o f b i o m e d i c i n e . At p r e s e n t , the problem i s t o 
e s t a b l i s h the f e a s i b i l i t y o f a wide range o f s y n t h e t i c methods 
and t o e v a l u a t e the b i o l o g i c a l a c t i v i t y o f each c l a s s o f polymers. 

Linkage o f T r a n s i t i o n M e t a l s t o Phosphazene Rings and High 
Polymers 

T h i s book comprises a survey o f r e c e n t advances i n the 
c h e m i s t r y o f the r e p r e s e n t a t i v
the long-range resurgenc
r e s e a r c h a r e a depends t o some e x t e n t on the s t r e n g t h o f i t s i n t e r 
f a c e w i t h o r g a n i c c h e m i s t r y , t r a n s i t i o n metal c h e m i s t r y , and 
a p p l i e d s c i e n c e . Some o r g a n i c - r e l a t e d a s p e c t s o f phosphazene 
c h e m i s t r y were d i s c u s s e d i n the p r e v i o u s s e c t i o n . Here the 
i n t e r f a c e w i t h t r a n s i t i o n m e t a l c h e m i s t r y i s reviewed. 

Polyphosphazenes and cyclophosphazenes a r e almost unique as 
c a r r i e r m o l e c u l e s f o r t r a n s i t i o n m e tals because o f the wide range 
o f b i n d i n g s i t e s t h a t can be i n c o r p o r a t e d i n t o the phosphazene 
s t r u c t u r e . The s u b s t i t u t i v e mode o f s y n t h e s i s d e s c r i b e d e a r l i e r 
a l l o w s a s t r u c t u r a l d i v e r s i t y t h a t i s not found, f o r example, i n 
p o l y s t y r e n e , polyphenylene o x i d e , o r o t h e r o r g a n i c c a r r i e r 
polymers. 

The emphasis i n the f o l l o w i n g s e c t i o n s w i l l be on e x p l o r a t o r y 
model r e a c t i o n s c a r r i e d out w i t h phosphazene c y c l i c t r i m e r s o r 
t e t r a m e r s , a l t h o u g h the analogous macromolecules systems have a l s o 
been s t u d i e d i n s e v e r a l c a s e s . F i r s t , I w i l l summarize the 
v a r i o u s types o f metal b i n d i n g s i t e s t h a t a r e a c c e s s i b l e a t the 
pre s e n t time. S y n t h e t i c procedures l e a d i n g to the i n c o r p o r a t i o n 
o f s e v e r a l o f these s i t e s and t h e i r r o l e i n metal b i n d i n g w i l l 
then be d i s c u s s e d . 

Options f o r M e t a l - B i n d i n g S i t e s . Seven approaches f o r 
m e t a l - b i n d i n g t o c y c l i c o r p o l y m e r i c phosphazenes have been 
e x p l o r e d i n our l a b o r a t o r y . These are summarized i n s t r u c t u r e s 
X V I I I (210, XIX (22_-25), XX (26), XXI (27), X X I I (28,29), X X I I I 
(30), and XXIV (31,32,33). 
Only t h r e e o f these approaches w i l l be d i s c u s s e d h e r e . The 
o t h e r s can be t r a c e d through the r e f e r e n c e s g i v e n . 

Pendent Phosphine Groups. The c l a s s i c a l method f o r the 
l i n k a g e o f t r a n s i t i o n m e tal u n i t s to h i g h polymers i s v i a pendent 
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phosphine groups a t t a c h e d to a macromolecular c h a i n . We have 
developed a s y n t h e t i c s t r a t e g y f o r t h e p r e p a r a t i o n o f c y c l o p h o s -
phazene model compounds and the c o r r e s p o n d i n g l i n e a r h i g h polymers 
which bear pendent t r i a r y l p h o s p h i n e groups. T h i s approach i s 
i l l u s t r a t e d i n Scheme 2 (22-25). 
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T y p i c a l p r o d u c t s prepared by t h i s r o u t e i n c l u d e XXV, XXVI, and 
XXVII. 

XXVII 
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S p e c i e s such as XXV, XXVI, o r XXVII r e a d i l y form c o o r d i n a t i o n 
complexes when t r e a t e d w i t h A u C l , H 2 O s 3 ( C O ) 1 0 , Mn(CO)3(η-Ο^Η^), 
Fe(CO) 3(PhCH=CHC(0)CH 3), o r [ R h C l ( C O ) 2 J 2 (25)- ^ 0 r e s u l t s a r e 
of s p e c i a l i n t e r e s t . F i r s t , the s k e l e t a l n i t r o g e n atoms i n XXV-
XXVII do not p a r t i c i p a t e i n the c o o r d i n a t i o n p r o c e s s . Presumably, 
they a r e e f f e c t i v e l y s h i e l d e d by the a r y l o x y u n i t s and are o f low 
b a s i c i t y . Second, c o o r d i n a t i v e c r o s s l i n k i n g can o c c u r when two 
phosphine r e s i d u e s b i n d t o one metal atom. Ligand-exchange 
r e a c t i o n s were d e t e c t e d f o r the rhodium-bound s p e c i e s . The 
t r i - o s m i u m c l u s t e r adducts o f XXV, XXVI, and XXVII a r e c a t a l y s t s 
f o r the i s o m e r i z a t i o n o f 1-hexane t o 2-hexene. 

C a r b o r a n y l Phosphazenes. C y c l i c t r i m e r i c and h i g h 
p o l y m e r i c chlorophosphazenes r e a c t w i t h l i t h i o c a r b o r a n e s to form 
c a r b o r a n y l phosphazenes, as shown i n X X V I I I and XXIX (28). 

X X V I I I XXIX 

(0 = BH) 
R = Me o r Ph, and X = CI o r OCH CF (· = C) 

The halogen atoms r e m a i n i n g can then be r e p l a c e d by o r g a n i c 
r e s i d u e s such as t r i f l u o r o e t h o x y u n i t s . High polymers can a l s o 
be prepared by r i n g - o p e n i n g p o l y m e r i z a t i o n o f the c h l o r o c y c l o -
phosphazene, X X V I I I . Compounds o f t h i s type can be c o n v e r t e d t o 
n i d o - c a r b o r a n e s i n the presence o f base, but these do not form 
m e t a l l o - d e r i v a t i v e s , presumably f o r s t e r i c reasons (29). 

However, s e p a r a t i o n o f the carborane cage from "EHe phos
phazene r i n g o r c h a i n by a methylene s p a c e r group a l l o w s m etals 
to be i n s e r t e d i n t o the open f a c e o f the carborane. These 
syntheses were accomplished by the r e a c t i o n r o u t e s shown i n 
Schemes 3 and 4. High p o l y m e r i c analogues o f these t r a n s 
f o r m a t i o n s have a l s o been accomplished f o l l o w i n g p o l y m e r i z a t i o n 
o f XXX. The rhodium-bound cyclophosphazenes and polyphosphazenes 
are c a t a l y s t s f o r t h e hydrogénation o f 1-hexene. In t h i s , they 
show a s i m i l a r b e h a v i o r to m e t a l l o c a r b o r a n e s l i n k e d t o p o l y s t y r e n e 
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(34). The o x i d a t i v e - s t a b i l i t y o f the phosphazene backbone i s 
expected to be an advantage i n c a t a l y t i c r e a c t i o n s . 

Metallophosphazenes w i t h Phosphorus-Metal Bonds. U n t i l 
r e c e n t l y , the c h e m i s t r y o f c y c l i c and h i g h p o l y m e r i c phosphazenes 
was e s s e n t i a l l y the c h e m i s t r y o f t h e i r o r g a n i c d e r i v a t i v e s (Scheme 
1 ) . However, a d i s c o v e r y r e p o r t e d i n 1979 (31) opened up a new 
f i e l d o f metallophosphazene c h e m i s t r y i n which t r a n s i t i o n metals 
form the n u c l e u s o f the s i d e group s t r u c t u r e and a r e l i n k e d t o 
the s k e l e t o n through phosphorus-metal bonds. These s p e c i e s are 
o f t h e o r e t i c a l and p o t e n t i a l l y p r a c t i c a l importance, and I w i l l 
summarize b r i e f l y some o f the main f e a t u r e s known at t h i s time. 

O r g a n o m e t a l l i c a n i o n s r e a c t w i t h halophosphazenes t o r e p l a c e 
halogen atoms by o r g a n o m e t a l l i c u n i t s . The f i r s t r e a c t i o n s o f 
t h i s type d i s c o v e r e d are i l l u s t r a t e d i n Scheme 5. The m e t a l l o 
phosphazenes are s u r p r i s i n g l
h e x a c h l o r o c y c l o t r i p h o s p h a z e n
a n i o n to y i e l d b o t h a d i m e t a l l o d e r i v a t i v e (XXXI) and a t r i -
m e t a l l i c c l u s t e r d e r i v a t i v e ( X X X I I ) . The l a t t e r compound i s 

CI CI 

P.v Ρ 
C l Ν 

[ F e 2 ( C O ) g ] 

( O C ) 4 F e - F e ( C O ) 4 

X 

.Fe(CO) 
0 = C < ^ \ \ 3 

7- Fe - (CO) , 
1/ \ \ 3 

C l 

XXXI XXXII 
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s t a b i l i z e d by b o t h P-metal and N-metal c o o r d i n a t i v e bonds. Other 
metallophosphazenes c o n t a i n i n g Pt and Au have been r e p o r t e d 
r e c e n t l y by Schmidpeter and coworkers (35). X-ray s t r u c t u r e 
d a t a have been o b t a i n e d f o r s e v e r a l o f these compounds and, as 
might be expected, a s t r o n g i n t e r a c t i o n between the m e t a l l i c 
u n i t s and the phosphazene r i n g system i s e v i d e n t (31,32,33,36). 

C o n c l u s i o n s 

The r e a c t i o n s d i s c u s s e d i n t h i s c h a p t e r a r e i l l u s t r a t i v e o f 
the c h e m i c a l d i v e r s i t y t h a t f o l l o w s from the s u b s t i t u t i v e 
approach to polymer s y n t h e s i s . Rings and polymers based on the 
Main Group i n o r g a n i c elements a r e e s p e c i a l l y a p p r o p r i a t e f o r t h i s 
approach because o f the g e n e r a l l y h i g h r e a c t i v i t y o f , f o r 
example, the element-halogen bonds. Thus, a key problem f a c i n g 
the i n o r g a n i c r e s e a r c h
methods f o r the s y n t h e s i
(halophosphazenes), t h a t c o n t a i n elements such as s i l i c o n , 
aluminum, boron, o r s u l f u r i n the s k e l e t o n , w i t h r e a c t i v e s i d e 
groups a t t a c h e d to these atoms. Once these polymers have been 
s y n t h e s i z e d , a d i v e r s e a r s e n a l o f s i d e group s u b s t i t u t i o n 
p r o c e s s e s can then be m o b i l i z e d t o prepare a broad range o f 
d i f f e r e n t macromolecules. I f t h i s can be accom p l i s h e d , i t 
sh o u l d have an almost unprecedented impact on i n o r g a n i c 
c h e m i s t r y , polymer c h e m i s t r y , and h i g h t e c h n o l o g y . 
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Polyanionic Clusters in Solids and Their 
Chemical Reactions 

H. G. VON SCHNERING 

Max-Planck-Institut für Festkörperforschung Heisenbergstr. 1, D-7000 Stuttgart 80, 
Federal Republic of Germany 

Structural units of binary polycompounds with main 
group elements consis
mensional polymers
anions. These polyanions can be converted into mole
cular compounds by appropriate chemical reactions. 
The reactions, which are discussed in general, 
clearly provide an easy means of preparation for 
new types of compounds. Compounds such as P7R3, 
As7R3 and P11R3 have been obtained by these methods. 
Further homogeneous reactions with P7R3 yield other 
P7R'3 (R'=Sn me3, Pb me3) compounds which are sur
prisingly stable. Reactions of Rb3As7, for example, 
in ethylendiamine produce Rb3As7•3en, which serves 
as a model of the structure in solution. Redox re
actions of Na3P7 or Na3P11 in THF yield P162- and 
Na4P14•6en which can be seen as the first steps of 
polycondensation of the P 7 units. The formation of 
allo-Ge and 4H-Ge from Li7Ge12 is an especially 
interesting reaction in general, in view of the pre
paration of new (metastable) modifications of the 
elements. Some of the binary polycompounds possess 
interesting physical properties. The congruent sub
limation, the crystalline to plastically crystal
line phase transitions as well as the raman spectra 
are discussed in detail. 

The e l e c t r o p o s i t i v e elements form s e r i e s o f s o l i d b i n a r y 
compounds MY n w i t h the main group 3B, UB, 5B, 6B elements. Inde
pendent o f t h e r e a l b onding p r e s e n t i n t h e s o l i d s , t h e s t r u c t u r e s 
can be d e s c r i b e d i n terms o f homoatomie p o l y a n i o n i c c l u s t e r f o r 
m a t i o n , Y n

x~. Such p o l y a n i o n i c c l u s t e r s e x i s t as one-, two- and 
t h r e e - d i m e n s i o n a l connected polymers, as w e l l as q u a s i i s o l a t e d 
c a g e - l i k e p o l y c y c l i c u n i t s . Some examples are g i v e n i n F i g . 1 and 
a more g e n e r a l d i s c u s s i o n was p u b l i s h e d r e c e n t l y (_1_). 

0097-6156/83/0232-0069 $06.00/0 
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The f o l l o w i n g c o n t r i b u t i o n e s s e n t i a l l y d e a l s w i t h the u t i l i 
z a t i o n o f t h e s e s o l i d b i n a r y compounds as sources f o r new p o l y 
c y c l i c m o l e c u l a r systems or f o r new m e t a s t a b l e m o d i f i c a t i o n s o f 
t h e elements. New r e s u l t s are d i s c u s s e d which c o n t r i b u t e t o a 
g e n e r a l u n d e r s t a n d i n g o f th e s e m a t e r i a l s and t h e i r p r o p e r t i e s . 

M e t a l Compounds as Sources f o r P o l y c y c l i c Systems 

The w i n n i n g o f m o l e c u l a r compounds from heterogeneous r e a c 
t i o n s o f s o l i d m a t e r i a l s i s a w e l l known process (eg. C 2 H 2 from 
C a C 2 ) . A g e n e r a l scheme i s g i v e n i n F i g u r e 2 f o r compounds o f t h e 
type M3Y7 and M 3 Y 1 1 5 r e s p e c t i v e l y (M = a l k a l i m e t a l ; Y = P, As, 
Sb). I n t h e s t r u c t u r e s o f t h e s e compounds c a g e - l i k e Y73~ or Y n 3 _ 

anions are p r e s e n t ; thus r e a c t i o n s t o n e u t r a l m o l e c u l e s o f the 
same s t r u c t u r e suggest themselves. The g i v e n scheme however, can 
a l s o be g e n e r a l i z e d f o

Heterogeneous R e a c t i o n s . I n a heterogeneous r e a c t i o n o f 
s o l i d M 3Y 7,c w i t h s u i t a b l e r e a c t a n t s RX (eg. C l S i m e 3 ) s o l u t i o n s 
o f R 3 Y 7 , s o l are o b t a i n e d , from which the m o l e c u l a r c r y s t a l l i n e 
compounds R3Y7,c r e s u l t (2_,3_). A d i r e c t p a t h v i a s u b s t i t u e n t ex
change the n l e a d s from these m a t e r i a l s t o new compounds, o f t e n 
w i t h h i g h y i e l d s {h). S e v e r a l examples are g i v e n i n F i g u r e 3: 
A s 7 ( S i m e 3 ) 3 ; P i 1 ( S i m e 3 ) 3 ; P n ( S n m e 3 ) 3 ; and above a l l t h e complete 
s e r i e s P 7 ( M m e 3 ) 3 , w i t h M = S i , Ge, Sn, Pb as w e l l as P 7 ( M p h 3 ) 3 

w i t h M = Sn, Ge (£,6,7). 
I n t h e above mentioned s e r i e s , s u r p r i s i n g l y t h e s t a b i l i t y o f 

t h e compounds i n a i r i n c r e a s e s . The s i l i c o n compounds decompose 
i n s t a n t a n e o u s l y i n t o phosphane and s i l o x a n e ; t h e l e a d compounds 
i n c o n t r a s t , however, r e a c t o n l y i n t h e course o f some days. The 
s y s t e m a t i c changes i n the i . r . s p e c t r a are a l s o i n t e r e s t i n g . The 
M-P and M-C v i b r a t i o n s show t h e expected s h i f t w i t h atomic mass, 
whereas t h e v i b r a t i o n s o f t h e P7-cages remain c o m p l e t e l y unaf
f e c t e d by the s u b s t i t u t i o n (k). 

A l l attempts t o bond R 3P7 as a l i g a n d t o m e t a l ( 0 ) complexes 
have f a i l e d . I n c o n t r a s t , the p r e p a r a t i o n o f complexes w i t h t h e 
r e l a t e d cage-rnolecules P/+(Sime2)3 vas s u c c e s s f u l (Q) . 

Homogeneous R e a c t i o n s . With s u i t a b l e s o l v e n t s t h e b i n a r y 
m e t a l compounds y i e l d c l e a r , homogeneous s o l u t i o n s . E s p e c i a l l y 
s u i t a b l e are e t h y l e n d i a m i n e ( e n ) , l i q u i d NH 3, and i n some cases 
THF. The deep r e d s o l u t i o n s i n en have been known f o r q u i t e a 
l o n g time (9.), and seem t o be t y p i c a l f o r the g r e a t m a j o r i t y o f 
compounds w i t h p o l y a n i o n s ( c f . the s o l u t i o n o f Sng**" (10,11,12)). 
We now obse r v e , t h a t s o l u t i o n s o f pure b i n a r y p o l y p h o s p h i d e s , e g . 
N a 3 P 7 , i n v e r y c a r e f u l l y p u r i f i e d e t h y l e n d i a m i n e ( d i s t i l l e d over 
L i A l H ^ ; c o n t r o l l e d by c o n d u c t i v i t y measurements; s p e c i f i c con
d u c t i v i t y l ower by 10~ 1 t h a n t h a t g i v e n i n the l i t e r a t u r e ) are 
a b s o l u t e l y c o l o u r l e s s . The well-known deep r e d c o l o u r a g a i r ap
pears i n s t a n t e n e o u s l y w i t h t r a c e s o f oxygen (produced by t h e 
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Figure 1. Some homoatomic phosphorus units in metal polyphosphides as ex
amples for polyanionic clusters. 
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Figure 2. Different reaction paths A, B, and C of a solid polyanionic cluster 
shown by the example of M3Y7 (s). 
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d e c o m p o s i t i o n o f HgO). Another o b s e r v a t i o n concerns w h i t e phos
phorus: pure Ρ4 d i s s o l v e s i n en g i v i n g a deep r e d c o l o u r ; t h e 
s o l u t i o n i s d i s c o l o u r e d by oxygen. We s u s p e c t t h a t r a d i c a l spe
c i e s are r e s p o n s i b l e f o r t h e i n t e n s e r e d c o l o u r and i n v e s t i g a t i o n s 
are i n p r o g r e s s . 

C o n s i d e r a b l e u n c e r t a i n t y s t i l l e x i s t s about t h e s t a t e o f t h e 
m e t a l compounds i n t h e s o l u t i o n s : " I t ' s dark b e h i n d t h e p i c k " 
( o l d miner's s a y i n g ) ! M. B a u d l e r assumed t h e presence o f L i + and 
P 7

3 ~ i o n s f o r L i 3 P 7 i n THF s o l u t i o n (J3.). I n these s o l u t i o n s v a 
l e n c e f l u c t u a t i o n s o f t h e P 7

3 ~ cage were observed f o r t h e f i r s t 
t i me (^ik). The d e t a i l s were e x p l a i n e d by G l e i t e r ( 15) "by a t h e o 
r e t i c a l model. The v a l e n c e f l u c t u a t i o n s f r e e z e at 2h0 Κ ( 3 1P-NMR). 
We were r e c e n t l y a b l e t o prove the f l u c t u a t i o n s f o r N a 3 P 7 i n en 
(5.) · A f t e r the s t r u c t u r e d e t e r m i n a t i o n o f s o l v a t e d compounds, 
some doubts e x i s t c o n c e r n i n g the p a t h o f t h i s v a l e n c e f l u c t u a t i o n . 
The c a t i o n s i n t h e c r y s t a l l i n
are bonded e x c l u s i v e l y
one a n i o n and are c o o r d i n a t e d o n l y by s o l v a t e m o l e c u l e s ( F i g u r e h) 
(,l6). The u n u s u a l c o n f i g u r a t i o n corresponds t o an i s o l a t e d s o l 
v a t e d M^Y7 m o l e c u l e and i s q u i t e d i f f e r e n t than the c o n f i g u r a t i o n 
i n s o l v e n O - f r e e L i ~ P 7 (6) and Na^P ( 1 7 ) . We a l s o r e g a r d t h i s 
s t r u c t u r e as a gooa model f o r d i s s o l v e d compounds and b e l i e v e t h a t 
a M e t a l Supported Valence F l u c t u a t i o n (MSVF) take s p l a c e i n the 
s o l u t i o n . A s i m p l e e l e c t r o s t a t i c e s t i m a t i o n shows t h a t t h e p a r 
t i c i p a t i o n o f t h e m e t a l atoms n o t i c e a b l y decreases the energy 
d i f f e r e n c e between gro u n d - s t a t e and t r a n s i t i o n s t a t e (J_6). 

The s o l u t i o n s o f t h e m e t a l compounds M 3X 7 can he used (a) f o r 
a study o f r e d o x - r e a c t i o n s under m i l d c o n d i t i o n s , and (b) t o serve 
as aducts f o r c a t i o n exchange r e a c t i o n s . Thus N a 3 P 7 r e a c t s w i t h 
ph^PCl or phxfAsCl accompanied by q u a n t i t a t i v e p r e c i p i t a t i o n o f 
N a C l , t o g i v e s o l u t i o n s o f s a l t s w i t h o u t m e t a l c a t i o n s . The l e a s t 
s o l u b l e m a t e r i a l s which c r y s t a l l i z e out o f t h ese s o l u t i o n s are 
the compounds (ph^P^P-ie o r (ph/+As ) 2 P i 6 . They c o n t a i n t h e new 
p o l y a n i o n P i e 2 - ( F i g u r e 5)» which i s formed i n the s o l u t i o n by a 
complex redox r e a c t i o n (18). 

Na^Piz* i s formed q u a n t i t a t i v e l y from N a 3 P 7 and P^ ( i n en) i n 
a w e l l d e f i n e d r e a c t i o n . The c o l o u r l e s s s o l v a t e Na^Pi^'oen can be 
o b t a i n e d from en i n c r y s t a l l i n e form hy c o u n t e r - c u r r e n t d i f f u s i o n 
o f THF ( F i g u r e 5). A g a i n we f i n d a s o l v a t e d molecule or ion-com
p l e x Naz+Pi/+ i n t h e c r y s t a l . The p o l y a n i o n P i ^ 4 ~ , whose t r i m e t h y l -
s i l y l s u b s t i t u t e d d e r i v a t i v e s have a l r e a d y been observed i n s m a l l 
q u a n t i t i e s i n m a s s - s p e c t r a (J3), c o n s t i t u t e s the f i r s t methodi
c a l l y executed s t e p t o an o l i g o m e r i z a t i o n and f i n a l l y t o a com
p l e t e p o l y m e r i z a t i o n o f P 7

3 ~ c l u s t e r s (16). 

R a d i c a l i c Decomposition. A t h i r d p a t h f o r r e a c t i o n s o f t h e 
b i n a r y m e t a l compounds b e i n g d i s c u s s e d here i s r a d i c a l i c d i s s o c i 
a t i o n under the i n f l u e n c e o f s u i t a b l e r e a c t a n t s . The t h e r m a l de
c o m p o s i t i o n i n t o t h e elements i s always p o s s i b l e at h i g h tempera
t u r e s . At 298 Κ however, i t can o n l y t a k e p l a c e i f at l e a s t one 

In Rings, Clusters, and Polymers of the Main Group Elements; Cowley, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 3. Structures of PuR3 and P7R3 as examples for substituted polyanions. 
The IR spectra of the compounds P7(Mme3)3 with M = Si, Ge, Sn, and Pb show 
the nearly unchanged fundamental vibrations of the P7 skeleton (black-filled), the 
shifts of v(P-M) (black star), and of KM-C3) (white star), and the CH3 rocking 

vibrations (not marked). 

Figure 4. Structure of Rb3As7 · 3en (a) showing the solvated ion complex 
(Rb + )3As7

3~ with only weak additional bonds between neighboring complexes, 
and the proposed Metal-Supported Valence-Fluctuation (MSVF) (b) for the 

Xj~ cage. 

In Rings, Clusters, and Polymers of the Main Group Elements; Cowley, A.; 
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o f t h e components can r e a c t t o g i v e s t a b l e p r o d u c t s . T h i s i s pos
s i b l e i n the case o f compounds such as Na 3P7 i f Na°=(Na ++e~) i s 
tr a n s f o r m e d i n t o N a + , s o l and a s t a b l e r a d i c a l a n i o n ( R * ) ~ . N a 3 P 7 

does i n f a c t r e a c t w i t h a s o l u t i o n o f benzophenone ph 2C0 i n THF 
i n an heterogeneous r e a c t i o n t o y i e l d t h e well-known deep-blue 
r a d i c a l anions (ph CO" )~ and d i s s o l v e d N a + c a t i o n s . The p o l y a n i o n 
P 7 3 - i s d i s c h a r g e d by t h i s r e a c t i o n and forms a l i g h t - r e d amor
phous r e s i d u e o f a new, but not y e t c h a r a c t e r i z e d form o f elemen
t a r y phosphorus. However, a r e a c t i o n o f L i 7 G e i 2 w i t h ph 2CO i n THF 
has been e x p l a i n e d i n d e t a i l (J9») ( F i g u r e 6 ) . 

L i 7 G e 1 2 i s a new phase i n t h e Li/Ge system, d i s t i n g u i s h e d by 
a c o m p l i c a t e d t w o - d i m e n s i o n a l i n f i n i t e p o l y a n i o n i c s t r u c t u r e o f Ge 
atoms. The compound, which i s v e r y r e a c t i v e towards p r o t i c a g e n t s , 
immediately r e a c t s i n the above d e s c r i b e d way t o g i v e t he r a d i c a l 
a n i o n and a new m e t a s t a b l e m o d i f i c a t i o n o f germanium, a l l o - G e . An 
e x c l u s i v e l y t o p o t a c t i c a
complex 2 - d i m e n s i o n a l l a y e r
which are no l o n g e r s a t u r a t e d w i t h r e s p e c t t o v a l e n c y , p o l y m e r i z e 
d i r e c t l y t o a l l o - G e . 

A l l o - G e i s a diamagnetic semiconductor w i t h m e c h a n i c a l p r o 
p e r t i e s s i m i l a r t o g r a p h i t e . Because o f t h e t o p o t a c t i c a l r e a c t i o n 
p a t h , L i 7 G e i 2 s i n g l e - c r y s t a l s are t r a n s f o r m e d d i r e c t l y i n t o s i n g l e 
c r y s t a l s o f a l l o - G e . A p a r t from t h i s , L i 7 G e i 2 r e a c t s w i t h p r o t i c 
agents and a l s o t o p o t a c t i c a l l y t o L i + , s o l , H 2,g and a l l o - G e , but 
v e r y s u r p r i s i n g l y , not by t h e f o r m a t i o n o f germanes. Hydrogen 
appears i n t h i s r e a c t i o n e x c l u s i v e l y at t h e edges o f the t w o - d i 
m ensional G e i 2

7 ~ a n i o n s , which corresponds e x c e l l e n t l y t o t h e g i v e n 
scheme i n F i g u r e 6 . Alio-germanium possesses another v e r y i n t e r 
e s t i n g p r o p e r t y . H e a t i n g i t up t o h20 Κ causes i t t o change by an 
exothermic r e a c t i o n i n t o a f u r t h e r m e t a s t a b l e m o d i f i c a t i o n o f 
germanium, UH-Ge. T h i s i s one o f t h e s t a c k i n g v a r i a n t s o f t e t r a 
h e d r a l s t r u c t u r e s , which are known from S i C m o d i f i c a t i o n s and are 
of c o n s i d e r a b l e t h e o r e t i c a l i n t e r e s t > b e c a u s e here i n a t e t r a h e d r a l 
s t r u c t u r e o f UB-elements, six-membered r i n g s appear b o t h i n t h e 
c h a i r - and i n t h e b o a t - c o n f o r m a t i o n . S i m i l a r t o the well-known 
h i g h p r e s s u r e form 2H-SÎ, the a x i a l r a t i o c/a o f t h e hexagonal 
u n i t c e l l o f UH-Ge d e v i a t e s from t h e t h e o r e t i c a l v a l u e , an i n d i 
c a t i o n o f the i n f l u e n c e o f t h e u n f a v o u r a b l e b o a t - c o n f o r m a t i o n 
( e c l i p t i c c o n f i g u r a t i o n o f a p a r t o f t h e Ge-Ge bonds). A slow 
t r a n s f o r m a t i o n o f kE-Ge t o t h e s t a b l e m o d i f i c a t i o n α-Ge w i t h d i a 
mond s t r u c t u r e b e g i n s at about 770 K. Rapid h e a t i n g w i l l cause 
UH-Ge t o m e l t , t h e m e l t i n g p o i n t b e i n g about 10° below the m e l t i n g 
p o i n t o f a-Ge (1198 Κ/1208 Κ) (_19.,20). 

These r e a c t i o n s y i e l d i n g m e t a s t a b l e new forms o f elements 
s h o u l d be s t u d i e d f u r t h e r . 

C r y s t a l l i n e and P l a s t i c Phases M 3P 7 and M3P11 ( M = a l k a l i n e metal) 

To make the above mentioned r e a c t i o n s s u c c e s s f u l , w e l l d e f i n e d 
s t a r t i n g m a t e r i a l s are r e q u i r e d . By a s e r i e s o f v e r y e x t e n s i v e 

In Rings, Clusters, and Polymers of the Main Group Elements; Cowley, A.; 
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Figure 5. Structure of the
complex Na4Pl4 · 6en (right),

areas are P7 units. 

Li7Ge12 

α -Ge 4H-Ge 

Figure 6. Formation of allo-Ge from Li7Ge}2 by a topochemical reaction and the 
main structural units of Li7Gej2, allo-Ge, 4H-Ge and a-Ge. 

In Rings, Clusters, and Polymers of the Main Group Elements; Cowley, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



76 RINGS, C L U S T E R S , A N D P O L Y M E R S 

i n v e s t i g a t i o n s we have t h e r e f o r e s t u d i e d the m e t a l phosphides 
M3P7 and M3P11 which are distinguished hy ̂ he appearance o f t h e 
ve r y f a s c i n a t i n g cage systems P„ " and P ^ " (Table I ) . An impor
t a n t r e s u l t i s the c l e a r p r o o f "that t h e compounds M^P^ 
(M=alka l i n e m e t a l ) , quoted i n a l l t e x t books, d e f i n i t e l y do not 
e x i s t . I n a l l cases t he p r e v i o u s l y d e s c r i b e d b r i g h t y e l l o w com
pounds have the c o m p o s i t i o n M 3P 7. The c h e m i c a l a n a l y s i s o f p r e 
v i o u s works (9) agrees c o n s i d e r a b l y b e t t e r w i t h t he c o m p o s i t i o n 
3:7 than w i t h c o m p o s i t i o n 2 : 5 . O b v i o u s l y - and t h i s i s q u i t e a 
g e n e r a l problem - the r a t i o 2:5 vas c o n s i d e r e d as b e i n g s i m p l e r 
and more r e a s o n a b l e . The phosphides M3P11 are u s u a l l y orange c o l 
oured and are formed under v e r y s i m i l a r t h e r m a l c o n d i t i o n s (2Λ). 
The m a j o r i t y o f t h e M3P7 and M3P11 phosphides go through a c r y s 
t a l l i n e - t o - p l a s t i c f i r s t - o r d e r phase t r a n s i t i o n (VJ_)» ( 2 2 ) . 

The p r e p a r a t i o n o f s i n g l e c r y s t a l s i s d i f f i c u l t , b ut i s suc
c e s s f u l i n some ca s e , s
s t r u c t u r e s {}_9^_9yj_92Ji_
are r e l a t e d t o th e well-known i n t e r m e t a l l i c phase L i 3 B i , where 
the c e n t r e s o f t h e p o l y c y c l i c P 7

3 ~ or P n 3 ~ anions s u r r o u n d t h e 
p o s i t i o n s o f the B i atoms i n L i 3 B i . The o r i e n t a t i o n o f the p o l y 
anions i s d i s o r d e r e d ( d y n a m i c a l l y ? ) . F or these s t r u c t u r e s t h i s 
o r i e n t a t i o n l e a d s t o a t y p i c a l e l e c t r o n d e n s i t y d i s t r i b u t i o n o f 
a seemingly o c t a h e d r a l u n i t . I n c o n t r a s t t he o r i e n t a t i o n o f t h e 
anions i s f i x e d f o r the c r y s t a l l i n e phases. The symmetry o f th e 
u n i t c e l l s as w e l l as th e d i s t r i b u t i o n o f c a t i o n s and anions i n 
these M 3P 7 and M 3 P n type s t r u c t u r e s r e f l e c t t h e d i r e c t r e l a t i o n 
s h i p t o the s t r u c t u r e s o f t h e p l a s t i c phases. 

The y e l l o w phosphides M 3P 7 d i f f e r from a l l o t h e r phosphides 
by a remarkable p r o p e r t y : t h e y sublime c o n g r u e n t l y d i s s o c i a t i v e 
( c f . NH^Cl). In the gas phase o n l y M,g and P<+,g appear, whereas 
under s i m i l a r c o n d i t i o n s t h e phosphides M3P11 d i s s o c i a t e i n t o 
M 3P 7 and P^ (2k). These compounds can a l s o be o b t a i n e d as amor
phous p r o d u c t s by s u b l i m a t i o n under s u i t a b l e c o n d i t i o n s . I t has 
been shown t h a t t h e s e amorphous pr o d u c t s are e x t r a o r d i n a r i l y r e 
a c t i v e , t h e r e f o r e t h e y are t h e most s u i t a b l e s t a r t i n g m a t e r i a l s 
f o r t h e t r a n s f o r m a t i o n s d i s c u s s e d above. 

On t he o t h e r hand however, the c l u s t e r - a n i o n s P 7
3 ~ and P u 3 " 

are t h e r m a l l y remarkably s t a b l e . I n t h e condensed s t a t e ( i n t h e 
c r y s t a l as w e l l as i n m e l t s ) , t h e c h a r a c t e r i s t i c v i b r a t i o n s can 
be observed b o t h i n i . r . s p e c t r a and i n Raman s p e c t r a upto temper
a t u r e s o f 900 Κ (25.>26_,27) · As an example, t h e Raman s p e c t r a o f 
N a 3 P 7 i n F i g u r e 7 c l e a r l y show t h a t t h e t y p i c a l c l u s t e r - v i b r a t i o n s 
o f t h e P 7

3 ~ - a n i o n are m a i n t a i n e d up t o t h e r e g i o n o f the p l a s t i c 
phase, a l t h o u g h the a b s o r p t i o n bands become i n c r e a s i n g l y b r o a d e r 
and l e s s d i s t i n c t w i t h t emperature. The l a t t i c e v i b r a t i o n s a t 
50-100 cm - 1 behave c o m p l e t e l y d i f f e r e n t l y . As expected they d i s 
appear a t t h e t r a n s i t i o n t o th e p l a s t i c phase. Completely unex
p e c t e d however, t h e y remain s h a r p l y r e s o l v e d up t o the c r i t i c a l 
t emperature T c. T h i s e f f e c t can be connected w i t h t h e presence 
o f two undamped l a t t i c e modes ( £ 5 ) · 

In Rings, Clusters, and Polymers of the Main Group Elements; Cowley, A.; 
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Figure 7. Crystalline (LT) and plastic (HT) phases of M3P7 and M3PU. Key: a, 
structure of the orthorhombic LT-Na3P7 as an example for the ordered crystalline 
low-temperature modifications (See Table I. The relation of the LT-phase to the 
HT-phase is indicated by a dotted line.); b, structures of the cubic HT-M3P7 and 
HT-M3Pjj as examples for the plastically crystalline phases; c, temperature-de
pendent Raman spectra of Na3P7; and d, typical electron density in the plastically 

crystalline phases. 
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Outlook 

The a p p l i c a t i o n o f s o l i d compounds w i t h c l u s t e r u n i t s as 
sources f o r new m o l e c u l a r compounds, as w e l l as f o r new polymers 
opens up an a t t r a c t i v e f i e l d i n c h e m i s t r y . I n view o f the w e a l t h 
o f b i n a r y and t e r n a r y s o l i d compounds, t h e r e i s no end i n s i g h t . 
The wide range o f m a t e r i a l s s h o u l d encourage many c h e m i c a l groups 
t o work much more i n t h i s d i r e c t i o n . E s p e c i a l l y f a s c i n a t i n g i s 
th e p o s s i b i l i t y t o form new m o d i f i c a t i o n s o f the elements which 
as m e t a s t a b l e systems c o u l d a l s o have i n t e r e s t i n g c h e m i c a l and 
p h y s i c a l p r o p e r t i e s . 

The phases o f the UB elements are l a r g e l y unused, e.g. NaSi 
e t c . w i t h t h e t e t r a s i l a t e t r a h e d r a n e S i ^ 4 " u n i t o r L i i 2 S i 7 and 
L i i 2 G e 7 w i t h t he t r i g o n a l p l a n a r Si** and Ge^ s t a r s ( 2 8 ) . We were 
a l r e a d y a b l e t o observe r e a c t i o n s o f th e s e compounds, but upto 
now t h e p r o d u c t s have
N a 8 S i ^ 6 , N a x S i 1 3 6 (x=3~12
i n t h e way d e s c r i b e d above, but so f a r o n l y amorphous p r e c i p i t a
t i o n s o f s i l i c o n and t i n have been o b t a i n e d . 

The s e a r c h f o r s u i t a b l e b o r i d e s o f a l k a l i m etals r e c e n t l y 
l e d t o a new l i t h i u m b o r i d e w i t h hexagonal B 6 - o c t a h e d r a frame
work unknown u n t i l now. S t r o n g evidence f o r t h e e x i s t e n c e o f 
p l a n a r L i 3 B m olecules i n the wide channels o f th e framework i s 
g i v e n by t h e s t r u c t u r a l a n a l y s i s (29.). T h i s compound p o i n t s out 
another aspect i n v o l v i n g r e a c t i o n s o f s o l i d phases; namely, t h e 
p o s s i b l e r e l e a s e o f s m a l l m o l e c u l e s , which are c l a t h r a t e - l i k e , 
l o c k e d i n t h e s t r u c t u r e and are t h e r e f o r e s t a b i l i z e d . 
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Cyclophosphathiazenes Containing Two- or 
Three-Coordinate Sulfur 
N. BURFORD, T. CHIVERS, M. N. S. RAO, and J. F. RICHARDSON 

University of Calgary, Department of Chemistry, Calgary, Alberta T2N 1N4 Canada 

The preparation, molecular and electronic struc
tures, and some reactions of cyclophosphathiazenes 
containing two o  thre  coordinat  sulfu  de
scribed. Inorgani
lae (R2PN)n(SN)2  (R2PN)x(NSCl)y  prepare y 
the reactions of S4N4 with phosphorus(III) reagents 
[e.g. R2PPR2(R=Me,Ph) or Ph2PH, n=1,2; or Ph2PCl, 
x=2, y=1]. In addition to substitution at sulfur, 
(Ph2PN)2NSCl readily undergoes ring opening reac
tions to give novel bicyclic, tricyclic, or spiro-
cyclic PSN ring systems. X-ray crystallographic 
data and the results of MO calculations show that 
the excess of electrons may be accommodated by 
partial occupation of π*-levels or by formation of 
transannular S-S bonds in these π-electron rich 
heterocycles. 

A wide v a r i e t y o f c y c l i c S-N compounds c o n t a i n i n g two o r 
t h r e e c o o r d i n a t e s u l f u r i s known ( l ) . The b i n a r y S-N r i n g s v a r y 
i n s i z e from f o u r ( S 2 N 2 ) t o t e n (SsNs"1") atoms and examples o f 
anions ( S 3 N 3 " * ) and c a t i o n s ( S 3 N 2 + , SJ+N3 + , Si+Nt*2"*") are known i n 
a d d i t i o n t o n e u t r a l m o l e c u l e s (_2). The excess o f e l e c t r o n s i n 
t h e s e p l a n a r , e l e c t r o n - r i c h h e t e r o c y c l e s i s o f t e n accommodated i n 
low l y i n g π* o r b i t a l s b u t , i n some cases (e.g. SifNi*, St*N5~), the 
number o f π* e l e c t r o n s i s reduced by f o r m a t i o n o f t r a n s a n n u l a r 
S-S bonds t o g i v e cages (.2,3.). 

An even broa d e r range o f r i n g s i z e s i s found f o r the c y c l o -
phosphazenes ( R 2 P N ) X (X=3-1T) but t h e s e i n o r g a n i c h e t e r o c y c l e s 
are π-electron p r e c i s e ( i . e . the number o f π-electrons i s e q u a l 
t o the number o f atomic c e n t e r s i n t h e r i n g system). A l t h o u g h 
b o t h b i c y c l i c and condensed s t r u c t u r e s have been i d e n t i f i e d , 
s i m p l e anions o r c a t i o n s o f cyclophosphazenes are unknown (k) . 

The c o m b i n a t i o n o f the monomer u n i t s R 2PN and NS p r o v i d e s 
many p o s s i b i l i t i e s f o r i n o r g a n i c r i n g systems c o n t a i n i n g phos
phorus, n i t r o g e n , and two c o o r d i n a t e s u l f u r . Thus one might an-

0097-6156/83/0232-0081 $6.00/0. 
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t i c i p a t e a homologous s e r i e s ( R 2 P N ) n ( S N ) 2 i n which the f i r s t mem
be r i s a six-membered r i n g ( l , n=l) and the second member i s an 
eight-membered r i n g w i t h s t r u c t u r a l isomers (2 and 3 , n=2). I n 
a d d i t i o n , l a r g e r r i n g s i z e s (n=3,4 e t c . ) are p o s s i b l e . 

S i m i l a r l y the c o m b i n a t i o n o f R2PN and NSC1 u n i t s a f f o r d s 
h e t e r o c y c l e s c o n t a i n i n g phosphorus, n i t r o g e n and t h r e e c o o r d i n a t e 
s u l f u r (e.g. k and 5) which may be c o n s i d e r e d as h y b r i d s o f the 
w e l l known r i n g systems ( R 2 P Ï O 3 and ( N S C l ) 3 . 

T h i s paper d e s c r i b e s the p r e p a r a t i o n , m o l e c u l a r and e l e c 
t r o n i c s t r u c t u r e s and some r e a c t i o n s o f compounds 1 - §, f o r 
which the g e n e r i c name c y c l o p h o s p h a t h i a z e n e s w i l l be used. 

C y c l o p h o s p h a t h i a z e n e s w i t h Two C o o r d i n a t e S u l f u r 

P r e p a r a t i o n . The f i r s t r e p o r t o f a h e t e r o c y c l e o f t h i s type 
( l , R = Me3SiNH) i n v o l v e
us (V) reagent (Me3Si)P(NSiMe3)
b l u e compound c o n s i s t s o f a h i g h l y puckered six-membered r i n g ( 6 ) . 
The r e a c t i o n o f R2PPR2 w i t h Si+Nit p r o v i d e s a more g e n e r a l r o u t e t o 
such h e t e r o c y c l e s . Thus t r e a t m e n t o f St+Ni* w i t h t e t r a p h e n y l - or 
t e t r a m e t h y l - d i p h o s p h i n e i n t o l u e n e a t r e f l u x produces 1 (R=Ph,Me) 
i n modest y i e l d s (15 - 20$, 1,8). The Ph2PPPh2/SifN»t r e a c t i o n 
m i x t u r e was m o n i t o r e d by 3 Ρ nmr s p e c t r o s c o p y which r e v e a l e d the 
presence o f (Ph 2PN)3, ( P h 2 P N K , and ( P h 2 P S ) 2 i n a d d i t i o n t o sev
e r a l o t h e r p r o d u c t s (£). Two o f these p r o d u c t s have been sepa
r a t e d by g e l permeation chromatography and i d e n t i f i e d as the 
s t r u c t u r a l isomers 2 and 3 (R=Ph,Me). The r e a c t i o n o f Ph2PH w i t h 
Si+Ni* a l s o produces ï - 3 and i s p r e f e r r e d f o r t h e p r e p a r a t i o n o f 
1 and t h e 1 , 3-isomer, 2, because the p r o d u c t s are more r e a d i l y 
s e p a r a t e d from P h 2 P ( S ) H than from ( P h 2 P S ) 2 . However, the Ph 2PH/ 
SitNif r e a c t i o n g i v e s a v e r y low y i e l d o f the 1 , 5-isomer, 3 . 

M o l e c u l a r S t r u c t u r e s . An X-ray s t r u c t u r a l d e t e r m i n a t i o n o f 
l(R=Ph) shows t h a t the NSNSN sequence o f the six-membered r i n g i s 
e s s e n t i a l l y p l a n a r but t h e phosphorus atom i s t i l t e d 0. out o f 
t h i s p l a n e (8_) . The P-N and S-N bond d i s t a n c e s are c a . 1 . 6 2 and 
1 . 5 T A , r e s p e c t i v e l y , compared t o c a . 1 .60& f o r the P-N d i s t a n c e 
i n ( P h 2 P N ) 3 (10) and c a . I.60S f o r the S-N bond l e n g t h i n S 3 N 3 " 

( l l ) . These t r e n d s i n bond l e n g t h s are c o n s i s t e n t w i t h e x p e c t a 
t i o n s based on t h e view t h a t ( P h 2 P N ) 3 , P h 2 P S 2 N 3 and S3N3"" are 6 , 
8, and 10 π-electron systems, r e s p e c t i v e l y (χ,.8). 

The s t r u c t u r e o f t h e orange 1 , 3-isomer o f the eight-membered 
r i n g , g, resembles t h a t o f the six-membered r i n g i n t h a t t h e 
NSNSN u n i t i s e s s e n t i a l l y p l a n a r . The phosphorus atoms l i e out 
and on o p p o s i t e s i d e s o f t h i s p l a n e by c a . O.ToS (90 . The s t r u c 
t u r a l parameters f o r 2, are g i v e n i n F i g u r e 1. 

I n c o n t r a s t , the s t r u c t u r e o f t h e p a l e y e l l o w 1 , 5-isomer, 3 , 
c o n s i s t s o f a f o l d e d eight-membered r i n g w i t h a t r a n s a n n u l a r S-S 
bond (d(S-S)=2.53A, F i g u r e 2 ) . The two p l a n a r S 2 N 2 u n i t s i n t e r 
s e c t a t an angle o f c a . Il6° and the phosphorus atoms l i e c a . 
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Figure 1. ORTEP drawing of 1,3-(Ph2PNPPh2)S2N3 showing bond lengths (À) 
and angles (deg). All ORTEP figures are drawn with thermal ellipsoids at the 

50% probability level, and only a-C atoms of the phenyl rings are shown. 
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0 . 2 l 8 "below the r e s p e c t i v e p l a n e s (9.)· The c o r r e s p o n d i n g m e t h y l 
d e r i v a t i v e , 3 (R=Me), has a v e r y s i m i l a r s t r u c t u r e except t h a t 
the phosphorus atoms l i e above and below the p l a n e s by c a . +0.19 
and - 0 . r e s p e c t i v e l y , a p p a r e n t l y due t o a s o l i d s t a t e e f f e c t 
( 1 2 ) . 

T h i s s t r u c t u r e may be compared w i t h t h o s e o f the r e c e n t l y 
r e p o r t e d i s o e l e c t r o n i c carbon analogues RC(NSN)2CR(13, R=Me2N,Ph). 
In t h e carbon compounds th e e f f e c t o f the e x o c y c l i c s u b s t i t u e n t 
on r i n g c o n f o r m a t i o n i s remarkable. Thus th e p h e n y l d e r i v a t i v e 
i s c o m p l e t e l y p l a n a r and has s t r u c t u r a l parameters c o n s i s t e n t 
w i t h a 10 π-electron system w h i l e the dimethylamino d e r i v a t i v e 
has a f o l d e d s t r u c t u r e w i t h a t r a n s a n n u l a r S-S d i s t a n c e o f 2.43& 
( F i g u r e 3 ) . 

E l e c t r o n i c S t r u c t u r e s . Ab i n i t i o HFS c a l c u l a t i o n s f o r 1 
(R = H) have c o n f i r m e d t h
th e six-membered r i n g i
HOMO i s a π* o r b i t a l ( 8 ). These c a l c u l a t i o n s p r o v i d e t h e f o l l o w 
i n g a d d i t i o n a l i n s i g h t s i n t o the n a t u r e o f the bonding i n 1 (8). 

( i ) The non-planar ( e x p e r i m e n t a l ) c o n f o r m a t i o n o f the 
PS2N3 r i n g i s s l i g h t l y lower i n energy ( c a . 15 k c a l 
m o l " 1) than the p l a n a r r i n g , but the o r d e r o f energy 
l e v e l s does not change w i t h geometry. 

( i i ) The a v a i l a b i l i t y o f 3d o r b i t a l s on phosphorus l e a d s 
t o a s t a b i l i z a t i o n o f the π-system i n 1 compared t o 
S3N3", e s p e c i a l l y t h e π* l e v e l s . 

( i i i ) The s t r o n g v i s i b l e a b s o r p t i o n band observed a t 5^5-
58Ο nm f o r 1 (R = Me, Ph, PhO, Me 3SiNH) i s a s s i g n e d 
t o the Η0Μ0~(π*)^υΜ0(π*) t r a n s i t i o n ( c a l c u l a t e d v a 
l u e c a . 56Ο nm) on the b a s i s o f c a l c u l a t e d t r a n s i t i o n 
moments. 

( i v ) Most o f the π-electron d e n s i t y i n 1 i s l o c a t e d on th e 
S2N3 u n i t s u g g e s t i n g t h a t t h e i n t e r n a l s a l t R2P +S2N3" 
i s a r e a s o n a b l e model f o r t h e more q u a l i t a t i v e H u c k e l 
approach. 

J u s t i f i e d by the s i m i l a r i t y o f the m o l e c u l a r s t r u c t u r e o f 2 
w i t h t h a t o f 1 , the former can be c o n s i d e r e d t o c o n s i s t o f an 
NSNSN" u n i t accommodating δπ-electrons i n t e r a c t i n g w i t h the 2 
π-electron u n i t Ph2P=N +=PPh2. T h i s i n t e r a c t i o n l e a d s t o a s t a b i 
l i z a t i o n o f the HOMO (2a2) and LUMO (Ubi) l e v e l s i n a manner sim
i l a r t o the l o w e r i n g o f the π-energy l e v e l s i n 1 which r e s u l t s 
from the i n t e r a c t i o n o f the 3d o r b i t a l s on phosphorus w i t h the 
π-type o r b i t a l s o f the NSNSN" u n i t ( F i g u r e k). Thus the e i g h t -
membered r i n g can be d e s c r i b e d as a 10 π-electron system and, by 
analogy w i t h 1, i t seems r e a s o n a b l e t o suggest t h a t a s i m i l a r 
π*->π* t r a n s i t i o n i s r e s p o n s i b l e f o r t h e s t r o n g v i s i b l e a b s o r p t i o n 
band a t c a . U60 nm and, hence, t h e orange c o l o r observed f o r t h e 
1 , 3 - i s o m e r . 

The e x i s t e n c e o f d i f f e r e n t c o n f o r m a t i o n s f o r t h e 1 , 5-isomer 
o f the eight-membered r i n g s can be understood i n terms o f HMO 
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Figure 3. Structures of1,5-PhC(NSN)2CPh (top) and 1,5-Me2NC(NSN)2CNMe2 
(bottom) (13). 
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c a l c u l a t i o n s f o r t h e two l i m i t i n g s t r u c t u r e s (a) a p l a n a r t e n π-
e l e c t r o n system and (b) a f o l d e d s t r u c t u r e c o n s i s t i n g o f two i n 
dependent f o u r π-electron t h r e e c e n t e r u n i t s p l u s an S-S σ-bond. 
F i g u r e 5 shows a c o r r e l a t i o n diagram f o r these two s t r u c t u r e s . 
As i l l u s t r a t e d by G l e i t e r f o r Si+Ni* (Ik) , t h e HOMO (an a n t i - b o n d 
i n g π-level) o f the p l a n a r molecule t r a n s f o r m s i n t o t he bonding 
S-S σ-interaction o f the f o l d e d r i n g . Consequently, the b u t t e r 
f l y s t r u c t u r e w i l l be adopted i f t h i s σ-interaction i s s u f f i 
c i e n t l y s t r o n g t o overcome the g r e a t e r π-delocalisation energy 
o f t h e p l a n a r r e l a t i v e t o the f o l d e d r i n g (assuming no s i g n i f i 
c ant changes i n the r e s t o f the σ framework). The HOMO o f the 
p l a n a r r i n g i s the o r b i t a l most s e n s i t i v e t o changes i n the e l e c 
t r o n e g a t i v i t y o f Ε and i t i s s t a b i l i z e d by more e l e c t r o n e g a t i v e 
v a l u e s o f ag. Thus i t i s not unreasonable t o f i n d t h a t the 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 Ph f a v o r s t h e p l a n a r s t r u c t u r e i n 
RC(NSN)2CR, w h i l e the e l e c t r o n - r e l e a s i n
f o l d e d c o n f o r m a t i o n . Th
a consequence o f the lower e l e c t r o n e g a t i v i t y o f phosphorus com
pared t o carbon ( 1 2 ) . 

C y c l o p h o s p h a t h i a z e n e s w i t h Three C o o r d i n a t e S u l f u r 

P r e p a r a t i o n . Only one example o f a cy c l o p h o s p h a t h i a z e n e o f 
the type ( R 2 P N) x(NSCl) has been r e p o r t e d . The compound 
(C1 2PN) 2NSC1 ( 5 , R=Cl) was o b t a i n e d as a c o l o r l e s s o i l by the r e 
a c t i o n o f P C l 5 ~ w i t h Me 3SiNSNSiMe3 ( l ^ ) . The r e l a t e d c a t i o n 
( C 1 2 P N ) Z N S + , formed by treatmen t o f t h i s o i l w i t h S b C l 5 , was 
shown t o be a p l a n a r six-membered r i n g by X-ray c r y s t a l l o g r a p h y 
( 1 5 ) . 

An a l t e r n a t i v e r o u t e t o h e t e r o c y c l e s o f type 5 i s the r e a c 
t i o n o f Si+Nif w i t h t r i v a l e n t phosphorus compounds c o n t a i n i n g P - C l 
bonds ( 1 6 ) · For example, t h e r e a c t i o n o f P h 2 P C l w i t h Si^Ni* i n a 
3:1 molar r a t i o i n CH3CN f o r 3h a t r e f l u x produces an &5% y i e l d 
o f (Ph2PN)2NSCl as m o i s t u r e - s e n s i t i v e , p a l e y e l l o w c r y s t a l s . 
The l i n e a r p r o d u c t [ P h 2 P C l N P C l P h 2 ] + C l ~ i s a l s o o b t a i n e d and t h e 
y i e l d o f t h i s m a t e r i a l i n c r e a s e s s i g n i f i c a n t l y as the molar r a t i o 
Ph2PCl/S!,N 4 i s i n c r e a s e d . 

Another member o f the s e r i e s (U, x = l , y=2) can be o b t a i n e d 
by the smooth o x i d a t i v e a d d i t i o n o f C l 2 t o 1 u s i n g PÏ1ICI2 ( 1 7 ) . 

The d i c h l o r o compound k can be co n v e r t e d t o the b i c y c l i c 
m o l e c u l e 6 on treatment w i t h Me3SiNSNSiMe3 ( F i g u r e 6 ) . R e l a t e d 
b i c y c l i c compounds w i t h f l u o r i n e ( o r Ph and F) s u b s t i t u e n t S on 
phosphorus have p r e v i o u s l y been o b t a i n e d from the r e a c t i o n o f PF5 
( o r PhPFO w i t h Me 3SiNSNSiMe 3 ( l 8 , 1 9). The th e r m a l decomposi
t i o n o f 6 i n t o l u e n e a t c a . 90°C f o r 3h r e g e n e r a t e s the six-mem
bere d r i n g ( l ) . 

S t r u c t u r e o f (Ph2PN)2NSCI. An X-ray s t r u c t u r a l d etermina
t i o n o f (Ph2PN)2NSCl shows i t t o c o n s i s t o f a six-membered r i n g 
i n which the f i v e atom NPNPN u n i t i s p l a n a r t o w i t h i n O.O5S w h i l e 
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Figure 5. Orbital symmetry correlation diagram for the planar (left) and folded 
(right) models of E(NSN)2E, where aE = as. 

(Reproduced from Inorg. Chem. 1982, 21, 982.) 
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the s u l f u r atom l i e s c a . 0.31& out o f t h i s p l a n e ( F i g u r e 7 ) . The 
S-N bond d i s t a n c e s ( c a . I.56S) are somewhat s h o r t e r t h a n the c o r 
r e s p o n d i n g d i s t a n c e s i n ( N S C l ) 3 ( l . 6 0 - 1 . 6 l & ) (20,) , but t h e mean 
P-N d i s t a n c e i n t h e PNP u n i t ( c a . 1.592) i s t y p i c a l o f t h a t found 
f o r cyclophosphazenes (h). However, the P-N bonds l i n k i n g t h i s 
u n i t t o the NSN u n i t are c o n s i d e r a b l y l o n g e r (1 .66-1 .67f t ) suggest
i n g a tendency towards l o c a l i z a t i o n o f π-bonding a t o p p o s i t e ends 
o f th e m o l e c u l e . A s i m i l a r d i f f e r e n c e i n S-N and P-N bond l e n g t h s 
i n P,N,S r i n g s c o n t a i n i n g f o u r c o o r d i n a t e s u l f u r has been a t t r i 
b u t e d t o the d i f f e r e n t e l e c t r o n e g a t i v i t i e s o f the phosphorus and 
s u l f u r c e n t e r s ( 2 1 ) . The S-Cl d i s t a n c e ( 2 . 3 6 & ) i s s u b s t a n t i a l l y 
l o n g e r t h a n t h e c o r r e s p o n d i n g d i s t a n c e i n ( N S C l h ( 2 . 0 8 & ) . The 
co r r e s p o n d i n g i o d i d e (Ph2PN)2NSI has v e r y s i m i l a r e n d o c y c l i c bond 
l e n g t h s and an S-I d i s t a n c e o f ca. 2 .72Â ( 2 2 ) . 

R e a c t i o n s o f (Ph2PN)2NSCI
(R=Ph) p r o v i d e s a uniqu
t h e s u l f u r c e n t e r o f the P2SN3 r i n g and p r e l i m i n a r y r e s u l t s i n d i 
c a t e s t h a t b o t h d i r e c t s u b s t i t u t i o n and r i n g opening r e a c t i o n s 
can o c c u r . 

F o r example, the r e a c t i o n o f 5 w i t h KI i n CH3CN g i v e s an a l 
most q u a n t i t a t i v e y i e l d o f dark r e d c r y s t a l s o f the c o r r e s p o n d i n g 
i o d i d e , ( P h 2 P N ) 2 N S I , w h i l e a v e r y m o i s t u r e - s e n s i t i v e a z i d e can be 
o b t a i n e d u s i n g Me3SiN3 ( 2 2 ) . 

The t h e r m o l y s i s o f ( P h 2 P N) 2NSCl above 200°C, o r o f the c o r 
r e s p o n d i n g i o d i d e a t lower temperatures ( c a . l U 0°C), produces 
c o l o r l e s s c r y s t a l s o f a v e r y s t a b l e compound which has been shown 
by X-ray c r y s t a l l o g r a p h y t o have a s p i r o c y c l i c s t r u c t u r e i n which 
two six-membered r i n g s are j o i n e d a t a common s u l f u r atom ( F i g u r e 
8 ) . T h i s compound i s f r e q u e n t l y found as a pr o d u c t o f t r a n s f o r 
mations i n v o l v i n g c y c l o p h o s p h a t h i a z e n e s . Each six-membered r i n g 
i s f o r m a l l y a s s o c i a t e d w i t h 6 π-electrons, i . e . π-electron p r e 
c i s e and i s o e l e c t r o n i c w i t h ( R 2 P N ) 3 , and t h i s may account f o r the 
h i g h s t a b i l i t y o f th e s p i r o c y c l e . 

Another i n t e r e s t i n g example o f a r i n g opening r e a c t i o n oc
c u r s when ( P h 2 P N ) 2 N S C l i s t r e a t e d w i t h Me 3SiNSNSiMe 3. A t r i c y c l i c 
compound, whose s t r u c t u r e i s i l l u s t r a t e d i n F i g u r e 95 i s formed i n 
c a . 20% y i e l d . T h i s m o l e c u l e c o n s i s t s o f two eight-membered r i n g s 
( 1 , 3-isomer, 2) f u s e d a t a common s u l f u r atom and l i n k e d by an 
S-S i n t e r a c t i o n (S ( 2)-S ( 3 ) = 2.30&) t o g i v e a c e n t r a l five-mem-
b e r e d S3N2 r i n g . T h i s compound can be f o r m a l l y d e r i v e d from the 
six-membered s p i r o c y c l e by i n s e r t i o n o f an NS u n i t i n t o each o f 
the six-membered r i n g s . Thus, each eight-membered r i n g would be 
f o r m a l l y a s s o c i a t e d w i t h 9 ττ-electrons ( i . e . π-electron r i c h ) . 
The f o r m a t i o n o f the i n t e r - r i n g S-S bond p r o b a b l y has t h e e f f e c t 
o f c o n v e r t i n g two weakly a n t i - b o n d i n g (IT*) e l e c t r o n s t o an S-S 
σ-bonding e l e c t r o n p a i r ( c f . f o r m a t i o n o f t r a n s a n n u l a r S-S bonds 
i n 3 ) . 

I n t h e attempted c o u p l i n g o f two six-membered P2SN3 r i n g s 
t h rough an S-S bond by trea t m e n t o f ( P h 2 P N) 2NSCl w i t h Ph aSb an 
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Figure 6. Conversion of Ph2PS2N3 to the bicyclic molecule Ph2PS3N5 by using 
the reagents PhICl2 and Me3SiNSNSiMe3. 

Figure 7. ORTEP drawing of (Ph2PN)2NSCl showing bond lengths (λ) and an
gles (deg). 

(Reproduced with permission from J. Chem. Soc, Chem. Commun. 1982, 982.) 
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Figure 9. ORTEP drawing of tricyclic compound obtained from (Ph2PN)2NSCl 
and Me3SiNSNSiMe3 (16). 

In Rings, Clusters, and Polymers of the Main Group Elements; Cowley, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



5. BURFORD ET A L . Cyclophosphathiazenes 91 

isomer o f the expected p r o d u c t was o b t a i n e d ( F i g u r e 1 0 ) . T h i s 
compound i s a twelve-membered r i n g w i t h a t r a n s a n n u l a r S-S bond 
o f 2.39& c f . d(S-S) = 2 . 5 3 8 i n 3 . I t can be viewed as r e s u l t i n g 
from the i n s e r t i o n o f an a d d i t i o n a l Ph2PN u n i t i n t o each h a l f o f 
3 . T h i s r i n g e xpansion causes the mol e c u l e t o t w i s t about t h e 
S-S bond. However, the mean S-N bond l e n g t h o f 1.598(2)8 i s sim
i l a r t o t h a t found f o r 3 ( 1.590 ( 3 ) 8 ) and the mean P-N bond lengths 
o f the NPNPN u n i t [ l . 5 8 2 ( 3 ) ( i n t e r n a l ) and 1.619(3)8 ( t e r m i n a l ) ] 
are i n d i s t i n g u i s h a b l e from those found f o r 2 [ l . 5 0 7 ( 3 ) and 1 . 6 l 3 
(3)8, r e s p e c t i v e l y ] . S i n c e a p l a n a r , m o n o c y c l i c P i ^ S e r i n g 
would have Ik π-electrons ( c f . S 5 N s + , 2 3 ), i t i s t e m p t i n g t o sug
gest t h a t the f o r m a t i o n o f a t r a n s a n n u l a r S-S bond p r o v i d e s a 
l a r g e r s t a b i l i z a t i o n t han the g r e a t e r π-delocalisation energy o f 
the p l a n a r twelve-membered r i n g ( c f . 3 ) . I t seems l i k e l y , how
ever t h a t o t h e r f a c t o r s a l s o c o n t r i b u t e t o the observed geometry. 

F i n a l l y , i t s h o u l d
r i n g b e longs t o the homologou
the p r e d i c t i o n t h a t l a r g e r r i n g s i z e s may be a n t i c i p a t e d i n t h i s 
s e r i e s has been v i n d i c a t e d . 

Summary and C o n c l u s i o n s 

The f i r s t members o f a p o t e n t i a l l y e x t e n s i v e homologous 
s e r i e s o f c y c l o p h o s p h a t h i a z e n e s c o n t a i n i n g two c o o r d i n a t e s u l 
f u r , ( P h 2 P N) n(SN ) 2 (n=l , 2,i|) have been p r e p a r 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 . These h e t e r o c y c l e s are π-electron r i c h , i . e . t he 

Figure 10. ORTEP drawing of 12-membered ring obtained from (Ph2PN)2NSCl 
and Ph3Sb. 
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number o f π-electrons exceeds the number o f atomic c e n t e r s i n the 
r i n g system, and t h e excess e l e c t r o n s may be accommodated e i t h e r 
by p a r t i a l o c c u p a t i o n o f TT*-levels o r , i n f a v o u r a b l e c a s e s , by 
the f o r m a t i o n o f t r a n s a n n u l a r S-S bonds. 

Cyclo p h o s p h a t h i a z e n e s c o n t a i n i n g t h r e e c o o r d i n a t e s u l f u r , 
w h ich a r e h y b r i d s o f (Ph2PN)3 and ( N S C l ) 3 , have a l s o been p r e 
pared. The i n o r g a n i c h e t e r o c y c l e (Ph2PN)2NSCl r e a d i l y undergoes 
r i n g opening t o g i v e the π-electron p r e c i s e s p i r o c y c l e (Ph2PN)itS^2 
or b i c y c l i c and t r i c y c l i c m o l e c u l e s i n which i n t e r - o r i n t r a - r i n g 
S-S σ-bonds are a dominant s t r u c t u r a l f e a t u r e . 
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Polyatomic Zintl Anions Stabilized Through 
Crypt Complexation of the Cation 
Heteroatomic Examples 
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A summary is give
homopolyatomic anion  representativ
ments from groups IV and V and for a variety of 
heteropolyatomic examples. Also considered are 
factors important in their stabilization, elec
tronic requirements, isoelectronic analogs, and new 
results for Sb73-, Sb42-, Pb2Sb22- and the unusual 
1∞[KSn93-]. The contributions of Ralph Rudolph 
to the study of these anions in solution are 
noted. 

The f i r s t evidence that post-transition elements, the 
metals especially, could be reduced to highly colored anions was 
published over 90 years ago by Joannis (1) who discovered that 
sodium and lead or their alloys dissolve i n l i q u i d ammonia to 
yie l d an intensely green-colored solute, A stoichiometry of 2,25 
lead atoms per sodium (2) for what was evidently an anion led 
Kraus (3) to formulate this as Pbg1*". U n t i l the past decade the 
prin c i p a l information regarding this and many other species were 
the stoichiometries obtained by Z i n t l and coworkers (4>.5>6) from 
both potentiometric t i t r a t i o n s of the ammonia solutions and 
exhaustive extraction of alloys followed by analysis. Among 
those so id e n t i f i e d were Sn^"", Pb 7 > 9^*", S b ^ ? 3 - and 
B i 3 > 5 > 7

3 " . But they found that structural studies were pre
cluded by the characteristic decomposition of the amorphous 
solids isolated from solution into intermetallic phases and, at 
times, the heavy element, e.g., 

(Na(NH 3)+) 3Sb^~ — • NaSb(s) + 2NaSb 3(s) + 3nNH3(g) 
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L8S 4M1, Canada 
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The i s o l a t i o n of a few i n t e r e s t i n g and presumably r e l a t e d 
compounds from s i m i l a r e t h y l e n e d i a m i n e (en) s o l u t i o n s has been 
d e s c r i b e d more r e c e n t l y ( 7 , 8 ) , e.g., Na^Sng^en and N a 3 S b 7

e 4 e n 
pl u s a Na^Geg^en of m a r g i n a l s t a b i l i t y . An incomplete s t r u c 
t u r a l study of the f i r s t r e v e a l e d a d i s t o r t e d S n g polyhedron w i t h 
l a r g e thermal e l l i p s o i d s f o r two t i n atoms, some r e s i d u a l Na-Sn 
i n t e r a c t i o n s , and s u b s t a n t i a l d i s o r d e r of the en which a p p a r e n t l y 
complexed the sodium. 

I t was the r e c o g n i t i o n (9) t h a t 2,2,2-crypt (cp,T) would be 

I 

a much more e f f e c t i v e way to s e q u e s t e r the sodium or potassium 
c a t i o n s and to prevent r e v e r s i o n to c o n v e n t i o n a l phases t h a t has 
l e d to the i s o l a t i o n of the l a r g e number of s t a b l e compounds of 
the p o l y a n i o n s which are to be c o n s i d e r e d h e r e i n . T y p i c a l 
s y n t h e s i s r e a c t i o n s may be r e l a t i v e l y f a s t and s i m p l e , e.g., 

N a S n 2 e 2 5 ( a l l o y ) + 2,2,2-crypt ^ s x a E + ( c p - N a + ) 4 S n 9
4 ~ 

Homopolyatomic Anions 

The homopolyatomic or Z i n t l anions i n c o r p o r a t i n g p o s t - t r a n 
s i t i o n s elements of groups IV and V which have been so 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 are l i s t e d i n Table I , 
t o g e t h e r w i t h t h e i r observed symmetries and o t h e r i o n s or mole
c u l e s w i t h which they are i s o e l e c t r o n i c . As a matter of f a c t 
o n l y t h r e e of those g i v e n , Sng 4"", S b ?

3 ~ and B i ^ 2 " , were observed 
i n the e a r l i e r s o l u t i o n s s t u d i e s ( 6 ) , the l a s t c o r r e s p o n d i n g to 
an a n a l y s i s of 1.95 B i atoms per charge which they a t t r i b u t e d to 
" B i y 3 - " ( 1 5 ) . A l l of the i o n s l i s t e d appear to r e q u i r e c r y p t or 
e q u i v a l e n t c o mplexation of the a l k a l i metal c a t i o n s to prevent 
the afore-mentioned d e c o m p o s i t i o n . Although replacement of the 
a l k a l i metal c a t i o n by a n o n m e t a l l i c one would presumably o b v i a t e 
the requirement of a well-complexed metal c a t i o n , the compound 
(NMe t +) i +Sng was r e c e n t l y found to decompose s l o w l y at room 
temperature to v a r i o u s methyl stannanes ( 1 8 ) , w h i l e the i n t r o 
d u c t i o n of Φ̂ Ρ"1" or (^As* to Sng^" s o l u t i o n s i n en a l s o causes 
decomposition ( 8 ) . Of c o u r s e , many polyphosphides and at l e a s t 
some p o l y a r s e n i d e s are known to be s t a b l e w i t h o u t s e q u e s t e r i n g 
the c a t i o n (19) and the same appears to be g e n e r a l l y t r u e of 
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Table I 
Homopolyatomic Anions of Known S t r u c t u r e From Groups IV and V— 

I s o e l e c t r o n i c S t r . 
Anion Symmetry Characteristics Analogs Ref 
Ge\~ 

η A-vje^ 

C2v<~D3h> 1 

C4v J ^ dark red rods 
B i 5 + ( D 3 h ) 

10 

Gel" ~ D 3 h " lavender chunks 11 

Sn£- C4v dark red rods B i 5 + ( D 3 h ) 12 

Sn|~ D3h orange-brown plates 
w 

13 Sn|~ 

D3h 
Sbf -

D4h dark red plates 

dark green prisms 
or plates 

V Se^ ,Te^ 
14 

15 

A s i l ~ D 3 deep red rods P l l 16 

C3v brown prisms, rods P7 >P4S3 

i C r y p t - K + or c r y p t - N a + s a l t s 
- ^ P a r t i a l l y d i s o r d e r e d 

p o l y c h a l c o g e n i d e a n i o n s , so both groups are excluded from the 
present c o n s i d e r a t i o n . 

The occurrence of many i s o e l e c t r o n i c and o f t e n i s o s t r u c t u r a l 
analogs of these anions i n Table I i s r e a s s u r i n g . These are 
found p r i n c i p a l l y among homopolyatomic c a t i o n s and e l e c t r o n i 
c a l l y r e l a t e d p o l y b o r a n e s , f o r which the i n t e r r e l a t i o n s h i p s have 
been p r e v i o u s l y d i s c u s s e d ( 2 0 ) . The c o n t r a s t i n e x p e r i m e n t a l 
c o n d i t i o n s necessary to s t a b i l i z e the two types of p o l y a t o m i c 
i o n s i s worth emphasizing. The na t u r e of the c o u n t e r i o n and the 
s o l v e n t , i f any, are c r i t i c a l to b o t h . The c a t i o n s r e q u i r e h i g h 
a c i d i t y - the absence of b a s i c molecules or anions - and can 
g e n e r a l l y be o b t a i n e d from a c i d i c h a l i d e and oth e r melts con
t a i n i n g m a i n l y A l C l ^ " , A 1 2 C 1 7 ~ , H f C l 6 ^ ~ , e t c . anions 
( s u p e r a c i d s appear u s e f u l i n an analogous way mainly f o r the 
p o l y c h a l c o g e n i d e c a t i o n s ) . On the o t h e r hand, s y n t h e s i s of the 
p o l y a n i o n s needs j u s t the o p p o s i t e , a good p o l a r s o l v e n t and a 
s t r o n g l y complexing l i g a n d f o r the c o u n t e r c a t i o n i n order to 
b l o c k e l e c t r o n t r a n s f e r from the a n i o n and thereby to d e s t a b i l i z e 
what are e v i d e n t l y s t r o n g i n t e r a c t i o n s and d e r e a l i z a t i o n encoun
t e r e d i n the dense s o l i d s t a t e . I n no i n s t a n c e has c o o r d i n a t i o n 
of en ( o r NH 3) to a p o l y a n i o n been observed i n s p i t e of the f a c t 
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t h a t each atom i n these i o n s has o n l y t h r e e to f i v e n e a r e s t 
n e i g h b o r s . A c c o r d i n g to e a r l i e r c o n c l u s i o n s (summarized i n 2 0 ) , 
t h i s must r e s u l t from the presence of a s m a l l o r b i t a l b a s i s s e t -
s u b s t a n t i a l l y ρ o r b i t a l s o n l y - which i s important to the s t a 
b i l i t y of these p o l y a t o m i c s p e c i e s , anions as w e l l as c a t i o n s . 
On the o t h e r hand a b a s i c f u n c t i o n a l i t y i s p r o b a b l y present i n 
some, f o r example at the open square base of Sng1*"". 

There are no p a r t i c u l a r s u r p r i s e s r e g a r d i n g the geometry o f 
any of the Z i n t l i o n s t a b u l a t e d a l t h o u g h some of these had p r e 
v i o u s l y been r e p r e s e n t e d o n l y by compounds of nonmetals. The 
anions i n (cp-Na+) ̂ Sug4"" and a r e c e n t r e s u l t f o r 
(cp-K +) 3Sb 7

3~«2en are shown i n F i g u r e 1. The c o n f i g u r a t i o n s of 
a l l of the anions are i n a c c o r d w i t h Wade's r u l e s , Ge^" and 
S n g 4 " r e p r e s e n t i n g the f i r s t examples of C^v geometry p r e d i c t e d 
f o r a 2 2 - e l e c t r o n , nine-atom n i d o s p e c i e s . I n s t e a d , the s u r p r i s e 
i s found w i t h the s u b s t a n t i a l l
t r o n i c B i g

5 + , a r e s u l t whic
environment nece s s a r y f o r the s t a b i l i t y of t h i s a p o l a r c a t i o n , i n 
c o n t r a s t to the u s u a l d i p o l a r s o l v e n t s which would s t a b i l i z e the 
p o l a r Sng**"", e t c . An a p p r e c i a b l e e l o n g a t i o n of the t r i g o n a l 
p r i s m i n B i g

5 + r e l a t i v e to Ge g
2~" and B g H g

2 " may be a r e f l e c t i o n 
of the accommodation of an a d d i t i o n a l p a i r of e l e c t r o n s i n an 
a p p r o x i m a t e l y non-bonding o r b i t a l (21,22), a change which g i v e s 
the c a t i o n a lower and more re a s o n a b l e charge. A c c o r d i n g to CNDO 
c a l c u l a t i o n s (10,12) the i s o l a t e d Geg 4" and Sng1*" i o n s show very 
l i t t l e (< 0.5 eV) dependence of the a t o m i z a t i o n energy on con
f i g u r a t i o n between the observed C^v and the h y p o t h e t i c a l D 3h 
l i m i t , a r e s u l t which l e d to a p r e d i c t i o n of t h e i r f l u c t i o n a l i t y 
i n s o l u t i o n . 

R a l p h Rudolph made important c o n t r i b u t i o n s to the q u e s t i o n 
of f l u c t i o n a l i t y , and he p r o v i d e d v i r t u a l l y the o n l y modern 
i n f o r m a t i o n on the s o l u t i o n s of the Z i n t l i o n s . U n f o r t u n a t e l y 
the p u b l i c a t i o n s are at p r e s e n t l i m i t e d to two communications 
(23,24), one conference proceedings ( 2 5 ) , and a b r i e f note on 
e l e c t r o c h e m i c a l g e n e r a t i o n of nine-atom s p e c i e s ( 2 6 ) . F l u c t i o n -
a l i t y of Sng1*" was e s t a b l i s h e d by the o b s e r v a t i o n of a s i n g l e NMR 
t r a n s i t i o n s p l i t by i n t r a m o l e c u l a r c o u p l i n g between 1 1 9 S n and 
1 1 7 S n . A s i n g l e 2 0 'Pb resonance f o r Pbg 1*" and t i n and l e a d r e s o 
nances f o r a l l p o s s i b l e Sng-xPbx**" s p e c i e s were observed when 
a mixed a l l o y was e x t r a c t e d w i t h en ( w i t h o u t c r y p t ) . The 
Sng-xGex 4"" f a m i l y was a l s o i n f e r r e d from t i n s p e c t r a . An 
important o b s e r v a t i o n , c o n s i s t e n t w i t h our s y n t h e t i c e x p e r i e n c e s , 
was t h a t i n t e r a n i o n i c e q u i l i b r i u m i n s o l u t i o n i s v e r y slow and 
these r e a c t i o n s occur p r i n c i p a l l y at the s u r f a c e of the s o l i d 
a l l o y phases. 

Rudolph and h i s coworkers a l s o r e p o r t e d o b s e r v a t i o n by 1 1 9 S n 
and 1 1 7 S n NMR of what was i n t e r p r e t e d to be a n o v e l , f l u c t i o n a l 
t e t r a h e d r a l S n ^ 2 " s p e c i e s when they used Na-Sn a l l o y s poorer i n 
t i n , comparable to those used i n the p r e p a r a t i o n of the h i g h l y 
i n s o l u b l e ( c p - N a + ) 2 S n 5

2 ~ . A di a m a g n e t i c " t e t r a h e d r a l " s p e c i e s 
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Figure 1. Structures of two homopolyatomic anions. Key: top, Sn9

4 from crypt-
Na+ salt at 5° [σ(ά) = 0.004 to 0.005 A] (\2); and bottom, Sb7

3~/from crypt-K+ 

salt at -80° [σ(ά) = 0.002 À] (14). 
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was i n t e r p r e t e d t h e o r e t i c a l l y i n terms of a dynamic J a h n - T e l l e r 
d i s t o r t i o n of the 1 8 - e l e c t r o n a n i o n ( 2 7 ) . A more-or-less t e t r a 
h e d r a l but b a d l y d i s o r d e r e d G e 4

2 ~ which i s presumably s i m i l a r has 
been s t u d i e d s t r u c t u r a l l y ( 2 8 ) , but the compound once thought t o 
c o n t a i n the analogous S n ^ 2 " i s now known to be a s a l t of S n 2 B i 2

2 ~ 
( 2 9 ) . 

An obvious absentee from the summary i n Table I i s P b g 4 " , 
the f i r s t p o l y m e t a l anion d i s c o v e r e d . Many experiments i n v o l v i n g 
Na-Pb and K-Pb r e a c t i o n s w i t h c r y p t or i t s benzo d e r i v a t i v e 
e i t h e r i n en or NH 3 have o n l y g i v e n the Pb 5

2"" s a l t s or a l l o y s as 
s o l i d phases. The i n t e r m e d i a t e s Pb^"" and B i 5

3 " r e p o r t e d by 
Z i n t l l i k e w i s e have not been i s o l a t e d , as w e l l as the S b 3

3 ~ and 
B i 3

3 " " i o n s which would be s u b s t a n t i a l l y more reduced than any 
s p e c i e s o b t a i n e d so f a r from s o l u t i o n . 

E l e c t r o n i c Requirement

The l a c k of homopolyatomic anions f o r elements to the l e f t 
o f group IV i n Table I i s noteworthy. Z i n t l r e p o r t e d no success 
w i t h r e a c t i o n s of a l k a l i metal a l l o y s of the copper and z i n c 
f a m i l y elements and of t h a l l i u m w i t h l i q u i d ammonia, and the 
g e n e r a l l y s t a b i l i z i n g e f f e c t of c r y p t has not been e v i d e n t i n our 
own i n v e s t i g a t i o n s of a l l o y s of mercury and t h a l l i u m . On the 
o t h e r hand, i t i s p o s s i b l e t o i s o l a t e a w h i te c r y p t - p o t a s s i u m 
g o l d compound from ammonia s o l u t i o n s at low temperatures which 
decomposes to e l e m e n t a l g o l d (+?) above about -10°C ( 3 0 ) . 
Although the pseudohalide Au~" seems a l i k e l y c a n d i d a t e i n 
the w h i t e s o l i d , the decomposition seems unusual c o n s i d e r i n g the 
h i g h s t a b i l i t i e s of KAu and the semiconducting CsAu ( d i s c u s s e d i n 
31) , u n l e s s the decomposition r e a c t i o n a c t u a l l y i n v o l v e s reduc
t i o n of the l i g a n d . 

The apparent i n s t a b i l i t y of homopolyatomic anions of e l e 
ments to the l e f t of group IV (and of p o l y a t o m i c c a t i o n s to the 
l e f t of group V) i s thought to r e s u l t from a d e f i c i e n c y of bond
i n g e l e c t r o n s i n s p e c i e s where the p r i n c i p a l bonding i s con
s i d e r e d to o r i g i n a t e l a r g e l y from p-type o r b i t a l s . The e l e c t r o n 
d e f i c i e n t p o l y b o r a n e s , B n H n

2 " , w i t h which these c l u s t e r s have 
some s i m i l a r i t i e s i n bonding ( 3 2 ) , c o n t a i n 2.17 to 2.4 p-
e l e c t r o n s per boron atom f o r η between 12 and 5, r e s p e c t i v e l y , 
and s i m i l a r requirements a p p l y to the homopolyatomic anions of 
germanium, t i n and l e a d as w e l l . The p - e l e c t r o n count per s k e l e 
t a l atom (e/M) shown i n F i g u r e 2 f o r most of the s t r u c t u r a l l y 
known p o l y a n i o n s and c a t i o n s of the f o u r t h , f i f t h and s i x t h 
p e r i o d s r e v e a l t h a t a r e l a t i v e l y c l e a r minimum of about 2.2 e l e c 
t r o n s per atom i s n e c e s s a r y f o r s t a b i l i t y i n a l l , i n s p i t e of an 
e x p e c t a t i o n of weaker bonding f o r the h e a v i e r elements. A l l 
c l u s t e r and cage i o n s to the r i g h t of 3e/M i n the F i g u r e can be 
f u r t h e r d e s c r i b e d as c o n t a i n i n g ~2.2 - 3.0 s k e l e t a l bonding e l e c 
t r o n s per atom, w i t h the r e m a i n i n g number r e l e g a t e d to the non-
bonding lone p a i r s which are m a i n l y important i n d e t e r m i n i n g the 
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2 h 

B n H n 

η = Ι2 n=5 

Ge|

Se 2+ 
8 

4-
3 . / Te 6 Te 4 T e 6 

' 2- S b 7 ~ 
Sn 8TI 3- S n 5 % T , 2 T e | -

Pb§" S n 2 B i | " 
,S° B i | + a R 1 2+ · Β · 2 -

Β Ι Γ 8 4 
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Figure 2. Number of skeletal ρ electrons per atom in cluster anions (Π) and 
cations (·) as a function of period (33). 
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shape of the cluster (30). Many polychalcogenide anions with 
>4e/M are also in this category. 

Heteropolyatomic Anions 

A rather obvious means of incorporating the electron-poorer 
elements from groups e a r l i e r in the periodic table into clusters 
is then to combine them with electron-richer elements. Some 
results of synthetic and structural investigations of this sort 
involving ions with 2.2 - 3e per cluster element are l i s t e d i n 
Table II together with data for three electron-richer mixed clus
ter anions. 

Table II 
Some Heteroatomic Examples of Polyatomic Anions 

Anion Symmetry p Compar
Sn 2BÎ2 ~ T d 

Pb 2 sb 2

2 - ~ T d -} V sb4 

29 

14 

T l 2 T e 2
2 ~ C2v 12 - 30 

TISng 3" C 2 > 3 h - ) 20 
Ge 92- j 33 

T l S n 9
3 ~ C4v( D4<rO 22 BioHio 2 J 

33 

o 
A s 2 S e 6 " C2h 32 - 34 

HgTe 2
2" D»h 10 HgX2 35 

SnSe 4
4" k T d 22 SbS 4

3~ 36 

^Configuration neglecting heteroatom 
•̂ No crypt 

The new anions nicely i l l u s t r a t e how the heteroatomic clus
ter anions enable one to sample electronic and structural con
figurations which are not (or can not) be achieved in the 
homoatomic regime. Thus although heavy metal tetrahedra are 
found in so l i d M*Sn and M*Pb phases there i s no evidence that 
the anions Sn^*" or Pb̂ 1*"" occur in solution, probably because of 
the high charge per atom. But the mixed species Sn 2Bi 2

2*~ and 
Pb2Sb2

2"~ shown in Figure 3 are quite stable and doubtlessly the 
alternate pairs Sn 2Sb 2

2~ and P b 2 B i 2
2 ~ w i l l be as well. Our 

studies have generally featured elements from different periods 
so that they can be distinguished by X-rays. In fact the two new 
"tetrahedral" clusters shown occur with the two types of atoms 
r e l a t i v e l y uniformly disordered over the four inequivalent and 
well defined metal positions between crypt-id" cations. In 
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S n 2 B i 2
2 " (top, Figure 3) the refined occupancies vary between 44 

and 52% of a t i n atom in the four positions but none i s s t a t i s t i 
c a l l y different from 50%. The observed distances then represent 
the appropriate average of Sn-Sn, Sn-Bi and Bi-Bi bond lengths, 
the shorter observed distance corresponding to a somewhat greater 
t i n population. With the antipode Pb 2Sb 2

2~ (bottom) the metal 
sites are more differentiated, the occupancies range from 33 to 
73% antimony, and the anion exhibits an appropriately greater 
range of distances, the longer ones being associated with those 
atoms with the higher lead populations. 

With increasing differences between the elements (III-VI 
rather than IV-V) the formation of a tetrahedron for a 20-elec-
tron species becomes unprofitable, as demonstrated by the i s o -
electronic T l 2 T e 2

2 ~ . Its structure corresponds to a rhomboid 
folded by about 50° along the short T l - T l diagonal. The T l - T l 
distance (3.60 Â) i s s t i l
of a significant bond.
would require a substantial charge flow from tellurium to t h a l 
lium, unlikely for such a polar entity. The observed configura
tion i s considered to arise from the square (D 2h) configuration 
through elongation to a rhomboid because of the larger nonbonding 
radius of tellurium together with some fold at thallium to main
tain (mainly ρ-orbital) bonds with angles nearer 90°. 

Figure 4 shows the f i r s t 10-atom 'naked* cluster isolated, 
T l S n g

3 ~ # This occurs as a substantially 50-50 composite with 
T l S n 8

3 ~ within a single i n t e r s t i c e defined by the r e l a t i v e l y 
large cations. In this case seven atoms from each T l S n x

3 ~ 
cluster occur in single well-defined positions, only atoms 6 and 
8 and the capping thallium atom shown being resolvable. (The 
heteroatora in T l S n Q

3 " overlaps Sn9 in TlSn g
3~.) In fact the 

principal deviations from C^y (° r t h e ideal D^d neglecting 
the thallium atom difference) for TlSng 3" appears to arise 
because of coupling during the refinement of atom 6 and 8 as 
separate pairs, these ending up somewhat too close to one another 
in this ion and too far apart in T l S n 8

3 " (where atoms 2-3-6' and 
1-4-8' define a t i n trigonal prism). This finding further i l l u s 
trates how r e s t r i c t i v e the cavities among the crypt-K*" cations 
may be for some configurations, although a f a i r number of d i s 
ordered anion arrangements and approximately close-packed cations 
have also been encountered with other compositions. The thallium 
placement in both T l S n 8

3 ~ and T l S n g
3 " i s at variance with that 

developed for the heteroboranes. In both cases the electron-
poorer element (Tl) i s found to substitute at the lower order and 
electron-richer vertex, the charge di s t r i b u t i o n being inferred 
from CNDO calculations for the equivalent homoatomic clusters 
(33). 

The T l S n 9
3 ~ cluster can be viewed as originating through 

capping of the open face of Sng1*" (Figure 1) by T l + while i t s 
companion T l S n g

3 " i s isoelectronic with the known Ge g
2" (Table 

I ) . No evidence has yet been found for the species Sn, Q
2" or 
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Figure 3. Structures of the disordered anions Sn2Bi2

2 (top) (29) and Pb2Sb2 

(bottom) (14). 
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Figure 4. The TlSn9

3~ anion in (cp-K+)6(TlSn9

3-TlSn8

3-) · 2en (33). 
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P b 1 0
2 " which would be isoelectronic with TlSn g

3~", perhaps because 
only two cations would provide an inadequate separation of these 
large anions. 

The remainder of the mixed anion examples in Table II are 
only a forecast of the variety possible for electron-richer 
anions. Rudolph, et a l . (24), u t i l i z e d 1 1 9 S n and 1 2 5 T e NMR on 
solutions of Na-Sn-Te alloys i n en to infer the presence of the 
tetrahedral, tin-centered SnTe^ 2" which i s , therefore, not a 
polyhedral cluster anion. The SnSe^" analog cited is the only 
one which has been structurally v e r i f i e d . Other mixed anions 
involving elements from different groups have been observed by 
Rudolph and coworkers by t i n NMR, v i z . , SngSbx*~, where χ i s 
thought to be either 1 or 3, and a f l u c t i o n a l TlSn 8

5"*, the charge 
assignment in the l a t t e r being based on the analysis of the 
sodium bis-en salt (24). The l a t t e r is thus different from the 
T l S n 8

3 " known structurall
Prior to any work o

expressed (20) that heteroatom placement within the polyatomic 
clusters would lead to a decrease in d e r e a l i z a t i o n and bonding 
and thence s t a b i l i t y . Although this may lessen s t a b i l i t y the 
substitution clearly does not preclude i t . Furthermore, many of 
the l i k e l y polyhedra already have inequivalent atom positions, 
the 5, 7, 9 and 10 atom examples already considered here for 
example, and mixed species especially with elements from 
different groups may be quite stable within the discrimination 
provided by inequivalent positions. Even the nominally equiva
lent atom positions in a tetrahedron can obviously accommodate 
substantial differences. Additional examples of mixed element 
polycations are certainly to be expected. An inadequate fore
sight was revealed in a review of polycations (20) written for a 
1974 award symposium, about one year before the crypt discov
eries, by the expectation that polycations should be more stable 
than polyanions for the metallic elements. In hindsight, metal
l i c behavior i s a property of the dense s o l i d state and has 
l i t t l e to do with the s t a b i l i t y of small clusters where elec
tronic and geometric factors are far more important. 

The synthesis of s o l i d derivatives homo- and heteroatomic 
polyanions has to date p r i n c i p a l l y featured the simplest of 
techniques to obtain generally the least soluble and most stable 
of the ions possible from either en or NH3. There i s no question 
that many other species exist in solution i f not as so l i d s , as 
evidenced by Z i n t l 1 s results, numerous color changes observed 
during reactions of alloys with crypt solutions, several serai-
quantitative analyses of either unsatisfactory crystals or 
solutions formed in mixed metal reactions (14,37), and new NMR 
signals from unknown species in a wide variety of systems 
(23,24,38). The solution chemistries alone deserve a great deal 
more attention. 
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A Not-So-Naked Cluster 

F i n a l l y , a particular surprise from this work has been 
(cp-K +) 3(KSn g

3~), the structure of which appears to represent a 
p a r t i a l transition to an i n t e r m e t a l l i c - l i k e bonding. The com
pound which was isolated in respectable yi e l d from reactions of 
K-Hg-Sn alloys with crypt in en exhibits i n f i n i t e chains K(4)-
Snq-K(5)-Sng-K(4) running diagonally through the t r i c l i n i c c e l l , 
K(4) and K(5) being located on centers of symmetry at 0,0,0 and 
1/ 2> 1/2> l^2* S i x c ryP t~ 1^" cations f i l l the remainder of the 
c e l l (R = 0.075, R w = 0.090 for data to 2Θ = 45°) (37). 

The independent anion unit shown in Figure 5 contains two 
surprises. F i r s t , the potassium atoms have four t i n neighbors at 
3.55 to 3.74 Â through bridging opposite edges on the waist of 
the Sng unit, with two more t i n atoms at greater distances of 
4.11 or 4.22 Â to produc
about each potassium. Ther
groups coordinated to either of the potassium atoms. Second, the 
distances in the Sng 4" group are scarcely altered by the presence 
of the two potassium atoms, as can be as seen by comparison of 
these results with those for the 'naked1 Sng1*" shown in Figure 1. 

Judging from K^Sn^ where potassium has 6 to 8 t i n neighbors 
in the range 3.70 to 3.85 Â (maximum deviation = 0.03 to 0.05 Â) 
(39), the potassium-tin interactions found here appear normal 
except for the short pair at 3.55 Â about K(4). Within the Sn g 

portion of the structure, the similar Sn-Sn distances in a l l but 
the square capped face average 2.964 (5) Â in this compound com
pared with 2.966 (6) Â in Sng14". The structural data were c o l 
lected at -100 and 5°, respectively, so that some expansion of the 
cluster in KSn g

3" would probably be seen in an isothermal compari
son. In addition, there appears to be a perceptible d i s t o r t i o n of 
the cluster in the new potassium sal t in that Sn-Sn distances 
where both atoms have potassium neighbors are longer by an average 
of 0.027 Â. Although the charge transfer to potassium is seem
ingly not large enough to a l t e r the t i n cluster very much, perhaps 
i t i s enough to eliminate the ( r e l a t i v e l y weak) tendency for 
potassium to coordinate en. The packing of the crypt-K"*" cations 
can not be a significant factor in preventing a l l coordination of 
solvent since the shortest distance between these potassium atoms 
and the nearest li g h t atom in crypt is 4.27 Â. With these unusual 
circumstances i t is somewhat reassuring to find another example of 
association of a cluster with an a l k a l i metal cation. In 
Rb 3As 7

e3en the rubidium atoms a l l bridge edges of the anion, with 
the solvent coordinated to the a l k a l i metal only on the outside of 
the Rb 3As 7 'complex' (40). 
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Multihapto Bonding Between Main Group 
Elements and Carbocyclic Ligands 
An Approach to the Bonding in Main Group 
Cluster Compounds 

S. G. BAXTER, A. H. COWLEY, and J. G. LASCH 

The University of Texas at Austin, Department of Chemistry, Austin, TX 78712 

MNDO calculation  performe
main-group capping moieties for C3H3, C4H4, C5H5, 
and C6H6 carbocyclic rings. Perhapto bonding is 
predicted when the number of interstitial electrons 
(comprising ring-π plus relevant main-group fragment 
electrons) totals six. Some cases of intermediate 
hapticity are discussed in the context of the C5H5 

ring. 

The d i s c o v e r y o f the t r a n s i t i o n m e t a l sandwich mo l e c u l e s 
f e r r o c e n e and dibenzenechromium ranks as one o f the more im p o r t a n t 
c h e m i c a l d i s c o v e r i e s over the p a s t t h r e e decades. The c h e m i s t r y 
o f these and o t h e r d- and f - b l o c k c a r b o c y c l i c π-complexes has 
been i n v e s t i g a t e d i n t e n s i v e l y i n the ensuing y e a r s . S i g n i f i c a n t 
p r o g r e s s has a l s o been made toward u n d e r s t a n d i n g the e l e c t r o n i c 
s t r u c t u r e s and p a t t e r n s o f s t a b i l i t y o f these i n t e r e s t i n g com
pounds (1) . However, compared w i t h the d- and f - b l o c k elements, 
much l e s s i s known about the m u l t i h a p t o i n t e r a c t i o n o f the main-
group elements w i t h c a r b o c y c l i c l i g a n d s . M i n k i n and Minyaev (2) 
have suggested t h a t annulene-cap perhapto bonding w i l l be f a v o r e d 
when the t o t a l number of ring-π p l u s main-group moiety e l e c t r o n s 
i s e q u a l t o e i g h t , w h i l e S c h l e y e r e t al. ( 3 ) f a v o r an optimum 
number of s i x i n t e r s t i t i a l e l e c t r o n s (4) . 

S e v e r a l main-group π-complexes have been i n v e s t i g a t e d u s i n g 
v a r i o u s l e v e l s o f t h e o r y . Thus, C 5 H 5 L 1 (5) and C s H s B e H (6) have 
been computed u s i n g ab i n i t i o methods, and Dewar and Rzepa (7) 
have e x p l o r e d the i n t e r a c t i o n o f BeX m o i e t i e s w i t h c y c l o p e n t a -
d i e n y l , i n d e n y l , and f l u o r e n y l groups. The MNDO method has a l s o 
been employed f o r the i n v e s t i g a t i o n o f v a r i o u s c a r b o c y c l i c 
b e r y l l i u m d e r i v a t i v e s , (8) and the PRDDO method has been u t i l i z e d 
i n c o n j u n c t i o n w i t h C s H s B e R compounds (9) . The t i n c a t i o n 
[ C 5 H 5 S n ] + has been s t u d i e d w i t h the EHMO method, (10) and Hoffmann 
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e t a l . (11) have examined the motion o f a [ C H 2 ] Z + fragment a c r o s s 
a IC5H5]" r i n g . 

The p r e s e n t c o n t r i b u t i o n r e p r e s e n t s an attempt t o develop 
f u r t h e r a model f o r t he m u l t i h a p t o bonding of main-group element 
fragments t o c a r b o c y c l i c r i n g s , ( C H ) n (n=3-6) u s i n g the MNDO 
program system ( 1 2 ) . One o f the advantages o f t h i s method i s t h a t 
i t p e r m i t s study o f the capping o f c a r b o c y c l i c r i n g s by the 
h e a v i e r main-group elements. Emphasis i s p l a c e d b a s i c a l l y on two 
themes: ( i ) whether a s i x - o r e i g h t - e l e c t r o n c o u n t i n g procedure 
i s more a p p r o p r i a t e , and ( i i ) whether c o n f o r m i t y w i t h o t h e r 
c l u s t e r e l e c t r o n c o u n t i n g procedures i s a c h i e v e d . I t i s on the 
l a t t e r p o i n t t h a t Ralph Rudolph made one o f h i s s e m i n a l c o n t r i 
b u t i o n s t o i n o r g a n i c c h e m i s t r y . Independently he (13) and Wade 
(14) a r r i v e d a t a method o f c o u n t i n g s k e l e t a l e l e c t r o n s which 
p r o v i d e d major new i n s i g h t s i n t o the s y s t e m a t i c s o f main-group and 
t r a n s i t i o n m e t a l c l u s t e

Computational Procedures 

A l l computations were c a r r i e d out u s i n g the MNDO method (12) 
and p u b l i s h e d parameters ( 1 5 ) . For the c y c l i c s t r u c t u r e s , 
t r a n s i t s o f a p e r p e n d i c u l a r main-group moiety a c r o s s the v a r i o u s 
r i n g s generate η η s t r u c t u r e s (n=l-6) as shown below. 

T h i s approach has been d i s c u s s e d p r e v i o u s l y f o r the c y c l o p e n t a -
d i e n y l r i n g and has been r e f e r r e d t o as a h a p t o t r o p i c s e a r c h 
(11,6). The geometry d e f i n i t i o n s were as f o l l o w s : 

Perhapto S t r u c t u r e s . I n a l l s t r u c t u r e s , the carbon atoms of the 
(C H ) n r i n g (n=3-6) were c o n s t r a i n e d as a r e g u l a r p o l y g o n , but i n 
each c a l c u l a t i o n the C-C bond d i s t a n c e s were r e l a x e d . To ensure 
a perhapto f i n a l s t r u c t u r e , t he p o s i t i o n o f the c e n t r a l atom, M, 
was m i n i m i z e d a l o n g t he p r i n c i p a l a x i s o f the r i n g . The hydrogens 
were h e l d symmetry - e q u i v a l e n t (_ι.£. a l l C-H bond l e n g t h s and a l l 
C-C-H bond angles e q u a l ) , but were a l l o w e d t o bend out of the 
plane o f the r i n g . 

Dihapto S t r u c t u r e s . For these c a l c u l a t i o n s , the r i n g carbon 
atoms were f r o z e n i n t o the geometries o b t a i n e d i n the perhapto 
c a l c u l a t i o n s . A g a i n , symmetry-equivalent hydrogen atoms were 
c o n s t r a i n e d t o have e q u a l C-H bond l e n t h s and C-C-H bond a n g l e s . 
However, no t o r s i o n a n g l e l i m i t a t i o n s were imposed. The c e n t r a l 
atom was ma i n t a i n e d i n a d i h a p t o c o n f i g u r a t i o n by r e l a x a t i o n o f 
i t s p o s i t i o n on a l i n e p e r p e n d i c u l a r t o the r i n g p l a n e and which 
b i s e c t e d a C-C bond. 

η 1 
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Monohapto S t r u c t u r e s . As i n the case o f the d i h a p t o s t r u c t u r e s , 
the geometries o f the r i n g carbons were c o n s t r a i n e d t o those 
emerging from the perhapto c a l c u l a t i o n s , and symmetry-equivalent 
hydrogens were f o r c e d t o m a i n t a i n e q u a l C-H bond l e n g t h s and C-C-H 
bond a n g l e s . M o n o h a p t i c i t y was imposed by m i n i m i z i n g the p o s i t i o n 
of the c e n t r a l atom a l o n g a l i n e p e r p e n d i c u l a r t o the r i n g p l a n e 
and p a s s i n g through a r i n g carbon. 

S t r u c t u r e s w i t h MH M o i e t i e s . For perhapto s t r u c t u r e s the 
hydrogen was c o n f i n e d t o the same l i n e as the c e n t r a l atom. The 
di h a p t o and monohapto c a l c u l a t i o n s a l s o used i n p u t s t r u c t u r e s w i t h 
the hydrogen on the same l i n e used to c o n s t r a i n the c e n t r a l atom, 
but here the p o s i t i o n of the hydrogen atom was t o t a l l y r e l a x e d . 

S t r u c t u r e s w i t h MH2 M o i e t i e s . These were handled on a geometry-
o p t i m i z e d b a s i s . 

Q u a l i t a t i v e C o n s i d e r a t i o n s 

Due t o the a v a i l a b i l i t y o f a p p r o p r i a t e o r g a n o m e t a l l i c 
r e a g e n t s , by f a r the l a r g e s t number of annulene complexes o f the 
main-group elements i n v o l v e the c y c l o p e n t a d i e n y l group. L e t us 
s t a r t the d i s c u s s i o n , t h e r e f o r e , by c o n s i d e r i n g q u a l i t a t i v e l y the 
π-type c o o r d i n a t i o n o f a C5H5 r i n g t o a main-group element, M. 
As shown i n F i g u r e l a , bonding i n t e r a c t i o n s i n symmetry are 
expected between the v a l e n c e s o r b i t a l o f M and the t o t a l l y 
symmetric π-ΜΟ o f C 5 H 5 , and between the degenerate n p x and n p v AO's 
of M and the e^ MO o f C 5 H 5 . The 2a\ MO r e s u l t s from m i x i n g of the 
a n t i b o n d i n g component o f the laχ MO and a bonding MO which r e s u l t s 
from i n t e r a c t i o n between the v a l e n c e p z o r b i t a l and the a j r i n g 
MO. The r e l a t i v e e n e r g i e s o f the e j and 2a\ M 0 T s a r e going t o 
depend on e.g. the e n e r g i e s o f the v a l e n c e s and ρ o r b i t a l s o f M. 

Somewhat s i m i l a r diagrams can be c o n s t r u c t e d f o r the i n t e r 
a c t i o n between a c y c l o p e n t a d i e n y l group and l i g a t e d main-group 
m o i e t i e s , MI^. That f o r a 05Η 5····ΜΗ i n t e r a c t i o n i s i l l u s t r a t e d 
i n F i g u r e l b . 

O b v i o u s l y , e i g h t e l e c t r o n s can be accommodated i n e i t h e r the 
(n 5-C 5H5)M o r (n5-C5H5)MH bonding scheme. However, the q u e s t i o n 
of whether a s i x - o r e i g h t - e l e c t r o n i n t e r s t i t i a l e l e c t r o n count i s 
more v a l i d w i l l depend on (a) whether the 2a\ MO i s o c c u p i e d , and 
(b) i f the 2 a i MO i s o c c u p i e d whether i t i n v o l v e s s i g n i f i c a n t 
r i n g - M i n t e r a c t i o n . 

R e a l i z i n g t h a t the b a s i c p a t t e r n o f a and e l i g a n d π MO's 
p e r s i s t s throughout the c a r b o c y c l i c r i n g systems, C n H n (n=3-6) 
(16), i t i s c l e a r t h a t the i n t e r a c t i o n o f an s,p b a s i s s e t o f a 
main-group element w i t h C 3 H 3 , C 4 H 4 , and CeHe r i n g s s h o u l d produce 
l a i , l e i , a n d 2 a i MO 1s i n a v e r y s i m i l a r f a s h i o n t o the c y c l o 
p e n t a d i e n y l systems i l l u s t r a t e d i n F i g u r e 1. 

Five-Membered R i n g Systems. I n terms of h a p t o t r o p i c s e a r c h e s , 
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both C 5 H 5 B and C5H5AI adopt η 5 ground state geometries (Table I ) . 
Furthermore, the η 5 preference prevails for both molecules when a 
complete geometry optimization i s carried out. Only minimal 
d i s t o r t i o n of the rings takes place during the geometry optimiza
tion. Both C 5 H 5 B and C 5H 5 A 1 are unknown molecules; however, the 
heavier congeners C 5H bIn and C 5H 5 T 1 have been known for several 
years. Although C 5H 5In and C 5H 5T1 are polymeric i n the s o l i d 
state (17), these molecules adopt η 5 structures i n the vapor state 
(18). Although C 5H 5B and C 5H 5 A 1 both adopt η 5 geometries, i t i s 
interesting to note that the sequence of MO1s d i f f e r s i n the two 
molecules; i n C 5H 5B the HOMO i s of e symmetry, while that of the 
aluminum analog i s a x . A NOCOR MO calculation (19) on C 5H 5 T 1 
indicates that the HOMO i s of a i symmetry; however, UV PES 
spectral data ( 2 0 ) and Χα scattered-wave calculations ( 2 1 ) for 
C s H s I n and C 5 H 5 T I suggest that the HOMO i s of e symmetry

We now turn to som
isoelectronic with C5H5
preference for the η geometry. This preference persists when the 
geometry i s completely optimized. The calculations on [ C s H s S i ] * 
were undertaken because the heavier congeneric cation f M e s C s S n ] * 
i s known and has been found to exhibit a pentahapto structure on 
the basis of X-ray crystallography ( 1 0 ) . The MNDO haptotropic 
search indicates a minimum at η ; moreover, the pentahapto 
structure persists with only minor changes of energy when the 
geometry i s optimized. The [ C s H s S i ] " * " cation has also been inves
tigated by ab i n i t i o methods (3c). 

The calculations on [CsHsBH]"*" were undertaken because boron 
cations of the type [ M e s C s B X ] * (X=C1, Br, I) are known ( 2 2 ) , and 
spectroscopic evidence indicates that the BX* moiety i s penta-
hapto-bonded to the MesCsring. Moreover, C s H s B e H , which i s i s o 
electronic with [ C 5 H 5 B H ] + has been shown to possess a n η 5 geometry 
(23). Our MNDO calculations o n [C 5H 5 B H ] +imply t h a t t h e η 2 and η 5 

geometries are very close i n energy. Previously, i t has been 
suggested (24) that the addition of boron Lewis Acids to C s H s I n 
causes a change from η 5 to η 1 attachment. 

Six or Eight I n t e r s t i t i a l Electrons? 

For the systems considered i n Table I, a l l eight electrons 
would be counted according to the Minkin and Minyaev model ( 2 ) . 
In the model of Schleyer et a l . , (3) a main-group element lone 
pair of C 5 H 5 B , C 5 H 5 A I , [C 5H 5Be]", and [ C 5 H 5 S i ] + and the B-H σ-bond 
of [C5H5BH]"*" would be excluded from the count on the basis that 
they are not i n t e r s t i t i a l electrons. Χα-SW calculations on e.g. 
(n 5-C 5 H 5)In and (n 5-C 5 H5)BeX support the views of Schleyer et a l . 
(3a). Thus, the 5ai MO of (n 5 - C s H 5 ) I n , which i s predominantly 
lone pair character, and the 4ai MO of (n 5-CsH b)BeX, which i s the 
Be-X σ-bond, feature only minor contributions from the C5H5 ring. 

It should also be noted that a six-electron rule affords 
conformity with the electron counting procedures of Rudolph (13) 
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Heats o f Formation ( k c a l / m o l ) , R e l a t i v e E n e r g i e s 
( k c a l / m o l ) , and η 5 Geometries (Â) f o r C5H5 Compounds. 

HAPTICITY AH r (RELATIVE ENERGY η 5 GEOMETRY 

n 1 112. 21 (8.29) B-•C = 1.904 
n 2 

n 5 

o p t i m i z e d 103. 90 

n 1 76. 59 (5.61) Al-•C = 2.215 
n 2 76. 11 (5.13) C--C = 1.442 
n 5 70. 98 (0.00) C--H = 1.082 

o p t i m i z e d 70. 97 

n 1 75. 53 (6.69) Be--C = 2.188 
n 2 75. 01 (6.17) C--C = 1.439 
n 5 68. 84 (0.00) C-•H = 1.083 

o p t i m i z e d 68. 84 

n 1 213. 02 (23.13) S i -•C = 2.089 
n 2 205. 05 (15.16) C--C 1.453 
n 5 189. 89 (0.00) C--H = 1.086 

o p t i m i z e d 189. 89 

n 1 277. 97 (9.79) B--C 1.784 
n 2 268. 18 (0.00) C--C = 1.471 
n 5 269. 24 (1.06) C--H = 1.086 

o p t i m i z e d 269. 23 B--H = 1.161 
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and Wade (14). According to these rules, a l l the compounds i n 
Table I are predicted to adopt nido structures since each 
possesses n+2 skeletal electron pairs. Each CH group contributes 
three skeletal electrons, hence only one valence electron i s 
required from B, A l , Be", Si+, or BH"1" to achieve a t o t a l of s i x 
electrons. 

Consequences of Increasing the Number of Valence Electrons on the 
Main-Group Fragment 

A l l the systems considered i n Table I feature a main-group 
fragment electron count of three, only one electron of which i s 
involved i n i n t e r s t i t i a l bonding. We now explore the consequences 
of increasing the t o t a l electron count of the main-group fragment 
to f i v e electrons. Two examples of this electron count are 
represented by C5H5MH2
energy geometry i s η 1 an

C ( 1 ) C(2) 
Ε = Β Ε = Al 

B-C(l) 1.55 Â Al-C(l) 1.84 Â 
> C ( 3 ) C(l)-C(2) 1.52 Â C(l)-C(2) 1.51 Â 

C(2)-C(3) 1.36 Â C(2)-C(3) 1.37 Â 
C(3)-C(4) 1.47 Â C(3)-C(4) 1.47 Â 

C(4) C(4)-C(5) 1.36 Â C(4)-C(5) 1.37 Â 
C(l)-C(5) 1.53 Â C(l)-C(5) 1.52 Â 

exceed the sum of covalent r a d i i for Β and C (1.57 Â) or Al and 
C (-2.00 Â). Previous ab i n i t i o work (25) had indicated a minimum 
at η 2 ; however the barriers between η 2 , η 3 , and η 5 structures 
were found to be small. An EHMO investigation (11) of the system 
[ C 5 H 5 ] " « · · [ C H 2 l 2 + also indicated an η 2 minimum but no minimum was 
found at the η 3 geometry. The experimental data for a number of 
Group IIIA compounds of the type (C5Rs)MXY (R=H, Me; X, Y=alkyl, 
C 5 H 5 , CI) have been assembled i n Table I I . C o l l e c t i v e l y , these 
data indicate that the energies of η 1 , n 2, and η 3 geometries are 
rather close. Similar conclusions have emerged from MNDO calcu
lations (35) on phosphenium ions of the type [(MesCs)(R)P] +, 
namely (i) that the global minimum i s η 2 , ( i i ) η 5 and η 3 struc
tures do not correspond to minima, and ( i i i ) the barrier to 
circumannular migration of the RP moiety i n the η 2 structures 
(via an η 1 intermediate) i s very small (<2 kcal/mol). 

A count of fi v e main-group valence electrons can also be 
obtained by e.g. adding H" to the s i l i c o n cation, [CsH^Si]"*". 
This system exhibits a l o c a l minimum with η 2 attachment of the 
SiH moiety to the C5H5 ring; however, the global minimum 
corresponds to the known molecule silabenzene (36\ 
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Table I I . Some C y c l o p e n t a d i e n y l and Péntamethylcyclopentadienyl 
Main Group Compounds w i t h I n t e r m e d i a t e H a p t i c i t i e s . 

SYSTEM HAPTICITY METHOD REFERENCE 

C 5 H 5 B E t 2 

C 5 H 5 A l M e 2 

C 5H 5MR 2 

(R = Me, E t ; 
M= A l , Ga, In) 

η  o r η

2 3 rr o r τ)3 

ED (gas) 

v i b r a t i o n a l 
s p e c t r o s c o p y 

27 

28 

[ C 5 H 5 G a M e 2 ] n 
[ C 5 H 5 A l M e 2 ] n 

[ ( M e 5 C 5 ) A l ( M e ) C l ] 2 

[(Me_C„)Al(iBu)Cl], between 
η 2 and η 3 

X-ray 

X-ray 

X-ray 

X-ray 

29 

30 

31 

32 

[ ( C 5 H 5 ) 3 I n ] n 

[Me 5C 5Sn] +«Pyridine 

X-ray 33 

34 
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H 

H 
S i ι 
H 

H 

•H 

H 
Si-C(l) 1.72 Â 
Si-C(5) 1.72 Â 
C(l)-C(2) 1.40 Â 
C(2)-C(3) 1.41 Â 
C(3)-C(4) 1.41 Â 
C(4)-C(5) 1.40 Â 

A similar observation was made with the isoelectronic system 
C5H5P, namely an η 3 l o c a l minimum but with the known molecule, 
phosphabenzene (37) as the global minimum. 

Further increases i n the number of electrons associated with 
the main-group fragment are realized i n the halides, CçHsX 
(X=F, CI). The global minimum for both molecules i s η 1 and this 
geometry i s strongly preferred over any multi-hapto structure. 
This conclusion i s i n agreement with previous theoretical work 
which has shown that the preferred geometry for C H 3 , S 1 H 3 , or 
M e 3 S i on a C5H5 ring i s monohapto (11,38) and also with an X-ray 
crystal structure of (r^-MesC^SiCl 3 (39) and NMR data on the series 
of molecules, C 5H 5 M M e 3 (M=Si, Ge, Sn) (40). 

Three-, Four-, and Six-Membered Ring Systems 

The following perhapto structures emerge from haptotropic 
searches (see also Table I I I ) . 

Note that each perhapto structure i s consistent with the s i x -
electron rule of Schleyer et a l . (3) i n the sense that one pair 
of electrons on each main-group fragment i s not involved i n inter
s t i t i a l bonding. 

None of the C3H3 systems, ( n 3 - C 3 H 3 ) N , (n 3-C 3H 3)P, 
[ ( n 3 - C 3 H 3 ) S ] + , or (n 3 - C 3 H 3)SiH i s , to our knowledge, known experi
mentally. However, r e a l i z i n g that the fragments Ν, P, S +, and SiH 

H P-C(l) 
P-C(5) 
C(l)-C(2) 
C(2)-C(3) 

1.64 Â 
1.64 Â 
1.40 Â 
1.41 Â 
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Table III. Heats of Formation (kcal/mol), Relative Energies 
(kcal/mol), and Perhapto Geometries (Â) for CJJHJJ 
Compounds (n= 3 , 4, and 6 ) . 

COMPOUND HAPTICITY AH f (RELATIVE ENERGY) PERHAPTO GEOMETRY 

(C 3H 3)N 

(C 3H 3)P 

(C 3H 3)S + 

(C 3H 3)SiH 

t ( C 4 H 4 ) N ] + 

t ( C 4 H 4 ) P ] + 

(C 4H 4)Si 

[(C 4H 4)B]-

[ ( C 6 H 6 ) S i ] ' 

n 1 211.11 (69.44) N-C = 1.502 
n 2 162.26 (20.59) C-C = 1.503 
n 3 141.67 (0.00) C-H = 1.065 

n 1 147.29 (54.16) P-C = 1.773 
n 2 106.49 (13.36) C-C = 1.505 
n 3 93.13 (0.00) C-H 1.065 

n 1 

n 2 314.50 (3.96) C-C = 1.493 
n 3 310.54 (26.48) C-H = 1.075 

n 1 168.72 (57.41) Si-C = 1.789 
n 2 128.66 (17.35) C-C = 1.547 
n 3 111.32 (0.00) C-H = 1.070 

Si-H = 1.432 

n 1 393.45 (45.92) N-C = 1.617 
n 2 361.37 (13.84) C-C = 1.498 

347.53 (0.00) C-H = 1.084 

n 1 315.58 (34.09) P-C 1.911 
n 2 290.33 (8.84) C-C = 1.492 

281.49 (0.00) C-H = 1.080 

n 1 87.00 (29.46) Si-C = 1.966 
n 2 63.92 (6.38) C-C 1.484 

57.54 (0.00) C-H 1.073 

n 1 122.79 (15.59) B-C = 1.766 
n 2 110.73 (3.53) C-C = 1.478 
n- 107.20 (0.00) C-H = 1.071 

n 1 488.78 (10.61) Si-C 2.219 
n 2 487.72 (9.55) C-C = 1.435 
n 6 478.17 (0.00) C-H = 1.101 
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are isolobal (41) with CH, we note that tetrakis (_t-butyl) tet r a -
hedrane (which can be regarded as an (n 3 - C 3 H 3)CH derivative) has 
been prepared (42). Moreover, (n 3 - C 3 Î Î 3)P can be regarded as one 
of three possible (but as yet unsynthesized) clusters of general 
formula (CH) XI >4_ X (x =l> 2, 3) which are intermediate between 
and tetrahedrane. 

None of the capped cyclobutadiene molecules or ions i s known 
experimentally. Moreover, i n an ab i n i t i o MO study of Be, BH, 
and CH**" as capping moieties for C 4 H 4 , Jemmis and Schleyer (3a) 
have calculated that the corresponding five-membered planar 
structures are more stable. A similar situation may obtain i n the 
present work. Nevertheless, i t i s worth remarking that the 
carbocation [(CH ) s ] + has been investigated both theoretically (43) 
and experimentally (44) and found to adopt a structure i n which a 
CH+ fragment i s rr-bonded to a C4H4 ring. 

Jemmis and Schleye
and BeH"*" are capable o
benzene ring. On the other hand, no minimum could be discerned 
for hexahapto binding of Be to C^Hç, u t i l i z i n g the ST0-3G basis 
set. Our MNDO haptotropic search indicates that S i 2 + prefers to 
bond to ΟβΗβ i n the hexahapto manner. This conclusion i s relevant 
to highly interesting experimental work by Amma and co-workers 
(45) which had demonstrated that S n 2 + i s hexahapto bonded to CgHg 
in the complexes (n 6-C 6H 6)Sn(AlCli +) 2 · C bH 6 and (n 6-C 6H 6) SnCl (AlCl^). 
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Novel Cluster Interactions in Metalloboranes 

NORMAN N. GREENWOOD 
University of Leeds, Department of Inorganic and Structural Chemistry, Leeds LS2 
9JT, England 

Metal atoms have fewer valence electrons than 
orbitals available for bonding and in this they 
resemble boron
examined and i y
electronegativities in the range 1.6-2.4 (B = 2.0) 
can subrogate boron atoms as vertices in poly
hedral clusters. Such metalloboranes are often 
much more stable than the parent boranes or borane 
anions. Not only can metals mimic boron in known 
cluster geometries but the flexibility thus 
introduced can lead to novel and previously 
unsuspected cluster geometries. The construction 
of macropolyhedral clusters containing 17-20 
vertices is also described. 

Ralph Rudolph made major c o n t r i b u t i o n s t o our u n d e r s t a n d i n g 
o f t h e s t r u c t u r e and bonding o f p o l y h e d r a l c l u s t e r compounds and 
he had an a b i d i n g i n t e r e s t i n d e v e l o p i n g a r a t i o n a l e which would 
enable t h e s t r u c t u r e o f i n d i v i d u a l compounds t o be s y s t e m a t i z e d 
and r e l a t e d t o each o t h e r . He i n d e p e n d e n t l y a r r i v e d a t a method 
o f c o u n t i n g s k e l e t a l e l e c t r o n s which i s now g e n e r a l l y r e f e r r e d t o 
as Wade's R u l e s , and t h i s has had a d e c i s i v e i n f l u e n c e on our 
g e n e r a l p e r c e p t i o n s o f p o l y h e d r a l c l u s t e r compounds. R e l a t e d t o 
t h i s was h i s p r e o c c u p a t i o n w i t h the problem o f heteroatoms such as 
s u l f u r , and the number o f e l e c t r o n s w h i c h such atoms c o n t r i b u t e 
t o t h e heteroborane c l u s t e r s . 

You w i l l r e c a l l t h a t boranes are now c l a s s i f i e d i n t o v a r i o u s 
s e r i e s as summarized i n Table I . The formulae and s t r u c t u r e s can 
be r a t i o n a l i z e d on the b a s i s of the number of s k e l e t a l e l e c t r o n s 
a v a i l a b l e f o r bonding and each Β atom i s c o n s i d e r e d t o c o n t r i b u t e 
2 e l e c t r o n s i n a d d i t i o n to the one used t o form a t e r m i n a l B-H t 

bond. Supernumerary Η atoms form B-Hu-B b r i d g e s or comprise the 
endo-U atom i n a BH2 group: B H t H g n j 0 ; they occur i n the "open 
f a c e " of s t r u c t u r e s from which BH t groups are n o t i o n a l l y m i s s i n g 

0097-6156/83/0232-0125 $06.00/0 
© 1983 American Chemical Society 
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Table I . Borane S t r u c t u r e s - Wade's Rules 

S e r i e s Parent 
Formula 

S k e l e t a l 
E l e c t r o n s 

C l u s t e r Geometry ( d e l t a h e d r o n = 
c l o s e d t r i a n g u l a t e d polyhedron) 

preoloso- Β Η η η 2η ( n - 1 ) v e r t e x e d d e l t a h e d r o n 
p l u s 1 capping BH 

closo-

nido-

Β Η η η+2 
Β Η , η η+4 

2η+2 
2η+4 

n-ver t e x e d d e l t a h e d r o n 
(n+1)deltahedron (n occupied) 

arachno- η η+6 2η+6 (n+2)deltahedron (n occupied) 
hypho- Β Η

 Α ο η η+ο 2η+8 (n+3)deltahedro  (  occupied) 
conjuncto- Β Η η m B-B or BBB bonds, or by s h a r i n g 

common v e r t i c e s , edges, or f a c e s 

from the parent c l o s e d t r i a n g u l a t e d p o l y h e d r a l s t r u c t u r e i n which 
a l l v e r t i c e s are o c c u p i e d . I n g e n e r a l the s t r u c t u r e s r e f l e c t the 
f a c t t h a t boron has one l e s s v a l e n c e e l e c t r o n than atomic 
o r b i t a l s a v a i l a b l e f o r bonding. Most metals a l s o have fewer 
v a l e n c e e l e c t r o n s than o r b i t a l s a v a i l a b l e f o r bonding and some 
years ago we i n i t i a t e d a r e s e a r c h program to d e l i n e a t e the e x t e n t 
to which metals c o u l d a c t as p o l y h e d r a l v e r t i c e s i n métallo-
borane complexes. I t t u r n s out t h a t v i r t u a l l y a l l metals except 
the most e l e c t r o p o s i t i v e ones i n Groups I - I I I of the P e r i o d i c 
Table can a c t i n t h i s way as honorary boron atoms. Indeed, the 
m e t a l l o b o r a n e s are f r e q u e n t l y v e r y much more s t a b l e than the 
c o r r e s p o n d i n g parent boranes and borane a n i o n s . 

Three examples from our own r e c e n t work w i l l s u f f i c e to show 
how c o o r d i n a t e d metal atoms can subrogate BH u n i t s i n closo-, 
nido- and avaohno-decaborane. Thus, the b r i g h t r e d n i c k e l a -
oloso-decaborane eloso-[(PMe2Ph)2(I-N1B9H7CI2-2,4)] has been 
s y n t h e s i z e d 0 ) i n which the B 9 moiety i s η^-bonded to a capping 
L2N1 group ( F i g u r e 1). The s t r u c t u r a l r e l a t i o n s h i p t o oloso-
B10H10 2 "" i s obvious and, as the metal c e n t r e f o r m a l l y r e p l a c e s a 
BH2"" group which c o n t r i b u t e s 4e to the c l u s t e r , i t can be 
c o n s i d e r e d as N i - ^ . We f i n d , i n g e n e r a l , t h a t p o l y h a p t o borane 
l i g a n d s are v e r y good at s t a b i l i z i n g f o r m a l h i g h o x i d a t i o n 
s t a t e s of m e t a l s . Next we can mention a nido-analogue, 
n£<fo-[H(PPh 3)2(6-IrB9Hi3)] ( F i g u r e 2 ) : t h i s s t a b l e , y e l l o w 
i r i d a d e c a b o r a n e bears an obvious s t r u c t u r a l resemblance to 
nido-Βι0H14 i t s e l f and we have made s e v e r a l o t h e r c l o s e l y 
r e l a t e d i r i d i u m and rhodium analogues ( 2 ) . The compound was 
o r i g i n a l l y made i n 1% y i e l d by r e a c t i n g arachno-BsUi i+~ w i t h 
Vaska's compound trans-[Ir(C0)C1(PPI13)2] b u t , as w i l l be seen 
l a t e r , the y i e l d can be d r a m a t i c a l l y improved to >85% by the 
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Figure 1. The structure of c\oso-[(PMe2Ph)2(l-NiB9H7Cl2-2,4)] showing the bi-
capped-square antiprismatic arrangement of the {NiB9} cluster, which is analo

gous to c\oso-BI0H10

2~ (I). 

Figure 2. The structure of niao-[H(PPh3)2(6-IrB9Hu)] showing the close similarity 
of mdo-BwHM (2). 

In Rings, Clusters, and Polymers of the Main Group Elements; Cowley, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



128 R I N G S , C L U S T E R S , A N D P O L Y M E R S 

simple expendient of u s i n g the t r i s ( t e r t i a r y phosphine) 
[ I r C l ( P P h 3 ) 3 ] (3)· F i n a l l y , the ext r e m e l y s t a b l e d i p l a t i n a -
arachno-decaborane, [ (PMe2Ph) i+(6,9-Pt2B8Hi ο ) ] , ( F i g u r e 3) can be 
r e a d i l y prepared i n good y i e l d by a s t r a i g h t - f o r w a r d t h r e e - s t e p 
s y n t h e s i s ( 4 ) : 

2 B 9 H i t + ~ + c-z;s-[PtCl2(PMe2Ph)2] 

CH 2C1 2 (12 h / r . t . ) 

[ P t ( B 8 H i 2 ) ( P M e 2 P h ) 2 ] (very p a l e y e l l o w , 85% y i e l d ) 

2 K H / t h f - C H 2 C l 2 (4 h / r . t . ) 

[ P t ( B 8 H i o ) ( P M e 2 P h ) 2 ] 2 " (not i s o l a t e d ) 

[ { P t ( P M e 2 P h ) 2 } 2 ( B 8 H 1 0 ) ] ( c o l o u r l e s s , 55% y i e l d ) 
T h i s was the f i r s t example of such a d i m e t a l l a d e c a b o r a n e and i t s 
s t r u c t u r a l s i m i l a r i t y t o d e r i v a t i v e s of araohno-BioHm2is 
c l e a r . The examples i n F i g u r e s 1-3 w i l l s u f f i c e t o i l l u s t r a t e 
the s u b r o g a t i o n of Β by M i n boron h y d r i d e s and s i m i l a r examples 
c o u l d now be g i v e n w i t h over 30 d i f f e r e n t metals and v i r t u a l l y 
a l l boranes from B i to B i 2 ( 5 ) . 

But an even more e x c i t i n g p o s s i b i l i t y can now be 
envi s a g e d . I n s t e a d of merely mimicing the known borane 
s t r u c t u r e s we can attempt to use the f l e x i b i l i t y of metal atoms 
to c o n s t r u c t p o l y h e d r a l c l u s t e r s of geometry as y e t unknown 
among the parent boron h y d r i d e s o r , i n d e e d , by u s i n g the h i g h e r 
c o n n e c t i v i t i e s and o x i d a t i o n s t a t e s of some m e t a l s , to d e v i s e 
m e t a l l o b o r a n e c l u s t e r geometries which would be i n c a p a b l e of 
s y n t h e s i s i f boron alone was the p o l y h e d r a l v e r t e x atom. We have 
found t h a t such s t r u c t u r e s can indeed be s y n t h e s i z e d and so 
metals now graduate from b e i n g "honorary boron atoms" to b e i n g 
" f l e x i - b o r o n atoms". Two approaches are p o s s i b l e . The f i r s t i s 
to modify r e a c t i o n c o n d i t i o n s and reage n t s s y s t e m a t i c a l l y so t h a t 
u n p r e d i c t e d and even u n p r e d i c t a b l e compounds emerge. We can then 
use these new p e r c e p t i o n s i n the second approach, which i s the 
p u r p o s e f u l d e s i g n of r e a c t i o n s which are s p e c i f i c a l l y aimed at 
i n c o r p o r a t i n g new s t r u c t u r a l f e a t u r e s based on the p r o p e r t i e s of 
the metal c e n t r e used. Both approaches have t h e i r p l a c e i n 
s y n t h e t i c c h e m i s t r y : the f i r s t i s tremendously e x c i t i n g , when i t 
works; the second i s tremendously s a t i s f y i n g , if i t works. 

As an example of the f i r s t method we can e n q u i r e what would 
happen i f the araohno-BsUm" used i n the l a s t p r e p a r a t i o n above 
were r e p l a c e d by the i s o e l e c t r o n i c n e u t r a l s p e c i e s avachno-
[ 4 - ( M e 2 S ) - 7 - ( M e O ) B 9 H i 2 ] . I n f a c t , the predominant product (50% 
y i e l d ) i s the expected methoxy d e r i v a t i v e arachno-[(PMe2Ph)2(Pt-
B 8HnOMe)] p l u s a s m a l l e r amount of the known araohno-[YVle2?\i)2-

In Rings, Clusters, and Polymers of the Main Group Elements; Cowley, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 
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Figure 3. The structure of SLrsLchno-[(PMe2Ph)4(6,9-Pt2B8Hw)J showing its struc
tural similarity to arachno-B 10H4

2 ~ (4). 
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(PtBaHy)]. I n a d d i t i o n , however, the pro d u c t s i n c l u d e d a 3% 
y i e l d of the d i p l a t i n a c l u s t e r conjuncto-[(PMe2Ph)2(Pt2BsHi4)] 
shown i n F i g u r e 4a, ( 6 ) . T h i s s t r u c t u r e i s u n p a r a l l e l e d i n 
borane c h e m i s t r y or i n any o t h e r known compound; i t f e a t u r e s a 
c e n t r a l l i n e a r P-Pt-Pt-P c o o r d i n a t e d by an n 3-B6Hg group 
( s t r u c t u r a l l y d e r i v e d from arachno-B sH-i 0 ) and a b r i d g i n g B3H5 
( F i g u r e 4 b ) . The P t - P t d i s t a n c e i s 262.1 pm and the f o u r atoms 
i n the c e n t r a l diamond P t ( 1 ) B ( 2 ) P t ( 2 ) B ( 7 ) are e s s e n t i a l l y 
c o p l a n a r ( d i h e d r a l angle 0.9°). The s t r u c t u r e i s t h e r e f o r e 
e n t i r e l y d i f f e r e n t from t h a t of the f o r m a l l y i s o e l e c t r o n i c 
a r a c / m o - d i p l a t i n a d e c a b o r a n e c l u s t e r i n F i g u r e 3. 

Another product from the r e a c t i o n of ois-[?tCl2(PMe2Ph)2] 
w i t h arac/zn6>-[4-(Me 2S)-7-(MeO)B9Hi 2] i s oonjuncto-[ (PMe 2Ph) 2 -
( P t 2 B i 2 H i 8 ) ] which was i s o l a t e d i n 35% y i e l d . T h i s compound, 
which had p r e v i o u s l y been i s o l a t e d i n our l a b o r a t o r y from the 
r e a c t i o n s of ois-[PtCl2(PMe
and w i t h araohno-BsRi4" ( 4 )
two n 3-B6Hg groups c e n t r o s y m m e t r i c a l l y c o o r d i n a t i n g a l i n e a r 
P-Pt-Pt-P group as shown i n F i g u r e 5a. The s t r u c t u r a l 
s i m i l a r i t i e s w i t h the c l u s t e r i n F i g u r e 4 are s t r i k i n g , the main 
d i f f e r e n c e s b e i n g i n the o r i e n t a t i o n of the two phenyl groups of 
the t e r t i a r y phosphine l i g a n d s , and i n the removal of 4 f u r t h e r 
Β atoms from the upper B$ s u b c l u s t e r i n F i g u r e 5 to g i v e the B2 
group i n F i g u r e 4. The d e t a i l e d r e a c t i o n path by which the P t - P t 
bonds are formed and the i n i t i a l Bg (or B i o ) c l u s t e r are 
degraded t o Ββ and B2 c l u s t e r s has not y e t been e l u c i d a t e d ; i t i s 
a f a s c i n a t i n g problem, the r e s o l u t i o n of which w i l l undoubtedly 
l e a d to more e f f i c i e n t syntheses of these i n t r i g u i n g compounds. 

Another c l a s s i c method of o b t a i n i n g h i g h e r boranes from 
lower boranes i s t h e r m o l y s i s . A c c o r d i n g l y , we s t u d i e d the e f f e c t 
of heat on a p p r o p r i a t e m e t a l l a b o r a n e s and found t h a t i n some 
cases we o b t a i n e d metal-mediated o l i g o m e r i z a t i o n to g i v e n o v e l 
m a c r o p o l y h e d r a l c l u s t e r s . For example, when the p a l e y e l l o w 
compound [Pt(BeHi2 ) ( P M e 2 P h ) 2] (see above) was heated i n b o i l i n g 
t o l u e n e ( 111°C) s e v e r a l p r o d u c t s were o b t a i n e d i n c l u d i n g a 2% 
y i e l d of the f l a m e - r e d , a i r - s t a b l e , compound [(PMe2Ph){PtBiεΗιβ-
(PMe 2Ph)}] m.p. 95° ( 8 ) . The c o m p l e t e l y unprecedented s t r u c t u r e , 
i l l u s t r a t e d i n F i g u r e 6a, can be viewed as an edge-fused 
oonj una to -borane c o n s i s t i n g of a nido-iVtBi} c l u s t e r and a 
nïdo-{?tBi0} c l u s t e r f u s e d a t a common Pt-B edge. One approach 
to a d e s c r i p t i o n of the bonding i s i n d i c a t e d i n F i g u r e 6b - the 
borane l i g a n d i s a phosphine s u b s t i t a t e d 16-vertex c l u s t e r 
f o r m a l l y d e r i v e d from the as y e t unknown conjuncto-Bie^ik. T h i s 
p a r t of the s t r u c t u r e c l e a r l y comprises a nido-B^ s u b c l u s t e r 
bonded to the Β(6) atom of a nido-Βιο s u b c l u s t e r i n a way v e r y 
r e m i n i s c e n t of t h a t j u s t r e p o r t e d at t h i s Meeting f o r the 
B 6 p l u s nido-Bs s t r u c t u r e of conjuncto-Βι5H23 ( 9 ) . The 
i m p l i c a t i o n s of t h i s f o r the p u r p o s e f u l s y n t h e s i s of o t h e r 
m a c r o p o l y h e d r a l oonjunoto-bovanes i s c o n s i d e r a b l e . 

We have a l s o had some e x c i t i n g i n d i c a t i o n s of m e t a l -
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Figure 5a. The cluster geometry of con}\xnzio-[(PMe2Ph)2Pt2(y\3-B6H9)2]; only the 
ipso-C atoms of the two phenyl groups are shown and these are centrosymmet-

rically disposed above and below the plane of the paper. 

Me— P — P t r- Pt — Ρ —Me 
\ 

Ph 

Figure 5b. A simple localized valence bond description of the conjuncto-
[(PMe2Ph)2Pt2(T]3-B6H9)2] structure (1). 
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Figure 6b. An outline diagram of the macropolyhedral borane ligand geometry 
and its interaction with the Pt center ($). 
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mediated c l u s t e r c o n s t r u c t i o n i n some work w i t h the p l a t i n u m 
complexes of B18H20 2"" (10). One of the products of the r e a c t i o n 
between cis-[VtCl2(PMe2Ph)2] and the centrosymmetric edge-fused 
conjuncto-anti-BiQR2 2 i n the presence of a s t r o n g d e p r o t o n a t i n g 
agent i s the n o v e l , green, face-fused d i p l a t i n a conjuncto-
borane [ (PMe 2Ph) 4 { P t 2 - n t + , ( η ^ + η 2 ) - a n t i - B 1 8 H i 6 } ] shown i n F i g u r e 7. 
A s i m i l a r c o n f a c i a l t r i a n g u l a r f e a t u r e can a l s o be c o n s t r u c t e d 
by the m i l d thermolysis" of another product of the i n i t i a l 
r e a c t i o n [ ( P M e 2 P h ) 2 ( P t - n 1 - n 2 - a n t i - B 1 8 H 2 0 ) ] ( F i g u r e 8 a ) : t h i s 
undergoes an a s t o n i s h i n g rearrangement w i t h l o s s of H2 to g i v e 
the face-fused [(PMe 2Ph) (Pt -^-anti-BisKis ) ] (11) as shown i n 
F i g u r e 8b. Here the presence of a Pt v e r t e x has f a c i l i t a t e d a 
c l u s t e r r e o r g a n i z a t i o n which c e r t a i n l y does not occur i n i t s 
absence and which augers w e l l f o r the use of m e t a l l o b o r a n e 
i n t e r m e d i a t e s t o s y n t h e s i z e new m a c r o p o l y h e d r a l c l u s t e r s w i t h 
n o v e l g e o m e t r i c a l f e a t u r e s

A more s u b t l e v a r i a t i o
s t r u c t u r a l isomers which d i f f e r i n some s p e c i f i c way from the 
geometry of known borane c l u s t e r s . One such example i s 
i m p l i c i t i n the d i p l a t i n a s t r u c t u r e shown i n F i g u r e 5a which i s 
c l e a r l y the transoid v a r i a n t of the known cisoid s t r u c t u r e of 
the " i s o e l e c t r o n i c " conjuncto-Bi4H20 ( 1 2 ) . Another s t r u c t u r a l 
v a r i a n t would be the p o s i t i o n of the vacant s i t e i n going from 
a closo- to a nido-cluster. For example, the c l u s t e r geometry 
of the normal nido-ΒιoHm and i t s métallo d e r i v a t i v e s can be 
envisaged as b e i n g formed by removal of the unique, h i g h l y -
connected {BH} v e r t e x from B n H n 2 - to g i v e a n e s t - l i k e c l u s t e r 
as i l l u s t r a t e d i n F i g u r e 2. An a l t e r n a t i v e would be t o r e t a i n 
the h i g h l y - c o n n e c t e d v e r t e x as a metal c e n t r e and remove one of 
the a d j a c e n t {BH} v e r t i c e s to g i v e an iso-nido-metalladecaborane. 
J u s t such a c l u s t e r was found among the minor pr o d u c t s of the 
r e a c t i o n of arachno-BsUiwith trans-[Ir (C0)C1 (PPI13 ) 2 ] : as 
a l r e a d y mentioned the major product was nido-[H(PPti3)2(6-IrBg-H13)], ( F i g u r e 2) but t h e r e were a l s o t r a c e amounts of a p a l e 
v i o l e t c r y s t a l l i n e complex which was shown by X-ray s t u d i e s (13) 
to be i s o - t t ^ - [ ( P P h 3 ) 2 ( 7 - I r B 9 H 1 0 . P P h 3 ) ] ( F i g u r e 9 ) . The 
d i s t a n c e s from I r ( 7 ) t o B(2,3,4,8,10) are 236, 217, 236, 233, 
and 233 pm r e s p e c t i v e l y and the d i s t a n c e B(8)-B(10) a c r o s s the 
"open" f a c e i s 222 pm, s u g g e s t i n g some r e s i d u a l i n t e r a c t i o n s as 
r e p r e s e n t e d by the open connector i n the F i g u r e . A l l o t h e r 
n e a r e s t - n e i g h b o u r B-B d i s t a n c e s were w i t h i n the normal range of 
167-187 pm. There are t e r m i n a l H atoms (not shown) on each 
boron except B ( 9 ) , which c a r r i e s a pendant PPti3 l i g a n d and the 
two r e m a i n i n g H atoms are a s s o c i a t e d w i t h the open f a c e 
I r ( 7 ) B ( 8 ) B ( 9 ) B ( 1 0 ) - they are i n e q u i v a l e n t i n s o l u t i o n at low 
temperature but undergo mutual exchange w i t h AG* ^45 k J mol 
at -10°C. Indeed, the c l u s t e r seems to be i n some sense i n t e r 
mediate between a nido- and a closo-geometry w i t h I r - H u - B b r i d g e 
hydrogen atoms i n t e r c o n v e r t i n g w i t h t e r m i n a l I r - H t . 

As a f i n a l example of the c o n s t r u c t i o n of a m o d i f i e d c l u s t e r 
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Figure 7. The cluster geometry of the green diplatina product conjuncto-
[(PMe2Ph)4{Pt2-i\4, ( V + O2)-anti-5/5//y6}y showing the confacial fusion of the 

two subcluster s across the shaded triangle (10). 

Figure 8. Left, the cluster geometry of \so-{(Ρ Me 2Ph)2fo-Pt-rf, η2-ζηΰ-ΒΙβΗ20)]; during 
thermolytic rearrangement a new bondis formed between B(9), B(10), and B(2'), and the 
bridging {Pt(PMe2Ph)2} group appears to migrate to the open face of the right-hand 
subcluster. Right, the cluster geometry of the thermolysis product \fPMe2Ph)2(Pt-yf-
ani\-Bl8H20)] showing the new confacial triangular linkage (shaded) between the two 

su be lus ter s (11). 
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Figure 9. Cluster geometry ofiso-mao-[(PPh3)2(7-IrB9Hw · PPh3)] (13). 
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geometry we can mention the a s t o n i s h i n g l y f a c i l e dehydrogenation 
of n i J o - [ H ( P P h 3 ) 2 ( 6 - I r B 9 I i 3 ) ] ( F i g u r e 2 ) : m i l d t h e r m o l y s i s of 
t h i s compound at 85°C r e s u l t s i n the q u a n t i t a t i v e e l i m i n a t i o n of 
3H 2 to j g i x e _ t h e b r i g h t o r a n g e - y e l l o w iso-closo-[H(PPh3)-
( P P h z f e H O O - I r i g H e ) ] ( 3 ) . As seen i n F i g u r e 10 t h i s complex 
f e a t u r e s a t e n - v e r t e x oZoso s t r u c t u r e w i t h i d e a l i z e d C3V 
symmetry r a t h e r than the more u s u a l 4 - f o l d symmetry of B i o H i o 2 " 
and i t s d e r i v a t i v e s ( F i g u r e 1 ) . 

The d i s t a n c e s from I r ( 1 ) to B(3,5,7) are 216, 219 and 215 pm 
r e s p e c t i v e l y and to the adj a c e n t B(2,4,6) are 246, 239, and 238 
pm. The I r - H t d i s t a n c e i s ^157 pm. The l o c a l C3V symmetry of 
the IrB3B3B3 c l u s t e r has not p r e v i o u s l y been encountered i n 
met a l l o b o r a n e c h e m i s t r y though a s i m i l a r d i s p o s i t i o n of 
v e r t i c e s has been observed i n , f o r example, the d i m e t a l l a d i -
carbaborane [ 1 , 6 - ( n 5 - C 5 H 5 ) 2 - 1 , 6 , 2 , 3 - F e 2 C 2 B 6 H 8 ] ( 1 4 ) . A fo r m a l 
e l e c t r o n count f o r th
s k e l e t a l e l e c t r o n s (2n+2
bonding: of th e s e , 18 are s u p p l i e d by the 9 Β atoms, l e a v i n g 4 
to be c o n t r i b u t e d by the I r atom. T h i s , t o g e t h e r w i t h the I r - H t 

bond i n d i c a t e s t h a t the compound can be regarded as an I r ^ 
complex i n which the h i g h o x i d a t i o n s t a t e i s s t a b i l i z e d by 
c o o r d i n a t i o n t o the p o l y h e d r a l borane l i g a n d . Other examples of 
I r v borane complexes are a l s o known (15,16). A f u r t h e r 
i n t e r e s t i n g a spect of the m o l e c u l a r s t r u c t u r e i n F i g u r e 10 i s 
the i n c i d e n c e of tfrt/zo-cycloboronation at B ( 2 ) . T h i s i s now 
re c o g n i z e d as a s i g n i f i c a n t f e a t u r e of s e v e r a l c l u s t e r 
r e o r g a n i z a t i o n r e a c t i o n s and has important m e c h a n i s t i c 
i m p l i c a t i o n s which have r e c e n t l y been reviewed (17). 

C01) 

/ r 
Figure 10. Structure of iso-c\oso-[ H(PPh3)(PPh2C6H4)(l-IrB9H8)] with F-phenyl 
groups omitted for clarity, except for their ipso-C atoms; all Η atoms were 

located (3). 
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Molecular State Fingerprints and Semiempirical 
Hypersurface Calculations 
Useful Correlations to Track Short-Lived Molecules 
H. BOCK 
University of Frankfurt, Chemistry Department, D-6000 Frankfurt/Main 50, 
Niederurseler Hang, West Germany and University of Michigan, Chemistry 
Department, Ann Arbor, MI 48109 
R. DAMMEL and B. ROTH 
University of Frankfurt, Chemistry Department, D-6000 Frankfurt/Main 50, 
Niederurseler Hang, West Germany 

Nowadays even th
of the many well-tested semiempirical quantum chemi
cal procedures, can perform approximate hypersurface 
calculations for his somewhat larger molecules. De
spite some pitfalls - for example, concerning reac
tion pathways without the molecular dynamics involv
ed - valuable suggestions are provided on the energy 
differences and the structural changes between indi
vidual molecular states, e.g. in redox reactions. As 
an advantage for the experimentalist, the correla
tion of theoretical predictions with easily acces
sible measurement data such as ionization patterns 
or spin coupling multiplets is strongly emphasized: 
thus, not only the validity of underlying assump
tions can be checked but also the numerical preci
sion added to the calculated trends. 

For the practical design of hypersurfaces, i.e. 
cuts through the (3n-6)dimensional hyperspace, 
some hints are outlined. The main purpose, however, 
is to illustrate the usefulness of hypersurface 
calculations especially for the detection, identi
fication and characterization of unstable molecu
les. Examples chosen comprise the structure of 
RS-CΞC-SR, the relative stability of thioacroleine 
isomers C3H4S, the structural changes accompanying 
the oxidation of hydrazine and some of its deriva
tives, the isomerization of tetrahedrane to cyclo-
butadiene both thermally as well as on oxidation, 
the predicted existence of F2SS and nonexistence 
of Cl2SS or H2SS, and, finally, some aspects of the 
thermal decomposition of methyl and vinyl azides. 

The 'paradigm f o r e l e c t r o n i c r equirements o f c l u s t e r s ' as 
emphasized by the l a t e R.W. Rudolph - t o whom t h i s memorial sympo
sium o f the American Chemical S o c i e t y i s d e d i c a t e d - and a l s o by 

0097-6156/83/0232-0139 $07.75/0 
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K. Wade, R.E. W i l l i a m s and others ( 1 ) i s one o f the many i n t r i n s i c 
r e l a t i o n s h i p s between the t o p o l o g i c a l s t r u c t u r e , the charge 
d i s t r i b u t i o n and the minimum p o t e n t i a l energy o f mole c u l e s i n 
t h e i r ground states(5). Together w i t h numerous o t h e r t h e o r e t i c a l l y 
d e r i v e d r u l e s o r e m p i r i c a l l y found r e g u l a r i t i e s - s t a r t i n g w i t h 
e a r l y c o n t r i b u t i o n s such as the (4n+2) I T - e l e c t r o n p o s t u l a t e o f 
E. H u c k e l , the o r b i t a l diagrams o f A.D. Walsh o r the G i l l e s p i e -
Nyholm e l e c t r o n p a i r r e p u l s i o n model, t o mention j u s t a few (_5) -, 
these u s e f u l approaches are more and more a p p l i e d by chemi s t s 
i n t h e i r d a i l y work t o s t i m u l a t e r e s e a r c h and t o r a t i o n a l i z e r e 
s u l t s . And i t i s w i t h i n t h i s scope and on t h i s o c c a s i o n , t h a t 
e x p e r i e n c e w i t h s e m i e m p i r i c a l h y p e r s u r f a c e c a l c u l a t i o n s g a t h e r 
ed over s e v e r a l y e a r s w i l l be summarized w i t h o u t d i v i n g i n t o the 
t h e o r e t i c a l f o u n d a t i o n s r e p e a t e d l y reviewed by o t h e r s elsewhere, 
e.g. (6,7). 

M o l e c u l e s change t h e i
energy and the i n d i v i d u a
r i z e d by the energy d i f f e r e n c e t o a p r e c e d i n g o r t o a subsequent 
s t a t e , as w e l l as by the r e s p e c t i v e charge d i s t r i b u t i o n . The 
'molecular s t a t e ' p i c t u r e has been and i s used by the chemist 
f o r h i s own b e n e f i t i n many ways, f o r example, t o d i s e n t a n g l e 
the m u l t i t u d e o f known compounds and t h e i r numerous p r o p e r t i e s 
by d e f i n i n g 'parent systems'and ' s u b s t i t u e n t p e r t u r b a t i o n s ' , o r 
more g e n e r a l l y , t o compare ' e q u i v a l e n t s t a t e s ' o f ' c h e m i c a l l y 
r e l a t e d * , p r e f e r a b l y i s o ( v a l e n c e ) e l e c t r o n i c m olecules ( 5 ) . The 
wealth o f d a t a r e s u l t i n g from p h y s i c a l measurements o f m o l e c u l a r 
p r o p e r t i e s has been l a r g e l y r a t i o n a l i z e d i n t h i s way. 

A s p e c i a l case are those m o l e c u l e s which are too u n s t a b l e 
t o s u r v i v e s t o r a g e under normal l a b o r a t o r y c o n d i t i o n s . U s u a l l y , 
they are d e t e c t e d , i d e n t i f i e d and c h a r a c t e r i z e d by t h e i r mole
c u l a r s t a t e ' f i n g e r p r i n t s ' . Among the m u l t i t u d e o f methods a v a i l 
a b l e from the p h y s i c a l armory, p h o t o e l e c t r o n s p e c t r o s c o p i c i o n i 
z a t i o n patterns(4) and e l e c t r o n s p i n resonance s i g n a l m u l t i p l e t s (3) 
may serve as examples f o r w e l l - d e v e l o p e d t o o l s , which are e a s i l y 
a c c e s s i b l e t o the p r e p a r a t i v e chemist and which p r o v i d e i n f o r 
mation on e i t h e r the energy d i f f e r e n c e s between o r the s t r u c t u r e 
i n i n d i v i d u a l m o l e c u l a r states(5). Q u i t e o f t e n , however, the s h o r t 
l i v e d i n t e r m e d i a t e s produced are unique s p e c i e s l a c k i n g analogy 
t o a l r e a d y known compounds. I f t h e i r s i z e does not exceed a few 
atoms, r i g o r o u s quantum c h e m i c a l c a l c u l a t i o n s i n c l u d i n g most o f 
the c o r r e l a t i o n energy f r e q u e n t l y are w e l l - s u i t e d t o reproduce 
the measured d a t a w i t h a n u m e r i c a l a c c u r a c y s u f f i c i e n t t o unam
b i g u o u s l y i d e n t i f y the compound prepared(5). On the o t h e r hand, 
f o r l a r g e r m o l e c u l e s , e s p e c i a l l y those o f low symmetry, a l a r g e 
gap opens between the r e l i a b i l i t y o f the quantum c h e m i c a l p r e 
d i c t i o n s and the computing time needed f o r them(6,7). F a s t semi-
e m p i r i c a l c a l c u l a t i o n procedures are p r e s e n t l y one re a s o n a b l e 
compromise - e x p e c i a l l y i f a p p l i e d t o generate m o l e c u l a r p r o p e r 
t y ' h y p e r s u r f a c e ' maps p r o v i d i n g i n s i g h t i n t o the o v e r a l l be
h a v i o u r o f the ensemble o f atoms i n v e s t i g a t e d , and i f supported 
by as c l o s e as p o s s i b l e c o r r e l a t i o n w i t h e x p e r i m e n t a l d a t a . 
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The approach o u t l i n e d above i . e . s u b s t i t u t i n g more p r e c i s e 
quantum c h e m i c a l c a l c u l a t i o n s a t a g i v e n f i x e d geometry by a 
s c r e e n i n g p r o c e s s v a r y i n g s t r u c t u r a l parameters and imp r o v i n g 
t h i s a p p r o x i m a t i o n by f i t t o measurement, however, c o n t a i n s nu
merous i n h e r e n t p i t f a l l s . Most e v i d e n t i s the d i s c r e p a n c y be
tween the r e a l i t y t h a t the energy w i t h i n a t h r e e - d i m e n s i o n a l mo
l e c u l e i s d i s t r i b u t e d over i t s 3n-6 i n t e r n a l degrees o f freedom 
and the r a t h e r l i m i t e d v i s u a l i z a t i o n on two-dimensional hyper-
s u r f a c e s w i t h the t h i r d c o o r d i n a t e r e p r e s e n t i n g a m o l e c u l a r p r o 
p e r t y e.g. i t s t o t a l energy. Even i f those two-dimensional c u t s 
t h r o u g h ( 3 n - 6 ) - d i m e n s i o n a l hyperspaces a r e guided by the chemist's 
i n t u i t i o n and some s i m p l i f y i n g r e c i p e s d i s c u s s e d l a t e r , o n l y the 
correspondence t o a l l m o l e c u l a r d a t a measured i n d e p e n d e n t l y w i l l 
j u s t i f y the u n d e r l y i n g assumptions and severe r e s t r i c t i o n s i n 
v o l v e d . On the o t h e r hand, some o t h e r w i s e i n a c c e s s i b l e i n s i g h t 
might compensate f o r th

T h i s applies e s p e c i a l l
d e s p i t e a l l t h a t i s known about r e a c t i o n b e h a v i o u r , understand
i n g o f i t i s r a t h e r s h a l l o w ( 8 ) . W i t h i n t h i s a r e a o f i n t e n s i v e r e 
s e a r c h s t r e t c h i n g from m o l e c u l a r beam experiments(1) t o r i g o r o u s 
quantum mec h a n i c a l c a l c u l a t i o n s o f r e a c t i o n channelsÇ7) the chem
i s t s u c c e s s f u l l y anchors h i m s e l f t o l i f e - b e l t s such as the w e l l -
t e s t e d Woodward-Hoffmann r u l e s o r e.g. the X-ray s t r u c t u r e r e 
l a t i o n s h i p s by B u r g i and Dunitz(6_). S h o r t - l i v e d molecules, which 
are by d e f i n i t i o n r e a c t i v e , might a l s o add some f a c e t s : s t a r t i n g 
from a g i v e n s t r u c t u r e , i . e . w i t h o u t p r e c e d i n g c o l l i s i o n and 
energy t r a n s f e r between the deformed r e a c t a n t s , the p r o d u c t s are 
formed. And d e s p i t e a l l r e s e r v a t i o n c o n c e r n i n g two-dimensional 
c u t s through 3n-6 dimensions and the n e g l e c t o f m o l e c u l a r dyna
mics (9), s e m i e m p i r i c a l h y p e r s u r f a c e c a l c u l a t i o n s can a t l e a s t s t i 
mulate experiments ( c f . Example VI g i v e n l a t e r ) . 

I n the f o l l o w i n g , e x p e r i e n c e on s e m i e m p i r i c a l h y p e r s u r f a c e 
c a l c u l a t i o n s - m o s t l y a p p l y i n g the MNDO approximation(9) - i s r e 
p o r t e d . As w i l l be e x e m p l i f i e d , c o r r e l a t i o n w i t h e x p e r i m e n t a l 
d a t a on s t r u c t u r e s , isomer s t a b i l i t i e s , i o n i z a t i o n p a t t e r n s o r 
ESR c o u p l i n g c o n s t a n t s ranged between s a t i s f a c t o r y and a c c e p t 
a b l e . A l t o g e t h e r , they have been o f g r e a t h e l p i n t r a c k i n g some 
s h o r t - l i v e d m o l e c u l e s . 

Some H i n t s on the Design o f Hy p e r s u r f a c e C a l c u l a t i o n s 

Background P h i l o s o p h y . W i t h i n the framework o f the Born-
Oppenheimer a p p r o x i m a t i o n (_Π) , the s o l u t i o n s o f the S c h r o e d i n -
ger e q u a t i o n , Η Ψ = Ε Ψ , i n t r o d u c e the concept o f m o l e c u l a r 
s t r u c t u r e and, t h e r e b y , the t o t a l energy hyperspace: p r o v i d e d 
t h a t t h e e l e c t r o n i c wave f u n c t i o n v a r i e s o n l y s l o w l y w i t h the 
n u c l e a r c o o r d i n a t e s , e l e c t r o n i c e n e r g i e s can be ca l c u l a t e d for sets 
o f f i x e d n u c l e a r p o s i t i o n s . The t o t a l e n e r g i e s i . e . the sums o f 
e l e c t r o n i c energy and the energy due t o the e l e c t r o s t a t i c r e -
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p u l s i o n s , i n r e t u r n , form a p o t e n t i a l i n which the motions o f the 
n u c l e i o c c u r . V a r i a t i o n o f some s t r u c t u r a l parameters then gene
r a t e s t o t a l energy h y p e r s u r f a c e s and, i n an approximate way, the 
changes i n the nuclear c o o r d i n a t e s might be c o n s i d e r e d as moving 
atomic mass p o i n t s i n the c o r r e s p o n d i n g p o t e n t i a l . 

For c h e m i c a l purposes, s u b s t i t u t i o n o f t o t a l energy hyper-
s u r f a c e s by those based on the heat o f f o r m a t i o n seems more r e a 
s o n a b l e , w i t h the d i f f e r e n c e g i v e n by the z e r o p o i n t energy c o r 
r e c t i o n s . However, t h e i r c a l c u l a t i o n s from f i r s t p r i n c i p l e s can 
be r a t h e r cumbersome (12) and, moreover, f o r a g i v e n v a r i a t i o n 
o f some n u c l e a r c o o r d i n a t e s i t u s u a l l y can be assumed t h a t the 
change i n z e r o p o i n t energy i s s m a l l compared t o t h a t o f the t o 
t a l energy. On t h e o t h e r hand, seœral s e m i e m p i r i c a l quantum 
c h e m i c a l procedures which are a p p r o p r i a t e l y p a r a m e t r i z e d o f t e n 
y i e l d s a t i s f a c t o r y a p p r o x i m a t i o n s f o r m o l e c u l a r heats o f forma
t i o n (_10) and, t h e r e f o r e
common. 

The S e l e c t i o n o f H y p e r s u r f a c e C o o r d i n a t e s . Energy h y p e r s u r -
f a c e s f o r n o n l i n e a r m o l e c u l e s c o m p r i s i n g η atoms depend parame-
t r i c a l l y on a l l 3n-6 i n t e r n a l n u c l e a r c o o r d i n a t e s . C o n s i d e r i n g 
a l l o f them,however, would r e q u i r e computing times which a l r e a d y 
f o r medium-sized mo l e c u l e s would e a s i l y exceed human l i f e - s p a n 05), 
and, o b v i o u s l y , l e a d t o a v i s u a l i z a t i o n chaos. Own e x p e r i e n c e i n 
the d e s i g n o f h y p e r s u r f a c e c a l c u l a t i o n s can be summarized i n the 
f o l l o w i n g ( t r i v i a l ) h i n t s : 

i . C o n s u l t a t i o n o f m o l e c u l a r s t r u c t u r e d a t a c o m p i l a t i o n s can 
guide the c h e m i c a l i n t u i t i o n , which p a r t s o f the molecule 
are most s t r o n g l y a f f e c t e d by a g i v e n p e r t u r b a t i o n and which 
s u b u n i t s t r u c t u r a l parameter changes might be n e g l e c t e d w i t h 
i n a p r e l i m i n a r y s c r e e n i n g , 

i i . T r a n s f o r m a t i o n o f C a r t e s i a n c o o r d i n a t e s o f i n d i v i d u a l nu
c l e a r p o s i t i o n s i n t o a n g u l a r c o o r d i n a t e s , whenever p o s s i b l e , 
i s s t r o n g l y a d v i s a b l e and w i l l , i n g e n e r a l , c o n s i d e r a b l y 
s i m p l i f y any s t r u c t u r a l o p t i m i z a t i o n . C h a r a c t e r i z i n g the 
molecule by bond d i s t a n c e , bond a n g l e s and e s p e c i a l l y by 
d i h e d r a l a n g l e s not o n l y h e l p s t o d e f i n e the e s s e n t i a l p e r 
t u r b a t i o n o f the system and t o choose l e s s a f f e c t e d subuhits 
w i t h f i x e d s t r u c t u r a l parameters, but a l s o t o emphasize the 
symmetry o f the system more s t r o n g l y , 

i i i . Symmetry r e s t r i c t i o n s , whenever j u s t i f i a b l e , w i l l a l s o con
s i d e r a b l y reduce the computing time needed f o r the c a l c u l a 
t i o n o f p o t e n t i a l energy minimum s t r u c t u r e s , e.g. f o r o p t i 
m i z a t i o n s u s i n g a c e n t e r o f i n v e r s i o n by almost one h a l f . 
I n a d d i t i o n , d e v i a t i o n s from known e q u i l i b r i u m s t r u c t u r e s 
denoted by t h e i r symmetry can be a v o i d e d . Sometimes, d e f i 
n i t i o n o f l o c a l symmetry f o r s p e c i f i c s u b u n i t s i s recommend
ed. On the o t h e r hand, symmetry c o n s t r a i n t s o u t s i d e p o t e n 
t i a l energy minima s h o u l d be handled w i t h g r e a t c a r e , 

i v . Sometimes "dummy" c e n t e r s have t o be i n t r o d u c e d , r e l a t i v e t o 
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which movements are d e f i n e d , e.g. f o r 3 atoms i n a row one 
o u t s i d e the c o n n e c t i n g l i n e t o a v o i d an a d d i t i o n a l degree o f 
freedom due t o under-determinated c o o r d i n a t e s . Q u i t e o f t e n , 
even f o r f u l l y d e f i n e d c o o r d i n a t e systems, the i n t r o d u c t i o n 
o f 'dummies' r e l a t i v e t o which c e r t a i n movements are c a r r i e d 
out can be o f advantage, 

v. For many problems i t can be v e r y h e l p f u l t o f i r s t e s t i m a t e 
how many and which s t r u c t u r a l isomers have t o be i n c l u d e d . 
G r a p h - t h e o r e t i c a l approaches f o r g i v e n c o o r d i n a t i o n numbers 
of the i n d i v i d u a l c e n t e r s a l l o w one t o generate the s e t o f 
p o s s i b l e c o n n e c t i v i t y combinations f o r a c e r t a i n ensemble (13), 
from which the most p r o b a b l e can be s e l e c t e d f o r p r e l i m i n a r y 
p i n - p o i n t c a l c u l a t i o n s . The r e s u l t i n g t o t a l e n e r g i e s can be 
used t o choose a l l s t r u c t u r e s t o be c o n s i d e r e d w i t h i n a 
c e r t a i n , c h e m i c a l l y f e a s i b l e energy range, 

v i . L a s t , but not l e a s t
p r a c t i c a l purposes
With r e f e r e n c e t o more d e t a i l e d d i s c u s s i o n s o f the many 
d i f f i c u l t i e s i n v o l v e d ( 6 ) , the o b v i o u s f i r s t approach i s t o 
t r y t o connect as many o f the p r e c a l c u l a t e d ( c f . v.) s t r u c 
t u r e s w i t h i n the g i v e n energy range by as few as p o s s i b l e 
p e r t u r b a t i o n c o o r d i n a t e s , p r e f e r a b l y by angle v a r i a t i o n s 
( c f . i i . and i i i . ) 
The a p p l i c a t i o n and the u s e f u l n e s s o f the above h i n t s as 

w e l l as some more s p e c i a l ones w i l l be i l l u s t r a t e d by the Ex
amples I t o VI p r e s e n t e d l a t e r on. 

Computing Time E s t i m a t e s . Due t o the c o m p l e x i t y o f the p r o b 
lem- s t a r t i n g from the s i z e o f the m o l e c u l e ( s ) i n c o r p o r a t e d and 
the c a l c u l a t i o n procedure chosen, v i a the number o f parameters 
v a r i e d and the d e n s i t y o f c a l c u l a t i o n s performed a l o n g the p e r 
t u r b a t i o n c o o r d i n a t e ( s ) , t o the i n f o r m a t i o n wanted and, f i n a l l y , 
t he way the r e s u l t s are p r i n t e d o r p l o t t e d - t h e r e i s no g e n e r a l 
approach t o e v a l u a t e h y p e r s u r f a c e computation c o s t s . N e v e r t h e l e s s , 
some r a t i o between investment and p r o d u c t can be approximated as 
soon as the problem and the answers aimed a t are s p e c i f i e d . 

For a l l o f the examples p r e s e n t e d ( F i g u r e s 1 t o 6 ) , due t o 
the c l o s e c o r r e l a t i o n w i t h e x p e r i m e n t a l d a t a emphasized, o n l y 
s e m i e m p i r i c a l c a l c u l a t i o n s were needed, and e s p e c i a l l y the MNDO 
procedure (10) proved t o be r e l i a b l e f o r most purposes. For i n 
s t a n c e , Koopman's d e v i a t i o n s (_5 ) , Δ IE^=-Δε j 1 ^ 0 0 , between photo-
e l e c t r o n s p e c t r o s c o p i c a l l y determined s p a c i n g s i n v e r t i c a l i o n i 
z a t i o n p a t t e r n s , ΔΙΕ^, and d i f f e r e n c e s i n c a l c u l a t e d MNDO e i g e n 
v a l u e s, -Δε j ^ 0 0 / h a r d l y ever exceeded s t a n d a r d e r r o r s SE^0.3eV 
i n c o r r e s p o n d i n g l i n e a r r e g r e s s i o n s . A l s o , MNDO o p t i m i z e d p o t e n 
t i a l energy minimum geometries i n most cases c l o s e l y resemble 
known m o l e c u l a r s t r u c t u r e s . I n a d d i t i o n t o the o b v i o u s l y a c h i e v e d 
r e a s o n a b l e p a r a m e t r i z a t i o n f o r main group elements up t o η = 3, 
i . e . i n c l u d i n g elements such as s i l i c o n , phosphorus o r s u l f u r , 
the D a v i d s o n - F l e t c h e r - P o w e l l s u b r o u t i n e i n c l u d e d i n the MNDO p r o -
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gram (_lO)to e f f e c t i v e l y r e a c h p o t e n t i a l energy s u r f a c e minima 
by an energy g r a d i e n t method, u s u a l l y l e a d s t o r a p i d convergence 
o f the c a l c u l a t i o n performed. To p r o v i d e some i d e a on computing 
times needed, i t t a k e s about 2 minutes t o c a l c u l a t e one p o i n t on 
the C 2 H 3 N energy s u r f a c e ( F i g u r e 6) u s i n g a DEC 1091 computer. 

More i m p o r t a n t w i t h r e s p e c t t o computing c o s t s , however, i s 
the d e s i g n o f the h y p e r s u r f a c e c a l c u l a t i o n s as o u t l i n e d i n the 
p r e c e d i n g subchapter. V a r y i n g the p a r t i c u l a r l y c o n v e n i e n t s e t s o f 
bond d i s t a n c e s , bond an g l e s and d i h e d r a l a n g l e s o n l y f o r the most 
s t r o n g l y p e r t u r b e d s u b u n i t s c o n s i d e r a b l y lowers expenses. Most 
i m p o r t a n t , o b v i o u s l y , i s the a p p r o p r i a t e c h o i c e o f 2 p e r t u r b a t i o n 
c o o r d i n a t e s out o f the 3n-6 p o s s i b l e ones. A c c o r d i n g t o the permu
t a t i o n f o r m a l i s m , (^D~6) = γ (3n 2-13n+14) combinations can be 
chosen, e.g. f o r the si x - a t o m ensemble C 2 H 3 N a l r e a d y 66. I f a l l 
e s s e n t i a l i s o m e r i c s p e c i e s w i t h i n a c h e m i c a l l y r e a s o n a b l e t o t a l 
energy range can be arrange
p a i r o f c o o r d i n a t e s , th
p o i n t s have t o be c a l c u l a t e d a l o n g each parameter a x i s t o o b t a i n 
the n e c e s s a r y r e s o l u t i o n . For an η by m frame, the c a r e f u l s p e c i 
f i c a t i o n o f the n em computations can be q u i t e e s s e n t i a l , e.g. f o r 
the 240 h y p e r s u r f a c e p o i n t s c a l c u l a t e d f o r the v i n y l n i t r e n e r e 
arrangement ( F i g u r e 6 ) , a l r e a d y 240 χ 2 = 480 minutes = 8 hours 
CPU time were needed - not c o u n t i n g the backward c a l c u l a t i o n s 
needed t o c o n t r o l the r e s u l t s o b t a i n e d (6) , and the e f f o r t t o 
ac h i e v e a p p r o p r i a t e p l o t t i n g . 

R e t u r n i n g t o the g e n e r a l approach, a t r i a t o m i c system has 
(only!cf._7) 3 degrees o f freedom, the C 2 H 3 N moiety a l r e a d y 9. A 
complete h y p e r s u r f a c e c a l c u l a t i o n f o r the l a t t e r w i t h an ( i n s u f 
f i c i e n t ) s p a c i n g o f o n l y 6 p o i n t s a l o n g each c o o r d i n a t e would r e 
q u i r e 6 9 = 10.077.696 energy c a l c u l a t i o n s . S w i t c h i n g from f a s t 
s e m i e m p i r i c a l procedures v i a ab i n i t i o c a l c u l a t i o n s w i t h u n s a t u 
r a t e d b a s i s s e t s t o r i g o r o u s quantum c h e m i c a l t r e a t m e n t beyond 
the Hartree-Fock l i m i t , which i n c l u d e s a h i g h percentage o f c o r 
r e l a t i o n energy (7) and a l s o p e r m i t s v i b r a t i o n a l l e v e l s Ç7) t o 
be i n c o r p o r a t e d w i t h the ac c u r a c y needed, can e a s i l y extend the 
computing time needed f o r a s i n g l e p o i n t by a f a c t o r 10^ t o 10^. 

I t i s t h i s gap between a m b i t i o n and r e a l i t y , where e s p e c i a l 
l y f o r l a r g e r e n t i t i e s o f low symmetry, c h e m i c a l i n t u i t i o n and -
above a l l - c l o s e c o r r e l a t i o n t o e x p e r i m e n t a l d a t a moves i n . And 
the v e r y degree o f a b s t r a c t i o n , s i m p l i f i c a t i o n and a p p r o x i m a t i o n 
i n v o l v e d a l r e a d y f o r mol e c u l e s i n t h e i r ground s t a t e s o r , more 
g e n e r a l l y , i n p o t e n t i a l energy s u r f a c e minima always has t o be 
kept i n mind when the advantages are a d v e r t i z e d : p r e d i c t i n g and 
i d e n t i f y i n g unique ( s h o r t - l i v e d ) m o l e c u l e s , and (w i t h g r e a t cau
t i o n ) r a t i o n a l i z i n g pathways f o r t h e i r g e n e r a t i o n and decomposi
t i o n . 

Some Remarks on R e a c t i o n Pathways. So f a r , h y p e r s u r f a c e c a l 
c u l a t i o n s w i t h c l o s e c o r r e l a t i o n t o ( s p e c t r o s c o p i c ) m o l e c u l a r d a t a 
have been c o n s i d e r e d . O u t s i d e the p o t e n t i a l minima, the uncer-
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t a i n t y o f the c a l c u l a t e d r e s u l t s i n c r e a s e s c o n s i d e r a b l y . R e f e r 
r i n g e x p l i c i t l y t o the c l e a r - c u t and comprehensible tre a t m e n t o f 
problems and p i t f a l l s i n v o l v e d i n a p p r o x i m a t i n g r e a c t i o n pathways 
and e s p e c i a l l y h y p e r s u r f a c e s a d d l e - p o i n t s by K.E. M u l l e r (6), a 
few remarks may s u f f i c e t o o u t l i n e the scope o f a d d i t i o n a l d i f f i 
c u l t i e s encountered. 

Any d e s c r i p t i o n o f the r a t h e r complex channel o f a r e a c t i o n 
between mol e c u l e s - heated up by c o l l i s i o n s w i t h e.g. the w a l l 
o r o t h e r m o l e c u l e s , c r a s h i n g i n t o the r e a c t i o n p a r t n e r w i t h i n a 
cone o f s u c c e s s f u l approach, b e i n g deformed and p a r t i c i p a t i n g i n 
energy t r a n s f e r w i t h i n t h e r e a c t i o n complex which then s e p a r a t e s 
i n t o t he p r o d u c t s - by d e f i n i n g r e a c t i o n c o o r d i n a t e s can o n l y be 
j u s t i f i e d by i t s c o n c e p t u a l s i m p l i c i t y and the v i s u a l i z i b i l i t y 
o f some ( e s s e n t i a l ) f e a t u r e s . With the energy s t o r a g e w i t h i n a 
molecule over i t s 3n-6 degrees o f freedom as r e p e a t e d l y d i s c u s s e d , 
i t remains t o be p o i n t e
t w o-dimensional h y p e r s u r f a c
c e r t a i n t i e s . 

C a l c u l a t i n g w i t h i n the same approach f o r w a r d and backward 
between 2 minima on a two d i m e n s i o n a l p o t e n t i a l energy s u r f a c e 
may - depending on i t s shape - not y i e l d an i d e n t i c a l s a d d l e -
p o i n t (6) . R i g o r o u s d e t e r m i n a t i o n o f the minimum energy b a r r i e r 
i s f e a s i b l e by more advanced methods (6̂ ) such as the ' L i n e a r 
Synchrons T r a n s i t ' o r the 'Ring V a l l e y P o i n t 1 procedures b ut r e 
q u i r e s s p e c i a l e f f o r t . Even i f the s a d d l e - p o i n t i s c o r r e c t l y l o 
c a l i z e d , the t r a c e o f the r e a c t i o n p a t h c a l c u l a t e d w i t h i n b o t h 
a t t a c h e d minimum energy v a l l e y s o f t e n remains ambiguous: the 
wider the v a l l e y and the s o f t e r i t s f l a n k s , the more the c a l c u 
l a t e d t r a c e can meander around the bottom l i n e . E s p e c i a l l y v a l 
l e y s which are bent i n a way t h a t the c a l c u l a t e d t r a c e becomes 
o r t h o g o n a l t o one o f the c o o r d i n a t e s i . e . independent o f i t , 
o f t e n l e a d s t o i l l - d e f i n e d pathways - a m e t h o d i c a l shortcoming 
o r i g i n a t i n g from the d i s c u s s e d r e s t r i c t i o n o f the (3n-6)dimensio
n a l hyperspace t o a twodimensional p r o j e c t i o n on a v e r t i c a l energy 
p l a n e . Other a m b i g u i t i e s may a r i s e , when e s p e c i a l l y s e m i e m p i r i -
c a l c a l c u l a t i o n s are n u m e r i c a l l y i n s u f f i c i e n t t o d i f f e r e n t i a t e 
between s e v e r a l r e a c t i o n pathways o f almost comparable energy. 

R e t u r n i n g t o the g e n e r a l background p h i l o s o p h y o u t l i n e d and 
s p e c i f i c a l l y t o s h o r t - l i v e d i n t e r m e d i a t e s o f medium s i z e , semi-
e m p i r i c a l h y p e r s u r f a c e c a l c u l a t i o n s d e s p i t e o f t h e i r i n h e r e n t 
short-comings may h e l p the chemist i n s e v e r a l a s p e c t s as a g u i d e 
l i n e and a r a t i o n a l e i n h i s experiments. The m o l e c u l a r s t a t e 
p a t t e r n s c a l c u l a t e d f o r m o l e c u l e s and t h e i r i o n s can be improved 
c o n s i d e r a b l y by a p r e c e d i n g l o c a l i z a t i o n o f t h e i r t o t a l energy 
minimum, i . e . a p p r o x i m a t i n g t h e i r s t r u c t u r e more c l o s e l y . And, 
by comparison w i t h measured d a t a not o n l y d e t e c t i o n , i d e n t i f i c a 
t i o n and c h a r a c t e r i z a t i o n o f the s p e c i e s generated becomes f e a s 
i b l e , but a l s o a l l u n d e r l y i n g assumptions f o r the h y p e r s u r f a c e 
c a l c u l a t i o n s can be checked i n r e t u r n . I n a d d i t i o n , i f b o t h p r e 
d i c t e d and measured m o l e c u l a r p r o p e r t i e s c o i n c i d e , t he h y p e r s u r -
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face areas between the l o c a l minima may p r o v i d e i n f o r m a t i o n on 
isomers w i t h i n a c h e m i c a l l y r e a s o n a b l e energy range and the r e 
arrangements i n v o l v e d . S h o r t - l i v e d i n t e r m e d i a t e s which are by 
d e f i n i t i o n r e a c t i v e have the s p e c i a l advantage, t h a t - because o f 
the p r e v a i l i n g energy t r a n s f e r from the w a l l f o r low-pressure 
gas phase r e a c t i o n s and from the s o l v e n t i n d i l u t e s o l u t i o n s -
no c o l l i s i o n s have t o be d e a l t w i t h e x p l i c i t l y w i t h i n t h i s ap
p r o x i m a t i o n . With t h e i r d e c o m p o s i t i o n s t a r t i n g from a g i v e n 
s t r u c t u r e , and i n the case o f rearrangements t h e i r constant, compo
s i t i o n , some c l u e s are p r o v i d e d by h y p e r s u r f a c e c a l c u l a t i o n s as 
t o which pathway(s) may be most p r o b a b l e . D e s p i t e a l l the c a u t i o n 
recommended, t h i s i n t e r p l a y o f t h e o r e t i c a l p r e d i c t i o n and e x p e r i 
mental f i n d i n g thus can a l s o c o n t r i b u t e t o improve the ' r a t h e r 
s h a l l o w u n d e r s t a n d i n g ' (8) o f the r e a c t i v i t y o f medium-sized mo
l e c u l e s . 

I n the f o l l o w i n g , s i
and t h e i r correspondenc
the b e n e f i t o f t h i s approach f o r the chemist d e a l i n g w i t h s h o r t 
l i v e d i n t e r m e d i a t e s . 

R e p r e s e n t a t i v e Examples o f S e m i e m p i r i c a l H y p e r s u r f a c e C a l c u l a -
t i o n s f o r Medium-Sized M o l e c u l e s . 

S i x examples are s e l e c t e d t o i l l u s t r a t e v a r i o u s f a c e t s o f 
s e m i e m p i r i c a l l y c a l c u l a t e d h y p e r s u r f a c e s f o r medium-sized mole
c u l e s and t h e i r c o r r e l a t i o n w i t h experiment. They comprise: 
Example I : The gas phase s t r u c t u r e o f H 3 C S-CSC - S C H 3 and i t s i o 

n i z a t i o n p a t t e r n . 
The r e l a t i v e s t a b i l i t i e s o f C 3 H 4 S isomers and the 
th e r m a l g e n e r a t i o n o f H2C=CH-HC=S. 
The ^ ^ ' Θ energy and c o u p l i n g c o n s t a n t h y p e r s u r f a c e s 
and t h e i r a p p l i c a t i o n t o approximate the s t r u c t u r e o f 
t r i a l k y l s i l y l - s u b s t i t u t e d h y d r a z i n e r a d i c a l c a t i o n s 
i n s o l u t i o n . 
The t h e r m a l and o x i d a t i v e i s o m e r i z a t i o n o f t e t r a a l k y l -
s u b s t i t u t e d t e t r a h e d r a n e c l u s t e r s (CR)4 t o c y c l o b u -
t a d i e n e d e r i v a t i v e s . 
E x i s t e n c e and n o n e x i s t e n c e o f 1 , 1 - s u b s t i t u t e d d i s u l 
f i d e isomers X2S=S w i t h X=F, H and C l . 
Some a s p e c t s o f the th e r m a l d e c o m p o s i t i o n o f methyl 
and v i n y l a z i d e s , H 3 C - N 3 and H2C=CH -N3. 

An o u t l o o k on what has been l e a r n e d , where f l a w s are o b s e r 
ved and what i s needed from t h e o r e t i c i a n s t o f u r t h e r improve the 
a r s e n a l o f methods a v a i l a b l e t o the e x p e r i m e n t a l i s t t o t r a c k 
s h o r t - l i v e d i n t e r m e d i a t e s and t o g a i n i n s i g h t i n t h e i r r e a c t i o n s 
w i l l conclude t h i s survey based on own incomplete e x p e r i e n c e . 

Example I I : 

Example I I I : 

Example IV: 

Example V: 

Example V I : 

Example I : The Gas Phase S t r u c t u r e and the I o n i z a t i o n P a t 
t e r n o f P i ( t h i o m e t h y l ) A c e t y l e n e H3CS-C=C--SCH^. Un s t a b l e sub
s t i t u t e d a c e t y l e n e s can be generated i n the gas phase by t h e r m a l 
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d e c o m p o s i t i o n o f the c o r r e s p o n d i n g c y c l o b u t e n e - 1 , 2 - d i o n e s (14) 
s p l i t t i n g o f f 2 carbon monoxides as thermodynamically advantageous 
l e a v i n g groups ( 4 ) : 

II I 
. C - C , 

X-C=C-X + 2 CO 
(X = CI , SCH 3, SeCH 3) 

(1) 

The a c e t y l e n e s generated - i n c l u d i n g the e x p l o s i v e d i c h l o r o 
d e r i v a t i v e , which can. be handled w i t h minimum ha z a r d under the 
decomposition c o n d i t i o n s o f 0.01 mbar h e l i u m atmosphere (4,14) -
are i d e n t i f i e d by t h e i r p h o t o e l e c t r o n s p e c t r a , which i n a d d i t i o n 
a l l o w t o o p t i m i z e the r e a c t i o n by f o l l o w i n g the v a n i s h i n g i o n i 
z a t i o n p a t t e r n s o f the s t a r t i n g m a t e r i a l (4,14). I n case o f e.g. 
the d i ( t h i o m e t h y l ) d e r i v a t i v e , which e x h i b i t s 3 bands o f double 
i n t e n s i t y i n the low energ
s u r f a c e c a l c u l a t i o n s t
the d i h e d r a l angle between the 2 CS bonds, can be demonstrated 
i n an exemplary way (Fi g u r e 1 ) . 

r MNDO 

-1071,34 

H a C _____ yf$iv 

/ s - c = c - s y ω _ 86« 

IE (eV) 

F i g u r e 1. MNDO t o t a l e n e r g i e s and sequences o f the 6 lowest MNDO 
ei g e n v a l u e s f o r R"3CS-C=C-SCH3 depending on i t s d i h e d r a l angle 
U)(SC»--CS) and c o r r e l a t i o n f o r ω=86° w i t h the PE s p e c t r o s c o p i c 
i o n i z a t i o n p a t t e r n . 

Comparing the PE s p e c t r o s c o p i c i o n i z a t i o n p a t t e r n w i t h the 
r e s u l t s o f MNDO h y p e r s u r f a c e c a l c u l a t i o n s , a t a f i r s t g l a n c e , sa
t i s f a c t o r y agreement i s observed. The MNDO e i g e n v a l u e sequence 
o b t a i n e d f o r the t o t a l energy minimum p r e d i c t e d a t ω= 86° c o r r e -

American Chemical 
Society Library 

1155 16th St. n. w. 
Washington. 0. C. 20036 
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l a t e s l i n e a r l y w i t h the v e r t i c a l i o n i z a t i o n e n e r g i e s ; the s t a n 
dard e r r o r f o r the Koopmans r e g r e s s i o n , I E ^ = 1.02(-£ J M n d o) - 1.51, 
amounting t o o n l y SE = 0.18 eV. Moreover, the gas phase s t r u c t u r e 
c a l c u l a t e d reproduces the d i h e d r a l a n g l e , ω e x p * = 86° ± 5°, de
ter m i n e d i n an independent e l e c t r o n d i f f r a c t i o n study (15). As an 
a d d i t i o n a l advantage the time needed f o r the i n v e s t i g a t i o n might 
be p o i n t e d o u t : b o t h the PE s p e c t r o s c o p i c o p t i m i z a t i o n o f the 
the r m a l d e c o m p o s i t i o n (1) and the MNDO h y p e r s u r f a c e c a l c u l a t i o n 
were c a r r i e d out each w i t h i n a s i n g l e day. 

Some more g e n e r a l remarks, however, remain t o be added con
c e r n i n g the acc u r a c y o f s e m i e m p i r i c a l c a l c u l a t i o n s and the i n 
t e r n a l dynamics o f the molecule i n v e s t i g a t e d . A c l o s e r l o o k a t 
the energy s c a l e o f F i g u r e 1 r e v e a l s t h a t the minimum f o r the 
s t r u c t u r e w i t h almost p e r p e n d i c u l a r CS bonds i s a r a t h e r s h a l l o w 
one - p a r t l y due t o the assumed c o n s t a n t geometry f o r the Η CS 
subunits. The r o t a t i o n a
4 kJ/mole, suggests t h a
l i k e motion i s a c t i v a t e d . I n a c l a s s i c a l paper (16) , Honegger 
and H e i l b r o n n e r demonstrated v i a a n u m e r i c a l experiment i n c l u d i n g 
w e l l over 100 r o t a t i o n a l e i g e n f u n c t i o n s and assuming f r e e i n t e r 
n a l r o t a t i o n t h a t PE s p e c t r a o f r o t o r m o l e c u l e s are c o r r e c t l y 
a n a l y z e d and can be s i m u l a t e d v i a the conformer d i s t r i b u t i o n den
s i t y . 

Example I I : The R e l a t i v e S t a b i l i t i e s o f C 4 H 3 S Isomers and 
the Thermal G e n e r a t i o n and Subsequent T r a p p i n g o f T h i o a c r o l e i n e . 
Hypersurface c a l c u l a t i o n s are not o n l y most v a l u a b l e i n r a t i o n a 
l i z i n g e x p e r i m e n t a l r e s u l t s ( c f . Example I ) , but o f t e n are q u i t e 
h e l p f u l i n the p l a n n i n g stage o f i n v e s t i g a t i o n s . A i m i n g , f o r 
example,at the p r e p a r a t i o n o f u n s t a b l e t h i o c a r b o n y l compounds 
(17-19) , t h i o a c r o l e i n e (_18) i s an a t t r a c t i v e candidate. To e l u c i 
date chances o f i t s PE s p e c t r o s c o p i c d e t e c t a b i l i t y and thus t o 
a v o i d u n p r o m i s i n g e x p e r i m e n t a l e f f o r t , a l l v a l e n c e isomers o f the 
ensemble C 4 H 3 S e x h i b i t i n g the u s u a l c o o r d i n a t i o n numbers, n c < 4 
and n s < 2, and c o n n e c t i v i t y p a t t e r n s have been s o r t e d out : 

0 - 0 - C X 3 

H C = C CH2-SH H j C H C — S 

HjC C = C SH 
l > = C H 2 H î C _ C H (2) 

HC^_ ... J / ] μι l > C — S H H C — S 
H 2 C = C = C SH H C H 

I C U 

H3C C = C = S H2C-^ H 
H _ h 2 ( b c = S H 2 C = C C = S H2C 

In Rings, Clusters, and Polymers of the Main Group Elements; Cowley, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



9. BOCK ET AL. Molecular State Hypersurface Calculations 149 

For the molec u l e s (2) MNDO heats o f f o r m a t i o n are c a l c u l a 
t e d by s t a r t i n g from known s t r u c t u r a l d a t a and o p t i m i z i n g t h e i r 
r e s p e c t i v e geometries v i a the D a v i d s o n - F l e t c h e r - P o w e l l program sub
r o u t i n e ( F i g u r e 2 ) . 

CRkS C H , 0 
3 k 

MNDOA A H f o 
kcal/Md 

<D 
i> 

10<H 
S H 

. S H \ 

Λ » < Η 

r > - c n , - - « » H 

H C = C - S C H 3 

. 53,82 

7: H C g Ç - C H . S H | j !» 
H2C=C=CHSH/'/7 
H 3 C-C=C-SH / / 

i' 1 
H - C - H O C ^ S l 

8 S 
H 2 C* V 

2 H 

±0 

-20 

104,80 

71.83 
67,05 \ 
63,41 X \ 

72,70 

^ „ 42,60 

• 35,90 \ \ \ <>\:<\ \ 
( p = \ \\\\ 

35,44* xx W x v V 

27,06 
23,04 

\ 11,37 

o r > c H 3 

/ r>-CH 2 

/ Ο 

V/ I H C S C - Q C H 7 

' \ 

H C = C - C H 2 O H 

— H 3 C - C = C O H 

~ ~ ~ H 2 C = C - C H 0 H 

H 3 C - H C » C » Q 

H 2C 
8 Ο 
Η 

F i g u r e 2. MNDO hea t s o f f o r m a t i o n f o r 'normal v a l e n c e ' isomers 
w i t h i n the ensembles C 4 H 3 S and C 4 H 3 O ([ 1 : compounds f o r which 
i n 1980 l i t e r a t u r e r e f e r e n c e s (17) c o u l d be foun d ) . 

The MNDO s c r e e n i n g f o r l o c a l minima i n the C 4 H 3 S and C 4 H 3 O 
h y p e r s u r f a c e s y i e l d s a w e a l t h o f i n f o r m a t i o n (17) , from which the 
f o l l o w i n g i s emphasized here: 

i . I n both ensembles the isomers H2C=CH-HC=X are p r e d i c t e d t o 
be the most s t a b l e ones, 

i i . F or a l l oxygen d e r i v a t i v e s , c o n s i d e r a b l y lower heats o f 
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f o r m a t i o n are c a l c u l a t e d , e.g. the d i f f e r e n c e between a c r o -
l e i n e and t h i o a c r o l e i n e amounting t o over 50 k c a l / m o l e . 

i i i . N e v e r t h e l e s s , 6 isomers C 4 H 3 S o f p r e d i c t e d lower r e l a t i v e 
thermodynamical s t a b i l i t y were found r e p o r t e d i n a subse
quent l i t e r a t u r e s e a r c h (17) ( F i g u r e 2: | \) . 

From t h i s h y p e r s u r f a c e s u r v e y , incomplete w i t h r e s p e c t t o approxi-
mate b a r r i e r s f o r k i n e t i c a s p e c t s e.g. c o n c e r n i n g the ready p o l y 
m e r i z a t i o n o f t h i o c a r b o n y l d e r i v a t i v e s (19g), we t e n t a t i v e l y con
c l u d e d t h a t the PE s p e c t r o s c o p i c d e t e c t i o n o f t h i o a c r o l e i n e (18) 
sho u l d be f e a s i b l e , t h a t i t would be l e s s s t a b l e than i t s oxygen 
analogue, a c r o l e i n e , and t h a t i t c o u l d be i d e n t i f i e d by i t s PE 
s p e c t r o s c o p i c i o n i z a t i o n p a t t e r n because o f the c o n s i d e r a b l e 
d i f f e r e n c e s i n MNDO e i g e n v a l u e sequences t o a l l 'nearby' C 4 H 3 S 
isomers ( F i g u r e 2 ) . 

The r e s t was r o u t i n e : c h o o s i n g propene as a thermodynamical-
l y f a v o r a b l e l e a v i n g grou
t h e s i z e d d e s p i t e i t s odo
o p t i m i z a t i o n (_4) o f the c o n d i t i o n s : 

The v i o l e t t h i o a c r o l e i n e r e a d i l y d i m e r i z e s and can be i s o l a t e d as 
a wh i t e c r y s t a l l i n e m i x t u r e o f 2 - v i n y l - l , 3 - d i t h i i n e ( AHf* 4 1* 0 0 = 
111 kJ/mole) and 3,4-dehydro-3-sânyl-l , 2 - d i t h i i n e ( A H f ™ 0 0 = 126 
kJ/mole) i n t h e NMR s p e c t r o s c o p i c a l l y determined r a t i o 90:10 (17) 
- a g a i n a g r e e i n g w e l l w i t h the c a l c u l a t e d A H f ™ 0 0 d i f f e r e n c e . No 
i n d i c a t i o n i s found f o r the t h i r d p o s s i b l e isomer, 3,4-dihydro-
2 - t h i o f o r m y l - 2 H - t h i o p y r a n e , f o r which a much h i g h e r A H f ^ 0 0 

v a l u e i s p r e d i c t e d . On e v a p o r a t i o n , o n l y the more s t a b l e isomer 
can be d e t e c t e d i n the gas phase by i t s i o n i z a t i o n p a t t e r n which 
c o r r e l a t e s s a t i s f a c t o r i l y (17) w i t h MNDO e i g e n v a l u e s v i a Koop-
mans 1 theorem, I E V = - εψ^^~. F i n a l l y , t h e r m a l r e t r o d i e n e s p l i t 
t i n g a t 670 Κ y i e l d s pure t h i o a c r o l e i n e , i d e n t i f i e d e i t h e r by 
mo l e c u l a r s t a t e comparison w i t h i t s oxygen analogue, a c r o l e i n e , 
o r based on the MNDO e i g e n v a l u e sequence, a l r e a d y c a l c u l a t e d d u r 
i n g t he C 3 H 4 S isomer s c r e e n i n g ( F i g u r e 2 ) . 

Example I I I : The Hydrazine R a d i c a l C a t i o n T o t a l Energy and 
Co u p l i n g C onstants H y p e r s u r f a c e s and T h e i r A p p l i c a t i o n t o Ap
proximate the S t r u c t u r e o f O r g a n o s i l i c o n D e r i v a t i v e s i n S o l u t i o n . 
For l a r g e m o l e c u l e s such as t e t r a k i s ( t r i m e t h y l s i l y l ) h y d r a z i n e , 
( H 3 C ) 3 S i ) 2 N - N ( S i ( C H 3 ) 3 ) 2 = C i 2 H 3 6 N 2 S i 4 , o r i t s r a d i c a l c a t i o n 
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(21-23), c o n t a i n i n g 109 v a l e n c e e l e c t r o n s , s e m i e m p i r i c a l c a l c u 
l a t i o n s are s t i l l f e a s i b l e and can r e a s o n a b l y reproduce some es 
s e n t i a l f e a t u r e s even o f p e c u l i a r compounds, e.g. o f the azo de
r i v a t i v e ( H 3 C )3Si-N=N-Si ( C H 3 ) 3 e x h i b i t i n g a p u z z l i n g N=N bond 
l e n g t h o f o n l y 117pm (21) . I n many o t h e r r e s p e c t s such as Koop-
mans 1 c o r r e l a t i o n w i t h i o n i z a t i o n e n e r g i e s , however, they are 
meaningless due t o the growing gap between the n u m e r i c a l a c c u r a c y 
a c h i e v a b l e by s e m i e m p i r i c a l procedures and the compression o f 
many m o l e c u l a r o r b i t a l s i n t o s m a l l ranges (_5) . I f i n a d d i t i o n , 
the computing e f f o r t i s c o n s i d e r e d , the n e c e s s i t y t o r a t h e r 
s w i t c h over t o model c a l c u l a t i o n s o f the b a r e - l a i d backbone o f 
the m o l e c u l a r s k e l e t o n becomes o b v i o u s . 

The s i x - a t o m h y d r a z i n e r a d i c a l c a t i o n , Η 2 Ν 1 Φ Ν Η 2 / possesses 
a t o t a l o f 12 degrees o f freedom. C o n t r a c t i o n t o 3 a n g u l a r c o o r 
d i n a t e s - the HNH bond angle α , the angle β f o r s y m m e t r i c a l l y 
bending an Nt^group out
the d i h e d r a l angle ωbetwee
moreover f i x e d NH bond d i s t a n c e s and an a x i s o f r o t a t i o n r e l a 
t i v e t o which s y m m e t r i c a l i n t r a m o l e c u l a r movements are d e f i n e d -
a l l o w s one t o c a l c u l a t e a complete s e t o f 2 h y p e r s u r f a c e s , each 
f o r a p a i r o f c o o r d i n a t e s (23,24). The INDO open s h e l l procedure 
employed i n t h i s case a l s o c o n t a i n e d a D a v i d s o n - F l e t c h e r - P o w e l l 
s u b r o u t i n e , and thus each o f the t o t a l 245 p o i n t s c a l c u l a t e d -
v a r y i n g a between 95° and 125° i n 7 s t e p s , 3 between 0° and 30° i n 
5 s t e p s and ωbetween 0° and 180° i n 7 s t e p s - i s f u l l y geometry-
o p t i m i z e d (CPU t i m e : 2,5 hours on a UNIVAC 1108 (24)). F i g u r e 3 
p r e s e n t s one o f the INDO t o t a l energy s u r f a c e s i»e. a symmetri
c a l l y supplemented one f o r ω s t r e t c h i n g from 0° t o 360° w i t h β 
as the more s u s c e p t i b l e parameter, and i n a d d i t i o n a l l 4 'hyper
s u r f a c e maps' f o r the angular dependence o f the ESR h y p e r f i n e 
c o u p l i n g c o n s t a n t s , an and a N . 

The r e s u l t s o f the c a r e f u l h y p e r s u r f a c e c a l c u l a t i o n s were 
s u r p r i s i n g : h y d r a z i n e w i t h i t s d i h e d r a l angle ω=90° and an NN 
bond d i s t a n c e o f 145 pm, on l o s s o f one out o f i t s 14 v a l e n c e 
e l e c t r o n s , s h o u l d form a c o m p l e t e l y p l a n a r (D2h) r a d i c a l c a t i o n 
w i t h the NN bond l e n g t h s h r i n k i n g by 17 pm (!) t o 128 pm (!). 
L u c k i l y enough, we dared t o p u b l i s h t h i s ' h a r d - t o - b e l i e v e * r e 
s u l t (23) , which a few months l a t e r has been c o m p l e t e l y con
f i r m e d by S.F. Nelson and c o l l a b o r a t o r s (25), who succeeded i n 
i s o l a t i n g c r y s t a l s o f the t e t r a a l k y l h y d r a z i n e r a d i c a l c a t i o n (3) 
and o b t a i n i n g i t s X-ray s t r u c t u r e , which e x h i b i t s an NN bond 
d i s t a n c e o f 127 pm, i . e. c l o s e t o the h y p e r s u r f a c e p r e d i c t i o n ! 

I n the meantime, numerous h y d r a z i n e d e r i v a t i v e s i n c l u d i n g 
those o f boron (23,24), s i l i c o n (22 - 24,_26) and phosphorus (23,24) 
had been o x i d i z e d u s i n g the p o w e r f u l , s e l e c t i v e and oxygen-free 

(3) 
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F i g u r e 3. INDO open s h e l l h y p e r s u r f a c e c a l c u l a t i o n s f o r the h y d r a 
z i n e r a d i c a l c a t i o n (_23,24) c o n t r a c t e d t o 3 a n g u l a r c o o r d i n a t e s 
o f freedom ( c f . t e x t ) : (A) INDO t o t a l e n e r g i e s v s . t h e β/ω c o o r 
dinate p a i r , and 'hypersurface maps' f o r the dependence o f the ESR 
h y p e r f i n e c o u p l i n g c o n s t a n t s , a N (B and C) and a H (D and E) on 
the d i h e d r a l angle ω and the HNH bond angle α (Β and D) o r the o u t -
o f - p l a n e bending angle β (C and E). 

system A I C I 3 / H 2 C C I 2 , based on s t r a i g h t f o r w a r d p r e d i c t i o n s e i t h e r 
by c a l c u l a t e d l o w e s t e i g e n v a l u e s o r by PE s p e c t r o s c o p i c a l l y d e t e r 
mined f i r s t i o n i z a t i o n p o t e n t i a l s (26). The assignment o f the 
p a r t l y r a t h e r c o m p l i c a t e d ESR h y p e r f i n e s p l i t t i n g p a t t e r n s com
p r i s i n g sometimes s e v e r a l thousand l i n e s , however, was d i f f i c u l t 
t o a c h i e v e . Even assuming c o n s i d e r a b l e p l a n a r i z a t i o n d i d h e l p o n l y 
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i n s i mple c a s e s , because t h e r e was h a r d l y any i n f o r m a t i o n a v a i l 
a b l e on how and t o what e x t e n t the prominent c o u p l i n g c o n s t a n t s 
would be a f f e c t e d by v a r y i n g the i n d i v i d u a l a n g l e s . A g a i n , the 
INDO open s h e l l c a l c u l a t i o n s f o r the model compound Ν 2 Η 4 · © proved 
t o be v a l u a b l e ( F i g u r e 3 ) : L o o k i n g a t the h y p e r s u r f a c e maps f o r 
the a n g u l a r dependence o f the c o u p l i n g c o n s t a n t s a H and a N , a 
change i n the HNH bond angle α u n e x p e c t e d l y e x e r t s no e f f e c t 
(diagrams A and C ) , v a r y i n g (3 o n l y a s m a l l one. I t i s the d i h e 
d r a l a n g le ω , which a f f e c t s a N and a H most s t r o n g l y and, s u r 
p r i s i n g l y , i n d i f f e r e n t ways: one minimum f o r a N a t ω ^ 90°, 
where a H assumes a maximum v a l u e , and 2 minima f o r a H a t ω ^ 60 
and ω ^ 120°. To c u t a l o n g e r s t o r y s h o r t : Comparing e.g. the 
c o u p l i n g c o n s t a n t s f o r p l a n a r b i c y c l i c r a d i c a l c a t i o n and f o r a 
open-chain t e t r a a l k y l d e r i v a t i v e (23,24): 

H 2 
H 3 C / C \ / C

H 3 C " V - V S 1 ^ 3 H 3 C ' \ · * κ ' C H 3 (4) 
H 3 ° - S i ' > i - C H 3 H K s i ' Ni- C H3 
H 3 C N C H 3 H 3 C ' V H C " C H 3 

* 2 

Ά = 0.868mT - e i a m T = 0.752mT 
Ν Λ Γ" Λ m I I ^ Ν Λ Γ m 

a =0.50 mT ta„ = 0.16 mT H ι H 
assuming p r o p o r t i o n a l i t y o f the s p i n d e n s i t y a t the a d j a c e n t cen
t e r , a H

 % a 2 9 s i f and a p p l y i n g the c a l c u l a t e d t h r e e d i m e n s i o n a l hy
p e r f i n e c o u p l i n g c o n s t a n t t a b l e s ( F i g u r e 3: d o t t e d l i n e ) , b o t h 
the a N and a H v a l u e s suggest a d i h e d r a l angle ω ^ 45° f o r II"©. 
The r e a s o n i n g i m p l i e s t h a t the open-chain s i l y l h y d r a z i n e r a d i 
c a l c a t i o n s h o u l d a l s o be p l a n a r i n i t s t o t a l energy minimum 
(F i g u r e 3:A), but due t o s t e r i c i n t e r f e r e n c e o f the b u l k y t r i m e -
t h y l s i l y l s u b s t i t u e n t s , the p l a n a r i z a t i o n s t ops about h a l f - w a y . 

Summarizing, t h i s example p r o v i d e s s e v e r a l take-home l e s 
sons: complete s e t s o f h y p e r s u r f a c e c a l c u l a t i o n s f o r main-frame 
models o f compounds can be q u i t e h e l p f u l i n c l o s e c o r r e l a t i o n t o 
e x p e r i m e n t a l d a t a . O b v i o u s l y , both the r a d i c a l c a t i o n ground 
s t a t e s t r u c t u r e and the a n g u l a r dependence o f the c o u p l i n g con
s t a n t s are c o r r e c t l y p r e d i c t e d . In r e t u r n , by i n t r o d u c i n g e x p e r i 
mental d a t a i n t o the e s t a b l i s h e d c o r r e l a t i o n s , the s t r u c t u r e o f 
r a d i c a l c a t i o n s i n s o l u t i o n may be c a u t i o u s l y approximated. A l 
t o g e t h e r , t h i s example teaches another l e s s o n on how d r a s t i c 
those s t r u c t u r a l changes may be, which accompany even o n e - e l e c 
t r o n redox r e a c t i o n s . 

Example IV: The Thermal and O x i d a t i v e I s o m e r i z a t i o n o f Te
t r a a l k y l S u b s t i t u t e d Tetrahedrane C l u s t e r s t o C y c l o b u t a d i e n e De
r i v a t i v e s . Other remarkable s t r u c t u r a l changes d u r i n g redox r e 
a c t i o n s , i . e . charge r e d i s t r i b u t i o n s e n f o r c e d by the r e s p e c t i v e 
energy d i f f e r e n c e s , are observed f o r c l u s t e r compounds {!). On 
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a d d i t i o n o f 2 e l e c t r o n s each t o e l e c t r o n - d e f i c i e n t c l u s t e r s o f 
boron o r the t r a n s i t i o n m e t a l s , u s u a l l y the c l o s o - s p h e r e s open t o 
form n i d o - and, s u b s e q u e n t l y , arachno-baskets. On the o t h e r hand, 
e l e c t r o n w i t h d r a w a l t r a n s f o r m s e.g. the e l e c t r o n - r i c h S4N4 cage 
i n t o the p l a n a r S4N4®© r i n g - p r e d i c t e d by h y p e r s u r f a c e c a l c u l a 
t i o n s and v e r i f i e d e x p e r i m e n t a l l y l a t e r on (27). C o n s i d e r i n g 
e l e c t r o n - s a t u r a t e d c l u s t e r s such as the ' p l a t o n i c ' C4 t e t r a h e d r o n , 
what k i n d o f s t r u c t u r a l changes w i l l o c c u r on o x i d a t i o n ? 

Tetrahedrane (CR)4 w i t h b u l k y t e r t . b u t y l s u b s t i t u e n t s R has 
been s y n t h e s i z e d by G. Maier and coworkers i n 1978 (28). I n t h e i r 
a l r e a d y c l a s s i c i n v e s t i g a t i o n s , an i n t e r e s t i n g v a l e n c e i s o m e r i z a -
t i o n has been observed: on m e l t i n g , the C4 c l u s t e r r e a r r a n g e s t o 
the thermodynamically more s t a b l e c y c l o b u t a d i e n e d e r i v a t i v e , 
which on p h o t o c h e m i c a l energy uptake forms a g a i n the t e t r a h e d r a n e 
(28) : 

Both v a l e n c e isomers e a s i l y g i v e o f f an e l e c t r o n : the f i r s t 
v e r t i c a l i o n i z a t i o n e n e r g i e s amount t o o n l y 7.5 eV and 6.35 eV 
(29), and t h e r e f o r e , b o t h compounds can be o x i d i z e d i n s o l u t i o n 
u s i n g the s e l e c t i v e o n e - e l e c t r o n o x i d i z i n g system A I C I 3 / H 2 C C I 2 (3). 
The r e s u l t , however, i s p u z z l i n g : i n b o t h c a s e s , the t e t r a k i s -
( t e r t . b u t y l ) c y c l o b u t a d i e n e r a d i c a l c a t i o n i s i d e n t i f i e d by i t s 
ESR spectrum (30). 

In o r d e r t o f u r t h e r s u b s t a n t i a t e the s p e c t r o s c o p i c r e s u l t 
and t o g a i n more i n s i g h t i n t o b o t h the t h e r m a l rearrangement o f 
the n e u t r a l t e t r a h e d r a n e and the s t r u c t u r a l change accompanying 
the o n e - e l e c t r o n o x i d a t i o n t o i t s r a d i c a l c a t i o n , MNDO c l o s e d and 
open s h e l l h y p e r s u r f a c e c a l c u l a t i o n s have been performed (30). 
The t e t r a m e t h y l d e r i v a t i v e s (5:R=CH3) are chosen as model system 
t o lower c o m p u t a t i o n a l c o s t s and, above a l l , t o l a y bare the 
e l e c t r o n i c e f f e c t s , which might be obscured by the s t e r i c r e 
quirement o f the b u l k y t e r t . b u t y l groups (28,31). To f u r t h e r f a 
c i l i t a t e the c a l c u l a t i o n s , a s i n g l e i s o m e r i z a t i o n c o o r d i n a t e a, 
a l o n g which the t e t r a h e d r o n i s f l a t t e n e d t o a r e c t a n g l e , has 
been chosen: 

(5) 

R 
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T h i s c h o i c e o f α d e f i n e s an i s o m e r i z a t i o n , i n which D 2 symmetry 
i s conserved a l o n g the rearrangement p a t h and thus removes the r e 
s t r i c t i o n w i t h i n &2d^ cs o r D 2 d ^ c 2 approaches, which would 
l e a d t o symmetry-forbidden o r b i t a l c r o s s i n g s . Furthermore, the 
D 2 d e f o r m a t i o n corresponds c l o s e l y (9̂ ) t o the Ε-type normal v i 
b r a t i o n s i n the ground s t a t e X ( 2 E ) o f a t e t r a h e d r a l r a d i c a l c a t 
i o n which c o n t r i b u t e t o the PE s p e c t r o s c o p i c a l l y observed Jahn 
T e l l e r s p l i t t i n g (29). For the c a l c u l a t i o n i t s e l f , t h e CH3 groups 
are assumed t o remain c o n s t a n t , the parameters a ( d e f i n i n g the 
f l a t t e n i n g ) , b (CC bond d i s t a n c e ) and the a n g l e s β and γ (6) are 
i n t e r n a l l y o p t i m i z e d , and the i s o m e r i z a t i o n c o o r d i n a t e α i s v a 
r i e d between 3 5 ° ( r e g u l a r t e t r a h e d r o n ) and 0 ° i n 5 ° s t e p s ( F i 
gure 4 ) . 

30° 20° 10° a o° 

30° 20° 10° a 0° 

F i g u r e 4 . One-dimensional MNDO i s o m e r i z a t i o n pathways f o r t e t r a -
methyl t e t r a h e d r a n e and i t s r a d i c a l c a t i o n . For the d e f i n i t i o n o f 
the c o o r d i n a t e α c f . (6̂ ) ; CI denotes c a l c u l a t i o n s i n c l u d i n g l i m i 
t e d c o n f i g u r a t i o n i n t e r a c t i o n (see t e x t ) . 

The o n l y one-dimensional MNDO c u t s through the 3 ( 2 0 ) - 6 = 54 
d i m e n s i o n a l hyperspace f o r ( C ( C H 3 ) ) 4 and i t s r a d i c a l c a t i o n , never-
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t h e l e s s reproduce a l l e s s e n t i a l e x p e r i m e n t a l f i n d i n g s . They p r e 
d i c t t h a t the r i n g s h o u l d be thermodynamically more s t a b l e than 
the c l u s t e r ; the b a r r i e r i s c a l c u l a t e d w i t h i n c l u s i o n o f a 10 χ 
10 c o n f i g u r a t i o n i n t e r a c t i o n t o be a p p r o x i m a t e l y 80 kJ/mole com
pared t o 107 kJ/mole determined e x p e r i m e n t a l l y (28), and t o 64 
kJ/mole c a l c u l a t e d f o r the t e r t . b u t y l d e r i v a t i v e s (31). Both the 
t h e r m a l c l u s t e r opening and the ph o t o c h e m i c a l c l u s t e r f o r m a t i o n 
can be r a t i o n a l i z e d s t r a i g h t f o r w a r d l y . As concerns the o x i d i z e d 
c l u s t e r (CiCH^))4'®, no b a r r i e r i s c a l c u l a t e d f o r the i s o m e r i z a -
t i o n t o the c y c l o b u t a d i e n e r a d i c a l c a t i o n ( F i g u r e 4 ) , i n which 
a c c o r d i n g t o MNDO the p o s i t i v e charge i s d i s t r i b u t e d more e v e n l y . 
The ESR o b s e r v a t i o n , p u z z l i n g a t f i r s t g l a n c e , t h a t o n e - e l e c t r o n 
o x i d a t i o n o f both the t e t r a ( t e r t . b u t y l ) s u b s t i t u t e d t e t r a h e -
drane and c y c l o b u t a d i e n e y i e l d the r a d i c a l c a t i o n o f the l a t t e r , 
thus f i n d s a s i m p l e e x p l a n a t i o n

I t has t o be p o i n t e
isomers (CR)4 such as c y c l o p r o p e n y
energy minima, i f o t h e r c u t s through the 54 d i m e n s i o n a l hyper-
space are c a l c u l a t e d (30) - i n agreement w i t h compounds i s o l a t e d 
r e c e n t l y e.g. from the r e a c t i o n s o f both i s o m e r s , t e t r a ( t e r t . 
b u t y l ) t e t r a h e d r a n e and c y c l o b u t a d i e n e , w i t h t e t r a c y a n o e t h y l e n e 
(32) . 

Example V: The Rearrangement FSSF -> F?S=S and the P r e d i c t e d 
Nonexistence o f ClpS=S and H?S=S. So f a r , conformers (Example I), 
isomers (Example I I ) and s t r u c t u r a l changes on o n e - e l e c t r o n o x i 
d a t i o n (Example I I I and IV) have been d e a l t w i t h . Another s t e p i n 
the d i r e c t i o n o f i n c r e a s i n g c o m p l e x i t y are those rearrangements, 
i n which an atom i s moved from one m o l e c u l a r s i t e t o another one f 

e x e m p l i f i e d here by the i s o m e r i z a t i o n o f simple d i s u l f i d e s (33, 
— ) :

 y S S ^ ^ s = s , 7 ï 

\ s = = t <' 
( C 2 ; X =H,F,C1) ( C s ; X =F) 

For b o t h the hydrogen and c h l o r i n e compounds, u n t i l now o n l y the 
C2 s p e c i e s are r e p o r t e d i n the l i t e r a t u r e (33); whereas w i t h f l u 
o r i n e s u b s t i t u e n t s b o t h i s o m e r s , d i f l u o r o d i s u l f a n e as w e l l as 
t h i o t h i o n y l d i f l u o r i d e have been i s o l a t e d and t h e i r s t r u c t u r e s 
determined by microwave s p e c t r o s c o p y (34). S u r p r i s i n g l y , t he 
F2S=S m o l e c u l e , which e x h i b i t s one o f the s h o r t e s t S=S bonds o f 
o n y l 189pm l e n g t h , i s thermodynamically more s t a b l e (34) , and -
even more - f o r both i s o m e r s , FSSF and F2S=S, almost i d e n t i c a l 
i o n i z a t i o n p a t t e r n s are observed (35). I n o r d e r t o r a t i o n a l i z e 
these e x p e r i m e n t a l r e s u l t s , and e s p e c i a l l y t o f i n d out,whether 
t h e r e are chances f o r the s p e c t r o s c o p i s t t o a l s o d e t e c t the C s 

i s o m e r s , H2S=S and Cl2S=S, h y p e r s u r f a c e c a l c u l a t i o n s were p e r 
formed. 

To reduce the 3 (4)-6=6 d i m e n s i o n a l problem t o manageable 2 
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coordinates, atoms X have been moved stepwise by a program sub
routine along a fixed SSX fragment, thereby crossing 12 perpen
dicular sectional planes of each 144 gri d points. For the resu l t 
ing 1728 spa t i a l screening points CNDO t o t a l energies have been 
calculated, and additional geometry optimizations carried out 
around the detected minima. The results of this model approxima
tion are displayed in Figure 5. 

Figure 5. CNDO t o t a l energy hypersurface calculations for XSSX 
X 2SS systems. Counterclockwise are displayed: the E ^ ^ ^ l hyper
surface for X=F and the approximate movement (-·-) of an F atom 
along a fixed SSF fragment on the bottom of the energy valley, 
the EÇ Q ^ I hypersurface for X=H, and the cut along the 'reaction 
coordinate' of lowest CNDO t o t a l energies for X=C1. 

The CNDO t o t a l energy surface for the F 2 S 2 system reproduces 
in a qualitative way the re l a t i v e thermodynamica1 s t a b i l i t i e s ob
served experimentally i . e . i t favors F2S=S by A E ^ ^ g ^ 2 kcal/faole 
with an upper barrier l i m i t - obtained neglecting configuration 
interaction - of about 30 kcal/mole. Following the modelled move
ment of an F atom along the fixed SSF fragment through the 12 
bisectional planes chosen (Figure 5: - · — ) , an intermediate i s in
dicated: the F atom pathway winds around the S atom and crosses an 
almost planar three-membered ring before i t reaches i t s f i n a l po
s i t i o n . Whatever the r e a l i t y of the isomerization process may be, 
the geometry optimized CNDO calculations around the energy minima 
for FSSF and F2S=S correctly predict via Koopmans* theorem,-B C N D 0 

= IE V
I, that the structu r a l l y so different 4 atom valence isomers 
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indeed should display almost i d e n t i c a l ionization patterns as ob
served PE spectroscopically (35) - thereby supporting additional 
experimental results that the less stable FSSF has not been i s o -
merized under the measurement conditions. 

As concerns the H 2 S 2 and C I 2 S 2 systems, the r e l a t i v e l y large 
CNDO t o t a l energy differences between the isomers and the 1 close 
to zero'-barriers calculated (Figure 5) strongly suggest the non
existence of both H2S=S and Cl2S=S under usual circumstances. 

Summarizing facts and speculations: despite the crudeness of 
the model chosen, the re l a t i v e thermal s t a b i l i t i e s of both i s o 
mers, FSSF and F 2 S S are correctly reproduced by the CNDO hyper
surface calculations, and also the surprising likeness of their 
ionization patterns (33-35). Whatever the rea l isomerization 
pathway may be, the chances for the experimentalist to ever i s o 
late the molecules H2S=S and Cl2S=S under normal reaction condi
tions are predicted to
to avoid f u t i l e experimenta
faces. 

Example VI: Prediction and Detection of 2H-Azirine as Inter
mediate i n the Thermal Decomposition of Vinyl Azide. Predictions 
concerning the hard-to-prove nonexistence of molecules are less 
convincing to the lay-colleague than those, which have stimulated 
successful experiments. Therefore, this l a s t example has not only 
been selected because of i t s higher complexity, but rather due to 
the PE spectroscopic v e r i f i c a t i o n of the results anticipated by a 
preliminary hypersurface study (4,36). 

Thermal decompositions of a l k y l azides are advantageously 
studied i n millimole quantities using a PE spectroscopically con
t r o l l e d flow system under low pressure (4̂ ) , thereby reducing the 
hazards involved i n handling these explosive compounds in bulk. 
Our investigations started with methyl azide, which s p l i t s o f f 
nitrogen unexpectedly only at temperatures above 500° C (_37) : 

H.C-N. — 8 5 0 K » HnC=NH • H-CN (8) 
3 3 2 -H 2 

To rationalize both the high decomposition temperature and 
the immediate rearrangement to methane imine - no methyl nitrene 
intermediate can be detected under the measurement conditions -, 
hypersurface calculations have been performed. Assuming a disso-
ziation into singulet fragments,the H3CN-NN bond has been lengthe
ned i n 20 pm steps along the direction of N-N vibrational s t r e t 
ching frequency under geometry optimization of both the H 3 C N and 
N2 subunits: the upper-limit barrier obtained (neglecting c o n f i 
guration interaction) of A H f M N D 0 ^220 kJ/mole i s reasonably close 
to the experimental estimate of ̂  170 kJ/mole (_37) . An MNDO hyper
surface for the rearrangement of singulet methylnitrene to the 
observed methane imine showed a barrier of only *\> 10 kJ/mole. 

Based on thi s q u a l i t a t i v e l y satisfyi n g agreement between PE 

In Rings, Clusters, and Polymers of the Main Group Elements; Cowley, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1983. 



9. BOCK ET AL. Molecular State Hypersurface Calculations 159 

s p e c t r o s c o p i c o b s e r v a t i o n and MNDO a p p r o x i m a t i o n , we t a c k l e d the 
next problem e n v i s a g e d , the t h e r m a l decompositon o f the even more 
dangerous v i n y l a z i d e (38) , by p r e c a l c u l a t i n g an MNDO h y p e r s u r f a c e 
f o r v i n y l n i t r e n e , H2C=CH-N, assumed i n c l o s e analogy t o be an 
un d e t e c t a b l e s h o r t - l i v e d i n t e r m e d i a t e . P i n - p o i n t e x p l o r a t i o n f o r 
normal v a l e n c e isomers ( c f . Example I I ) w i t h i n the C 2 H 3 N ensemble 
r e s u l t e d i n the f o l l o w i n g o r d e r o f i n c r e a s i n g MNDO t o t a l energies: 
s t a r t i n g from H3C-CN as the most s t a b l e s p e c i e s v i a H2C=C=NH, 
H3C-NC and HCEC -NH2, the three-membered r i n g , 2 H - a z i r i n e , i s the 
l a s t molecule p r e d i c t e d t o e x i s t w i t h i n a c h e m i c a l l y f e a s i b l e 
energy range {36). F i n a l l y , r e d u c i n g the 3 (6)-6=12 d i m e n s i o n a l 
problem t o the 2 s e l e c t e d a n g u l a r c o o r d i n a t e s , < CCH and < CCN, 
an MNDO h y p e r s u r f a c e c o u l d be c a l c u l a t e d which comprised a t l e a s t 
4 o f the e s s e n t i a l isomers on the same energy p l a n e ( F i g u r e 6 ) . 

F i g u r e 6. MNDO heat o f f o r m a t i o n h y p e r s u r f a c e f o r s i n g l e t v i n y l 
n i t r e n e rearrangements t o 2 H - a z i r i n e , ketene imine and the t h e r -
modynamically most f a v o r a b l e isomer, a c e t o n i t r i l e . 

I n s p e c t i o n o f the MNDO h y p e r s u r f a c e shows the assumed v i n y l 
n i t r e n e t o l i e i n a v e r y s h a l l o w minimum w i t h the a c t i v a t i o n b a r 
r i e r f o r r i n g c l o s u r e t o 2 H - a z i r i n e ( F i g u r e 1: · β · ^ ) c a l c u l a t e d 
t o be o n l y a few kJ/mole. Whereas the s e p a r a t i n g h y p e r s u r f a c e 
" r i d g e " t o ketene imine o f ΔΔ H f M N D 0 ^ 70 kJ/mole seems i n s u r -
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mountable, the rearrangement to ac e t o n i t r i l e (Figure 1 : o o o «=>) 
can proceed along a more favorable "nountain pass" of 

M H fMNDO 
^ 40 kJ/mole (39). 

The hypersurface prediction (Figure 6) has been v e r i f i e d 
by the following experiments: Vinyl azide, which i s described to 
detonate at only 70° C (_38) , has been synthesized in ten m i l l i -
mole quantity following the l i t e r a t u r e procedure (38) and vapo
rized without decompostion from a 195 Κ cooling trap at 10~ 4 nbar. 
Its PE spectroscopically controlled pyrolysis over quartz wool 
starts at an oven temperature of 620 K. Freezing out a l l conden
sable decomposition products i n a U-tube cooled to 77 K, followed 
by subsequent fractioned vaporization allows to record the PE 
spectrum of pure 2H-azirine, assigned by Koopmans1 correlation, 
IE^ = -ejp 1 0 0, with the eigenvalue sequence from the geometry-op
timized MNDO calculation
second oven heated to temperature
registered PE spectra show increasing i n t e n s i t i e s of the well
known ionization pattern of ac e t o n i t r i l e (37) - predicted as the 
most stable isomer of the C 2 H 3 N ensemble i n the preceeding hyper
surface study (Figure 6). 

This l a s t example again demonstrates the usefulness of cor
rel a t i n g hypersurface calculations as closely as possible to 
measurement data: although methyl and v i n y l nitrenes, which by 
chemical i n t u i t i o n seem to be reasonable intermediates, do not 
have to occur necessarily along the reaction pathway (36,39), 
the predictions stimulated an experiment, which otherwise - due 
to the hazardous starting material (38) - hardly would have been 
carried out. 
Concluding Remarks 

The Examples I to VI have been presented to demonstrate the 
benefit of close correlation between hypersurface calculation 
and measurement to the experimentalist. In the order of increas
ing complexity have been discussed: conformer (I) and isomer (II) 
s t a b i l i t i e s , structural changes following oxidation (III,IV), 
valence isomerization (IX), one-step rearrangements (V) and a 
three-step thermal decomposition (VI). The hypersurface cuts 
were calculated using closed- (I,II,IV-VI) and open-shell (III, 
IV) versions of semiemperical MNDO (I,11,IV,VI), INDO (III) and 
CNDO (V) procedures, partly including configuration interaction 
(IV). The (3n-6) dimensional hyperspaces for ensembles (II,III, 
V,VI) or subunits thereof (I,IV) with η centers have been re
duced - predominantly by transfer of Cartesian coordinates into 
angular ones, and by making use of symmetry - to hypersurfaces 
of dimensions 1 (I:n=4, IV:n=4), 2 (V:n=4, VI:n=6) and 3 (III:n 
=6), partly optimizing other structural features v i a the David
son-Fletcher-Powell program subroutine. Satisfactory agreement 
with the following experimental data has been quoted: structural 
parameters (I, I I I , V), ionization patterns (I,II,VI), ESR coup-
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l i n g c o n s t a n t s ( I I I , I V ) , energy b a r r i e r s ( I V , V I ) , and - l a s t but 
not l e a s t - compounds i s o l a t e d ( I I , I V , V , V I ) . The u s e f u l n e s s o f 
p r e d i c t e d 'molecular f i n g e r p r i n t s ' t o d e t e c t and c h a r a c t e r i z e e s 
p e c i a l l y s h o r t - l i v e d m o l e c u l e s has been emphasized i n Examples I , 
I I and V I . 

Numerous o t h e r examples have been r e p o r t e d i n the l i t e r a t u r e 
by o t h e r groups - p r e d o m i n a n t l y c o v e r i n g carbon s k e l e t o n r e a r 
rangements (40),and, u s i n g h i g h l y c o r r e l a t e d w a v e f u n c t i o n s , s m a l l 
m o l e c u l e s ( 7 ) . As concerns s e m i e m p i r i c a l h y p e r s u r f a c e c a l c u l a 
t i o n s f o r medium-sized m o l e c u l e s c o n t a i n i n g t h i r d - r o w h e t e r o e l e 
ments, own e x p e r i e n c e i n a d d i t i o n t o Examples I , I I and V can be 
summarized as f o l l o w s : i n c l u s i o n o f elements such as Ρ(41,42) and 
S (43-45) u s u a l l y l e a d s t o s a t i s f a c t o r y c o r r e l a t i o n w i t h e x p e r i 
mental d a t a ; i n the s p e c i a l case o f H3CSe-SeCR"3 a p r o p e r l y p a r a 
m e t r i z e d EHMO v e r s i o n c o u l d be a p p l i e d t o a c h i e v e approximate 
r e s u l t s (46). 

For a complete p i c t u r e
t o be added. For medium-sized m o l e c u l e s , the o b v i o u s l y s u c c e s s 
f u l c o m b i n a t i o n o f t h e o r e t i c a l p r e d i c t i o n and e x p e r i m e n t a l v e r i 
f i c a t i o n r a t h e r s h o u l d be c o n s i d e r e d as an i n d i v i d u a l l y t a i l o r e d 
i n t e r p l a y , which i s based on numerous assumptions i . e . s o - c a l l e d 
'chemical i n t u i t i o n 1 . To b e g i n w i t h , any h y p e r s u r f a c e d e s i g n con
f i n e d t o a few s e l e c t e d c o o r d i n a t e s w i l l o n l y cover the a s p e c t s 
i n t r o d u c e d t h e r e b y . Even s e v e r a l independent c u t s through the 
(3n-6) d i m e n s i o n a l hyperspace cannot u n r a v e l the c o m p l e x i t y 
o f a molecule i n a s p e c i f i c m o l e c u l a r s t a t e . And a l t h o u g h semi-
e m p i r i c a l methods - e s p e c i a l l y MNDO (10)- are not o n l y f a s t but 
t o q u i t e an e x t e n t a l s o r e l i a b l e , t h e i r n u m e r i c a l a c c u r a c y should 
not be o v e r s t r e s s e d . Thus s e m i e m p i r i c a l h y p e r s u r f a c e s might b e t 
t e r be c o n s i d e r e d as s u p p l y i n g t r e n d s i n e s s e n t i a l f e a t u r e s , 
which can be compared t o and c o r r e l a t e d w i t h measurement d a t a t o 
add the n u m e r i c a l a c c u r a c y , and, i n r e t u r n , t o t e s t and t o sub
s t a n t i a t e a l l u n d e r l y i n g assumptions. 

In g e n e r a l , energy minima on a g i v e n h y p e r s u r f a c e can be l o 
c a l i z e d s t r a i g h t f o r w a r d l y u s i n g s e m i e m p i r i c a l p r o c e d u r e s ; and the 
m o l e c u l a r p r o p e r t i e s p r e d i c t e d a f t e r a p p r o p r i a t e o p t i m i z a t i o n 
such as s t r u c t u r a l f e a t u r e s o r i o n i z a t i o n p a t t e r n s u s u a l l y t u r n 
out t o be c l o s e and r e l i a b l e a p p r o x i m a t i o n s o f e x p e r i m e n t a l f a c t s . 
For example, s t r u c t u r a l changes accompanying redox r e a c t i o n s are 
s a t i s f a c t o r i l y reproduced by independent c a l c u l a t i o n s o f the 
ground s t a t e s o f b o t h the n e u t r a l molecule and the r a d i c a l i o n 
generated, i . e . by the l o c a l minima on 2 d i f f e r e n t h y p e r s u r f a c e s . 
On the o t h e r hand, r e g i o n s o u t s i d e the l o c a l minima on a g i v e n 
h y p e r s u r f a c e s u f f e r from c o m p u t a t i o n a l as w e l l as from c o n c e p t u a l 
u n c e r t a i n t i e s . T h i s a p p l i e s e s p e c i a l l y t o the t r a n s i t i o n ' a n t i -
s t a t e s ' i . e . s a d d l e p o i n t s o f maximum energy w i t h r e s p e c t t o c e r 
t a i n c o o r d i n a t e changes through which a t r a n s f o r m i n g molecule 
w i l l pass most r a p i d l y on i t s way from one l o c a l minimum t o an
o t h e r one. Even i f - as d i s c u s s e d r e p e a t e d l y r e f e r r i n g t o (6̂ ) -
a s p e c i f i c s a d d l e - p o i n t i s unambiguously i d e n t i f i e d and the ap-
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proaches from b o t h a d j a c e n t minima f o r t u i t o u s l y meet t h e r e on 
forw a r d and backward computation, s t i l l o n l y those out o f the 
3n-6 degrees o f freedom are accounted f o r , which have been s p e c i 
f i e d i n the h y p e r s u r f a c e d e s i g n . I n o r d e r t o o b t a i n c l o s e r i n f o r 
mation on the a c t u a l pathway o f r e a c t i o n s (8) , improvement o f 
semie m p e r i c a l approaches by more s p e c i f i c a l l y i n c l u d i n g c e r t a i n 
f e a t u r e s o f the m o l e c u l a r dynamics i n v o l v e d would be a w o r t h w i l e 
g o a l f o r t h e o r e t i c i a n s ; much a p p r e c i a t e d by the e x p e r i m e n t a l i s t s . 

N e v e r t h e l e s s , g r a t e f u l l y u s i n g what i s a l r e a d y a v a i l a b l e 
from the quantum c h e m i c a l c a b i n e t , and under l u c k y c i r c u m s t a n c e s , 
the p r e p a r a t i v e chemist can o b t a i n c o n s i d e r a b l e h e l p i n p l a n n i n g 
some o f h i s d a i l y work more p r o p e r l y - as o u t l i n e d e.g. f o r the 
t h e r m a l d e c o m p o s i t i o n o f the hazardous v i n y l a z i d e i n Example V I . 
And, as the l a s t c o n c l u d i n g remark, i t may be a p p r o p r i a t e t o 
p o i n t out r a t h e r g e n e r a l l y : a b i t more f a m i l i a r i t y w i t h c e r t a i n 
f a c e t s o f the m o l e c u l a
l a t i o n s h i p between charg
quences t h e r e o f (_5) , by a l l means w i l l p r o v i d e an advantageous 
r a t i o n a l e t o d e s i g n e x p e r i m e n t s , t o interprète r e s u l t s and t o 
improve our i n s i g h t i n t o the s o p h i s t i c a t e d b e h a v i o u r o f mol e c u l e s 
— o r as the p h y s i c i s t and p h i l o s o p h e r G. C. L i c h t e n b e r g e x p r e s s 
ed i t almost 200 y e a r s ago: f I n n a t u r e we see not words but o n l y 
the f i r s t l e t t e r s o f words, and when we wi s h t o r e a d , we f i n d 
t h a t the new s o - c a l l e d words are once a g a i n mere f i r s t l e t t e r s 
o f o t h e r words 1 (4_7) . 
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Many small-molecule Si-N-P compounds 
of appropriat
precursors t
polymeric P-N systems. For example, 
poly(dialkylphosphazenes), (R 2PN) n, are 
readily obtained via the thermal 
condensation-polymerization of certain 
N-silylphosphinimines, Μe 3SiN=P(X)R 2. In 
addition, novel 3-coordinate phosphorus-V 
compounds including the bis(imino)-
phosphoranes, RP(=NSiΜe 3) 2, can 
potentially lead to new polymers of 
formula (RPN)n, the phosphorus analogs of 
ele c t r i c a l l y conducting (SN) n. The 
synthesis of polyphosphazenes and their 
precursors and the synthesis of potential 
precursors to (RPN)n are discussed. 

The s t r u c t u r a l a nd c h e m i c a l d i v e r s i t y o f compounds 
c o n t a i n i n g t h e S i - N - P l i n k a g e i s a r e s u l t o f b o t h t h e 
v a r i e t y o f c o o r d i n a t i o n n u m b e r s w h i c h p h o s p h o r u s may 
assume and t h e r e a c t i v i t y o f t h e S i - N b o n d . The 
c o m b i n a t i o n o f t h e s e f e a t u r e s g i v e s S i - N - P c o m p o u n d s 
v e r y p r o m i s i n g s y n t h e t i c u t i l i t y , p a r t i c u l a r l y i n t h e 
a r e a o f i n o r g a n i c p o l y m e r s y n t h e s i s . 

T y p i c a l l y , t h e m o s t common p r e c u r s o r s t o new 
S i - N - P s y s t e m s a r e s i m p l e s i 1 y 1 a m i n o p h o s p h i n e s ( e q 1 ) . 
The d i f u n c t i o n a l c h a r a c t e r o f t h e s e c o m p o u n d s , w h i c h i s 
due t o t h e n u c l e o p h i l i c s i t e a t p h o s p h o r u s and a 
c o m p l e m e n t a r y e l e c t r o p h i 1 i c s i t e a t s i l i c o n , makes t h e m 
v e r y v e r s a t i l e r e a g e n t s . T h e y h a v e b e e n u s e d i n a new 
s y n t h e s i s o f a l k y l a n d / o r p h e n y l s u b s t i t u t e d p h o s p h a -
z e n e s ( R 2 P N ) n ( O and h a v e l e d t o t h e p r e p a r a t i o n o f 
p r o m i s i n g p r e c u r s o r s t o p o t e n t i a l l y e l e c t r i c a l l y 
c o n d u c t i n g p o l y m e r s y s t e m s o f g e n e r a l f o r m u l a ( R P N ) n . 

0097-6156/83/0232-0167 $06.00/0 
© 1983 American Chemical Society 
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S y n t h e s i s o f P o l y p h o s p h a z e n e s 

Work i n t h e p o l y m e r s y n t h e s i s a r e a h a s b e e n 
e n h a n c e d by a c o n v e n i e n t " o n e - p o t " s y n t h e s i s w h i c h was 
d e v e l o p e d by J . C . W i l b u r n (_2) ( e q 1 ) . Y i e l d s o f t h e 
p h o s p h i n e s p r e p a r e d i n t h i s m a n n e r a r e t y p i c a l l y 60 t o 

( M e 3 S i ) 2 N H 

( 1 ) n - B u L i 
( 2 ) P C 1 3 

2RM gX 
> ( M e 3 S i ) 2 N - P 

N R 

[ ( M e 3 S i ) 2 N P C 1 2 ] — ( (

RMgX yR 
( M e 3 S i ) 2 N - P ^ 

o r R L i CI 

t o 9 0 % a n d q u a n t i t i e s o f 250 t o 300 grams a r e e a s i l y 
o b t a i n e d . The u s e o f P h P C l 2 i n p l a c e o f P C 1 3 a l l o w s 
f o r t h e i n t r o d u c t i o n o f p h e n y l / a l k y l s u b s t i t u t i o n a t 
p h o s p h o r u s · 

Many s i m p l e o x i d a t i o n r e a c t i o n s o f t e r t i a r y a l k y l 
o r a r y l p h o s p h i n e s a r e l e s s s t r a i g h t f o r w a r d i n 
p h o s p h i n e s w i t h s i l y l a m i n o s u b s t i t u e n t s (_3-8). Two 
s u c h r e a c t i o n s h a v e r e s u l t e d i n p r e c u r s o r s t o 
p h o s p h a z e n e s . The f i r s t o f t h e s e i s t h e r e a c t i o n o f 
b r o m i n e w i t h d i sub s t i t u t ed s i l y l a m i n o p h o s p h i n e s (_7) t o 
g i v e M e 3 S i B r and P - b r o m o - N - s i 1 y 1 p h o s p h i n i m i n e s ( e q 2 ) . 

R 
/R B r 2 I 

( M e 3 S i ) 2 N - P ~-> M e 3 S i N = P-Br ( 2 ) 
^ R f - M e 3 S i B r | 

R 1 

R, R 1 = Me, E t , j . - P r , Ph , O C H 2 C F 3 , C H 2 P h , 

C H 2 S i M e 3 , C H 2 C H = C H 2 , e t c . 

The p h o s p h i n i m i n e s a r e t h e r m a l l y u n s t a b l e and r e a d i l y 
e l i m i n a t e M e 3 S i B r a t t e m p e r a t u r e s o f g r e a t e r t h a n 100°C 
t o f o r m o n l y c y c l i c p h o s p h a z e n e s ( e q 3 ) . (_7) 
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R R 
1 Δ Γ 1 Ί M e 3 S i N = P-Br ^ Ρ = Ν4η + M e 3 S i B r ( 3 ) 

R 1 R η = 3 ,4 

M o r e i m p o r t a n t l y , t h e P - b r o m o p h o s p h i n i r a i n e s r e a c t 
s m o o t h l y w i t h C F 3 C H 2 O H i n t h e p r e s e n c e o f ΕίβΝ t o f o r m 
P-( t r i f l u o r o e t h o x y ) p h o s p h i n i m i n e s ( e q 4) (_7 ) . On h e a t 
i n g i n e i t h e r s e a l e d g l a s s a m p o u l e s o r a s t a i n l e s s 

R R 
I C F 3 C H 2 O H I 

M e 3 S i N = P-Br > M e 3 S i N = P-OCH 2CF3 ( 4 ) 
I E t 3 N I 
R» R

s t e e l bomb t h e s e p h o s p h i n i m i n e s r e a d i l y e l i m i n a t e 
M e 3 S i O C H 2 C F 3 ( e q 5 ) and f o r m e x c l u s i v e l y p o l y m e r i c 
p h o s p h a z e n e s . (_1) 

R R 

M e 3 S i N = P-OCH2CF3 Δ > - Ρ " Ρ = Ν 4 Π + M e 3 S i O C H 2 C F 3 ( 5 ) 
I I 
R' R' 

R Me E t Ph Ph Ph 

R' Me E t Me E t C h 2 P h 

The p h y s i c a l p r o p e r t i e s o f t h e s e p o l y m e r s v a r y 
c o n s i d e r a b l y as t h e s u b s t i t u e n t s a t p h o s p h o r u s a r e 
c h a n g e d . Po1 y ( d i m e t h y l p h o s p h a z e n e ) ( M e 2 P N ) n i s a w h i t e 
f i l m - f o r m i n g p o l y m e r w i t h a w e i g h t a v e r a g e d m o l e c u l a r 
w e i g h t ( M w ) o f 5 0 , 0 0 0 a s d e t e r m i n e d by l i g h t s c a t t e r 
i n g . I t i s s o l u b l e i n C H 2 C I 2 , C H C I 3 , CH3CH2OH, a n d 
THF/H2O, a n d h a s a m e l t i n g p o i n t o f 158°C a n d a g l a s s 
t r a n s i t i o n t e m p e r a t u r e o f -42°C Q ) . The d i e t h y l a n a l o g 
( E t 2 P N ) n , on t h e o t h e r h a n d , i s q u i t e p e r p l e x i n g s i n c e 
i t s v i r t u a l i n s o l u b i l i t y i n a l l s o l v e n t s p r e c l u d e s m o s t 
c h a r a c t e r i z a t i o n o t h e r t h a n e l e m e n t a l a n a l y s i s . 

I n c o n t r a s t t o t h e a l k y l s u b s t i t u t e d p o l y m e r s , t h e 
P - p h e n y l c o m p o u n d s , [ P h ( M e ) P N ] n a n d [ P h ( Ε t ) P N ] n , a r e 
b r i t t l e , b r o w n c o l o r e d m a t e r i a l s w h i c h a r e q u i t e 
s o l u b l e i n THF and a r e r e a d i l y p l a s t i c i z e d by t r a c e 
a m o u n t s o f s o l v e n t . D e t e r m i n a t i o n o f m o l e c u l a r w e i g h t 

In Rings, Clusters, and Polymers of the Main Group Elements; Cowley, A.; 
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by g e l p e r m e a t i o n c h r o m a t o g r a p h y f o r [ P h ( M e ) P N ] n 

i n d i c a t e s M n t o be 5 4 , 0 0 0 . I t s g l a s s t r a n s i t i o n 
t e m p e r a t u r e was f o u n d t o be 3 7 ° C 

P h o s p h a z e n e c o p o l y m e r s h a v e a l s o b e e n p r e p a r e d by 
t h e t h e r m o l y s i s o f e q u i m o l a r m i x t u r e s o f t h e 
p h e n y l / a l k y l and d i a l k y l s u b s t i t u t e d P - t r i f l u o r o e t h o x y -
p h o s p h i n i m i n e s . 

Ph 

R = Me , E t 

T h e s e m a t e r i a l
r u b b e r - l i k e i n a p p e a r a n c e t h a n e i t h e r o f t h e c o r r e s 
p o n d i n g h o m o p o l y m e r s . S u c h s y s t e m s i n d i c a t e t h a t i t 
s h o u l d be p o s s i b l e t o " c u s t o m d e s i g n " p o l y p h o s p h a z e n e s 
by c h o o s i n g p r e c u r s o r s w i t h d e s i r a b l e s u b s t i t u e n t s . 

I n summary, t h i s new and g e n e r a l m e t h o d o f s y n t h e 
s i z i n g b o t h c y c l i c and p o l y m e r i c p h o s p h a z e n e s ( e q 6) 

R R 
1 Γ 1 1 M e 3 S i N = P — X > M e 3 S i X + -|jP=N-Jn ( 6 ) 

R» R 1 

i n v o l v e s p r o p e r l y d e s i g n e d N - s i 1 y l p h o s p h i n i m i n e s w h i c h 
c o n t a i n a l e a v i n g g r o u p X a n d t h e d e s i r e d s u b s t i t u e n t s 
R and R f on p h o s p h o r u s . S u c h compounds e l i m i n a t e 
s u b s t i t u t e d s i l a n e s M e 3 S i X and f o r m c y c l i c o r p o l y m e r i c 
p h o s p h a z e n e s . When X i s B r o r , as r e p o r t e d e a r l i e r 
( £ ) , F, o n l y s m a l l r i n g c ompounds a r e f o r m e d , b u t when 
X i s C F 3 C H 2 Û , p o l y m e r i c p h o s p h a z e n e s r e s u l t . I n 
c o n t r a s t t o t h e u s u a l m e t h o d s o f p r e p a r i n g i n o r g a n i c 
p o l y m e r s v i a r i n g o p e n i n g p o l y m e r i z a t i o n , t h i s i s an 
u n u s u a l e x a m p l e o f a c o n d e n s a t i o n - p o l y m e r i z a t i o n w h i c h 
g i v e s an i n o r g a n i c P-N p o l y m e r b a c k b o n e . T h i s m e t h o d , 
t h e r e f o r e , h a s t h e a d v a n t a g e o f a l l o w i n g t h e i n i t i a l 
c o n s t r u c t i o n o f s m a l l m o l e c u l e b u i l d i n g b l o c k s w h i c h 
i n c o r p o r a t e d e s i r a b l e s i d e g r o u p s . T h i s i s 
p a r t i c u l a r l y u s e f u l f o r t h e p r e p a r a t i o n o f a l k y l a n d / o r 
a r y l s u b s t i t u t e d p o l y p h o s p h a z e n e s w i t h d i r e c t c a r b o n t o 
p h o s p h o r u s b o n d s , a s y s t e m w h i c h i s d i f f i c u l t t o 
a c h i e v e by o t h e r m e t h o d s . 

In Rings, Clusters, and Polymers of the Main Group Elements; Cowley, A.; 
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C C I 4 R e a c t i o n s o f ( S i l y l a m i n o ) p h o s p h i n e s 

171 

O t h e r N - s i l y l p h o s p h i n i m i n e s w h i c h a r e a l s o 
s u i t a b l y c o n s t r u c t e d p h o s p h a z e n e p r e c u r s o r s , c a n be 
p r e p a r e d by a s e c o n d o x i d a t i o n r e a c t i o n o f s i l y l a m i n o -
p h o s p h i n e s . When t h e s e p h o s p h i n e s r e a c t w i t h c a r b o n 
t e t r a c h l o r i d e , two t y p e s o f P - c h l o r o p h o s p h i m i n i n e s may 
be f o r m e d by e s s e n t i a l l y two p a t h w a y s ( e q 7) ( 8 ) . 

R 
I 

H - C - S i M e 3 

- C H C I 3 I 
> Me Q S i N = P-R 1 

A I 

R 
I 

H-C-H 
- M e 3 S i C C l 3 | 

> Me 3S i N = P-R 1 

Β I 
C I 

R = S i M e 3 , Me, P h , Η 
R 1 = C H 2 S i M e 3 , Me, E t , _ i - P r , _ t - B u , Ph , N M e 2 , OMe , 

O C H 2 C F 3 

The e l i m i n a t i o n o f CHCI3 as shown i n p a t h w a y A 
o c c u r s i n s i m i l a r s y s t e m s w h i c h c o n t a i n a C-H m o i e t y α 
t o p h o s p h o r u s . P r e s u m a b l y , i n i t i a l f o r m a t i o n o f an i o n 
p a i r i n t e r m e d i a t e ( R3PC 1 + ) ( C C 1 3 " ) ( j _ 0 ) i s f o l l o w e d by 
a t t a c k o f t h e C C l 3 ~ a n i o n a t t h e h y d r o g e n on t h e α 
c a r b o n w i t h e l i m i n a t i o n o f C H C I 3 g i v i n g y l i d e p r o d u c t s 
( eq 8) (^ , ^ _ 2 _ ) . H o w e v e r , i n s y s t e m s w h i c h 

R* 
I C C I 4 

R 2 P - C - R " > 

Η 

c o n t a i n a s i l y l a m i n o s u b s t i t u e n t , t h e a n a l o g o u s y l i d e s 
a r e p r e s u m a b l y i n t e r m e d i a t e s w h i c h r e a r r a n g e v i a a 
[ l , 3 ] - s i l y l s h i f t ( e q 9 ) ( 4 ) t o g i v e t h e 
P - c h l o r o p h o s p h i n i m i n e s shown i n p a t h w a y A. 

( M e 3 S i ) 2N-P, 
CH 2R 

R' 

R' 
• / 

R 2 P - C - R M 

I \ 
C l H 

R 

C C I 3 " 
•CHCI3 

-> R 2 P = C-R ! f ( 8 ) 
I 
CI 

In Rings, Clusters, and Polymers of the Main Group Elements; Cowley, A.; 
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R 
I 

CHR H-C-SiMe-3 (9) 
II ι 

( M e - i S i ) 2 N - P - R ' > Me 3 S i N = P-R' 
I I 
CI C l 

An a l t e r n a t e p a t h w a y i s p o s s i b l e f o r s y s t e m s 
c o n t a i n i n g s i l y l a m i n o s u b s t i t u e n t s a t p h o s p h o r u s . T h i s 
m o s t l i k e l y i n v o l v e s a t t a c k o f t h e C C I 3 " a n i o n a t t h e 
e l e c t r o p h i 1 i c s i l i c o n r e s u l t i n g i n e l i m i n a t i o n o f 
M e 3 S i C C l 3 as shown i n p a t h w a y B. I n t h e s y s t e m s 
i n v e s t i g a t e d t h u s f a r , t h e r e a c t i o n p a t h w a y p r e f e r e n c e 
a p p e a r s t o be i n f l u e n c e d by: ( 1 ) s o l v e n t p o l a r i t y , a n d 
( 2 ) s t e r i c and e l e c t r o n i
a t p h o s p h o r u s (8). 

L o w - c o o r d i n a t e P h o s p h o r u s S y s t e m s 

R e g a r d l e s s o f w h i c h Ν-si1y 1 p h o s p h i n i m i n e p r o d u c t s 
a r e f o r m e d t h e y a l l a r e p o t e n t i a l p r e c u r s o r s t o 
p h o s p h a z e n e s v i a e l i m i n a t i o n o f M e 3 S i C l . P r e l i m i n a r y 
e v i d e n c e i n d i c a t e s t h a t t h e t h e r m a l e l i m i n a t i o n d o e s 
i n d e e d o c c u r i n some c a s e s . The N - s i 1 y 1 p h o s p h i n i m i n e s 
a r e a l s o p o t e n t i a l p r e c u r s o r s t o a n o t h e r t y p e o f n o v e l 
S i - N - P c o m p o u n d , i . e . t h r e e - c o o r d i n a t e p h o s p h o r a n e s : 

R-PC < > R - P ^ < > R"PC 
^ E " ^ E 

Ε = CRR 1 , NR 

Our i n t e r e s t i n s u c h c o m pounds s t e m s m a i n l y f r o m 
t h e p o s s i b i l i t y t h a t t h e y m i g h t be u s e f u l p r e c u r s o r s t o 
new c l a s s e s o f p h o s p h o r u s - c o n t a i n i n g p o l y m e r s o r c y c l i c 
o l i g o m e r s . F u n c t i o n a l l i n k a g e s s u c h as Ε = N S i M e 3 o r 
C R ' S i M e 3 c o u l d s e r v e as s i t e s f o r c o n d e n s a t i o n - p o l y m e r 
i z a t i o n r e a c t i o n s , l e a d i n g t o n o v e l c y c l i c o r p o l y m e r i c 
s y s t ems, 

R 

w h e r e Ε = Ν o r C R 1 . T h e s e m a t e r i a l s a r e i s o e l e c t r o n i c 
w i t h t h e e l e c t r i c a l l y c o n d u c t i n g p o l y m e r , p o l y ( s u l f u r 
n i t r i d e ) , ( S N ) V . 

In Rings, Clusters, and Polymers of the Main Group Elements; Cowley, A.; 
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S i 1 y 1 a m i n o p h o s p h i n e s , o n c e a g a i n , a r e a p p r o p r i a t e 
p r e c u r s o r s t o s u c h l o w c o o r d i n a t e s y s t e m s . T r e a t m e n t 
o f c h l o r o s u b s t i t u t e d s i l y l a m i n o p h o s p h i n e s w i t h M e 3 S i N 3 
a t room t e m p e r a t u r e r e s u l t s i n s p e c t r o s c o p i c a l l y p u r e 
a z i d o p h o s p h i n e s f o l l o w i n g r e m o v a l o f M e 3 S i C l ( e q 1 0 ) . 
I n t h e c a s e w h e r e R i s a m e s i t y l g r o u p , h e a t i n g t h e 

( M e 3 S i ) 2N-P! \ CI 

M e 3 S 1 N 3 

( M e 3 S i ) 2 N - P > 

R 

N 3 

R C H 2 S i M e 3 , P h , Mes, N ( S i M e 3 ) 2 

( 1 0 ) 

a z i d o p h o s p h i n e p r o d u c e s a l o s s o f N 2 a n d a s u b s e q u e n t 
[ 1 , 3 ] s i l y l s h i f t . A t 80°C t h e c i s 4-membered r i n g 
s y s t e m ( 3 ^ P δ-19.7)
p r o d u c e s t h e more t h e r m o d y n a m i c a l l
( 3 1 p 6 - 2 4 . 7 ) ( e q 1 1 ) . The two c r y s t a l l i n e i s o m e r s 

( M e 3 S i ) 2N-P| 
Me s 

N 3 

Mes-P 
^ N S i M e 3 

•NSiMe3 J 

80°C > 175°C 

Me s 
S i M e 3 

Me 3 S i N = P — Ν 
I I 

. N — P-Mes 
M e 3 S i 

N S i M e 3 

175°C 

Me s 
j ^ S i M e 3 

M e 3 S i N = P — Ν ( 1 1 ) 

M e 3 S i 
— P = N S i M e 3 

Mes 

t r a n s 

w e r e p u r i f i e d by r e c r y s t a 1 1 i z a t i o n f r o m h e x a n e and w e r e 
f u l l y c h a r a c t e r i z e d by e l e m e n t a l a n a l y s i s , c r y o s c o o i c 
m o l e c u l a r w e i g h t d e t e r m i n a t i o n , a n d *H, ^ C , a n d 31p 
NMR s p e c t r o s c o p y (_1_3 ) . T h e s e r i n g s r e p r e s e n t t h e 
d i m e r i c f o r m s o f an i n t e r m e d i a t e t h r e e - c o o r d i n a t e p h o s -
p h o r a n e . A s t a b l e a n a l o g o f t h i s i n t e r m e d i a t e , 
( M e 3 S i ) 2 N P ( = N S i M e 3 ) 2 , h a s b e e n i s o l a t e d by a s i m i l a r 
s e q u e n c e o f r e a c t i o n s ( 1 4 ) . 

A s t a b l e t h r e e - c o o r d i n a t e p h o s p h o r a n e and two 
o t h e r n o v e l r i n g s y s t e m s w e r e i s o l a t e d f r o m t h e 
r e a c t i o n o f C C I 4 w i t h ( M e 3 S i ) 2 N P ( C H 2 S i M e 3 ) M e s ( e q 1 2 ) . 
The r e a c t i o n p r o c e e d s w i t h e l i m i n a t i o n o f b o t h C H CI3 
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( M e 3 S i ) 2 N - P ^ 
S i M e * CC I , 

M e 3 S i Mes 
\ I 

-> Ν — Ρ = CHSiMe-Mes 

145°C 

Mes H 

I I 
M e 3 S i N = P C - S i M e 3 

Me ο S i ' .A P-Mes 

CHSiMe-

M e s _ p _ N 

(I S i M e 3 

C H S i M e 3 ( 1 2 ) 
I N 

145°C 
-> Mes-P, 

^ C H S i M e 3 

N S i M e 3 

OMe 

M e s - P - C H 2 S i M e 3 

N S i M e 3 

and M e 3 S i C l and f o r m a t i o n o f a w h i t e c r y s t a l l i n e s o l i d 
w h i c h h a s b e e n i d e n t i f i e d as t h e m e t h y l e n e s u b s t i t u t e d 
4-membered P-N-P-N r i n g s y s t e m ( ^ l p 6 + 2 2 . 2 ) . Upon 
d i s t i l l a t i o n ( b . p . 91-92°C/0.01 mm), t h e monomer 
M e s P ( = N S i M e 3 ) ( = C H S i M e 3 ) was c o l l e c t e d as a c o l o r l e s s 
l i q u i d ( ^ l p 6 + 1 2 2 . 7 ) . The monomer r e v e r t s t o t h e d i m e r 
on s t a n d i n g a t room t e m p e r a t u r e o v e r n i g h t . I t r e a d i l y 
a d d s m e t h a n o l a c r o s s t h e P=C b o n d t o f o r m t h e P - m e t h o x y 
pho s ph i n i m i n e . 

On h e a t i n g a t 145°C f o r two h o u r s , b o t h t h e 
monomer and d i m e r f o r m a n o v e l 4-membered P-N-P-C r i n g 
c o m p o u n d . The 31p s p e c t r u m o f t h i s c ompound c o n s i s t s 
o f two d o u b l e t s o f e q u a l i n t e n s i t y a t 6+10.9 and 6-10.6 
w i t h J PP 15.3 H z . The d o w n f i e l d s h i f t c o r r e l a t e s 
w i t h t h a t o f t h e p h o s p h o r u s i n t h e r i n g s y s t e m 
c o n t a i n i n g M e 3 S i C H = s u b s t i t u e n t s , w h i l e t h e u p f i e l d 
s h i f t i s s i m i l a r t o t h a t o f t h e 4-merabered r i n g s y s t e m s 
c o n t a i n i n g M e 3 S i N = s u b s t i t u e n t s a t p h o s p h o r u s . The 
r i n g s h a v e a l s o b e e n c h a r a c t e r i z e d by *^C a n d *H NMR, 
e l e m e n t a l a n a l y s i s , a n d m o l e c u l a r w e i g h t m e a s u r e m e n t s 
u s i n g b o t h mass s p e c t r o s c o p y and c r y o s c o p i c t e c h n i q u e s . 

P r e l i m i n a r y s t u d i e s i n d i c a t e t h a t t h e r e a c t i o n s o f 
some o f t h e s e d i m e r s w i t h R P C 1 2 r e s u l t i n e l i m i n a t i o n 
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o f M e 3 S i C l and r i n g o p e n i n g r e a c t i o n s . D e t a i l s o f 
t h e s e i n v e s t i g a t i o n s and c o m p l e t e c h a r a c t e r i z a t i o n o f 
t h e s e r i n g s y s t e m s w i l l be r e p o r t e d e l s e w h e r e . 
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