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FOREWORD 
The ACS S Y M P O S I U M S E R I E S was founded in 1974 to provide 
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 

lfred Werner used the classical approach to prove his intuitive ideas 
concerning the stereochemistry of coordination compounds. After 

Werners death there was little interest in inorganic stereochemistry for 
a long period. One of the groups which helped to revive interest in this 
field and to keep it active for many years was that of John C. Bailar, Jr. 
at the University of Illinois. We are pleased that he consented to write 
Chapter 1, for this volume as a personal account of his years in research. 
It is particularly appropriat
Meeting in Hawaii in observance of his 75th birthday. 

Optical activity was very important in finally convincing Werner's 
critics of his theories concerning the stereochemistry of coordination 
compounds. The study of these optically active compounds has yielded 
increasingly detailed stereochemical information with improvements in 
theory and instrumentation and a significant increase in the research 
effort. The developments in ligand field theory, theories of optical activity, 
the classical Corey-Bailar paper {see Chapter 1, Ref. 26) on conforma
tional effects, and the establishment of absolute configurations for a large 
number of metal complexes {see Chapter 2) have been important in 
stimulating the development of the stereochemistry of metal complexes. 

Major activities in the study of inorganic stereochemistry are now 
spread throughout the world. The first joint ACS/CSJ Chemical Congress 
in Hawaii provided an opportunity to bring together many active investi
gators from the United States, Japan, and Australia. It has been 25 years 
since the absolute configuration of the first metal complex was determined; 
the contributions to this symposium are representative of the achieve
ments in this field since that time. 

The volume begins with some historical background, the opening 
lectures of the original symposium, and an invited paper on organometallic 
chemistry. Stereochemical assignments depend on definitive x-ray work 
and this work provides a basis for linking theory to experiment. Important 
new theoretical developments should aid our understanding of and 
stimulate new work in the study of optically active metal compounds. 
The stereochemical bases for stereoselectivity in square planar and octa
hedral complexes and in asymmetric hydrogénation are presented as well 
as other aspects of synthesis and stereoselectivity. Bioinorganic topics 
include microbial iron transport compounds and metal ion interactions 
with azoproteins. Various contributions to C D spectra and the effect of 

ix 
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solvent on the spectra are considered. Photoacoustic detection of C D 
and stereochemical description and notation also are discussed and should 
be instructive for workers in the field. The volume is representative of 
current work in the stereochemistry of optically active compounds of 
transition metals. 

We acknowledge the splendid cooperation of the contributors to the 
symposium and to this volume. Their efforts and those of the ACS Books 
Department staff in helping to publish the book soon after the symposium 
were crucial. We hope that this work will be useful to those active in 
the field and in arousing further interest in inorganic stereochemistry 
and its applications. 

YOSHIHIKO SAITO BODIE E. DOUGLAS 

University of Tokyo Universit
Tokyo 106, Japan Pittsburgh, PA 15260 

January 15, 1980 

χ 
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Research in the Stereochemistry of Cobalt Complexes 

JOHN C. BAILAR, JR. 
School of Chemical Sciences, University of Illinois, Urbana, IL 61801 

Stereochemistry, lon
is s t i l l a major area fo
methods of studying it have changed, and perhaps because of that, 
the emphasis on the topics under investigation has changed. Syn
thetic chemistry has been displaced by, or better, augmented by, 
physical methods. Both approaches are important and both contri
bute to the growth of our knowledge. It is most appropriate that 
we should hold a symposium on the stereochemistry of complexes 
and compare notes on what is being done in the countries which 
are represented at this meeting. In introducing the symposium, I 
should like to recount some developments of the nearly fifty 
years that I have been involved in this field. Most of the work 
which I shall describe was done by my students -- not that I 
think that their work is better than that of others, but because 
I know it better, and it serves to illustrate some interesting 
aspects of what I think of as the synthetic approach. Space 
alone would preclude discussing any more. 

My entrance into the field of inorganic stereochemistry was 
brought about in an unusual way. As an organic chemist, my in
terest lay chiefly in isomerism and isomeric rearrangements. One 
day in a class in general chemistry which I was teaching, there 
was a discussion of the hydrolysis of antimony trichloride, which 
leads to the precipitation of the oxychloride, SbOCl. One of the 
students referred to this as "antimony hypochlorite". While I 
was correcting his impression that "0C1" always represents a 
hypochlorite, it occurred to me that the hypochlorite of a metal 
in the +1 oxidation state would be isomeric with the oxychloride 
of that metal in the +3 state. This was the first time I had 
ever imagined that inorganic compounds could exist in isomeric 
forms, and it was an exciting idea. That very day, I began 
efforts to prepare the two isomers of T10C1, only to discover 
that thallous hypochlorite cannot exist, for the cation is easily 
oxidized and the anion is a strong oxidizing agent. However, the 
idea of inorganic isomers persisted and my thinking and reading 
soon led to the postulation of many other cases; for example, 

0-8412-0538-8/80/47-119-001$05.00/0 
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2 S T E R E O C H E M I S T R Y O F T R A N S I T I O N M E T A L S 

s e l o n o s u l f a t e and t h i o s e l e n a t e , phosphonium n i t r a t e and ammonium 
metaphosphate and hydroxylamine n i t r i t e and ammonium n i t r a t e . 
Of c o u r s e , one cannot go v e r y f a r i n l o o k i n g f o r isomers i n i n 
o r g a n i c c h e m i s t r y w i t h o u t d i s c o v e r i n g the whole, r i c h f i e l d o f 
c o o r d i n a t i o n compounds. And i f one can have i s o m e r i c r e a r r a n g e 
ments i n o r g a n i c m o l e c u l e s , why not i n the complexes o f c o b a l t , 
too? I t was thus t h a t I became an i n o r g a n i c c h e m i s t . 

The s t e r e o c h e m i s t r y o f c o o r d i n a t i o n compounds was a p a r t o f 
c h e m i c a l t h i n k i n g much e a r l i e r than i s g e n e r a l l y assumed. For 
example, as e a r l y as 1875, van H o f f suggested t h a t compounds con
t a i n i n g s i x groups a t t a c h e d t o a c e n t r a l m e t a l atom are a t the 
c o r n e r s o f an octahedron and t h a t geometric isomers s h o u l d e x i s t 
f o r s u i t a b l y s u b s t i t u t e d cases (1). However, i t was A l f r e d 
Werner who demonstrated t h a t t h i s i s i n d e e d the c a s e , and a l s o 
t h a t the f o u r c o v a l e n t p l a t i n u m ( I I ) compounds a r e c o p l a n a r  I n 
those e a r l y days, the m u l t i t u d
we now enjoy was not known
be made most l y on the b a s i s o f s y n t h e s i s and o t h e r c h e m i c a l e v i 
dence. P r o g r e s s was slow, f o r t h i s k i n d o f s t r u c t u r e determina
t i o n r e q u i r e s a g r e a t d e a l o f i m a g i n a t i o n and more e x p e r i m e n t a l 
work than d e t e r m i n a t i o n o f s t r u c t u r e by modern methods. 

C o n s i d e r , f o r example, Werner's i n g e n i o u s d e t e r m i n a t i o n o f 
the s t r u c t u r e s of c i s - and t r a n s - [ P t ( N H 3 ) 2 CI 2] ( 2 ) , and h i s 
d e m o n s t r a t i o n o f the o c t a h e d r a l s t r u c t u r e of s i x - c o o r d i n a t e com
p l e x e s through the o p t i c a l r e s o l u t i o n o f [ C o ( e n ) 2 ( N H 3 ) X ] 2 + (X = 
C l , Br) Ç3). We a r e now a b l e , by modern t e c h n i q u e s , not o n l y t o 
p e r f o r m these demonstrations q u i c k l y , b u t , i n the case o f c h i r a l 
complexes, to show the a c t u a l c o n f i g u r a t i o n s o f the isomers 
(4,5) . 

A f t e r Werner's death i n 1919, t h e r e was l i t t l e a c t i v i t y i n 
the f i e l d o f s t e r e o c h e m i s t r y o f c o o r d i n a t i o n compounds. An ex
c e p t i o n i s found i n the work o f Y u j i S h i b a t a , who had been one 
o f Werner's s t u d e n t s , and who c o n t i n u e d w i t h e x c e l l e n t s t e r e o 
c h e m i c a l work when he r e t u r n e d to Japan. H i s work on the 
enzyme-like a c t i v i t y o f c o b a l t complexes f u r n i s h e s e s p e c i a l l y 
i n t e r e s t i n g examples o f s t e r e o s e l e c t i v i t y and o f the c a t a l y t i c 
a c t i o n o f such compounds ( 6 ) . T. P. McCutcheon and V. L. K i n g , 
Americans who had done t h e i r theses on s t e r e o c h e m i c a l t o p i c s 
under Werner's guidance, d i d not c o n t i n u e i n t h a t f i e l d . K i n g , 
who a c t u a l l y performed the f i r s t r e s o l u t i o n o f an asymmetric 
complex ( 7 ) , went i n t o i n d u s t r i a l work. McCutcheon became a 
member o f the f a c u l t y a t the U n i v e r s i t y o f P e n n s y l v a n i a and d i d 
r e s e a r c h on complex compounds, but not on t h e i r s t e r e o c h e m i s t r y . 

In a l o n g paper which he p u b l i s h e d i n 1912 (_8), Werner 
d e s c r i b e d many c i s - t r a n s rearrangements which c o b a l t ( I I I ) com
pounds undergo d u r i n g replacement r e a c t i o n s . He a l s o d e s c r i b e d 
some r e a c t i o n s of o p t i c a l l y a c t i v e complexes, which g i v e op
t i c a l l y a c t i v e p r o d u c t s , such as the one shown by the e q u a t i o n 

l e v o - c i s - [ C o ( e n ) 2 C I 2 ] C I + K 2 C 0 3 -> d e x t r o - [ C o ( e n ) 2 C 0 3 ] C l + 2KC1. 
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1. BAiLAR Stereochemistry of Cobalt Complexes 3 

He had no way o f knowing whether t h i s r e a c t i o n i n v o l v e d an i n 
v e r s i o n o f c o n f i g u r a t i o n , but on the b a s i s o f such s t u d i e s , he 
suggested a mechanism f o r the famous Walden i n v e r s i o n o f o r g a n i c 
c h e m i s t r y , p o s t u l a t i n g t h a t the c e n t r a l atom o f a c h i r a l m o l e c u le 
e x e r t s a d i r e c t i v e i n f l u e n c e . 

Some years l a t e r , Robert Auten, an undergraduate s t u d e n t a t 
the U n i v e r s i t y o f I l l i n o i s , a c h i e v e d an o p t i c a l i n v e r s i o n i n the 
r e a c t i o n j u s t mentioned ( 9 ) . P a t t e r n i n g h i s work on t h a t o f 
Walden, Auten used s i l v e r carbonate i n s t e a d o f potas s i u m c a r 
bonate and o b t a i n e d a l e v o - r o t a t o r y carbonato complex. I t was 
soon found t h a t the c h o i c e o f carbonate i s not the i m p o r t a n t 
f a c t o r , and Dwyer, Sargeson and R e i d , i n A u s t r a l i a , showed t h a t 
the pH o f the s o l u t i o n i s the d e c i d i n g f a c t o r (10). A f t e r h i s 
i n i t i a l s u c c e s s , Auten l o o k e d f o r i n v e r s i o n s i n the r e a c t i o n s o f 
the d i c h l o r o complex w i t
them. I t i s most f o r t u n a t
f i r s t , f o r o t h e r w i s e , we would have concluded t h a t o p t i c a l i n
v e r s i o n s do not take p l a c e i n the r e a c t i o n s o f c o b a l t complexes, 
and p r o b a b l y would not have t r i e d c a rbonate. 

Werner's d i r e c t i o n s f o r the r e s o l u t i o n o f the d i c h l o r o com
p l e x are v e r y s i m p l e and q u i t e s p e c i f i c , but when Auten r e p e a t e d 
them, he o b t a i n e d no c r y s t a l s o f the d i a s t e r e o isomer a t a l l . 
S e v e r a l t r i a l s a l l gave n e g a t i v e r e s u l t s . Upon r e f l e c t i o n , Auten 
r e a l i z e d t h a t l a b o r a t o r i e s i n Europe are not heated as much as 
ours i n America, so he re p e a t e d Werner's d i r e c t i o n s w i t h the 
s o l u t i o n c o o l e d t o 16°. T h i s gave an e x c e l l e n t y i e l d o f pure 
p r o d u c t . Every chemist knows t h a t sometimes r e p e t i t i o n o f an
ot h e r ' s work does not g i v e good r e s u l t s ; many do not understand, 
however, t h a t the d i f f i c u l t y may l i e i n a minor change i n con
d i t i o n s . 

I t was soon found t h a t an i n v e r s i o n takes p l a c e a l s o i n the 
r e a c t i o n 

[ C o ( e n ) 2 C l 2 ] C l + NH 3 + [ C o ( e n ) 2 ( N H 3 ) C 1 ] C 1 2 + [ C o ( e n ) 2 ( N H 3 ) 2 ] C l 3 

the c o n f i g u r a t i o n o f the f i n a l p r o duct depending upon the tempera
t u r e a t which the r e a c t i o n takes p l a c e (11). T h i s seems t o be a 
somewhat more c o m p l i c a t e d r e a c t i o n than the one w i t h c a r b o n a t e , 
f o r i t proceeds i n two d i s t i n c t l y v i s i b l e s t e p s w i t h sharp changes 
i n c o l o r , and i n each st e p the product may have the o r i g i n a l con
f i g u r a t i o n , the m i r r o r image one, o r the t r a n s c o n f i g u r a t i o n . The 
r o t a t i o n s observed f o r the diammine were very s m a l l , but were con
f i r m e d by o b s e r v a t i o n s made by s e v e r a l d i f f e r e n t people and even 
by s e c r e t l y h a v i n g the o b s e r v e r s check the same sample r e p e a t e d l y . 
The r e s u l t s are shown i n Table I . 
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4 S T E R E O C H E M I S T R Y O F T R A N S I T I O N M E T A L S 

Table I . 
R e a c t i o n o f Ammonia w i t h l e v o - [ C o ( e n ) 2 C I 2 ] C I t o y i e l d 

[ C o ( e n ) 2 ( N H 3 ) 2 ] C l 3 

Reagent Temperature R a t i o c i s / t r a n s 
i n p r o d u c t 

[ o ] D 

L i q u i d NH3 ( s o l u t i o n ) -77° 2.5/1 -32° 
L i q u i d NH3 ( s o l u t i o n ) -38° 2.85/1 -22° 
L i q u i d NH 3 ( s o l u t i o n ) +25° 3.7/1 +18° 
Gaseous NH3 +80° 00 +38° 

In the r e a c t i o n a t 80°, the complex remained s o l i d throughout 
the r e a c t i o n . E v i d e n t l y v e r y l i t t l e rearrangement o f any s o r t 
took p l a c e , f o r the v a l u
d e x t r o [ C o ( e n ) 2 ( N H 3 ) 2 ] C 1
i n t h i s r e a c t i o n was somewha  s u r p r i s i n g ,
g a t o r s , f o r i t had been assumed t h a t the two s t e p s would f o l l o w 
the same mechanism, so t h a t any i n v e r s i o n t h a t took p l a c e i n the 
f i r s t s t e p would be c o u n t e r b a l a n c e d by an i n v e r s i o n i n the 
second. However, E a r l Greenwood was not a b l e to get an i n v e r s i o n 
i n the r e a c t i o n (12) 

[ C o ( e n ) 2 ( N H 3 ) C l ] C l 2 + NH 3 + [ C o ( e n ) 2 ( N H 3 ) 2 ] C l 3 

so i t was assumed t h a t i n v e r s i o n takes p l a c e o n l y i n the r e 
placement o f the f i r s t c h l o r o group. Ronald A r c h e r l a t e r showed 
t h a t t h i s i s , i n d e e d , the case ( 1 3 ) . 

C l o s e l y r e l a t e d t o t h i s i s the much l a t e r work o f E i s h i n 
Kyuno and Laurence Boucher (14) , who s t u d i e d the r e a c t i o n s o f the 
t r i e t h y l e n e t e t r a m i n e complex, [ C o ( t r i e n ) C l 2 ] C 1 . The complex 
c a t i o n o f t h i s substance e x i s t s i n t h r e e s t e r e o i s o m e r i c forms 

β trans 

both the a and β forms b e i n g asymmetric and r e s o l v a b l e . T r e a t 
ment w i t h base c o n v e r t s the d e x t r o - a - f o r m i n t o i t s l e v o - 3 - i s o m e r . 

We once thought t h a t a l l o f these rearrangements r e s u l t 
from the a b s t r a c t i o n o f a p r o t o n from a c o o r d i n a t e d amine and 
the motion of the r e s u l t i n g n e g a t i v e l y charged amine group from 
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1. BAiLAR Stereochemistry of Cobalt Complexes 5 

one c o r n e r o f the octahedron t o an a d j a c e n t one. T h i s may not be 
the c a s e , however, f o r A r c h e r and h i s s t u d e n t s a t the U n i v e r s i t y 
o f Massachusetts have observed an i n v e r s i o n i n a r e a c t i o n o f an 
o c t a h e d r a l complex i n which t h e r e are no a c i d i c p r o t o n s (15). 

[ F e ( o - p h e n ) 3 ] 3 + + 2CN~ + c i s - [ F e ( o - p h e n ) 2 ( C N ) 2 1 + + o-phen 

Another s t e r e o c h e m i c a l problem concerns the p r e p a r a t i o n o f 
o c t a h e d r a l complexes o f known c o n f i g u r a t i o n . 

The R u s s i a n c h e m i s t s , who ar e masters i n the m a n i p u l a t i o n 
of p l a t i n u m complexes, have done i n t e r e s t i n g work i n t h i s a r e a . 
For example, Chernyaev and Krasovskaya (16) prepared a l l f i v e 
isomers o f [ P t ( N H 3 ) 2 C l 2 B r 2 ] : 

I I I I I 

Dr. Anna Gel'man (now u s u a l l y t r a n s l i t e r a t e d as Hel'man) and her 
c o l l e a g u e s have a l s o done e l e g a n t work of t h i s type and have 
succeeded i n making the compound 

I 
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6 S T E R E O C H E M I S T R Y O F T R A N S I T I O N M E T A L S 

i n which the p o s i t i o n o f each group i s f i r m l y e s t a b l i s h e d (17). 
T h i s substance i s c h i r a l , but e v i d e n t l y no attempt has been made 
to r e s o l v e i t . P l a t i n u m l e n d s i t s e l f r e a d i l y t o these i n v o l v e d 
s y n t h e s e s , f o r the t r a n s e f f e c t i n the r e a c t i o n s o f p l a n a r 
p l a t i n u m ( I I ) complexes a l l o w s the p r e p a r a t i o n o f isomers which 
o f f e r good s t a r t i n g p l a c e s f o r the f o r m a t i o n o f the d e s i r e d o c t a 
h e d r a l p l a t i n u m ( I V ) compounds. I t i s u n f o r t u n a t e t h a t Dr. 
Hel'man has not c o n t i n u e d her v e r y i n t e r e s t i n g r e s e a r c h on the 
s y n t h e s i s of compounds c o n t a i n i n g a m u l t i p l i c i t y of u n i d e n t a t e 
groups, f o r i t i s e x c e l l e n t work. For some y e a r s now she has 
been i n v o l v e d i n the c h e m i s t r y of a c t i n i d e elements. 

The p r e p a r a t i o n of t h r e e isomers of [Co(en)(NH3)2CI2]C1 by 
Peppard ( 1 8 ) , I t h i n k , ranks i n importance w i t h those j u s t 
mentioned. 

I n these s y n t h e s e s , Peppard had t o r e l y on the v e r y weak t r a n s 
e f f e c t i n the c o b a l t complex [Co (NH 3) (S0 3) 2]"· The c i s -
d i c h l o r o - c i s - d i a m m i n e e t h y l e n e d i a m i n e c o b a l t ( I I I ) i o n i s asymmetric, 
and Peppard p a r t i a l l y r e s o l v e d i t i n t o i t s e n a n t i o m e r i c forms by 
a d s o r p t i o n on q u a r t z ground to 100 mesh. T h i s method of r e s o l u 
t i o n i s f r e q u e n t l y , but not always, e f f e c t i v e . B e f o r e i t can be 
f u l l y u t i l i z e d , we w i l l need t o l e a r n a g r e a t d e a l more about 
the p r i n c i p l e s o f a d s o r p t i o n . The p r e p a r a t i o n o f Peppard's 
isomer's i s p a r t i c u l a r l y i n t e r e s t i n g because c o b a l t ( I I I ) com
p l e x e s r e a r r a n g e e a s i l y , whereas the p l a t i n u m compounds do n o t . 

Another case i n v o l v i n g c o b a l t complexes was s t u d i e d by 
Work (19) , who p r e p a r e d , among o t h e r s , a compound c o n t a i n i n g 
t h r e e d i f f e r e n t b i d e n t a t e a m i n e s — e t h y l e n e d i a m i n e , t r i m e t h y l e n e -
diamine, and neopentanediamine, [ C o ( e n ) ( t n ) ( d a n ) ] C I 3 , by 
f o l l o w i n g and e x t e n d i n g a s y n t h e s i s f i r s t d e s c r i b e d by Werner (20): 

[ C o ( N H 3 ) 3 ( N 0 2 ) 3 ] - ^ > [ C o ( e n ) ( N H 3 ) ( N 0 2 ) 3 ] - ^ > [ C o ( e n ) ( t n ) ( N 0 2 ) 2 ] N 0 2 

5 £ U t r a n s - [Co (en) ( t n ) C l 2 ] CI [ Co (en) (tn) (dan) ] CI 3 

The l a s t s t e p was a c c o m p l i s h e d through the c a t a l y t i c i n f l u e n c e o f 
d e c o l o r i z i n g c a rbon, a method f i r s t used by Bjerrum (21) and 
developed by Work (22). D o u b t l e s s , t h i s s y n t h e s i s now c o u l d 
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be performed more e a s i l y through the e l e g a n t t r i s - c a r b o n a t o 
method developed by M o r i and h i s c o l l e a g u e s (23). 

A g r e a t d e a l c o u l d be l e a r n e d by f u r t h e r s y n t h e t i c s t u d i e s 
o f unusual complexes o f p l a t i n u m and c o b a l t , as w e l l as o t h e r 
m e t a l s , but the syntheses a r e l o n g and m u l t i s t e p and few chemists 
have the p a t i e n c e to attempt them. Knowledge gained by work on 
the complexes o f one metal can be used o n l y i n d i r e c t l y i n s t u d i e s 
of a n o t h e r ; the c h e m i s t r i e s o f the complexes o f c o b a l t ( I I I ) and 
ch r o m i u m ( I I I ) , f o r example, a r e q u i t e d i f f e r e n t , a l t h o u g h these 
substances c l o s e l y resemble each o t h e r i n p h y s i c a l p r o p e r t i e s . 

Another t o p i c o f i n t e r e s t i n the s t e r e o c h e m i s t r y o f c o o r 
d i n a t i o n compounds i s t h a t o f s t e r e o s e l e c t i v e r e a c t i o n s . The 
f i r s t case o f t h i s was d i s c o v e r e d by Tschugaeff (Chugaev) and 
S o k o l o f f i n 19 07 (24). They prepared the t r i s - 1 , 2 - p r o p a n e d i a m i n e -
c o b a l t ( I I I ) complex fro
the i o n s o b t a i n e d c o n t a i n e
the d e x t r o - base, and t h a t the presence o f these i n the complex 
f o r c e d an o v e r a l l asymmetry upon i t . Thus, they o b t a i n e d [ D i l l ] 
and [Lddd] complexes, where the c a p i t a l l e t t e r s r e p r e s e n t the 
r o t a t i o n o f t h e complexes, and the s m a l l l e t t e r s , the r o t a t i o n 
of the molecules o f c o o r d i n a t e d base. Many people have worked 
i n t h i s f i e l d s i n c e , and a good d e a l has been l e a r n e d . Dwyer, 
Sargeson, and members o f t h e i r groups have been p a r t i c u l a r l y 
p r o d u c t i v e i n t h i s f i e l d . The s u b j e c t was d i s c u s s e d i n d e t a i l by 
Jaeger ( 2 5 ) , who prepared t r i s - ( t r a n s - 1 , 2 - c y c l o p e n t a n e d i a m i n e ) 
r h o d i u m ( I I I ) and c o b a l t ( I I I ) i o n s , and found t h a t , u s i n g the 
racemic base, o n l y two of the p o s s i b l e i s o m e r s , ( D i l l and Lddd), 
were formed i n each case. Even i f o n l y one o r two molecules o f 
the o p t i c a l l y a c t i v e base were used a l o n g w i t h a s y m m e t r i c a l 
base, as i n [ C o ( e n ) 2 ( c p t d i n ) ] 3 + and [ C o ( e n ) ( c p t d i n ) 2 ] 3 + , a s t e r e o 
s e l e c t i v e e f f e c t was observed. L i k e w i s e , e f f o r t s t o prepare 
t r a n s - [ C o ( 1 - c p t d i n ) ( d - c p t d i n ) C l 2 ] + were w i t h o u t a v a i l . Jaeger 
was o f the o p i n i o n t h a t t h i s s t e r e o s p e c i f i c i t y was dependent upon 
the symmetry o f the c o m p l e x e s — t h e more s y m m e t r i c a l the m o l e c u l e , 
the g r e a t e r i t s s t a b i l i t y . I t i s now g e n e r a l l y agreed, however, 
t h a t the f o r m a t i o n o f some isomers i n p r e f e r e n c e t o o t h e r s 
depends upon the conformations o f the c h e l a t e r i n g s . T h i s concept 
i s l a r g e l y due t o P r o f e s s o r E. J . Corey ( 2 6 ) . 

The complexes o f prop y l e n e d i a m i n e (1,2-propanediamine) o f f e r 
a somewhat more c o m p l i c a t e d p i c t u r e than those o f t r a n s - c y c l o -
ρentanediamine, f o r the p r o p y l e n e d i a m i n e molecule not o n l y 
c o n t a i n s an asymmetric carbon atom, but i s a l s o u nsymmetrical. 
Werner r e p o r t e d the i s o l a t i o n o f a l l e i g h t o f the p o s s i b l e isomers 
o f c i s - [ C o ( e n ) ( p n ) ( N 0 2 ) 2 ] + , and t h i s was supported by the work o f 
Cooley and L i u ( 2 7 ) , who o b t a i n e d f o u r isomers o f c i s -
[ C o ( e n ) ( 2 , 3 - b n ) ( N 0 2 ) 2 ] + and f o u r c i s - [ C o ( e n ) ( i s o - b n ) ( N 0 2 ) 2 ] + . 
(2,3-bn = racemic NH 2CH(CH 3)CH(CH 3)NH 2; i s o - b n = NH 2C(CH 3) 2CH 2NH 2). 
The isomers c o n t a i n i n g 2,3-butylenediamine proved t o be o f un
eq u a l s t a b i l i t y — i n f a c t , i n the e a r l y e x p e r i m e n t s , o n l y t h r e e 
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isomers were o b t a i n e d , and, t o i s o l a t e the f o u r t h , the experiment 
had t o be r e p e a t e d , u s i n g m i l d e r c o n d i t i o n s . 

In the e a r l y b e l i e f t h a t these r e a c t i o n s were c o m p l e t e l y 
s t e r e o s p e c i f i c , we f e l t t h a t the r e a c t i o n of [ C o ( 1 - p n ) 2 C I 2 ] + w i t h 
carbonate c o u l d not g i v e an o p t i c a l i n v e r s i o n under any e x p e r i 
mental c o n d i t i o n s . T h i s i s , o f c o u r s e , not t r u e , as was soon 
shown by the work o f McReynolds (28) and S i s t e r Mary M a r t i n e t t e 
Hagan (29) . I n a c o b a l t complex c o n t a i n i n g asymmetric l i g a n d s , 
one form i s p r e f e r r e d , but b o t h forms can and do e x i s t . I n the 
same b e l i e f , we hoped t h a t s t e r e o s p e c i f i c e f f e c t s c o u l d be used 
i n the r e s o l u t i o n o f racemic p o t e n t i a l l i g a n d s . T h i s does g i v e 
p a r t i a l r e s o l u t i o n , as shown by the work o f Johnson ( 3 0 ) , 
Jonassen and Gott (31,32) and Hamilton (33). Hamilton's r e s u l t s , 
shown i n Table I I , i n d i c a t e t h i s c l e a r l y . 

[Co a ~ p n ) 2 ( 1 - t a r t ) ] + + d - t a r t 2 " -> [Co (1-pn) 2 ( d - t a r t ) ] + 1 - t a r t 2 

B a 2 + + t a r t 2 " -> B a ( t a r t ) 

Time o f S t a n d i n g 
w i t h B a 2 + (hours) 

Y i e l d o f 
Ba t a r t (g) 

[α]ρ o f Recovered 
T a r t a r i c A c i d 

0 4.7 -6° 
0.2 1.5 0° 
0.5 0.6 +7.5° 
2 0.9 +7.5° 
4 1.6 +7.5° 

18 0.5 +12° 
72 0.2 +10° 

10.0 
( t h e o r e t i c a l ) 

He t r e a t e d [Co(1-pn)2CO3]C1 w i t h a 100% excess o f racemic t a r t a r i c 
a c i d to form the complex [ C o ( 1 - p n ) 2 t a r t ] + . The a d d i t i o n of an 
excess o f barium h y d r o x i d e t o the s o l u t i o n gave an immediate p r e 
c i p i t a t e o f barium t a r t r a t e which was removed from the s o l u t i o n , 
and which was shown to c o n t a i n an excess o f 1 - t a r t r a t e . The 
f i l t r a t e , upon s t a n d i n g , gave more p r e c i p i t a t e , which was removed 
at i n t e r v a l s , and was found t o c o n t a i n t a r t r a t e o f v a r y i n g 
r o t a t o r y power, but always d e x t r o . Attempts t o improve the 
s t e r e o s e l e c t i v i t y by u s i n g v e r y b u l k y asymmetric l i g a n d s , such 
as p h e n y l e t h y l e n e d i a m i n e , have not improved the s i t u a t i o n ( 3 4 ) . 

The f i r s t s t e r e o s e l e c t i v e syntheses o f c o o r d i n a t i o n com
pounds were performed by Jonassen and Huffman (35) who t r e a t e d 
[Co(en)2C0 3] w i t h d - t a r t a r i c a c i d . T h i s gave a m i x t u r e o f D-
and L - [ C o ( e n ) 2 d - t a r t ] + , w h i c h , upon treatment w i t h e t h y l e n e -
diamine a t 50°, gave a 70% y i e l d o f D - [ C o ( e n ) 3 ] 3 + . E i t h e r the 
two t a r t r a t o isomers were formed i n unequal amounts, o r the l e s s 
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s t a b l e one was co n v e r t e d t o the more s t a b l e one d u r i n g the r e 
a c t i o n w i t h e t h y l e n e d i a m i n e . S i m i l a r l y , treatment o f the mixed 
t a r t r a t o complexes w i t h h y d r o c h l o r i c a c i d o r w i t h c a l c i u m n i t r i t e 
gave a preponderance o f d e x t r o - r o t a t o r y - c i s - [ C o ( e n ) 2 C I 2 ] + o r 
d e x t r o - r o t a t o r y - c i s - [ C o ( e n ) 2 ( N 0 2 ) 2 ] + , r e s p e c t i v e l y . 

One o t h e r t o p i c s h o u l d be m e n t i o n e d — t h e s y n t h e s i s o f com
p l e x e s i n which a c h e l a t i n g l i g a n d spans t r a n s p o s i t i o n s . Werner 
assumed t h a t a c h e l a t i n g l i g a n d must occupy c i s - p o s i t i o n s i n a 
complex and f o r o r d i n a r y l i g a n d s t h i s i s c e r t a i n l y c o r r e c t . 
However, s e v e r a l i n v e s t i g a t o r s have p r e s e n t e d e v i d e n c e t h a t under 
some c o n d i t i o n s a s i n g l e c h e l a t i n g group can reach a c r o s s the 
t r a n s - p o s i t i o n s o f a p l a n a r complex. S c h l e s i n g e r ( 3 6 ) , and 
I s s l i e b and H o h l f e l d (37) used b i d e n t a t e l i g a n d s w h i ch were l o n g 
enough to reach a c r o s s the d i a g o n a l o f a square p l a n a r complex 
o f C u ( I I ) o r N i ( I I ) . V enanz
s i z e d a r i g i d l i g a n d whic
d i a g o n a l o f a p l a t i n u m ( I I ) s q u a r e , but not to the edge

M a t t e r n and Mochida (40) used q u i t e a d i f f e r e n t approach, 
a t t a c h i n g a t r i d e n t a t e amine t o p l a t i n u m ( I V ) and then d e s t r o y i n g 
the bond between the m e t a l and the n i t r o g e n atom i n the c e n t e r o f 
the t r i d e n t a t e l i g a n d by r e d u c i n g the m e t a l t o p l a t i n u m ( I I ) , thus 
l o w e r i n g the c o o r d i n a t i o n number from s i x t o f o u r . 

A Β 
Before the experiment was t r i e d , t h e r e was no assurance i n any
one's mind t h a t the d e s i r e d bonds would break when the m etal 
was reduced, but i t was hoped t h a t the t r a n s e f f e c t o f the 
c h l o r i d e and the secondary n a t u r e o f the c e n t r a l amine n i t r o g e n 
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would l o o s e n those atoms from the m e t a l . H a p p i l y , t h a t i s what 
o c c u r r e d . On repeated c r y s t a l l i z a t i o n from w a t e r , the reduced 
product l o s t ammonia and c h l o r i d e , y i e l d i n g 

Compound B, i n b o i l i n g h y p o c h l o r i  a c i d
d i c h l o r o d i a m i n e p l a t i n u m ( I I )
c h e l a t e on each s i d e o  p l a t i n u  p l a n  y e
(41). 

There i s c e r t a i n l y no d e a r t h o f i n t e r e s t i n g and s i g n i f i c a n t 
s t e r e o c h e m i c a l problems a w a i t i n g s o l u t i o n . Many fundamental 
q u e s t i o n s remain t o be answered. A l s o , the growth o f b i o i n o r -
g a n i c c h e m i s t r y , the use o f metal complexes i n cancer chemotherapy, 
and the widespread concern o v e r p o l l u t i o n have opened up areas 
which w i l l keep a l l o f us busy f o r many years t o come. 

Literature Cited 

1. van't Hoff, J . H. Maandblad voor Natuurwetenschappen, 1895, 
6, 37. 

2. Werner, A. Z. anorg. Chem., 1893, 3, 310. 
3. Werner, A. Ber., 1911, 44, 1887. 
4. Saito, Yoshihiko. Topics in Stereochemistry, Volume 10, 

pages 95-174, Ernest L. Eliel and Norman L. Allinger, Eds. 
John Wiley and Sons, New York (1978). 

5. Igi, Kozo; Douglas, Bodie E. J. Coordination Chem., 1978, 
7, 155-161 and many other earlier articles in the series 
by Douglas and his students. 

6. Shibata, Y.; Yamasaki, Kazuo. J. Chem. Soc. Japan, 1933, 
54, 1207, and several preceding articles. 

7. King, V. L. J . Chem. Educ., 1942, 19, 345. 
8. Werner, Alfred. Ann., 1912, 386, 1. 
9. Bailar, John C., Jr . ; Auten, Robert W. J. Am. Chem. Soc., 

1934, 56, 774. 
10. Dwyer, Francis P.; Sargeson, Alan M.; Reid, Ian K. J. Am. 

Chem. Soc., 1963, 85, 1215. 
11. Bailar, John C., Jr . ; Haslam, John H.; Jones, Eldon M. 

J. Am. Chem. Soc., 1936, 58, 2226. 
12. Greenwood, Earl L . , B. S. Thesis, University of Illinois, 

1936. 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



1. BAILAR Stereochemistry of Cobalt Complexes 11 

13. Archer, Ronald D.; Bailar, John C., Jr. J . Am. Chem. Soc., 
1961, 83, 812. 

14. Kyuno, Eishin; Boucher, L. J.; Bailar, John C., Jr. J . Am. 
Chem. Soc., 1965, 87, 4458. 

15. Archer, Ronald D.; Suydam, L. Jill; Dollberg, Donald D. 
J. Am. Chem. Soc., 1971, 93, 6837. 

16. Chernyaev, I. I.; Krasovskaya, Ν. N. Russian J . Inorg. Chem., 
1959, 4, 455 (in English). 

17. Gel'man, A. D.; Essen, L. N. Doklady Akad. Nauk. S.S.S.R., 
1950, 75, 693; C. Α., 1951, 45, 3279h. 

18. Bailar, John C., Jr.; Peppard, D. F. J. Am. Chem. Soc., 1940, 
62, 105. 

19. Bailar, John C., Jr . ; Work, J . B. J . Am. Chem. Soc., 1946, 
68, 232. 

20. Werner, Alfred. Helv
21. Bjerrum, J . "Meta

Theory of Reversible Step Reactions"; P. Hasse and Son: 
Copenhagen, Denmark, 1941. 

22. Bailar, John C., Jr.; Work, J . B. J . Am. Chem. Soc., 1945, 
67, 176. 

23. Mori, M.; Shibata, M.; Kyuno, E . ; Adachi, T. Bull. Chem. Soc. 
Japan, 1956, 29, 883. See also a review by Shibata, Muraji 
Proc. Japan Acad., 1974, 50, 779 and the references therein; 
Bauer, H. F. ; Drinkard, W. C. J . Am. Chem. Soc., 1960, 82, 
5031. 

24. Tschugaeff, L . ; Sokoloff, W. Ber., 1907, 40, 177; 1909, 42, 
55. 

25. Jaeger, F. M. "Optical Activity and High Temperature 
Measurements"; McGraw-Hill: New York, 1930. This contains 
references to similar work by Lifschitz and by Smirnoff. 

26. Corey, E. J.; Bailar, John C., Jr. J . Am. Chem. Soc., 1959, 
81, 2620. 

27. Cooley, William E . ; Liu, Chui-Fan; Bailar, John C., Jr. J. 
Am. Chem. Soc., 1959, 81, 4189. 

28. Bailar, John C., Jr . ; McReynolds, J. P. J. Am. Chem. Soc., 
1939, 61, 3199. 

29. Sister Mary Martinette, B.V.M.; Bailar, John C., Jr. J . Am. 
Chem, Soc., 1952, 74, 1054. 

30. Johnson, Roy D., Thesis, University of Illinois, 1948. 
31. Jonassen, Η. B.; Bailar, John C., Jr . ; Gott, A. D. J . Am. 

Chem. Soc., 1952, 74, 3131. 
32. Gott, A. D.; Bailar, John C., Jr. Ibid., 1952, 74, 4820. 
33. Hamilton, Nathan, Thesis, University of Illinois, 1947. 
34. Hryhorczuk, Lew, Thesis, University of Illinois, 1972. 
35. Jonassen, Hans B.; Bailar, John C., Jr . ; Huffman, Ε. H. 

J . Am. Chem. Soc., 1948, 70, 756. 
36. Schlessinger, N. Ber., 1925, 58, 1877. 
37. Isslieb, K.; Hohlfeld, G. Z. anorg. allgem. Chem., 1961, 

312, 169. 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



12 STEREOCHEMISTRY OF TRANSITION METALS 

38. Stefano, N. J.; Johnson, D. Κ.; Lane, R. M.; Venanzi, L. M. 
Abst. American Chem. Soc. Meeting (Boston, Mass., April 9-14, 
1972) INOR 150. 

39. Stefano, N. J.; Johnson, D. K.; Venanzi, L. M. Angew. Chem., 
Int. Ed. Eng., 1974, 13, 133. 

40. Mochida, Isao; Mattern, J . Arthur; Bailar, John C., Jr. 
J. Am. Chem. Soc., 1975, 97, 3021. 

41. Fry, Fred; Bailar, John C., Jr . ; unpublished work. 

RECEIVED September 11, 1979. 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



2 

Absolute Configuration of Transition Metal Complexes 

YOSHIHIKO SAITO 
The Institute for Solid State Physics, The University of Tokyo, Tokyo, Japan 

In this paper an overvie
studies of optically activ
interaction with other fields in coordination chemistry. A 
quarter of a century has passed away since the first determina
tion of the absolute configuration of a transition metal complex, 
[Co(en)3]3+, was carried out by anomalous scattering of X-rays 
(1). Since that time the number of transition metal complexes 
whose absolute configuration have been determined by X-ray method 
has been growing at an increasing rate and at this time it has ex
ceeded 130. In addition to this, numerous optically active 
organometallic compounds have been studied and their absolute con
figurations established. 

At an early stage of the development, the structural informa
tion was rather fragmentary. Nowadays, however, the accumulation 
of structural data for isomers has enabled us to understand 
structural principles and the optical properties of chelate com
plexes in considerable detail. In this connection, column chroma
tography on SP Sephadex has played an important role in the sepa
ration of isomers of coordination compounds (2). In view of the 
large number of structures, a few basic series of structures will 
be taken up and discussed. 

Among the transition metal complexes, the tris(diamine)metal 
system, particularly tris(ethylenediamine)cobalt(III) and its 
analogues, has been studied most extensively from both experi
mental and theoretical sides. 

Five-Membered Chelate Rings 

The cause of the isomerism exhibited by this system may be 
characterized briefly as a combination of configurational and 
conformational isomerism, the latter arising from non-planarity 
of metal-ethylenediamine chelate ring. According to IUPAC nomen
clature (3), the designation of the configurational chirality is 
based upon the edges of the octahedron spanned by the chelate 
rings. Any two such edges form a pair of skew lines describing a 
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14 STEREOCHEMISTRY OF TRANSITION METALS 

screw of the same handedness because of the presence of a three
f o l d axis. The configurational c h i r a l i t y i s designated by Λ 
(left-handed screw) or Δ (right-handed screw). The designation of 
conformation i s also based upon the prin c i p l e of a pair of skew 
l i n e s . For ethylenediamine one of these l i n e s i s defined by the 
two chelating nitrogen atoms and the other by the two carbon atoms 
i n the chelate r i n g . This i s used to characterize the conforma
t i o n a l c h i r a l i t y S (right-handed) or λ (left-handed). The con
cepts symbolized by £ , Λ and S , λ are invariant under proper 
rotations but are converted into the other under improper rota
tions. The combination of these symbols, however, gives r i s e to 
a characterization of the chelate r i n g which i s c h i r a l i t y i n v a r i 
ant. This characterization which i s relevant when discussing the 
complex of unknown absolute configuration, or the conformational 
energy, i s designated b
Ba i l a r (k) · Here, the
refer to the direction of the bond between the carbon atoms of the 
chelate r i n g r e l a t i v e to the threefold axis defined by the three 
edges of the octahedron spanned by the ligands. For example,Δ(λ) 
means a λ conformation associated with a configuration Δ and t h i s 
i s l e i . A l l the four combinations are: 

Δ(λ) or Λ(ί ) = l e i 
Δ(ί) orA(X) = ob 

There are eight possible isomers i n the [M(en)-] system. They 
comprise two catoptric series: l e l ^ , l e l p O b , l e l o b 2 and ob_ with 
Δ and Λ absolute configurations, respectively. Crystal struc
tures have been determined for a number of [Co(en),] and 
[Cr(en)_] s a l t s . The l e i - isomers are most frequently recog
nized i n these structures. Table I l i s t s examples of conformers 
of [Coien)-]* 1" and iCr(en)^} other than l e l T . I t seems that 

? 5 5 
Table I Compounds containing complex cations with conformations 

other than l e i , 

Compound Conformation Refs. 
[Co(en) 5]CSnCl 3]Cl 2 l e l 2 o b 
[Co ( en) 3 ] [ P b 2 C l 9 ] C l - 3 ^ 0 l e l 2 o b ( 6 ) 

[Cr(en) ?][Ni(CN) ?]·1 .5H 2 0 l e l 2 o b , l e l o b 2 ( 7 ) 

( - ) 5 8 9 [ C r ( e n ) 3 ] ( S C N ) 3 l e l o b 2 ( 8 ) 

[Cr(en) ?][Co(CN) g]·6H 2 0 
0 b 3 

(2) 
( +) 5 g 9 [ C r (en) ^Cl^ 2^0 l e l 3 , le^ioO^lel+^+OJéob) ( 1 0 ) 

[Cr (en) ?](SCN) ^0.75^0 lel 2 ( 7 0#lel+ 3 0&>b) ( 1 1 ) 

the conformers other than l e i - , appear more frequently i n Cr(III) 
complexes than i n Co(III) complexes. X-ray evidence always 
indicates that such isomers are favored because they allow more 
hydrogen bonding i n the c r y s t a l . In ( + ) c o Q - A - [ C r ( e n ) - ] C l _ » 2 H p 0 , 
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2. SAITO Absolute Configuration 15 

one of the three chelate rings exhibits conformational disorder 
and i t s conformation can be represented as 6($>$ + 4θ# λ. In the 
case of [0Γ(βη)-](30Ν)_·0·75Η 20 the disorder vanishes and the con
formation changes to lél,on lowering the temperature to 133K, 
whereby the unit c e l l volume contracts by 2.7#* r e f l e c t i n g the 
more compact l e l _ conformers, but no change i s observed i n the 
packing mode ( 12^ Though to less extent, similar conformational 
disorder was recently detected i n crystals of (+) o Q - ( 3 , 3'-di-
methyl-2,2,-bipyridine)bis(ethylenediamine)cobalt\±II) chloride 
diperchlorate monohydrate. The absolute configuration can be 
desiganted as /\(6»-dmbpy, 90% λ + 10#£") (13). In crystals of 
(+) t-gQ-[Co(enV]Cl ·Η<), the carbon atoms of the chelate ring that 
i s most loosely packea, appear to o s c i l l a t e with large amplitudes 
nearly perpendicular to the C-C bond 0 4 ) . NMR spectra indicated 
that the ligands i n [Co(en)./) underg  rapid inversio  betwee
and λ conformation i n solutio
conversion for the five-membere g  CCriCOj^iMe^en)], 
where Me^en stands for N^N^N'-tetramethy^ethylenediamine, was 
determined to-.be of the order of 39 kJ mol" from a band shape 
analysis of C NMR spectra of the compound (16). Table II l i s t s 
the observed geometries of the complex ions, [Co(en)_] and 
[Cr(en)-] , together with the result of s t r a i n energy minimiza
tion (17). 

Table II Geometries of the complex ion [M(en) 3]^ + 

M M-N o N-C C-C N-M-N M-N-C N-C-C 
Co* 1.973 A 1.486 1.509 85.3° 109.1 107.4 
Cr** 2.067 1.493 1-514 82.9 109.6 107.9 
calc.*** 2.018 1.475 1.541 86.6 106.7 107.7 

* Average of 13 structures 
** Average of s i x structures 
*** Calculated by s t r a i n energy minimization 

The Co-N bond i s shorter by about o0.1 A than the Cr-N bond 
and the N-Co-N angle i s greater by 2.3 than the N-Cr-N angle. No 
appreciable change i s observed i n the geometry of the coordinated 
ethylenediamine molecule. The d i s t o r t i o n of the [MNg] octahedron 
i n [Cr(en)_]^ i s s l i g h t l y more marked than i n the cobalt ana
logue. Both octahedra are s l i g h t l y compressed and twisted. oThe 
twist angle ω , which i s zero for a trigonal prismatic-.and 60 f o r e 

a regular octahedral arrangement i s 55 for [Co(en)_]^ + and 53*5 
for [Cr(en) r * . ^ 

In 19^9» Corey and Bai l a r assessed the s t a b i l i t i e s of 
[Co(en)_r isomers for the f i r s t time by conformational analysis^ 
and calculated that the l e i - isomer i s more stable by 7*6 kJ mol"" 
than the ob, isomer on the oasis of calculation of non-bonded 
Η.··Η interactions (4). Following t h i s pioneering work, the sta
b i l i t y of the M(en) ring was studied by mapping of s t r a i n energy 
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surfaces Q 8 , 19.» 2 0 ) · It turned out that the st r a i n energy i s 
extremely sensitive to the kind of non-bonded potential function. 
Thus various non-bonded potential functions were evaluated. Re
cently Niketio and Rasmussen used a fast convergent energy mini
mization program to calculate equilibrium conformations of 
[M(en),] conformers ( 1 7 ) · Table III shows the s t r a i n energies of 
the four conformers and the calculated equilibrium geometries of 
the l e l ^ * s o m e r s a r e included i n Table II· 

Table III Strain energies for [M(en)^] conformers 

Strain energy 7.16 9.84 11.93 1 1 . 9 1 kJ mol" 1 

l e l 3 
l e l 2 o b l e l o b 2 

7.16 9.84 1 1 . 9 3 

Energy d i f - 0 φ 0  ^
ierence 

As seen from Table II, the observed geometries of the complex 
ions are well reproduced by the selected force f i e l d , however, the 
minimized C-N distances are a l i t t l e too short and C-C much too 
long, the M-N-C angle i s too small. This i s because th e i r force 
f i e l d was o r i g i n a l l y developed to reproduce the early c r y s t a l 
structure determinations i n which the contribution of the hydrogen 
atoms was neglected ( 2 1 ) . 

When trans-1,2-diaminocyclohexane molecules coordinate to the 
cobalt atom, the resulting five-membered chelate ring can not 
exhibit puckering motion owing to fusion with the cyclohexane ring 
i n a chair conformation. A l l eight possible isomers of 
[Co(ichxn),]^ + ions were separated and characterized ( 2 2 ) . The 
absolute configurations of a l l the isomers have been established 
by the X-ray method ( l e i , , 2 3 ? l e l 2 o b , 24; l e l o b 2 , 2 5 ; ob 2 6 ) . 
Figure 1 .shows a perspective drawing ofT-)cgoCCo(+chxn)2-
(-chxn)]^* ion. Two of the C-Cobonds i n the chelate rings are 
incl i n e d at a mean angle of 3 · 9 with respect to the pseudo three
fo l d axis of the complex ion, while the remaining one i s at an 
angle of 64.4 · Thus the complex ion takes the l e l 2 o b conforma
t i o n . 

The energy difference between the l e i , - and ob--isomers of 
[Co(en),] has not been determined experimentally yet.-The d i f -
ference^between (-) o^-lel^-^and (+) c .o Q-ob,-[Co(R-pn),]' : > + has been 
determined to be 6 . ? KJ mol ( 2 7 ) and V 6 . 7 3 kJ mol" { 2 8 ) . 
Schâffer and his collaborators examined the trisÇ(±)-trans-1,2-
diaminocyclohexane]cobalt(III) system ( 2 2 ) . Equilibrium between 
the isomers was established by the presence of charcoal as cata
l y s t at 3 9 3 K . The equilibrium mixture was separated by column 
chromatography on a Sephadex ion exchange column and the formation 
r a t i o s were determined. On the other hand, equilibrium geometries 
of the four conformers, l e i , , l e l 2 o b , l e l o b 2 and ob,, were calcu
lated by Boyd's procedure ( 2 9 , 3 0 7 . The s t r a i n energies are shown 
i n Table IV. The values do not d i f f e r very much from those for 
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2. sAiTo Absolute Configuration 17 

l e l 3 l e l 2 o b l e l o b 2 

Total s t r a i n 
6 7 . 2 1 6 9 . 4 7 7 1 . 6 8 

energy 
6 7 . 2 1 6 9 . 4 7 7 1 . 6 8 

Energy d i f  0 . 0 0 2 . 2 6 4 . 6 5 
ference 0 . 0 0 0 . 9 3 3 . 7 2 

Table IV Strain energies for [Co(±chxn) 3]^ + conformers 

7 2 . 2 7 kJ mol" 1 

5 . 0 6 

8 . 2 0 * 

*Experimental 
values 

[Οο(βη)_]^ + conformers, indicating that the presence of the fused 
cyclohexane ring does not affect the energy differences between 
the conformers very much
of formation percentag
seen from the figure, a roughly l i n e a r relationship exists, sug
gesting that formation percentages are controlled largely thermo-
dynamically. In constructing t h i s plot, the formation percentage 
of l e l 2 o b and l e l o b 2 has been divided by 3 to take the s t a t i s t i c a l 
factor into account. The calculated s t r a i n energies indicate that 
the preference for the l e i conformation i s caused largely by 
N-H...H-C interactions. 

The eight isomers of [Cr(±chxn),] have also been isolated 
( 3 1 ) . The absolute configurations were correlated through the 
X-ray powder patterns of the active racemate containing analogous 
Co(III) complexes of known absolute configuration. 

Six-membered Chelate Rings 

Three conformations are possible for a six-membered metal 
trimethylenediamine ring: 

i ) r i g i d chair form with mirror symmetry 
i i ) twist boat form with a twofold axis of rotation 
i i i ) boat form with mirror symmetry 

The twist boat form i s c h i r a l and there are two enantiomeric con
formations. The c h i r a l i t y can be defined i n the same way as a 
cobalt-ethylenediamine ring and designated as S and λ. The t h i r d 
form, a boat form cannot be accommodated to form a tris(bidentate) 
complex and, i n fact, such a structure has not yet been reported. 
Niketio and Woldbye showed that there exist 1 6 possible conformers 
of the [M(tn),] system for each of the absolute configurations Δ 
and Λ » i n which they adopt the three stable configurations: chair 
and 8 - and λ-skew boat forms ( 3 2 ) · 

(-)_o p-[Co(tn),] takes the C -chair, conformation and i t s 
absolute configuration i s Λ ( 3 3 » 3 4 / · The shape and the size of 
the three chelate rings are not exactly i d e n t i c a l but d i f f e r s i g 
n i f i c a n t l y . The six-membered chelate ring i s f l e x i b l e and i s 
eas i l y deformed by packing forces i n the cr y s t a l l a t t i c e . In one 
of the chelate rings that i s most loosely packed the carbon atoms 
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I I I I I 
66 68 70 72 74 

strain energy (kJ Π Ί Ο Γ 1 ) 

Figure 2. A plot of log of formation percentage vs. minimized strain energy for 
the [ Co( ±chxn)3]3+ system 
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exhibit much greater thermal motion r e l a t i v e to those i n other 
chelate rings, r e f l e c t i n g the f l e x i b i l i t y of the six-membered 
chelate rings. In crystals of [Cr(tn),][Ni(CN)->2HpO the complex 
cation takes the s y n - c h a i ^ - l e l conformation [/\(apê ) and i t s 
enantiomer] (35)· Recent calculations by consistent force f i e l d 
technique indicated that the C -c h a i r , conformer represents the 
global minimum, supporting the f l e x i b i l i t y of the chelate r i n g . ^ 
The s y n - c h a i r 2 - l e l conformer i s higher i n energy by 10 .9 fcJ mol" · 
The observed shape and size of the complex ion, [Co(tn),] can be 
well reproduced by the s t r a i n energy minimization ( 3 6 ) · 

There are three isomers of 2,4-diaminopentane: R,R, S,S, and 
R,S. When thi s molecule forms a six-membered chelate ring, the 
equatorial preference of the substituted methyl groups fixes the 
conformation of the chelate r i n g as follows: 

R,S-ptn : chai
R,R-ptn : λ-twist-boa
S,S-ptn : S-twist-boat. 

The absolute configuration of the l e i , - and ob,-isomers of 
[Co(R,R-ptn),Y* are already known [ ( - ) , ^ i e l - [ C o f R , R - p t n ) , ] ^ + , 
( 3 7 ) ; ( + ) 5 ^ o b -[Co(R,R-ptn) ] ^ + , (38)3· There are two possible 
geometric isomers for [ C o ( R , S - p t n ) · fac-(C -chair,) and mer-
(C -chair,) forms. The two isomers were separated ana resolved 
into o p t i c a l isomers ( 3 9 ) · The cr y s t a l structure of (+) c Q q ~ 
[Co(R,S-ptn),][Co(CN)g]*5H 20, the isomer which gave crystals 
suitable for X-ray work, was determined (40)· Figure 3 shows the 
absolute configuration of the complex ion, (+)egg-CCo(R,S-ptn),] · 
This i s the f a c i a l isomer and the three chelate rings take the 
chair conformation with the substituted methyl groups i n equatori
a l positions. No unusually large thermal motion of the ri n g 
carbon atoms was observed. 

The c i r c u l a r dichroism spectra i n the region of the f i r s t 
absorption band of the tris-bidentate complex ions having s i x -
membered chelate rings are known to be p a r t i c u l a r l y sensitive to 
experimental conditions. For example, the CD spectrum ofΔ-lel,-
[Co(R,R-ptn) ]C1, i n an aqueous solution shows two peaks: Δ £ = 
- 0 . 5 8 9 , 5 2 2 nm;A8 = +0.104, 462.5 nm, whereas that of Δ - l e l , -
[Co(R,R-ptn),](CIO. ), i n an aqueous solution gives a negative 
peak ( Δ ε = -0 . 5 8 7 ; at 5 1 8 nm (4l_). The s o l i d state CD d i f f e r 
from the solution CD and the solution CD are sensitive to the tem
perature of measurement and are affected by the presence of oxo 
anions (42, 4 3 , 44). Table V l i s t s the lowest frequency CD 
spectra of tris-diamine cobalt(III) complexes i n the CT region* 
A l l the absolute configurations have been established by the X-ray 
method. Unlike the CD spectra i n the f i r s t absorption region, 
those i n the CT region are insensitive to the conditions of the 
measurement described above. 

Using a l l of the recorded CD data for tris-diamine cobalt-
(III) complexes of known absolute configuration, an empirical rule 
r e l a t i n g the absolute configuration to CD spectra of tris-diamine 
cobalt(III) complexes i n the charge-transfer region was estab-
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Table V The lowest frequency CD band of tris-diamine cobalt(III) 
complexes i n the CT region 

•ζ -1 Absolute 
χΛ(Τ cm configuration 

5 8 9-CCo(en) 3]^ + 47.4 -31 Λ (45.) 
5 8 9-[Co(R,R-chxn) 3] 3 + 

5g 9-[Co(S,S-chxn) 3] 5 + 

5 8 9 - C C o ( t n ) 3 ] 3 + 

44.1 +48 Δ (22) 5 8 9-[Co(R,R-chxn) 3] 3 + 

5g 9-[Co(S,S-chxn) 3] 5 + 

5 8 9 - C C o ( t n ) 3 ] 3 + 

43.9 +17 Δ (22) 
5 8 9-[Co(R,R-chxn) 3] 3 + 

5g 9-[Co(S,S-chxn) 3] 5 + 

5 8 9 - C C o ( t n ) 3 ] 3 + 40.0 -13 Λ (46) 
5g 9-CCo(S-bn) 3] 3 + 40.2 - 1 2 Λ (42) 
5 g 9 - [ C o ( R , S - p t n ) 3 ] 3 + 39.4 -8.7 Λ (48) 
5 i f 6-CCo(R,R-ptn) 3] 3 + 42.0 +6.5 Λ (46) 
5 i f 6-CCo(R,R-ptn) 3] 3

5g 9-CCo(tmd) 3] 3 + 

5 i f 6-CCo(R,R-ptn) 3] 3

5g 9-CCo(tmd) 3] 3 + 43.5 -26.2 Α (49) 

l i s h e d : a tris(diamine)cobalt(III) complex whose sign of the 
lowest-frequency CD band i n the charge-transfer region i s negative 
has absolute configuration Λ ; i f i t i s positive, the absolute 
configuration i s Δ · In the case of (+)-^-[0ο(Κ, R-ptn) » the 
empirical rule i s violated, because the positive CD contribution 
of the o p t i c a l l y active ligand i t s e l f i s superposed i n "this 
region. 

Seven-Membered Chelate Rings 

Only a small number of structures containing seven-membered 
chelate rings are known ( 5 0 , 5 1 ) · Tris(l , 4-diaminobutane)cobalt-
(III) ion i s a t h i r d member of a basic series of structures: 
[Co {H 2N-(CH 2) n-NHj ] 5 +

f (n=1, 2 , 3 · · · ) · This complex ion has 
seven-membered chelate rings. Figure 4 shows the absolute con
figuration of (+)^gg-[Co(tmd).j] · It has D^ symmetry. Table VI 

Table VI Geometry of the chelate ring i n [Co(tmd),]' + 

obs. c a l c . Q 

Co-N 1 . 9 9 1 ( 5 ) 2.004 A 
N-C 1 . 5 0 6 ( 1 1 ) 1 - 5 1 5 
C-C 1 . 5 1 2 ( 1 3 ) 1 . 5 2 7 

N-Co-N 8 9 . 2 ( 2 ) 88.4° 
Co-N-C 1 2 2 . 9 ( 3 ) 120.4 
N-C-C 1 1 3 . 6 ( 5 ) 1 1 3 . 3 
C-C-C 1 1 1 . 6 ( 6 ) 1 1 3 . 7 
Co-N-C-C 9 6 . 2 1 0 1 . 1 

N-C-C-C 7 5 . 9 7 9 . 0 
C-C-C-C 5 6 . 3 5 6 . 1 

compares the observed and calculated geometries of the complex ion 
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Acta Crystallographica 

Figure 4. A perspective drawing of the 
complex ion (+)589-[Co(tmd)s]3+ (51) 
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(29)· The chelate ring takes on a skew conformation and i t i s 
strained: a l l the bond angles i n the chelate ring are greater 
than the normal tetrahedral angle. The minimized structure agrees 
reasonably well with the observation. The chelate ring i s c h i r a l 
and the conformation can be designated as λ provided that the 
h e l i c i t y i s defined by the l i n e joining nitrogen atoms and the 
l i n e joining the two carbon atoms next to the nitrogen atoms.o The 
central C-C bond i n the chelate r i n g i s i n c l i n e d by about 0.6 
with respect to the threefold axis of the complex ion. Hence this 
i s the l e i - isomer and the absolute configuration i s Δ(λλλ). A 
marked difference i n the geometry of t h i s complex ion from that of 
[Co(en)_r i s that three of the s i x methylene groups bonded to 
the nitrogen atoms are above the upper trigonal plane of the three 
nitrogen atoms and the remaining three are below the lower t r i g o 
nal plane of the nitroge
On the other hand, the ethylen
ring i s 3·83 A distant from the threefold axis, compared to 2.81 A 
i n the case of [Co(en),] . These characteristic features i n the 
arrangement of the non-ligating atoms affect the magnitudes of 
rotatory strengths R(E) and R(A ) . This point w i l l be discussed 
i n the next section. 

Circ u l a r Dichroism Spectra of Tris(diamine)cobalt(III) Complexes 

Tris(diamine)cobalt(III) complexes usually give two c i r c u l a r 
dichroism bands with opposite sign and different magnitudes i n the 
absorption region around 20x10 cm" i n aqueous solution (the 
f i r s t absorption region). Th^se bands are ascribed tçj the d. ^ 
electron t r a n s i t i o n from the A^ ground state to the E & and 
excited l e v e l s of octahedral parentage i n a D, environment. 
McCaffery and Mason measured the single c r y s t a l c i r c u l a r dichroism 
spectrum of (+) gg-CCoCen^J^Clg^NaCl^oH^O with l i g h t propagated 
p a r a l l e l to the optic axisf i n which a l l the complex ions are ar
ranged with their threefold axes p a r a l l e l to the optic axis (45). 
Under t h i s condition only the Ε component i s excited. This crys
t a l measurement showed that the i n t r i n s i c rotatory strength of the 
Ajp*E a t r a n s i t i o n i s positive and substantially larger than that 

of solution c i r c u l a r ^ichrogysm. This means that the i n t r i n s i c 
rotatory strength of A^—> A^ must be negative and almost as 
large as that of the Ε component, since the trigonal s p l i t t i n g i s 
small. Kuroda and Saito showed that the rotatory strengths of the 
Ε and A^ components can be separated by combining the c i r c u l a r 
dichroism spectra of a single uniaxial c r y s t a l and i n i t s micro-
c r y s t a l l i n e state (52). Even i f the threefold axis of the complex 
ion i s not oriented p a r a l l e l to the optic axis, i t i s possible to 
resolve the observed s o l i d state CD spectra into the Ε and A^ com
ponents by making use of the known cr y s t a l structure. Jensen and 
Galsbjil measured the c r y s t a l CD spectra of (+) 5gQ-[Co(en),]^ + ion 
doped i n a host c r y s t a l of racemic [iHen^^CIgiNaCl-ôH^O with 
l i g h t propagated both p a r a l l e l and perpendicular to the three-
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f o l d axis of [Co(en),]3+ (53)· This was f i r s t achieved by the 
phase modulation technique i n polarized spectroscopy (5^)· 
Before then, measurements of CD were r e s t r i c t e d to solution, 
glasses, fine powder and uniaxial crystals with l i g h t propagated 
along the optic axis, since the signal was otherwise distorted by 
interference from linear birefringence and l i n e a r dichroism. 
Table VII summarizes the observed rotatory strengths of some t r i s -
diamine cobalt(III) complexes. As seen from the table, R(E) i s 
positive and R(A 2) i s negative for the absolute configuration Λ t 
while R(E) i s negative and R(A 2) i s positive for Δ configuration, 
i n agreement with the well-known empirical rule for the solution 
CD spectrum. The values l i s t e d i n Table VII of R(E) and R(A 2) 
are corrected for random orientation factors of 2/3 and 1/3, re
spectively. Thus the net rotatory strength K(T^) = R(E) + R(A 2) 
may be compared d i r e c t l
which are l i s t e d i n the
ry strength RiT..) changes sign on going from s o l i d to solution i n 
the case of CCo?S,S-cptn),]^ and [Co(S,S-ptn)J · This observa
tion may be ascribed to tne ion association or conformational 
change i n solution (41). The absolute values of the observed 
R(E) and R(A p) possess nearly the same magnitudes with opposite 
signs. |R(E7| has the major rotatory strength for the complexes 
with five-membered chelate rings l i k e [Co(en),] , [Co(pn),] , 
[Co(chxn),;r and [Co(cptn)_r t whereas R(A 27 possesses tne 
major rotatory strength for^the complexes CCo(ptn),] and 
[Co(tmd),] · This trend appears to be related to the spacial 
arrangement of the non-ligating atoms around the cobalt atom. 
Figure 5 shows projections of the chelate rings of these complex
es upon a plane through the threefold axis and the twofold axis. 
As seen from the figure, a l l the non-ligating atoms are between 
the trigonal planes formed by the three nitrogen atoms for those 
complexes whose |R(E)| i s greater than |R(A )|. On the contrary, 
i n the case of the complexes with |R(E)| < |R(A2>|, some of the 
non-ligating atoms are above and below the trigonal planes and 
those atoms ly i n g between the trigonal planes are smaller i n 
number and located more distant than those i n the f i r s t group. 
The d-d transitions are magnetic dipole-allowed but e l e c t r i c 
dipole forbidden. I f a coulombic correlation between t^e compo
nents of the e l e c t r i c hexadecapole moment of the A ^ — » Τ d 
electron t r a n s i t i o n and a t r a n s i t i o n dipole moment induced i n 
each ligand group i s considered, the correlated dipole moment of 
the ligand group gives r i s e to a non-zero scalar product with a 
component of the magnetic t r a n s i t i o n moment (55)* Thus such a 
disposition as well as the geometry of the chelate ring system 
might give a greater |R(A^)I than |R(E)| for the complex ions of 
the second group. 

These D, complexes have played a prominent role as model 
systems i n the theoretical studies of natural o p t i c a l a c t i v i t y , 
since the high symmetry of the complexes makes tedious calcula
tions more or less feasible and a l o t of experimental data are 
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available for comparison. The theoretical study was carried out 
by a number of workers, notably by Richardson (56-61), Evans, 
Schreiner and Hauser (62) and Mason and Seal (557· Two models 
are now employed to calculate the o p t i c a l rotatory strength: one 
i s the c r y s t a l f i e l d model admitting only s t a t i c coupling between 
a metal d-electron and the charge di s t r i b u t i o n i n the perturbing 
ligand i n the ground state and the other i s the dynamic coupling 
model taking into account of the coupling of the t r a n s i t i o n i n the 
chromophore with e l e c t r i c dipole t r a n s i t i o n induced i n the ligand 
by the t r a n s i t i o n charge d i s t r i b u t i o n . Both models can account 
for the observed features of the CD spectra with considerable 
success. For [Co(en)_] , the values for observed R(E)'s i n 
Table VII should be compared with theoretical values of 35·7 and 
63.8, the former being based on the c r y s t a l f i e l d model (62) and 
the l a t t e r on the dynami
good. 

Diethylenetriamine Complexes 

There are three different ways of coordinating two d i e t h y l 
enetriamine molecules to a cobalt(III) ion. Among three geometric 
isomers, the u - f a c i a l - and mer-isomers are o p t i c a l l y active and 
have pairs of enantiomers respectively, whereas the s_-facial-
isomer i s o p t i c a l l y inactive. A l l geometric and o p t i c a l isomers 
i n t h i s system were isolated, and the geometric configurations 
were assigned for the o p t i c a l l y active isomers from the d i f 
ference i n racemization behavior of the o p t i c a l l y active u-
f a c i a l - and mer-isomers (63)· A l l the crystal structures of 
these isomers were determined. The s - f a c i a l isomer has approxi
mately C 2 h symmetry. The conformations of the two fused chelate 
rings are enantiomeric (64). In crystals of (-) ,-g^-u-fac-
[Co(dien) 2][Co(CN)g>2H 20, there exist two different conformers 
i n an asymmetric unit. They both have a twofold axis and the 
absolute configuration can be designated as skew chelate pairs 
Δ Λ Δ . However, the conformations of the two chelate rings formed 
by a dien molecule i n one complex ion are SXf while those i n the 
other are λλ (65). 

The absolute configuration of (+) r.Qr>-mer-[Co(dien) 2^ B r7* 1 

E^O has recently been determined (66). Figure 6 shows a per
spective drawing of the complex ion. The complex ion can be des
ignated as trans-λ-ΝΗ, providing that the c h i r a l i t y i s defined by 
the l i n e joining the two Η atoms and the l i n e joining the two 
secondary nitrogen atoms i n trans-positions (3, 60). The two 
terdentate molecules coordinate to the central cobalt atom i n mer 
positions with three nitrogen atoms forming a distorted octa
hedral complex. The complex ion has an approximate twofold sym
metry. The Co-secondary Ν bond of 1.940 A i s s i g n i f i c a n t l y 
shorter than the Co-terminal Ν bond of 1.981 A. The angle sub
tended at the central cobalt atom i s 187 · The three l i g a t i n g 
nitrogen atoms of the ligand and the cobalt atom are nearly copia-
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nar and the two planes formed by the cobalt and the three nitrogen 
atoms make an angle of 89·6 · The five-membered chelate r i n g 
takes an envelope form, one of the two methylene carbon atoms that 
i s bonded to the secondary nitrogen atom i s shifted by 0.64 A from 
the plane formed by the remaining four atoms. The conformations 
of the two fused chelate rings are S and λ, respectively. The 
geometry of the complex cation agrees well with the result of 
conformational analysis (67)t as shown i n Table VIII. 

The net c h i r a l i t y of t h i s complex ion i s zero. The o p t i c a l 
a c t i v i t y of the complex ion arises from the dissymmetric disposi
tion of the methylene groups with respect to the coordination 
plane and the c h i r a l arrangement of the two trans N-H bonds. 
Richardson 1s sector rule (60) was tested on the basis of the f i n a l 
atomic parameters. In his derivation the perturbation treatment 

Table VIII Observe
mer-[Co(dien) oy*+ 

obs. calc. 
Co-N(H2) 1.981 1.976 I 
Co-N(H) 1.940 1.942 
C-N(H2) 1.493 1.495 
C-N 1.482 1.486 

N-Co-N 85.1 86.0° 
C-N-C 116.2 114.5 
Co-N(H2)-C 109.3 109.3 
Co-N(H)-C 109.5 107.8 
N(H2)-C-C 108.7 109.1 
N(H)-C-C 104.7 105.9 

was carried out to the second order i n both the wave function and 
rotatory strength. A negative net rotatory strength i n the 
region of the f i r s t absorption, A — > T^ was predicted. The CD 
spectra of the complex ion i n aqueous solution agreed with t h i s . 
e x p e c t a t i o n ^ = +0.096 at 19·5χ10^ cm , d£ = -Ο.181 at 21.9x10^ 
cm"1, (68)). 

Complexes with a Cyclic Terdentate, R-MeTACN 

Mason and Peacock synthesized the c y c l i c terdentate, R-(-)-
2-methyl-l,4,7-triazacyclononane and i t s Co(III) complex, [Co(R-
MeTACN)2]^ (69). Figure 7 shows a perspective drawing of the 
complex ion, T^j-gQ-CCoiR-MeTACN)^^ i n i t s iodide pentahydrate 
c r y s t a l s . The complex ion has D T symmetry by the requirement of 
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Figure 7. A perspective drawing of the complex ion ( -)589-[Co(R-MeTACN)2]3+ 
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the space group. The methyl group i s attached to one of the 
three chelate rings of the c y c l i c terdentate ligand, so that the 
complex ion exhibits orientational disorder. The observed 
electron-density d i s t r i b u t i o n indicates that the methyl group i s 
attached i n equatorial positions with respect to the chelate ring. 
There are three possible geometrical isomers for the complex ion 
i n respect of the positions of the two methyl groups. No con
clusion can be drawn concerning the isomerism, due to the orien
tat i o n a l disorder, since the X-ray analysis only indicates the 
average structure. Two molecules of the c y c l i c terdentate co
ordinate to the cobalt atom with s i x secondary nitrogen atoms from 
above and below the metal atom to form an octahedral complex. A 
MeTACN molecule spans a face of the octahedron. The s i x f i v e -
membered chelate rings take λ conformation (70). Nonomiya sepa
rated the cobalt(III) comple
Sephadex column chromatography
isomers (71)· Figure 8 shows two modes of coordination of R
MeTACN. In the mode " b w, the ligand i s coordinated to the 
metal atom with the nine-membered ring upside down compared to the 
mode w a w. The absolute configuration of N(1) i s S i n the mode 
w a while i t i s R i n the ,f b w mode. There are three ways of 
combining the modes w a w and M b w : aa, ab and bb. In addition 
to t h i s there are three geometrical isomers i n respect of the 
positions of the methyl groups. Accordingly, nine isomers are 
possible as a whole. The c r y s t a l subjected to X-ray structure 
analysis incorporates three aa type isomers. Nonomiya found that 
aa and ab type isomers can be separated, respectively, into two 
components: one isomer and a mixture of the remaining two. On the 
other hand the bb type isomers were separated as one component by 
his method. A l l these complexes show very strong positive CD 
extremes i n the region of the f i r s t spin allowed d-d t r a n s i t i o n 
of octahedral parentage. 

The geometric array of chelate groups i n t h i s complex ion 
d i f f e r from that of [Co(en) "] i n the same manner as described 
before. It has the non-ligating atoms above and below the t r i g o 
nal planes of the l i g a t i n g nitrogen atoms and none of the non-
l i g a t i n g atoms exists i n the equatorial plane. The crystals of 
[CoiR-MeTACN^Dl-z^H^O are o p t i c a l l y uniaxial and each complex 
ion i s arranged with the threefold axis p a r a l l e l to the optic 
axis. The l i g h t propagated along the optic axis can only excite 
the Ε component of the t r a n s i t i o n . The single c r y s t a l c i r c u l a r 
dichroism spectrum shows a single negative peak at 487 nm, while 
that i n aqueous solution has a positive peak at about 487 nm. 
The solution c i r c u l a r dichroism spectra also reveals R(A_), giving 
the sum, R(T^) = R(E) + R(A^). A comparison of the single c r y s t a l 
and the solution CD spectra indicates that R(E) has minor rotatory 
strength of -0.16 ϋ β Μ and R(A 2) +0.32 DP M (72). This result sup
ports the observed r e l a t i o n between the r e l a t i v e magnitudes of 
R(E) and R(A^) and the arrangement of non-ligating atoms i n t r i s -
bidentate complexes (Table VII). The polar capping of ^ " " ( " ^ c S ^ 
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[Co(en)-/r with the phosphate ion by hydrogen bonding i n solution 
i s known to enhance R(A2> at the expense of R(E) ( 7 3 » 7 4 ) . The 
polar capping of (+)cgQ-[Co(en)^] by the covalently bonded t r i s -
(methyleneamino) group^results i n ^ - ) 5 g g - [ C o ( l , 3 » 6 , 8 , 1 0 , 1 3 , 1 6 , 1 9 -
octa-aza-bicyclo [ 6 . 6 . 6]-eicosane] ( 7 5 / · This complex ion gives 
R(T>|) of - 0 . 0 6 8 DPM, i n contrast to +0.047 of A-[Co(en),] . 
These observations i l l u s t r a t e the general enhancement o i R(A^) at 
expense of R(E) by the addition of atoms or atomic groups to the 
polar region of the [CoNg] chromophore of D^ symmetry. 

Electron-density Distribution i n D^ Complexes 

Recent improvements i n experimental and computational tech
niques i n X-ray crystallography have made i t possible to estimate 
atomic charge-density i
complex, based on accurat y  example
described here. The c r y s t a l structures ofA-le3 .T*CCo(S,S-chxn)^]-
(NO ) ·3ΗρΟ and Δ-ob -[Co(S,S-chxn) ](N0 ) , ^ ^ Ο have been * 
determines ( ^ 6 ) . The number of electrons within a sphere of 
radius 1 . 2 2 A (covalent radius of cobalt) are l i s t e d i n Table IX, 
together with other related complex ions. The central metal atom 
i s neutralized largely by donation of electrons from the l i g a t i n g 
nitrogen atoms, i l l u s t r a t i n g that Pauling 1s electroneutrality rule 
holds for these t r a n s i t i o n metal complexes. Larsson and his c o l -

Table IX. Effective charge on the central metal atom 
Complex C(R) a Effective charge Ref. 

laboratory estimated the e f f e c t i v e charge of cobalt i n 
iCo(en)J} and iCo(W)/] by ESCA and obtained the value of 
+ 0 . 7 ( 3 ) and + 0 . 6 ( 4 ) , respectively ( 7 9 ) · 

Non-bonding <d electrons i n these complex ions show an 
aspherical distr i b u t i o n , which can be detected i n the f i n a l d i f 
ference synthesis. These complexes possess si x 3 d electrons and 
they are i n the low-spin state. In an 0 ^ environment, the d i f 
ference synthesis indicates excess electron-density i n the direc
tion of t ~ orbitale and a deficiency i n the e orbitale, since 
the difference synthesis gives the deviation of electron-density 
from spherical d i s t r i b u t i o n . In the difference synthesis, there 
exist eight positive peaks arranged at the apices of a cube. 

( 7 7 ) 

(ZD 
( 7 8 ) 

( 7 6 ) 

( 7 6 ) 

a: Number of electrons within a sphere of radius 1 · 2 2 X 
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Figure 9 i l l u s t r a t e s t h i s s i t u a t i o n . A, B, C, ... G, H are the 
positions of positive peaks due to excess electron-density i n t ~ 
o r b i t a l s . One threefold axis of the cube i s oriented v e r t i c a l l y ? 
As seen from the figure, the s i x positive peaks are located i n 
such a way that they avoid repulsion from bonding electrons i n the 
cobalt-nitrogen bond. The change i n the residual electron-density 
d i s t r i b u t i o n around the cobalt atom on lowering the symmetry from 
0, to D_ (lei., or ob_) can be described conveniently i n terms of 
Figure 9· A chelate ring with the l e i conformation i s drawn by a 
thick, f u l l l i n e . The residual density observed i n A - l e l _ -
[Co(S,S-chxn)-/r has a tendency to avoid regions of high a f i e l d 
owing to the chelate rings: there are two lobes at A and H which 
are more stable than others, because no chelate ring spans across 
t h i s direction, the remaining s i x peaks are fused to give three 
lobes, namely, Β and F  C d G d D d E  Th  thre  lobe
keep away from the chelat
t h i s d i s t r i b u t i o n of th y peak
c h i r a l . The observed residual electron-density i n Λ - l e l ^ - [ C o -
(S,S-chxn)-](NO,)-»3H20 i s shown i n Figure 10. The above-mention
ed features can be seen c l e a r l y i n the two sections. 

The residual electron-density i n the ob_. isomer has a tend
ency to avoid the equatorial region, owing to the repulsion from 
the ethylene groups l y i n g near the equatorial plane, and to accu
mulate i n the polar region around the threefold axis (A and H). 

The Crystal Structure of Active Racemates and Other Diastereo-
isomers 

In 1912 Werner introduced a c r i t e r i o n of least soluble dia-
stereoisomers to correlate the absolute configurations of o p t i c a l 
l y active complexes with the s o l u b i l i t y of t h e i r diastereoisomers 
using the same o p t i c a l l y active agent (80). Delepine prepared the 
active racemates and t h i s , i n connection with their properties 
(especially the X-ray d i f f r a c t i o n powder patterns), led to a cor
r e l a t i o n of the absolute configurations for the compounds consid
ered (81, 82). Anderson, Galsb^l and Harming proposed a method to 
correlate the unknown absolute configuration of a complex to an
other of known absolute configuration through a series of powder 
d i f f r a c t i o n patterns of active racemates (8^)· It i s based on 
the assumption that the compound i n question and the active 
racemate containing the reference complex must be isostructural 
with the corresponding racemate. Recently, Herpin and his c o l 
laborators determined the c r y s t a l structures of two active race-
mates: (+) η Q-[Co(en) ](-) η -CCr(en) 7]Cl.*6.1H 0 (84) and (+) ςο 0-
[Cr(en) ](?J^g -[Rh(en) ]CIg^6H 0 (85?. Both structures are iso2 
structural with the corresponding racemates l i k e [Co(en)_3Cl ·-
2.8H-0 and [Cr(en)-.]C1-.»3H20 (86), i n which the enantiomeric^com-
plex ions are stacked alternately with the threefold axis p a r a l l e l 
to form a columnar structure. Between the complex ions are the 
chloride anions. In the active racemates the two complex ions 
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Figure 9. Illustrating the relative arrangements of the residual electron density 
peaks owing to the excess density in t2o orhitals and a five-membered chelate ring. 
A, B, C . . . stand for the peak positions. A lei chelate ring is drawn by thick 

lines and an ob ring by broken lines. 
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Figure 10b. A section of the difference synthesis lels-[Co(chxn)3]3+. This section 
is through the Co atom and perpendicular to the threefold axis. 
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with opposite absolute configurations are arranged alternately 
l i k e the enantiomeric complex ions i n the racemates* 

Yoneda and his collaborators determined a number of struc
tures of diastereoisomers that are used for resolution of o p t i c a l 
isomers ( 8 7 , 8 8 , 8 9 , 9 0 f 9 1 ) · Crystals of Λ-[Co(en)_]d-tartBr* -
5H 0 ( 8 7 ) and LiA-[CrTenl7](d-tart) p-H 0 and (-) qo Q^[Co(ox)-
(en) ]HTd-tart)*2H 0 ( 9 0 ) rtrans - (0 ) - ( + T^Q n-[Co(gly^(en)]H(d-
tartT*3H20 and ( - ) 5 g g-[Co(gly7Ten)]H(d - f a f t)*H 2 0 ( 9 2 ) · More 
structur a l information may be needed before a d e f i n i t e conclusion 
can be drawn on the structural aspects of the resolution mechanism 
by s o l u b i l i t y difference of diastereoisomeric p a i r s . Broadly 
speaking, the l e s s soluble diastereoisomer has a more closely 
packed structure and the complex ions and the counter ions are 
more firmly held together by hydrogen bonding than fo r the more 
soluble isomer. It i s
between a complex ion an
structure investigations provide important information for the 
mode of ion association i n solution ( 9 3 ) · 

Structural Study of Asymmetric Hydrogénation 

Ohashi and Sasada have studied comprehensively the structural 
aspects of asymmetric hydrogénation catalyzed by t r a n s i t i o n metal 
complexes (9*0 · These authors studied the c r y s t a l structures of 
the complexes between bis(dimethylglyoximato)cobalt and asymmetric 
amines and the intermediate complexes with these complexes and 
substrates (prochiral o l e f i n s ) . They proposed that the asymmetry 
of the amine i s transferred to the reaction products i n a t r a n s i 
tion state through the d i s t o r t i o n of the bis(dimethylglyoximato)-
cobalt moiety. This proposal was supported by the s t r a i n energy 
calculation of the intermediate complexes. Figure 11 shows the 
reaction scheme. An o l e f i n molecule (substrate), H2C=CXY (IV), 
coordinates to the catalyst (I) to form an intermediate π-complex, 
where X i s an electron attracting group and Y an electron donating 
group. I t i s hydrogenated to a σ-complex (III), which i s further 
converted to the f i n a l product (V) and the complex (I) by hydro
génation. At t h i s f i n a l stage, the Co-C bond cleavage i s known to 
proceed mainly through inversion of configuration at the carbon 
atom ( 9 5 ) . Table X shows the o p t i c a l y i e l d of the reaction when 

Table X Optical y i e l d of the asymmetric hydrogénation of 
CHp=CXY at room temperature 

X Y Optical y i e l d 

COOCHj 
C 6 H 5 

7% 

COOCRj NHCOCHj 1 9 

COOCH^ NHCOCH2(CgH5) 7 

C 6 H 5 
COC 6H 5 4 9 . 2 

Absolute configu
ration 
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B* i s quinine. In cases of high o p t i c a l y i e l d i t has so far been 
impossible to is o l a t e the intermediate complex i n the c r y s t a l l i n e 
state. Thus some appropriate model compounds were selected and 
the c r y s t a l structures were determined: 

[Co(dmg)2AB] 
(i) A = -CH^ Β = (R)-H 2NCH(CH 5)(C 6H 5) ( 9 6 ) 

( i i ) A = -(R)-CH(CH 3)C0 2CH 5 Β = (R)-H^CH(CRy (CgHj) ( 9 7 ) 

(i) i s considered to be a model compound for the catalyst ( l ) f 

since the small methyl group does not affect the geometry of the 
cobaloxime moiety, unlike the cobaloxime complexes with o p t i c a l l y 
inactive amines ( 9 8 , 9 9 * 1 0 0 , 1 0 1 ) , the symmetry of the cobaloxime 
moiety i n ( i ) descends from Dp, to C p h, probably owing to the co
ordination of o p t i c a l l y
cobaloxime moiety indicate
represented by the schematic drawing shown i n Figure 1 2 (a) and 
(b), which also i l l u s t r a t e s the two possible arrangements of a 
substrate and the cobaloxime moiety. El e c t r o s t a t i c interaction 
between the substrate and the cobaloxime moiety c l e a r l y favors the 
configuration (a) over (b), indicating that the sides of the plane 
of the substrate are distinguished on forming a π-complex. Thus 
th i s deformation of the cobaloxime moiety from D . to C2, i s one 
factor inducing asymmetry i n the reaction stage or π-bona forma
tio n . The compound ( i i ) i s a model compound for the σ-complex 
( I I I ) . Figure 1 3 presents a projection of the molecule upon the 
average coordination plane. The plane of the cobaloxime moiety i s 
no longer planar but twisted. The l i n e joining N(1) and N ( 2 ) and 
that joining N (3) and N (4) form a λ skew pair. This d i s t o r t i o n i s 
partly to a l l e v i a t e the repulsion between the l-(methoxycarbonyl)-
ethyl (mce) group and the cobaloxime moiety and such deformation 
also s t a b i l i z e s the coordination of the base moiety. The cobalt 
atom i s displaced upward from the mean plane by 0.04 A, whereas i n 
( i ) i t i s shifted downward by about 0.04 A. In Figure 1 3 a pre
sumed conformation of the σ-complex with the S-1-(methoxycarbon-
y l ) e t h y l group i s drawn by thick broken l i n e s . In t h i s case the 
methyl group of the mce group approaches N ( 2 ) , which i s shifted 
above the mean plane, giving r i s e to the stronger repulsion. Thus 
the σ-complex with the S-race group i s energetically l e s s stable 
than that with the R-mce group. This i s another factor inducing 
the asymmetry at the stage of σ-bond formation. The s t r a i n ener
gies were calculated for the diastereoisomeric π- and σ-complexes 
by Boyd's procedure ( 3 0 ) . I t turned out that the energy d i f f e r 
ence between the two alternative configurations (a) and (b) i n 
Figure 1 2 i s i n the range 0 . 8 - 1 . 7 kJ mol" and that between th^ 
diastereoisomers of the σ-complex ranges from 3 · 3 to 4·6 kJ mol , 
which account for the observed o p t i c a l y i e l d reasonably. 
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Figure 13. The structure of a d-complex. A presumed conformation of the com
plex with S-mce group is drawn by broken lines (97). 
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Conclusion 
As a result of the accumulation of structural knowledge on 

metal chelate complexes, i t i s now possible to predict with 
reasonable certainty the conformation and s t r a i n energy of an un
known complex. The absolute configuration of the complex can be 
determined on the basis of i t s CD spectrum i f a reference com
plex of known absolute configuration i s selected appropriately. 
The cobalt(III) complexes containing nitrogen as l i g a t i n g atoms 
have been studied most extensively. I t i s hoped that complexes 
containing metals other than cobalt and l i g a t i n g atoms other than 
nitrogen w i l l be investigated i n similar d e t a i l . 

The importance of the accurate structure determination of 
op t i c a l l y active t r a n s i t i o n metal compounds deserves special 
emphasis. I f the electron-density d i s t r i b u t i o n and geometrical 
arrangement of the atomi
at least i n pri n c i p l e ,
properties of the complex on the basis of quantum mechanical c a l 
culations. 

F i n a l l y a good deal of a c t i v i t y has been apparent i n the 
f i e l d s of stereoselective and/or stereospecific reactions and 
cata l y s i s involving o p t i c a l l y active t r a n s i t i o n metal compounds. 
The increasing interest i n t h i s f i e l d w i l l certainly require a 
much greater knowledge of absolute configurations than has emerged 
during the past twenty-five years. 
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Circular Dichroic Intensities in the Vibron ic Transitions 

of Chiral Metal Complexes 

FREDERICK S. RICHARDSON 
Department of Chemistry, University of Virginia, Charlottesville, VA 22901 

The chiroptical properties of optically active transition 
metal complexes have played an enormously influential role in the 
stereochemical and electronic structural characterization of 
metal coordination compounds. Werner's early work (1) in resol
ving the optical isomers of bis- and tris-chelated transition 
metal complexes containing achiral ligands established the octa
hedral structure of hexa-coordinated complexes and posed the pro
blems of molecular stereochemistry and absolute configuration of 
metal coordination compounds. In the 1930's, the optical rota
tory properties of Werner's complexes were studied extensively by 
Jaeger (2), Mathieu (3), and Kuhn (4, 5, 6) with the objective of 
relating these properties to specific stereochemical features 
(most notably, the absolute configuration) of the systems. At
tempts were also made to construct a theory of optical activity 
in transition metal complexes which would permit systematic cor
relation of the observed optical rotatory (and circular dichroic) 
properties with absolute configuration (4, 5). These latter at
tempts employed a classical representation of the metal ion and 
ligand electronic structure (and electronic transitions), and 
they were restricted to treating only those optical rotatory pro
perties associated with absorptions occurring in the visible re
gion of the spectrum. 

The first definitive determination of the absolute confi
guration of a chiral metal complex was reported by Saito and 
coworkers (7) in 1955 using the anomalous x-ray scattering method. 
Saito and coworkers (7) found that the tris(ethylenediamine)-
cobalt(III) isomer which is dextrorotatory at the sodium D-line, 
(+)-[Co(en)3]3+, has the A-configuration (8). This finding was 
contrary to the configurational assignment predicted according to 
the Kuhn and Bein (4, 5) classical coupled oscillator model for 
tris-chelated Co(III) complexes. 

Moffitt (9) introduced the first quantum mechanical theory 
of optical activity in chiral transition metal complexes. He 
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adopted a c r y s t a l f i e l d model f o r r e p r e s e n t i n g the s p e c t r o s c o p i c 
s t a t e s o f the m e tal i o n d^-electrons, and used t h e " o n e - e l e c t r o n " 
t h e o r y of m o l e c u l a r o p t i c a l a c t i v i t y proposed by Condon, A l t e r , 
and E y r i n g (10) to develop e x p r e s s i o n s f o r t h e r o t a t o r y s t r e n g t h s 
of the m e t a l i o n cl-d ( l i g a n d f i e l d ) t r a n s i t i o n s . M o f f i t t ' s work 
marked the advent of "modern" developments i n the t h e o r y o f op
t i c a l a c t i v i t y i n t r a n s i t i o n m e t a l complexes. Many of the 
t h e o r e t i c a l developments i n t r a n s i t i o n m e t a l complex o p t i c a l a c 
t i v i t y d u r i n g the I 9 6 0 1 s and e a r l y 1 970 fs were based on the funda
mental a s p e c t s of M o f f i t t ' s model. However, s e v e r a l t h e o r i e s and 
models have been developed and proposed which r e p r e s e n t major 
d e p a r t u r e s from M o f f i t t ' s s i m p l e o n e - e l e c t r o n c r y s t a l f i e l d 
model (11, 1 2 ) . These i n c l u d e t h e o r i e s which r e p r e s e n t t h e wave 
f u n c t i o n s of the s p e c t r o s c o p i c s t a t e s i n terms of m o l e c u l a r o r 
b i t a l models (of v a r y i n  degree f s o p h i s t i c a t i o d complete
ness) , and independent
b o t h s t a t i c ( p o i n t charg  c r y s t a  dynami  ( l i g a n
p o l a r i z a t i o n ) m e t a l i o n - l i g a n d i n t e r a c t i o n s . Furthermore; 
t h e o r e t i c a l t r e a t m e n t s have been expanded t o i n c l u d e c o n s i d e r a 
t i o n of the o p t i c a l a c t i v i t y a s s o c i a t e d w i t h metal^->ligand charge-
t r a n s f e r t r a n s i t i o n s and i n t r a - l i g a n d t r a n s i t i o n s , as w e l l as w i t h 
the m e t a l d-d t r a n s i t i o n s (11, 1 2 ) . 

The p r i m a r y o b j e c t i v e s o f n e a r l y a l l of the t h e o r e t i c a l 
s t u d i e s c a r r i e d out on t r a n s i t i o n m e t a l complex o p t i c a l a c t ' i v i t y 
have been t o c a l c u l a t e e l e c t r o n i c r o t a t o r y s t r e n g t h s and t o c o r 
r e l a t e the s i g n s and magnitudes of these e l e c t r o n i c r o t a t o r y 
s t r e n g t h s w i t h s p e c i f i c s t e r e o c h e m i c a l and e l e c t r o n i c s t r u c t u r a l 
f e a t u r e s of a g i v e n system. The s t e o r e o c h e m i c a l f e a t u r e s of p r i 
mary i n t e r e s t have been a b s o l u t e c o n f i g u r a t i o n , c o n f o r m a t i o n a l 
f e a t u r e s i n the l i g a n d environment (or i n c h e l a t e r i n g s ) , and 
l o c a l d i s t o r t i o n s w i t h i n t he m e t a l ion-donor atom c o o r d i n a t i o n 
c l u s t e r . The e l e c t r o n i c s t r u c t u r a l f e a t u r e s o f prima r y i n t e r e s t 
have been i d e n t i t i e s (assignments) o f e l e c t r o n i c t r a n s i t i o n s and 
t h e i r magnetic d i p o l e v e r s u s e l e c t r i c d i p o l e c h a r a c t e r . 

The r o t a t o r y s t r e n g t h a s s o c i a t e d w i t h an e l e c t r o n i c t r a n s i 
t i o n ο -> m may be w r i t t e n as 

R = Σ Σ R Ν (Τ) (1) om ο ν,my ν 
where R 0v,my ^ s a v i b r o n i c r o t a t o r y s t r e n g t h d e f i n e d by 

R = Ιπι<ψ φ ΙμΙψΦ >·<ψφ Ι m Ι ψ φ > (2) ον,πιμ V o v 1 - 1 m r m T m y 1 ο τον 
and N V(T) i s a n o r m a l i z e d Boltzmann w e i g h t i n g f a c t o r r e f l e c t i n g 
the p o p u l a t i o n of the v - t h v i b r a t i o n a l l e v e l of the ground e l e c 
t r o n i c s t a t e (o) a t temperature T. I n Eq. ( 2 ) , μ_ and m a r e the 
e l e c t r i c and magnetic d i p o l e moment o p e r a t o r s , r e s p e c t i v e l y , φ ο ν 

and φ ^ are v i b r a t i o n a l wave f u n c t i o n s , and ψ 0 and tym are e l e c 
t r o n i c wave f u n c t i o n s . I n w r i t i n g Eq. ( 2 ) , we have assumed the 
Born-Oppenheimer a d i a b a t i c a p p r o x i m a t i o n and we take ψ 0 and ψ π ι 
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to be e i g e n f u n c t i o n s o f the e l e c t r o n i c H a m i l t o n i a n of the system. 
In the Born-Oppenheimer a d i a b a t i c a p p r o x i m a t i o n , e l e c t r o n i c mo
t i o n i s f u l l y c o r r e l a t e d w i t h the n u c l e a r p o s i t i o n s (instantaneous 
s t a t i c c o n f i g u r a t i o n s ) , but i s not c o r r e l a t e d w i t h n u c l e a r motion. 
In t h i s a p p r o x i m a t i o n , the v i b r o n i c wave f u n c t i o n s have w e l l -
d e f i n e d e l e c t r o n i c and v i b r a t i o n a l quantum numbers. 

In cases where the a d i a b a t i c Born-Oppenheimer a p p r o x i m a t i o n 
breaks down, Eqs. (1) and (2) a r e no l o n g e r a p p r o p r i a t e s i n c e the 
system cannot e x i s t i n s t a t i o n a r y s t a t e s w i t h w e l l - d e f i n e d e l e c 
t r o n i c quantum numbers. I n the s e c a s e s , t he system can be viewed 
as sampling d i f f e r e n t p a r t s of the e l e c t r o n i c c o n f i g u r a t i o n a l space 
as the n u c l e i v i b r a t e . These cases can be expected t o occ u r when 
e l e c t r o n - n u c l e a r v i b r a t i o n a l c o u p l i n g ( v i b r o n i c c o u p l i n g ) i s l a r g e 
and when t h e r e a r e degenerate o r n e a r l y degenerate e l e c t r o n i c 
s t a t e s i n t h e system. A breakdow  i  t h  a d i a b a t i  Born-Oppenheime
a p p r o x i m a t i o n f o r degenerat
(JT) e f f e c t , and a breakdow  a p p r o x i m a t i o  presenc
of n e a r l y degenerate s t a t e s i s commonly r e f e r r e d t o as th e pseudo 
J a h n - T e l l e r ( P J T ) e f f e c t . In the n o n a d i a b a t i c a p p r o x i m a t i o n , t h e 
v i b r o n i c wave f u n c t i o n s o f the system must be exp r e s s e d as 

Ψ. = Σ Σ C. ψ φ (3) j j , n v V n v J η ν J* 
where, now, the composite v i b r o n i c quantum number j i s the o n l y 
"good" quantum number f o r d e s i g n a t i n g m o l e c u l a r s t a t e s , and th e 
ίψηΦην^ a r e the a d i a b a t i c Born-Oppenheimer v i b r o n i c wave f u n c 
t i o n s . The expansion c o e f f i c i e n t s , C j > n v , r e f l e c t e l e c t r o n -
n u c l e a r v i b r a t i o n a l c o u p l i n g . 

In c a ses where the a d i a b a t i c a p p r o x i m a t i o n breaks down, t h e 
o n l y w e l l - d e f i n e d t r a n s i t i o n s a r e v i b r o n i c t r a n s i t i o n s w i t h r o t a 
t o r y s t r e n g t h s g i v e n by 

R.. = Ιπι<Ψ. |μ|ψ.>·<Ψ. |πι|ψ.> (4) 
( f o r t h e v i b r o n i c t r a n s i t i o n i j ) . I f s t r o n g v i b r o n i c c o u p l i n g 
e x i s t s o n l y w i t h i n a s m a l l , w e l l - d e f i n e d subset of m o l e c u l a r e l e c 
t r o n i c s t a t e s , then i t may be p o s s i b l e t o c a l c u l a t e a n e t e l e c 
t r o n i c r o t a t o r y s t r e n g t h f o r t r a n s i t i o n s to these s t a t e s by summing 
over a l l the v i b r o n i c r o t a t o r y s t r e n g t h s a s s o c i a t e d w i t h v i b r o n i c 
l e v e l s f a l l i n g w i t h i n the m a n i f o l d of c o u p l e d e l e c t r o n i c s t a t e s . 
Only i n t h i s c o n t e x t does the term, e l e c t r o n i c r o t a t o r y s t r e n g t h , 
have any meaning i n the presence of v e r y s t r o n g v i b r o n i c c o u p l i n g 
(and a consequent breakdown of the a d i a b a t i c Born-Oppenheimer 
a p p r o x i m a t i o n ) . 

T h i s e x c u r s i o n i n t o e l e c t r o n i c v e r s u s v i b r o n i c r o t a t o r y 
s t r e n g t h s and t h e a d i a b a t i c v e r s u s the n o n a d i a b a t i c a p p r o x i m a t i o n 
may be h i g h l y r e l e v a n t t o t h e d e t a i l e d i n t e r p r e t a t i o n of t r a n s i 
t i o n m e t a l complex c h i r o p t i c a l s p e c t r a . I n most o p t i c a l l y a c t i v e 
t r a n s i t i o n m e t a l complexes, the symmetry o f t h e m e t a l ion-donor 
atom c l u s t e r remains r a t h e r h i g h ( n e a r l y 0 n o r n e a r l y Di* n) and, as 
a r e s u l t , i t i s common t o f i n d many n e a r - d e g e n e r a c i e s ( o r even exact 
d e g e n e r a c i e s ) among the s p e c t r o s c o p i c s t a t e s of i n t e r e s t . Even i n 
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the presence of low-symmetry l i g a n d f i e l d s , t h e r e remains u n c e r 
t a i n t y r e g a r d i n g t h e r e l a t i v e p e r t u r b a t i v e s t r e n g t h s of v i b r o n i c 
c o u p l i n g v e r s u s low-symmetry l i g a n d f i e l d p o t e n t i a l s i n i n f l u e n c i n g 
the d e t a i l e d n a t u r e of t h e s p e c t r o s c o p i c s t a t e s i n a metal complex. 
I n f a c t , i n some c a s e s s t r o n g v i b r o n i c c o u p l i n g can s e r v e t o 
quench or moderate l i g a n d f i e l d e f f e c t s , and i n o t h e r cases i t can 
l e a d to a m p l i f i c a t i o n of l i g a n d f i e l d e f f e c t s (13). C l e a r l y , i n 
d e a l i n g w i t h the c h i r o p t i c a l s p e c t r a o f t r a n s i t i o n m e t a l com
p l e x e s i t i s important t o be c o g n i z a n t o f the p o s s i b l e i n f l u e n c e s 
of v i b r o n i c c o u p l i n g upon the s p e c t r a l d e t a i l s . In p a r t i c u l a r , 
g r e a t c a r e must be e x e r c i s e d i n making s p e c t r a - s t r u c t u r e c o r r e l a 
t i o n s based on t h e assignment of s p e c i f i c s p e c t r a l f e a t u r e s t o 
w e l l - d e f i n e d ( p u r e ) e l e c t r o n i c t r a n s i t i o n s . 

Concern about the p o s s i b l e i n f l u e n c e of v i b r o n i c i n t e r a c t i o n s 
upon the CD s p e c t r a o f t r a n s i t i o
by R.G. Denning ( 1 4 ) . Dennin
of C o ( e n ) 3

+ undergoes a s t r o n g ( t e t r a g o n a l ) J a h n - T e l l e r d i s t o r t i o n 
v i a c o u p l i n g t o an eg v i b r a t i o n a l mode of the CoN 6 c l u s t e r . T h i s 
s t r o n g t e t r a g o n a l JT d i s t o r t i o n was then presumed to be e f f e c t i v e 
i n "quenching" the c r y s t a l f i e l d induced t r i g o n a l s p l i t t i n g o f 
the 1 T x g s t a t e (a m a n i f e s t a t i o n o f the s o - c a l l e d Ham e f f e c t ) i n 
Co(en)3+. Denning (14) f u r t h e r suggested t h a t the two CD bands 
observed i n the r e g i o n of t h e x A l g •> x T l g t r a n s i t i o n i n Co(en)^"** 
a r i s e from two d i f f e r e n t JT v i b r o n i c s t a t e s d e r i v e d from ^ l g - e g 
c o u p l i n g , r a t h e r than from the two t r i g o n a l components (*Ε and 
lA2) o f the x T l g e l e c t r o n i c s t a t e . The i n f l u e n c e o f J a h n - T e l l e r 
and pseudo J a h n - T e l l e r i n t e r a c t i o n s upon the CD s p e c t r a of t h e 
d-d t r a n s i t i o n s i n t r a n s i t i o n m e t a l complexes has been s t u d i e d 
i n c o n s i d e r a b l e d e t a i l ( t h e o r e t i c a l l y ) by R i c h a r d s o n and coworkers 
(15, 16, 17, 18, 19). These l a t t e r s t u d i e s i n c l u d e d c o n s i d e r a t i o n 
of m e t a l complexes b e l o n g i n g t o t r i g o n a l l y symmetric s t r u c t u r a l 
c l a s s e s ( 1 6 ) , as w e l l as m e t a l complexes o f p s e u d o - t e t r a g o n a l 
symmetry (15, 17, 1 8 ) . The main c o n c l u s i o n of t h e s e s t u d i e s was 
t h a t whereas v i b r o n i c i n t e r a c t i o n s of t h e JT and PJT t y p e s 
( w i t h i n the m a n i f o l d o f d-d e x c i t e d s t a t e s ) w i l l n o t , i n g e n e r a l , 
a l t e r t h e n e t (or t o t a l ) d-d_ r o t a t o r y s t r e n g t h f o r a g i v e n s y s 
tem, t h e y can p l a y a dominant r o l e i n determing how CD i n t e n s i t y 
i s d i s t r i b u t e d throughout the d.-d t r a n s i t i o n r e g i o n . I t was 
found t h a t i n the presence of s t r o n g JT and PJT i n t e r a c t i o n s 
among th e d-d_ s t a t e s , i t becomes i m p o s s i b l e (or meaningless) t o 
a s s i g n s p e c i f i c f e a t u r e s i n t h e CD s p e c t r a t o s p e c i f i c (i-d e l e c 
t r o n i c t r a n s i t i o n s . The i n d i v i d u a l CD bands, i n such c a s e s , w i l l 
g e n e r a l l y r e f l e c t "mixed" e l e c t r o n i c parentage. 

I n those cases where t h e a d i a b a t i c a p p r o x i m a t i o n can be a s 
sumed t o h o l d , t h e i n f l u e n c e o f v i b r o n i c c o u p l i n g on t h e s p e c t r o s 
c o p i c p r o p e r t i e s o f a system can be t r e a t e d w i t h i n t h e H e r z b e r g -
T e l l e r ( p e r t u r b a t i v e ) f o r m a l i s m (20) f o r v i b r o n i c i n t e r a c t i o n s . 
T h i s f o r m a l i s m i s a p p l i c a b l e when the v i b r o n i c i n t e r a c t i o n 
e n e r g i e s a r e s m a l l compared to the energy s p a c i n g s between t h e 
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coupled electronic states. Vibronic rotatory strengths and c i r 
cular dichroism spectra, considered within the adiabatic approxi
mation and the Herzberg-Teller(HT) formalism, have been treated 
in considerable d e t a i l by Weigang and coworkers (21, 22, 23) . 
Weigang concentrated primarily on the CD of organic chromophores 
in his applications of the theory. Vibronically induced coupling 
of the d_-d spectroscopic states to odd-parity (ungerade) elec
tronic states of transition metal complexes plays a significant 
(and sometimes dominant) role in determining the observed dipole 
strengths and absorption i n t e n s i t i e s of d-d transitions. The pos
sib l e influence of these vibronic interactions upon d-d rotatory 
strengths has been considered q u a l i t a t i v e l y by M.J. Harding (24) 
using Weigang1s theory. However, no detailed or quantitative 
studies have been reported on this problem. 

Bray, Ferguson, and Hawkins (25) have applied the vibronic 
coupling model of Perri
tion of the CD spectra produce
(molecular exciton) transitions in t r i s complexes of 1,10-phenan-
throline and 2,2 1-bipyridine with Zn(II) and Ni( I I ) . This pro
blem involving a trimer comprised of three tri g o n a l l y disposed 
interacting monomer units (ligand chromophores) i s formally ana
logous to the problem involving a tri g o n a l l y perturbed Tig state 
(treated by Richardson, et a l . , (16) for Co(en)3+). In the weak 
(vibronic) coupling l i m i t , electronic rotatory strengths are 
well-defined; whereas in the strong (vibronic) coupling l i m i t , 
one can only speak of vibronic rotatory strengths of mixed elec
tronic composition. 

In the present study, we sh a l l re-examine the theory of 
vibronic coupling i n c h i r a l transition metal complexes as i t per
tains to rotatory strength calculations and to the interpreta
tion of the observed CD spectra for these systems. We sh a l l focus 
primarily on the d-d (ligand-field) transitions, and shall con
sider vibronic coupling both within the manifold of <l-electron 
states and between the d.-electron states and higher energy charge-
transfer, ligand-ligand, and metal ion Rydberg states. 

II. Theory 

A. General Aspects. We shall consider as model systems 
six-coordinate trigonal dihedral ( D 3 ) metal complexes in which 
the metal ion-donor atom cluster (MLg) has near-octahedral ( 0 n ) 
symmetry. Furthermore, we sh a l l r e s t r i c t our attention to v i 
bronic interactions involving only those vibrational modes which 
are localized within the MLg cluster (the socalled "cluster 
modes"). The MLg cluster has 15 vibrational degrees-of-freedom 
which, assuming octahedral (0^) symmetry, can be described in 
terms of six normal coordinates: Qi (aig), Q2(e g), Q 3 ( t i u ) , Qi+(ti u), 
Q5(t2g)> and Q6(t2U)« F o r a trigonally distorted (D 3) MLe cluster, 
ten normal coordinates are required to describe the 15 vibrational 
degrees-of-freedom. We shal l denote the normal coordinates of the 
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t r i g o n a l l y distorted MLg system by: Qi(ai)-, Q2(e)> Q3a^a2)> 
Q3e(e>> Q^ a( a2), Qi*e(<0, Q5 a( al>> Q5e(e>> Q6 a< al)> a n d Qee(e). 
If the trigonal d i s t o r t i o n i s assumed small, then we can expect 
the trigonal modes to r e f l e c t strong octahedral parentage. Thus, 
for example, the Q3 a(a 2) and Q 3 e(e) trigonal modes are expected 
to correlate strongly with the Q3(t] u) octahedral mode. 

We sh a l l write the vibrational-electronic (vibronic) 
Hamiltonian of the system as 

H(r,Q) = H e(r,Q) + T V(Q), (5) 

where T V(Q) i s the kinetic energy operator for nuclear vibration
a l motion within the MLg cluster, and H £(r,Q) i s the electronic 
Hamiltonian operator defined by 

H e(r,Q) = T e ( r ) + V(r,Q)

In Eq. ( 6 ) , T e ( r ) i s the kinetic energy operator for the elec
trons and V(r,Q) i s the t o t a l potential energy operator for the 
system. The c o l l e c t i o n of electron coordinates i s denoted by 
{r} and the co l l e c t i o n of normal coordinates for the MLg cluster 
i s denoted by {Q}. Expanding V(r,Q) in the normal coordinates 
{Q} about the equilibrium nuclear configuration of the MLg 
cluster, we may write 

V(r,Q) = V°(r) + Σ V^Qa + ft) Σ Σ V£ QaQg+ , (7) 
a a 3 

where V£ - [3V(r,Q)/3Q a] Q, VJJ3 = [8 2V(r,Q)/3Q a9Qg] Q, and α and 
3 label normal coordinates of the MLg system. The term V (r) 
represents the potential energy of the complete system with the 
nuclei clamped in their equilibrium positions. The operator 
V°(r) has trigonal dihedral ( D 3 ) symmetry and may be written as 

V°(r) = V° + V°, (8) 

where V§ i s the octahedral (Oh) part of V°(r) and v£ i s the 
trigonal dihedral ( D 3 ) part of V°(r). The ungerade components 
of VÇ r e f l e c t the c h i r a l i t y of the system. 

The second and t h i r d terms in Eq. (7) are vibronic coupling 
terms and their influence on the electronic properties of*the 
system w i l l be treated by perturbation techniques. In our perturba
tion treatment we define the zeroth-order electronic Hamiltonian 
to be 

H 0 ( r ) = T £ ( r ) + V°(r), (9) 

with eigenfunctions ψη obtained as solutions to the Schrodinger 
equation 

Η°(Γ)Ψ°(Γ ) = EV(r) . ε η η η (10) 
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In the s o - c a l l e d "crude a d i a b a t i c a p p r o x i m a t i o n " , the z e r o t h -
o r d e r v i b r o n i c wave f u n c t i o n s may be w r i t t e n as 

where the v i b r a t i o n a l wave f u n c t i o n s φ η ν (Q) are found as s o l u 
t i o n s t o 

[T v(Q) + V°(r) + ft) Σ (£] * n v ( Q ) = W ^ Q ) . (12) 
α 

In w r i t i n g Eq. (12) we have assumed the harmonic a p p r o x i m a t i o n 
f o r v i b r a t i o n a l motions of the MLg n u c l e i . 

In our p e r t u r b a t i o n treatment of v i b r o n i c i n t e r a c t i o n s the 
wave f u n c t i o n s d e f i n e d by Eq. (11) comprise our z e r o t h - o r d e r 
b a s i s s e t , and the p e r t u r b a t i o n H a m i l t o n i a n i s g i v e n by 

H'(r,Q) = H £(r,Q)

o r , 

H'(r,Q) = Σ ν ; Q a + ft) Σ Σ Q aQ (14) 
a a 3 

i n c l u d i n g terms l i n e a r and q u a d r a t i c i n the normal c o o r d i n a t e s 
{Q}. The " p e r t u r b e d " v i b r o n i c wave f u n c t i o n s may be expressed as 

V Σ * ( 1 5 ) 

J η ν J ' 
where the expansion c o e f f i c i e n t s , C J j I 1 V , are to be 
a g o n a l i z i n g (H9 + H T) i n the b a s i s s e t {ψ£ ( r ) φ η ν (Q) 

found by d i -
}. 

B. C o ( I I I ) Systems. The model d e s c r i b e d above ( i n S e c t i o n 
I I . A . ) i s a p p l i c a b l e t o any s i x - c o o r d i n a t e system of t r i g o n a l 
d i h e d r a l ( D 3 ) symmetry. To i l l u s t r a t e the a p p l i c a t i o n s of the 
model, we c o n s i d e r here s i x - c o o r d i n a t e C o ( I I I ) complexes of D3 
symmetry i n which the C o ( I I I ) i o n r e s i d e s i n a " s t r o n g " c r y s t a l 
f i e l d . I n t h i s case, the ground s t a t e of the complex i s non-
degenerate w i t h A i ( A i g ) symmetry and the ^ - e l e c t r o n ( s i n g l e t ) ex
c i t e d s t a t e s are of symmetry types A 2 ( T i g ) , E ( T i g ) , Αχ(T 2 g) and 
E ( T 2 g ) . A schematic energy l e v e l diagram i s g i v e n i n F i g u r e 1 
f o r these d - e l e c t r o n s t a t e s and f o r two a d d i t i o n a l s t a t e s of T i u 

o c t a h e d r a l parentage, A 2 ( T i u ) and E ( T i u ) . The l a t t e r s t a t e s may 
be assumed t o be d e r i v e d e i t h e r from metal«-*\Ligand c h a r g e - t r a n s f e r 
e x c i t a t i o n s o r from a d 5 ^ metal i o n c o n f i g u r a t i o n . The e l e c t r i c 
d i p o l e (ED) and magnetic d i p o l e (MD) s e l e c t i o n r u l e s g o verning 
t r a n s i t i o n s between the A i ( A i g ) ground s t a t e and the e x c i t e d 
s t a t e s shown i n F i g u r e 1 are summarized as f o l l o w s : 
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Octahedral Trigonal Dihedral 
( 0 h ) <D3> 

Figure 1. Schematic energy-level diagram for a Co(III) complex 
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E x c i t e d S t a t e Ok D3 

A 2 ( T i g ) 
Ε (TxJ) 
A i ( T 2 g ) 
Ε (Tog) 
A 2 ( T i u ) 
Ε ( T l u ) 

MD 
MD 

ED 
ED 

MD(z), ED(z) 
MD(x,y), ED(x,y) 

MD(x,y), ED(x,y) 
MD(z), ED(z) 
MD(x,y), ED(x,y) 

where the p o l a r i z a t i o n d e s i g n a t i o n s (x,y,z) r e f e r to a t r i g o n a l 
c o o r d i n a t e system ( w i t h t he ζ-axis c o i n c i d e n t w i t h the C3 sym
metry a x i s of the system). Assuming s t r o n g o c t a h e d r a l parentage, 
the A i ( A i g ) - > A 2 ( T i g ) and E ( T i g ) t r a n s i t i o n s may be expected t o ex
h i b i t r e l a t i v e l y s t r o n g o p t i c a l a c t i v i t y and o n l y weak a b s o r p 
t i v i t y , whereas the k\ ( A i g ) - > A 2 ( T i u ) and E ( T i u ) t r a n s i t i o n s may 
be expected t o e x h i b i t
t i v i t y . The Αχ(Aig)->Ai
pected t o e x h i b i t r e l a t i v e l y weak o p t i c a l a c t i v i t y and weak ab
s o r p t i v i t y . These e x p e c t a t i o n s based on symmetry s e l e c t i o n r u l e s 
r e f l e c t i n g s t r o n g o c t a h e d r a l parentage a r e g e n e r a l l y borne out 
by e x p e r i m e n t a l o b s e r v a t i o n . 

In our a n a l y s i s o f t h e model C o ( I I I ) systems we s h a l l assume 
s t r o n g o c t a h e d r a l parentage f o r t h e e l e c t r o n i c s t a t e s and f o r t h e 
CoLe v i b r a t i o n a l modes. We s h a l l f u r t h e r assume t h a t t h e ground 
e l e c t r o n i c s t a t e A i ( A i g ) remains u n a f f e c t e d by v i b r o n i c i n t e r a c 
t i o n s . Given these assumptions, the p r i n c i p a l i n f l u e n c e s o f the 
Q2(e g) and Q s ( t 2 g ) v i b r a t i o n a l modes a r e t o (1) cause J a h n - T e l l e r 
(JT) and pseudo j a h n - T e l l e r (PJT) d i s t o r t i o n s w i t h i n t h e T i g , T 2 g , 
and T i u e x c i t e d s t a t e s , and (2) induce m i x i n g between t h e T i g 

and T2ç e x c i t e d s t a t e s . These e f f e c t s w i l l be m a n i f e s t e d i n the 
i n t e n s i t y d i s t r i b u t i o n s w i t h i n t h e A i g - * T i and Ai g-*T2g d.-d t r a n s i 
t i o n s , but they w i l l n ot s i g n i f i c a n t l y a l t e r the n e t (or t o t a l ) 
CD and a b s o r p t i o n i n t e n s i t i e s o f these t r a n s i t i o n s . On the o t h e r 
hand, the Q 3 ( t l u ) , Q i * ( t i u ) , and Qe(t2u) v i b r a t i o n a l modes w i l l be 
e f f e c t i v e i n m i x i n g t h e T i u e x c i t e d s t a t e w i t h t h e T^g and T?_g 
e x c i t e d s t a t e s . T h i s w i l l l e a d t o a r e d i s t r i b u t i o n of e l e c t r i c 
d i p o l e i n t e n s i t y out of t h e Aig->-Ti u t r a n s i t i o n and i n t o t he 
Aig-KTig and Aig->T2g d_-d t r a n s i t i o n s . 

I n what f o l l o w s , we s h a l l f i r s t examine t h e i n f l u e n c e of 
T l g * ( t 2 g + eg) c o u p l i n g on the CD spectrum o f the C o ( I I I ) A l g->T l g 

t r a n s i t i o n ( n e g l e c t i n g a l l o t h e r v i b r o n i c i n t e r a c t i o n s ) . Second
l y , we s h a l l examine t h e i n f l u e n c e of the t 2 g ( Q s ) and e g(Q2) v i 
b r a t i o n a l modes on t h e Ai g->T2 g CD spectrum v i a v i b r o n i c a l l y i n 
duced Tig-T2g m i x i n g s . F i n a l l y , we s h a l l c o n s i d e r T l g - T l u and 
T 2 g ~ T l u m i x i n g s under the i n f l u e n c e of v i b r o n i c i n t e r a c t i o n s w i t h 
the t i u ( Q 3 and Qi+) and t 2 U ( Q 6 ) v i b r a t i o n a l modes. 

C Tig*(t?g+eg) C o u p l i n g . To terms l i n e a r i n Q a, the v i 
b r o n i c H a m i l t o n i a n f o r t h i s case may be w r i t t e n as 
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H(r,Q) = H°(r) + ( h 2 + h 5 e + h 5 a ) + (V£ + Q 2 + + V 2_Q 2_ 

+ V 5 e + Q 5 e + + V j e _ Q 5 e _ + V | e Q 5 a ) , (16) 

where H°(r) i s d e f i n e d by Eq. ( 9 ) , h a i s the harmonic o s c i l l a t o r 
H a m i l t o n i a n f o r the α-th t r i g o n a l v i b r a t i o n a l mode, and V^C^ i s 
the l i n e a r v i b r o n i c c o u p l i n g term f o r the Q a mode. The + and -
s u b s c r i p t s denote components of t h e doubly degenerate v i b r a t i o n a l 
modes, Q 2 and Q5e. I t i s understood t h a t a l l of t h e o p e r a t o r s 
a p p e a r i n g i n Eq. (16) a r e d e f i n e d f o r t h e t r i g o n a l l y d i s t o r t e d 
T i g ( A 2 + E) e l e c t r o n i c s t a t e o f the C o ( I I I ) model system. 
Having d e f i n e d our v i b r a t i o n a l c o o r d i n a t e s w i t h r e s p e c t t o t h e 
t r i g o n a l l y d i s t o r t e d e q u i l i b r i u m geometry of the CoLg c l u s t e r , 
V £ a = 0 and t h e l i n e a r c o u p l i n g term V"5 aQ 5 a v a n i s h e s i n Eq. ( 1 6 ) . 

We denote the t r i g o n a
s t a t e by ψ°(Α 2), ψ°_(Ε)
f u n c t i o n s of t h e o p e r a t o r H°(r), and they have the symmetry p r o 
p e r t i e s C 3*g = i|/g, 03ψ°_ = ωψ°_, and 0 3ψ° = ω*ψ°_, where ω = 
exp ( 2 i r i / 3 ) and C 3 i s the t h r e e f o l d r o t a t i o n o p e r a t o r of the D 3 

p o i n t group. The doubly degenerate v i b r a t i o n a l modes may be con
v e n i e n t l y e x pressed i n p o l a r c o o r d i n a t e form as 

Q 2 + = p 2exp(i<(>), Q 2- = p 2exp(-i(|>) 

and, 

Q5e+ = P5e e xP(^ f)» Q5 e- = P 5 e e x P ( - ^ ! ) 

w i t h C 3 Q 2 + = o)Q2+, C 3Q 2_ = ω*(}2_, and s i m i l a r l y f o r Qs e+ and Qse--
The e f f e c t s o f the Q 2 and Q s e v i b r a t i o n a l modes w i l l be t o render 
the Ε(ψ°_,ψ°_) e l e c t r o n i c s t a t e J a h n - T e l l e r u n s t a b l e and to c o u p l e 
the Ε(φ°_,ψ9:) and Α 2(ψ°) s t a t e s v i a a pseudo J a h n - T e l l e r mechanism. 

The v i b r o n i c wave f u n c t i o n f o r t h e T l g * ( t 2 g + e g ) system may 
be expressed as 

* = < < x £ o ) + x i ? + x£>> + + x s ? + x S ? ) 

+ Ψ ! ( Χ ^ _ ) + X ^ + X ^ } ) . (17) 

The v i b r o n i c energy l e v e l s and v i b r a t i o n a l a m plitude f u n c t i o n s 
Οία » Χα +^ > a n ( * Χα ^ » where α = 2,5e, o r 5a) may be found by s o l 
v i n g the s e c u l a r e q u a t i o n , Eq. ( 1 8 ) . I n t h i s m a t r i x e q u a t i o n , 

Η°(χ)ψ? = Ε?φ2, (19) 

Η?( Γ)Ψ ° = E°X (20) 

and the i n t e r a c t i o n m a t r i x elements, E^j and T y , a r e g i v e n by 
E i j = < ψ ° I V*+ Q2+ + ν£_0.2_|ψ°>, (21) 
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and, 

T i j = ^ i ^ e + Q s e - H + n e _ Q 5 e - U ° > - < 2 2> 

Synnnetry arguments r e q u i r e t h a t 

E*> = Ε = o- E-o = Eo+ = Y 2 Î ! 2 + = Y2P2 e xP( i <t >)» (23) 

τ+0 = Τ = ο- = T* + = Y 5 eQ5e+ - Ϊ5 βΡ5ββχρ(1Φ'), (24) 

E
+ - k 2Q 2_ = k2p2exp(-i<)>), (25) 

* 
k5 eQ5 (26) 

and, 

where the l i n e a r c o u p l i n
a r e d e f i n e d by 

Ύα = <Φ+Ι( 3 ν/3Ρ α +) 0|φο> = < Ψ ?Κ + | Ψ Ο>, « = 2 o r 5e. (27) 

The l i n e a r c o u p l i n g c o n s t a n t f o r the JT i n t e r a c t i o n s , k a , a r e 
d e f i n e d by 

ka - <Ψ° I OV/3Q a J j * ° > = <Φ°|ν α_|ψ°>, α Ξ 2 or 5e. (28) 

The m a t r i x e q u a t i o n (18) i s b l o c k - d i a g o n a l (as shown) o n l y 
i f t he c o u p l i n g modes, α = 2,5e, and 5a, are m u t u a l l y o r t h o g o n a l . 
The two-dimensional harmonic o s c i l l a t o r H a m i l t o n i a n s f o r the α = 
2 and 5e modes a r e g i v e n by 

h a - (^>ωαΡα " Ι 0 2/3ρ£) + U/Pa> 0/*Ρα> 

+ (1/ρ α ) 2 0 2/3φ 2)]. (29) 

The e i g e n f u n c t i o n s o f h a may be o b t a i n e d from s o l u t i o n s t o 

V a . v A = εα,ν)1 Xa,vA = ( v
a

+ 1 ) K \ , v i ( 3 0 ) 

where the quantum numbers ν and £ can tak e on the v a l u e s , ν = 
0,1,2,··· and £ = v,v-2,···,-v. For α = 5a, we w r i t e 

h x - ε χ = ( v + %)ηω χ (31) α Αα,ν α,ν Λα,ν α ' α Λα,ν 
where h a i s a one-dimensional harmonic o s c i l l a t o r H a m i l t o n i a n 
e x p r e s s e d i n terms o f Qs a. 

I t i s now convenient t o expand t h e v i b r a t i o n a l a m p l i t u d e 
f u n c t i o n s (χ(°), χ ^ , and X^~0 a p p e a r i n g i n Eqs. (17) and (18) 
i n terms o f b a s i s s e t s c o n s t r u c t e d from the e i g e n s o l u t i o n s o f 
Eqs. (30) and (3 1 ) . Upon d o i n g t h i s , t h e e i g e n s o l u t i o n s o f Eq. 
(18) may be expre s s e d as 
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ψ = ΑΣ 
J ° VA 

A ( o ) ( Ο 
jvil X2,v& + Σ 

vil 
Β ^ θ ) χ ί θ ) 

jv£A5e,vil + Σ ν 
c < o ) x < 0 ) 

j v A5a,v 

+ ψ ° ( Σ 
v£ 

A ( + ) v ( + ) 

jvil A2,vil + Σ vil jvilA5e,v£ + Σ ν 
c W x < + ) 

j v *5a,v 

+ Ψ°(Σ 
vil 

A ( - ) y ( - ) 

jviT2,v£ + Σ vil jvilA5e,v£ + Σ ν jv A5a,v 

Eq. (32) gives the vibronic wave functions for the T l g * ( t 2 g + eg) 
coupled system within the line a r coupling approximation. The 
expansion co e f f i c i e n t s A^y^, Bjv^,> a n <^ (where λ = o,-, or + 
correspond to electronic states ψ§, ψ°, and ψ°_, respectively) 
are found by solving Eq  X^vSL 
(a = 2 or 5e), are obtaine
λ(ο,-, or +) and the vibrational functions, X^^v
from Eq. (31) for the appropriate λ. 

For a more complete description of the vibronic levels 
associated with the Ti g(A2 + E) electronic excited state, the 
wave functions »j[Eq. 132)] must be augmented to include v i b r a 
tional wave functions associated with a l l of the normal modes 
other than α = 2,5a, and 5e. Here we s h a l l r e s t r i c t our atten
tion to just those vibronic l e v e l s derived from the vibrational 
modes α = 2,5a, and 5e. Assuming no vibronic couplings involving 
the ground electronic state of our model system, the rotatory 
strength of a tran s i t i o n between the lowest vibrational l e v e l of 
the ground electronic state and the j - t h vibronic l e v e l of the 
T}g*(t2g + eg) coupled state may be written as 

R. = Ιπκψ°φ I y ΙΨ. > - <ψ. |mU°cf> > (33) j rg Ygo'- 1 j j '-'Vgo 
where ψ? i s the electronic wave function for the Αι(Α^) ground 
state of our model system and <j>g0 i s the vibrational wave func
tion for the ground vibrational l e v e l of the ground electronic 
state. In expanded form, Eq. (33) may be written as 

R. - Σ Η < β > [ Σ Σ D<X> DÎ X>* ,, 
J λ λ α,ν,Α α·,ν\4' ^ ν Α ( α ) J V * ( α > 

Χ S ^ g o l v D S ^ v ' A ' I g o ) ] , W 

where, 

R. ( e ) = Ι*<φ°|ί| Φ°>·<φ°ϋ|φ°> (35) 
Λ g — Λ Λ — g 

defines the purely electronic rotatory strength associated with 
the ψ° -> ψ° (λ = ο,-, or +) transition and 

S λ 
S ( X ) ( g o | v i Q = < X

( g ) ! χ ( λ ) > (36) 
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i s a Franck-Condon o v e r l a p i n t e g r a l o ver the ground s t a t e v i b r a 
t i o n a l f u n c t i o n XQ[ ο a n d the e x c i t e d s t a t e v i b r a t i o n a l f u n c t i o n 
*a^v£ f ° r t n e a-th'normal mode (a = 2,5a, or 5e and λ = ο,-, or 
+)! For α = 5a, £ = £ f = o f o r a l l v a l u e s of v. The c o e f f i c i e n t s 
D j v ! ( a ) a r e d e f i n e d b v : 

D ( X ) = Α ( λ ) 

jv£(2) Ajv£' 

D ( X ) = Β ( λ ) 

jv£(5e) *jvV 

and, 

η(λ) β Γ(λ) 
jv£(5a) L j v ' 

where the c o e f f i c i e n t s Aj
Eq. ( 3 2 ) . The complex conjugat
D g v ^ ( a ) ' 

I f we make the s i m p l i f y i n g assumption t h a t the v i b r a t i o n a l 
wave f u n c t i o n s o f the ground(g) and e x c i t e d ( X ) e l e c t r o n i c s t a t e s 
a r e i d e n t i c a l , then Eq. (34) reduces t o 

R. = R ( e ) [ | A f 0 ) | 2 + | B f 0 ) | 2 + | C ^ 0 ) | 2 ] 
J ο 1 j o o ' 1 j o o 1 1 JO 1 

( e ) r l . ( + ) l 2 ^ l , (+ ) |2 ^ l „ < + ) | + R i e ; [ | A ^ | 2 + |B + Ί 2 + |c + Ί 2 ] 
+ 1OO 1OO TO 

J O O ' ' J OO ' J O 

+ R ^ t l A ^ I 2 + i B f " ^ 2 + I c f " ^ 2 ] (37) ' j o o ' J O O 1 J O 1 

o r , 

R. = Σ R ( e ) z | D Î X ) , J 2 . (38) j λ 1 j o o ( a ) 1 

Λ Ot 

In t r i g o n a l l y d i s t o r t e d systems, T l g * ( t 2 g + e g ) c o u p l i n g i s 
r e p r e s e n t e d more p r e c i s e l y as (A2 + E ) * ( a i + 2 e ) , where t r i g o n a l 
s p l i t t i n g o f the T i g e l e c t r o n i c s t a t e has been taken i n t o account 
and the t r i g o n a l components of the t i g and eg v i b r a t i o n a l modes 
appear e x p l i c i t l y . To our knowledge, a f u l l c o m p u t a t i o n a l t r e a t 
ment of the ( A 2 + E ) * ( a i + 2e) c o u p l i n g problem has never been 
r e p o r t e d . However, s e v e r a l d e t a i l e d c o m p u t a t i o n a l s t u d i e s on the 
s i m p l e r ( A 2 + E)*e c o u p l i n g problem have been r e p o r t e d (27, 2 8 ) . 
Two of these s t u d i e s (16, 28) d e a l t s p e c i f i c a l l y w i t h the i n 
f l u e n c e of ( A 2 +E)*e c o u p l i n g on the c h i r o p t i c a l s p e c t r a o f t r i 
g o n a l d i h e d r a l systems. R i c h a r d s o n , e t a l . , (16) p r e s e n t e d a 
for m a l i s m f o r ( A 2 + E)*e v i b r o n i c r o t a t o r y s t r e n g t h s which i n 
c l u d e d b o t h l i n e a r and q u a d r a t i c c o u p l i n g terms. However, i n 
t h e i r n u m e r i c a l c a l c u l a t i o n s of r o t a t o r y s t r e n g t h s p e c t r a , these 
workers d i d n o t i n c l u d e c o n t r i b u t i o n s from the q u a d r a t i c 
c o u p l i n g terms. Z g i e r s k i and P a w l i k o w s k i (28) adopted the f o r m a l 
model pre s e n t e d by R i c h a r d s o n ( 1 6 ) , and c a r r i e d out n u m e r i c a l 
c a l c u l a t i o n s of v i b r o n i c energy l e v e l s and v i b r o n i c r o t a t o r y 
s t r e n g t h s p e c t r a which i n c l u d e d l i n e a r ( A 2 + E)*e pseudo Jahn-
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T e l l e r c o u p l i n g s and bo t h l i n e a r and q u a d r a t i c E*e J a h n - T e l l e r 
c o u p l i n g s . 

A c c o r d i n g t o the r e s t r i c t e d model adopted i n t h i s s e c t i o n 
( U . C . ) , a l l o f the r o t a t o r y s t r e n g t h a s s o c i a t e d w i t h t h e A i g ( A i ) 
•> T i g ( A 2 + E) e l e c t r o n i c t r a n s i t i o n i s d i s t r i b u t e d among t h e 
v i b r o n i c l e v e l s d e r i v e d from ( A 2 + E ) * ( a i + 2e) c o u p l i n g s . The 
t o t a l ( o r n e t ) r o t a t o r y s t r e n g t h of the A i g T i g t r a n s i t i o n i s , 
t h e r e f o r e , g i v e n by 

R ( A i g T l g ) = Σ R. = R ( e ) + R J e ) + R^ e ), (39) 

where Rj i s d e f i n e d by Eq. (34) and the RJ^ e ;(X = o,-, o r +) a r e 
d e f i n e d by Eq. (35). The " s t a t i c " s t e r e o c h e m i c a l and s t r u c t u r a l 
f e a t u r e s o f the m e t a l complex determine the s i g n and magnitude 
of R(Ajg -> T i g ) as w e l
t r o n i c r o t a t o r y s t r e n g t h
a s p e c t s of these " s t a t i c  s t r u c t u r a l f e a t u r e s a r e d e s c r i b e d by 
the p o t e n t i a l energy o p e r a t o r , V ^ ( r ) , of Eq. ( 8 ) . The t o t a l ( o r 
ne t ) A i g T i g r o t a t o r y s t r e n g t h i s i n v a r i a n t t o T i g * ( t 2 g + e g ) 
v i b r o n i c c o u p l i n g . Only the d i s t r i b u t i o n of e l e c t r o n i c r o t a t o r y 
s t r e n g t h among the component v i b r o n i c t r a n s i t i o n s i s a f f e c t e d by 
the T i g * ( t 2 g + e g ) c o u p l i n g s . 

The v i b r o n i c c o u p l i n g model d e s c r i b e d i n t h i s s e c t i o n (U.C.) 
i s h i g h l y r e s t r i c t e d i n s o f a r as o n l y l i n e a r c o u p l i n g terms have 
been i n c l u d e d e x p l i c i t l y , and o n l y two e-type t r i g o n a l modes 
(those d e r i v e d from the t 2 g and eg o c t a h e d r a l CoLg c l u s t e r modes) 
have been c o n s i d e r e d . I t i s r e l a t i v e l y easy t o extend our t r e a t 
ment t o i n c l u d e q u a d r a t i c c o u p l i n g terms. However, the i n c l u s i o n 
of a d d i t i o n a l e-type t r i g o n a l modes (e.g., those d e r i v e d from t h e 
t 2 u and t i u o c t a h e d r a l modes) would d r a s t i c a l l y c o m p l i c a t e our 
model. T h i s l a t t e r e x t e n s i o n o f the model sh o u l d not prove 
n e c e s s a r y so l o n g as the CoLc c l u s t e r r e t a i n s v e r y n e a r l y o c t a h e 
d r a l symmetry ( i . e . , VÇ << VQ i n Eq. ( 8 ) ) . 

D. ( T i g + T 2 g ) * ( t 2 £ + e g ) C o u p l i n g . By o c t a h e d r a l (0^) s e l e c 
t i o n r u l e s , the A i g -> T i g t r a n s i t i o n i n CoLg systems i s magnetic 
d i p o l e a l l o w e d whereas tne A i g -> T 2g t r a n s i t i o n i s magnetic 
d i p o l e f o r b i d d e n . U s i n g t h e n o t a t i o n of F i g u r e 1, the t r i g o n a l 
( D 3 ) s e l e c t i o n r u l e s s p e c i f y t h a t the A i ( A i g ) -> A 2 ( T i g ) , E a ( T i g ) , 
and Eb(T 2g) t r i g o n a l t r a n s i t i o n s a r e magnetic d i p o l e a l l o w e d , 
w h i l e the A i ( A i g ) - > A i ( T 2 g ) t r a n s i t i o n remains magnetic d i p o l e 
f o r b i d d e n . In the u s u a l p e r t u r b a t i o n t r e a t m e n t s of o p t i c a l 
a c t i v i t y i n t r i g o n a l d i h e d r a l C o ( I I I ) complexes, i t i s assumed 
t h a t the A i -*· E^ component of th e e r s t w h i l e A i g -> T 2 g t r a n s i t i o n 
"borrows"magnetic d i p o l e c h a r a c t e r (and, t h e r e f o r e , r o t a t o r y 
s t r e n g t h ) from the A i + E a component of the A ^ -> T i g t r a n s i t i o n . 
T h i s i s assumed t o oc c u r v i a T i g - T 2 g m i x i n g induced by t h e 
gerade components o f the t r i g o n a l f i e l d p o t e n t i a l , VS. By t h i s 
model, t h e s i g n and magnitude o f the A i ( A i g ) •+ E b ( T 2 g ; r o t a t o r y 
s t r e n g t h (and CD) may be c o r r e l a t e d d i r e c t l y t o t h a t of t h e 
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A l ( A l g ) E a ( T l g ) t r a n s i t i o n . The A l g T i g CD would not r e f l e c t 
any a s p e c t s o f t h e Αχ -* A 2 component of the A i g T i g t r a n s i t i o n . 
T h i s p i c t u r e i s a l t e r e d d r a s t i c a l l y when v i b r o n i c c o u p l i n g 
e f f e c t s a r e taken i n t o account. V i b r o n i c c o u p l i n g may e n t e r i n t o 
t h i s problem i n s e v e r a l ways. F i r s t , b o t h t h e T i g and T 2 g s t a t e s 
a r e s u b j e c t t o " i n t r a - s t a t e " c o u p l i n g s o f t h e typ e s ( f o r example): 
T i g * ( t 2 g + e g ) and T 2 g * ( t 2 g + e g ) . Secondly, " i n t e r - s t a t e " 
c o u p l i n g o f the type ( T i g + T 2 g ) * ( t 2 g + eg) may become i m p o r t a n t . 
We s h a l l examine t h e p o s s i b l e i n f l u e n c e of t h i s l a t t e r ( " i n t e r 
s t a t e " ) type o f c o u p l i n g here. 

T r i g o n a l e-type modes ( d e r i v e d , f o r example, from t h e t 2 g 
or eg o c t a h e d r a l modes) can e f f e c t t h e f o l l o w i n g " i n t e r - s t a t e 
c o u p l i n g s o f t r i g o n a l e l e c t r o n i c components: ( E a + E D ) * e , ( E a + 
A i ) * e , and ( A 2 + Eb)*e. T h i s has the consequence t h a t v i b r o n i c 
components of the A i (Aig) > A i ( T ) t r a n s i t i o  e x h i b i t
v a n i s h i n g CD which ha
t r a n s i t i o n . Furthermore
( T 2 g ) t r a n s i t i o n may e x h i b i t CD "borrowed" from b o t h t h e A i •> E a 

and A i -* A 2 t r i g o n a l components o f t h e A i g -> T i g t r a n s i t i o n . 
H e r e t o f o r e , t h e appearance of m u l t i p l e components i n t h e A i g •> 
T 2 g CD r e g i o n has always been a t t r i b u t e d t o t h e presence of mul
t i p l e s p e c i e s t y p e s o r t o a r e d u c t i o n of symmetry (from D3 t o C 3 ) 
i n the complex under study. Strong T i g - T 2 g m i x i n g under t h e 
i n f l u e n c e o f an e-type t r i g o n a l v i b r a t i o n a l mode i s , perhaps, 
a more l i k e l y cause f o r t he appearance o f m u l t i p l e components 
i n t h e A i g -* T 2 g CD spectrum. 

D e t a i l e d s t u d i e s o f ( T i g + T 2 g ) * ( t 2 g + e g ) c o u p l i n g t o o c t a 
h e d r a l systems and of ( A 2 + E a + A i + E D ) * e c o u p l i n g i n t r i g o n a l 
systems have n o t y e t been c a r r i e d o u t . Such s t u d i e s i n c l u d i n g 
n u m e r i c a l computations would be ex t r e m e l y complex. However, t h e 
q u a l i t a t i v e consequences of such c o u p l i n g s on the CD s p e c t r a of 
c h i r a l t r i g o n a l systems may be d i s c e r n e d r e a d i l y f o l l o w i n g t h e 
arguments g i v e n above. I n b r i e f , ( A 2 + E a + A i + E D ) * e c o u p l i n g 
can be expected t o l e a d to CD of mixed s i g n and mixed p o l a r i 
z a t i o n i n the A i g -> T 2 g t r a n s i t i o n r e g i o n , r e f l e c t i n g t he s i g n 
and p o l a r i z a t i o n p r o p e r t i e s o f the A i ( A i g ) ->• A 2 ( T i g ) + E a ( T i g ) CD 
bands. 

E. ( T i g + T i u ) * ( t i u + t 2 u ) C o u p l i n g . T h i s type o f c o u p l i n g i s 
the b a s i s f o r the s o - c a l l e d H e r z b e r g - T e l l e r (HT) v i b r o n i c t h e o r y 
o f d-d i n t e n s i t i e s i n o c t a h e d r a l (Oh) t r a n s i t i o n m e t a l complexes. 
I n t h i s t h e o r y a p p l i e d to CoL,6, the A i g T i g t r a n s i t i o n i s a s 
sumed t o g a i n e l e c t r i c d i p o l e c h a r a c t e r v i a v i b r o n i c a l l y induced 
T i g - T i u m i x i n g under the i n f l u e n c e of an ungerade v i b r a t i o n a l 
mode (of e i t h e r t i u o r t 2 u symmetry). (Here we s h a l l i g n o r e 
v i b r o n i c a l l y induced m i x i n g o f t h e A i g ground s t a t e w i t h ungerade 
e x c i t e d s t a t e s , and c o n s i d e r o n l y v i b r o n i c p e r t u r b a t i o n s on t h e 
e x c i t e d s t a t e T i g . ) The low-temperature A i g + T i g e l e c t r i c 
d i p o l e ( a b s o r p t i o n ) spectrum i s , t h e n , p r e d i c t e d t o c o n s i s t o f 
t h r e e p r o g r e s s i o n s based on f a l s e o r i g i n s l o c a t e d a t 0 - 1 ( 0 ) 3 ) , 
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0-1 ( 0 ) ^ ) , and 0-1 (ως), where 0 ) 3 , ω^, and ως are t h e fundamental 
f r e q u e n c i e s of the Q 3 ( t i u ) , Q t + ( t i u ) , and Q6(t2u) normal modes, 
r e s p e c t i v e l y . S t r o n g J a h n - T e l l e r d i s t o r t i o n s w i t h i n t h e T l g 

and/or T l u s t a t e s would, o f co u r s e , tend t o c o m p l i c a t e t h i s s i m p l e 
t h r e e - p r o g r e s s i o n spectrum. 

In t r i g o n a l d i h e d r a l complexes o f "near" o c t a d e d r a l sym
metry: T l g -> A 2 + E a and T i u •+ + E 1 ( u s i n g t h e n o t a t i o n 
of F i g u r e 1 ) . I n the s e systems, the A L G (Αχ) -*· T L G ( A 2 + E a ) 
t r a n s i t i o n has i n h e r e n t e l e c t r i c d i p o l e s t e n g t h due t o t h e 
ungerade components of the " s t a t i c " t r i g o n a l f i e l d p o t e n t i a l vÇ. 
However, a d d i t i o n a l e l e c t r i c d i p o l e c h a r a c t e r may be i n t r o d u c e d 
i n t o t h i s t r a n s i t i o n v i a ( A 2 + E a + A 2 + E')*e c o u p l i n g , where 
the c o u p l i n g mode i s an e-type t r i g o n a l v i b r a t i o n . A complete 
treatment of ( A 2 + E & + A 2 + E')*e c o u p l i n g would r e q u i r e s i m u l 
taneous c o n s i d e r a t i o n o
( J a h n - T e l l e r and pseud
and T i u ) and i n t e r - s t a t e v i b r o n i c i n t e r a c t i o n s (o  t h e H e r z b e r g
T e l l e r type between T i g and T i u ) . Furthermore, a l l e-type 
t r i g o n a l modes sh o u l d be c o n s i d e r e d independent o f t h e i r o c t a h e 
d r a l parentage. I n the p r e s e n t t r e a t m e n t , we s h a l l adopt a much 
more r e s t r i c t e d model i n which o n l y i n t e r - s t a t e ( T i g - T i u ) 
i n t e r a c t i o n s a r e c o n s i d e r e d and i n which o n l y those e-type 
t r i g o n a l modes of t i u o r t 2 u o c t a h e d r a l a n c e s t r y are taken i n t o 
account. T h i s l a t t e r r e s t r i c t i o n t o v i b r a t i o n a l modes d e r i v e d 
from the t i u and t 2 u o c t a h e d r a l v i b r a t i o n s s h o u l d be a c c e p t a b l e 
so l o n g as the ΟοΙ,ς c l u s t e r remains v e r y n e a r l y o c t a h e d r a l and 
Ί°Ύ « V§. 

Given the a p p r o x i m a t i o n s c i t e d above, we tak e | A 2 ) , | E a ) , 
| A 2 ) , and | E ? ) t o be e i g e n f u n c t i o n s o f the t r i g o n a l l y symmetric 
e l e c t r o n i c H a m i l t o n i a n d e f i n e d i n Eq. ( 9 ) , H°(r) = T £ ( r ) + V°(r). 
We f u r t h e r d e f i n e a ( l i n e a r ) v i b r o n i c i n t e r a c t i o n o p e r a t o r 

H'(r,Q) = Σ v;Q a (40) 
a 

where Σ α i s taken over the e-type t r i g o n a l modes d e r i v e d from 
the Q 3 ( t i u ) , Q i + ( t i u ) , and Q6(t2 u) o c t a h e d r a l modes. That i s , 
a=3e,4e, and 6e (see S e c t i o n I I . A . f o r n o t a t i o n ) . R e s t r i c t i n g 
our c o n s i d e r a t i o n t o T i g - T i u i n t e r - s t a t e m i x i n g s and u s i n g 
f i r s t - o r d e r time-independent p e r t u r b a t i o n t h e o r y , we may expre s s 
the p e r t u r b e d wave f u n c t i o n s o f i n t e r e s t as f o l l o w s : 

|A 2> = | A 2 ) + Σ λ α(Ε' , A 2 ) | E ' ) Q a (41) 
a 

I V - |E a) + Σ À a(E\E a)|E')Q a + Σ X a(A»,E a)|A£)Q a (42) 
a a 

where, 

(43) 
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i s a p e r t u r b a t i o n expansion c o e f f i c i e n t . (Note t h a t t h e p e r 
tu r b e d wave f u n c t i o n s a r e denoted by p o i n t e d k e t s !>, whereas 
the u nperturbed wave f u n c t i o n s a r e denoted by rounded k e t s I ) ) . 
Having r e s t r i c t e d our p e r t u r b a t i o n treatment t o T i g - T i u i n t e r 
s t a t e i n t e r a c t i o n s , i t i s easy t o see t h a t t h e wave f u n c t i o n s 
e x pressed by Eqs. (41) and (42) a r e a c t u a l l y good t o f i r s t - and 
second-order i n H f. We s h a l l i g n o r e a l l v i b r o n i c p e r t u r b a t i o n s 
on the ground e l e c t r o n i c s t a t e of our C o ( I I I ) model system, so 
t h a t : 

|AX> = I Αχ). (44) 

U t i l i z i n g Eqs. ( 4 1 ) , ( 4 2 ) , and ( 4 4 ) , t h e e l e c t r i c and magne
t i c d i p o l e t r a n s i t i o n moments f o r t h e Αχ A 2 and E a t r a n s i t i o n s 
may be expressed ( t o second-order)

<A1|3|A2> = (kl\0\A
α 

and 

<A1|0|Ea> = (Ai|0|E a) + Σ X a(E',E a)Q a(A 1|0|E') 

+ Σ X a ( A | , E a ) Q a ( A 1 | Ô | A j ) , (46) 
Λ

 Λ a 
where 0 = μ o r m. The r o t a t o r y s t r e n g t h s f o r these t r a n s i t i o n s , 
e x pressed t o second-order, a r e g i v e n by 

R(A X -* A 2) = R ( o ) ( A ! -> A 2 ) 

+ R ( °Ul + Ε')Σ Σ λ ( E \ A 2 ) X ( E \ A 2 ) Q Q . (47) 
• Ut OC Ut ΙΛ α α 

and, 

R(A X - E a ) = R ( °Ul + E a) 
+ R ( °Ul + E f ) Z Σ λ α(Ε',Ε &)λ α Ι ( E f ,E a)Q aQ a, 

+ R ^ U l + Α^)Σ Σ X a ( A ^ , E a ) X a f ( A ^ , E a ) Q a Q a î 

a a 1 

+ I m [ ( A a | î | E a ) - ( E l |m|A!) 

+ ( A ! | y | E , ) - ( E a | m | A 1 ) ] Z X a ( E , , E a ) Q a , (48) 
α 

where 

R ( ° U -v j ) = Ι*(ψ°|ί|ψ°)·(ψ°|η|ψ°). (49) 

Now l e t us c o n s i d e r a s p e c i f i c v i b r o n i c t r a n s i t i o n l e a d i n g 
from the ground v i b r a t i o n a l l e v e l of the ground e l e c t r o n i c s t a t e 
(go) t o the ν (β) v i b r a t i o n a l l e v e l of the e x c i t e d e l e c t r o n i c 
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s t a t e ( e v ( 3 ) ) . I n the pr e s e n t c o n t e x t , g r e f e r s t o the Αχ 
e l e c t r o n i c ground s t a t e and e may be e i t h e r t he A 2 o r E a e l e c 
t r o n i c e x c i t e d s t a t e of our C o ( I I I ) model system. 3 denotes 
the v i b r a t i o n a l mode c o n t a i n i n g t h e ν quanta i n t h e v i b r o n i c 
l e v e l e v ( 3 ) . Denoting the i n i t i a l and f i n a l v i b r a t i o n a l wave 
f u n c t i o n s by Φ^0 and Φ β ν ( β ) , r e s p e c t i v e l y , we may w r i t e f o r t h e 
v i b r o n i c r o t a t o r y s t r e n g t h s 

Ro,v(3Î A l * A * > = r ( ° * A i - Α 2 ) Ι < Φ
8 ο | Φ β ν ( β ) > | 2 

+R^°Ui ·> Ε')Σ Σ λ (Ε',Α2)λ ,(Ε',Α 2) 
ι Cl 01 

α α 
Χ < Φ I Q Ι Φ / ^ > < Φ / 0 J Q Ι Ι Φ > » ( 5 0 > g o , x a ' ev(3) ev(3) α go 

and, 

R , 0(Αι -> Ε ) = R ^ A i Ε ) Ι <Φ Ι Φ / 0N>|o, v ( 3 ; 1 a / v 1 a 1 go 1 ev(3) 1 

+ R ( °Ul + Ε !)Σ Σ X ^ ( E \ E j X ^ f ( E f , E j 
α α' 

Χ < Φ I Q Ι Φ / 0 \ > < Φ , Ο \ I Q t | φ > go'^a 1 ev(3) ev(3) a 1 1 go 

+ R ( ° U i ΑΙ)Σ Σ λ (A£,E )λ t(A£,E ) 1 2 , a z a or z a α α 1 

Χ < Φ IQ Ι Φ / 0\ > < φ • 0ν IQ 1 1 Φ > 
go'^a 1 ev(3) e v ( 3 ) ' a 1 1 go 

+ Im[(A! |μ |Efi) · ( E 1 |m| Αχ) + (Αχ |μ |E f ) · ( E j m | Αχ) ] 
χ Σ λ ( Ε \ Ε ) < Φ I Q Ι Φ , . , Χ Φ , Ο Ν | Φ >, (51) 

α α 9 a g o | X a ' ev(3) ev(3) go 
where Φ Β Ν ( £ ) has been chosen t o be r e a l . Choosing the p e r t u r b i n g 
modes {a} to be n o n t o t a l l y symmetric (e-type t r i g o n a l modes) and 
m u t u a l l y o r t h o g o n a l , and assuming i d e n t i c a l symmetries i n t h e 
ground and e x c i t e d e l e c t r o n i c s t a t e s , Eqs. (50) and (51) may be 
reduced to th e f o l l o w i n g forms: 

R 0 , v ( g ^ + ^ - r ( ° * A 1 - Α 2 ) Ι < Φ
8 ο | Φ β ν ( β ) > | 2 

+ R<°Ui - Ε υ φ ^ Ε ' , Α ^ Ρ μ Φ ^ Ι Ρ ^ Φ ^ ^ ^ Ρ δ ^ , (52) 

and, 
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R , Λ Α ι + Ε ) = R ( °Ui Ε ) Ι <Φ Ι Φ / 0 v > | o,v(3; 1 a v 1 a 1 go 1 ev(3) 1 go' 

+ R ( ° U ! - E ' ) r U A ( E ' , E A ) | 2 | < $ G O | Q A | $ E V ( E ) > | ^ 

+ R ( ° U l - A p E | X a ( A ' , E a ) | 2 | < $ g o | Q J $ e v ( B ) > | 2 5 a e , (53) 
where <5αβ = 1 f o r αΞ3 and δ α^ = 0 f o r a£3. For t h e case 3=a, we 
have 

R o , v ( a i A l - A*> - r ( ° ^ 1 - Α 2 > Ι < ν | Φ β ν ( α ) > ! 2 

+ R ( ° U i - Ε')|λ α(Ε·,Α 2)|2|<Φ 8 ο|ρ α|φ ε ν ( α )>|2, (54) 

and, 

R , Iki + Ε ) = R ( ° U i Ε ) Ι <Φ Ι Φ , s>\2 

o , v ( a / 1 a 1 a 1 go 1 ev(a) 1 

+ [R ( ° U l - E ' ) | X A ( E ' , E A ) | 2 

+ R ( O U I ^ A ; ) | X (A;,E ) | 2 ] | < Φ I Q |Φ , ,>| 2. (55) 
1 2 1 α 1* a 1 1 go 1 α' ev(a) 1 

In the absence of b o t h i n t r a - s t a t e and i n t e r - s t a t e v i b r o n i c 
c o u p l i n g s , t he l e a d i n g ( f i r s t ) terms i n Eqs. (52) and ( 5 3 ) , 
r e s p e c t i v e l y , w i l l govern the v i b r o n i c r o t a t o r y s t r e n g t h s a s s o 
c i a t e d w i t h the Αχ •*A 2 and k\ E a e l e c t r o n i c t r a n s i t i o n s . 
N e g l e c t i n g i n t e r - s t a t e c o u p l i n g s (such a s , f o r example, between 
T i g and T i u ) , but a l l o w i n g i n t r a - s t a t e c o u p l i n g w i t h i n T i g would 
l e a d t o v i b r o n i c r o t a t o r y s t r e n g t h e x p r e s s i o n s i n v o l v i n g a com
b i n a t i o n of the f i r s t terms app e a r i n g i n Eqs. (52) and (5 3 ) . T h i s 
l a t t e r case i s j u s t t h a t t r e a t e d p r e v i o u s l y i n S e c t i o n U.C. 
Eqs. (52) and (53) are a p p r o p r i a t e o n l y when i n t r a - s t a t e c o u p l i n g 
i s n e g l e c t e d and when i n t e r - s t a t e c o u p l i n g i s c o n f i n e d t o T i g -
T i u -

I f we make the a d d i t i o n a l s i m p l i f y i n g assumption t h a t t h e 
normal modes o f the ground(g) and e x c i t e d ( e ) e l e c t r o n i c s t a t e s 
are i d e n t i c a l and can be d e s c r i b e d by harmonic f o r c e f i e l d s , then 
we have f o r the v i b r a t i o n a l i n t e g r a l s o f Eqs. (54) and ( 5 5 ) : 

<Φ |Φ , ,> = 0, ν(α) φ 0 (56a) go 1 ev(a) ' ν ' 
= 1, ν(α) = 0 (56b) 

and, 

<Φ |Q ΙΦ , v> = 0, ν(α) φ 1(α) (57a) go'^a 1 ev(a) » ν / / \ / 

= 1, ν(α) = 1(a) (57b) 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



3. RICHARDSON Circular Dichroic Intensities 63 

where Q a has been taken t o be d i m e n s i o n l e s s . I n t h i s l i m i t i n g 
c ase, a l l of the v i b r o n i c a l l y induced ("borrowed") r o t a t o r y 
s t r e n g t h a r i s i n g from T i g - T i u i n t e r - s t a t e c o u p l i n g w i l l appear 
i n t h e 0-1 (a) v i b r o n i c l a n e s o f t h e k\ •+ A 2 and k\ E a e l e c 
t r o n i c t r a n s i t i o n s (a = any of the e-type t r i g o n a l modes which 
a r e e f f e c t i v e i n promoting T i g - T i u c o u p l i n g ) . 

The t o t a l (or n e t ) r o t a t o r y s t r e n g t h s a s s o c i a t e d w i t h t h e 
Αχ •> A 2 and k\ -> E a t r a n s i t i o n s i n t h e presence o f i n t e r - s t a t e 
T i g - T i u c o u p l i n g a r e g i v e n by: 

R n G t
( A l ^ A 2 ) = Σ Σ R ίΑ - A 2 ) = R ( ° U l + A 2) net ^ v ( e ) ο , ν ^ ; α 

+ R ( ° U i - Ε')Σ|λ α(Ε',Α 2 ) |2<φ | < £ | φ >, (58) 
α s © 

and, 

\ e t ( A l E a ) = Σ l w * o M & l * h ) = r ( ° ^ 1 - Ea> 

+ R ( ° U l - Ε')Σ|λ α(Ε',Ε 3 ) | 2<Φ ε ο | ς 2|φ 8 ο> 

+ R ( o U l - Α^)Σ|λ α(Α·,Ε &)| 2<Φ 8 ο | ρ 2|Φ 8 ο>, (59) 

where Σ β goes o v e r a l l v i b r a t i o n a l modes and Σ α goes over a l l 
e f f e c t i v e c o u p l i n g ( p e r t u r b i n g ) modes. F i n a l l y , t he n e t 
r o t a t o r y s t r e n g t h a s s o c i a t e d w i t h t h e A i g •> T i g t r a n s i t i o n i s 
g i v e n by: 

R n e t ( A l g * T>g> " R
a e t ( A l * V + R n e t ( A l * V 

= R ( ° U l •*• A 2 ) + R ( °Ul Ε ) + Σ [R ( °Ul * Ε')|λ ( E \ A 2 ) | 2 

a ot α 
+ R ( ° U l + E ' ^ X ^ E ' . E ) | 2 

+ R ( ° U l - A»)|X a(A^,E a)| 2]< $ g o|Q 2| $ g o>. (60) 

In the s p e c i a l case where R ( 0 U l A 2 ) = -R<°Ul -»• Ε 
a) y a s 

i n M o f f i t t ' s t h e o r y of d-d o p t i c a l a c t i v i t y i n t r i g o n a l ( D 3 ) 
C o ( I I I ) complexes (9, 12), Eq. (60) reduces t o 

R (Αι 2 + T i ^ ) = Σ <Φ |Q 2U > { R ( ° U I + E f) n e t x8 A g ' ^ g o | X a ' go 1 

χ [|λ α(Ε»,Α 2)| 2 + α|λ α(Ε',Ε α)| 2] 

+ R ( ° U l + A p | X a ( A ^ , E a ) | 2 } . (61) 
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Making the f u r t h e r assumption ( i n t he s p i r i t of M o f f i t t ' s s i m p l e 
model) t h a t R ( ° } A I + E f ) = -R(°UX + A p , Eq. ( 6 1 ) f u r t h e r r e 
duces t o 

R n e t ( A l g * V " r ( ° ^ - A ^ < $
go l Q«'V [ | X« ( A2 'V l 2 

- |λ α(Ε·,Ε β)| 2 - |λ α(Ε',Α 2)|2]. (62) 

Note t h a t t he assumptions made i n o b t a i n i n g Eq. ( 6 2 ) a l s o r e 
q u i r e t h a t 

R n e t ( A l g - T l g > + R n e t ( A l g " Tl«> = 0 ( 6 3 ) 

The s i m p l e f o r m a l a n a l y s i s o u t l i n e d above r e v e a l s s e v e r a l 
i n t e r e s t i n g a s p e c t s o
C o ( I I I ) complexes of t r i g o n a
( A 2 + E a + A 2 + E f ) * e c o u p l i n g can l e a d t o mixed p o l a r i z a t i o n 
w i t h i n t h e v i b r o n i c CD band envelops o f both t h e Αχ A 2 and 
A i E a t r a n s i t i o n s . I n the absence of v i b r o n i c c o u p l i n g , t he 
A i A 2 t r a n s i t i o n would be p o l a r i z e d p a r a l l e l t o the t r i g o n a l 
a x i s o f the system, whereas t h e Αχ ->• E a t r a n s i t i o n would be 
p o l a r i z e d p e r p e n d i c u l a r t o the t r i g o n a l a x i s . I n the presence 
of v i b r o n i c c o u p l i n g , v i b r o n i c components of bo t h p a r a l l e l and 
p e r p e n d i c u l a r p o l a r i z a t i o n may appear i n b o t h t h e Αχ •> A 2 and 
Αχ •> E a CD bands. Secondly, from Eqs. ( 6 1 ) and ( 6 2 ) we see t h a t 
the n e t CD a s s o c i a t e d w i t h the A x g T x g t r a n s i t i o n need not 
v a n i s h even when the z e r o t h - o r d e r n e t e l e c t r o n i c r o t a t o r y 
s t r e n g t h , R ( ° U I + A 2) + R<°Ui + E a ) , i s z e r o . 

The a n a l y s i s g i v e n here f o r the v i b r o n i c r o t a t o r y s t r e n g t h s 
a s s o c i a t e d w i t h t he Αχ A 2 and Αχ E a t r a n s i t i o n s has i g n o r e d 
a l l p e r t u r b a t i o n s o f t h e ground e l e c t r o n i c s t a t e (Αχ) due t o 
v i b r o n i c c o u p l i n g . I n c l u s i o n o f v i b r o n i c p e r t u r b a t i o n s i n v o l v i n g 
the ground s t a t e , such as [Αχ(Αχ„) + E f ] * e c o u p l i n g , would n o t 
l e a d to any a d d i t i o n a l , q u a l i t a t i v e l y new p r e d i c t i o n s r e g a r d i n g 
the Α χ g •> T x g CD spectrum. 

F. Summary of Q u a l i t a t i v e C o n c l u s i o n s . I n c o n s i d e r i n g the 
i n f l u e n c e o f v i b r o n i c c o u p l i n g i n t h e d-d. CD s p e c t r a of t r i g o n a l 
d i h e d r a l C o ( I I I ) systems, we have examined t h r e e g e n e r a l c a s e s . 
F i r s t we examined v i b r o n i c i n t e r a c t i o n s w i t h i n t h e T x g ( A 2 + E a ) 
e x c i t e d s t a t e o f C o ( I I I ) . These i n t e r a c t i o n s a r e o f the Jahn-
T e l l e r and pseudo J a h n - T e l l e r t y pes and r e q u i r e a n o n - a d i a b a t i c 
v i b r o n i c c o u p l i n g f o r m a l i s m . The p r i n c i p a l e f f e c t s of th e s e 
i n t e r a c t i o n s a r e r e d i s t r i b u t i o n s o f r o t a t o r y s t r e n g t h among the 
v i b r o n i c components o f the Αχ A 2 and E a t r a n s i t i o n s . Secondly, 
we examined v i b r o n i c a l l y induced m i x i n g s between the T x g ( A 2 + E a ) 
and T 2 g ( A x + Εχ>) e x c i t e d s t a t e s . Q u a l i t a t i v e l y we showed t h a t 
( A 2 + E a + Αχ + E D ) * e c o u p l i n g c o u l d l e a d to n o n v a n i s h i n g r o t a 
t o r y s t r e n g t h i n b o t h t h e Αχ Αχ and Αχ -> E D v i b r o n i c a l l y p e r 
t u r b e d t r i g o n a l components of the A x g •> T 2 g t r a n s i t i o n s . Con-
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s e q u e n t l y , t h e A i g T 2g CD c o u l d e x h i b i t mixed p o l a r i z a t i o n . 
F i n a l l y , we examined t h e p o s s i b l e consequences o f v i b r o n i c a l l y 
induced T i g ( A 2 + E a ) - Ti u(A£ + E 1 ) m i x i n g . Here we found t h a t 
v i b r o n i c components of mixed p o l a r i z a t i o n can be expected w i t h i n 
b oth t h e A i -> A 2 and Αχ E a CD bands a s s o c i a t e d w i t h the A i g •> 
Ti g t r a n s i t i o n . I n t h i s c a s e , an a d i a b a t i c v i b r o n i c c o u p l i n g 
f o r m a l i s m was assumed v a l i d s i n c e t h e energy s e p a r a t i o n between 
the c o u p l e d e l e c t r o n i c s t a t e s c o u l d be assumed t o be l a r g e com
pared t o t h e v i b r o n i c c o u p l i n g energy. 

I t i s , o f c o u r s e , h i g h l y a r t i f i c i a l t o c o n s i d e r each of t h e 
above-mentioned c o u p l i n g c ases i n i s o l a t i o n . For example, i n 
c o n s i d e r i n g T i g - T i u i n t e r a c t i o n s r i g o r o u s l y i t would be ne c e s 
s a r y t o tak e i n t o account s i m u l t a n e o u s l y t h e l i k e l i h o o d t h a t 
b o t h T i g ( A 2 + E a ) and Ti u(A£ + E 1 ) a r e b o t h JT and PJT d i s t o r t e d . 
The same would h o l d t r u e f o r v i b r o n i c a l l y induced T i  T  i n
t e r a c t i o n s . Such c o n s i d e r a t i o n
t e d i o u s and c o m p l i c a t e d
p u t a t i o n a l r e q u i r e m e n t s , i f one's o b j e c t i v e was t o e x p l i c a t e 
q u a n t i t a t i v e l y the v i b r o n i c d e t a i l s o f t h e A i g T i g + T 2 g CD 
s p e c t r a o f t r i g o n a l C o ( I I I ) systems. A t pres e n t i t would appear 
n e c e s s a r y t o be con t e n t w i t h the q u a l i t a t i v e c o n c l u s i o n s e l i c i t e d 
from t h e l e s s - t b a n - c o m p l e t e t r e a t m e n t s g i v e n i n t h i s s e c t i o n . 

The v i b r o n i c c o u p l i n g a n a l y s i s g i v e n here has a v e r y im
p o r t a n t i m p l i c a t i o n f o r s p e c t r a - s t r u c t u r e c o r r e l a t i o n s t u d i e s 
u s i n g CD. The u s u a l p r a c t i s e i n such s t u d i e s i s t o a s s i g n s p e c i 
f i c f e a t u r e s i n t h e CD s p e c t r a t o s p e c i f i c e l e c t r o n i c t r a n s i t i o n s 
of w e l l - d e f i n e d e l e c t r o n i c s t a t e parentage. The i n t e n s i t i e s o f 
thes e f e a t u r e s a r e then assumed t o be d i r e c t l y and s i m p l y r e 
l a t e d t o pure e l e c t r o n i c r o t a t o r y s t r e n g t h s , and t h e s i g n s and 
magnitudes o f th e s e e l e c t r o n i c r o t a t o r y s t r e n g t h s a r e then c o r 
r e l a t e d w i t h s p e c i f i c s t e r e o c h e m i c a l f e a t u r e s of t h e system 
( e i t h e r by use o f v a r i o u s models and t h e o r i e s o r a c c o r d i n g t o 
some s e t o f e m p i r i c a l r u l e s ) . I n the presence o f n o n - n e g l i g i b l e 
v i b r o n i c i n t e r a c t i o n s these procedures can, a t b e s t , be m i s 
l e a d i n g and, a t w o r s t , l e a d t o erroneous s t r u c t u r a l c o n c l u s i o n s . 
Under c o n d i t i o n s o f n o n - n e g l i g i b l e v i b r o n i c i n t e r a c t i o n s i t i s 
not p o s s i b l e , i n g e n e r a l , t o a s s i g n s p e c i f i c CD f e a t u r e s t o 
t r a n s i t i o n s o f w e l l - d e f i n e d e l e c t r o n i c parentage. 

I s i t p o s s i b l e t o make c l e a r - c u t s p e c t r a - s t r u c t u r e c o r r e l a 
t i o n s i n the absence o f a complete v i b r o n i c a n a l y s i s o f the 
s p e c t r a and of t h e systems under study? I t seems l i k e l y t h a t 
the n e t CD i n t e n s i t y (and n e t e l e c t r o n i c r o t a t o r y s t r e n g t h ) a s 
s o c i a t e d w i t h a l l o f the d-ci t r a n s i t i o n s i n a g i v e n complex 
w i l l , i n l a r g e p a r t , be conserved i n t h e presence o f n o n - n e g l i 
g i b l e v i b r o n i c i n t e r a c t i o n s . T h i s assumes, o f c o u r s e , t h a t v i 
b r o n i c a l l y induced T i g - T i u m i x i n g w i l l g e n e r a l l y be s m a l l . 
S p e c t r a - s t r u c t u r e c o r r e l a t i o n s should be based, t h e n , on n e t 
d_-d_ r o t a t o r y s t r e n g t h s r a t h e r than on t h e r o t a t o r y s t r e n g t h s 
a s s o c i a t e d w i t h s p e c i f i c CD bands (of u n c e r t a i n o r mixed e l e c 
t r o n i c p a r e n t a g e ) . 
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The v i b r o n i c c o u p l i n g t h e o r y p r e s e n t e d i n t h i s s e c t i o n was 
developed s p e c i f i c a l l y f o r c h i r a l s i x - c o o r d i n a t e systems o f 
t r i g o n a l d i h e d r a l ( D 3 ) symmetry, and i t was a p p l i e d t o t h e d_-d 
CD s p e c t r a o f C o ( I I I ) complexes. I t i s , o f c o u r s e , s i m i l a r l y 
a p p l i c a b l e t o t r i g o n a l d i h e d r a l complexes of any t r a n s i t i o n 
m e t a l i o n . The f o r m a l i s m a p p r o p r i a t e f o r a n a l y z i n g v i b r o n i c 
c o u p l i n g i n c h i r a l systems o f o t h e r symmetry t y p e s i s s i m i l a r t o 
t h a t g i v e n here i n a l l g e n e r a l a s p e c t s , a l t h o u g h t h e symmetry-
determined f e a t u r e s w i l l , o f c o u r s e , be d i f f e r e n t . 

I I I . Examples 

A number o f v i b r o n i c CD c a l c u l a t i o n s have been r e p o r t e d i n 
the l i t e r a t u r e f o r t r a n s i t i o n m e tal complexes. C a l i g a and 
Ric h a r d s o n (15) t r e a t e d t h e g e n e r a l case o f p a i r s o f n e a r l y 
degenerate e l e c t r o n i c
symmetric v i b r a t i o n a l mode
was based on a n o n - a d i a b a t i c c o u p l i n g r e p r e s e n t a t i o n , and t h e i r 
c a l c u l a t i o n s i n c l u d e d a wide range of v a l u e s f o r t h e s p e c t r o s 
c o p i c and v i b r o n i c c o u p l i n g parameters i n h e r e n t t o t h e i r model. 
R i c h a r d s o n and coworkers (17, 18) then extended t h i s model t o 
t r e a t d i s s y m m e t r i c pseudo t e t r a g o n a l ( n e a r l y D^h) met a l com
p l e x e s i n which t h r e e n e a r l y degenerate e l e c t r o n i c t r a n s i t i o n s 
a r e coupled v i a pseudo J a h n - T e l l e r i n t e r a c t i o n s i n v o l v i n g e i t h e r 
two o r t h r e e v i b r a t i o n a l modes o f t h e system. A g a i n , model CD 
s p e c t r a and v i b r o n i c r o t a t o r y s t r e n g t h s were c a l c u l a t e d f o r a 
wide v a r i e t y o f parameter s e t s r e f l e c t i n g t h e s p e c t r o s c o p i c p r o 
p e r t i e s and v i b r o n i c c o u p l i n g d e t a i l s o f the system. 

R i c h a r d s o n and Hilmes (19) i n c o r p o r a t e d v i b r o n i c e f f e c t s 
i n t o t h e i r treatment o f t h e C u ( I I ) 2 E g •> 2 T 2 g CD observed i n 
s i n g l e c r y s t a l s o f ZnSeOi+'ol^O doped w i t h C u ( I I ) i o n s . I n t h e 
C u ( I I ) :ZnSeOi +-6H 20 doped system, t h e C u ( I I ) i o n s a r e each c o 
o r d i n a t e d t o s i x water m o l e c u l e s w i t h t h e CuOg c l u s t e r s b e i n g 
v e r y n e a r l y o c t a h e d r a l ( 0 ^ ) . However, t h e exa c t s i t e symmetry 
f o r each C u ( I I ) i s C 2 so t h a t t h e 2 E g ground s t a t e i s s p l i t i n t o 
two nondegenerate o r b i t a l components and t h e Z T 2 g e x c i t e d s t a t e 
i s s p l i t i n t o t h r e e nondegenerate o r b i t a l components. I n c a l c u 
l a t i n g the temperature dependence of t h e n e t ( t o t a l ) CD i n t e n s i t y 
a s s o c i a t e d w i t h t h e 2 E g -> 2 T 2 g C u ( I I ) t r a n s i t i o n , R i c h a r d s o n and 
Hilmes (19) e x p l i c i t l y i n c l u d e d pseudo J a h n - T e l l e r type i n t e r 
a c t i o n s w i t h i n t he s p l i t 2 E g ground s t a t e assuming a s i n g l e 
p e r t u r b i n g v i b r a t i o n a l mode. The e x p e r i m e n t a l l y observed tem
p e r a t u r e dependence of t h e 2 E g •> 2 T 2 g CD c o u l d be accounted f o r 
q u a n t i t a t i v e l y o n l y by t h e i n c l u s i o n of the s e v i b r o n i c i n t e r a c 
t i o n s w i t h i n t h e 2 E g ground s t a t e . 

As was mentioned p r e v i o u s l y , two c o m p u t a t i o n a l s t u d i e s of 
v i b r o n i c e f f e c t s i n c h i r a l t r i g o n a l systems have been r e p o r t e d 
(18, 2 8 ) . Bot h of these s t u d i e s were addressed t o t h e g e n e r a l 
problem o f v i b r o n i c p e r t u r b a t i o n s on t h e c h i r o p t i c a l s p e c t r a o f 
t r i g o n a l m e t a l complexes. However, the c a l c u l a t i o n s r e p o r t e d i n 
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each study were based on parameter s e t s c l o s e l y r e l a t e d t o t h e 
A i g -> T i g CD o f C o ( I I I ) complexes such as C o ( e n ) 3

+ and C o ( o x ) 3 ~ . 
I n both s t u d i e s c o n s i d e r a t i o n of v i b r o n i c i n t e r a c t i o n s was con
f i n e d t o J a h n - T e l l e r and pseudo J a h n - T e l l e r t y p e c o u p l i n g s w i t h i n 
a t r i g o n a l l y s p l i t e x c i t e d s t a t e o f T i g ( o r T 2 g ) o c t a h e d r a l p a r e n 
tage. I n each study o n l y a s i n g l e v i b r a t i o n a l p e r t u r b i n g mode 
of e-type t r i g o n a l symmetry was i n c l u d e d i n t h e co m p u t a t i o n a l 
model. The g e n e r a l a s p e c t s o f the v i b r o n i c c o u p l i n g models used 
i n t h e s e two s t u d i e s were i d e n t i c a l t o those d e s c r i b e d i n Sec
t i o n s II.Α., II.Β., and U.C. of t h e p r e s e n t paper except t h a t 
o n l y a s i n g l e p e r t u r b i n g mode was c o n s i d e r e d . I n t h e e a r l i e r 
s tudy (by R i c h a r d s o n , e t a l . ( 1 6 ) ) , o n l y l i n e a r J a h n - T e l l e r and 
pseudo J a h n - T e l l e r c o u p l i n g s were i n c l u d e d i n the n u m e r i c a l 
c a l c u l a t i o n s . I n the more r e c e n t study by Z g i e r s k i and 
P a w l i k o w s k i ( 2 8 ) , q u a d r a t i  J a h n - T e l l e  c o u p l i n g  a l s  i n
c l u d e d i n t h e c a l c u l a t i o n s

To demonstrate ho  s i m p l e s  t y p  c o u p l i n g 
may i n f l u e n c e t h e A i g ( A i ) - > T i g ( A 2 + E) CD o f a c h i r a l t r i g o n a l 
d i h e d r a l ( D 3 ) m e t a l complex, we s h a l l p r e s e n t some r e s u l t s ob
t a i n e d by a c t u a l computations. We s h a l l assume a s i n g l e p e r 
t u r b i n g v i b r a t i o n a l mode o f e-type t r i g o n a l symmetry and of 
fundamental f r e q u e n c y ω*ρ (expre s s e d i n cm - 1) . We s h a l l denote 
the t r i g o n a l s p l i t t i n g energy by Δ (cm" 1) = ( E 0 ^ - E E ) / h c . Only 
the l i n e a r JT and PJT c o u p l i n g terms w i l l be i n c l u d e d i n t h e 
co m p u t a t i o n a l model. The l i n e a r JT c o u p l i n g c o n s t a n t , k, w i l l 
be d e f i n e d a c c o r d i n g t o Eq. ( 2 8 ) , and the l i n e a r PJT c o u p l i n g 
c o n s t a n t , γ, w i l l be d e f i n e d a c c o r d i n g t o Eq. ( 2 7 ) . The r a t i o 
o f pure e l e c t r o n i c r o t a t o r y s t r e n g t h s w i l l be t a k e n i n a l l cases 
to be R^ e ):RÎ e ):Ro e^ = 1 : 1 : - l , where 

and, 

R^ e ) = I m ( A i | y | E + ) - ( E ± | m | A i ) (64a) 

R^ e ) = I m ( A i | y | A 2 ) . ( A 2 | m | A i ) . (64b) 

The v i b r o n i c wave f u n c t i o n s f o r t h e ( A 2 + E)*e co u p l e d e x c i t e d 
s t a t e s o f our model system may be w r i t t e n as 

Ψ = Ψ° Σ Α ( θ ) γ ( θ ) + Ψ° Σ Α ( + ) ν ( + ) 

J ° ν ' Λ ν ^ + v ^ V * X v * 

+ ψ°- γ 5 ν 1 4 } > ( 6 5 ) 

ν,£ J 

where the n o t a t i o n i s s i m i l a r t o t h a t used i n Eq. (32) o f Sec
t i o n U.C. except t h a t here we are c o n s i d e r i n g j u s t one c o u p l i n g 
mode (an e-type t r i g o n a l mode). The e x p r e s s i o n s and procedures 
o u t l i n e d i n Ref. _16 and i n S e c t i o n U.C. of the pr e s e n t paper 
may now be used to c a l c u l a t e t h e r o t a t o r y s t r e n g t h s of t r a n s i 
t i o n s o r i g i n a t i n g i n the ground v i b r a t i o n a l l e v e l o f the ground 
e l e c t r o n i c s t a t e ( A i ) and t e r m i n a t i n g i n the j v i b r o n i c l e v e l s 
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d e r i v e d from t h e ( A 2 + E)*e c o u p l e d e x c i t e d s t a t e s . 
I n a l l of t h e c a l c u l a t i o n s r e p o r t e d here we have assumed 

i d e n t i c a l o s c i l l a t o r f r e q u e n c i e s f o r t h e p e r t u r b i n g mode i n th e 
ground and e x c i t e d e l e c t r o n i c s t a t e s . Furthermore, i n c o n
s t r u c t i n g t h e v i b r o n i c wave f u n c t i o n s g i v e n by Eq. (65) we have 
employed a harmonic o s c i l l a t o r b a s i s s e t which i n c l u d e d a l l 
f u n c t i o n s w i t h ν £ 10. 

Assuming Gaussian-shaped v i b r o n i c CD bands, the CD spectrum 
i n t h e v i c i n i t y o f t h e A i g ( A i ) - * T i g ( A 2 + E) t r a n s i t i o n o f our 
model system may be s y n t h e s i z e d a c c o r d i n g to 

Δε(ϋΓ) = C Σ (ÔT.R./6) exp [-(ω - ω.) 2/ό 2] (66) 
j 3 3 3 

where Δε = e L - eR, uTj i s t h e t r a n s i t i o n f r e q u e n c y ( i n cm" 1) f o r 
a t r a n s i t i o n t o t h e j - t
r o t a t o r y s t r e n g t h d e f i n e
w i d t h parameter (expressed i n cm" 1 u n i t s ) , and C i s a c o n s t a n t 
f a c t o r whose n u m e r i c a l v a l u e depends, i n p a r t , on t h e u n i t s 
chosen f o r R j . For our p r e s e n t purposes, i t w i l l be more c o n 
v e n i e n t t o e x p r e s s Eq. (66) as f o l l o w s : 

Δε(Ω) = C Σ (ô£ + n.)(R./6) exp[-(Ω - Ω . ) 2 / 6 2 ] , (67) 
j J J 3 

where Ω (cm""1 ) = ÔT - ôJg, Ω. ( c m - 1) = ôTj - = and = (Eg- I^O/hc. 
The new f r e q u e n c y v a r i a b l e ^ Ω, i s d e f i n e d t o be z e r o a t t h e 
resonance frequency o f t h e u n p e r t u r b e d , pure e l e c t r o n i c t r a n s i 
t i o n Αχ •> E. I n t h e c a l c u l a t i o n s r e p o r t e d here we have s e t 
aig = 20,000 cm" 1. 

CD s p e c t r a f o r the Αχ + ( A 2 + E)*e t r a n s i t i o n s o f our 
t r i g o n a l d i h e d r a l ( D 3 ) model system were c a l c u l a t e d f o r a number 
of parameter s e t s i n which t h e v a l u e s o f Δ, γ, and k were v a r i e d . 
These s p e c t r a a r e d i s p l a y e d i n F i g u r e s 2-5. I n t h e s e f i g u r e s , 
t h e CD i n t e n s i t y s c a l e (Δε) i s g i v e n i n a r b i t r a r y u n i t s and t h e 
f r equency s c a l e i s e x p r e s s e d i n terms o f Ω(cm" 1). 

The c a l c u l a t e d s p e c t r a shown i n F i g u r e s 2-5 demonstrate 
the profound i n f l u e n c e which v i b r o n i c c o u p l i n g may have on b o t h 
the q u a l i t a t i v e and q u a n t i t a t i v e a s p e c t s of the CD observed w i t h 
i n the Αχ -> A 2 + Ε t r a n s i t i o n r e g i o n . A l t h o u g h t h e ne t ( t o t a l ) 
r o t a t o r y s t r e n g t h and CD i n t e n s i t y remain i n v a r i a n t t o t h e v a l u e s 
of Δ, γ, and k, t h e d i s t r i b u t i o n of CD i n t e n s i t y and the s i g n 
p a t t e r n s w i t h i n the CD spectrum are shown to be v e r y s e n s i t i v e 
t o t h e s e parameters. The v a l u e s o f Δ, γ, and k w i l l , of c o u r s e , 
be determined to some e x t e n t by-those s t e r e o c h e m i c a l and e l e c 
t r o n i c s t r u c t u r a l f e a t u r e s of a complex which one wishes t o 
e l u c i d a t e v i a CD s p e c t r a l s t u d i e s . However, i n n e a r l y a l l 
s p e c t r a - s t r u c t u r e c o r r e l a t i o n s t u d i e s r e p o r t e d t o d a t e , t h e i n 
f l u e n c e of v i b r o n i c c o u p l i n g on the CD s p e c t r a l f e a t u r e s has 
been i g n o r e d o r n e g l e c t e d . The s p e c t r a shown i n F i g u r e s 2-5 r e 
f l e c t o n l y the s i m p l e s t k i n d s of v i b r o n i c i n t e r a c t i o n s ( i n t r a 
s t a t e JT and PJT c o u p l i n g s ) which may i n f l u e n c e the d e t a i l s o f 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



3. RICHARDSON Circular Dichroic Intensities 69 
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Figure 2. Calculated CD spectra for the A, -» (A2 + E)*e transitions using the 
parameter sets R+

(e):R.(e):R0
(e) = 1:1:—1 (in arbitrary units), Δ = ώρ = 300 cm'1, 

k = 0 and y = 0 ( ), y = 0.5 ώρ ( ), and y = 1.0 ωρ ( ). Δε is ex
pressed in arbitrary units and δ was taken to be 0.6 ωρ. 

ÎMcm" 1) 

Figure 3. Calculated CD spectra for the At -> (A2 + E)*e transitions using the 
parameter sets R+

(e):R.(e):R0
(e) = 1:1:—1 (in arbitrary units), Δ = k = ω ρ = 300 

cm1, and y = 0 ( ), y = 0.5 ω p ( ), and y = 1.0 ωρ( ). Acts expressed 
in arbitrary units and δ was taken to be 0.6 ωρ. 
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Figure 4. Calculated CD spectra for the At -> (A2 + E)*e transitions using the 
parameter sets R+

fe;:R_fe,:R/e; = 1:1:—1 (in arbitrary units), Δ = y = <sp = 300 
cm1, and k = 0.5 G>p ( ) and k = 1.25 mp ( ). Δε is expressed in arbitrary 

units and δ was taken to be 0.6 wp. 

Figure 5. Calculated CD spectra for the A i -» (At + E)*e transitions using the 
parameter sets R/eJ;R.fe:):R/eJ = 1:1:—1 (in arbitrary units), y = k = ω ρ = 300 
cm1, and Δ = 0.5 τ>ρ ( ), Δ = 1.5 ΊΠρ ( ), and Δ = 2.5 mp (- · - -). Δε is 

expressed in arbitrary units and δ was taken to be 0.6 mp. 
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the CD s p e c t r a a s s o c i a t e d w i t h c h i r a l t r a n s i t i o n m e t a l complexes. 
M u l t i p l e mode c o u p l i n g and i n t e r - s t a t e c o u p l i n g s w i l l , i n 
g e n e r a l , i n t r o d u c e a d d i t i o n a l c o m p l i c a t i o n s . 

IV. C o n c l u s i o n s 

Modest v i b r o n i c c o u p l i n g s t r e n g t h s i n m e t a l complexes may: 
(1) l e a d to s i g n i f i c a n t m i x i n g s of " f i x e d - n u c l e i " e l e c t r o n i c 
s t a t e s ; (2) a l t e r t h e energy l e v e l s p a c i n g s and o r d e r i n g s w i t h 
i n s p e c t r o s c o p i c s t a t e m a n i f o l d s ; (3) cause s i g n i f i c a n t d i s t o r 
t i o n s w i t h i n degenerate o r n e a r l y degenerate s p e c t r o s c o p i c 
s t a t e s ; and, (4) p r e c l u d e the assignment o f t r a n s i t i o n s t o 
i n i t i a l and f i n a l s t a t e s o f w e l l - d e f i n e d e l e c t r o n i c i d e n t i t i e s 
(quantum numbers). The consequences o f n o n - n e g l i g i b l e v i b r o n i c 
c o u p l i n g i n c h i r a l m e t a l complexes may be t o : (1) produce s i g n i
f i c a n t a l t e r a t i o n s i n C
s i g n p a t t e r n s , r e l a t i v
(2) r e q u i r e t h a t v i b r o n i c c o u p l i n g mechanisms and s t r e n g t h s be 
taken i n t o account a l o n g w i t h s t e r e o c h e m i c a l s t r u c t u r a l f a c t o r s 
i n c o n s t r u c t i n g d e t a i l e d s p e c t r a - s t r u c t u r e c o r r e l a t i o n r u l e s ; 
and, (3) abrogate s e c t o r (or r e g i o n a l ) r u l e s based on t h e CD 
observed f o r s p e c i f i c bands o r s p e c t r a l f e a t u r e s . 

V i b r o n i c c o u p l i n g e f f e c t s on the c h i r o p t i c a l s p e c t r a o f 
o p t i c a l l y a c t i v e m e t a l complexes tend t o obscure the i n h e r e n t 
r e l a t i o n s h i p s between the CD o b s e r v a b l e s and s t r u c t u r a l f e a t u r e s 
such as a b s o l u t e c o n f i g u r a t i o n , l i g a n d c o n f o r m a t i o n , and l i g a n d 
s p a t i a l d i s t r i b u t i o n s . For t h i s r e a s o n , s p e c t r a - s t r u c t u r e r e l a 
t i o n s h i p s based on the " f i x e d - n u c l e i " a p p r o x i m a t i o n and on the 
assumption o f w e l l d e f i n e d " e l e c t r o n i c " t r a n s i t i o n s must be ap
p l i e d w i t h c o n s i d e r a b l e c a u t i o n . A g r e a t w e a l t h of s p e c t r o s -
c o p i c a l l y and s t r u c t u r a l l y important i n f o r m a t i o n may be o b t a i n e d 
from d e t a i l e d v i b r o n i c a n a l y s e s o f CD s p e c t r a . However, v e r y 
few a n a l y s e s o f t h i s s o r t have been r e p o r t e d t o date. 
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Stereochemical Correlations in the Circular Dichroism of 

d-d and Charge-Transfer Transitions: Applications to 

Tris(bidentate) Complexes 

PIETER E. SCHIPPER 
Department of Theoretical Chemistry, The University of Sydney, 
NSW 2006, Australia 

The problem of distinguishin
not peculiar to Alice(1)
ations of chiral metal complexes, apart from being of basic 
chemical significance, has proved an intriguing challenge to a 
range of techniques. Circular dichroism in particular, because 
of the ease of measurement, has enjoyed considerable popularity 
as a stereochemical probe, albeit with incommensurate success. 
The major difficulty lies in the interpretation of the CD 
spectrum in terms of some theoretical model of the complex, so 
that the reliability of the technique is determined largely by 
the validity or relevance of the theoretical model. 

Empirical correlation rules and a complete molecular orbital 
approach may be considered to constitute the two extremes of the 
model approach. The many empirical rules (see, e.g. discussions 
and references in Hawkins' book (2)) cannot be considered model-
independent in that they make the implicit assumption that the 
complexes to which they apply have a similarity of electronic 
structure and subsequently of CD spectra; the rigorous definition 
of the nature of the "similarity" would ultimately lead to a well-
defined model. Such rules thus require a minimum specification 
of the model, but also result in a limited predictive power. 
The other extreme, namely the molecular orbital approach, requires 
a detailed specification of the model, and the predictive power 
is restricted theoretically only by computing costs and the 
transience of the human species. 

The most fruitful approach steers the middle course of 
establishing simple theoretical models of the complex in terms of 
suitable transferable parameters which may be calculated, or 
determined empirically by some other technique which is, in itself, 
independent of the chirality of the complex. The empirical rules 
may then be assessed theoretically, and the range of their valid
ity defined explicitly in terms of such parameters. The critical 
discussion of such a simple, unified model in terms of transfer
able, well-defined parameters is the main aim of this paper. 

0-8412-0538-8/80/47-119-073$05.00/0 
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Separable Chromophore Models. The normal absorption 
spectra of most metal complexes conveniently comprise three 
d i s t i n c t regions: the d-d region, derived from transitions 
between perturbed metal d states; the charge transfer region, 
comprising transitions involving an electron transfer from a 
predominantly metal d state to some linear combination of 
l i g a t i n g atom states (or vice versa); and f i n a l l y , those bands 
(the chelate region) largely derived from the free ligand 
transitions. Each such spectral region may be ascribed to 
emanating from a pa r t i c u l a r section of the ove r a l l complex, 
called a chromophore, such that a good description (intensity 
and energies) of the absorption spectrum i n that region may be 
obtained by considering wave functions l o c a l i z e d wholly on that 
chromophore. By defining the chromophores i n this way, i t becomes 
possible to parametrize such quantities as e l e c t r i c transition 
moments and energies unambiguousl
normal absorption spectru
of non-interacting chromophores. 

Such a d e f i n i t i o n i s a c r u c i a l assumption in the approach 
that follows and, somewhat surprisingly, i s not commonly exploited 
in alternative approaches. Consider, for example, the d-d 
transitions. I f the metal ion i s taken as the chromophore, i t i s 
generally impossible to get r e a l i s t i c energies and i n t e n s i t i e s 
for the normal absorption because of the importance of the metal-
l i g a t i n g atom overlap. Thus i t i s unlikely to provide a s a t i s 
factory basis for a CD model. On the other hand, i f the chromo
phore i s taken to include both the metal and the l i g a t i n g atom 
system, both the d-d and charge transfer regions i n the normal 
absorption spectrum may be exploited to parametrize the chromo
phore as much as possible. The remainder of the complex (the 
chelate system) then constitutes another chromophoric system. 

The importance of t h i s to the development of a CD model 
arises in the following way. Consider the complex to comprise 
two chromophores, A and B, such that A i s a c h i r a l , and Β i s the 
c h i r a l perturber. The CD at the transitions of A arises through 
simple coupling of A and Β as described by perturbation theory, 
yi e l d i n g expressions containing the transition moments and 
energies of the unperturbed chromophore. The u t i l i t y of the 
perturbation theory therefore depends c r i t i c a l l y on the definition 
of the unperturbed chromophores. The dominant terms i n the 
perturbation expansion may then be extracted unambiguously. 
Thus the aim of a good CD model i s to define the chromophores 
in such a way that, i d e a l l y , (i) a single perturbation term 
dominates, and ( i i ) the quantities appearing i n this term may be 
calculated r e a l i s t i c a l l y or determined empirically (e.g. from 
the normal absorption spectrum). 

Returning to the d-d transitions as an example, the choice 
of a metal ion chromophore leads to a number of problems. F i r s t l y , 
most of the perturbation terms w i l l i n i t i a l l y e f f e c t adjustments 
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simply to give closer agreement with the absorption spectrum. 
Even this w i l l be done inadequately i f the d-d spectra depend 
di r e c t l y on the metal-ligand bonding, for then the assumption of 
a separable metal ion chromophore i s , i n i t s e l f , a bad one. 
Secondly, those perturbation terms describing the CD w i l l be 
unnecessarily complex, and i n fact those terms ar i s i n g from metal-
ligand bonding (involving, for example, charge transfer states) 
w i l l not appear i n the expressions at a l l , because they do not 
appear i n the chromophore defi n i t i o n s . The perturbation theory 
in such a case has to patch up the bad chromophore, before even 
trying to isolate the limited CD contributions that can arise 
for that chromophore. The choice of the metal-ligating atom 
chromophore, on the other hand, leaves the perturbation theory 
free to isolate the CD d i r e c t l y , as the unperturbed chromophore 
already should give an
absorption spectrum. 

The art of developing a good CD model thus l i e s t o t a l l y i n 
the chromophore defi n i t i o n s , a factor usually swamped by complex 
perturbation expressions. The importance of this point cannot 
be overstressed, as the f a i l u r e of some CD models stems ultimately 
from an oversimplified chromophore d e f i n i t i o n , a deficiency that, 
in most cases, cannot be remedied by any subsequent theoretical 
refinements (e.g. going to higher order i n perturbation theory). 

No attempt w i l l be made in this paper to review the large 
body of l i t e r a t u r e on CD models of complexes, and the reader i s 
especially referred to a recent, comprehensive review by 
Richardson {3) . The discussion here w i l l be r e s t r i c t e d mainly to 
the approaches developed recently by this author for the CD of 
charge transfer (4) and d-d transitions (50, and the s p e c i f i c 
application to tris(bidentates) and determination of their 
absolute configuration. 

Chromophore Definitions: The Model 

The complexes which w i l l be considered here are those of D^ 
symmetry, such that the chelates and l i g a t i n g atoms are separ
ately i d e n t i c a l . Applications to lower symmetry complexes follow 
similar l i n e s . The chromophores for such systems may be defined 
in the following way. 

The Achiral Metal-Ligating Atom Chromophore (A). It i s 
un r e a l i s t i c to ignore metal-ligating atom bonding i n the 
description of either the d-d or charge transfer (CT) transitions, 
so that both of these are considered to arise from a single 
achiral chromophore encapsulating the metal ion and the l i g a t i n g 
atoms. The exact specification of the chromophore proceeds 
through specifying the transition moments and energies of the 
chromophore transitions. In fact, we w i l l be representing the 
entire complex by two such moment and energy representations, 
each representation constituting a single chromophore (A or B). 
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I t should be noted here that this representation i s quite dis t i n c t 
from the specification of the wave functions. I t may be possible, 
for example, to get a good estimate of a transition moment and 
energy from the normal absorption spectrum, without ever explic
i t l y defining a wave function; on the other hand, i n some other 
cases the transition moment may be calculated from an approximate 
wave function, i n which case the moment i t s e l f i s only as good 
as the wave function employed. This may, however, be viewed 
simply as a p r a c t i c a l d e t a i l of how best to put values to the 
variables i n the moment/energy representation. Any mention of 
wave functions i n this paper should be interpreted i n this context 
(For chemists who are weaned on wave functions, this i s not always 
an easy task.) In order to define the moments appearing i n the 
perturbation expansions, we denote the ground state of A by ψ^, 
and l e t Ψ Α 'Ψ Α represent  d
configurations, so tha
transition with respective transition energies (relative to the 
ground state) ε^, e^. 

Charge transfer transitions are generally e l e c t r i c dipole 
allowed, with a corresponding e l e c t r i c t r a nsition moment 

where i s the e l e c t r i c dipole operator centred at the symmetry 
(metal! o r i g i n . Under D , this moment w i l l be either z-polarized 
or x,y-polarized, so that the representation by the t o t a l i t y of 
CT e l e c t r i c moments i s ac h i r a l , and may be taken to have 
symmetry without any loss of generality. (This i l l u s t r a t e s an 
important feature of moment representations; they may be of 
higher symmetry than the system they represent. This i s because 
they are an approximation to the system, and an exact represent
ation requires an i n f i n i t e moment (multipolar) representation. 
They can never, however, have a lower symmetry.) 

The d-d transitions may be either magnetic dipole allowed 
or forbidden, but are generally (by symmetry) e l e c t r i c dipole 
forbidden. This may seem contradictory as they appear in the 
normal absorption spectrum with a f i n i t e but small intensity, but 
we s h a l l consider this i n d e t a i l l a t e r . Thus at this stage, the 
d-d transitions are characterized solely by the i r magnetic trans
i t i o n moments 

do ^ ιdι ι ,o. 
M = V ? A ' V ( 2 ) 

where m̂  i s the magnetic dipole operator defined at the metal 
o r i g i n . In addition, the moments 

connecting the excited CT and d configurations appear i n the 
perturbation expansion. A l l these moments under again are 
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either z- or x,y-polarized, constitute an achiral representation, 
and may be taken without loss of generality to have covering 

symmetry. 
The above representation i s s u f f i c i e n t to describe complete

ly the CT absorption. I t might be argued, however, that the d-d 
absorption i n t e n s i t i e s bear no relation to the moments defined 
above - and this i s perfectly true. That this does not i n v a l 
idate the representation for the d-d region follows from noting 
that absorption i n t e n s i t i e s are invariably e l e c t r i c dipole i n 
character, whereas the d-d CD predominantly arises from magnetic 
transition moments which are symmetry allowed. The d-d trans
i t i o n s gain intensity in normal absorption through such mechan
isms as spin-orbit and vibronic coupling. Taking the l a t t e r as 
an example, i t w i l l be mainly the metal-ligating atom system 
vibrations that contro
be accommodated withou
reducing i t s symmetry from D^. For magnetic dipole forbidden 
transitions, the moment representation i s then simply i n terms 
of the effective dipole moment Δμ as determined from the 
absorption spectrum. For magnetic dipole allowed d-d trans
i t i o n s , t h i s e l e c t r i c moment may be neglected, as discussed 
l a t e r . 

The Perturbing Chelate Chromophore System (B). The chelate 
system Β may be considered e f f e c t i v e l y as three separate chelate 
chromophores indexed by I such that I = 1,2,3. Each individual 
chelate i s considered to have a gound state φ and two e l e c t r i c 
dipole allowed (from the ground state ) excited states φ^, φ^, 
so that the moment representation becomes 

<Φ°|μι|φ^> (4) 

<Φ^|μι|φ^> (6) 

where i s the e l e c t r i c dipole operator defined at the ori g i n 
of the~chelate (which i s taken to l i e on the C^ axis of I at 
the point of the vector r from the metal o r i g i n of A). The ~MI transition energies of the excited chelate states are ε , ε ι r' s respectively. 

This s p e c i f i c a t i o n of the B-system i s t o t a l l y adequate for 
the CD work that follows, and neglects any coupling between the 
chelates themselves. To explain adequately the energy s p l i t t i n g 
(though not the intensities) of the chelate system i n the 
complex, i t i s necessary to consider the interchelate coupling, 
but this does not necessitate extending the moment representation 
defining the chromophoric system. I t w i l l be shown l a t e r that 
the perturbation of the A chromophore by the Β system i s 
independent of this coupling, so that i t w i l l not be considered 

or 
I 
OS 
I 
rs 
I 
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further. 

Assumptions of the Model. There are certain assumptions 
inherent in these chromophore definitions which e x p l i c i t l y exclude 
certain CD mechanisms. For example, the higher order transition 
moments of the metal ion are neglected t o t a l l y , automatically 
excluding any contributions to the d-d CD from f i r s t order pert
urbation theory such as discussed i n the dynamic coupling approach 
of Mason (6) , and the s t a t i c coupling approach i n i t i a t e d by 
M o f f i t t Ç 7 ) and extended by Richardson (8) . Furthermore, the 
chelate system i s represented solely by i t s transition moments, 
and any c h i r a l effects of the s t a t i c charge di s t r i b u t i o n are 
neglected. The j u s t i f i c a t i o n for both these assumptions has i t s 
source i n the high symmetry of the chromophores, and i s discussed 
i n d e t a i l elsewhere ( 4 _ , 9

With regard to th
only e l e c t r i c moments at a single o r i g i n assumes that the CT 
chromophore i s ach i r a l . This assumption e x p l i c i t l y excludes the 
mechanism discussed by Mason (10), for reasons discussed i n the 
next section. This i s not to imply, however, that the l i g a t i n g 
atoms are t o t a l l y insensitive to the chelate structure; i n fact, 
the chelates perturb the l i g a t i n g atoms s u f f i c i e n t l y to lead to 
a unique z-direction (C^ axis) of the achiral chromophore, 
manifesting as an appreciable energy s p l i t t i n g of the z- and x,y-
polarized transitions (which would be degenerate i f the a c h i r a l 
chromophore were of octahedral symmetry). This e f f e c t on the 
l i g a t i n g atoms i s not, however, primarily due to the c h i r a l i t y 
of the chelate system, but to i t s having a unique C^ axis. This 
i s of course retained i n the D ^ symmetry of A. 

This rather exhaustive d e f i n i t i o n of the chromophores should 
i l l u s t r a t e the importance of a detailed description of the model, 
because a l l the assumptions of the CD model to be described have 
already been made. Any deficiencies i n i t s description of real 
systems may be traced d i r e c t l y back to the preceding discussion. 
We now turn to discussing those perturbation terms which lead to 
the CD of the CT and d-d transitions of such chromophores. 

Circular Dichroism of Charge Transfer Transitions 

The CD of the CT transitions has attracted l i t t l e d i r ect 
interest i n the l i t e r a t u r e . Mason (10) has postulated that i t 
arises from an exciton mechanism i n which the CT transition i s 
broken up into three degenerate o s c i l l a t o r s or chromophores with 
d i f f e r e n t origins. Such a procedure i s u n j u s t i f i e d quantum 
mechanically, as each chromophore must have negligible electron 
exchange with any other chromophore; considering that a common 
metal d state i s involved i n the d e f i n i t i o n of each such chromo
phore or o s c i l l a t o r , such a model i s , despite i t s p i c t o r i a l appeal, 
th e o r e t i c a l l y inconsistent. Mason supports his model by noting 
that the CT CD exhibits the exciton structure characteristic of 
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the chelate CD, which i s determined in an analogous way. It w i l l 
be shown here, however, that the experimental results (including 
the characteristic exciton structure of the CT bands) are readily 
explained by a mechanism that arises purely from the e l e c t r i c 
moments of the CT states, defined atthe natural symmetry ori g i n 
and of D , symmetry, due to perturbation by the c h i r a l chelate 
system {bf. 

In describing the CT CD, only the moments y and the 
corresponding transition energies ε of the chromophore A need 
be considered. Under D ^ symmetry, these moments are either 
z-polarized (for transitions of A^ u symmetry) or x,y-polarized 
(for t r a n s i t i o n s ) . The polarization and magnitude of the 
moments, and the transition energies, are a l l in p r i n c i p l e access
ibl e through normal absorption experiments, so that in this 
instance the chromophor
The CT transitions becom
each of the chelate moments y . Only one excited state need 
be specified in this case, the f i n a l CD being summed over a l l the 
chelate states. Each chelate I acts independently (any i n t e r 
actions between the chelates being neglected) in giving a coupled-
o s c i l l a t o r (Kirkwood-Kuhn) contribution of the form (11) 

where 

and 

R? = C° V(y° c,M° r) y ° % ° r x r M T (7) ι ε ~ ~ ι ~ ~ i ~MI 

ε ε c c r 
ε η(ε*-ε2) r c 

oc -or 
= y ·ντ 

with the cap denoting the unit vector. 
Simplification of this expression may be effected by exploit

ing the generalized selection rules (9) which we s h a l l use 
throughout this work. These rules have been formulated i n such 
a way that perturbation expressions such as the above may be 
reduced to the simplest possible form characteristic of the 
symmetry of the chromophores involved. In p a r t i c u l a r , under V^d' 
the CT chromophore moment products appearing i n the expanded • oc oc oc form of equation 7 above, utz^ μ (α) y (β) (where y (α) i s the 
a^th ocartesian component^of y ), may be replaced by 
Ρ [y (α)y (β)] where Ρ is~the t o t a l l y symmetric projection 
operator under D ^, defined as 

P° = ^ I Rr - (10) 
ξ=ι ς 

The (ξ = 1, ... , h) are the h symmetry operations of D ^ i n 
this case, and the transformed products become 
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P°[y o c(a)y o c(f3)] = 0 i f α^β 
and P°[y O C(z)] 2 = [y° C(z)] 2 = |μ Α| 2 (11) 

P°[y o c(x)] 2 = P°[y o c(y)] 2 = \ [ y o c ( x ) ] 2
+ i [ y o c ( y ) ] 2 =|y E| 2-

Substitution leads to the complete factorization of the A and I 
terms, and also leads to a separate contributiog for each symm
etry: for z-polarized CT transitions, and RJ for x,y-polar-
ized transitions. These have the form 

\ = C ^ [ y Y [ y ° r ( z ) y ° r ( x ) r ( y ) - μ° Γ(ζ) μ ° Γ (y) r (χ) ] (12) 
ι ε ~ I I MI I I MI 
R E = (ξ t y E ] 2 [y° r(y)y° r(z)r(x) - y? r(x)y° r(z)r(y)].(13) 
ι ε ~ I

Summation over I and substitutio
(assuming the metal-ligating atom geometry i s octahedral) leads to 
the following expressions for the CD of the CT transitions, with 
r T being the value of any one of the r : 
ML _ MI 

I Ε ι 2 

R = — ΐξ(Γ) . (15) 
(ε2-ε2) r 3 

r Ε ML 
A Ε 
R (r) , Rg(r) are the CD strengths of the A^, Ε bands of the 
chelate system as derived from Moffitt's exciton modification (12) 
of the Kirkwood-Kuhn mechanism, applied to tris(bidentates) by 
Mason (10). For the D configuration, they reduce to 

*>> = " *B<r> = +~ % rML lH° r| 2 ("> 

with the + sign for long-axis, - for perpendicular axis polarized 
transitions of the chelate. For the L configuration, a l l the 
signs are reversed. Thus the CT CD terms may be interpreted as 
simply due to stealing of the chelate CD; a CT transition of a 
given polarization steals i t s CD from the chelate band of the 
same polarization, and has the same sign, provided of course that 
the CT transition l i e s at lower energies than the chelate bands. 
The result of th i s i s that a pair of close-lying A^, E^ transfer 
states lead to a band system that mimics the exciton shape of the 
chelate system. 

The ratios of the CT CD to that of the chelate system have 
the value 

Δ Α = R X < r ) - 2K ̂  (17) 
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A E = R E / ^ ( r ) = | y E | V r ^ (18) 
5 r E -1 with Κ =2̂ .6><10 , r i n Â, μ i n eA, and ε i n cm ^ For 

Fe(dipy) , for example, with r =3A, = 35000 cm and ε^ -
20000 cm"1, the ratios are Γ 

Δ Α - 0.6 |μ Α| 2 ; Δ Ε - 0.3 |μ Ε| 2 , 

which, with moments of the order of 0.5 eÂ (quite r e a l i s t i c 
values for the CT transitions) gives the CT CD being about 15% of 
that of the chelate system. The agreement with experimental CD 
i n t e n s i t i e s (10) using independent polarization data from linear 
dichroism studies (13) i s rather good. 

The simplicity of the expression makes the CT CD an excellent 
probe for determinatio
energy, intensity, and
then the sign of the CD determines unambiguously the absolute 
configuration of the chelate system, as i t i s the same as that of 
the exciton chelate band of the same polarization. Energy and 
intensity may be determined d i r e c t l y from the normal absorption 
spectrum, and the polarization from s o l i d state spectra or, for 
certain complexes, by linear dichroism (LD). For F e ( d i p y ) ^ r for 
example, the polarizations of the CT bands have been determined 
through LD studies using flow orienting techniques for the complex 
bound to a DNA substrate (13). Note that the actual parentage of 
the CT transitions i n such complexes i s quite immaterial; thus 
whether the p a r t i c u l a r transition has a large d-d component (which 
i s possible i n some complexes) i s not important, provided i t has 
appreciable e l e c t r i c dipole strength. 

In p r i n c i p l e , the exciton bands themselves could be used 
d i r e c t l y i n this manner to assign the configuration, but their 
high energies and i n t e n s i t i e s make polarization measurements far 
less accessible. In fact, alternative methods exploiting the 
chelate CD have been proposed (see, e.g., the work of Mason (10) 
and the references i n Hawkins (2)). Mason's method of calculating 
d i r e c t l y the exciton s p l i t t i n g to assign the A2 and Ε components 
has led to some ambiguous results. This i s probably due to the 
extreme s e n s i t i v i t y of energy calculations to changes in the 
metal-ligand bonding. Transition moment c r i t e r i a developed here 
are free from any energy calculations, and any variations i n the 
metal-ligand bonding are accommodated d i r e c t l y through parametriz-
ation of the moments from the absorption spectrum. 

Circular Dichroism of the d-d Transitions 

Magnetic Dipole Forbidden Transitions. I f the d-d transition 
i s magnetic dipole forbidden, i t i s characterized i n tfcpLs model 
solely through i t s weak e l e c t r i c transition moment Δμ (defined 
at the metal origin) a r i s i n g through such mechanisms as vibronic 
or spin-orbit coupling. This moment and the corresponding 
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energy ε^ may be obtained d i r e c t l y from the absorption spectrum, 
so that exact mechanism through which the intensity derives i s 
immaterial. The CD of such a transition w i l l arise in our model 
in^cj way t o t a l l y analogous to that of the CT transitions. As 
Δμ i s either z- or x,y-polarized, Jhe gD has the same form as 
equations 14, 15 where the ε^, ε £ , R , R now correspond to^the 
d-d transition g f the^ppropriate polarization, and μ Ξ Δμ ( i f 
z-polarized), μ Ξ Δμ ( i f x,y-polarized). Again the CD i s 
stolen d i r e c t l y fronfthe chelate CD, and the ratios of the d-d 
CD i n this case to that of the chelate system have the values o d 

given i n equations 17, 18 with the appropriate values of the Δμ 
Neglecting the energy factors, the r a t i o of the d-d CD to thatf of 
the CT CD of the same polarizations i s equal to 

| A y o d | 2 / | y ° T . 

I t i s interesting to speculate whether the d-d CD of magnetic 
dipole forbidden transitions may be used to assign absolute 
configurations i n exactly the same way as suggested for the CT CD. 
The magnitude of the e f f e c t predicted by the above model i s i n 
good agreement with the observed bands. o ^ 

The v a l i d i t y of the di r e c t substitution for Δμ into the 
fi r s t - o r d e r expression for the CD of e l e c t r i c dipole allowed 
transitions i s v e r i f i e d readily using, for example, a simple 
vibronic coupling model. The procedure i s analogous to that 
discussed elsewhere for vibronic contributions to DICD (dispersion 
(dispersion-induced CD)(14). As Δμ i s , i n i t s e l f , f i r s t - o r d e r 
i n the vibronic perturbation, the CD strength of the d-d trans
i t i o n i s e f f e c t i v e l y third-order overall (substitution of |Δμ | 2 

into a f i r s t - o r d e r term). Thus i t w i l l be about three orders of 
magnitude smaller than the chelate CD. 

This contribution also arises for magnetic dipole allowed 
transitions, but i n such cases, there i s an e f f e c t i v e l y second-
order perturbation term involving the magnetic moment that should 
therefore be about an order of magnitude stronger, and thus 
dominate the d-d CD. This i s the mechanism that w i l l be discussed 
now. (It i s interesting to note i n passing that for the achiral 
chromophore, any magnetic dipole allowed transitions must have the 
magnetic tra n s i t i o n moment for a pa r t i c u l a r vibronic band orthog
onal to the small e l e c t r i c moment for the same vibronic transition. 
It i s unlikely that s u f f i c i e n t vibrational resolution i s possible 
for d-d spectra to exploit this simple relationship for assignment 
i f the polarization of one i s known.) 

Magnetic Dipole Allowed Transitions. In the previous cases, 
the CD has arisen essentially through the e l e c t r i c dipole trans
i t i o n moment of the trans i t i o n , so that the quantities appearing 
i n the CD expressions are the same as those responsible for the 
normal absorption; complete parametrization based on the normal 
absorption spectrum i s therefore possible. In the case of 
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magnetic dipole allowed transitions, the CD exploits the magnetic 
moment of the d-d t r a n s i t i o n , a quantity that does not play any 
role i n normal absorption, so that complete parametrization i s no 
longer possible. However, we s h a l l s t i l l take the energies from 
the normal absorption spectrum as characteristic of the chromo
phore . 

The CD strength of a magnetic dipole allowed d-d transition 
of the chromophore A as defined e a r l i e r arises from second-order 
perturbation theory, and incorporates the two e l e c t r i c moments 
involving a CT state (referred to as the intermediate state) of 
the A chromophore to provide the dipole-dipole coupling to the Β 
chromophore system. The CD ari s i n g from a pa r t i c u l a r chelate I 
at the d-d transition energy has the form {5) 

where 
~d ^ r„d , oc rs  cd so,-  or do 
ι = I m { α ε V (H ' i i

c^ = [Δε , (ε -ε,)] 1 , Δε ,=ε -ε., ε =ε +ε . ε rd es d ' rd r d es c s 
The interaction terms are defined in equation 9. The simplest 
interpretation of this term i s that the radiation f i e l d interacts 
d i r e c t l y with the l a s t two moments ( i t sees the whole molecule 
e f f e c t i v e l y as a point) with the quantity in curly brackets prov
iding a strong perturbative glue of dipolar interactions between 
e l e c t r i c transition moments (each of which i s symmetry allowed)on 
A and B, so that the radiation f i e l d sees the two chromophores as 
a single system. Further discussion of this term i s given else
where (5) . 

Simplification of this expression i s again effected by 
exploiting the generalized selection rules (9). Equation 21 i s 
expanded in terms of cartesian components, each having a moment 
factor pertaining to A of the form [μ(α)μ(β)m(y)]. Replacing 
each such factor by i t s projection V° [ ] as described e a r l i e r 
under the D ^ symmetry of A, the expression for R reduces to a 
simple product of A and I factors. The exact form depends d i r e c t 
ly on the^symmetries Γ^, Γ c of the d-d and CT transitions involved, 
so that R i s written in trie form 

Î i r d ' r c » " 5 C ? ^ W c ' W c ' · ( 2 2 ) 

Noting that Γ, can only be either A or Ε , and Γ either A^ u 

or Ε , i t follows that three p o s s i b l e contributions may be U 

distinguished. Introducing the notation 

(a,b,c) = [a(x)b(y) - b ( x ) a ( y ) ] c(z) , (23) 
these three contributions are those for which 

η /-* _ » , oc cd do. . . π x -rs -so or. 
W V = (H ) ; V A 2 g ' V = (Hi 'Hi ' H I > 
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Ω Α ( Ε . Ε ) = ( m d o
/ P

o c , y c d ) ; Λ ί Ε , Ε ) = (μ° Γ,μ",μ 8°) A g u ~ ~ ~ I g u ~I ~ ι ~ ι 

« A ( E G , A 2 U ) = (if C d,m d°,y O C); A I ( E G , A 2 U ) = ( y J 0 , y ° r , £ S ) . ( 2 4 ) 

As a f i n a l formality, i t remains to sum over the I to determine 
the CD strength of a given d-d transition due to interaction with 
the entire chelate system. Writing 

- (25) 

and defining 

i t follows that 

R d(r.,r ) 4 C P I m Ω*<Γ,' Γ > W n > · ( 2 6 ) d c 2 ε A d c B d c 
We s h a l l refer in a general way to the A term (Ω^) as the 
inducibility of A, and to the Β term (Λ ) as the inducing power 
of B. In p r i n c i p l e , this expression should be summed over a l l CT 
states of the appropriate symmetry, and over a l l states r, s of 
the chelate system. However, we sh a l l see that there are physical 
reasons which lead to dominant contributions from p a r t i c u l a r 
states. 

The Inducibility of A. The Ω are functions purely of the 
achiral chromophore A. It i s impossible to estimate these empir
i c a l l y by other techniques, so that the only approach would seem 
to be through simple model calculations. These are beyond the 
scope of this paper, so that the i n d u c i b i l i t y w i l l be discussed 
in a general way, with a par t i c u l a r emphasis on i t s role in estab
l i s h i n g CD/stereochemical correlations. 

Some insight into the nature of the i n d u c i b i l i t y may be 
gained^through considering a pa r t i c u l a r d-d transition, say 
ψ° ψ (symmetry Γ ^ ) . Supposing for purposes of i l l u s t r a t i o n 
that a l l states may be described by single configurations or 
determinants, then each tr a n s i t i o n may be considered as *a single 
electron jump between one electron o r b i t a l s . The d-d t r a n s i t i o n 
may then be written in the simpler notation d^d^. Denoting the 
CT state by c , i t follows from the fact that each dipole operat
or i s a one electron operator that the i n d u c i b i l i t y i s only f i n i t e 
i f the matrix elements 

« U U A I V ^ I H A I V ^ I I H A I V 

do not vanish by symmetry. This implies immediately that the 
charge transfer transition that acts as an intermediate i s either 
an electron transfer from d -*c. or from c+d, . (See reference 

ο 1 1 1 
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(15) for further details.) This severely r e s t r i c t s the CT inte r 
mediate states, so that i n most cases only one need be considered. 
In the one electron picture, CT transitions involving any other d 
states cannot contribute to the i n d u e i b i l i t y of the d -+d^ trans
i t i o n . The result of this i s that the i n d u c i b i l i t y o¥ transitions 
to other d states w i l l generally be quite different, as quite 
different CT states are involved, leading to quite different CD 
strengths for each d-d transition. There are also extra symmetry 
restraints inherent i n equation 24 r e s t r i c t i n g the nature of the 
CT states that can act as intermediates. This leads to a number 
of important conclusions, which are labelled for each reference 
in l a t e r sections. 
C(7) The value, ο I the induclbituty depends cnJjticaJLly on the 
nature of the d-d transition, and in turn on the nature of the 
intermediate charge transfer state. 
C(2) Von. tris [bidentates],
fore have. quite different induciOilyUX.es, because quite different 
intenmexLiate charge than* fen. λ teuton axe. Involved. 
C(3) Any changes In the. charge transfer states (e.g. through 
peMurbation of the. legating atom) will lead directly to changes 
In the. inducibility and thus to changes In the. d-d CD. 
C(4) Any correlations be.tKse.en the. inductbitities ο I two d-d 
transitions [e.g. the. £JAn ratio) axe. transferable from complex 
to complex only if the acbuyùxl chromophobe is strictly the same 
tn each case; I.e. such correlations should only be expected fen. 
complexe* with similar d electron configurations and similar 
charge transfer states. 
There i s another conclusion that follows from the considerations 
of the next section, but i s best collected here as i t relates 
d i r e c t l y to the i n d u c i b i l i t y . 
C(5) The relative intensities of the CD ο I d-d transitions ο I 
KQ> £ symmetry is determined largely by the indacibilUu.es, and 
tkus iAe nature of the achiral chromophore. 

The Inducing Power. The inducing power i s characteristic of 
the chelate system, and because of the dependence on transition 
moments connecting the excited states also cannot s t r i c t l y be 
determined empirically. Some conclusions may, however, be drawn 
immediately. 
C[6) The inducing power is of opposite sign fer the V and L 
configurations of the chelate system. 
C(7) A series of complexes with the same chelate system will be 
characterized by the same inducing powens. 
The inducing power may be d i r e c t l y interpreted as a hyper-
p o l a r i z a b i l i t y term of the chelate system, so that i t i s unlikely 
to be much affected by the det a i l s of the metal-ligand bonding. 
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86 STEREOCHEMISTRY OF TRANSITION METALS 

I t i s actually possible to simplify the form of the inducing 
power in terms of the moment representations defined e a r l i e r . 
Assuming an octahedral geometry of the metal-ligating atom system, 
and considering i n i t i a l l y extended pi-system chelates for which 
the transitions are mainly long- or short-axis polarized, the 
inducing powers are readily shown to reduce to the form 

A(A 2 g,E u) = - A(E g,E u) = -2JÏ y o r y r s y s o / r ^ ; 

Λ(Ε ,A ) = 0 (27) g 2u or so i f both y , y are long-axis polarized, and 

Λ(Α Ε ) = -A(E ,A ) = 2 / 2 y ° r y r S y S O / r l ; A(E ,E ) = 0 (28) u g u ML g u 
.- or s
i f y i s long-axis, y
defined for the D configuration  sign
moments are determined by using the reference directions of Figure 
1 as being positive for the dipole operator. 

For ligand systems such as dipy, phen, the CD spectra of the 
chelate systems suggest that the the terms of equation 28 should 
be the dominant factors leading to the d-d CD. The equality (in 
magnitude) of the inducing powers i n equation 27, and also of 
those i n equation 28, follows from the D^ symmetry of the chelate 
system, and may be taken as a general feature of D^ systems. I t 
i s this factor that leads to conclusion C(5) of the previous 
section. 

I t i s d i f f i c u l t to determine simply from looking at the 
previous equations how the inducing powers of differ e n t ligand 
systems w i l l be related. However, i f the hyperpolarizability 
type terms are determined largely by arrangement of the p i -
systems rather than their internal d e t a i l s (which i s quite plaus
i b l e i f one considers somewhat naively that each i s r e a l l y a "sea" 
of pi-electrons f l o a t i n g around each chelate frame), then i t 
would be most l i k e l y that the overall i n d u c i b i l i t i e s would at 
least be of the same sign for a range of chelate systems. This 
appears to be the case even for saturated ligand systems. We 
sh a l l therefore make the following assumption, stressing that i t 
need not be s t r i c t l y true even within the confines of our model 
(C(l)-C(7) are conclusions based d i r e c t l y on the CD model, and 
are not assumptions). 
A(7) Thz J^LQVI o£ thz inducing povozn ÂJ> tndzpzndznt ο I thz dztxUMd 
^tAucXu/tz ol thz zhzlatz, and dztznmivizd only by thz ovzhaZZ 
confitgu/iation ofi thz complzx. 

Magnitude of the Second-Order Terms. Before discussing the 
applications of these conclusions, i t i s important to establish 
that the mechanism discussed here can account for the magnitude 
of the d-d CD found experimentally. Using equation 16 and the 
units discussed for equations 17, 18, the magnitude of the r a t i o 
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2 

3 

Figure 1. Definition of dipole operator directions and axis system: (a) long-axis 
chelate transitions; (b) short-axis chelate transitions. 
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of the d-d CD (magnetic dipole allowed) to that of the chelate CD 
has the form (see equation 22) 

Δ = 2.1X10 4 c A α ° B α (29) ε ι or ι 2 ε r υ r ML '~ 1 

Putting r = 3 Â, Δε^-ε^/3 ~ ( ε
α 3 " ε

ά ) / 5 = 1 ( ) 4 cm"1, and a l l 
chelate dipole moments equal to le Â, the ra t i o reduces to 

Δ = 0.02Ω (Γ.,Γ ) (30) A d c 
with m in BM. Assuming the CT moments for A are of the order of 
1/3 eA, and the magnetic moment about 3 BM, the ratio i s s t i l l 
about 10" , i n good agreement with the magnitudes found experim
entally. Considering that th  abov  value t u n r e a l i s t i c
such a si m p l i s t i c calculatio
evidence for the importanc  questionabl
whether many other d-d CD models could meet this rather stringent 
test of giving an absolute magnitude in the right b a l l park for 
r e a l i s t i c parameter values. 

Applications 

I t may seem that the previous discussion leads to so many 
res t r i c t i o n s that one despairs at the use of d-d CD as a stereo
chemical probe at a l l . The source of this apparent dilemma i s 
that the CD i s sensitive not only to the absolute configuration 
of the chelate system, but also to any variations in the achiral 
chromophore. Such a negative conclusion i s readily alleviated, 
however, i f the re s t r i c t i o n s are considered together with estab
lished empirical rules. In addition, the s e n s i t i v i t y to the 
achiral chromophore, though a p a r t i a l hindrance to the establish
ment of a simple CD-stereochemical correlation to cover a l l 
complexes, i s actually an appreciable advantage to the study of 
the effects of, for example, added anions on the metal-ligand 
bonding. We now i l l u s t r a t e these features with some examples. 

3 8 
6 The Dominant Ε Rule. The band i n d , d and spin-paired 

d tris(bidentate) complexes i s generally s p l i t into d i s t i n c t 
Α2σ' E c o m P ° n e n t s f i t i s found empirically that the Ε band 
has the stronger CD. The absolute configuration i s thus determ
ined d i r e c t l y through the sign of the dominant Ε band (see e.g. 
references i n Hawkins (_2) ) . This i s consistent with A(l) , C(2) , 
but should only apply for similar chromophores (C(4)). The 
r e l a t i v e l y wide a p p l i c a b i l i t y of this rule must stem from an 
underlying s i m i l a r i t y of the electronic configurations of such 
chromophores. Perhaps the best example when such a rule should 
apply rigorously on theoretical grounds are the tris(diamine) 
complexes, for which the achiral chromophore should not be 
extensively perturbed by substitutions at the chelate carbons. 
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This i s found to be the case (2) . 
An i l l u s t r a t i o n of the s e n s i t i v i t y of this rule to changes 

in the achiral chromophore i s that the addition of polarizable 
oxyanions have a dramatic effect on the CD spectrum (16),the A 
band gaining intensity at the expense of the Ε band (17,18) , 
for the diamine complexes discussed above. T§e effect i s only 
pronounced for those complexes which can lead to hydrogen bonding 
of the anions to the nitrogen hydrogens. Such effects are frequ
ently rationalized as due to extra perturbations on an achiral 
chromophore ( i . e . they are absorbed into the c h i r a l perturber), 
but i n this model i t i s probably due to the hydrogen bonding 
having s u f f i c i e n t effect on the nitrogens that the achiral chromo
phore d e f i n i t i o n must incorporate these changes at the outset. 
The anion e f f e c t thus e f f e c t i v e l y leads to a new achiral chromo
phore, because of the larg  effect  th  charg  transfe  states
This has been exploite
and thus effecting an assignmen  configâration
Such effects serve to i l l u s t r a t e how easi l y the d-d CD can be 
altered through variations i n the achiral chromophore (C(s)). 

The Rule. I t i s tempting to simplify the symmetry of 
the achiral chromophore, and thus in turn simplify the CD-stereo-
chemical correlations. For example, i f the l i g a t i n g atoms are 
taken to be isotropic, the symmetry of the achiral chromophore 
becomes octahedral. The CD should then reduce to that of a single 
T^ band. Empirically, the Τ CD could be approximated as a 
simple sum of the A^ , Ε bands*, leading to a "T " rule. 

Under such octaSedrll symmetry of the achiraS chromophore, 
the generalised selection rules reduce the CD strength for the 

band to a single contribution for each chelate I : 
d . . 1 d oc cd do., -rs -so -or. 
ι l g = 6 ε I m [ϋ ϋ * m ] [ ϋ ι Hi "Hi 1 * ( 3 1 ) 

For achiral chelates, the t r i p l e products of chelate moments on 
a single chelate I i s zero, so that 

R (T ) = 0 for each I (32) I l g 
for uncoupled chelates. [There i s a small contribution i f a 
degree of coupling between the chelates i s introduced, but i t i s 
at least an order of magnitude smaller than that derived e a r l i e r 
for the s p l i t A^ , Ε bands.] Thus, under Ο , the CD vanishes, 
so that the T, ?ule^would seem to be of l i t t l e use. In fact, i t l g 
i s a good i l l u s t r a t i o n of ricw an u n r e a l i s t i c choice of chromo
phore can lead to a quite misleading result. In these complexes, 
the Ε , A^ s p l i t t i n g i s c r u c i a l to getting an appreciable CD, so 
that ?he achiralchromophore must accommodate this clear s p l i t t i n g 
of the T 1 band at the outset. Addition of the CD of the Ε , A^ 
component! cannot (except in special cases perhaps where thiy 
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are equal and opposite in sign) be i d e n t i f i e d as that of the 
band. 

Add i t i v i t y Rules. In addition to these di r e c t CD-stereo-
chemical correlation rules, there are a set of empirical 
a d d i t i v i t y rules determined empirically by Douglas (see, e.g., 
reference {19) and collated references in Hawkins (2)). An 
example of such a rule i s that for cases i n which the chelate 
i t s e l f has an asymmetric carbon. The d-d CD contributions from 
the asymmetric carbon atom and that of the chelate system as a 
whole are found to be additive. The theoretical j u s t i f i c a t i o n 
for this a d d i t i v i t y follows d i r e c t l y from the model discussed i n 
this paper, and has been discussed in some d e t a i l elsewhere (4). 
(It i s worth noting that we i m p l i c i t l y used this a d d i t i v i t y i n 
considering the d-d CD
the chelates I, with th
symmetry.) 
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Circular Dichroism Spectra of Square Planar Complexes 

Containing Prochiral Olefins and The ir Stereoselective 

Olefin Exchange 

KAZUO SAITO 
Chemistry Department, Faculty of Science, Tohoku University, Sendai, 980 Japan 

The relationship between the absolute configuration and CD 
spectrum has been widely discussed, but mostly for octahedral 
complexes. (1) Asymmetric coordination of η2-olefins was first 
demonstrated by Cope et al. (2) with trans-[PtCl2(1-phenylethyl-
amine)(trans-cyclo-octene)] and extended by Paiaro and Panunzi (3) 
by the preparation of a pair of diastereoisomers, such as trans-
dichloro(R or S-α-phenylethylamine) (trans-2-butene)platinum(II) , 
trans-[PtCl2(1-phenylethylamine) (tbn)]. Since then several 
complexes with such an asymmetry have been prepared, and the 
relationship between the absolute configuration and CD pattern has 
been discussed for platinum(II) complexes. (4) Scott and Wrixon 
(5) reported that S,S-η2 and R,R-η2 configuration give CD peaks 
with positive and negative signs in the d-d transition region at 
ca. 27,000 cm-1. Less information is available for the complexes 
with other metal ions, and only palladium(II) (5) and iron(0) (6) 
complexes were discussed. 

A change in the kind of olefin does not cause significant 
changes in absorption spectra, so long as the other ligands remain 
unchanged. Hence the replacement of one olefin ligand by another 
cannot be detected by absorption spectrometry. Olefin exchange in 
platinum(II) complexes is an important elementary reaction related 
to their catalytic action in homogeneous systems, but kinetic 
studies have not been made because of such experimental difficulty. 
NMR studies gave only limited information. Measurement of the 
change in the CD spectrum of the complexes with prochiral olefins 
in the presence of an excess of free prochiral or non-prochiral 
olefins enables the estimation of the substitution rate. This 
method is useful for examining the influence of other ligands upon 
the rate of olefin exchange, (e.g. trans effect, (7)), but is 
also useful for elucidating the stereo-selctivity involved in the 
olefin exchange. 

This paper deals with the relationship between the absolute 
configuration of r)2-olefins and the CD pattern of new platinum(II) 

0-8412-0538-8/80/47-119-091$06.00/0 
© 1980 American Chemical Society 
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92 STEREOCHEMISTRY OF TRANSITION METALS 

and rhodium(I) complexes of the types shown i n Figure 1, and with 
the source of stereoselectivity for o l e f i n exchange. 

CD Pattern of Rhodium(I) and Platinum(II) Complexes 

CD of Rhodium(I) Complexes. Figure 2 shows the v i s i b l e and 
UV absorption of r| 2-olefin complexes of rhodium(I). The synthesis 
of these complexes has been reported elsewhere. (8) I t i s seen 
that r| 2-olefins give absorption peaks or shoulders i n the regions 
20,000 to 30,000 cm-1 and around 40,000 cm"1. These are the same 
regions with those where n. 2-olefin platinum(II) complexes give 
characteristic absorption, which i s exemplified i n Figure 3. (9) 
(Table I) 

Figure 4 i l l u s t r a t e s the CD spectra of a few rhodium(I) 
complexes. The pattern i
Two cha r a t e r i s t i c and commo
where the r] 2-olefins cause absorption peaks:i.e. negative peaks 
between 20,000 and 30,000 cm"! and large positive peaks at ca. 
40,000 cm"1. The pattern i n the region between these two i s too 
complicated and sensitive to the other ligands and no systematic 
trend i s seen. Figure 5 shows the difference i n CD pattern between 
doubly bridged binuclear complexes of platinum(II) and rhodium(I) 
containing S,£-£ratts-cyclo-octene (coe), which can be coordinated 
only i n t h i s configuration. 

Whenever one looks at the peaks at ca. 22,000 cm"1, the peaks 
have opposite signs. On the other hand, the sign of the peak at 
around 40,000 cm"l i s the same, although the intensity d i f f e r s 
greatly. The molar extinction c o e f f i c i e n t i n the former region i s 
ca. 10 3M"lcm"l, and cannot be reckoned to be a purely d-d t r a n s i t 
ion. However, the influence of the central metal ion i s remarkable. 
The ε value of the peak at ca. 40,000 cm-1 i s more than 104M~1cm-1, 
and the CD sign i s independent of the metal ion. Hence th i s must 
r e f l e c t the absolute configuration of the prochiral o l e f i n i t s e l f . 

CD of Platinum(II) Complexes. Scott and Wrixon discussed the 
relationship between the CD and the structure of various o l e f i n s 
including many terpene derivatives, but theirs i s limited to the 
low energy d-d t r a n s i t i o n region. (5) The CD pattern i n the region 
30,000 to 40,000 cm"1 i s very complicated and cannot be understood 
systematically. We have synthesized various complexes containing 
S,S-trans-2-butene (tbn) or /S'-2-methyl-2-butene (mbn) as a source 
of asymmetry and other ligands including L-prolinate, 4-substituted 
anilines and 4-substituted pyridines. Among them [PtCl(0-phenyl-
enediamine)(5-mbn)] i s the f i r s t o p t i c a l l y active square planar 
complexes with positive charge. The CD data are given i n Table II. 

Importance of the c i s Ligand. Figure 6 shows the CD of the 
two geometrical isomers of [PtCl(L-prolinate)(S,S-tbn)]. Both have 
rather large negative CD peaks at ca. 36,000 cm"1, but the c i s 
isomer has one shoulder at ca. 32,500 cm"1, whereas the trans 
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Figure 2. Absorption spectra of rhodium(I) complexes containing olefins and 
other ligands in hexane: acac, enolate anion of acetylacetone; coe, cyclooctene; 

dbm~, enolate anion of dibenzoylmethane. 
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Figure 3. UV absorption and CD spectra of [PtCl(L-prolinate)-(tra.ns-2-butene)]: 
( λ (+)s8o*€; ( λ (-)38oA€; ( λ vincinal effect. 
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5. SAITO Square Planar Complexes 95 

Table I*Absorption Data of Rhodium(I) and Platinum(II) 
Complexes Containing r| 2-01efins 

Complexes V loge V loge loge loge 
10 3cm" 1 Ι Ο 3 ^ " 1 

[Rh(acac)(C0) 21 a ' b 25.00 1.91 41.00 3.68 
[Rh(acac)(ethylene)2] 25.00 3.31 41.32 4.00 
[Rh(dbm) (ethylene) 2] 27.40 3.98 40.00 4.08 
[Rh(acac)(trans-coe)2] c 25.32 2.95 40.98* 3.94 
[Rh(dbm)(trans-coe) 2] c 

[ R h 2 C l 2 (trans-coe) 2] c 

27.40 3.96 40.00 4.38 [Rh(dbm)(trans-coe) 2] c 

[ R h 2 C l 2 (trans-coe) 2] c 22.73* 2.97 40.98 4.48 
[PtCl(L-pro)(trans-coe)] f 24.8 * 1.54 40.00 3.20 
[PtCl(L-pro)(trans-coe)] g 27.03* 1.73 40.00* 3.32 
K [ P t C l 2(L-pro)] h 

a) i n diethylether b
c) i n hexane d) enolate anion of dibenzoylmethane 
e) cyclooctene f) L-prolinate, data i n Ref. 
g) i n a c e t o n i t r i l e h) i n Ref. 
*) shoulders 

Figure 4. CD spectra of rhodium(I) and platinum(ll) complexes containing S,S-
trains-2-butene (tbn) and S^S-trans-cyclooctene (coe) in hexane: ( ), P(C6H5)r 

[PtCla(S9S-tbn)J in acetonitrile; (- - -) [Rh2Cl2(S,S-coe)]; ( ), [Rh(acac)(S,S-
coe)t]; ( ), [Rh(dbm)(S$-coe)2]. 
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Figure 6. CD spectra of cis- and triins(NJ/)-[PtCl(L-prolinate)-(S,S-tTims-2-
butene)] in acetonitrile: ( j , cis isomer; ( j , trans isomer. 
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isomer gives one broad peak shifted to longer wave lengths. This 
fact suggests the importance of other ligands which are c i s and 
trans to the o l e f i n . Figure 7 i l l u s t r a t e s the CD patterns of the 
mbn complexes containing cis-dichloro ligands, and a trans-chloro 
or 4-substituted aniline ligand. Despite the difference i n basic
i t y and even i n the coordinating atom, the negative CD peaks at 
ca. 34,500 cm - 1 have almost equal positions and i n t e n s i t i e s . I t 
seems as i f the variation of the c i s ligand i s more important i n 
determining the CD pattern i n this region than the trans ligand. 
This consideration i s further v e r i f i e d by comparing the CD of 
those complexes having chlorine and nitrogen i n the c i s position 
and other donors i n the trans. (Figure 8) The solvents were 
chosen i n accordance with the s o l u b i l i t y and the pattern cannot 
be compared i n one solvent. Here again the location of the negat
ive CD peaks are not ver
or the presence of anothe
amine and prolinate, which have asymmetric nitrogen upon coordinat
ion) . A l l these facts suggest that the cis-influence i s more 
sign i f i c a n t than the trans-influence for determining the location 
of CD peaks around 35,000 cm"1. Because of the very strong trans-
influence of the asymmetric o l e f i n , ligands trans to the o l e f i n 
would have only a small influence on the platinum(II), especially 
when the trans ligands are mere electron pair donors. Figure 9 
gives the CD pattern of the complexes trans-[PtCl2(£-mbn)(4-
substituted-pyridine)]. The peaks below 30,000 c n r 1 are alomost 
i d e n t i c a l , but the negative peaks at ca. 35,000 cm"1 s h i f t s as 
the substituent on the pyridine ring changes. Pyridine derivatives 
can have d^-d-ji interactions with platinum(II) and may perturb the 
electronic state. 

Asymmetric Influence from the trans Ligand. As shown l a t e r , 
when an asymmetric nitrogen i s i n the trans position of the com
plexes of the type trans (N,//)-[PtCl(L-am)(ethylene)], asymmetry 
i s introduced by the substitution of tbn for the ethylene i n 
organic solvents. (10.) L-Alanine, L-phenylalanine, and L-valine 
f a i l to introduce asymmetry on the incoming tbn i n the equ i l i b 
rated state. However, L-proline, N- and C-substituted L-proline 
and even ^-substituted L-valine induce asymmetry. (Table V) There 
must be some electronic interaction from the asymmetric nitrogen 
upon the o l e f i n through platinum(II). 

Figure 10 shows the CD pattern of some of these complexes. 
Complexes without asymmetric nitrogen give only very weak CD i n 
the region from 20,000 to 40,000 cm"1. Especially between 27,000 
and 40,000 cm - 1 the CD i s much weaker than those with asymmetric 
nitrogens (Figure 10-D). Since the complexes with L-prolinate, 
L-hydroxyprolinate and αΖΖ-ο-L-hydroxyprolinate have very similar 
patterns to one another, the asymmetric carbon atoms on the 
pyrrolidine ring do not seem to give s i g n i f i c a n t contributions. 
(Figure 10-B) On the other hand, introduction of a methyl or 
benzyl substituent on the nitrogen changes the CD pattern to a 
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log ε 

Figure 7. UV absorption and CD spectra of phtinum(II) complexes containing 
S-2-methyl-2-butene (mbn) and 4-substituted anilines: ( ), X = Η in trans-
[PtCl2(S-mbn)(4-X-anline)] (in benzene); (- · ·), X = CI in trans-[PtCl2(S-mbn)-
(4-X-aniline)] (in benzene); ( ), (X = CH3) in trans-[PtCl2(S-mbn)(4-X-ani-

line)] (in benzene); (----), P(C6HrJJPtCl^S-mbn)] in dichloromethane. 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 8. CD spectra of platinum(II) complexes containing S-2-methyl-2-butene 
and various amines on the cis site: ( ), [PtCl(o-phenylenediamine)(S-mbn)] in 
ethanol; ( ), cisfN,//)[PtCl(L-prolinate)(S,S-tbn)] in acetonitrile; (-'-'), 

cis(Cl)[PtCl2(S-l-phenylethyhmineXS-mbn)] in acetone. 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



102 STEREOCHEMISTRY OF TRANSITION METALS 

Figure 9. CD spectra of phtinum(II) complexes containing S-2-methyl-2-butene 
(mbn) and 4-substituted pyridines on the trans site in dichloromethane: ( ), 
X = NH2; ( X = H; and( j , X = C02C2H5 in trans-[PtCl2(4-X-py)-

(S-mbn)]. 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
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SAiTO Square Planar Complexes 

log£ 

Figure 10. UV absorption (A) and CD spectra of transfN,/'/f)-[PtCl(L-aminocar-
boxyhte)(ethylene)] in acetonitrile (10). B: ( ), L-prolinate; ( ), L-hydroxy-
prolinate; (· · -), al\o-L-hydroxyprolinate. C: ( ), N-methyl-L-pro; ( ), 
N-methyl-L-hyp; (· · -), N-benzyl-L-pro. D: ( ), L-ahninate; ( ), L-phen-

yhlaninate; ( · · -), L-valinate. E: ( ),N-benzyl-L-Oalinate. 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



104 STEREOCHEMISTRY OF TRANSITION METALS 

marked extent, especially i n the region from 25,000 to 40,000 cm"! 
(Figure 10-C). In p a r t i c u l a r l y tf-benzyl-L-valinate gives a large 
negative peak at ca. 34,000 cir r i , which i s similar to that of N-
benzyl-L-prolinate (Figure 10-E). This fact indicates a marked 
stereoselectivity on coordination of #-benzyl-L-valinate. trans-
(N,//)-[PtCl(tf-bz-L-val)(ethylene)] can exist as a pair of dia-
stereoisomers, S(N)S(C) and R(N)S(C). Its CD spectrum i s very 
similar to that of tf-benzyl-L-prolinato complex, which can have 
only R{N)S (C) configuration. The #-benzyl-L-valinato complex seems 
to be formed almost exclusively i n the R(N)S(C) form, when Zeise's 
s a l t undergoes substitution with free #-benzyl-L-valine i n a 
s l i g h t l y acidic solution. The preference for the i?-conf iguration 
around the coordinated nitrogen adjacent to an 5-carbon i s rather 
common for octahedral complexes. (11) Molecular model studies show 
that s t e r i c hindrance betwee  th  substituent  th  nitroge d 
5-carbon would be responsibl

Figures 10-B and -C indicate that the CD curves i n the 33,000 
and 37,000 cirri regions have reversed signs. On the assumption of 
the a d d i t i v i t y law, the differences of CD's between the #-benzyl-
L-prolinato and L-prolinato, and between #-benzyl-L-valinato and 
L-valinato complexes are plotted against the wave number i n 
Figure 11-A. Similar plots of όΔε'ε bentween #-methyl-L-prolinato 
and L-prolinato, and between tf-methyl-L-hydroxyprolinato and L-
hydroxyprolinato complexes are shown i n Figure 11-B. The δΔε 
curves are very similar to each other regardless of the aminocarb-
oxylate moiety. Hence the a d d i t i v i t y law should hold between the 
contributions of N-substituent and of the aminocarboxylate, the 
former being independent of the chelate framework. 

Usefulness of the quadrant rule for the interpretation of the 
CD signs of n 2 - o l e f i n complexes of platinum(II) i n 25,000 cirri 
region was demonstrated by Scott and Wrixon (5) . We have applied 
this rule for interpreting the contribution of the asymmetric 
nitrogen. Figure 12 shows the projection of trans(Nr//)-[PtCl-
(tf-alkyl-L-pro)(ethylene)]. The square plane i s represented by the 
horizontal l i n e , and the Pt-N bond i s perpendicular to the paper 
plane. The asymmmetric nitrogen i s beneath platinum(II) (large 
dotted c i r c l e ) . The contribution of the minus quadrant at below 
l e f t side behind the paper should depend on the size of the substi
tuent on nitrogen (triangle). With an increase i n size of this 
substituent (H, methyl and benzyl) the contribution of this minus 
component should increase to give the calculated curves shown i n 
Figure 11. 

The UV absorption curves of a l l the present complexes have 
peaks with e=ca.ΙΟ^ΙΓ^-αχΤ1 from 31,000 to 45,000 cm"1. Denning, 
Hartley and Venanzi assigned the absorption bands of Zeise's s a l t 
i n t h i s region to d-π*(ethylene) tra n s i t i o n . (12) We have observed 
CD peaks with Δ ε 1 s -1.3 and +3.3 at ca.35,000 and 39,500 cm"1 for 
the tetraphenylphosphonium s a l t of [PtCl3 (S,S-tbn) ] " i n acetoni-
t r i l e . (13) The peak at 35,000 cm"1 must correspond to the same 
trans i t i o n as that of the main CD band of Figure 10 (and Figure 
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-0.5} 

Figure 11. Difference in CD between 
two complexes of the type transfN,//)-
[PtCl(L-aminocarboxylate)( ethylene ) 
with and without substituent on the 

nitrogen (10) 

Figure 12. Projection of the square planar complexes (10): A, tr3u\s(N,//)-[PtCl-
(-substituted L-am)(ethylene)]; B, S,S-trans-2-fewiene moiety. 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



106 STEREOCHEMISTRY OF TRANSITION METALS 

11). Figure 12 also shows the projection of th i s Zeise-type 
complex; the C-C moiety i s placed across the square plane of 
platinum(II) behind the paper. A common contribution of the minus 
region to the lower l e f t behind the paper seems to predominate for 
the Zeise-type and the present complexes. The d-n* t r a n s i t i o n may 
be perturbed by the asymmetric nitrogen trans to ethylene to give 
a marked CD peak i n this region. 

The cis-isomer cis (N,//)-[PtCl(L-pro)(ethylene)] gives only 
a weak CD i n thi s region (Figure 13). 

S t e r e o - s e l e c t i v i t y on Ole f i n Exchange 

Selectivity on the Exchange of Prochiral Olefins. Substitut
ion of ole f i n s for the coordinated r| 2-olefin was f i r s t studied 
k i n e t i c a l l y by PMR spectroscop
( acac, enolate anion o
in such a reaction was pointed out f i r s t by Corradini, Paiaro 
and Panunzi for the equilibrium of cis-[PtCl2(5-amine)(olefin)] 
i n organic solvent, the i?-configuration being preferred by 5 to 
50 %. (15) Many studies have dealt with the s e l e c t i v i t y of 
reactions of coordinated ligands, (16) but nothing has been re
ported concerning the stereoselectivity for the substitution of 
coordinated o l e f i n s . 

We examined several years ago the rate of the following 
reactions by use of CD measurements and the isotopic l a b e l l i n g 
method. 

trans (N,//)-[PtCl(L-pro)(S,S-tbn[3#])] + tbn 
trans (N,//h [PtCl (L-pro) (R,R or 5,5-tbn)] + tbn[ 3#] (1) 

and found a sig n i f i c a n t s e l e c t i v i t y i n favor of substitution with 
retention of configuration (Table I I I ) . 

Table I I I # Second Order Rtae Constants of the Substitution 
of 2-Butene for the 5,5-2-Butene i n trans(N,//)-
[PtCl(L-prolinate)(5S ,-tpans-2-butene[3iï] )] i n Acetone. (17) 

Olefin eis-2-butene trans - 2-butene* 
Temp/°C 8.0 -20.0 8.0 -20.0 

-λ -1 -1 
k _ / i o M s 347 70.9±7.6 6.2 0.9 
k. / i o " V s 

I S O 

70.2±4.1 32.3 5.6 

* The calculated kroo, and k r o n i at 8.0°C are 29.1 and 
-3 -1 -1 

3.1 χ 10 M s , respectively, the r a t i o k ^ g j / f c ^ 
being 9.4. 
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The i d e n t i c a l rate of substitution of non-prochiral cis-2-butene 
for the coordinated S,5-tbn measured by the two methods indicates 
the absence of other reactions such as l o c a l proton exchange 
between <?£s-2-butene and trans-2-butene. The second order rate 
constants for the tbn substitution measured by the two methods 
(^iso and kc&) are correlated with the rate constants for retent
ion k^gg] a n d inversion of configuration k[SR] by Equation ( 2 ) . 

^cd ~ 2k[SR] "[55] + k [SR] 
(2) 

On the basis of the data i n Table III i t i s seen that substitution 
with retention of configuration i s preferred to that with inversion 
by a factor ca. 10 at 8.0°C. 

The substrate complex trans(N,//)-[PtCl(L-pro)(5,5-tbn)] has 
three centers of asymmetry  the coordinated o l e f i n  asymmetric 
carbon i n the L-prolinate
metric on coordination
a s i g n i f i c a n t stereoselectivity on substitution, the L-prolinato 
complex was converted into [PtCl3(5,5-tbn)]- by the action of 
hydrochloric acid. The replacement of L-prolinate by chloride 
proceeded with almost f u l l retention of configuration. (The CD 
strength i s almost equal tD that of [PtCl3(5,S-trans-eyelooctene)]τ) 
By use of labelled [PtCl 3(5,5-tbn[3tf])]-, the substitution of 
tbn for the S,S-tbn was measured i n acetone by two methods, CD 
spectroscopy and isotopic exchange. The results are shown i n 
Table IV. Here again a marked ste r e o s e l c t i v i t y i s seen,retention 
of configuration being preferred. The activation parameters for 
the kc& and fciso values indicate that the difference comes mainly 
from the entropy effect, i.e. by a s t e r i c reason. Figure 14 
i l l u s t r a t e s the interaction of the incoming and the coordinated 
trans-2-butene. The coordinated o l e f i n i n square planar platinum 
(II) conpmlexes containing chloride and acetylacetonate (18,19), 
halide or trifluoroacetate and t e r t i a r y phisphines or arsines (20), 
and halides and t e r t i a r y phosphines or phosphites. (21) was found 

Table IV. Second Order Rate Constants and Activation 
Parameters for the Substitution of trans-2-butene for 
[PtCl 3(5,5-trans-2-butene[3#])]- i n Acetone (13) 

Temp cd k. 
I S O 

k[SS] k[SR] k[SS) 
°C 

1 0 - V V 1 1 0 ~ V V 1 10" 3M" 1s" 1 1 0 - V V 1 
k[SR] 

8.0 17.3 70.6 62.0 8.7 7.2 
-5.0 6.74 35.1 31.7 3.4 9.3 

-20.0 2.65 11.4 10.1 1.3 7.8 
Μ Φ / k J m o l - 1 36.3±3.1 37.6±2.7 
AS*/J m o l ^ K - l -138 ± 12 -149±10 
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log<5 

Figure 13. UV absorption and CD 
spectra of cis(N,//)-[PtCl(L-pro)-(eth

ylene)] in acetonitrile (10) 

Figure 14. Plausible transition states on the nucleophilic attack of trans-2-butene 
(tbn) upon [PtCl3(S,S-tbn)] (13) 
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to be rotating around the Pt-// axis at room temperature. Even a 
simple molecular model study discloses that the approach of tbn 
to form a square pyramidal transition state i s easier with 
retention of configuration (Figure 14-A) than with inversion of 
configuration (Figure 14-B). 

The r a t i o ^ i s s l i g h t l y but s i g n i f i c a n t l y smaller 
than that for the substitution of tbn for the S,S-tbn i n trans-
(N,//)-[PtCl(L-pro)(S,S-tbn)]. Hence the asymmetric carbon or 
nitrogen on L-prolinate must play some role i n causing the stereo
s e l e c t i v i t y . 

Induction of Asymmetry on Olefin Exchange. When an excess of 
trans-2-butene i s added to an acetone solution of trans(N,//)-
[PtCl(L-am)(ethylene), the UV absorption does not change s i g n i f i 
cantly but the CD patte
CD strength i n the regio
increases and then decreases, The change i n CD strength at 26,300 
cm"1 (the maximum of the peak due to the asymmetric coordination 
of tbn) i s plotted against the time i n Figure 16. The CD strength 
increases at the i n i t i a l stage to reach a maximum ( A e m a x ) ( f i r s t 
step). (The UV pattern of the o r i g i n a l complex in the region from 
32,000 to 45,000 cm"1 changes s l i g h t l y to approach that of the 
tbn complex.) This step should involve stereoselective formation 
of the S,S-tbn complex by the following reaction. 

[PtCl(L-am)(ethylene)] + tbn -> [PtCl(L-am)(tbn)] + C 2H 4 (3) 
Since the tbn overwhelms ethylene, the ethylene should be alomost 
exclusively i n free state, (vide infra) 

In the second step the CD strength at 26,300 cm"1 gradually 
decreases, while the UV absorption remains unchanged. The second 
step i s much slower than the f i r s t step, and both can be k i n e t i c -
a l l y analysed separately. The apparent o p t i c a l y i e l d i n the f i r s t 
step (Pmax) i s calculated by Equation (4), 

Pmax = (Δε^χ - A e v i c ) / ( A e r e s o l v " A e v i c ) <4> 
where Δ ε Γ Θ 3 0 ι ν i s the CD peak strength i n the region from 26,000 
to 27,000 cm"1 of the resolved tbn complex, and Δ ε ν ί α the CD 
strength due to the v i c i n a l effect of L-aminocarboxylate (L-am) 
which i s represented by the CD strength of the ethylene complex 
[PtCl(L-am)(ethylene)]. (The CD peak s h i f t s only s l i g h t l y on the 
change i n the kind of aminocarboxylate i n t h i s region.) The p m a x 
values are l i s t e d i n Table V. 

The second step gives no UV change and i s considered to 
involve the replacement of the asymmetrically coordinated tbn by 
free tbn towards thermodynamically equilibrated state. The o p t i c a l 
y i e l d at equilibrium i s calculated by Equation (5) 

Peq = ( ^ e q ^ v i c ) / ^ r e s o l v - Δε ν 1 (0 (5) 
where Δε Θ ( ϊ i s the CD strength i n the equilibrated state. The p e q 

values are l i s t e d i n Table V. 
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Figure 15. Change in the CD spectrum 
with time on the reaction between 
tT2Lns(N,//)-[PtCl(N-me-L-pro)(ethyl-
ene)] (0.00154M) and trains-2-butene 
(0.279M) in acetone at -28.0°C (22): 
(- - -), original complex; ( ), 1 min 
after; (---·), 2 min after; ( ), 4 min 

after; (- · · -)9 infinite time. 

Figure 16. Change in CD strength at 
26,300 cm'1 on the reaction given in Fig

ure 15 (22) 
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Table V. Kinetic and Thermodynamic Optical Yield of 
trans-(#,//)-[PtCl(L-am)(olefin)] on the Reaction 
of the Corresponding Ethylene Complexes with Olefins (22) 

a 
L-am T/°C Solvent b  /%  /% Olefin T/°C 

L-pro ·̂ 8.0 L-pro ·̂ 
-27.5 act η 34 tbn 

Ν-me- L-pro 8.0 actn 53 -6 (RR) tbn 
tf-et-L-pro 8.0 actn 50 ^0 tbn 
N-hz-L-pro r 8.0 

8.0 
actn 24 ^-1(RR) tbn r 8.0 

8.0 dcm 28 tbn 
tf-bz-L-val 8.0 actn 40 -10 (RR) tbn 

{ 8.0 an 39 -9 (RR) tbn 
8.0 L-ma 35 tbn 

L - v a l -30.0 actn 0 tbn 
L - a l a -30.0 actn 0 tbn 
L-hyp 8.0 actn 37 +8 (SS) tbn 
iV-me-L-hyp 8.0 actn 32 -7 (RR) tbn 
L-ahyp 8.0 actn 37 +6 (SS) tbn 
cis (N,//)- r 8.0 

-13.0 
actn 33 tbn 

L-pro 
r 8.0 
-13.0 actn 34 -27 (RR) tbn 

L-pro 8.0 actn 7 +6 (S) mbn 
N-me- L-pro 8.0 actn 7 (R) mbn 
L-hyp 8.0 actn 6 M-3 (S) mbn 
N-me-L-hyp 8.0 actn 3 mbn 
L-ahyp 8.0 actn 19 +7 (S) mbn 

a) hyp, hydroxyprolinate; ahyp, a£Ztf-hyrdoxyprolinate; 
me, methyl; et, ethyl; bz, benzyl. 

b) actn, acetone; dcm, dichloromethane; an, a c e t o n i t r i l e ; 
L-ma, L-methylacetate. 
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Detailed analysis of the curves exemplified i n Figure 16 
enables the estimation of individual rate constants for both 
directions of Equation (3). It was also elucidated that the second 
step i s the exchange of between coordinated and free tbn catalysed 
by ethylene made free i n the f i r s t step. However, the detailed 
kinetic studies have been reported elsewhere (22) and omitted i n 
this review. 

The p eq value i s reckoned to r e f l e c t the difference i n 
s t a b i l i t y between the S,S and R,R configurations, and the s t a b i l i t y 
should be related to the structure of complexes. Table V indicates 
that the cis(N,//) isomers give rather large negative Peq- Mole
cular model studies suggest that the 5,5-tbn i s subject to a larger 
s t e r i c hindrance with R(N)-L-prolinate than i?,i?-tbn i s , so that 
the i?,i?-configuration i s favored. Such a difference i n s t e r i c hin
drance i s not seen for
without asymmetric nitroge
asymmetric nitrogens give p max always i n favor of the formation of 
5,5-configuration. trans-2-Butene gives larger p m a x than 2-methyl-
2-butene does, presumably owing to the presence of two asymmetric 
carbons. The extent of s e l e c t i v i t y for the tbn reaction ranges 
from 20 to 50 %, and i t i s rather d i f f i c u l t to find a correlation 
between the p m a x and the structure. The Pmax depends on the nature 
of the substituent,but not on the location of hydroxy 1 group on the 
pyrrolidine ring. The incoming tbn should approach platinum(II) 
from the opposite side to that occupied by pyrrolidine. Thw bul k i -
ness of the substituent does not increase p max* but rather de
creases i t . Studies with molecular models suggest that the approach 
of tbn to platinum(II) center having asymmetric nitrogen would be 
easier i n S,S- than i n i?,i?-configuration, but do not enable more 
detailed discussion. 

The p e q values have both positive and negative values, and do 
not seems to be correlated easily with the structure. The sign of 
p e q i s not always equal to that of pmax- The sequence of magnitude 
of P e q 1 s of the complexes containing various aminocarboxylates i s 
neither p a r a l l e l to that of Pmax's. Hence, the o r i g i n of p e q does 
not seem to be i n the s t e r i c factor. When one compares the sign of 
P e q 1 s with the CD sign i n Figure 10 (B and C), one can see a 
rather d i s t i n c t i v e relationship. Positive and negative CD signs i n 
the region around 35,000 cm~l cause preferential formation of the 
5,/S-tbn and i?,i?-tbn, respectively. We discussed the presence of 
asymmetric perturbation from the asymmetric nitrogen trans to the 
o l e f i n on the basis of the quadrant rule. (10) The induction of 
asymmetry on the reaction of ethylene trans to asymmetric nitrogen 
with free tbn seems to be due to such an electronic effect. The 
source of asymmetry has been mostly ascribed to s t e r i c origins i n 
various substitution reactions, but the present reaction appears 
to give a new example of electronic induction of asymmetry. 
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Summary 
2 

η -Olefins i n square planar complexes of platinum(II) and 
rhodium(I) give absorption peaks or shoulders i n the regions from 
20,000 to 30,000 cm"1 and ea.40,000 cm"1. Asymmetrically coordi
nated o l e f i n s give CD peaks corresponding to these peaks; the 
S,5-configurâtion gives large negative peaks i n the l a t t e r region 
for both platinum(II) and rhodium(I) complexes, whereas the CD 
sign i n the former region depends on the central metal ion. In 
the region from 30,000 to 40,000 cm"l the CD pattern depends on 
the variation i n ligands other than the o l e f i n . There seems to be 
a c i s influence and also some perturbation from the asymmetric 
nitrogen trans to the o l e f i n . 

Prochiral o l e f i n s i  platinum(II) complexe f th  type
[PtCl3(olefin)]- and cis-
(L-am, L-aminocarboxylate) underg  exchang
with an excess of free o l e f i n i n organic solvents. Comparison of 
the rates of CD decrease and the isotopic exchange with labelled 
ligands exhibited s i g n i f i c a n t stereo-selectivity, retention of 
configuration being preferred to inversion. On the reaction of 
[PtCl(L-am)(ethylene)] with trans-2-butene (tbn) or 2-methyl-2-
butene (mbn) appreciable induction of asymmetry was found i n the 
product. Both kinetic and thermodynamic o p t i c a l y i e l d have been 
recorded separately. Kinetic s e l e c t i v i t y seems to come from a 
st e r i c factor, but perturbation from asymmetric nitrogen trans to 
ethylene seems to be responsible for the thermodynamic s e l e c t i v i t y . 

Abbreviations 

acac", enolate anion of acetylacetone am", aminocarboxylate 
ahyp", aZZ<?-hydroxyprolinate a l a " , alaninate 
bz, benzyl coe, cyclo-octene CD,circular dichroism 
dbm", enolate anion of dibenzoylmethane et, ethyl 
hyp", hydroxyprolinate mbn, 2-methyl-2-butene 
me, methyl pro", prolinate tbn, trans-2-butene 
UV, u l t r a v i o l e t v a l " , valinate 
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Chirality Induction in Coordination Complexes 

A. M. SARGESON 
Research School of Chemistry, The Austrialian National University, 
P.O. Box 4, Canberra Act 2600, Australia 

Over the past twent  th  conformation d steri
effects in chelate rin
considerable detail. Structura  studies along wit  equilibrium 
measurements, some kinetic studies and conformational analyses 
have given us a better insight into the steric interactions within 
the chelates and between the chelates (1). For five membered 
chelates such as coordinated 1,2 diaminopropane 

λ CoR(-)pn 8 CoR(-)pn 

the axial-equatorial nature of the substituents on the C atoms is 
sufficiently pronounced(2) that the axial methyl groups interact 
with axial substituents on the metal ion and this conformation is 
rarely if ever observed (1,2). In this way the conformation 
of the chelate is controlled as λ for Co(R)(-)pn (1,2). Tris 
chelate systems of this type show a marked preference for the 
isomer where the C-C axes of the individual chelates are near 
parallel to the C3 axis of the complex ion, e.g. ∆[Co(R) (-)pn3]3+ 
(lel3) is ~15 fold more stable than Λ[Co(R)(-)pn3]3+ (ob3) where 
the C-C axes are oblique to the C3 axis of the ion (1), 

Substituents on the Ν atoms, however, do not show such a 
pronounced conformational effect in terms of axial-equatorial 
orientation but they appear to interact more strongly with the 
substituents on the metal ion. For example, sarcosinate ion 
chelates with a substantial specificity in the 
[Co(en)2sarcosinato]2+ ion (3). 

0-8412-0538-8/80/47-119-115$05.00/0 
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I n the c o n f i g u r a t i o n where the CH 3 i s p o i s e d over the 
ethylenedi.amine c h e l a t e i t i n t e r a c t s q u i t e s t r o n g l y whereas i n the 
a l t e r n a t i v e c o n f i g u r a t i o n the CH3 group l i e s i n the space between 
th e two "en" c h e l a t e s (4) - I n t h i s s i t u a t i o n the c o n f o r m a t i o n of 
the "en" r i n g s do not seem t o be i m p o r t a n t and the amino a c i d 
shows v e r y l i t t l e c o n f o r m a t i o n a l c h a r a c t e r . The e q u i l i b r a t i o n 
between such i o n s a r i s e s from a base c a t a l y z e d removal of the 
p r o t o n a t the c h i r a l Ν c e n t e r . The pK of such p r o t o n s i s 
~15-17. In a c i d i c s o l u t i o n they a r e k i n e t i c a l l y i n e r t and the 
c h i r a l i t y a t Ν i s t h e r e f o r e p r e s e r v e d . 

S u b s t i t u t i o n on t h e C atoms of such amino a c i d c h e l a t e s does 
not g i v e such a pronounced e f f e c t . Analogous b i s ( e t h y l e n e d i a m i n e ) 
amino a c i d c h e l a t e systems show r a t h e r l i t t l e d i s c r i m i n a t i o n 
between the two d i a s t e r e o i s o m e r s . For example, the r a t i o of the R 
and JS isomers i n the Λ c o n f i g u r a t i o n i s about e q u a l f o r a l a n i n e 
and 2:1 f o r v a l i n e ( 5 ) . I t can be argued t h a t the b u l k of the R 
group i s i m p o r t a n t and t h a t the e f f e c t of the i s o - p r o p y l group i s 
due t o i t s r e l a t i v e o r i e n t a t i o n i n r e l a t i o n t o c h e l a t e r i n g s 1 and 2 . 
T h i s e f f e c t i s r e l a t e d t o t h a t of the s a r c o s i n a t o i c n except t h a t 
the s u b s t i t u e n t i s now more d i s t a n t from the o t h e r c h e l a t e s and 
the e f f e c t i s l e s s . 
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2+ 

R = CH3 

R = iPr 

OH" 

H2N 

H.N-

NH, 

;coC 

NH2 

H 2 

M « M S

^ ( f f ) / / ^ ( S ) = I O ± 0 - 2 

^ ( / ? , / A . ( S ) = ' - 7 ± O I 4 

m 0 r e S t a b l e less stable 

Much of t h i s f a c t and r a t i o n a l e i s f a i r l y o l d h i s t o r y and i t 
i s i n t r o d u c e d here t o s e t the scene f o r some new s p e c i f i c i t y which 
i s not e q u i l i b r i u m c o n t r o l l e d but k i n e t i c a l l y c o n t r o l l e d . The 
work has a r i s e n from i n t r a m o l e c u l a r o r g a n i c r e a c t i o n s promoted by 
me t a l i o n s and the use of c o o r d i n a t e d n u c l e o p h i i e s . We have seen* 
f o r example^ t h a t bound 0H~ a t a m e t a l can p r o v i d e a h i g h l o c a l 
c o n c e n t r a t i o n of the reagent a t near n e u t r a l pH. The bound 
n u c l e o p h i l e i s s t i l l p o t e n t even though i t i s somewhat m o d i f i e d by 
the m e t a l . The a b i l i t y of the m e t a l i o n t o a c t i v a t e and p r o t e c t 
o r g a n i c m o l e c u l e s has a l s o been seen t o be s u b s t a n t i a l . I t was 
l o g i c a l then t h a t the s t r u c t u r a l and c o n f o r m a t i o n a l p r o p e r t i e s 
s h o u l d be put t o g e t h e r w i t h t h e r e a c t i v i t y a s p e c t s t o d e s i g n some 
s t e r e o s p e c i f i c s y n t h e s e s . Most of the c h e m i s t r y has been done w i t h 
C o ( I I I ) complexes l a r g e l y because the l i g a n d s do not exchange 
r a p i d l y w i t h t h e m e t a l i o n and the complexes remain i n t a c t f o r the 
l i f e times of t h e r e a c t i o n s c o n s i d e r e d . I n t h i s way the e f f i c a c y 
of t h e p r o c e s s e s can be as s e s s e d f r e e from the c o m p l i c a t i o n of 
l i g a n d - m e t a l i o n e q u i l i b r i a . The complexes on the whole a r e cheap 
to make and the methods a r e f a i r l y r o u t i n e and w e l l d e f i n e d . 

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

The e f f i c a c y of c o o r d i n a t e d n u c l e o p h i i e s has been e s t a b l i s h e d 
f o r t h e i n t r a m o l e c u l a r h y d r o l y s i s of numerous s u b s t r a t e s ; f o r 
example, c o o r d i n a t e d amino a c i d e s t e r s ( 5 ) , amino n i t r i l e s (6,7_) 
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and 2-bromoethylamine ( 8 ) . The same p r o s p e c t f o r c y c l i z a t i o n 
e x i s t s w i t h c o o r d i n a t e d o l e f i n s (9,10) and two systems have been 
c o n s t r u c t e d t o examine i t as f o l l o w s : 

The a d d i t i o n of OH a t the o l e f i n i c c e n t e r c r e a t e s a c h i r a l c e n t e r 
at carbon i n c o n j u n c t i o n w i t h the c h i r a l c e n t e r a t c o b a l t . Two 
d i a s t e r e o i s o m e r s a r e thereby produced. A d d i t i o n of the bound OH 
i s v e r y r a p i d f o r t he maleato system and e s s e n t i a l l y pH 
independent between pH 8-10. I n t h i s range t h e d i a s t e r e o i s o m e r 
r a t i o i s ~2:1 as shown below. However, a t h i g h e r pH v a l u e s t he 
r a t e becomes f i r s t o r d e r i n OH" and i n 0.1 M NaOH a t 25° the h a l f -
l i f e f o r the p r o d u c t i o n of malate i s ~3 sec (at l e a s t 1 0 6 - f o l d 
f a s t e r than t he u n c o o r d i n a t e d h y d r a t i o n ) . Under th e s e c o n d i t i o n s 
the r e a c t i o n becomes much more s t e r e o s p e c i f i c w i t h a 9:1 r a t i o of 
d i a s t e r e o i s o m e r s . W h i l e i t i s c l e a r t h a t i n the pH independent 
r e g i o n , H + a d d i t i o n a t the β carbon atom i s the r a t e - d e t e r m i n i n g 
s t e p , i t l o o k s as i f i n the h i g h base r e g i o n d e p r o t o n a t i o n of the 
CoOH e n t i t y and a d d i t i o n of Co-0 c o u l d be r a t e - d e t e r m i n i n g . 

C00CH3 

methyl maleate methyl fumarate 

H 
,0CH3 

OH t i 3sec, 01 M OH", 25° 
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The same p a t t e r n was observed f o r the fumarate complex but the 
r a t e s were about 1 0 0 0 - f o l d s l o w e r . The i n c r e a s e i n s p e c i f i c i t y i s 
the i n t e r e s t i n g and s u r p r i s i n g f e a t u r e . F o r analogous amino 
systems, the r a t i o of t h e d i a s t e r e o i s o m e r s Ç 5 ) a t e q u i l i b r i u m i s 
about 2:1 o r l e s s w i t h t he same s t r u c t u r a l r e l a t i o n s h i p s as the 
analogous malate p r o d u c t s . I t appears, t h e r e f o r e , t h a t the 
product r a t i o of t h e pH independent p a t h resembles the e q u i l i b r i u m 
s i t u a t i o n whereas the p a t h dependent on base i s f a r from t h a t 
c o n d i t i o n . An e x p l a n a t i o n f o r t h e i n c r e a s e c o u l d a r i s e i f Co-0" 
a d d i t i o n was r a t e - d e t e r m i n i n g . I n the t r a n s i t i o n s t a t e s f o r the 
g e n e r a t i o n of the two isomers c o n f i g u r a t i o n (a) w i l l be more 
compressed than t h a t of (b) by v i r t u e o f the non-bonded i n t e r 
a c t i o n s between the s u b s t i t u e n t s on t h e o l e f i n and a d j a c e n t Co(en) 
c h e l a t e . T h i s s t e r i c compression w i l l be much more e v i d e n t i n the 
t r a n s i t i o n s t a t e s than i n the product m a l a t e s

The o t h e r s p e c i f i c i t y f e a t u r e which i s i n t e r e s t i n g i n t h i s 
r e a c t i o n i s the e x c l u s i v e f o r m a t i o n of the five-membered c h e l a t e 
r e l a t i v e t o the p o s s i b l e six-membered c h e l a t e . C l e a r l y the e s t e r 
group exo t o the c h e l a t e i s go v e r n i n g the a d d i t i o n and the 
c a r b o x y l bound t o the m e t a l i o n has no i n f l u e n c e . The s t e r e o 
c h e m i s t r y f o r the a d d i t i o n of Co-0~ o r Co-OH r e q u i r e s the o l e f i n 
and bound c a r b o x y l π o r b i t a l e t o be e s s e n t i a l l y o r t h o g o n a l . I t 
f o l l o w s t h e r e f o r e t h a t t h e r e i s a m i n i m a l i n t e r a c t i o n between the 
two. The same r e s t r i c t i o n does not h o l d f o r the e s t e r group exo 
to the c h e l a t e and the o l e f i n i s the r e b y s e n s i t i z e d . T h i s i s an 
i n t e r e s t i n g r e s t r i c t i o n p l a c e d on the r e a c t i o n where the m e t a l i o n 
o r g a n i z e s the s t e r e o c h e m i s t r y of the r e a c t a n t s and t h e r e w i l l be 
ot h e r examples of such c o n s t r a i n t s where the me t a l s a r e i n v o l v e d . 

Not o n l y i s 0H~ a pot e n t n u c l e o p h i l e i n t h i s c o n t e x t but so 
i s NH2" bound t o the m e t a l i o n . The pentaammine m a l e a t o e s t e r 
complexes of t h e type Co(NH3)5OOCCH=CHCOOR2+ r e a d i l y r e a c t i n 
b a s i c aqueous s o l u t i o n t o g i v e the c h e l a t e d a s p a r t a t e e s t e r 
complex (11). 
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Analogous r e a c t i o n s w i t h the monodentate maleato d i a n i o n , however, 
do not occur and t h i s i s not s u r p r i s i n g o r g a n i c c h e m i s t r y s i n c e 
the t e r m i n a l a n i o n s h o u l d d e a c t i v a t e t h e o l e f i n t o n u c l e o p h i l i c 
a t t a c k . I t became i n t e r e s t i n g , t h e r e f o r e , t o examine the c h e l a t e d 
maleato complex where b o t h c a r b o x y l a t e i o n s a r e bound t o the m e t a l 
c e n t e r and where bo t h s h o u l d have some e s t e r - l i k e q u a l i t y . 

I t t r a n s p i r e s t h a t [ ( e n ) 2 C o m a l e a t o ] + r e a c t s r a p i d l y i n 
b a s i c aqueous s o l u t i o n s ( 1 2 ) . The r a t e i s f i r s t o r d e r _ i n h y d r o x i d e 
i o n (-V = k [ maleato complex] [0H~~], where k = 0.45 M *s 1 a t 25°, 
μ=1.0 NaClOi*). The i n i t i a l p roduct i s a s u b s t i t u t e d a s p a r t i c a c i d 
t e r d e n t a t e w h i ch s u b s e q u e n t l y decomposes i n the b a s i c medium w i t h 
c l e a v a g e of a c a r b o x y l a t e r e s i d u e from the C o ( I I I ) i o n 
(V=k[unstable isomer] [OH ] , k=3.7M ^ " ^ a t [0H~] 25°, μ=1.0 NaClOt»). 
We presume i t i s the s p e c i e s shown, but t h i s i s not c e r t a i n y e t . 
An i n t e r e s t i n g a s p e c t of t h i s r e a c t i o n i s not o n l y the speed of the 
i n t r a m o l e c u l a r a d d i t i o n but the s p e c i f i c i t y of i t . Only the 
isomer shown appears t o be formed. The o t h e r isomer p o s s i b l e , 
where the d eprotonated e t h y l e n e d i a m i n e n u c l e o p h i l e , -NH(-), adds 
a t the o t h e r carbon atom of the maleate i o n , does not seem t o be 
produced i n d e t e c t a b l e q u a n t i t i e s . S u p e r f i c i a l l y t h e r e seems no 
s p e c i a l r eason f o r the d i s c r i m i n a t i o n . Moreover the isomer which 
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unstable isomer 

Two sites for addition 

i s not observed i s by f a r the most s t a b l e , xt can be 
s y n t h e s i z e d from C o ( I I ) , en and 2 - a m i n o e t h y l a s p a r t a t e by 
o x i d a t i o n w i t h O2 i n the presence of c h a r c o a l and the 
e q u i l i b r i u m p o s i t i o n l i e s h e a v i l y i n f a v o r of the isomer which i s 
not observed i n the k i n e t i c s y n t h e s i s . So t h i s i s an e s p e c i a l l y 
i n t e r e s t i n g i n s t a n c e of c h i r a l i n d u c t i o n a t a carbon atom where 
the k i n e t i c r o u t e g i v e s , a p p a r e n t l y e x c l u s i v e l y , the l e s s s t a b l e 
isomer and the e q u i l i b r i u m r o u t e l e a d s almost 
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e x c l u s i v e l y t o the s t a b l e form whose s t r u c t u r e has been determined. 

+ 

Structur
(W.L. Steffen) 

The apparent reasons f o r t h i s s p e c i f i c i t y need some 
a m p l i f i c a t i o n . An ex a m i n a t i o n of the problem u s i n g D r e i d i n g 
models r e v e a l s some i n t e r e s t i n g f e a t u r e s f o r the approach of the 
o l e f i n t o the n u c l e o p h i l e . I f t h e r e i s a requirement f o r one 
c a r b o x y l a t e i o n t o be c o - p l a n a r and t h e r e f o r e conjugated w i t h the 
o l e f i n then t h e r e a r e two d i s c r e t e c o n f o r m a t i o n s t o be ac h i e v e d . 
Both can be r e a l i z e d but one of them i s s u b s t a n t i a l l y more 
f a v o r a b l e than the o t h e r f o r the a d d i t i o n of the n u c l e o p h i l e . The 
two p o s s i b i l i t i e s a r e d e p i c t e d , 

Orientations for the addition of Amido ion to chelated maleate 

So the c o m b i n a t i o n of the e l e c t r o n i c requirement f o r a c t i v a t i o n of 
the o l e f i n and the r e s t r i c t i o n which t h a t p l a c e s on the s i t e f o r 
a d d i t i o n of the n u c l e o p h i l e i s an i n t e r e s t i n g a s p e c t of the 
demands which c h e l a t i o n makes on the r e a c t i o n . I t sho u l d be 
mentioned, of co u r s e , t h a t the r e a c t i o n does not occur a t a l l w i t h 
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the f r e e maleate i o n and e t h y l e n e d i a m i n e but i t does w i t h the 
d i e s t e r ( 13). So the a c c e l e r a t o r y e f f e c t of c h e l a t i n g the d i a n i o n 
must exceed 1 0 6 and p r o b a b l y i s g r e a t e r than 1 0 1 0 . Not o n l y i s 
the s p e c i f i c i t y i n t e r e s t i n g but the r e a c t i o n s conducted i n t h i s way 
are e x t r a o r d i n a r i l y f a s t . The pr o c e s s e s are r e l e v a n t as models f o r 
some enzyme-catalyzed h y d r a t i o n , d e h y d r a t i o n and amination-deamin-
a t i o n r e a c t i o n s . The s p e c i f i c i t y was a l s o observed i n l i q u i d 
ammonia and d i m e t h y l s u l f o x i d e . 

S t e r e o S p e c i f i c i t y d i r e c t e d by the C h e l a t e s 

Imine f o r m a t i o n i n c o o r d i n a t e d c h e l a t e s has been known f o r 
a v e r y l o n g time but what has not been a l l t h a t c l e a r u n t i l 
r e c e n t l y i s the s t a b i l i t
group i s e s s e n t i a l l y exo

f o r example, have an e x t r a o r d i n a r y s t a b i l i t y , e s p e c i a l l y towards 
c o n c e n t r a t e d a c i d s (14). They a r e , however, more v u l n e r a b l e t o 
bases, presumably because of the ease w i t h which n u c l e o p h i l e s add 
a t the i m i n e carbon c e n t e r . A c etaldehyde condenses r e a d i l y w i t h 
Co ( I I I ) amine systems (14) and t h e r e i s a s u b s t a n t i a l analogous 
l i t e r a t u r e w i t h d i v a l e n t m e t a l i o n amine systems (15). Much of 
the l a t t e r a r o s e from the C u r t i s complexes formed by d i s s o l v i n g 
[ N i ( e n ) 3 ] 2 + i n acetone. 

I n the course of condensing the o x a l a t o complex, 
[0ο(εη) 2(ΰ 20θ] + and CH3CHO, i n b a s i c s o l u t i o n , an a c e t a l d i m i n e 
complex was i d e n t i f i e d and a f t e r p r o l o n g e d exposure t o the 
aldehyde and base, a complex was i s o l a t e d where two a l d i m i n e 
r e s i d u e s had condensed t o g e t h e r . T h i s s e l f - c o n d e n s a t i o n has to 
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o c c u r on the complex and i t appears t o be s t e r e o s p e c i f i c i n 
s e v e r a l senses. 

The r e a c t i o n must t a k e p l a c e a f t e r t h e c o n d e n s a t i o n of two 
CH3CHO m o l e c u l e s a d j a c e n t t o each o t h e r on d i f f e r e n t e t h y l e n e -
diamine r e s i d u e s . F o r one, t h e CH 3 group has t o be syn t o t h e 
C o ( I I I ) i o n and i n the o t h e r anti. The syn m e t h y l i s d e p r o t o n a t e d 
i n the b a s i c medium and t h e c a r b a n i o n produced a t t a c k s the im i n e 
carbon o f the o t h e r a l d i m i n e . The r e s u l t i s a q u a d r i d e n t a t e where 
the c h i r a l C c e n t e r has been formed s t e r e o s p e c i f i c a l l y by the way 
the imines a r e o r i e n t e d through the c h e l a t e s . Commencing w i t h 
Δ-[Co(en)2ox] +, o n l y one isomer s h o u l d be observed. 

The same c o n d e n s a t i o n does n ot occur w i t h e i t h e r m e s i t y l 
o x i d e o r a l d o l and t h e r e f o r e i t i s presumed t h a t t he o n l y f e a s i b l e 
p a t h i s t h e one d e s c r i b e d . The o r i e n t a t i o n o f the n u c l e o p h i l e i s 
i d e a l f o r t he i n t r a m o l e c u l a r c o n d e n s a t i o n and i t i s obvious t h a t 
d e p r o t o n a t i o n of the o t h e
r e a c t i o n . S i m i l a r l y , c o n d e n s a t i o
Ν c e n t e r s b o t h t r a n s t o the o x a l a t o group would not l e a d t o t h e 
i n t r a m o l e c u l a r r e a c t i o n . I n s h o r t , the c h e l a t e s themselves have 
d i r e c t e d t h e s p e c i f i c i t y . I t + i s t empting t o argue t h a t t he C u r t i s 
c o n d ensations w i t h [ N i ( e n ) 3 ] 2 i n acetone t a k e p l a c e by an 
analogous r o u t e and su b s e q u e n t l y r e a r r a n g e t o the p l a n a r c o n d i t i o n 
about the N i 2 + i o n . So far> attempts t o c a r r y out analogous 
r e a c t i o n s w i t h trans-[Co(en)2X2]+ complexes have n o t been 
s u c c e s s f u l but the n e g a t i v e r e s u l t does not mean a g r e a t d e a l . 

S t e r e o s p e c i f i c a d d i t i o n o f CN" a t a c h e l a t e d i m i n e - o r b i t a l 
s t e e r i n g 

Imines bound t o some m e t a l i o n s a r e a c t i v a t e d t o a t t a c k by 
n u c l e o p h i i e s (16, 17) p r o v i d e d t h e d o n a t i o n from t h e m e t a l d 
e l e c t r o n s t o the empty π* o r b i t a l e o f t h e i m i n e i s n o t 
s u b s t a n t i a l ( 1 8). A good example of an a c t i v a t e d c h e l a t e d imine 
i s t h a t d e r i v e d from p y r u v a t o - i m i n e bound t o the C o ( I I I ) i o n : 

I n t h i s c o n d i t i o n the imi n e i s s u s c e p t i b l e t o v e r y r a p i d a d d i t i o n 
of c a r b a n i o n s such as(->CH 2«02(16)and (-)CH(COCH 3) 2 (17). 
Presumably the a c t i v i t y a r i s e s becuase the m e t a l i o n i m p a r t s some 
iminium c h a r a c t e r t o the c h e l a t e . A t the same time the m e t a l 
p r e v e n t s p r o t o n a t i o n of the i m i n e and s t a b i l i z e s t h e imine c h e l a t e . 
For example, s p e c i e s of t h i s type a r e s t a b l e i n 6 M HC1. Cyanide 
i o n s h o u l d add i n the same manner as the c a r b a n i o n s and we have 
i n v e s t i g a t e d t h i s r e a c t i o n u s i n g the p y r u v a t o i m i n e b i s ( e t h y l e n e -
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d i a m i n e ) c o b a l t ( I I I ) i o n (19) shown below: 

125 

I t i s l i k e l y t h a t CN" adds r e v e r s i b l y a t the i m i n e c e n t e r . Other 
s t u d i e s would i n d i c a t e t h a t t h e r e i s l i t t l e p r e f e r e n c e f o r 
a d d i t i o n on one s i d e of the p l a n a r c h e l a t e r e l a t i v e t o the o t h e r , 
even though the C o ( I I I ) c e n t e r i s c h i r a l . The s t a b i l i t i e s of 
analogous amino a c i d complexes (5) and t h e r e d u c t i o n of t h e 
c h e l a t e d i m i n e by t h e BR\~ i o n b o t h show l i t t l e s p e c i f i c i t y ( 2 0 ) . 
However, the subsequent r e a c t i o n of c o o r d i n a t e d amide i o n w i t h t h e 
amino a c i d n i t r i l e i s another m a t t e r . Once formed, t h e amidine 
q u a d r i d e n t a t e i s s t a b l e i n d i l u t e a c i d and base. Moreover, the 
l e a s t s t a b l e c o n f i g u r a t i o n i s t h e p r e f e r r e d p r o d u c t . The s t r a i n 
i n the bound amidine moiety -CH2-N = C(NH2)-C- f o r t h i s isomer i s 
much g r e a t e r than t h a t i n t h e k i n e t i c a l l y l e s s - p r e f e r r e d p r o d u c t 
where the amidine moiety -CH2-N = C(NH 2)-C- i s c l o s e t o b e i n g 
p l a n a r . The s t r a i n d i f f e r e n c e i s r e f l e c t e d i n t h e e q u i l i b r i u m 
p o s i t i o n f o r the two isomers which l i e s h e a v i l y towards the isomer 
l e a s t f a v o r e d by the k i n e t i c r o u t e . 
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Both CN" and 0H~ appear t o be i n v o l v e d i n the r a t e law and 
the involvement of CN" c o u l d be accommodated by a p r e - e q u i l i b r i u m . 
A f t e r a d d i t i o n of CN" to t h e i m i n e , OH" a b s t r a c t s a p r o t o n from 
the amine and the c o o r d i n a t e d amide i o n a t t a c k s the n i t r i l e t o 
g enerate the amidine. The s t e r e o s p e c i f i c i t y of the c o n d e n s a t i o n 
presumably a r i s e s from t h i s amide a t t a c k and the p r e f e r e n c e of 
one s i t e over the o t h e r needs some e x p l a n a t i o n . D r e i d i n g models 
of th e a n t i c i p a t e d a c t i v a t e d complexes i n d i c a t e a s u b s t a n t i a l 
d i f f e r e n c e between the two o r i e n t a t i o n s . These a r e d e p i c t e d below 
l o o k i n g down the -CN a x i s a t the o r i e n t a t i o n of the groups around 
the bound amide i o n . I n the o r i e n t a t i o n which l e a d s t o the 
p r e f e r r e d isomer, the d e p r o t o n a t e d o r b i t a l p o i n t s d i r e c t l y a t the 
n i t r i l e C atom. I n the o r i e n t a t i o n which l e a d s t o the l e a s t 
abundant isomer, the n i t r i l e i s l e s s f a v o r a b l y d i s p o s e d between 
the Ν p r o t o n and the d e protonated o r b i t a l . We presume i t i s t h i s 
" o r b i t a l s t e e r i n g " e f f e c
I n terms of the e n e r g e t i c s
1.3 k c a l / m o l e i n the f r e e e n e r g i e s of a c t i v a t i o n would be enough 
t o accommodate the r e s u l t s so the e f f e c t c o u l d be f a i r l y s u b t l e . 

Another i n t e r e s t i n g f a c e t of t h i s c h e m i s t r y i s the b e h a v i o r 
of the most abundant amidine i n c o n c e n t r a t e d HC&. Under t h e s e 
c o n d i t i o n s the c a r b o x y l a t e group i s c l e a v e d and the amino a c i d 
amine group undergoes an edge - d i s p l a c e m e n t so t h a t C£~ e n t e r s a t 
the s i t e o r i g i n a l l y o c c u p i e d by the amine group. The r e s u l t i n g 
t e r d e n t a t e i s m e r i d i o n a l and a t pH5 i n aqueous s o l u t i o n , the c h l o r o 
complex s l o w l y g i v e s the " l e s s abundant" amidine isomer q u a n t i 
t a t i v e l y , a l b e i t w i t h an i n v e r t e d c o n f i g u r a t i o n of the e t h y l e n e -
diamine l i g a n d s about the c o b a l t ( I I I ) i o n . The q u a n t i t a t i v e edge 
d i s p l a c e m e n t and the q u a n t i t a t i v e i n v e r s i o n about c o b a l t are 
b o t h u n u s u a l f a c e t s of c o b a l t ( I I I ) s u b s t i t u t i o n c h e m i s t r y and 
m e r i t c l o s e r i n v e s t i g a t i o n . 

S t e r e o s p e c i f i c C a r b i n o l a m i n e Formation 

Amino a c e t a l d e h y d e i s a r e l a t i v e l y awkward reagent i n o r g a n i c 
c h e m i s t r y m a i n l y because i t condenses w i t h i t s e l f r a t h e r r e a d i l y . 
The problem can be overcome somewhat by c o o r d i n a t i n g the amine t o 
a m e t a l i o n w h i ch r e n d e r s i t l e s s a c c e s s i b l e t o the 
aldehyde group. 
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The amino a c e t a l d e h y d e p r o t e c t e d as the d i m e t h y l a c e t a l r e a c t s 
r e a d i l y w i t h a-[Co t r i e n C l 2 ] + i o n t o g i v e an aminochloro complex 
which on treatment w i t h a c i d y i e l d s the c o o r d i n a t e d aldehyde shown. 

Regio- and Stereospecific Aldehyde Condensation 

The aldehyde r e a d i l y undergoes a base c a t a l y z e d c o n d e n s a t i o n w i t h 
a c o o r d i n a t e d t r i e t h y l e n e t e t r a m i n e n i t r o g e n c e n t e r t o g i v e a 
c a r b i n o l a m i n e (21). The s p e c i f i c i t y a s p e c t s of t h i s c o n d e n s a t i o n 
are s i g n i f i c a n t . The c o o r d i n a t e d C I " d i r e c t s t h e co n d e n s a t i o n 
e x c l u s i v e l y t o the amine c e n t e r trans t o i t and the c a r b i n o l a m i n e 
produced i s s t e r e o s p e c i f i c i n the o r i e n t a t i o n shown. The r e g i o n a l 
s p e c i f i c i t y can be accounted f o r by the f a c t t h a t the N-protons 
t r a n s t o c o o r d i n a t e d C l ~ a r e much more a c i d i c than t h e o t h e r s 
(>100 f o l d ) . The s p e c i f i c i t y of the c a r b i n o l a m i n e , however, i s 
more d i f f i c u l t t o accommodate. I n the s t r u c t u r e of the prod u c t 
the OH appears hydrogen bonded t o the p r o x i m a l a p i c a l amine group. 
T h i s attachment may w e l l develop i n the t r a n s i t i o n s t a t e and 
D r e i d i n g models i n d i c a t e t h a t i t i s a most f a v o r a b l e c o n f i g u r a t i o n . 
The same o p p o r t u n i t y does not occur f o r t h e a l t e r n a t i v e 
c o n f i g u r a t i o n of the c a r b i n o l a m i n e moiety. 

I t appears, t h e r e f o r e , t h a t b o t h the s u b s t i t u e n t e f f e c t and 
i n t r a m o l e c u l a r Η-bonding c o u l d be p o w e r f u l a i d s i n d e t e r m i n i n g 
the s p e c i f i c i t y a t r e a c t i o n s i t e s . 
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C h i r a l m e t a l i o n cages 

The c o n s t r u c t i o n of l a r g e f u s e d r i n g systems l i k e the 
cryptâtes (22) r e q u i r e s r a t h e r s o p h i s t i c a t e d o r g a n i c s y n t h e s i s 
and i t has o c c u r r e d t o a number of chemists t h a t the problem 
might be s i m p l i f i e d by c o o r d i n a t i n g a m e t a l i o n so t h a t the 
problem i s reduced to l i n k e d s m a l l r i n g s y n t h e s e s . T h i s 
s t r a t e g y has now been a p p l i e d t o the s y n t h e s i s of the n i t r o g e n 
analogues of the p o l y e t h e r cryptâtes (24 ) . 

The s y n t h e s i s a r o s e from c o o r d i n a t e d imine c h e m i s t r y of the 
t y p e d e s c r i b e d p r e v i o u s l y (16,17) and the d i s c o v e r y of the 
s y n t h e s i s of a d i o x a cylcam q u a d r i d e n t a t e on a m e t a l c e n t e r (25). 
i.e. 

U s i n g a t r i s ( e t h y l e n e d i a m i n e ) complex and ammonia as the base 
i n s t e a d of OH", the p r o s p e c t of making a t r i g o n a l cap was 
c o n c e i v e d and a c h i e v e d as f o l l o w s : 

The cage c o n f e r s i n t e r e s t i n g p r o p e r t i e s on the m e t a l compared 
w i t h the p a r e n t t r i s ( e t h y l e n e d i a m i n e ) . For example, C o 2 + does 
not exchange w i t h the C o ( I I ) cage i n 24 h r s a t 25° even though 
C o 2 + u s u a l l y exchanges i t s l i g a n d s on the microsecond time s c a l e . 
Moreover, the C o ( I I ) complex r e t a i n s i t s c h i r a l i t y a t l e a s t over 
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two hours w i t h o u t measurable r a c e m i z a t i o n . 
The c h i r a l i t y of the complex i s of s p e c i a l i n t e r e s t from the 

p o i n t of view of s t e r e o s p e c i f i c i t y s i n c e i t has seven c h i r a l 
c e n t e r s , y e t i f t h e s y n t h e s i s i s conducted w i t h one c h i r a l form of 
the t r i s ( e t h y l e n e d i a m i n e ) complex,only one isomer i s produced of 
the 16 p o s s i b l e . T h i s e x t r a o r d i n a r y s p e c i f i c i t y needs some 
exa m i n a t i o n and t o do t h a t the mechanism of s y n t h e s i s has t o be 
c o n s i d e r e d i n some d e t a i l . The f i r s t s t e p i s o b v i o u s l y the 
con d e n s a t i o n of formaldehyde w i t h the bound e t h y l e n e d i a m i n e 
T h i s r e q u i r e s d e p r o t o n a t i o n of the bound amine c e n t e r f o l l o w e d by 
a t t a c k of the c o o r d i n a t e d amide i o n a t t h e c a r b o n y l c e n t e r t o 
generate the c a r b i n o l a m i n e . E l i m i n a t i o n of water l e a d s t o the 
c o o r d i n a t e d i m i n e which i s then s u s c e p t i b l e t o a d d i t i o n of 
ammonia t o g i v e the gem-diamine shown. A d d i t i o n of another CH2O 
u n i t t o g i v e another i m i n e i s f o l l o w e d by i n t r a m o l e c u l a r a t t a c k 
by the gem-diamine t o mak
of another CH2O molecul
i n t r a m o l e c u l a r a t t a c k , t h i s time by the r i n g secondary amine group, 
l e a d s t o the s y n t h e s i s of t h e f i r s t cap. The p r o c e s s i s then 
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r e p e a t e d t o complete the cage. 
C l e a r l y the ammonia-formaldehyde r e a c t i o n competes w i t h the 

pro c e s s b u t , u s i n g an excess of these r e a g e n t s , the c o n d e n s a t i o n 
can be made almost q u a n t i t a t i v e w i t h r e s p e c t t o the t r i s ( e t h y l e n e -
diamine) complex. The s p e c i f i c i t y i s d e c i d e d by the c h i r a l i t y of 
the p a r e n t t r i s ( e t h y l e n e d i a m i n e ) complex s i n c e t h i s d e c i d e s t h e 
o r i e n t a t i o n of the gem-diamine and subsequent a d d i t i o n s of the 
amino group t o the a d j a c e n t i m i n e . U n l e s s the gem-diamine i s 
o r i e n t e d i n the a p i c a l p o s i t i o n , c o n d e n s a t i o n t o g i v e the cap i s 
p r o h i b i t e d . The Δ o r Λ c o n f i g u r a t i o n of the e t h y l e n e d i a m i n e 
c h e l a t e s then d e c i d e s the o r i e n t a t i o n of the secondary p r o t o n i f 
the amino methylene moiety i s r e q u i r e d t o be a p i c a l A(S) o r A( R ) . 

These are some of the b e s t examples we have encountered of 
c h i r a l i t y s y n t h e s i s o r g a n i z e d by m e t a l i o n s . F u r t h e r 
s t u d i e s w i l l a s c e r t a i n whether the o r i g i n s of the s p e c i f i c i t y 
a r e as d e s c r i b e d but
can d i r e c t the s i t e o
c o n s t r a i n s the i n t r a m o l e c u l a r c y c l i z a t i o n s t o modify the e f f e c t s 
a n t i c i p a t e d from the r e g u l a r o r g a n i c c h e m i s t r y . The a c t i v a t i n g 
e f f e c t s of the m e t a l i o n , the use of c o o r d i n a t e d n u c l e o p h i i e s , 
the p o s s i b i l i t y of s p e c i f i c i t y and the p r o t e c t i n g and 
o r g a n i s i n g c a p a c i t y of the m e t a l c e n t e r s h o u l d a l l be u s e f u l 
f o r i n o r g a n i c and o r g a n i c s y n t h e s i s . 
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Stereochemistry of Microbial Iron Transport Compounds 

KENNETH N. RAYMOND, KAMAL ABU-DARI, and STEPHEN R. SOFEN 
Department of Chemistry, University of California, Berkeley, CA 94720 

Siderophores are naturally occurring chelate compounds syn
thesized by microorganism
essential but sparingl
environment (1, 2, 3). The close relationship between microbial 
pathogenicity and iron metabolism is now well established (4, 5, 
6). For example, in salmonellosis (7), infantile enteritis by E. 
coli (8), and mycobacterial infections such as tuberculosis and 
leprosy (4) a clear-cut effect of iron-binding on pathogenicity 
has been shown. 

The low-molecular-weight siderophores are very powerful che
lating agents which typically use hydroxamate, thiohydroxamate, or 
catecholate groups to encapsulate iron(III) ion in an octahedral, 
high-spin complex (see Figure 1). These bidentate chelating 
groups are usually linked to a linear or cyclic peptide of three 
to six amino acids. The transport of siderophores across cell 
membranes evidently can be quite conformation dependent, since in 
some cases the ferric complexes are rapidly passed into the cell 
while metal-free siderophores are not. The goal of understanding 
this one-way transport of ferric ion across the cell membrane has 
led to the results discussed below. 

In particular, three questions we would like to answer are: 
1) Is the intact metal-siderophore complex always trans

ported into the cell (as in the hydroxamate siderophores known as 
ferrichromes) or is ferric ion alone transferred to a cell-wall-
bound transport system? 

2) How sensitive is the transport process to the exact 
shape or geometry of the iron-siderophore complex? 

3) What are the detailed molecular geometries of various 
kinetically inert metal-siderophore complexes? 

Answers to these questions may be obtained by studying the 
structure (by single crystal x-ray diffraction) and the transport 
of specific coordination isomers of substitution-inert metal-
siderophore complexes. Related work on metal siderophores has 
been reviewed recently (3, 9). In this paper we summarize our 
results on studies of the synthesis and characterization of 
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© 1980 American Chemical Society 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



134 STEREOCHEMISTRY OF TRANSITION METALS 

c o o r d i n a t i o n isomers of m i c r o b i a l i r o n t r a n s p o r t compounds and 
model hydroxamate, thiohydroxamate, and c a t e c h o l a t e compounds. 
S i n c e the f e r r i c i o n i n these complexes has a h i g h - s p i n d_5 c o n f i g 
u r a t i o n w i t h no c r y s t a l f i e l d s t a b i l i z a t i o n , the complexes a r e 
q u i t e l a b i l e w i t h r e s p e c t to i s o m e r i z a t i o n i n aqueous s o l u t i o n . 
In a d d i t i o n , d 5 i r o n ( I I I ) i o n has no s p i n - a l l o w e d d-d t r a n s i t i o n s . 
Consequently, both a b s o r p t i o n and c i r c u l a r d i c h r o i s m s p e c t r a f o r 
f e r r i c - s i d e r o p h o r e s are due to charge t r a n s f e r t r a n s i t i o n s . I n i 
t i a l l y , we f e l t these c h a r a c t e r i s t i c s would l i m i t our a b i l i t y t o 
understand these systems. L a t e r work has shown t h a t the charge 
t r a n s f e r based s p e c t r a o f our f e r r i c complexes are interprétable, 
s i n c e a t l e a s t some of the f e r r i c s i d e r o p h o r e complexes e x i s t as 
o n l y one isomer i n s o l u t i o n . I n i t i a l l y , the use o f o t h e r metal 
i o n s h a v i n g the same charge and s i z e — y e t a d_ e l e c t r o n c o n f i g u 
r a t i o n g r a n t i n g s i g n i f i c a n t c r y s t a l f i e l d s t a b i l i z a t i o
(and thus k i n e t i c i n e r t n e s s
a l l o w e d c h a r a c t e r i z a t i o
s i t e i n s i d e r o p h o r e s . L a t e r s t u d i e s u s i n g x - r a y c r y s t a l l o g r a p h y 
c o n f i r m e d our i n i t i a l s t e r e o c h e m i c a l assignments based on s o l u t i o n 
s t u d i e s u s i n g the d.3 chromium(III) or d.6 r h o d i u m ( I I I ) i o n s i n 
p l a c e o f i r o n ( I I I ) i o n . These i o n s were chosen because they have 
almost the same i o n i c r a d i i as f e r r i c i o n y e t a r e u s u a l l y k i n e t -
i c a l l y i n e r t and e x h i b i t r e a d i l y interprétable l i g a n d f i e l d 
s p e c t r a . 

Hydroxamate S i d e r o p h o r e Complexes 

S i n c e hydroxamic a c i d s a r e unsymmetrical b i d e n t a t e l i g a n d s , 
b oth g e o m e t r i c a l and o p t i c a l isomers a r e p o s s i b l e i n t r i s ( h y d r o x -
amato)metal complexes. For an o c t a h e d r a l complex formed w i t h 
t h r e e e q u i v a l e n t o p t i c a l l y i n a c t i v e hydroxamate a n i o n s , t h e r e a r e 
two geometric isomers p o s s i b l e , c i s and t r a n s . These a r e a l s o 
r e f e r r e d to as f a c i a l ( f a c ) and m e r i d i o n a l (mer), r e s p e c t i v e l y . 
Each g e o m e t r i c a l isomer c o n s i s t s of Δ and Λ o p t i c a l isomers ( 1 0 ) , 
f o r m i n g a t o t a l o f f o u r p o s s i b l e i somers; Λ - c i s , Δ - c i s , Λ - t r a n s , 
and Δ - t r a n s ( F i g u r e 2 ) . O f t e n the o p t i c a l isomers of a g i v e n geo
m e t r i c isomer a r e d i a s t e r e o m e r s because o f the l i g a n d o p t i c a l 
a c t i v i t y . I n such cases the f o u r isomers can be s e p a r a t e d t h e o 
r e t i c a l l y based on d i f f e r e n c e s i n t h e i r p h y s i c a l p r o p e r t i e s . I n 
cases o f t r i h y d r o x a m a t e s i d e r o p h o r e s , more o r fewer isomers a r e 
p o s s i b l e depending on the s t r u c t u r e and o p t i c a l a c t i v i t y o f the 
l i g a n d . 

Model Hydroxamate Complexes 

The c i s - and t r a n s - i s o m e r s o f s e v e r a l s i m p l e t r i s ( h y d r o x -
amato)chromium(III) complexes have been s e p a r a t e d by t h i n l a y e r 
and column chromatographic t e c h n i q u e s (11, 12). Both o f the c o r 
r e s p o n d i n g i r o n ( I I I ) and c o b a l t ( I I I ) complexes showed o n l y one 
band w i t h both t e c h n i q u e s . The assignment o f geometries f o r the 
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Figure 1. Reaction of simple hydroxamates, thiohydroxamates, and catecholates 
with Fe(III) 

Figure 2. Geometrical and optical iso
mers of a simple tris(chehte) complex 
with an unsymmetrical bidentate ligand 
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Cr(hydroxamate) 3 complexes was o r i g i n a l l y based on the f o l l o w i n g 
c r i t e r i a : 

1) The c i s - i s o m e r , which has a h i g h e r d i p o l e moment than 
the t r a n s - i s o m e r , b i n d s more s t r o n g l y t o the sorbent i n both t h i n 
l a y e r and column chromatographic t e c h n i q u e s . Hence, the c i s 
geometry i s a s s i g n e d t o the isomer w i t h lower Rf v a l u e . T h i s i s 
p a r a l l e l to s i m i l a r r e s u l t s o b t a i n e d f o r the g e o m e t r i c a l isomers 
of many compounds i n c l u d i n g tris(α-amino a c i d ) complexes o f 
c o b a l t ( I I I ) (13, 14, 15) and tris(β-diketonato)cobalt(III) (16, 
17» 18) and chromium(III) ( 1 8 ) . 

2) The c i s - i s o m e r s o f the tris(α-amino a c i d ) complexes o f 
c o b a l t ( I I I ) and chromium(III) have l a r g e r e x t i n c t i o n c o e f f i c i e n t s 
f o r band maxima o f d-d t r a n s i t i o n s than the c o r r e s p o n d i n g t r a n s -
isomers (19-24). A l t h o u g h the d i f f e r e n c e i n the c o o r d i n a t i o n 
environment between the c i s  and t r a n s - t r i s ( h y d r o x a m a t o ) c h r o m i
um(III) complexes i s l e s
d i f f e r e n c e s i n the a b s o r p t i o
- isomers o f C r ( h y d r o x a m a t e ) 3 complexes have been found, e s p e c i a l l y 
f o r the e x t i n c t i o n c o e f f i c i e n t s o f the h i g h energy t r a n s i t i o n 
k&2g **Tig. D i f f e r e n c e s a r e a l s o observed i n the e n e r g i e s o f t h e 
l +A 2g 1 +T 2g t r a n s i t i o n s , where the energy o f the t r a n s i t i o n s i n 
the t r a n s - i s o m e r s i s g r e a t e r . For example, these t r a n s i t i o n s f o r 
the t r i s ( b e n z o h y d r o x a m a t o ) c h r o m i u m ( I I I ) isomers a r e A m a x nm (ε) = 
602(83.9) and 400(112) f o r t h e t r a n s - i s o m e r and 588(82.1) and 
413(127) f o r the c i s - i s o m e r s as d i s c u s s e d below. 

3) F i n a l l y , assignment of geometries was a l s o based on 
d i f f e r e n c e s i n the CD s p e c t r a o f the c i s - and tjrans-isomers as 
d i s c u s s e d below. 

The pure s o l i d c i s - and t r a n s - i s o m e r s o f t r i s ( b e n z o h y d r o x -
amato)chromium(III) have been s e p a r a t e d by s i m p l e e x t r a c t i o n of 
the c i s - i s o m e r i n t o c h l o r o f o r m by adding water t o the c h l o r o f o r m / 
acetone s o l u t i o n o f both isomers. The t r a n s - i s o m e r , which i s i n 
s o l u b l e i n c h l o r o f o r m , p r e c i p i t a t e s out o f the s o l u t i o n ( 25). 
The c i s - i s o m e r i s q u i t e s t a b l e i n dry c h l o r o f o r m s o l u t i o n i n the 
dark and v e r y u n s t a b l e i n wet s o l v e n t s and p o l a r s o l v e n t s such as 
a l c o h o l . I n c o n t r a s t , the t r a n s - i s o m e r i s s t a b l e i n a l c o h o l and 
was c r y s t a l l i z e d from i s o p r o p a n o l / h e p t a n e m i x t u r e s as the d i s o l -
v a t e d s p e c i e s . 

The o r i g i n a l assignment of geometry was c o n f i r m e d by 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 t h e compound t r a n s - t r i s ( b e n z o h y d o x -
amato)chromium(III) d i i s o p r o p a n o l . F i g u r e 3 shows a p e r s p e c t i v e 
view o f the m o l e c u l e , and F i g u r e 4 shows a comparison between the 
c o o r d i n a t i o n geometries o f the i r o n ( I I I ) and chromium(III) com
p l e x e s . As mentioned above, the i r o n complex shows o n l y one band 
i n i t s chromatographic b e h a v i o r and c r y s t a l l i z e s i n the c i s geo
metry as determined by x - r a y c r y s t a l l o g r a p h y (26). The main d i f 
f e r e n c e i n the s t r u c t u r e s of the i r o n ( I I I ) and chromium(III) com
p l e x e s i s the t r i g o n a l t w i s t a n g l e (which i s the a n g l e between 
the p r o j e c t i o n s of the t r i g o n a l f a c e s o f the c o o r d i n a t i o n o c t a 
hedron). T h i s a n g l e i s 47.4° and 35.7° f o r the chromium(III) and 
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Figure 3. A perspective drawing of trâns-tris(benzohydroxamato) chromium(III) 
looking down the molecular (pseudo) threefold axis 
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Figure 4. A comparison of the octahedral bonding geometries of \.mns-tris(ben-
zohydroxamato)chromium(III) and cis-tris(benzohydroxamato)iron(III) 
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i r o n ( I I I ) complexes, r e s p e c t i v e l y , and t h i s d i f f e r e n c e i s a t t r i 
buted t o the d i f f e r e n c e i n the c r y s t a l f i e l d s t a b i l i z a t i o n ener
g i e s of the two compounds. 

R e c e n t l y the s a l t s of the c i s - and t r a n s - t r i s ( b e n z o h y d r o x -
imato)chromâte(III) t r i a n i o n s have been i s o l a t e d . T h e i r absorp
t i o n s p e c t r a a r e p a r a l l e l t o those o f the n e u t r a l s p e c i e s . F i g 
ure 5 shows ORTEP p l o t s o f these isomers. The c o r r e s p o n d i n g i r o n 
complex c r y s t a l l i z e s i n the c i s geometry under the same 
c o n d i t i o n s . 

To enhance t h e s e p a r a t i o n o f the o p t i c a l isomers o f C r ( h y 
droxamate) 3 complexes, the o p t i c a l l y a c t i v e hydroxamic a c i d , 
&-menthoxyacethydroxamic a c i d (men), was prepared as w e l l as i t s 
i r o n ( I I I ) and chromium(III) complexes, Fe(men) 3 and Cr(men) 3. 
While f o u r d i a s t e r e o m e r s (Λ-cis, A - c i s , Λ-trans, and Δ-trans) a r e 
expected f o r Cr(men) 3  o n l  t h r e  f r a c t i o n  s e p a r a t e d b
chromatographic t e c h n i q u e s
Δ-cis and Λ-cis w h i l e th  p a r t i a l l y
t u r e s e p a r a t e as one f r a c t i o n . The geometries o f these were 
a s s i g n e d based upon the c r i t e r i a mentioned above. The i r o n ( I I I ) 
complex gave o n l y one band under the same c o n d i t i o n s . 

The assignment o f the a b s o l u t e c o n f i g u r a t i o n o f the Cr(men) 3 

isomers was based on t h e i r CD s p e c t r a , F i g u r e 6. Of p a r t i c u l a r 
s i g n i f i c a n c e i n the assignment a re the s i g n s o f the CD bands i n 
the low energy t r a n s i t i o n r e g i o n ('+A2g **T2g) . Assuming a D 3 

c o o r d i n a t i o n p o i n t symmetry, t h i s t r a n s i t i o n s p l i t s i n t o i +A 2 

**Ai ( A 2 ) and ̂ Α 2 -> KE ( E a ) . The two t r a n s i t i o n s A 2 and E a s h o u l d 
have CD bands o f o p p o s i t e s i g n , and based on the w i d e l y used 
e m p i r i c a l r u l e , the complex has a Λ a b s o l u t e c o n f i g u r a t i o n i f the 
E a t r a n s i t i o n has a p o s i t i v e CD band ( 2 7 ) . A d i f f i c u l t y a r i s e s 
i n d e c i d i n g which o f the two CD bands i n the low energy t r a n s i 
t i o n r e g i o n i s the E a band. The o r d e r of energy o f A 2 and Ε 
l e v e l s v a r i e s from one complex t o ano t h e r , and a l t h o u g h i t i s 
g e n e r a l l y a c c e p t e d t h a t the energy o r d e r i s A 2 > E a f o r f i v e -
membered r i n g s formed by diamine and amino a c i d complexes (28, 
29, 30, 31), the o p p o s i t e o r d e r ( E a > A 2 ) was found f o r s e v e r a l 
o t h e r complexes (32) i n c l u d i n g t r i s ((3-diketonato) c o b a l t ( I I I ) (17, 
18, 27, 33, 34, 35, 36) and -chromium(III) (18) complexes and 
t r i s ( o x a l a t o ) c h r o m i u m ( I I I ) (33-39). The l a t t e r complex i s more 
c l o s e l y r e l a t e d to the hydroxamate complexes. Based on t h i s and 
the f a c t t h a t f o r most t r i g o n a l d 3 and l o w - s p i n d_6 complexes, the 
s t r o n g e r CD band from the **Α2 -> ̂ T 2 m a n i f o l d i s o f E a r a t h e r than 
A 2 symmetry ( 2 7 ) , the Λ-configuration was a s s i g n e d to the i s o 
mers w i t h p o s i t i v e s i g n f o r the dominant low energy band under 
the Τ m a n i f o l d t r a n s i t i o n . T h i s assignment was l a t e r c o n f i r m e d , 
as d i s c u s s e d below. 

The 4 A 2 g -> ̂ Txg t r a n s i t i o n i s o c t a h e d r a l d_3and l o w - s p i n d.6 

complexes f a c t o r s under p o i n t group D 3 i n t o **Α2 -> **Α2 (Αχ) and 
1*A2 •> KE (Eb) t r a n s i t i o n s . The Αχ t r a n s i t i o n i s symmetry f o r b i d 
den; the CD band i n the r e g i o n o f the h i g h energy t r a n s i t i o n 
**Α2 •> **Τ! has been a s s i g n e d t o the Efc t r a n s i t i o n , as f o r 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



Figure 5. A perspective drawing of the cis-tris(benzohydroximato) chromate(III) 
(5a) and trsLns-tris(benzohydroximato)-chromate(III) (5b) ions, looking down the 

threefold and pseudothreefold axes, respectively 
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Figure 6. Absorption spectra of Cr(benz)3 in 17% CH3OH-CHCl3 solution, and 
both absorption and CD spectra of Cr(men).} in 3% CH3OH-CHCl3: ( ), Cis-
cr(benz)3; ( ), trsLUs-Cr(benz)3; ( ), cis-Cr(men)3; and (· · ·), tmns-Cr(men)3. 
The CD spectrum of the mixture of trans isomers has been multiplied by eight (3). 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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t r i s ( o x a l a t e - ) - (40) and t r i s ( g - d i k e t o n a t o ) c h r o m i u m ( I I I ) (27, 35) 
complexes. T h e o r e t i c a l t r e a t m e n t s p r e d i c t t h a t when the energy 
o r d e r i s E a > A 2, the s i g n s of E a and Efc t r a n s i t i o n s a r e o p p o s i t e 
(41). T h is i s c o n s i s t e n t w i t h the CD s p e c t r a o f the hydroxamate 
complexes. Furthermore, the Efc t r a n s i t i o n i s s p l i t i n the lower 
symmetry t r a n s - i s o m e r , p r o v i d i n g an a d d i t i o n a l c r i t e r i o n f o r 
c h a r a c t e r i z i n g t h i s isomer. 

T r i s ( b e n z o h y d r o x a m a t o ) i r o n ( I I I ) , - c o b a l t ( I I I ) , and -chromi-
u m ( I I I ) , as w e l l as o t h e r N - u n s u b s t i t u e d hydroxamic and t h i o h y -
droxamic a c i d complexes, can be deprotonated i n b a s i c s o l u t i o n to 
form t r i a n i o n s which a r e hydroximate complexes. The n e u t r a l com
p l e x e s can be r e g e n e r a t e d by n e u t r a l i z a t i o n of the hydroximato 
complexes; 

M(RC(0)N(0)H) 3 +
hydroxamato hydroximat
complexes complexes 

The metal hydroximate complexes have been r e s o l v e d by forming 
i n s o l u b l e d i a s t e r e o m e r s of one o f t h e i r o p t i c a l isomers w i t h the 
o p t i c a l isomers o f [ C o ( e n ) 3 ] + 3 , l e a v i n g the o t h e r isomer i n s o l u 
t i o n . The r e s o l v e d n e u t r a l hydroxamato complexes can then be ob
t a i n e d by the a c i d i f i c a t i o n of the s a l t s and simultaneous e x t r a c 
t i o n o f the n e u t r a l compounds. 

The f o u r isomers of C r ( b e n z ) 3 were s e p a r a t e d by t h i s method 
by f i r s t s e p a r a t i n g the Λ - c i s , Δ-trans m i x t u r e from the Δ - c i s , Λ-
t r a n s , f o l l o w e d by the s e p a r a t i o n o f the r e s o l v e d c i s and t r a n s 
isomers as d e s c r i b e d e a r l i e r . The CD s p e c t r a o f the r e s o l v e d 
C r ( b e n z ) 3 isomers are s i m i l a r to those o f the Cr(men)3 isomers; 
hence, the a b s o l u t e c o n f i g u r a t i o n of the m e t a l hydroximate a n i o n s 
were a s s i g n e d to be o p p o s i t e to t h a t o f the [ C o ( e n ) 3 ] + 3 forming 
the d i a s t e r e o m e r s . The r e a c t i o n s a r e summarized below: 

A , A - [ M ( h y d r o x i m a t e ) 3 ] ~ 3 + Λ - [ C o ( e n ) 3 ] + 3 • 
A - [ C o ( e n ) 3 ] - A - [ M ( h y d r o x i m a t e ) 3 ] + A - [ M ( h y d r o x i m a t e ) 3 ] " 3 

A - [ C o ( e n ) 3 ] - A - [ M ( h y d r o x i m a t e ) 3 ] + 3H+ • 
A-[M(hydroxamate) 3](CHCl 3) + A - [ C o ( e n ) 3 ] + 3 ( a q . ) 

The o p t i c a l isomers of c i s - C r ( b e n z ) 3 are q u i t e s t a b l e i n dry 
c h l o r o f o r m i n the dark, y e t i s o m e r i z e r a p i d l y i n m e t h a n o l i c s o l u 
t i o n . The t r a n s - i s o m e r i s moderately s t a b l e i n a l c o h o l s , w i t h a 
h a l f - l i f e f o r r a c e m i z a t i o n of a few days. Due to the i n s t a b i l i t y 
w i t h r e s p e c t to d e c o m p o s i t i o n o f the n e u t r a l t r i s ( b e n z o h y d r o x 
amato) c o b a l t ( I I I ) complex, o n l y the CD spectrum o f the a n i o n i c 
s p e c i e s has been recorded ( F i g u r e 7 ) . I t resembles t h a t o f the 
c i s - C r ( h y d r o x a m a t e ) 3 complexes. 

To our s u r p r i s e , we found t h a t the i r o n ( I I I ) hydroxamate and 
thiohydroxamate complexes can a l s o be r e s o l v e d by the method 
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d i s c u s s e d above and t h a t the F e ( b e n z ) 3 o p t i c a l isomers a r e q u i t e 
s t a b l e i n c h l o r o f o r m and acetone s o l u t i o n s , but racemize i n s t a n t 
l y i n methanol and o t h e r p o l a r s o l v e n t s . The CD s p e c t r a of the 
Λ and Δ o p t i c a l isomers of F e ( b e n z ) 3 a r e shown i n F i g u r e 8. The 
CD spectrum o f the Λ-isomer i s q u i t e s i m i l a r t o t h a t of f e r r i -
chrome A ( F i g u r e 9 ) . [As d i s c u s s e d below, f e r r i c h r o m e A i s the 
i r o n ( I I I ) complex of a microbe-produced t r i h y d r o x a m a t e l i g a n d . 
Due t o the o p t i c a l a c t i v i t y of the l i g a n d , the compound c r y s t a l 
l i z e s i n the Λ - c i s c o n f i g u r a t i o n and a p p a r e n t l y e x i s t s a t l e a s t 
p r e d o m i n a n t l y as t h i s isomer i n s o l u t i o n . ] T h i s s upports our 
assignment of c o n f i g u r a t i o n . 

F i n a l l y , our assignment of c o n f i g u r a t i o n i s c o n f i r m e d by the 
CD s p e c t r a and s t r u c t u r e o f chromium d e s f e r r i f e r r i c h r o m e . T h i s 
compound i s found t o be isomorphous w i t h f e r r i c h r o m e (42) which 
c r y s t a l l i z e s i n the Λ - c i  c o n f i g u r a t i o  ha  bee  determined b
x-ray c r y s t a l l o g r a p h y (43)
10) i s s i m i l a r to thos
complexes. 

Hydroxamate S i d e r o p h o r e Complexes 

Assignment o f geometry f o r the chromic complexes i s based on 
t h e i r chromatographic b e h a v i o r , a b s o r p t i o n s p e c t r a and the shape 
of the h i g h energy (Efc) CD band. I r o n ( I I I ) complexes w i l l have 
the Λ c o n f i g u r a t i o n i f the CD band i n the r e g i o n o f the a bsorp
t i o n maximum a t 400-500 nm has a p o s i t i v e s i g n , w h i l e chromi-
um(III) complexes have the same c o n f i g u r a t i o n i f the E a t r a n s i t i o n 
a t 500-600 nm has a p o s i t i v e s i g n . 

The f e r r i c h r o m e s , F i g u r e 11, have n a t u r a l o p t i c a l a c t i v i t y 
a s s o c i a t e d w i t h the l i g a n d ; a c c o r d i n g l y , the m e t a l complexes have 
o v e r a l l o p t i c a l a c t i v i t y . An e x a m i n a t i o n o f m o l e c u l a r models of 
the f e r r i c h r o m e s i n d i c a t e s t h a t the t r a n s - i s o m e r s are improbable 
due to the c y c l i c n a t u r e o f the backbone of the l i g a n d ; however, 
both Λ and Δ c i s - i s o m e r s a r e p o s s i b l e . 

The m o l e c u l a r s t r u c t u r e a n a l y s e s of f e r r i c h r o m e A ( 4 4 ) , 
f e r r i c h r y s i n ( 4 5 ) , and f e r r i c h r o m e (43) show t h a t a l l t h r e e com
p l e x e s e x i s t i n the Λ - c i s c o n f i g u r a t i o n . A l t h o u g h c r y s t a l l i z a 
t i o n o f each member of the s e r i e s y i e l d s o n l y one isomer, Λ - c i s , 
i t would be p o s s i b l e t h a t both isomers o f the l a b i l e i r o n ( I I I ) 
complex c o e x i s t i n s o l u t i o n , w i t h o n l y the l e s s s o l u b l e isomer 
p r e f e r e n t i a l l y c r y s t a l l i z i n g from the e q u i l i b r i u m m i x t u r e . How
ever , the comparable v a l u e s o f Δε f o r the CD s p e c t r a o f f e r r i 
chrome A ( F i g u r e 9) and Λ - t r i s ( b e n z o h y d r o x a m a t o ) i r o n ( I I I ) (46) 
( F i g u r e 8 ) , i n d i c a t e t h a t o n l y the Λ - c i s isomer o f f e r r i c h r o m e A 
i s p r e s e n t i n a measurable amount i n s o l u t i o n . The CD s p e c t r a of 
the chromic complexes o f d e f e r r i f e r r i c h r o m e A and d e f e r r i f e r r i -
c h r y s i n as w e l l as c o b a l t ( I I I ) d e f e r r i f e r r i c h r o m e A a r e s i m i l a r 
to t h a t o f chromium(III) d e f e r r i f e r r i c h r o m e — which c r y s t a l l i z e s 
i n the Λ - c i s c o n f i g u r a t i o n , as determined by x - r a y c r y s t a l l o g 
raphy (42). 
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Figure 8. Absorption spectrum (- · -) and CD spectra of Δ ( ) and Λ ( ) 
tris(benzohydroxamato)iron(III) in acetone solution (46) 
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Figure 9. Absorption (- · -) and CD ( ) spectra of Ferrichrome A in aqueous 
solution (46) 
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Figure 11. Structure of the ferrichrornes. The basic structural feature is a cyclic 
hexapeptide with the three hydroxamic acid linkages provided by a tripeptide of 
SN-acyl-SN-hydroxy-\-ornithine. The A-cis coordination iser is shown in each 

case (3). 
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Another c l a s s o f s i d e r o p h o r e complexes i s t h e f e r r i o x a m i n e s . 
In c o n t r a s t to the f e r r i c h r o m e s , the l i n e a r and c y c l i c f e r r i o x 
amines ( F i g u r e 12) have the hydroxamate groups as p a r t o f a p o l y -
amide c h a i n . A second major d i f f e r e n c e i s t h a t the l i g a n d s them
s e l v e s a r e not o p t i c a l l y a c t i v e ; o n l y i f a s u b s t i t u e n t has a 
c h i r a l c e n t e r (as i n the f e r r i m y c i n s ) i s t h e r e o p t i c a l a c t i v i t y 
f o r the mo l e c u l e . F e r r i o x a m i n e E, a c y c l i c f e r r i o x a m i n e , c r y s t a l 
l i z e s as a racemic m i x t u r e o f Λ-cis and A - c i s isomers as d e t e r 
mined by x-r a y c r y s t a l l o g r a p h y (47). The chromic complexes o f 
f e r r i o x a m i n e Β and D e x i s t i n bo t h c i s - and tr a n s - f o r m s i n a 
racemic m i x t u r e . The c i s geometric isomer was se p a r a t e d from one 
or more o f the f o u r p o s s i b l e t r a n s isomers by i o n exchange c h r o 
matography ( 4 8 ) . The a b s o r p t i o n s p e c t r a o f the two f r a c t i o n s a r e 
shown i n F i g u r e 13. The c i s geometry was a s s i g n e d t o the isomer 
w i t h lower Rf v a l u e and w i t h v i s i b l e a b s o r p t i o n maxima a t 583(707) 
and 419(67.9) nm (ε). Bot
h a l f - l i v e s o f s e v e r a l day
temperature. 

R h o d o t o r u l i c a c i d (RA), F i g u r e 14, i s an example of ' a d i h y -
droxamate s i d e r o p h o r e . T h i s s e q u e s t e r i n g agent forms d i m e r i c 
complexes w i t h i r o n , aluminum, and chromium o f the s t o i c h i o m e t r y 
M 2RA 3 ( 4 9 ) . The CD spectrum o f the i r o n complex, F i g u r e 15, i s 
i d e n t i c a l w i t h t h a t of A - t r i s ( b e n z o h y d r o x a m a t o ) i r o n ( I I I ) . There
f o r e , the complex a p p a r e n t l y e x i s t s i n the Δ-cis geometry. T h i s 
i s o p p o s i t e t o t h a t found i n a l l o f the o t h e r hydroxamate s i d e r o 
phores s t u d i e d t o date. Two f r a c t i o n s c o r r e s p o n d i n g t o c i s and 
t r a n s chromium(III) r h o d o t o r u l i c a c i d have been s e p a r a t e d by 
chromatographic methods. The CD spectrum o f the c i s - i s o m e r i s 
s i m i l a r t o the s p e c t r a o f s i m p l e Δ-cis-tris(hydroxamato)chromi-
um(III) complexes. The CD s p e c t r a o f the t r a n s - i s o m e r shows a 
s p l i t t i n g f o r the h i g h energy t r a n s i t i o n (Eb) as expected f o r the 
chromium hydroxamate complexes w i t h t r a n s geometry. 

Another c l a s s o f dihydroxamate s i d e r o p h o r e s i s r e p r e s e n t e d 
by a e r o b a c t i n ( F i g u r e 16). The CD spectrum of i t s i r o n ( I I I ) com
p l e x , F i g u r e 17, suggests a Λ c o n f i g u r a t i o n f o r the complex, the 
same as t h a t a s s i g n e d t o the chromium(III) complex based on i t s 
CD spectrum, F i g u r e 18 (5 0 ) . The c l o s e s i m i l a r i t y o f the CD 
s p e c t r a o f i r o n ( I I I ) a e r o b a c t i n and o t h e r i r o n ( I I I ) hydroxamate 
complexes i n d i c a t e s t h a t the i r o n i s o c t a h e d r a l l y c o o r d i n a t e d by 
s i x oxygen atoms — f o u r hydroxamate oxygens and p o s s i b l y two from 
c i t r a t e c a r b o x y l and h y d r o x y l m o i e t i e s ( 50). 

Thiohydroxamate S i d e r o p h o r e Complexes 

Tris(thiobenzohydroxamatô)chromium(III), -manganese(III), 
- i r o n ( I I I ) , and - c o b a l t ( I I I ) , as w e l l as the c o r r e s p o n d i n g com
p l e x e s w i t h N-methylthiobenzohydroxamic a c i d , have been found to 
e x i s t o n l y i n the c i s geometry as shown by t h e i r chromatographic 
b e h a v i o r , a b s o r p t i o n s p e c t r a , and 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 s 
( F i g u r e 19) (51, _52). The same geometry was found f o r the 
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Figure 12. Structure of the linear ferri-
oxamines. The basic structural feature 
of the ferrioxamines is repeating units 
of l-amino-5-hydroxyaminopentane and 
succinic acid. Ferrioxamine Ε is cyclic 
with η = 5 and an amide linkage such 
that there are no R or R' substituents, 

but instead a C-N bond (3) 
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Figure 13. Absorption of the cis and trans isomers of chromium(III) Deferriferri-
oxamine B in aqueous solutions: ( ), cis; ( ), trans (3). 
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H acid (49) 
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Figure 15. Absorption ( ) and CD 
( ) spectra of the ferric complex of 

rhodotorulic acid in aqueous solution 
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Figure 17. The CD spectrum of iron(III) aerobactin at neutral pH (50) 
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ure 18. Absorption ( ) and CD ( ) spectra of chromium(HI) aerobac
tin at neutral pH 
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Figure 19. A perspective drawing M(N-methylthiobenzohydroxamate)3, where 
M = Cr, Fe, Co, and Mn, as viewed down the molecular threefold axis 
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tris(thiobenzohydroximato)chromâte(III) t r i a n i o n as shown i n F i g 
u r e 20 ( 5 3 ) . The CD spectrum of t r i s ( t h i o b e n z o h y d r o x a m a t o ) c h r o m i -
u m ( I I I ) , F i g u r e 21, i s s i m i l a r t o those o f the t r i s ( h y d r o x a m a t o ) -
chromium(III) complexes except f o r t h e bands a t 425 nm — which 
pr o b a b l y correspond to a charge t r a n s f e r t r a n s i t i o n . The a s s i g n 
ment o f c o n f i g u r a t i o n i s based on the s i g n o f the Ε t r a n s i t i o n a t 
600 nm such t h a t the isomer w i t h p o s i t i v e CD band at 600 nm has a 
Λ c o n f i g u r a t i o n . S i m i l a r t o the case w i t h the hydroxamate com
p l e x e s , d i a s t e r e o m e r s a l t s a r e formed between [ C o ( e n ) 3 ] " " 3 and 
[ M ( t h i o h y d r o x i m a t o ) 3 ] ~ 3 i o n s w i t h o p p o s i t e c o n f i g u r a t i o n . T h i s 
was the b a s i s f o r the assignment o f c o n f i g u r a t i o n s f o r the 
t r i s ( t h i o b e n z o h y d r o x a m a t o ) i r o n ( I I I ) o p t i c a l i somers, where the Λ 
c o n f i g u r a t i o n i s a s s i g n e d t o the isomer w i t h n e g a t i v e and p o s i t i v e 
CD bands i n the r e g i o n s of the low energy and h i g h energy absorp
t i o n s a t 580 and 490 nm  r e s p e c t i v e l y ( F i g u r e 22)  I t i s i n t e r 
e s t i n g to compare the
i r o n ( I I I ) complexes o
a c i d s ( F i g u r e s 8 and 22, r e s p e c t i v e l y ) . The th i o h y d r o x a m i c a c i d 
complex has an e x t r a a b s o r p t i o n band and an e x t r a CD band, w h i l e 
the r e s t o f t h e CD bands o f t h e i r o n ( I I I ) thiohydroxamate isomers 
are v e r y s i m i l a r t o those o f the i r o n ( I I I ) hydroxamate, i n p o s i 
t i o n , shape, and s i g n . 

C a t e c h o l a t e S i d e r o p h o r e Complexes 

I n a d d i t i o n to hydroxamic a c i d s , the dihydroxybenzene ( c a t e 
c h o l ) moiety i s employed as the c h e l a t i n g u n i t o f some s i d e r o 
phores. I n a l l s t r a i n s o f e n t e r i c b a c t e r i a s t u d i e d to d a t e , the 
n a t u r a l i r o n t r a n s p o r t agent i s the c y c l i c t r i e s t e r o f 2,3-dihy-
d r o x y - N - b e n z o y l s e r i n e known as e n t e r o b a c t i n ( F i g u r e 23) (54, 55, 
56). I n B a c i l l u s s u b t i l l u s 2 , 3 - d i h y d r o x y - N - b e n z o y l g l y c i n e has 
been shown to s t i m u l a t e i r o n t r a n s p o r t (54, 57). I n a d d i t i o n , 
2 - N , 6 - N - d i ( 2 , 3 - d i h y d r o x y b e n z o y l ) - L - l y s i n e (58) i s a s i d e r o p h o r e 
produced by A z o t o b a c t e r v i n e l a n d i i which has o n l y two c a t e c h o l 
groups. However, o f the c a t e c h o l a t e s i d e r o p h o r e s by f a r t h e best 
s t u d i e d i s e n t e r o b a c t i n . A major d i f f e r e n c e between hydroxamate 
and c a t e c h o l a t e s i d e r o p h o r e s o c c u r s i n t h e i r u t i l i z a t i o n as t r a n s 
p o r t agents. For the former, the i r o n complex i s taken up by the 
b a c t e r i a l c e l l , the i r o n r e l e a s e d , and the hydroxamate s i d e r o 
phore r e - s e c r e t e d f o r a d d i t i o n a l i r o n c h e l a t i o n . I n c o n t r a s t , 
e n t e r o b a c t i n i s d e s t r o y e d by enzymatic h y d r o l y s i s w i t h i n the c e l l 
and t h e r e f o r e the l i g a n d i s not r e c y c l e d . T h i s h y d r o l y s i s o f the 
amide l i n k a g e s o f the i r o n ( I I I ) e n t e r o b a c t i n lowers the redox 
p o t e n t i a l o f the c h e l a t e complex s u f f i c i e n t l y t o a l l o w i r o n r e 
d u c t i o n — and thus uptake of i r o n i n t o the c e l l metabolism (59, 
60). 

As w i t h the hydroxamate s i d e r o p h o r e s , our i n i t i a l approach 
has been to study s i m p l e t r i s ( c a t e c h o l a t o ) m e t a l l a t e ( I I I ) complexes 
as models f o r the t r i c a t e c h o l a t e s i d e r o p h o r e e n t e r o b a c t i n . U n l i k e 
hydroxamates, c a t e c h o l a t e i s a symmetric, b i d e n t a t e l i g a n d . 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 20. A perspective drawing of tris(thiobenzohydroximato)chromate(III) 
ion as viewed down the molecular threefold axis 
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Figure 21. (a) Absorption spectrum of tris(thiobenzohydroxamate)chromium in 
CHCl3; (b) CD spectra of the Δ ( ) and Λ ( ) form of tris(thiobenzohy-

droxamato)chromium(IH) (51). 
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Figure 22. (a) Absorption spectrum of tris(thiobenzohydroxamato)iron(III); (b) 
CD spectra of the Δ ( ) and Λ ( ) forms of tris(thiobenzohydroxamato)-

iron(III) (51). 

Figure 23. Structural diagram of entero-
bactin (61) 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Consequently, t h e r e a r e no g e o m e t r i c a l isomers and o n l y the Λ and 
Δ o p t i c a l isomers a r e p o s s i b l e . I n c a t e c h o l a t e s s u b s t i t u t e d un-
s y m m e t r i c a l l y on the p h e n y l r i n g (such as i n e n t e r o b a c t i n ) , geo
m e t r i c isomers a r e p o s s i b l e ; however, m o l e c u l a r models of e n t e r o 
b a c t i n argue f o r the s o l e e x i s t e n c e o f the more symmetric ( c i s ) 
c h e l a t e . 

Model C a t e c h o l a t e Complexes 

The o p t i c a l isomers o f t r i s ( c a t e c h o l a t o ) c h r o m a t e ( I I I ) and 
- r h o d a t e ( I I I ) have been s e p a r a t e d by s e l e c t i v e p r e c i p i t a t i o n of 
one isomer as the t r i s ( e t h y l e n e d i a m i n e ) c o b a l t ( I I I ) or - c h r o m i -
um(III) double s a l t i n a manner analogous t o t h a t d i s c u s s e d above 
f o r the hydroxamates (61, 62). As a check on the e f f i c a c y o f 
u s i n g another m e t a l i n p l a c e of i r o n  the m o l e c u l a r s t r u c t u r e s of 
t r i s ( c a t e c h o l a t o ) f e r r a t e ( I I I
by s i n g l e c r y s t a l x - ra
the benzohydroxamate complexes d i s c u s s e d above, the o n l y s i g n i f i 
c a nt d i f f e r e n c e s i n the s t r u c t u r e s were the t r i g o n a l t w i s t a n g l e s . 
T h i s d i f f e r e n c e o f s i x degrees i s a t t r i b u t e d t o the c r y s t a l f i e l d 
s t a b i l i z a t i o n energy o f 12 Dq f o r C r + 3 v e r s u s 0 Dq f o r h i g h - s p i n 
i r o n ( I I I ) i o n . O t herwise, both s t r u c t u r e s a r e d i s t o r t e d o c t a h e d r a 
w i t h approximate D 3 m o l e c u l a r p o i n t symmetry ( F i g u r e 24). 

W h i l e the a b s o l u t e c o n f i g u r a t i o n o f t r a n s i t i o n m e t a l c a t e 
c h o l a t e s has not been determined by x - r a y d i f f r a c t i o n , the a s s i g n 
ments ar e based on s e v e r a l l i n e s o f r e a s o n i n g . I n p a r t i c u l a r , f o r 
b oth t h e r h o d i u m ( I I I ) and chromium(III) complexes, t h a t isomer 
p r e c i p i t a t e d by Λ - t r i s ( e t h y l e n e d i a m i n e ) c o b a l t ( I I I ) i s a s s i g n e d t h e 
Λ c o n f i g u r a t i o n . 

For t r i s ( c a t e c h o l a t o ) c h r o m a t e ( I I I ) the assignment o f the 
a b s o l u t e c o n f i g u r a t i o n from the CD spectrum ( F i g u r e 25) i s based 
on the f o l l o w i n g arguments: 

1) The CD s p e c t r a o f [ C r ( c a t ) 3 ] 3 ~ and t r i s ( o x a l a t o ) c h r o 
mate ( I I I ) may be compared d i r e c t l y . I n a d d i t i o n , the s p e c t r a may 
be compared w i t h those of t h e hydroxamate complexes. The c l o s e 
r e l a t i o n s h i p i n c h e l a t e r i n g s i z e and e l e c t r o n i c s t r u c t u r e s of 
t h e c o o r d i n a t i n g p o r t i o n s o f the l i g a n d s p ermit d i r e c t comparison 
o f the CD s p e c t r a . 

2) The e m p i r i c a l r u l e f o r the assignment o f a b s o l u t e con
f i g u r a t i o n s o f D 3 p o i n t group m e t a l complexes o f d_3 or d_6 e l e c 
t r o n i c c o n f i g u r a t i o n may be a p p l i e d ( 2 7 ) . A c c o r d i n g l y , the low 
energy Ε t r a n s i t i o n w i l l be p o s i t i v e f o r a Λ complex. 

I n the case o f t r i s ( c a t e c h o l a t o ) r h o d a t e ( I I I ) , the assignment 
of a b s o l u t e c o n f i g u r a t i o n f o l l o w s s i m i l a r l i n e s : 

1) The CD s p e c t r a o f the c a t e c h o l a t e and o x a l a t e complexes 
a r e comparable. I n the l a t t e r a p o s i t i v e CD maximum at 400 nm 
(Δε = +2.85) i s a s s i g n e d t o t h e E a t r a n s i t i o n i n the Λ-isomer. 
As seen i n F i g u r e 26 t h i s t r a n s i t i o n o c c u r s a t 420 nm i n 
[ R h ( c a t ) 3 ] 3 " and i s p o s i t i v e f o r the Λ-isomer (Δε = +1.41). 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 24. A perspective drawing of the [M( catecholate) 3]3~ anions, where M = 
Cr and Fe, as viewed down the molecular threefold axis ( 6 3 ) 
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Figure 25. Circular dichroism spectra of Δ- and A-K3[Cr(cat)3] in aqueous solu
tions (61) 
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ure 26. Absorption and CD spectra of Δ- and A-K3Rh(catechofote)3 in aque
ous basic solution (62) 
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2) A g a i n , the e m p i r i c a l r u l e f o r d_3 o r l o w - s p i n d 6 com
p l e x e s o f D 3 symmetry i s a p p l i c a b l e . For t h e A c o n f i g u r a t i o n the 
t r a n s i t i o n s w i t h Ε and A 2 symmetry have p o s i t i v e and n e g a t i v e 
s i g n s , r e s p e c t i v e l y . 

3) F i n a l l y , an analogy i s drawn between the chromium and 
rhodium c a t e c h o l a t e complexes. The s a l t s [ C o ( e n ) 3 ] [ M ( c a t ) 3 ] (M = 
Rh, C r ) , prepared from A - [ C o ( e n ) 3 ] I 3 H 2 0 have been shown by x-ra y 
powder p a t t e r n s t o be i s o s t r u c t u r a l and t h e r e f o r e o f the same 
a b s o l u t e c o n f i g u r a t i o n . Thus the c a t e c h o l a t e systems a re a t l e a s t 
s e l f - c o n s i s t e n t . 

E n t e r o b a c t i n 

I n a d d i t i o n to p r e p a r i n g the model c a t e c h o l a t e complexes o f 
rhodium and chromium, th
a l s o prepared and t h e i
t i o n o f m o l e c u l a r models i t i s apparent t h a t e i t h e r the Λ-cis o r 
Δ-cis di a s t e r e o m e r s o f a me t a l e n t e r o b a c t i n complex a r e s t r u c t u r 
a l l y p o s s i b l e . I n t h e o r y , these d i a s t e r e o m e r s s h o u l d be s e p a r a b l e 
by chromatographic t e c h n i q u e s analogous t o those used f o r t h e 
hydroxamates ( v i d e s u p r a ) ; however, under a v a r i e t y of c o n d i t i o n s 
o n l y one chromatographic f r a c t i o n i s o b t a i n e d . We conclude t h a t 
one isomer predominates to the e x c l u s i o n o f the o t h e r . 

The v i s i b l e s p e c t r a o f d 3 C r 3 + and d.6 R h 3 + complexes a r e due 
to d-d. t r a n s i t i o n s (and w i l l be c h i e f l y dependent on the l i g a n d s 
f o r t h e i r l i g a n d f i e l d e f f e c t ) p l u s some l i g a n d - t o - m e t a l charge 
t r a n s f e r . S i n c e the l i g a n d f i e l d s t r e n g t h o f c a t e c h o l and e n t e r o 
b a c t i n a r e n e a r l y i d e n t i c a l and NMR s t u d i e s (62, 64) have i n d i c a 
t e d c a t e c h o l a t e c o o r d i n a t i o n f o r e n t e r o b a c t i n , the CD s p e c t r a o f 
c a t e c h o l a t e and e n t e r o b a c t i n complexes may be compared d i r e c t l y . 
Thus, comparison o f the CD s p e c t r a o f [ R h ( e n t e r o b a c t i n ) ] " 3 and 
[ C r ( e n t e r o b a c t i n ) ] ~ 3 ( F i g u r e s 27 and 28, r e s p e c t i v e l y ) w i t h t h e 
analogous c a t e c h o l a t e compounds ( F i g u r e s 26 and 25) l e a d s t o the 
c o n c l u s i o n t h a t the predominant isomer i n both cases has a A - c i s 
a b s o l u t e c o n f i g u r a t i o n ( F i g u r e 29). F i n a l l y , the a b s o l u t e con
f i g u r a t i o n of i r o n ( I I I ) e n t e r o b a c t i n i s l i k e w i s e a s s i g n e d as A - c i s 
s i n c e : 

1) The model C r + 3 and F e + 3 c a t e c h o l a t e s a r e i s o s t r u c t u r a l 
and t he i o n i c r a d i i o f a l l t h r e e m etals a r e e q u a l t o w i t h i n 
0.03 A. 

2) A l l t h r e e e n t e r o b a c t i n complexes (Fe, Cr, Rh) have 
i d e n t i c a l Rf v a l u e s f o r s i l i c a g e l TLC i n 50% chloroform-methanol 
s o l v e n t . 

T h i s A - c i s a b s o l u t e c o n f i g u r a t i o n f o r i r o n ( I I I ) e n t e r o b a c t i n 
i s o p p o s i t e t o t h a t found f o r a l l of the o p t i c a l l y a c t i v e hydrox
amate s i d e r o p h o r e s except r h o d o t o r u l i c a c i d . 

Summary 

The s t e r e o c h e m i s t r y o f m i c r o b i a l i r o n t r a n s p o r t compounds i s 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 27. Absorption spectrum of K3[Rh(ent)3] in aqueous solution (lower 
curve) and CD spectrum of &-cis-K3[Rh(ent)3] in methanol solution (upper curve). 

Extinction coefficients are approximate (62). 
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Figure 28. CD spectra of [NHj,]3[Cr(ent)] (61) 
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Figure 29. A schematic of the A-cis isomer of chromium(III) and ferric entero
bactin. The metal lies at the center of a distorted octahedron formed by the 

oxygen atoms of the three catechol dianions (61). 
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a f a s c i n a t i n g composite o f c o o r d i n a t i o n c h e m i s t r y and b i o c h e m i s 
t r y . R e s u l t s o f i n v e s t i g a t i o n s i n t h i s f i e l d show t h a t chromic-
s u b s t i t u t e d s i d e r o p h o r e complexes a r e r e a d i l y prepared and a r e 
k i n e t i c a l l y i n e r t w i t h r e s p e c t t o i s o m e r i z a t i o n . Furthermore, t he 
s p e c t r o s c o p i c p r o p e r t i e s and s i n g l e c r y s t a l x - ray s t r u c t u r e s o f 
si m p l e model compounds show t h a t the chromium(III) and i r o n ( I I I ) 
s i d e r o p h o r e complexes a r e s u f f i c i e n t l y s i m i l a r t o r e g a r d them as 
i d e n t i c a l f o r b i o l o g i c a l systems. F i n a l l y , t h i s c l o s e s i m i l a r i t y 
p e r m i t s the use o f chromium(III) and r h o d i u m ( I I I ) s i d e r o p h o r e 
complexes as ch e m i c a l probes o f the s i d e r o p h o r e 1 s m e t a l c o o r d i n a 
t i o n s i t e . T h i s s i m i l a r i t y a l l o w s assignment o f the geometry and 
a b s o l u t e c o n f i g u r a t i o n o f the m e t a l c o o r d i n a t i o n s i t e by compari
son o f a b s o r p t i o n and c i r c u l a r d i c h r o i s m s p e c t r a w i t h the s p e c t r a 
o f model compounds. Thus, the a b s o l u t e c o n f i g u r a t i o n s o f the 
b i o l o g i c a l l y r e l e v a n t isomer f e n t e r o b a c t i n  f e r r i c h r o m e  rhodo
t o r u l i c a c i d , and a e r o b a c t i

D e s p i t e the i n c r e a s g
t r a n s p o r t from these s t u d i e s , much remains unknown. For example, 
one o f our o r i g i n a l q u e r i e s remains unanswered. I s r e c o g n i t i o n 
o f the i r o n ( I I I ) s i d e r o p h o r e complex and subsequent a c t i v e t r a n s 
p o r t i n t o the c e l l dependent on one o p t i c a l isomer? T h i s and 
o t h e r q u e s t i o n s c o n c e r n i n g the c o o r d i n a t i o n c h e m i s t r y o f s i d e r o 
phores remain to be answered. 
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Rational Approaches to Asymmetric Hydrogenation 
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Asymmetric catalysis has great potential for synthetic 
organic chemistry, sinc
prepared without the nee
of prochiral olefins is particularly attractive, since in 
principle many diverse types of tertiary asymmetric center may 
be introduced in a single step. Following the discovery of 
efficient rhodium catalysts for homogeneous hydrogenation by 
Wilkinson and co-workers, (1),complexes derived from phosphines 
of the type R1R2R3P* were prepared and evaluated. The results 
were invariably disappointing, and optical yields of hydrogenated 
products rather poor (2). Two developments led to considerable 
improvement. First, the use of dehydroamino acids led to 
efficient and stereoselective reduction (3), and secondly 
chelating chiral phosphines (4) were found to be effective 
ligands. Progress between 1971 and 1977 has been reviewed 
(5,6,7) and now optical yields of more than 90% in the hydrogena
tion of dehydroamino acids or their derivatives are commonplace. 

There have been considerable developments in the last two 
years. Most of these concern the synthesis and application of 
new types of chiral chelating biphosphine and will be discussed 
in context. It is now possible to make some generalizations 
concerning current knowledge about asymmetric hydrogenation: 

i) Efficient and rapid catalysis of the hydrogenation of 
dehydroamino acids (enamides) may be effected by a wide 
variety of rhodium (I) complexes of chelating chiral 
biphosphines. 
i i) The phosphine may be chiral by virtue of asymmetry at 
phosphorus or in the inter-phosphine chain. All effective 
ligands are biarylphosphines, phosphites and aminophosphines. 
When the asymmetric center is at a remote site the P-aryl 
groups adopt a preferred conformation which is locally 
asymmetric. 
iii) Substrates other than dehydroamino acids are normally 
hydrogenated with lower optical efficiency. Some examples 
of the reduction of prochiral α,β-unsaturated acids are 
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p a r t i c u l a r l y i n t e r e s t i n g , and w i l l be d i s c u s s e d l a t e r , 
i v ) O p t i c a l y i e l d s are n o r m a l l y i n s e n s i t i v e to r e a c t i o n 
c o n d i t i o n s ( a l t h o u g h e x c e p t i o n s are i n t e r e s t i n g ! ) . Under 
hydrogénation c o n d i t i o n s the c a t a l y s t i s p r e s e n t as a 
c h e l a t e rhodium(I) c a t i o n which b i n d s s u b s t r a t e and 
hydrogen s e q u e n t i a l l y . Enamide complexes, which may be 
observed by phosphorus-31 NMR r e p r e s e n t the r e s t i n g s t a t e 
of the c a t a l y s t . 

S t e r e o s e l e c t i o n i n M e t a l - O l e f i n Complexation 
A p r e r e q u i s i t e f o r e f f e c t i v e asymmetric hydrogénation i s 

t h a t the p r o c h i r a l o l e f i n i s bound s t e r e o s e l e c t i v e l y t o m e t a l a t 
the r a t e - d e t e r m i n i n g t r a n s i t i o n - s t a t e (Scheme 1 ) . I t i s t h e r e 
f o r e of i n t e r e s t t o c o n s i d e r s t a b l e m e t a l - o l e f i n complexes which 
may e x i s t as d i a s t e r e o m e r s by v i r t u e of a l t e r n a t i v e modes of 
p r o c h i r a l o l e f i n c o m p l e x a t i o n  Most k ha  bee  don  w i t h 
c o m p a r a t i v e l y s i m p l e asymmetri
s e l e c t i v i t y i s u s u a l l y  s i m p l
s u r p r i s i n g , s i n c e d i s c r i m i n a t i o n depends on r a t h e r s m a l l 
d i f f e r e n c e s i n s t e r i c b u l k i n the absence of p o l a r i n t e r a c t i o n s . 

A l l the examples t o be d i s c u s s e d are of s q u a r e - p l a n a r 
p l a t i n u m ( I I ) complexes, r e c o r d e d i n Scheme 2. Thus Boucher and 
B o s n i c h (8) have prepared a s e r i e s of o l e f i n complexes d e r i v e d 
from ( p - t o l y l m e t h y l s u l f o x i d e ) d i c h l o r o p l a t i n u m ( I I ) i n w h i ch the 
l i g a n d i s S-bonded. The S-methyl p r o t o n s p r o v i d e a c o n venient 
and s e n s i t i v e NMR probe f o r the d e t e r m i n a t i o n of d i a s t e r e o m e r 
r a t i o s . I n the cases of b u t - l - e n e , 3-methylbut-l-ene, s t y r e n e 
and 3 , 3 - d i m e t h y l b u t - l - e n e c r y s t a l s o f a s i n g l e d i a s t e r e o m e r can 
be i s o l a t e d ; i n a l l but the l a s t of t h e s e , however, t h e r e i s 
r a p i d e q u i l i b r a t i o n between d i a s t e r e o m e r s i n s o l u t i o n , w i t h 
r e l a t i v e l y l i t t l e d i s c r i m i n a t i o n between them ( t y p i c a l l y 55-75% 
of the major s p e c i e s ) . S i n c e s e v e r a l rotamers are p o s s i b l e i n 
the s u l f o x i d e l i g a n d i t i s not easy t o s p e c i f y the o r i g i n of 
c h i r a l d i s c r i m i n a t i o n . 

S e v e r a l workers have s t u d i e d p l a t i n u m ( I I ) complexes o f 
o l e f i n s c o n t a i n i n g c h i r a l amine o r amino-acid l i g a n d s . Panunzi(9) 
observed s t e r e o s e l e c t i v i t y i n the r e a c t i o n between c i s -
( j | - α-methylbenzylamine)dichloroplatinum ( I I ) and trans-2-butene 
w i t h the major d i a s t e r e o m e r formed t o the e x t e n t of 70% of t o t a l 
complex. More r e c e n t l y ( 1 0 ) , i t has been shown t h a t the r e p l a c e 
ment of c o o r d i n a t e d t rans-2-butene by f r e e o l e f i n i n ( S - p r o l i n a t o ) 
d i c h l o r o p l a t i n u m ( I I ) complexes takes p l a c e more e a s i l y w i t h 
r e t e n t i o n than w i t h i n v e r s i o n . A d d i t i o n of a l a r g e excess of 
trans-2-butene t o s o l u t i o n s of the c o r r e s p o n d i n g e t h y l e n e 
complexes produced f i r s t an i n c r e a s e and then a g r a d u a l decrease 
i n t h e i r c i r c u l a r d i c h r o i s m . The k i n e t i c s t e r e o s e l e c t i v i t y i n 
t h i s r e a c t i o n ( t h a t i s , the d i f f e r i n g r e a c t i o n r a t e s of the two 
p r o c h i r a l f a c e s of trans-but-2-ene) was 3:1, but a t e q u i l i b r i u m 
the r a t i o of major and minor d i a s t e r e o m e r s was 64:36 i n the 
c i s - i s o m e r and 59:41 i n the t r a n s - i s o m e r . 

Complexation of o p t i c a l l y a c t i v e o l e f i n s t o a c h i r a l 
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Scheme 1. Homogeneous hydrogénation catalyzed by an asymmetric com

plex P R h 
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p l a t i n u m s p e c i e s has been i n v e s t i g a t e d (11) . I n t h i s l a t t e r case, 
the o l e f i n has two d i a s t e r e o t o p i c f a c e s , and these g i v e r i s e t o 
s e p a r a t e d i a s t e r e o m e r i c complexes. The degree of s e l e c t i v i t y 
depends on the s i z e of the group R (Scheme 2, id ) , b e i n g most f o r 
S-3-methyl-4,4-dimethylpent-l-ene. I n a l l cases the complex w i t h 
opposite c o n f i g u r a t i o n s a t the two c h i r a l c e n t e r s predominates. 

These s i m p l e model systems are c h a r a c t e r i s e d by low 
s t e r e o s e l e c t i v i t y and s i n c e they are f l e x i b l e , i t i s d i f f i c u l t 
t o r a t i o n a l i s e . The degree of success o b t a i n e d i n asymmetric 
hydrogénation of enamides suggests a c o n s i d e r a b l y g r e a t e r degree 
of d i s c r i m i n a t i o n i n o l e f i n b i n d i n g , whose o r i g i n s form the 
s u b j e c t of the f o l l o w i n g s e c t i o n . 
M e c h a n i s t i c S t u d i e s on Asymmetric Hydrogénation 

Homogeneous c a t a l y s i s i s g e n e r a l l y c o n s i d e r e d t o be a 
r a t h e r e m p i r i c a l branch of c h e m i s t r y and the i n s t i n c t o r 
e x p e r i e n c e of workers i
m e c h a n i s t i c p r e d i c t i o n
which a complete d e s c r i p t i o n o f the r e a c t i o n pathway i n reductions 
c a t a l y s e d by ( P h 3 P ) 3 R h C l i s q u i t e r e c e n t (12) . I t had been known 
f o r some y e a r s , l a r g e l y as a r e s u l t o f s t u d i e s conducted by 
H a l p e r n , Tolman and o t h e r s ( 1 3 ) , t h a t the r e a c t i o n r e q u i r e s 
i n i t i a l hydrogen a d d i t i o n t o the c a t a l y s t f o l l o w e d by l o s s of a 
phosphine t r a n s t o h y d r i d e and subsequent o l e f i n c o o r d i n a t i o n ; 
the p roduct i s then formed by r a p i d h y d r i d e t r a n s f e r . More r e c e n t 
work o f Dutch and French chemists (12) p e r m i t s an a c c u r a t e 
k i n e t i c model to be c o n s t r u c t e d (Scheme 3) and r u l e s out any 
r o l e f o r the " u n s a t u r a t e " r o u t e i n v o l v i n g l i g a n d l o s s p r i o r t o 
o l e f i n c o o r d i n a t i o n . 

When our s t u d i e s commenced i t had been assumed t h a t the 
mechanism of asymmetric hydrogénation by c h e l a t i n g rhodium 
phosphine complexes f o l l o w e d a s i m i l a r pathway. I t has been 
demonstrated, however, t h a t the t i m i n g i s q u i t e d i f f e r e n t , 
and t h a t o x i d a t i v e a d d i t i o n of hydrogen to m e t a l does not 
occur i n the i n i t i a l s t a g es of r e a c t i o n . T h i s c o n c l u s i o n 
f o l l o w s from s t u d i e s on the phosphorus-31 NMR s p e c t r a of 
hydrogenated complex s o l u t i o n s made s e p a r a t e l y by H a l p e r n , 
B a i r d and o u r s e l v e s ( 1 4 ) , which demonstrate t h a t the i n i t i a l 
hydrogénation f o l l o w s e q u a t i o n ( i ) . 

I t was s u b s e q u e n t l y demonstrated t h a t enamides d i s p l a c e 
s o l v e n t from t h i s adduct, g i v i n g new s p e c i e s which are a i r -
s e n s i t i v e and h i g h l y r e a c t i v e towards hydrogen. These enamide 
complexes have been c h a r a c t e r i z e d s p e c t r o s c o p i c a l l y ( 1 5 ) , and 
one of the more i n f o r m a t i v e experiments was c a r r i e d out w i t h the 
asymmetric l i g a n d DIPAMP and methyl Z-a-benzamidocinnamate 
( F i g u r e 1 ) . T h i s shows t h a t two d i a s t e r e o m e r i c enamide complexes 
are formed i n a r a t i o of 10:1 a t room temperature. The two 
s p e c i e s are r e l a t e d by b i n d i n g of o p p o s i t e p r o c h i r a l f a c e s of 

( d i o l e f i n ) R h + P 2 

2 H 2 

MeOH * (MeOH) n R h + P 2 + a l k a n e ( i ) 
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Scheme 3. The mechanism of hydrogénation of cyclohexene catalyzed by (PPh3)3 
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Figure 1. Rhodium enamide complexes derived from (a) bis-diphenylphosphino-
ethane and (b) DIPAMP with methyl x-a-benzamidocinnamate; phosphorus-31 

Ν MR spectra, MeOH, 25° C. 
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the o l e f i n t o rhodium, and the s u b s t r a t e i s o t h e r w i s e c o o r d i n a t e d 
i n the same manner. The s t e r e o s e l e c t i v i t y i n b i n d i n g i s almost 
as h i g h as the enantiomer excess of 94% observed i n hydrogénation 
of t h i s s u b s t r a t e (18) 

The s i g n i f i c a n c e of these NMR experiments l i e s i n the way 
they are r e l a t e d t o the mechanism of hydrogénation. The 
pathway i s as shown i n Scheme 4, and a l t h o u g h b i n d i n g of the 
enamide i s r e v e r s i b l e , and t h e r e f o r e p r e - r a t e d e t e r m i n i n g , 
a c h a r a c t e r i s t i c r e d c o l o r due t o i t s complex i s observed 
throughout the r e a c t i o n . The r a t e - d e t e r m i n i n g s t e p i s e i t h e r 
a d d i t i o n of hydrogen, o r i n t r a c o m p l e x hydrogen t r a n s f e r , and i n 
one case t h e r e i s evidence f o r a f u r t h e r t r a n s i e n t i n t e r m e d i a t e 
( 1 6 ) . N e v e r t h e l e s s , the s t r u c t u r e of the r a t e - d e t e r m i n i n g 
t r a n s i t i o n - s t a t e i s s u f f i c i e n t l y c l o s e t o t h a t of the enamide 
complex, t h a t the f a c t o r
a l s o s t e r e o s e l e c t i v i t y

I n subsequent s e c t i o n s we s h a l l d i s c u s s r e s u l t s o b t a i n e d 
i n asymmetric hydrogénation and r a t i o n a l i z e the r o l e of the 
l i g a n d . The c o n c l u s i o n s s h o u l d be o f a s s i s t a n c e t o the d e s i g n 
of new phosphines f o r c a t a l y s i s o f hydrogénation and s e v e r a l 
r e l a t e d r e a c t i o n s . 
C a t a l y s i s and B i n d i n g by 5-Ring C h e l a t e Biphosphine Rhodium 
Complexes 

B i s - d i p h e n y l p h o s p h i n o e t h a n e complexes are i n t r i n s i c a l l y 
c h i r a l and i n s q u a r e - p l a n a r c h e l a t e complexes the PMP angle i s 
82° (17) w i t h one methylene group above the c o - o r d i n a t i o n p l a n e 
and one below. T h i s e n f o r c e s a c o n f o r m a t i o n on the c h e l a t e r i n g 
i n w hich one P-Ph bond i s a x i a l and the o t h e r e q u a t o r i a l . The 
phenyl r i n g s are r e l a t e d i n p a i r s by r o t a t i o n about a C2 symmetry 
a x i s e x t e n d i n g from the m e t a l through the CH2-CH2 bond. I n the 
absence o f o t h e r s u b s t i t u e n t s , r a p i d r a c e m i z a t i o n of i n d i v i d u a l 
e n a n t i o m e r i c complexes o c c u r s by p s e u d o r o t a t i o n of the f i v e -
membered r i n g , w hich s i m u l t a n e o u s l y exchanges the e q u a t o r i a l 
and a x i a l phenyl groups. An asymmetric c e n t e r i n the c h e l a t e 
w i l l l e a d t o a p r e f e r e n c e f o r one conformer. T h i s may be 
achie v e d by a r y l - s u b s t i t u t i o n ; the o n l y known example of which 
i s RR - DIPAMP (18) (Scheme 5) p o s e s s i n g two o - a n i s y l groups. 
B i p h o s p h i n e s d e r i v e d from 1,2-propanediol ( 1 9 ) , t r a n s - 2 , 3 - b u t a n e -
d i o l (20) and 1 - p h e n y l e t h a n e d i o l (21) are a l l e f f e c t i v e l i g a n d s 
i n the asymmetric hydrogénation of enamides. I n these cases 
the c o n f o r m a t i o n of the 5-membered r i n g i s d i c t a t e d by the 
p r e f e r e n c e of the s u b s t i t u e n t f o r an e q u a t o r i a l s i t e . T h i s i s 
confirmed by X-ray c r y s t a l s t r u c t u r e s on rhodium o l e f i n complexes 
of these l i g a n d s , a l l of which show a c h i r a l c o n f o r m a t i o n o f the 
P-phenyl r i n g s ( 2 2 ) . E x a m i n a t i o n of these s t r u c t u r e s i n d i c a t e s 
t h a t i t i s the s t e r i c i n t e r a c t i o n between e q u a t o r i a l P-phenyl 
groups and v i n y l i c s u b s t i t u e n t s which c o n t r o l s the p r e f e r r e d 
f a c e o f b i n d i n g t o a p r o c h i r a l o l e f i n . There i s one c r y s t a l 
s t r u c t u r e of an enamide complex ( 2 3 ) . A l t h o u g h t h i s i s d e r i v e d 
from an a c h i r a l b i p h o s p h i n e , i t does show t h a t the major s t e r i c 
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Scheme 4. The mechanism of asymmetric hydrogénation 
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i n t e r a c t i o n i s between an e q u a t o r i a l p h e n y l r i n g and the 
c a r b e t h o x y l group. Simple c o n f o r m a t i o n a l a n a l y s i s (see l a t e r ) 
enables a c o r r e c t p r e d i c t i o n of the p r e f e r r e d o p t i c a l sense of 
asymmetric hydrogénation i n c a t a l y s i s by a l l these l i g a n d s . 

When the b i p h o s p h i n e i s c h i r a l , but posesses a symmetry 
a x i s , t h e r e are o n l y two p o s s i b l e d i a s t e r e o m e r i c modes of 
b i n d i n g i n an enamide complex i n which o l e f i n and amide groups 
are c o o r d i n a t e d t o the m e t a l . R - P h e n y l b i s ( d i p h e n y l p h o s p h i n o ) 
ethane complexes are disy m m e t r i c and co n s e q u e n t l y t h e r e are f o u r 
p o s s i b l e enamide complexes - e i t h e r f a c e of the o l e f i n may be 
c i s o r t r a n s t o P I . Complexation o f methyl a - a c e t a m i d o a c r y l a t e 
g i v e s o n l y one of these but co m p l e x a t i o n o f acetamidocinnamic 
a c i d o r i t s e s t e r s l e a d s t o two d i a s t e r e o m e r i c complexes (21) 
( F i g u r e 2 ) . A combination of l a b e l l i n g experiments demonstrates 
t h a t these are r e g i o i s o m e r
the m e t a l) r a t h e r than

I n summary, b i s ( d i p h e n y l p h o s p h i n o ) e t h a n e d e r i v a t i v e s form 
c h e l a t e s of r i g i d s t r u c t u r e and d e f i n e d geometry. T h e i r complexes 
are e f f i c i e n t c a t a l y s t s (Table I ) f o r r e d u c t i o n of dehydroamino 
a c i d s , a l t h o u g h o t h e r p r o c h i r a l o l e f i n s a r e reduced w i t h low 
o p t i c a l e f f i c i e n c y . For comparison purposes, the hydrogénation 
of d e h y d r o p h e n y l a l a n i n e s i s emphasized i n t a b u l a t e d d a t a . 
B i n d i n g of Enamides and C a t a l y s i s by 6-Ring C h e l a t e Rhodium 
Complexes 

The geometry of a c h i r a l 6-membered c h e l a t e r i n g i s not 
conducive t o e f f e c t i v e asymmetric c a t a l y s i s . C o n s i d e r square-
p l a n a r complexes of d , _ l - 2 , 3 - d i p h e n y l - l , 3 b i s ( d i p h e n y l p h o s p h i n o ) 
propane ( 2 4 ) , which are presumed t o e x i s t i n c h a i r c o n f o r m a t i o n 
(Scheme 6) w i t h r a p i d r i n g i n v e r s i o n . The c l o s e a p p r o x i m a t i o n 
to σ-symmetry i n the environment of the m e t a l suggests t h a t t h e r e 
w i l l be l i t t l e d i s c r i m i n a t i o n between the d i a s t e r e o m e r i c modes 
of b i n d i n g of a p r o c h i r a l b i d e n t a t e l i g a n d , s i n c e s u b s t i t u e n t s 
on the o l e f i n e x p e r i e n c e s i m i l a r s t e r i c i n t e r a c t i o n s i n both 
isomers. The e x p e c t a t i o n o f low s e l e c t i v i t y i s borne out i n 
p r a c t i c e , f o r i n some cases enamide complexes d e r i v e d from t h i s 
phosphine e x i s t i n two d i a s t e r e o m e r i c forms ( F i g u r e 3 ) . 

As might be exp e c t e d , t h e r e are few r e p o r t s o f c a t a l y t i c 
a p p l i c a t i o n s of c h i r a l 6 - r i n g c h e l a t e s . The homologue of 
PROPHOS (19) i s much l e s s e f f e c t i v e i n asymmetric hydrogénation 
of enamides ( 2 5 ) . A number of ar o m a t i c a - a m i n o e t h y l a r y l 
d i p h e n y l p h o s p h i n e s have been p r e p a r e d , but none show promise i n 
c a t a l y s i s ( 2 6 ) . 
C a t a l y s i s and B i n d i n g by 7^Ring C h e l a t e B i p h o s p h i n e Rhodium 
Complexes 

A c o n s i d e r a b l e number of c h i r a l c h e l a t e s c o n t a i n i n g a 
7-membered r i n g have been employed i n asymmetric hydrogénation. 
Sy n t h e s i s o f the b i p h o s p h i n e l i g a n d g e n e r a l l y i n v o l v e s a 
n a t u r a l l y o c c u r r i n g c h i r a l p r e c u r s o r , and a l l examples d e s c r i b e d 
have one o r more asymmetric c e n t e r s i n the s i d e - c h a i n . Very 
o f t e n , the c h e l a t e r i n g has a C 2 symmetry a x i s , making the 
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Figure 2. Regioselectivity in enamide complexation; phosphorus-31 NMR spec
tra, MeOH, 25° C. 
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TABLE I. Hydrogénation of enamides by 5-ring chelate biphosphine c a t a l y s t s 

Optical 
Entry Phosphine Substrate Solvent Temperature Pressure,atm Catalyst/Substrate y i e l d 

a,(18) A 1 Me OH 50° 3 1:1000 94 S 

b,(18) A 2 MeOH 50° 3 1:900 96 S 

c,(19) Β 3 95% EtOH 25° 1 1:250 90 £ 

d,(20) C 1 EtO

e,(21) D 2 MeOH 20° 1 1:50 80 S 

f,(21) D 4 MeOH 20° 1 1:50 88 S 

8,(21) D 5 MeOH 20° 1 1:50 82 S 

h,(21) D 6 MeOH 20° 1 1:50 78 S 

1 R = H R' = Ph 5 R = H 

2 R = Me R' = Ph g R = Me 

2 R = H R> = Me 

4 R = Me R' = Me 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
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Figure 3. Lack of stereospecificity in enamide binding to a 6-ring chelate; phos
phorus-31 NMR spectra, MeOH, -35°C. 
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phosphorus atoms e q u i v a l e n t i n b i c y c l o h e p t a d i e n e o r c y c l o -
o c t a d i e n e complexes. The v a r i e t y of c a t a l y s t s a v a i l a b l e , and 
the apparent c a p r i c i o u s n e s s of o p t i c a l e f f i c i e n c y w i t h change 
i n l i g a n d s t r u c t u r e , i s r e c o r d e d i n T a b l e I I . 

The d a t a may be r a t i o n a l i z e d . C o n s i d e r the l i g a n d DIOP, 
which has been employed mom e x t e n s i v e l y than any o t h e r asymmetric 
b i p h o s p h i n e . I t s c h e l a t e r i n g i s f l e x i b l e , and s e v e r a l s t r a i n -
f r e e c o nformations are a c c e s s i b l e t o a complex of s q u a r e - p l a n a r 
geometry. Many o f these may be d i s c o u n t e d s i n c e they are 
centrosymmetric and t h e r e f o r e i n e f f e c t i v e a t i n d u c i n g asymmetry 
i n the s u b s t r a t e . There a r e , however, two p o s s i b l e conforma
t i o n s of C 2 symmetry (more c o r r e c t l y , one w i t h a t r u e C 2 a x i s 
and another p a i r o f d i s y m m e t r i c c o n f o r m a t i o n s l i n k e d by pseudo-
r o t a t i o n w i t h averaged C 2 symmetry) and these are r e l a t e d t o the 
c h a i r and t w i s t - b o a t c o n f o r m a t i o n
r e s p e c t i v e l y . I n t h e c h a i
Jg. - DIOP, i t i s the pro-  r i n g s whic  are a x i a  and the pro-J
phenyl r i n g s e q u a t o r i a l . The s i t u a t i o n i s r e v e r s e d i n the 
t w i s t - b o a t form, and here the pro-S phenyl r i n g s are a x i a l and 
t h e i r pro-R c o u n t e r p a r t s e q u a t o r i a l . I n s p e c t i o n of m o l e c u l a r 
models suggests t h a t the major f a c t o r l e a d i n g t o s t e r e o s e l e c t i o n 
i n enamide b i n d i n g and i n c a t a l y t i c hydrogénation i s the non-
bonded i n t e r a c t i o n between the P-phenyl r i n g and the a - c a r b o x y l 
or α-alkoxycarbonyl group. T h i s accords w i t h the g e n e r a l 
o b s e r v a t i o n t h a t d i f f e r e n t Z-dehydroamino a c i d s hydrogenate w i t h 
s i m i l a r o p t i c a l e f f i c i e n c y and a l s o t h a t a c i d s and e s t e r s tend 
to g i v e s i m i l a r o p t i c a l y i e l d s . 

There i s a s i m p l e e m p i r i c a l r u l e which i s capable of 
r a t i o n a l i z i n g a l l d a t a p r e s e n t l y a v a i l a b l e . T h i s may be s t a t e d : 

" F a c t o r s which f a v o r a t w i s t - b o a t c o n f o r m a t i o n i n the 
c h e l a t e when the l i g a n d enantiomer i s such t h a t the 
a x i a l r i n g s are pro-jS promote the f o r m a t i o n of J-amino 
a c i d from Z-enamide p r e c u r s o r . S i m i l a r l y , f a c t o r s which 
f a v o r a c h a i r c o n f o r m a t i o n l i k e w i s e promote the f o r m a t i o n 
of R-amino a c i d . I f the c h e l a t e i s n o n - r i g i d , and 
n e i t h e r geometry f a v o r e d then the o p t i c a l y i e l d i s low 1 1. 
There are a number of r e s u l t s which may be quoted i n 

support o f t h i s h y p o t h e s i s . F i r s t l y , DIOP and i t s c a r b o c y c l i c 
analogues appear t o f a v o r the t w i s t - b o a t geometry, R - DIOP 
(from n a t u r a l t a r t a r i c a c i d ) g i v i n g R-amino a c i d s . The 
o p t i c a l y i e l d depends i n the s i z e of the f u s e d r i n g , d e c r e a s i n g 
i n the sense c y c l o b u t a n e (91%) > c y c l o p e n t a n e (63%) > cyclohexane 
( 3 5 % ) , a l l d a t a r e f e r r i n g t o hydrogénation of Z-acetamido-
cinnamic a c i d . T h i s i s p r e c i s e l y the t r e n d which would be 
expected, f o r a s m a l l t r a n s - f u s e d r i n g w i l l s t a b i l i z e the t w i s t -
boat c o n f o r m a t i o n whereas a t r a n s - f u s e d cyclohexane w i l l 
s t a b i l i z e the c h a i r c o n f o r m a t i o n . A comparison between 
phosphonites and amino-phosphines i s more d r a m a t i c . The former 
( e n t r i e s l,m,n i n Table J L ) a l l behave as i f they a r e t w i s t - b o a t 
c h e l a t e s , but the aminophosphine ( e n t r y g) behaves as i f i t i s a 
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TABLE II. Hydrogénation of q-acetamidocinnamates with 7-ring chelate biphosphines 

Entry Phosphine Substrate Solvent Temperature Pressure,atm Catalyst/ O p t i c a l 
Substrate Y i e l d 

a,(27) Ε acid EtOH ambient 1 1:100 80 S 
b,(27) Ε Me ester EtOH ambient 1 1:100 49 j> 
c,(28) F acid EtOH:C 6H 6(2 1) 25° 1 1:50 86 S 
d,(28) F acid,NEt 3 EtOH:C 6H 6(2 D 25° 1 1:50 91 S 

e,(28> F Me ester EtOH:C 6H 6(2 1) 25° 1 1:25 44 S 
f,(28) G acid EtOH:C 6H 6(2 1) 25° 1 1:25 63 S 

g.(26) H acid EtOH:C 6H 6(2 1) 25° 1 1:25 35 S 
h,(28) H Me ester EtOH:C 6H 6(2 1) 25° 1 1:25 01 R 
i,(29) I Me ester EtOH:C 6H 6(2 1) 20° 1.1 1:33 80 S 
j,(30) J acid EtOH 20° 50 1:200 30 R 
k,(30) J acid,NEt
1,(30) K acid EtOH 20° 50 1:200 6 S 
m,(31) L acid 0° 50 69 £ 
n,(32) M Me ester 0° 50 12 S 
o,(33,34) N acid EtOH 0° 50 1:100 75 S 
p,(33,34) N Me ester EtOH 0° 50 1:100 65 S 
q,(34) 0 acid 25° 50 00 
r,(35) Ρ acid EtOH 20° 1 1:100 73 R 
s, (36,27) Q acid MeOH 25° 1 1:500 66 R 
t,(36,37) R acid MeOH 25° 1 1:300 80 R 
u,(36,37) S acid EtOH 0° 10 1:200 93 j> 

v,(24) T acid MeOH 20° 1 1:100 31 R 
w,(24) T Me ester MeOH 20° 1 1:100 71 R 
Opt i c a l y i e l d s r e l a t e to the S-configuration of phosphine 
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c h a i r c h e l a t e . The d r i v i n g f o r c e i n the l a t t e r case i s the 
e x t r a s t a b i l i t y c o n f e r r e d on e q u a t o r i a l N-methyl groups. I n 
a t w i s t - b o a t c o n f o r m a t i o n one of these i s n e c e s s a r i l y a x i a l . 
F u r t h e r work by F i o r i n i and co-workers (37) r e i n f o r c e s these 
o b s e r v a t i o n s . 

The hydroxyprοline-derived b i p h o s p h i n e prepared by 
Achiwa (44,45,46) and co-workers p r e s e n t s an i n t e r e s t i n g c a se. 
I t s rhodium complexes are o n l y e f f e c t i v e f o r asymmetric 
hydrogénation i n the presence of t r i e t h y l a m i n e , and e s t e r s 
are reduced i n poor o p t i c a l y i e l d . The N-H f u n c t i o n c o o r d i n a t e s 
to rhodium, as has been shown by X-ray a n a l y s i s , and two 
diaste r e o m e r s may occur i n complexes o f N - a c y l d e r i v a t i v e s 
which are r e l a t e d by r o t a t i o n about the amide bond. 

A d e t a i l e d model f o r s t e r e o s e l e c t i v i t y i n c a t a l y s i s i s 
l e s s c e r t a i n s i n c e th
asymmetric hydrogénatio
be e x p l a i n e d i n the enamide b i n d i n g s t e p , as shown i n Scheme 8. 
The approach o f the s u b s t r a t e i s such as t o m i n i m i z e the 
p r o x i m i t y s t r a i n engendered by i n t e r a c t i o n between the c a r b o x y l -
group and the e q u a t o r i a l phenyl-group. Thus A, where these two 
s u b s t i t u e n t s a r e staggered i n the i n t r a c o m p l e x Newman p r o j e c t i o n 
shown, i s p r e f e r r e d over Β i n which these two groups a re 
e c l i p s e d . The t r a n s i t i o n - s t a t e may have a m e t a l - h y d r i d e bond 
or p a r t i a l bond, and the l i g a n d r o t a t e d w i t h r e s p e c t t o the 
P-Rh-P c o o r d i n a t i o n p l a n e , as i n C. T h i s takes account of the 
p o s s i b i l i t y t h a t the a c i d o r e s t e r c a r b o n y l group may be 
i n v o l v e d i n s t a b i l i z i n g t h i s h y d r i d e . 

T h i s model may be an o v e r s i m p l i f i c a t i o n , s i n c e i n some 
cases (phosphine c(38) Table I I ) the p r e f e r r e d enamide 
dias t e r e o m e r observed by phosphorus-31 NMR magnetic resonance 
may change w i t h the s t e r i c b u l k of the e s t e r group. A c r i t i c a l 
t e s t o f the h y p o t h e s i s w i l l be the o p t i c a l y i e l d i n r e d u c t i o n 
of p r i m a r y enamides and e n o l a c e t a t e s by deuterium, s i n c e no 
s t e r i c e f f e c t s are o p e r a t i v e i n these c a s e s . 

One s t r i k i n g r e s u l t , which we cannot y e t e x p l a i n 
a d e q u a t e l y , i s p r o v i d e d by the comparison between DIOP 
( e n t r y a,b) and i t s t e t r a o-methoxy analogue ( e n t r y t,u) i n 
which t h e r e i s a complete r e v e r s a l o f the s t e r e o c h e m i c a l course 
of r e a c t i o n . T h i s o c c u r s d e s p i t e a more g e n e r a l l y observed 
i n s e n s i t i v i t y of o p t i c a l y i e l d s t o a l k y l s u b s t i t u t i o n i n the 
arom a t i c r i n g s of DIOP(39). I t i s p r o b a b l e t h a t the a x i a l 
o_-anisyl groups a re weakly c o o r d i n a t e d t o the m e t a l , as i n 
DIPAMP and t h a t i n some way the r e s u l t i n g s t e r i c i n t e r a c t i o n s 
are m i n i m i z e d when the c h e l a t e r i n g has a c h a i r - c o n f o r m a t i o n . 

A r e c e n t c r y s t a l l o g r a p h i c study p r o v i d e s s t r i k i n g support 
f o r the c o n f o r m a t i o n a l f l e x i b i l i t y o f DI0P(40), f o r G r a m l i c h and 
C o n s i g l i o have determined the s t r u c t u r e s of~~Tts Group VIIC 
d i c h l o r i d e s . The n i c k e l complex i s t e t r a h e d r a l and has the 
c h e l a t e r i n g i n a c h a i r c o n f o r m a t i o n , d i s t o r t e d so t h a t a p a i r 
of p h enyl r i n g s i s a l i g n e d p a r a l l e l . Both the p a l l a d i u m and 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Scheme 5. Chiral conformations in 5-ring chelate biphophine complexes 

Scheme 6. Conformational isomerism in a 6-ring chelate biphosphine complex 
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Scheme 7. Chair and twist-boat conformations in a 7-ring chelate biphosphine 
complex 
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Scheme 8. Selectivity in enamide binding 
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p l a t i n u m complexes are sq u a r e - p l a n a r and they are i s o s t r u c t u r a l , 
w i t h two c o n f o r m a t i o n a l isomers a l t e r n a t i n g . These a g a i n posess 
p a i r s o f p a r a l l e l p henyl r i n g s , but one isomer i s i n c h a i r - c o n 
f o r m a t i o n , and the o t h e r i n b o a t - c o n f o r m a t i o n . The f l e x i b i l i t y 
of 7 - r i n g c h e l a t e s and the l i k e l y c o r r e l a t i o n between l i g a n d 
geometry and c a t a l y t i c s p e c i f i c i t y i s c l e a r l y demonstrated. 
C a t a l y t i c Asymmetric Hydrogénation of o t h e r S u b s t r a t e s by 
7-Ring C h e l a t e B i p h o s p h i n e s 

Asymmetric hydrogénation has proved extr e m e l y s u c c e s s f u l 
i n the s y n t h e s i s of amino-acids from enamides, but i t i s l e s s 
e f f e c t i v e w i t h o t h e r s u b s t r a t e s . Most, but not a l l (48) r e p o r t e d 
work has been c a r r i e d out w i t h 7 - r i n g c h e l a t e s , and some r e s u l t s 
are r e c o r d e d i n T a b l e I I I . 

The f i r s t s e t of d a t a i s concerned w i t h hydrogénation of 
a - e t h y l s t y r e n e (31,32,42)
which r e a s o n a b l e o p t i c a
of some i n t e r e s t t h a t a l l the e f f e c t i v e c a t a l y s t s a r e phosphonite 
complexes. R e a c t i o n c o n d i t i o n s are much more f o r c i n g than i n 
the case of enamide hydrogénation, t y p i c a l l y r e q u i r i n g h i g h 
p r e s s u r e s of hydrogen, h i g h c a t a l y s t / s u b s t r a t e r a t i o s and 
p r o t r a c t e d r e a c t i o n t i m e s . S i n c e t h e r e i s no independent 
m e c h a n i s t i c evidence on i n t e r m e d i a t e s i n the c a t a l y t i c sequence, 
i t i s p o s s i b l e t h a t an e n t i r e l y d i f f e r e n t pathway i s f o l l o w e d 
here and s p e c u l a t i o n on the o r i g i n o f s t e r e o s e l e c t i v i t y i s not 
warr a n t e d . 

There have been a number of s t u d i e s o f the asymmetric 
hydrogénation of a,β-unsaturated c a r b o x y l i c a c i d s , employing 
e i t h e r a t r o p i c a c i d or i t a c o n i c a c i d . A v e r y r e v e a l i n g 
experiment was c a r r i e d out some time ago by Kagan and co-workers 
(3) ( e n t r y d,e). The o p t i c a l y i e l d o b t a i n e d i n hydrogénation o f 
a t r o p i c a c i d c a t a l y z e d by R-DIOP rhodium complexes i n the 
presence o f t r i e t h y l a m i n e was 63% (J5-enantiomer) but i t s 
methyl e s t e r r e a c t e d i n o n l y 7% o p t i c a l y i e l d t o g i v e 
R-enantiomer. T h i s i m p l i e s t h a t c a r b o x y l a t e b i n d i n g i s r e q u i r e d 
f o r s t e r e o s e l e c t i v e r e a c t i o n . The presence of base i s not 
e s s e n t i a l , s i n c e i t a c o n i c a c i d i s hydrogenated by Achiwa's 
phosphine rhodium complexes t o j5-methyl s u c c i n i c a c i d i n 75% 
o p t i c a l y i e l d . T h i s i n c r e a s e s t o 94% i n the presence of 
t r i e t h y l a m i n e , however, so t h a t the s u b s t r a t e may be bound as 
a c a r b o x y l a t e a n i o n . As might be exp e c t e d , d i m e t h y l i t a c o n a t e 
g i v e s an i n f e r i o r o p t i c a l y i e l d . DIOP i s an e f f i c i e n t c a t a l y s t 
f o r the hydrogénation of the t h i o p h e n - s u b s t i t u t e d a c i d o f e n t r y j 
which proceeds i n 88% o p t i c a l y i e l d (47) . I n t h i s case the 
methoxyl-group may b i n d t o rhodium and thus p l a y a c r i t i c a l p a r t 
i n d i r e c t i n g t he r e a c t i o n . 

Comparing these r e s u l t s w i t h enamide hydrogénation, i t i s 
e v i d e n t t h a t c a t a l y s t s e f f e c t i n g R amino a c i d s y n t h e s i s from 
enamides d i r e c t S - c a r b o x y l i c a c i d f o r m a t i o n from u n s a t u r a t e d 
a c i d s . T h i s i m p l i e s (Scheme 9) t h a t the p r e f e r r e d c a r b o x y l - g r o u p 
c o n f i g u r a t i o n i s s i m i l a r i n the two s e r i e s . 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE I I I . Hydrogénation of non-enamide substrates by 7-ring chelate biphosphines 

Entry Phosphine Substrate Solvent Temperature Pressure,atm Catalyst/Substrate Optical 
Yield 

a,(31) L 7 - 50° 50 - 33 R 

b,<32) M 7 - 50° 50 60 R 

c,(42) U 7 C 6

d, (J) Ε 8 C 6H 6:EtOH(l:2) 20° 1 1 30 63 S 

e, U) Ε 9 C 6H 6:EtOH(l:2) 20° 1 1 30 7 R 

f,(43) E2RhH 8 C 7H e:BuOH(l:2) 30° 1 1 27 37 R 

g,(44) J 10 MeOH7* 20° 50 1 100 94 S 

h,(45) J 11 MeOH* 20° 20 1 200 84 S 

i,(A6) J 12 MeOH^ 20° 20 1 100 24 S 

J.(A7) Ε 13 iPrOH * 20° 1 1 :15 88 S 

Added NEt 3 

0 
0PPh2 

""'OPPh, 

Ph,C0 

X 
ROC Ph 

ROC 
C07R HĈ C' 

OMe 
Ph 

R=H 

R=Me 

10 R = fi" = H 
11 R = H, fi" = Me 
12 /? = /?'= Me 
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C o o r d i n a t i o n of U n s a t u r a t e d C a r b o x y l i c A c i d s i n Rhodium 
Biphosphine Complexes 

T y p i c a l s q u a r e - p l a n a r r h o d i u m - o l e f i n complexes such as 
a c e t y l a c e t o n a t e s (48) have a s t o i c h i o m e t r y o f two c o o r d i n a t e d 
o l e f i n s per metal-atom. Since c h e l a t i n g o l e f i n s a r e b i d e n t a t e 
i n t h e i r c a t i o n i c rhodium b i p h o s p h i n e complexes, i t would be 
s u r p r i s i n g i f b i s - o l e f i n complexes were never found under 
hydrogénation c o n d i t i o n s . I t seems c l e a r , i n f a c t , t h a t they 
can be the major c o o r d i n a t e d s p e c i e s under c e r t a i n c o n d i t i o n s . 
Thus examples of 2:1 rhodium enamide complexes w i t h b i z - d i p h e n y l -
phosphinopropane have been observed ( 4 9 ) , a l t h o u g h the m a j o r i t y 
of cases i n v o l v e αβ-unsaturated a c i d s co-complexed w i t h DIOP. 

Complexes o f u n s a t u r a t e d c a r b o x y l i c a c i d s g e n e r a l l y do 
not g i v e such sharp and i n f o r m a t i v e phosphorus-31 NMR s p e c t r a 
as those of enamides, an
rhodium i s c o n s i d e r a b l
( F i g u r e 4) the DIOP-rhodium complex formed i s dependent on 
temperature and s u b s t r a t e c o n c e n t r a t i o n s - u n d e r f a v o u r a b l e 
c o n d i t i o n s a 2:1 complex i s formed. I n the presence of 
t r i e t h y l a m i n e , a 1:1 complex i s formed which i n v o l v e s b i n d i n g 
of the o l e f i n and c a r b o x y l a t e a n i o n . F a v o u r i n g o f t h i s l a t t e r 
s p e c i e s i s a g e n e r a l phenomenon, which we have observed f o r 
other u n s a t u r a t e d a c i d s i n the presence o f t r i e t h y l a m i n e , and 
f o r preformed tetramethylammonium s a l t s . The f a c t t h a t added 
base promotes the f o r m a t i o n o f a 1:1 c h e l a t e complex a t the 
expense o f a 2:1 b i s - o l e f i n complex c o r r e l a t e s w i t h the enhanced 
o p t i c a l y i e l d s observed i n asymmetric hydrogénation of 
u n s a t u r a t e d a c i d s i n b a s i c media (Table LTE). 
Rhodium Complexes w i t h L a r g e r - r i n g C h e l a t e s of C h i r a l 
B iphosphines 

Few complexes of t h i s type have been s t u d i e d i n d e t a i l 
but t h e i r b e h a v i o r suggests t h a t r a t h e r d i f f e r e n t hydrogénation 
mechanisms are f o l l o w e d . Examples are c o l l e c t e d i n Table I V . 
The phosphonite ( e n t r y a,b (52)) i s o f i n t e r e s t i n g i v i n g much 
h i g h e r o p t i c a l y i e l d s i n the hydrogénation of dehydroamino a c i d 
e s t e r s than w i t h the c o r r e s p o n d i n g a c i d s . A c y l a m i n o biphosphine s 
( e n t r y c,d (53)) g i v e modest o p t i c a l y i e l d s and are of i n t e r e s t 
because the b i o t i n - d e r i v e d s p e c i e s may be i r r e v e r s i b l y bound t o 
the g l o b u l a r p r o t e i n a v i d i n . Asymmetric homogeneous hydrogéna
t i o n may be c a r r i e d out w i t h the r e s u l t i n g "enzyme c o - f a c t o r " 
complex i n aqueous s o l u t i o n and a l t h o u g h o p t i c a l y i e l d s are 
modest the experiment i l l u s t r a t e s an im p o r t a n t concept i n 
c a t a l y s i s . 

Asymmetric f e r r o c e n e - d e r i v e d b i p h o s p h i n e s have been 
u t i l i z e d i n a v a r i e t y of c a t a l y t i c asymmetric r e a c t i o n s , but 
o n l y one a p p l i c a t i o n t o enamide hydrogénation i s r e p o r t e d ( 5 4 ) . 
T h i s i s of i n t e r e s t because the a c i d i s reduced i n much h i g h e r 
o p t i c a l y i e l d than i t s methyl e s t e r , and s t e r e o s e l e c t i v i t y i s 
d r a s t i c a l l y reduced by t r i e t h y l a m i n e . I t i m p l i e s t h a t hydrogen-
bonding between the bound c a r b o x y l i c a c i d o f the enamide and the 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE IV. Hydrogénations catalysed by larger-ring chelate biphosphine complexes 

Entry Phosphine Substrate Solvent Temperature Pressure,atm Catalyst/Substrate Optical 
Yield 

a,(52) V 4 C 7H e 0° 95 1 50 76 

b,(52) V 3 C 7H 25° 95 1 50 9 

c,(53) w 5 -
d,(_53) X;avidin S H20,pH 7 0° 1.5 1 500 42 S 

complex 
e,(54) Y 3 MeOH 25° 50 1 200 93 S 

f,(55) Ζ 3 20° 1 1 :50 18 R 

g.<55) AA 3 20° 1 1 50 13 S 

h,(_55> AA 3 ,NEti4 20° 1 1 50 75 S 

1,(55) AA 14 C 6H 6 20° 1 1 :50 9 S 

j.(55) AA 14 MeOH, NEt 320° 1 1 :50 57 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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t e r t i a r y amine i s important i n d e t e r m i n i n g s e l e c t i v i t y . 
Monosaccharides have been a p r o l i f i c source o f c h i r a l 

p r o d u c t s and two medium-ring c h e l a t i n g b i p h o s p h i n e s are d e r i v e d 
from g l u c o s e ( 5 5 ) . ERYTHROP ( e n t r y f ) i s a poor asymmetric 
hydrogénation c a t a l y s t but DI0X0P i s e f f e c t i v e , b o t h f o r enamides 
and u n s a t u r a t e d a c i d s , i n the presence of t r i e t h y l a m i n e . Our 
NMR s t u d i e s (56) show t h a t t h e course o f r e a c t i o n d i f f e r s from 
t h a t w i t h s m a l l e r r i n g c h e l a t e s , and i t i s summarized i n Scheme 
10. The p o i n t s o f p a r t i c u l a r i n t e r e s t a re f i r s t l y t h a t a 
d i h y d r i d e i s produced on hydrogénation of the c y c l o o c t a d i e n e 
complex, which s l o w l y r e v e r t s t o a s o l v e n t adduct o f the type 
n o r m a l l y observed. A d d i t i o n of enamide causes slow f o r m a t i o n o f 
one d i a s t e r e o m e r o f a complex whose phosphorus and carbon NMR 
s p e c t r a ( t h e l a t t e r on 1 3 C e n r i c h e d s p e c i e s ) suggest t e r d e n t a t e 
b i n d i n g . T h i s s t e p i  s t r o n g l  c a t a l y z e d b  t r i e t h y l a m i n e d 
an i n t e r m e d i a t e c a r b o x y l a t
temperatures. Hence th  t r i e t h y l a m i n  c a t a l y z
breakdown of an i n i t i a l l y formed d i h y d r i d e and ensure t h a t 
enamide b i n d i n g o c c u r s s t e r e o s e l e c t i v e l y . The course of 
r e a c t i o n i s most r e a d i l y r a t i o n a l i z e d i f ether-oxygen b i n d i n g 
occurs a t an i n t e r m e d i a t e s t a g e , and t h e r e i s precedent f o r 
t h i s i n s i m p l e model systems ( 5 7 ) . 

The m e c h a n i s t i c d i v e r g e n c e i n t h i s group o f phosphines 
makes them a t t r a c t i v e c a n d i d a t e s f o r f u r t h e r s t u d y , p a r t i c u l a r l y 
i n cases where secondary b i n d i n g s i t e s a re a v a i l a b l e . 
R a t i o n a l i z a t i o n and Summary 

I t i s now p o s s i b l e t o s t a t e the minimum requirements 
f o r e f f e c t i v e asymmetric hydrogénation, u s i n g e x i s t i n g rhodium 
b i p h o s p h i n e complexes. These are as f o l l o w s : 

i ) The s u b s t r a t e must b i n d t i g h t l y and w i t h h i g h 
asymmetric r e c o g n i t i o n . T h i s i s mot e a s i l y e f f e c t e d 
f o r Ζ enamides, where the o l e f i n and amide c a r b o x y l 
groups are bound t o rhodium. 
i i ) Hydrogen a d d i t i o n should f o l l o w r a t h e r than precede 
the s u b s t r a t e b i n d i n g s t e p . 
i i i ) The s t r u c t u r e of the b i p h o s p h i n e must be 
s u f f i c i e n t l y b u l k y t o e f f e c t s t e r e o s e l e c t i o n but i f 
i t c a r r i e s s u b s t i t u e n t s which have too h i g h a s t e r i c 
demand then c a t a l y s i s i s i n h i b i t e d . 
The mechanism f o l l o w e d i s as shown i n Scheme 4. I t i s 

not y e t known where the r a t e - d e t e r m i n i n g t r a n s i t i o n - s t a t e o c c u r s , 
and e i t h e r the h y d r o g e n - a d d i t i o n s t e p o r i n t r a c o m p l e x h y d r i d e 
t r a n s f e r i s a p o s s i b i l i t y . Experiments i n p r o g r e s s s h o u l d 
r e s o l v e t h a t p o i n t . 

Asymmetric c a t a l y s i s by l o w - v a l e n t t r a n s i t i o n - m e t a l 
complexes has enormous p o t e n t i a l f o r o r g a n i c c h e m i s t r y , but 
many of i t s p r e s e n t l i m i t a t i o n s must be overcome b e f o r e t h i s 
can be r e a l i z e d . With e x i s t i n g l i g a n d s , hydrogénation of 
enamides and c e r t a i n u n s a t u r a t e d c a r b o x y l i c a c i d s i s o p t i c a l l y 
e f f i c i e n t , as i s the hydrogénation of α-amino k e t o n e s ( 5 8 ) , 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
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Scheme 9. Preferred orientation in unsaturated carboxylic acid binding to 
rhodium 

Scheme 10. Enamide hydrogénation by the asymmetric ligand DIOXOP 
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α-keto l a c t o n e s ( 5 9 ) , v i n y l e s t e r s (18) and the h y d r o s i l y l a t i o n 
of a- or γ-ketoesters (60) w i t h p a r t i c u l a r c a t a l y s t s . There a r e , 
however, no good examples o f asymmetric hydrogénation of l e s s 
p o l a r o r g a n i c compounds nor of o p t i c a l l y e f f i c i e n t asymmetric 
c a t a l y s i s i n v o l v i n g carbon-carbon bond f o r m a t i o n (61)· 
E x t e n s i o n s t o these areas w i l l r e q u i r e the s y n t h e s i s of new 
types of phosphine, but i t i s m e c h a n i s t i c s t u d i e s o f the type 
d e s c r i b e d h e r e i n which w i l l p e r m i t t h e i r r a t i o n a l d e s i g n . 
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Circular Dichroism as a Probe of Metal Ion Interaction 

with Azoproteins 
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Circular dichroism (CD) has played an important role in our 
studies on the modificatio
The objective of thes
substitution inert metal ions at specifically modified sites in 
proteins as probes of biological function. Significant infor
mation concerning the catalytic mechanism of carboxypeptidase A 
(CPA) (1) has been obtained from a site specific modification of 
tyrosine 248 with Co(III) (2). The method developed for CPA has 
been extended to other enzymes and hormones in order to develop 
an improved method for incorporating stable radioisotopes (57Co) 
into proteins. The substitution-inertness of Co(III) provides the 
necessary stability in these derivatives (3). 

The method involves conversion of tyrosines and histidines 
on the protein of interest into chelating agents by reaction with 
a diazonium salt followed by incorporation of cobalt as shown in 
Figure 1. It has been found that specific incorporation occurs 
if a ternary complex is formed with ethylenediamine-Ν,Ν'-diacetate 
(EDDA), Figure 1. Although there are a number of ways to achieve 
the desired modification, oxidation of Co(II)-EDDA with H2O2 in 
the presence of the diazotized protein has given the best results 
and is most widely applicable. In order to prevent damage to the 
protein, a free radical scavenger such as phenol must be present 
during oxidation. 

Azophenol Chelation of Metal Ions as Determined by Ligand 
Associated Spectral Changes 

The azoprotein derivatives are highly chromophoric with 
spectral properties which are closely mimicked by simple azo 
compounds such as those shown in Figure 2. These azo derivatives 
can function as bidentate chelating agents. For example, 
Eriochrome Black T, an azophenol, is well known as a cheleometric 

1 Current address: Department of Biochemistry and Biophysics, 
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i n d i c a t o r f o r the t i t r a t i o n of Mĝ "1" w i t h EDTA. The c o l o r and 
a s s o c i a t e d s p e c t r a l changes observed upon m e t a l c h e l a t i o n by the 
azo dyes have p l a y e d an important r o l e i n the c h a r a c t e r i z a t i o n o f 
the p r o t e i n d e r i v a t i v e s . Models such as those shown i n F i g u r e 2 
have been v e r y u s e f u l i n c h a r a c t e r i z i n g the a s s o c i a t e d s p e c t r a l 
p r o p e r t i e s as w e l l as e s t a b l i s h i n g c o n d i t i o n s which l e a d t o 
Co ( I I I ) i n c o r p o r a t i o n i n t o the a z o p r o t e i n s (4,5., 6) . 

Johansen and V a l l e e were the f i r s t t o r e c o g n i z e the p o t e n t i a l 
f o r u s i n g an azo chromophore i n a p r o t e i n t o monitor the e n v i r o n 
ment of the m o d i f i e d r e s i d u e w i t h r e s p e c t t o a m e t a l i o n (7_,8) . 
In t h e i r c l a s s i c study they were a b l e t o modify s p e c i f i c a l l y 
t y r o s i n e 248 i n the z i n c metalloenzyme, c a r b o x y p e p t i d a s e A, t o 
gi v e the a z o t y r o s i n e d e r i v a t i v e , a r s a n i l a z o t y r o s i n e 248 carboxy
p e p t i d a s e A (AA-CPA-Zn), shown i n F i g u r e 3A. The n a t i v e Zn i s 
shown e x p l i c i t l y i n o r d e
i n c o r p o r a t e d Co as w i l
mediate pH's, where the enzyme e x h i b i t s maximal a c t i v i t y , the 
a z o t y r o s i n e i s c h e l a t e d t o the i n t r i n s i c a l l y bound a c t i v e s i t e 
z i n c . A d i s t i n c t red c o l o r i s a s s o c i a t e d w i t h z i n c c h e l a t i o n i n 
c o n t r a s t t o the y e l l o w and orange c o l o r s of the enzyme due t o the 
presence of the f r e e azophenol (low pH) and azophenolate ( h i g h 
pH), r e s p e c t i v e l y ( 7 ) . 

C h a r a c t e r i s t i c a b s o r p t i o n s p e c t r a l changes f o r AA-CPA-Zn are 
observed as a f u n c t i o n of i n c r e a s i n g pH, F i g u r e 4. These changes 
correspond t o the p r o g r e s s i o n from azophenol through c h e l a t e d 
a zophenolate t o f r e e azophenolate ( 8 ) . Analogous s p e c t r a l p r o p e r 
t i e s have been observed by us and V a l l e e f o r Zn azophenol models 
( 4 , 7 ) . 

A much c l e a r e r d i s t i n c t i o n between the v a r i o u s e l e c t r o n i c 
t r a n s i t i o n s i s seen i n the CD spectrum, F i g u r e 4, as a r e s u l t o f 
the d i f f e r e n c e s i n s i g n . A v e r y d i s t i n c t n e g a t i v e 510 nm band 
develops upon c h e l a t i o n of the a z o t y r o s i n e - 2 4 8 t o the a c t i v e s i t e 
z i n c . T h i s n e g a t i v e band i s c o m p l e t e l y absent when the pH 
t i t r a t i o n i s c a r r i e d out w i t h the apoenzyme ( a c t i v e s i t e Zn 
removed). These a b s o r p t i o n and CD s p e c t r a l o b s e r v a t i o n s c o n f i r m 
those o r i g i n a l l y made by Johansen and V a l l e e (7,8) . 

P r e p a r a t i o n of Model A z o l i g a n d C o ( I I I ) Complexes f o r the 
C h a r a c t e r i z a t i o n of C o ( I I I ) A z o p r o t e i n D e r i v a t i v e s 

AA-CPA-Zn served as the t e s t system f o r i n c o r p o r a t i o n of 
C o ( I I I ) i n t o a z o p r o t e i n s as o u t l i n e d i n F i g u r e 3. I t was t h e r e f o r e 
i mportant t o d i s t i n g u i s h between C o ( I I I ) and Z n ( I I ) bound t o 
azophenols. F o r t h i s purpose model C o ( I I I ) complexes of the azo
phenolate l i g a n d s shown i n F i g u r e 2 have been prepared and 
c h a r a c t e r i z e d . 

The N - a c e t y l d e r i v a t i v e s of t y r o s i n e and h i s t i d i n e were 
purchased from Vega-Fox and d i a z o t i z e d by the method of Tabachnick 
and Sobotka 09). These r e a c t i o n m i x t u r e s c o n t a i n e d both mono- and 
b i s d i a z o t i z e d compounds which were s e p a r a t e d by p r e p a r a t i v e TLC 
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CH3CONHCHCO2 CH3CONHCHCO2 

CDP OD-fl 

Figure 2. Model azo ligands investigated: NA-MAT (N-acetyl monoarsanilazo-
tyrosine); NA-MAH (N-acetyl monoarsanilazohistidine); CDP (2-(4-carboxyphen-
yhzo)-4,5-dimethyl phenol); OD-II (orange dye II, p-(2-hydroxy-l-naphthyhzo)-

benzene sulfonic acid). 

Β 

Figure 3. Incorporation of Co(III) into arsanilazotyrosine 248 carboxypeptidase 
A(AA-CPA-Zn). 
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700 

I ι ι ι ι ι ι ι 1 
300 400 500 600 700 

Figure 4. Absorption (upper panel) and circular dichroic flower panel) spectra 
of AA-CPA-Zn as a function of pH. Intermediate pH spectra are those associated 

with complexation of active site zinc by arsanihzotyrosine 248 (see text). 
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( 1 2 ) . CDP and OD-II were o b t a i n e d from A l f r e d Bader Chemical 
Company and Eastman Ch e m i c a l s , r e s p e c t i v e l y . The s y n t h e s i s of 
C o ( I II)(EDDA)(azodye) complexes was c a r r i e d out by the a i r o x i d a 
t i o n of an aqueous s o l u t i o n of 20 mM azodye and 20 mM 
C o ( I I ) ( E D D A ) ( H 2 0 ) 2 a t pH 9.5. The CDP complex was i s o l a t e d as 
p r e v i o u s l y d e s c r i b e d ( 5 ) . The OD-II complex was p u r i f i e d by 
Sephadex LH-20 chromatography (_2 ) . The m a t e r i a l was evaporated 
and d r i e d i n a d r y i n g p i s t o l . P r e p a r a t i v e TLC of C o ( I I I ) ( E D D A ) -
(NA-MAT) proved s u c c e s s f u l ( 1 2 ) . The complex was then rechromato-
graphed on LH-20 e q u i l i b r a t e d w i t h 80:20, methanol:water, evapo
r a t e d , and d r i e d . Chemical a n a l y s e s (C,H,N) of the azoamino a c i d 
d e r i v a t i v e s and the v a r i o u s C o ( I I I ) complexes were i n good 
agreement w i t h the c a l c u l a t e d v a l u e s . 

The s p e c t r a l p r o p e r t i e s of the complexes are summarized i n 
F i g u r e 5. U n f o r t u n a t e l y
o b t a i n e d f o r the Zn-azopheno
and models (4,2) w e r e observed f o r the C o ( I I I ) complexes. 

C i r c u l a r D i c h r o i c P r o p e r t i e s of Model Azophenol and Azonaphthol 
Complexes 

I n o r d e r t o f i n d a more r e l i a b l e i n d i c a t o r of C o ( I I I ) -
azophenolate c o o r d i n a t i o n i n p r o t e i n s , the c i r c u l a r d i c h o r i c 
p r o p e r t i e s of the models were examined. I n i t i a l l y an e s s e n t i a l l y 
e m p i r i c a l approach was t a k e n . I n the v i s i b l e a b s o r p t i o n s p e c t r a 
of the C o ( I I I ) - a z o p h e n o l a t e complexes, the l i g a n d a s s o c i a t e d 
t r a n s i t i o n s dominate the spectrum s i n c e the molar a b s o r p t i v i t i e s 
of 4000 - 10,000 are at l e a s t an order of magnitude more i n t e n s e 
than the configurâtionally f o r b i d d e n d-d t r a n s i t i o n s , F i g u r e 5. 
For CD t r a n s i t i o n s the s e l e c t i o n r u l e s are not as c l e a r l y d e f i n e d . 
However, more complex CD s p e c t r a were a n t i c i p a t e d f o r the C o ( I I I ) 
azophenols than f o r the Z n ( I I ) azophenols due t o the o v e r l a p of 
d-d and l i g a n d t r a n s i t i o n s . S i n c e Z n ( I I ) has no d-d t r a n s i t i o n s 
a r e l a t i v e l y s i m p l e CD spectrum i s expected i n the v i s i b l e r e g i o n 
as i s observed f o r the z i n c complex i n AA-CPA-Zn, F i g u r e 4 (pH 8.3 
spectrum). 

I n the a z o p r o t e i n s an e x t r i n s i c source of o p t i c a l a c t i v i t y 
e x i s t s i n the asymmetric p r o t e i n environment s u r r o u n d i n g the 
azo d e r i v i t i z e d amino a c i d . L i t t l e c o n t r i b u t i o n t o the o p t i c a l 
a c t i v i t y would be expected from the asymmetric carbon of the 
d i a z o t i z e d amino a c i d a l o n e which i s c o n s i d e r a b l y removed from 
the chromophore. T h i s o b s e r v a t i o n i s borne out by examining mono-
a z o t y r o s i n e and m o n o a z o h i s t i d i n e where v e r y weak CD s p e c t r a were 
observed. 

Complexation of the o p t i c a l l y a c t i v e model l i g a n d s t o form 
C o ( I I I ) ( E D D A ) ( a z o dye) complexes would not n e c e s s a r i l y be expected 
to generate a CD spectrum u n l e s s some d i a s t e r e o m e r i c p r e f e r e n c e 
was o b t a i n e d . Indeed, a CD spectrum i s observed f o r the azo-
t y r o s i n e (NA-MAT) complex, F i g u r e 6. The spectrum i s s u b s t a n 
t i a l l y more i n t e n s e than t h a t o b t a i n e d f o r the f r e e l i g a n d , but 
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300 400 500 600 

Figure 5. Absorption spectra of azophenol and azonaphthol ligands ( ) and 
corresponding Co(III)-EDDA complexes ( ): (A) MAT; (B) CDP; (C) OD-IL 
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Figure 6. Circular dichroic spectra of azophenol and azonaphthol Co(III)-
EDDA complexes under various conditions 
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i t s s p e c i f i c source ( v i c i n a l , configurâtional) can not be 
de s i g n a t e d w i t h o u t isomer i s o l a t i o n and c h a r a c t e r i z a t i o n . Thus 
f a r attempts t o se p a r a t e isomers have been u n s u c c e s s f u l . C i r c u l a r 
d i c h r o i c s p e c t r a can a l s o be generated by e i t h e r d i s s o l v i n g the 
models i n an o p t i c a l l y a c t i v e s o l v e n t system or by u s i n g r e s o l v e d 
C o ( I I I ) ( E D D A ) ( H 2 0 ) as s t a r t i n g m a t e r i a l . D i s s o l v i n g the OD-II 
and CDP complexes I n a s a t u r a t e d aqueous D-glucose s o l u t i o n 
produces the CD s p e c t r a shown i n F i g u r e 6 ( N e i t h e r azo l i g a n d 
c o n t a i n s an i n t r i n s i c source of o p t i c a l a c t i v i t y , F i g u r e 2 ) . 
R e a c t i o n o f A-s-cis-Co(EDDA) (Η^,Ο) ̂  w i t h OD-II r e s u l t s i n an 
o p t i c a l l y a c t i v e dye complex w i t h the CD spectrum shown i n F i g u r e 
6. I f the Δ isomer i s used, a CD spectrum which i s of e q u a l 
i n t e n s i t y but o p p o s i t e i n s i g n i s produced. 

I n a l l cases a c h a r a c t e r i s t i c CD spectrum i s observed 
independent of the metho
bands are observed i n th
s i m i l a r among the complexes. The a l t e r n a t i n g s i g n p a t t e r n of the 
t r a n s i t i o n s a r e a l s o h e l d i n common but the a b s o l u t e s i g n s and 
i n t e n s i t i e s d i f f e r . I t i s p a r t i c u l a r l y i n t e r e s t i n g t h a t d e s p i t e 
the f a c t t h a t the v i s i b l e spectrum of the a z o n a p h t h o l a t e , OD-II, 
d i f f e r s s i g n i f i c a n t l y from t h a t of the azophenols ( F i g u r e 5 ) , the 
CD generated upon c h e l a t i o n of the dye t o C o ( I I I ) i s n e a r l y 
i d e n t i c a l t o the CD s p e c t r a o b t a i n e d f o r the c o o r d i n a t e d 
a z o p h e n o l a t e s . 

C i r c u l a r D i c h r o i s m as a M o n i t o r of C o ( I I I ) C h e l a t i o n by an 
A z o t y r o s i n e i n a P r o t e i n 

I n c o r p o r a t i o n of C o ( I I I ) i n t o AA-CPA-Zn, as o u t l i n e d i n 
F i g u r e 3B, l e d t o the f o r m a t i o n of the d e s i r e d t e r n a r y complex, 
Co(III)(EDDA)(AA-CPA-Zn), whose a b s o r p t i o n spectrum i s shown i n 
F i g u r e 7. The c h a r a c t e r i s t i c 510 nm a b s o r p t i o n band i s observed 
f o r the red C o ( I I I ) complex which i s analogous t o t h a t observed 
f o r the a c t i v e s i t e Zn complex, F i g u r e 4 (pH 8.4 spectrum). The 
on l y i n d i c a t i o n t h a t a C o ( I I I ) - a z o t y r o s i n e complex has been formed 
i s t h a t the a b s o r p t i o n spectrum i s i n v a r i a n t w i t h pH as must be 
the case f o r a s u b s t i t u t i o n - i n e r t complex. However, the CD spec
trum c l e a r l y i n d i c a t e s the f o r m a t i o n of the C o ( I I I ) - a z o t y r o s i n e 
complex, F i g u r e 7. The spectrum i s v e r y s i m i l a r t o t h a t o b t a i n e d 
f o r the C o ( I I I ) model complexes, F i g u r e 6, and i s d i s t i n c t l y d i f 
f e r e n t from t h a t observed f o r the a c t i v e s i t e Zn complex of AA-
CPA-Zn, F i g u r e 4 (pH 8.3 spectrum). I t i s l e s s i n t e n s e by an 
order of magnitude and, as expected, more complex than the Zn 
a s s o c i a t e d spectrum. I m p o r t a n t l y , the d i s t i n c t n e g a t i v e 510 nm 
band c h a r a c t e r i s t i c of the Zn-azophenol complex ( F i g u r e 4) i s 
co m p l e t e l y m i s s i n g . 

The band a t 630 nm which i s a l s o found i n the CD s p e c t r a of 
a l l the C o ( I I I ) models ( F i g u r e 6) i s absent i n the a b s o r p t i o n 
spectrum. T h i s v e r y p o s s i b l y c o u l d be a d-ά t r a n s i t i o n which i s 
too weak t o be observed i n the a b s o r p t i o n spectrum. T h i s 
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Figure 7. Absorption (upper panel) and circular dichroic (lower panel) spectra 
of Co(III)(EDDA)(AA-CPA-Zn) 
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o b s e r v a t i o n i s a l s o c o n s i s t e n t w i t h the s i m i l a r i t y o f the C o ( I I I ) 
azophenolate and a z o n a p t h o l a t e CD s p e c t r a s i n c e these l i g a n d 
a s s o c i a t e d v i s i b l e s p e c t r a d i f f e r s i g n i f i c a n t l y . I m p o r t a n t l y , as 
w i t h the a b s o r p t i o n s p e c t r a , the CD spectrum o f Co(III)(EDDA)(AA-
CPA-Zn) shows l i t t l e v a r i a t i o n w i t h pH due t o the s u b s t i t u t i o n -
i n e r t n a t u r e of the complex. 

The Zn can be s e l e c t i v e l y removed from the azoenzyme 
d e r i v a t i v e w i t h o u t any a p p r e c i a b l e change i n the a b s o r p t i o n and 
CD s p e c t r a c o n f i r m i n g c o o r d i n a t i o n o f the azophenol t o C o ( I I I ) 
( 2 ) . The C o ( I I I ) m o d i f i c a t i o n of AA-CPA-Zn l e a d s t o an enzyme 
d e r i v a t i v e which l o s e s a l l p e p t i d a s e a c t i v i t y but s t i l l m a i n t a i n s 
e s t e r a s e a c t i v i t y ( 1 ) . The m o d i f i c a t i o n can be r e v e r s e d com
p l e t e l y by r e d u c i n g the C o ( I I I ) w i t h Fe(II)-EDTA r e g e n e r a t i n g 
the o r i g i n a l s p e c t r a l and enzymatic p r o p e r t i e s observed f o r AA-
CPA-Zn. The r e t u r n of the o r i g i n a l p r o p e r t i e s c o n f i r m s the s i t e 
s p e c i f i c n a t u r e of the
p r o t e i n (2,). 

E x t e n s i o n t o Other P r o t e i n s and the Involvement of A z o h i s t i d i n e s 

We have now extended these s t u d i e s t o o t h e r p r o t e i n s (bovine 
serum albumin, c h y m o t r y p s i n , s u b t i l i s i n , c o n c a n a v a l i n A) and 
hormones ( l e u t e i n i z i n g h o r m o n e - r e l e a s i n g hormone, glucagon, 
i n s u l i n ) . These i n v e s t i g a t i o n s i n v o l v e the c h a r a c t e r i z a t i o n of 
a z o h i s t i d i n e models s i n c e d i a z o t i z a t i o n of p r o t e i n s can a l s o l e a d 
t o the f o r m a t i o n of a z o h i s t i d i n e s , F i g u r e 1. I n the course of 
these i n v e s t i g a t i o n s we have found t h a t p r e v i o u s l y r e p o r t e d azo-
amino a c i d model s t u d i e s upon which c h a r a c t e r i z a t i o n of the 
a z o p r o t e i n d e r i v a t i v e s i s based (10,11) a r e i n c o r r e c t due t o the 
l a c k of p u r i t y of the compounds s t u d i e d ( 9 ) . A s e n s i t i v e TLC 
system we have developed has been used t o p u r i f y the a z o t y r o s i n e 
and a z o h i s t i d i n e models ( 1 2 ) . The C o ( I I I ) complexes of these azo
h i s t i d i n e l i g a n d s are expected t o e x h i b i t CD s p e c t r a which w i l l 
be u s e f u l i n the c h a r a c t e r i z a t i o n of C o ( I I I ) i n c o r p o r a t e d i n the 
v a r i o u s azoenzymes and azohormones. 

In a d d i t i o n t o o f f e r i n g a unique method f o r enzyme 
m o d i f i c a t i o n , we expect these s t u d i e s t o r e s u l t i n an improved 
method f o r t h e ^ ^ n c o r D g r a t i g g of s t a b l e r a d i o i s o t o p e s i n t o p r o t e i n s 
and hormones ( Co, Co, Co). F u r t h e r s t u d i e s of the CD 
s p e c t r a of the models and a z o p r o t e i n s are expected t o l e a d t o a 
method f o r the d e t e r m i n a t i o n o f the e x t e n t and s p e c i f i c i t y of 
C o ( I I I ) m o d i f i c a t i o n o f a z o p r o t e i n s and azohormones. 
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Preparation and Circular Dichroism Spectra of Cobalt(III) 

Complexes Containing Chiral Aminophosphine Chelate 

Ligands 

ISAMU KINOSHITA, KAZUO KASHIWABARA, and JUNNOSUKE FUJITA 
Department of Chemistry, Faculty of Science, Nagoya University, Nagoya 464 Japan 

Since Wymore and Bailar (1) first prepared trans-[CoX {1,2-
bis(diethylphosphino)ethane}
many cobalt(III)-phosphin
However, no optically active cobalt(III)-phosphine complex has 
ever been prepared. This paper deals with the preparation, 
characterization and circular dichroism (CD) spectra of octahedral 
cobalt(III) complexes containing aminophosphines of the type, 
NH2CH(R)CH2PR'R". The aminophosphine is an intermediate ligand 
between a diamine and a diphosphine. The optical activity of such 
aminophosphine complexes can be compared with that of diamine 
complexes studied extensively. 

Preparation of Ligands 
a) NH2CH2CH2P(C6H5)2 (N-C-C-P). This ligand was prepared by a 
modified method of Issleib et al. (3). 

b) (S)-NH2CH(CH3)CH2P(C6H5)2 (N-C*-C-P). This ligand was 
prepared from (S)-alanine by the following method; 

c) (S)- or (R)-NH2CH2CH2P(n-C4H9) (C6H5) (N-C-C-P*). This 
ligand was prepared from N-C-C-P by the following method; 

The resolution was achieved with (+)D-di-μ-chlorobis[(S)-
N,N-dimethyl-α-phenylethylamine-2C,N]dipalladium(II) (4,5) 
([(S-amine)PdCl2Pd(S-amine)]) by the following method; 

0-8412-0538-8/80/47-119-207$05.00/0 
© 1980 American Chemical Society 
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[(S-amine)PdCl 2Pd(S-amine)] + 2(N-C-C-P*) > 

precipitate [Pd(S-amine)(N-C-C-P*)]Cl, diastereomer I 
NaPF 6 

> f i l t r a t e > [Pd(S-amine)(N-C-C-P*)]PF6, 

diastereomer II 

Diastereomer I and II liberated free ligands of (R) - and 
{S)-configurations, respectively, on treating with sodium cyanide 
in water. The notation of absolute configuration of the ligand 
i s reversed upon coordination by the sequence rule (6). 

The absolute configuration of N-C-C-P* was assigned by 
comparing the CD spectru
(N-C-C-P*)] with that o
of known absolute configuration (7). (Figure 1) The [PdCl 2-
(N-C-C-P*)] complex, the ligand of which was obtained from the 
less soluble diastereomer I of [Pd(£-amine)(N-C-C-P*)]Cl showed 
a CD spectrum very similar to the difference CD curve, 
[Δε(Ι) - Δε(ΙΙ)]/2 derived from the two CD spectra of a diastereo-
meric pair, I and II of [PdCJUta^CT^CT^NHCTO^P (n-C4HQ) (CfiHs) }] 
(Figure 2). The CH2CH2CrI2NHOrICrI2P(n-C4H9) (C 6H 5) ligand was pre
pared from (S)-proline and the complex involves (5)-carbon, (S)-
nitrogen, and (R)- or {S)-phosphorus atoms. Since the absolute 
configuration of the phosphorus atom i n diastereomer II has been 
determined to be {R) by the X-ray method (7) , the difference CD 
curve would correspond to the v i c i n a l effect curve due to the 
(S)-phosphorus atom i n the ligand. Both curves i n Figure 2 are 
very similar, and the absolute configuration of the phosphorus 
atom i n the N-C-C-P* complex given can be assigned to (5)-
configuration. 

Preparation of Complexes 
a) trans-[CoCl2(aminophosphine)2](C104) (aminophosphine = 
N-C-C-P, N-C*-C-P, and N-C-C-P*). To a methanol solution of 
Co(Cl04)2·6Η 20 was added two equivalent moles of an aminophosphine 
with s t i r r i n g i n an atmosphere of nitrogen. A brown s o l i d 
(Co(aminophosphine) 2(CIO4) 2) was obtained by evaporating the 
methanol under reduced pressure. I t was dissolved i n CH 2Cl 2 and 
chlorine was bubbled through the solution to oxidize the cobalt-
(II) ions. After evaporation to dryness, the crude complex was 
re c r y s t a l l i z e d from methanol and water to give green crystals. 
The complexes are stable i n a i r , insoluble i n water, but soluble 
i n most polar organic solvents. Analytical data of a l l the 
complexes are i n good accord with the calculated values as 
anhydrous perchlorate s a l t s . 
b) [Co(acac) 2L](PF 6 or B(C6H 5) 4) (acac = acetylacetonate ion; 
L = N-C-C-P, N-C*-C-P, N-C-C-P*, and (C 6H 5) 2PCH 2CH 2P(C 6H 5) 2 

(P-C-C-P)). A methanol solution containing [Co(acac)3] and the 
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Bulletin of the Chemical Society of Japan 

Figure 1. Stereoscopic view of [PdCl2 {CH2CH2CH2NHCHCH2P (R) (n-CkH9) 
(C6H5)}] (7) 

30 3 40 
V/10 c m 1 

Figure 2. CD spectrum of [PdCl2{NH2-
CH2CH2P*(n-CtH9)(C6H5)}] ( ; and 
the calculated CD curve ([Ae(I)-Ae(II)]/ 
2) ( ) obtained from the CD spectra 
of a pair of diastereomers, I(S) and II(R) 
of [PdCl2{CH2CH2CH2NHCHCH2P(n-

CtH9XCeHs)}]. 
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ligand L (1:1) was s t i r r e d with active charcoal overnight at room 
temperature. The resulting dark red solution was f i l t e r e d , 
diluted with water, and chromatographed by use of a column of 
SP-Sephadex C-25 and an eluent, 0.02M Na2S04. The red eluate was 
saturated with sodium chloride and shaken with chloroform i n a 
separatory funnel, extracting the complex into the chloroform 
layer. The chloroform was evaporated and the residue was dissolved 
i n water. The complex [Co(acac) 2L](PF 6 or B(C 6H 5) 4) was p r e c i p i 
tated by the addition of NaPF^ or NaB(C6H 5) 4. 

Resolution (or separation) of op t i c a l isomers was achieved 
by SP-Sephadex column chromatography using 0.02M N a 2 [ S b 2 ( L - t a r t ) 2 ] . 
For the N-C-C-P and the P-C-C-P complexes, the bands of o p t i c a l 
isomers were separated incompletely, so that the chromatography 
was repeated u n t i l no further increase i n Δε/ε values was observed. 
From the eluates, the o p t i c a l isomer  isolated b  method 
similar to that for th

Structure of [CoCl ?(aminophosphine)?](C10 4) 
Figure 3 shows absorption spectra of the green [CoCl 2(amino

phosphine) 2] ( C I O 4 ) complexes i n methanol. Each of the complexes 
exhibits a medium intensity band around 16,000 cm~l. These bands 
may correspond to the s p l i t component, l a -̂ Eg) of the f i r s t 
absorption band of a trans-[CoCl2(diamine)2]+ complex (8). In 
Figure 3 i s given the spectrum of trans-[C0CI2 (pn) 2 ] + (pn = l ' * 2 -
propanediamine) for comparison. The complexes also show shoulder 
absorptions around 21,000 cm"1, corresponding to the lb band 
( l A l g l A 2 g ) ' another s p l i t component of the f i r s t absorption 
band. Therefore, the complexes can be assigned to a trans-
dichloro structure. This structure i s supported by 1 3 C - N M R 

spectroscopy. As Figure 4 shows, [CoCl 2(N-C*-C-P) 2] + i n CHCI3 
exhibits a spectrum assignable to an ABX type. Such a type w i l l 
be caused by strong coupling with the phosphorus atoms i n the 
trans positions. Therefore, the complexes were assigned to a 
trans-dichloro, trans-diphosphorus structure. Molecular models 
also suggest that this structure has the least inter-ligand 
interactions among other possible structures. 

Absorption and Circular Dichroism Spectra 
a) trans-[CoCl2(aminophosphine)21+ 

Figure 5 shows the CD spectra of trans-dichloro complexes of 
(S)-N-C*-C-P and (S)-N-C-C-P* in methanol. The complexes give two 
CD components i n the l a band (doubly degenerate) region. The 
appearance of the two CD components may result from symmetry 
lowering of the complex ions. However, the sign of the main CD 
band of the (£)-N-C*-C-P complex i s positive opposite to that of 
the corresponding S-pn ((S)-N-C*-C-N) complex as shown in Figure 6. 

The chelate rings i n these complexes w i l l be s t a b i l i z e d i n 
the δ-gauche form with equatorially disposed methyl groups. In 
general, trans-[CoCl2(diamine)2]+ with a 6-gauche form i s known 
to show a negative CD band i n the l a band region, unless the 
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Figure 3. Absorption spectra of trans-dichloro cobalt(III) complexes of NH2CH2-
CH2P(C6H5)2 ( ); NH2CH(CH3)CH2P(CeH5)2 (···), NH2CH2CH2P(n-C^H9) 

(C6H5) ( and NH2CH(CH3)CH2NH2 ( )in methanol 

1 ° . b - ili 
_ ι l ι ι I I 50 40 ortho 30 ppm 

Figure 4. C-13 NMR spectrum of trans-
[CoCl2{NH2CH(CH3)CH2P(C6H5)2}2] 
(CIO*) in CHCU (15.04 MHz, ppm 

downfield from TMS). 
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Figure 5. CD spectra of trans-[CoCl2{(S)-NH2CH(CH3)CH2P(C6H5)2}2r ( ) 
and trsins-[CoCl2{(S)-NH2CH2CH2P(n-CiH9)(C6H5)}2]+ ( ; in methanol 

Figure 6. CD spectra of tmns-dichloro cobalt(HI) complexes of (S)-NH2CH-
(CH3)CH2NH2 and (S)-NH2CH(CH3)CH2P(C6H5)2 in the first absorption band 

region 
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l i g a t i n g nitrogen atom i s c h i r a l (9) . Although the reason why 
the (5)-N-C*-C-P complex gives the positive CD band i s not clear 
at present, i t may be caused by the two bulky phenyl groups i n the 
ligand. These phenyl groups i n the complex are not equivalent 
because one i s equatorial, and the other a x i a l . Therefore, the 
l i g a t i n g phosphorus atom becomes c h i r a l and contributes to the CD 
as a new source of o p t i c a l a c t i v i t y . The amino hydrogens i n the 
(S)-N-C*-C-N complex are i n the same situation as these phenyl 
groups. However, they are small and may not contribute e x p l i c i t l y 
to the CD spectrum. 

Figure 7 compares the CD spectrum of the (5)-N-C-C-P* complex 
with that of the corresponding (i?) -#-methyl-ethylenediamine 
( (R) -N*-C-C-N) complex (9) . According to the X-ray analysis (10) , 
the chelate rings i n trans-[CoCl2{ (R) - N * - C - C - N } 2 ] + are i n the 
6-gauche form and the methy
ό-chirality of the (i?)-N*-C-C-
of trans- [CoCl 2 (S-pn) 2]  , but the CD patterns of these two 
complexes are almost enantiomeric to each other. Such a d i f f e r 
ence i n the CD has been interpreted by the regional rule proposed 
by Mason (11_) . The CD pattern of the (S) -N-C-C-P* complex 
resembles that of the (i?)-N*-C-C-N complex. I f i t i s assumed that 
the s i m i l a r i t y i n these CD patterns results from the chelate rings 
in the same conformational c h i l a r i t y (6), the phenyl group of the 
(S)-N-C-C-P* chelate ring becomes equatorial and the η-butyl group 
ax i a l . Thus the axial groups at the c h i r a l nitrogen and phosphorus 
atoms i n the complexes are hydrogen and the η-butyl group, 
respectively, and each of them i s the smallest group attached to 
the c h i r a l atom and the least p r i o r i t y defined by the sequence 
rule. 

b) [Co(acac) 2L] + 

Figure 8 shows absorption spectra of the bis(acetylacetonato) 
complexes of ethylenediamine (en, N-C-C-N) (12), N-C-C-P, and 
P-C-C-P in ethanol. The band around 20,000 cm - 1 of each complex 
can be assigned to the f i r s t d-d absorption band, although the 
in t e n s i t i e s increase remarkably with an increase i n the number of 
the l i g a t i n g phosphorus atoms. From the s h i f t of the band maxima, 
i t i s concluded that phosphorus stands at a higher position than 
nitrogen i n the spectrochemical series. 

Figure 9 shows CD spectra of these three complexes i n ethanol. 
In the f i r s t absorption band region, the N-C-C-N complex gives two 
negative CD bands, while the phosphorus complexes three CD bands 
with minus, plus, and minus signs from the longer wavelength side. 
However, the change of the CD patterns seems to be gradual, and 
these complexes would have the same absolute configuration. Since 
the N-C-C-N complex with the negative CD sign has been assigned to 
Δ-configuration (13), the phosphine complexes i n the figure can 
also be assigned to the same Δ-configuration. This assignment i s 
supported by Ĥ-NMR studies of a pair of the diastereomeric (S)-
N-C-C-P* complexes. 
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Figure 7. CD spectra of trans-dichloro cobalt(HI) complexes of (S)-(CH3)NH-
CH2CH2NH2 and (S)-NH2CH2CH2P(n-CiHn)(C6H5) in the first absorption band 

region 

Figure 8. Absorption spectra of bis- ' 
(acetylacetonato)cobalt(lll) complexes 1 

of NH2CH2CH2NH2 ( ), NH2CH2-
CH2P(C6H5)2 ( ), and (C6H5)2PCH2- \ , 

CH2P(C6H5)2(- · -)methanol 20 30 40 F/ioW 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



10. KiNOSHiTA E T A L . Cobalt(III) Complexes 215 

One diastereomer of [Co(acac) 2((S)-N-C-C-P*)] + gives the 
me thine signals of the acetylacetonate ligand at 4.87 and 5.57 
ppm with considerably different chemical s h i f t s . On the other 
hand, the other diastereomer shows these signals at similar 
frequencies, 5.47 and 5.52 ppm. The big s h i f t to the high f i e l d 
of one methine signal i n the former should be caused by the 
r e l a t i v e location of the phenyl group to the acetylacetonate ring. 
Figure 10 shows the structures of the two diastereomers. In the 
Δ-configuration, the phenyl ring of the phosphine ligand i s 
located almost p a r a l l e l to one acetylacetonate ring so that the 
methine proton should be shielded by the phenyl group to resonate 
at a high f i e l d . In the A-configuration, on the other hand, the 
η-butyl group i s placed above one acetylacetonate ring and the 
phenyl group i s oriented far from both acetylacetonate rings, two 
methine protons being not affected b  th  phenyl  t  resonat
at similar frequencies
complexes show the methin  signal  ppm, respect
i v e l y . Thus the diastereomer which gives one of the methine 
signals at remarkably high f i e l d can be assigned to Δ-configura
tion. The CD spectrum of Δ-[Co(acac) 2((S)-N-C-C-P*)] + thus 
assigned i s very similar to that of Δ-[Co(acac) 2(N-C-C-P)] + 

assigned on the basis of the CD sign i n the f i r s t absorption band 
region. 

Figure 11 shows CD spectra of two diastereomeric pairs of the 
(£)-N-C*-C-P and (S)-N-C-C-P* complexes i n ethanol. The spectra 
of each pair of diastereomers are nearly enantiomeric to each 
other, and the patterns are similar to that of the N-C-C-P 
complex. The results indicate that the v i c i n a l effects of both 
the c h i r a l ligands are small compared with the configurational 
eff e c t . From these spectra, the Δ-configurational effect curves 
are obtained for each complex as shown i n Figure 12. The curves 
are very similar to each other and to the CD spectrum of Δ-
[Co(acac) 2(N-C-C-P)] +, indicating that the a d d i t i v i t y rule (14) 
for the configurational and v i c i n a l effects can be applied to the 
present aminophosphine complexes. Figure 13 shows the v i c i n a l 
effect curves of the c h i r a l ligands obtained s i m i l a r l y from the 
observed spectra. The (5)-N-C*-C-P ligand gives the v i c i n a l e f f e c t 
with a negative CD band i n the f i r s t absorption band region. This 
ligand would form a 6-gauche chelate ring with the methyl group 
disposed equatorially. The v i c i n a l effect of a 6-gauche chelate 
ligand gives generally a main CD band with negative sign i n t h i s 
region. Thus the v i c i n a l e f f e c t of the (S)-N-C*-C-P ligand agrees 
with this general trend. On the other hand, the v i c i n a l e f f e c t 
curve of the (S)-N-C-C-P* ligand shows two CD components of almost 
equal strength with different signs i n the f i r s t absorption band 
region. At present [Co(acac) 2({S)-N-C-C-P*)] + and trans-
[CoCl 2((S)-N-C-C-P*)] + are the only examples of cobalt(III) 
complexes containing a c h i r a l phosphorus atom. In order to 
discuss the o p t i c a l a c t i v i t y of cobalt(III) phosphine complexes, 
more CD data w i l l be needed. 
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Figure 9. CD spectra of bis(acetylacetonato)cobalt(III) complexes of NH2CH2-
CH2NH2 ( j , NH2CH2CH2P(C6H5)2 ( J, and (C6H5)2PCH2CH2P(C6H5)2 

(- · -)in ethanol 
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Figure 10. Structures of A(S)- and \(Sy[Co(acac)9{tfH9CH9CH9Pfa'CkH9)-
(CeHt)}]*(5) 
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Figure 11. CD spectra of diastereomeric pairs of (a) [Co(acac)2{(S)-NH2CH-
(CH3)CH2P(C6H5)2}]+ and (b) [Co(acac)2{(S)-NH2CH2CH2P(n-CiH9)(C6H5)}r 

in ethanol 

Figure 12. Calculated configurational CD curves of bis(acetyhcetonato)cobalt-
(III) complexes of (S)-NH2CH(CH3)CH2P(C6H5)2 ( ) and (S)-NH2CH2CH2P-
(n-C4H9)(C6H5) (---), and CD spectrum of &-[Co(acac)2{NH2CH2CH2P-

(C6H5)2)r(— 
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Figure 13. Calculated vicinal CD curves of bis(acetylacetonato)cobalt(III) com
plexes of (S)-NH2CH(CH,)CH2P(CGHr>)2 ( ) and (S)-NH2CH2CH2P(n-CkH9)-

(C6H5) (5) 
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Effect of Solvent on the Circular Dichroism of Metal 

Complexes 

TREVOR D. BAILEY and CLIFFORD J. HAWKINS 
Department of Chemistry, University of Queensland, Brisbane, Australia 4067 

Since before the turn of the century it has been known that 
the optical activity o
ent (1). For example,
specific rotations of (+)-camphor, (-)-nicotine, (+)-diethyl 
tartrate, and (-)-turpentine varied with solvent and concentration. 
In the last decade there has been renewed interest in this solvent 
dependence. A number of different types of organic compounds has 
been investigated and the results have been interpreted in terms 
of variations in conformer populations that have resulted from 
either the effect of the dielectric on coulombic interactions 
between dipolar groups in the molecule (3) , or from hydrogen-bond 
interactions between the solvent and the chiral solute (4). 

Recently papers have appeared dealing specifically with the 
effects of solvents on the CD of metal complexes (5,6). Work 
in this field in our laboratory has been directed at elucidating 
the particular solvent-solute interactions that are responsible 
for the changes in the CD of complexes. Four general types of 
interactions have been recognized: 

(i) stereoselective solvation of the chiral ligand; 
(ii) solvation of the non-chiral ligand; 
(iii) ion association between a chiral ion and the counter 

ion; and 
(iv) coulombic or hydrogen-bond interactions that change con-

former populat ions. 

Stereoselective Solvation of the Chiral Ligand 

As Bosnich and Harrowfield first pointed out, the CD of 
trans-[Co{(R)-pn}2Cl2]+, where pn is 1,2-propanediamine, is 
particularly sensitive to solvent ( 5,6) . The 1A1g -> 1A 2 gtetra
gonal component of the lowest energy spin-allowed cubic d-d 
absorption band (1A1g -> 1T1g)observed to have a positive 
Cotton effect in some solvents and a negative in others. Although 
the 1A1g -> 1Eg component was positive in each of the solvents 

0-8412-0538-8/80/47-119-221$05.00/0 
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s t u d i e d , s i g n i f i c a n t v a r i a t i o n s were observed i n i t s r o t a t i o n a l 
s t r e n g t h {6) ( F i g u r e l ) . 

A XH NMR study (6_) found t h a t t h e c h e m i c a l s h i f t s o f t h e 
N-H protons were v e r y s e n s i t i v e t o s o l v e n t w i t h t h e s h i f t s b e i n g 
r e l a t e d t o t h e donor number (j) o f t h e s o l v e n t , i . e . the a b i l i t y 
o f t h e s o l v e n t t o donate e l e c t r o n s t o form a hydrogen bond w i t h 
t h e N-H p r o t o n s . F u r t h e r , t h e N-H protons t h a t were e s s e n t i a l l y 
e q u a t o r i a l i n t h e puckered five-membered c h e l a t e r i n g showed 
l a r g e r v a r i a t i o n s i n t h e i r δ v a l u e s t h a n t h e a x i a l p r o t o n s . The 
d i f f e r e n c e s i n t h e δ v a l u e s f o r t h e e q u a t o r i a l and a x i a l protons 
f o r t h e NH 2 groups were i n t h e o r d e r : 

py > dma ~ Me 2SO > dmf > MeOH > t h f * Me 2 C0 > s u l « MeCN, 
where py i s p y r i d i n e , dma d i m e t h y l a c e t a m i d e , dmf dimethylformam-
i d e , t h f t e t r a h y d r o f u r a n , and s u l s u l f o l a n e . The d i f f e r e n c e i n 
t h e s t r e n g t h o f t h e hydroge
t h e e q u a t o r i a l and a x i a
m e t r i c , and t h e degree o f asymmetry i s s o l v e n t dependent. 

The rank o r d e r o f t h e s o l v e n t s based on the degree o f asym
metry i n t r o d u c e d i n t h e NH 2 groups was found t o c o r r e s p o n d c l o s e l y 
w i t h t h e rank o r d e r based on t h e v a l u e s o f Δε f o r t h e t e t r a g o n a l 
components o f t h e ^ i g -> * T i g a b s o r p t i o n band. As the degree o f 
asymmetry induced by s o l v a t i o n i n c r e a s e d , t h e * A i g -> *Eg C o t t o n 
e f f e c t became l e s s p o s i t i v e and t h e 1 A i g -* 1 A 2 g C o t t o n e f f e c t 
changed from n e g a t i v e t o p o s i t i v e . 

The degree o f s t e r e o s e l e c t i v i t y i n t h e s o l v a t i o n at the NH 2 

groups o f a diamine or amino a l c o h o l complex depends on the p r e 
f e r e n c e o f t h e c h e l a t e r i n g t o e x i s t i n one p a r t i c u l a r conformer, 
and on t h e non-bonded i n t e r a c t i o n s between t h e hydrogen-bonded 
s o l v e n t molecule i n t h e a x i a l o r e q u a t o r i a l o r i e n t a t i o n s w i t h t h e 
groups on t h e a d j a c e n t carbon and, more i m p o r t a n t l y , w i t h t h e 
a p i c a l l i g a n d s i n an o c t a h e d r a l complex. I n complexes such as 
[Mo{(R)-pn}(CO)^] where the λ and δ conformations are e q u a l l y 
p o p u l a t e d (jB), s o l v a t i o n o f t h e N-H protons does not r e s u l t i n t h e 
preponderance o f an asymmetric NH 2 group o f one c o n f i g u r a t i o n as 
shown by t h e 1H NMR spectrum (9_) · The CD spectrum c o r r e 
s p o n d i n g l y does not e x h i b i t a marked s o l v e n t dependence. 

I n support o f t h i s t h e o r y r e l a t i n g the s o l v e n t dependence o f 
t h e CD o f complexes o f c h i r a l diamines w i t h s t e r e o s e l e c t i v e 
s o l v a t i o n a t t h e NH 2 group, t h e r o t a t i o n a l s t r e n g t h s o f t h e t e t r a 
g o n al components o f t h e * A i g -> lr£\g a b s o r p t i o n band f o r [Co{(R)-
tmpnHCN)^]", where tmpn i s N,N,N_f , N ! - t e t r a m e t h y l - l , 2 - p r o p a n e -
diamine, do not show any marked s o l v e n t dependence a l t h o u g h , as 
w i l l be d i s c u s s e d l a t e r , t h e p o s i t i o n s o f t h e CD bands do v a r y 
w i t h s o l v e n t ( 9 . ) · For t h e analogous (R)-pn complex, the 
x A i g •> x A 2 g and l&\g + * E g C o t t o n e f f e c t s became l e s s n e g a t i v e 
and l e s s p o s i t i v e , r e s p e c t i v e l y , as t h e donor number o f t h e + s o l -
vent i n c r e a s e d (9.) 5 as was found f o r tvans~-[Co{(R)-pn}2Cl2] (6_). 
Changes i n CD w i t h s o l v e n t o f a s i m i l a r o r d e r o f magnitude have 
been observed f o r o t h e r r e l a t e d systems ( 5 , 1 0 , 1 1 ) . 
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Figure 1. CD spectrum of trans-/"CΌ {(Rj-pn^CUBP/ij in various solvents. 
Abbreviations are as follows: py, pyridine; dma, Ν,Ν-dimethylacetamide; dmf, 
Ν,Ν-dimethylformamide; thf, tetrahydrofuran; mf, N-methylformamide; sul, sul-

folane (6). 
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S o l v a t i o n o f t h e N o n - C h i r a l L i g a n d 

Changes i n t h e observed CD o f a complex w i t h s o l v e n t have 
been observed where s o l v a t i o n o f t h e c h i r a l l i g a n d i s uni m p o r t a n t , 
but where NMR and, i n some c a s e s , Raman s p e c t r o s c o p i c evidence 
shows t h a t t h e n o n - c h i r a l l i g a n d s i n t h e complex are b e i n g s o l v a t -
ed t o v a r y i n g degrees. Two g e n e r a l e f f e c t s o f t h i s have been 
observed: 

( i ) t h e s p e c t r o c h e m i c a l parameter, Δ, i s changed by s o l v a t i o n 
c a u s i n g a s h i f t i n t h e a b s o r p t i o n and CD s p e c t r a , and a 
change i n the t e t r a g o n a l or rhombic s p l i t t i n g o f t h e c u b i c 
a b s o r p t i o n bands, and 

( i i ) t h e energy o f t h e charge t r a n s f e r a b s o r p t i o n bands t h a t are 
i n v o l v e d i n t h e i n d u c t i o n o f CD i n t h e d-d bands changes 
s i g n i f i c a n t l y . 

S o l v a t i o n o f a c o o r d i n a t e
by *H MR, does not cause a marked change i n t h e Δ v a l u e f o r 
t h a t l i g a n d . However, p r o t o n a t i o n o f some l i g a n d s , f o r example 
CN~, by a p r o t i c s o l v e n t causes a s i g n i f i c a n t change i n t h e energy 
o f t h e d-d a b s o r p t i o n bands o f t h e m e t a l and, i n t h e case o f CN", 
an i n c r e a s e i n t h e Δ v a l u e ( 1 2 , 1 3 ). The a b s o r p t i o n bands and t h e 
a s s o c i a t e d C o t t o n e f f e c t s move w i t h t h e a c c e p t o r number (A.N.) 
(7.) o f t h e s o l v e n t , i . e . t h e a b i l i t y o f t h e p r o t i c s o l v e n t t o 
accept e l e c t r o n s from a s o l u t e t o form a hydrogen bond. F o r 
[Co{(R)-pn}(CN)iJ"", A m a x f o r the 1 A l g

 τ Τ 1 β a b s o r p t i o n band 
v a r i e s as f o l l o w s : hmpa (hexamethylphosphortriamide) A.N. 1 0 . 6 , 
λ 3 6 8 nm; Me 2 S 0 , A.N. 1 9 . 3 , λ 3 6 3 nm; MeOH, A.N. U l . 3 , λ 3 5 6 nm; 
H 2 0 , A.N. 5 U . 8 , λ 353 nm (£). 

Complexes w i t h a t e t r a g o n a l chromophore, i . e . ΣΔ χ=ΣΔ ν^ΣΔ ζ, 
f o r example [Co-URj-pnXCN)^]", have t h e * Α 1 β -* 1 T i g a b s o r p t i o n 
s p l i t i n t o two components, w i t h t h e s e p a r a t i o n r e l a t e d t o t h e 
d i f f e r e n c e i n t h e s p e c t r o c h e m i c a l parameters, Δ, f o r t h e l i g a n d s 
(lît,l£) : 

A E t e t = -0 . 5(0 . 2 5 Σ Δ χ ν - 0 · 5 Σ Δ Ζ ) ( l ) 

For t h e above t e t r a c y a n i d e complex, t h e t e t r a g o n a l s p l i t t i n g i s 
g i v e n by 0 . 2 5 ( A Q ^ - Δ ρ η ) . As A Q ^ changes w i t h s o l v e n t , t h e t e t r a 
g o n al s p l i t t i n g v a r i e s , and t h e r e f o r e , t h e observed CD w i l l 
change even though t h e r o t a t i o n a l s t r e n g t h o f t h e i n d i v i d u a l 
C o t t o n e f f e c t s might not a l t e r . 

A l t h o u g h t h e l i g a n d - f i e l d bands o f ammine complexes a re not 
ve r y s e n s i t i v e t o s o l v e n t , t h e c h a r g e - t r a n s f e r bands do s h i f t w i t h 
s o l v e n t . For example, t h e -> M band i n [ C o ( N H 3 ) 6 ] 3 + occurs a t 
1 9 7 nm i n water but at 2^0 nm i n Me 2S0 ( 9 . ). The charge t r a n s f e r 
t r a n s i t i o n generates p o s i t i v e charge on t h e NH3 l i g a n d s . There
f o r e , i n t h e e x c i t e d s t a t e , t h e l i g a n d s would be a b l e t o form 
s t r o n g e r hydrogen bonds w i t h a p r o t o n - a c c e p t o r s o l v e n t t h a n i n t h e 
ground s t a t e , and hence t h e energy s e p a r a t i o n between t h e ground 
and e x c i t e d s t a t e s would decrease f o r the s e s o l v e n t s . S i n c e the 
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r o t a t i o n a l s t r e n g t h induced i n an e l e c t r i c d i p o l e f o r b i d d e n d-<i 
band v i a t h e c h a r g e - t r a n s f e r t r a n s i t i o n depends on t h e energy 
s e p a r a t i o n between them ( l 6 ) , t h e observed CD w i l l change w i t h 
t h e a b i l i t y o f a s o l v e n t t o v a r y t h e energy o f t h e c h a r g e - t r a n s f e r 
band. An example where t h i s appears t o be important w i l l be 
d i s c u s s e d l a t e r i n t h e paper. 

Ion A s s o c i a t i o n 

I t has been c l e a r l y shown t h a t i o n a s s o c i a t i o n can markedly 
a l t e r t h e CD o f an i o n i c c h i r a l s o l u t e . For example, oxyanions 
such as phosphate form c o n t a c t i o n p a i r s w i t h t r i s ( d i a m i n e ) -
c o b a l t ( i l l ) complexes, r e s u l t i n g i n an i n c r e a s e and a decrease i n 
th e s i z e s o f t h e lAi -> lA2 and 1A]_ -> 1 E (D 3) components, r e s p e c t 
i v e l y , o f t h e x A l g + x T  ( 1 7 - 2 2 )
has been a s c r i b e d t o t h
v i a hydrogen bonding t o t h e a n i o n ( 2 3 ) . 

The donor and a c c e p t o r p r o p e r t i e s o f t h e s o l v e n t as w e l l as 
i t s d i e l e c t r i c c o n t r o l t h e degree o f i o n a s s o c i a t i o n . I f t h i s 
e f f e c t needs t o be min i m i z e d f o r a c a t i o n i c s o l u t e , anions such as 
p e r c h l o r a t e o r t e t r a p h e n y l b o r a t e s h o u l d be used w i t h s o l v e n t s t h a t 
possess a d i e l e c t r i c g r e a t e r t h a n , s a y , 1 5 . For an a n i o n i c com
p l e x i n a p o l a r s o l v e n t , l i t h i u m c o u l d be used as a counter i o n . 
E f f e c t s o f i o n a s s o c i a t i o n a r e more n o t i c a b l e f o r complexes t h a t 
c a r r y a h i g h charge, f o r example 3+» t h a n f o r i o n s t h a t c a r r y a 
s i n g l e charge. 

Conformer P o p u l a t i o n Change 

The f r e e energy d i f f e r e n c e s between conformers o f a s o l u t e 
are i n some cases s o l v e n t dependent, e s p e c i a l l y where 

(a) one conformer o f t h e s o l u t e possesses s t r o n g e r i n t r a m o l e 
c u l a r hydrogen-bonding p r o p e r t i e s than o t h e r s , and t h e 
hydrogen-bonding c a p a b i l i t i e s o f t h e s o l v e n t s can modify 
t h e degree o f i n t r a m o l e c u l a r hydrogen bonding and thus 
change t h e c o n f o r m a t i o n a l energy d i f f e r e n c e s (h). A l t e r 
n a t i v e l y , t h e v a r i o u s conformers may d i f f e r i n t h e i r 
a b i l i t y t o hydrogen bond t o t h e s o l v e n t , and t h e conformer 
p o p u l a t i o n s w i l l v a r y depending on t h e hydrogen-bonding 
c h a r a c t e r o f t h e s o l v e n t . 

(b) t h e molecule possesses two n e i g h b o r i n g d i p o l e s t h a t are at 
d i f f e r e n t o r i e n t a t i o n s t o one another i n t h e v a r i o u s con-
formers ( 3 ) . The d i p o l a r i n t e r a c t i o n s , which c o n t r i b u t e t o 
t h e c o n f o r m a t i o n a l f r e e energy d i f f e r e n c e s , depend on t h e 
d i e l e c t r i c o f t h e medium, b e i n g a t t e n u a t e d i n h i g h d i e l e c 
t r i c media, and enhanced i n low d i e l e c t r i c media. 

For systems where hydrogen-bonding i n t e r a c t i o n s are not o f 
great importance as f a r as t h e CD i s concerned, but d i p o l a r 
i n t e r a c t i o n s are i m p o r t a n t , i t i s t h e o r e t i c a l l y p o s s i b l e t o de
term i n e the s t r a i n - e n e r g y d i f f e r e n c e and t h e d i p o l a r - i n t e r a c t i o n 
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energy d i f f e r e n c e f o r two conformers i n e q u i l i b r i u m v i a a study o f 
t h e s o l v e n t dependence o f t h e CD. The observed r o t a t i o n a l 
s t r e n g t h i s r e l a t e d t o t h e s e two energy terms by e q u a t i o n 2 (3.) · 

RT i n { ( R ^ g - R H J / C R J - R o b s ) } = AG S + AV/D ( 2 ) 

where R i s t h e r o t a t i o n a l s t r e n g t h f o r a p a r t i c u l a r t r a n s i t i o n , 
AG S i s t h e s t r a i n - e n e r g y d i f f e r e n c e , AV i s t h e d i p o l a r - i n t e r a c t i o n 
energy d i f f e r e n c e , and D i s t h e d i e l e c t r i c c o n s t a n t . I f b o t h R j 
and R j j are known, AG S and AV can be determined by p l o t t i n g t h e 
l e f t - h a n d s i d e o f e q u a t i o n 2 a g a i n s t l / D . T h i s s h o u l d be a s t r a i 
ght l i n e w i t h s l o p e AV and i n t e r c e p t AG S. I f o n l y R^ i s known, 
t h e above p l o t i s r e p e a t e d f o r v a r i o u s v a l u e s o f R J J - The v a l u e 
t h a t g i v e s t h e b e s t s t r a i g h t l i n e r e l a t i o n s h i p i s chosen f o r R J J . 

I n t h e remainder o f t h i  t h  solvent-dependen  C f 
a p a r t i c u l a r complex w i l
example has been chose
i s r e l a t e d t o a s o l v e n t - i n d u c e d change i n t h e conformer p o p u l a t 
i o n s o f a c h i r a l l i g a n d . 

S o l v e n t Dependent CD o f Pe n t a a m m i n e c o b a l t ( I I I ) Complexes o f 
C h i r a l C a r b o x y l a t e s 

The CD s p e c t r a o f c a r b o x y l i c a c i d s and e s t e r s have been 
s t u d i e d e x t e n s i v e l y ( 2 Î - 3 5 ) . I n t h e r e g i o n o f t h e η -> π* t r a n s 
i t i o n o f t h e c a r b o x y l a t e group, two Co t t o n e f f e c t s o f o p p o s i t e 
s i g n have been observed, t h e i n t e n s i t i e s o f which v a r y i n v e r s e l y 
w i t h one another as t h e s o l v e n t and/or t h e temperature a r e changed. 
These two Co t t o n e f f e c t s have been a s s o c i a t e d w i t h two rotamers 
o f t h e c a r b o x y l a t e s , t h e p o p u l a t i o n s o f which a r e s o l v e n t and 
temperature dependent ( 2 8 - 3 1 ) . For a 2 - s u b s t i t u t e d p r o p i o n i c 
a c i d o r i t s e s t e r t h e most s t a b l e rotamers a r e shown i n F i g u r e 2 . 
R o t a m e r H I i s g e n e r a l l y c o n s i d e r e d not t o make a major c o n t r i b u t 
i o n t o t h e observed CD s p e c t r a because o f t h e p o t e n t i a l l y low 
r o t a t i o n a l s t r e n g t h o f i t s t r a n s i t i o n s and because o f i t s 
p o s t u l a t e d low r e l a t i v e c o n c e n t r a t i o n . 

The CD s p e c t r a o f pe n t a a m m i n e c o b a l t ( I I I ) complexes o f ( S ) -
a-amino a c i d s b i n d i n g t h r o u g h t h e c a r b o x y l a t e group, and o f ( S ) -
2 - s u b s t i t u t e d p r o p i o n a t e s have e i t h e r a p o s i t i v e o r a n e g a t i v e 
C o t t o n e f f e c t o r bot h i n t h e r e g i o n o f t h e x A l g -* *E g ( D ^ ) com
ponent o f t h e 1Ai„ ->• 1 T i g a b s o r p t i o n . P r e v i o u s l y these two bands 
have been a s c r i b e d t o t h e two components o f t h e t r a n s i t i o n 
r e n d e r e d nondegenerate by t h e low symmetry o f t h e o v e r a l l molecule 
( 3 6 , 3 7 > 3 8 ) . However, i t has been observed t h a t t h e changes i n the 
s i z e s o f t h e s e p o s i t i v e and n e g a t i v e C o t t o n e f f e c t s w i t h s o l v e n t 
and temperature are s i m i l a r t o those changes found f o r t h e f r e e 
a c i d s or t h e i r e s t e r s , and t h e s e changes can a l s o be r a t i o n a l i z e d , 
at l e a s t i n p a r t , i n terms o f changes i n rotamer p o p u l a t i o n s . As 
an example o f t h i s , t h e CD spectrum o f pent a a m m i n e { ( S ) - 2 - c h l o r o -
p r o p i o n a t o ) c o b a l t ( i l l ) } w i l l be c o n s i d e r e d i n some d e t a i l . 
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From t h e iH NMR work o f Karabatsos and coworkers on sub
s t i t u t e d a c etaldehydes (3 9 , ^ 0 )? and from t h e i n f r a r e d s t u d i e s o f 
Brown (hi) and Laato and I s o t a l o (h2) w i t h α-substituted carboxy-
l i c a c i d e s t e r s , i t can be concluded t h a t i n s o l u t i o n t h e e q u i l 
i b r i u m between t h e rotamers i n F i g u r e 2 where R i s CH3 and X i s CI 
fav o u r s rotamer I I i n s o l v e n t s o f low d i e l e c t r i c w i t h rotamer I I I 
l e a s t f a v o u r e d , and f a v o r s rotamer I i n s o l v e n t s o f h i g h 
d i e l e c t r i c . The s o l v e n t s w i t h h i g h d i e l e c t r i c a t t e n u a t e t h e 
d i p o l e - d i p o l e r e p u l s i o n between the C-Cl and C=0 groups, which i s 
maximized i n rotamer I , and hence s h i f t t h e e q u i l i b r i u m towards 
rotamer I . I f t h e temperature o f t h e s o l u t i o n i s d e c r e a s e d , t h e 
a s s o c i a t e d i n c r e a s e i n d i e l e c t r i c would t e n d t o s h i f t t h e 
e q u i l i b r i u m towards rotamer I . 

As found f o r s i m i l a r c h i r a l c a r b o x y l a t e s , t h e CD s p e c t r a o f 
2 - c h l o r o p r o p i o n i c a c i d  c a r b o x y l i  a c i d  i
r e g i o n o f the η π a b s o r p t i o
C o t t o n e f f e c t w i t h t h  p o s i t i v  wavelengt  (S) 
c o n f i g u r a t i o n ( 2 8 ). The low wavelength band was a s s o c i a t e d w i t h 
rotamer I and th e h i g h wavelength band w i t h I I ( 2 8 ). G a f f i e l d and 
G a l e t t o s t u d i e d t h e s o l v e n t - i n d u c e d changes i n t h e η ->· π r e g i o n 
o f t h e CD spectrum o f ( S ) - 2 - c h l o r o v a l e r i c a c i d , and found t h e 
g e n e r a l t r e n d t h a t , as the d i e l e c t r i c o f t h e s o l v e n t i n c r e a s e d , 
the p o s i t i v e C o t t o n e f f e c t i n c r e a s e d i n s i z e , and th e n e g a t i v e 
decreased ( 2 8 ). Th i s i s c o n s i s t e n t w i t h t h e above p r o p o s a l t h a t 
the e q u i l i b r i u m s h i f t s towards I as t h e d i e l e c t r i c i s i n c r e a s e d . 
The v a r i a b l e temperature CD s p e c t r a f o r t h i s compound were a l s o 
r e p o r t e d w i t h EPA ( e t h e r : i s o p e n t a n e : e t h a n o l i n a volume r a t i o 
o f 5 : 5 : 2 ) as s o l v e n t . Both t h e n e g a t i v e and p o s i t i v e C o t t o n 
e f f e c t s i n c r e a s e d i n s i z e as t h e temperature was lowered. S i n c e 
t h e d i e l e c t r i c i n c r e a s e s w i t h d e c r e a s i n g t e m p e r a t u r e , a decrease 
i n t h e n e g a t i v e band might have been expected i f t h e d i e l e c t r i c 
e f f e c t was dominant. This was i n f a c t observed f o r t h e analogous 
( S ) - a - c h l o r o c a r b o x y l i c a c i d s w i t h i s o p r o p y l and t e r t - b u t y l groups 
on t h e α-carbon: t h e p o s i t i v e C o t t o n e f f e c t i n c r e a s e d whereas 
t h e n e g a t i v e became d i m i n i s h i n g l y s m a l l at - l 8 5°C. 

R i c h a r d s o n and S t r i c k l a n d (h3) have e s t i m a t e d t h e r o t a t i o n a l 
s t r e n g t h s o f th e t r a n s i t i o n s o f the c a r b o x y l a t e chromophore f o r 
2 - c h l o r o p r o p i o n i c a c i d d i r e c t l y from m o l e c u l a r o r b i t a l s c a l c u l a t e d 
u s i n g INDO and CNDO s e m i - e m p i r i c a l MO models, and e x c i t e d - s t a t e 
wave f u n c t i o n s c o n s t r u c t e d i n t h e v i r t u a l o r b i t a l - c o n f i g u r a t i o n 
i n t e r a c t i o n a p p r o x i m a t i o n . T h e i r c a l c u l a t i o n s , w h i c h , o f c o u r s e , 
do not t a k e i n t o account s o l v e n t e f f e c t s , r e s u l t e d i n b i n d i n g 
e n e r g i e s f o r t h e rotamers i n c r e a s i n g i n t h e o r d e r I I < I I I < I 
which i s i n disagreement w i t h t h e orde r o f s t a b i l i t i e s concluded 
from t h e NMR and i n f r a r e d work. F u r t h e r , t h e c a l c u l a t i o n s 
y i e l d e d r o t a t i o n a l s t r e n g t h s o f the η -> π t r a n s i t i o n f o r rotamers 
I , I I , and I I I o f - 7 - 9 2 , +13 .98, and - 1 7 - 5 , r e s p e c t i v e l y , i n 
c o n f l i c t w i t h t h e above c o n c l u s i o n s o f G a f f i e l d and G a l e t t o ( 2 8 ) . 
R i c h a r d s o n and S t r i c k l a n d (h3) q u e s t i o n e d t h e assignment o f the 
h i g h wavelength n e g a t i v e band t o t h e η -> π* t r a n s i t i o n (28) 
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because t h e i r c a l c u l a t i o n s had y i e l d e d two almost degenerate 
t r a n s i t i o n s , one l o c a l i z e d on t h e C l atom, and one i n v o l v i n g C l -> 
COOH charge t r a n s f e r , t h a t were below t h e η -*· π* t r a n s i t i o n i n 
energy o c c u r r i n g a t about 260 nm. However, R i c h a r d s o n and S t r i c k 
l a n d acknowledged t h a t t h e i r t h e o r e t i c a l model had d i f f i c u l t i e s 
w i t h m olecules c o n t a i n i n g second row atoms such as C l . F or t h e 
ot h e r molecules t h e y s t u d i e d , t h e r e s u l t s were i n good agreement 
w i t h t h e CD s p e c t r a . 

One s t r u c t u r e o f p e n t a a m m i n e { ( S ) - 2 - c h l o r o p r o p i o n a t o } c o b a l t -
( i l l ) i s g i v e n i n F i g u r e 3 . The l i g a n d i s shown as t h e rotamer I , 
w i t h t h e c a r b o x y l a t e group i n a pla n e b i s e c t i n g ANCoN as was found 
i n t h e X-ray determined s t r u c t u r e (hk) o f acetatopentaammine-
c o b a l t ( l l l ) . The energy l e v e l diagram i s p r e s e n t e d i n F i g u r e U , 
and t h e a b s o r p t i o n spectrum o f t h e complex f o r a range o f s o l v e n t s 
i n F i g u r e 5 · Four band
p o s i t i o n s : 1 A l g -> χ Τ 1 β ( 0
πρ(θ) d z

2 charge t r a n s f e r , 2h0 ; and οι,  d z  charge t r a n s f e r , 
200 nm. The σ ζ -> d x

2 _ y 2 charge t r a n s f e r has A 2 symmetry t h a t i s 
e l e c t r i c - d i p o l e f o r b i d d e n . The t e t r a g o n a l l i g a n d f i e l d s p l i t s t h e 
x A l g •> x T i g d-d band i n t o x A l g -> x E g and 1Δ\σ + * A 2 g components, 
which have been e s t i m a t e d t o occur a t about 507 nm and 1*57 nm, 
r e s p e c t i v e l y (3 7 ). The π-interaction removes t h e degeneracy o f 
t h e A l g Eg t r a n s i t i o n t o g i v e components o f B 2 and B i symmetry. 
I n s o l v e n t s o f r e l a t i v e l y low d i e l e c t r i c t h a t a r e a l s o poor donors, 
some i n t e r a c t i o n appears t o occur between the complex and t h e 
t e t r a p h e n y l b o r a t e c o u n t e r - i o n as evidenced by t h e i n c r e a s e d 
a b s o r p t i o n i n t h e r e g i o n about 300 nm. The e f f e c t i s most marked 
f o r t h e t e t r a h y d r o f u r a n s o l u t i o n t h a t has the lo w e s t d i e l e c t r i c o f 
t h e s o l v e n t s s t u d i e d . 

A c c o r d i n g t o S c h i p p e r ' s AICD t h e o r y ( l 6 ) , t h e d-d^ t r a n s i t i o n 
w i t h B 2 symmetry g a i n s i t s r o t a t i o n a l s t r e n g t h v i a t h e charge-
t r a n s f e r t r a n s i t i o n s w i t h Β 2(π ρ(θ) -> d z

2 and a x _ y -> d z
2 ) and Αχ 

symmetry, and t h e d-d t r a n s i t i o n w i t h B\ symmetry v i a t h e B\ 
( σ χ + ν d z

2 ) and Αχ c h a r g e - t r a n s f e r t r a n s i t i o n s , whereas t h e (1-d 
t r a n s i t i o n w i t h A 2 symmetry i s i n a c t i v e . T h i s i s c o n s i s t e n t w i t h 
t h e observed CD s p e c t r a o f t h i s t y p e o f complex as t h e components 
w i t h E g parentage dominate t h e CD s p e c t r a ( 3 6 , 3 7 , 3 8 ). A c c o r d i n g 
t o t h e AICD t h e o r y , t h e i n d u c i b i l i t i e s o f th e * A i •> 1 B 1 and t h e 
*Ai -* *B 2 components v i a t h e σ·^ -»· d z

2 c h a r g e - t r a n s f e r t r a n s i t i o n s 
a r e o f th e same s i g n (1+5), but more work i s r e q u i r e d b e f o r e i t 
w i l l be known whether t h e AICD t h e o r y p r e d i c t s t h a t t h e two 
components have t h e same s i g n f o r t h e i r r o t a t i o n a l s t r e n g t h s 
because t h e c o n t r i b u t i o n from the π ρ(θ) -> d z 2 charge t r a n s f e r 
w i t h B 2 symmetry has t o be determined and the o r i e n t a t i o n s o f t h e 
t r a n s i t i o n s w i t h r e s p e c t t o t h e i n d u c i n g moments must be evaluated. 

The CD s p e c t r a o f th e complex under t h e X A i g -> x T l g 

a b s o r p t i o n a t 293 Κ i n a range o f s o l v e n t s are p r e s e n t e d i n F i g u r e 
6 , and t h e r e l a t i o n s h i p between t h e t o t a l r o t a t i o n a l s t r e n g t h and 
th e d i e l e c t r i c c o n s t a n t o f t h e s o l v e n t i s p l o t t e d i n F i g u r e 7 · 
As expected from t h e work w i t h t h e c a r b o x y l i c a c i d s and e s t e r s , the 
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Figure 2. Rotamers of 2-substituted 
propionic acid (R = H) and O-substi-

tuted derivatives 
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Figure 3. Pentaamine{(S)-2-chloropro-
pionato} cobalt(III ) 
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Figure 4. Partial molecular orbital dia
gram for pentaamminecobalt(III) com
plexes of carboxylates showing low 
symmetry components for the 1klg -^Ttg 
d-d transition ( ) and the charge-
transfer transitions (· · -). The charge-
transfer transition with A2 symmetry is 
electric-dipole forbidden. ^Bonding mo
lecular orbitals formed from ligand group 

orbitah and ρ orbitals of cobalt. 
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λ (η m) 

Figure 5. Absorption spectrum of pentaammine{(S)-2-chloropropionato}cobalt-
(III) tetraphenylborate in flower set) water (as CZ0 4 " salt), hexamethylphosphor-
triamide (hmpa), dimethyl sulfoxide, N-methylformamide (nmf), N,N-dimethyl-
formamide (dmf); (upper set) acetonitrile, methanol, ethanol, acetone, pyridine 
(py); and tetrahydrofuran (thf). The reference contained tetraphenylborate (as 

Na+ salt) at the same concentration as the solution of the complex. 
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"Figure 6. CD spectrum of pentaammine{(S)-2-chloropropionato}-cobalt(III) 
tetraphenylborate in various solvents. Abbreviations are as for Figure 5. In water, 

the perchlorate salt was used. 
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observed r o t a t i o n a l s t r e n g t h v a r i e s w i t h d i e l e c t r i c . For t h o s e 
s o l v e n t s t h a t were found by NMR not t o s o l v a t e t h e complex s t r o n g 
l y a t 2 9 3 K, t h e r o t a t i o n a l s t r e n g t h becomes l e s s n e g a t i v e and 
e v e n t u a l l y p o s i t i v e as t h e d i e l e c t r i c d e c r e a s e s . Because t h e mole 
f r a c t i o n o f rotamer I I i n c r e a s e s w i t h d e c r e a s i n g d i e l e c t r i c due t o 
t h e r e p u l s i o n s between t h e C=0 and C-Cl d i p o l e s , rotamer I I must 
have a p o s i t i v e and rotamer I a n e g a t i v e r o t a t i o n a l s t r e n g t h . The 
r e v e r s e t r e n d would be expected f o r (S)-alaninepentaamminecobalt-
( I I I ) i n which X i s NU3 + s i n c e t h e coulombic i n t e r a c t i o n o f t h i s 
group w i t h t h e C=0 d i p o l e i s a t t r a c t i v e . As expected, t h e r o t 
a t i o n a l s t r e n g t h under t h e *Axg 1 T i ^ a b s o r p t i o n f o r t h i s complex 
becomes more n e g a t i v e as t h e d i e l e c t r i c decreases and t h e 
e q u i l i b r i u m s h i f t s more towards I ( F i g u r e 8 ) . 

For a s o l v e n t such as a c e t o n i t r i l e t h a t i s a poor donor 
(D.N. = l U . l ) (£), t h
( S ) - 2 - c h l o r o p r o p i o n a t e comple
terms o f t h e s h i f t i n  e q u i l i b r i u  e n e r g e t i c a l l y 
p r e f e r r e d rotamer I at low temperature. T h i s s h i f t i n t h e e q u i l 
i b r i u m i s h e i g h t e n e d by t h e i n c r e a s e i n t h e d i e l e c t r i c as t h e 
temperature i s lowered. The CD s p e c t r a i n water and methanol 
a l s o become more n e g a t i v e as t h e temperature i s l o w e r e d . 

1H and 1 3 C NMR s t u d i e s have shown t h a t t h e major s i t e s f o r 
s p e c i f i c s o l v a t i o n a re t h e C=0 group w i t h a c c e p t o r s o l v e n t s , and 
t h e NH3 groups w i t h donor s o l v e n t s . There seems t o be no r e l a t 
i o n s h i p between t h e observed r o t a t i o n a l s t r e n g t h and t h e degree 
o f s o l v a t i o n at t h e C=0 group. On t h e o t h e r hand, s o l v a t i o n at 
t h e NH3 group appears t o have a marked e f f e c t on t h e CD. For 
example, t h e r o t a t i o n a l s t r e n g t h s i n hmpa and Me2S0 t h a t a re 
s t r o n g donor s o l v e n t s are much more p o s i t i v e t h a n would have been 
p r e d i c t e d from t h e i r d i e l e c t r i c c o n s t a n t . 

As s t a t e d above, s o l v a t i o n at NH3 does not s i g n i f i c a n t l y 
a f f e c t Δ(ΝΗ3) but i t does change t h e energy and i n t e n s i t y o f t h e 
charge t r a n s f e r t r a n s i t i o n s . U n f o r t u n a t e l y , s o l v e n t a b s o r p t i o n 
i n t h e v i c i n i t y o f t h e charge t r a n s f e r t r a n s i t i o n s has p r e v e n t e d 
an e x p e r i m e n t a l a n a l y s i s o f t h e e f f e c t s o f s o l v a t i o n on t h e 
charge t r a n s f e r s . However, t h e o-^ d z

2 charge t r a n s f e r t r a n s 
i t i o n s would c e r t a i n l y be a f f e c t e d d i f f e r e n t l y t o t h e ττρ(θ) -> d z

2 . 
I f , f o r example, t h e s e t r a n s i t i o n s induce C o t t o n e f f e c t s o f 
o p p o s i t e s i g n i n t h e d_-d_ bands, t h e change i n t h e r e l a t i v e p o s i t 
i o n s and i n t e n s i t i e s o f t h e charge t r a n s f e r s w i t h s o l v a t i o n would 
g i v e r i s e t o s i g n i f i c a n t changes i n t h e observed CD. T h i s c o u l d 
e x p l a i n t h e observed t r e n d t o more p o s i t i v e r o t a t i o n a l s t r e n g t h s 
i n s o l v e n t s o f h i g h d o n i c i t y such as hmpa (D.N. = 3 8 . 8 ) and Me2S0 
(D.N. = 2 9 . 8 ) and a l s o t h e t r e n d t o more p o s i t i v e r o t a t i o n a l 
s t r e n g t h s i n t h e donor s o l v e n t s as t h e temperature i s lowered 
( F i g u r e 1 0 ) . For t h e hmpa and Me2S0 s o l u t i o n s , t h e r o t a t i o n a l 
s t r e n g t h o f t h e p o s i t i v e band i n c r e a s e s as t h e temperature i s 
lowered and t h e degree o f s o l v a t i o n i n c r e a s e s . The v a r i a b l e temp
e r a t u r e r e s u l t s f o r methanol and e t h a n o l are i n marked c o n t r a s t 
t o each o t h e r . For methanol, as t h e temperature i s l o w e r e d , t h e 
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Figure 7. A plot of the observed rotational strength under the 1Alg —» 3T l i 7 ab
sorption band (in cgs units) of pentaamine{(S)-2-chloropropionato}cobalt(III) as 

a function of the dielectric constant of the solvent 
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Figure 8. CD spectrum of (S)-ahninepentaamminecobalt(IH) as the perchlorate 
salt in water and as the tetraphenylborate salt in methanol, ethanol, and thf. 
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r o t a t i o n a l s t r e n g t h becomes more n e g a t i v e as would be expected 
from t h e i n c r e a s e d d i e l e c t r i c at low temperature and t h e 
a s s o c i a t e d s h i f t i n t h e e q u i l i b r i u m towards rotamer I . For 
e t h a n o l , which has a lower d i e l e c t r i c c o n s t a n t , t h e e q u i l i b r i u m 
i s s h i f t e d f u r t h e r towards rotamer I I t h a n f o r methanol. At low 
temperatures t h e CD changes t o g i v e a p o s i t i v e band under t h e 
1 A i g •> 1 T j g a b s o r p t i o n . T h i s i s not because t h e e q u i l i b r i u m i s 
s h i f t i n g towards rotamer I I as the temperature i s lo w e r e d because 
t h e d i e l e c t r i c c o n s t a n t f o r e t h a n o l i n c r e a s e s as t h e temperature 
i s lowered and would s h i f t t h e e q u i l i b r i u m towards rotamer I . I t 
i s f e l t t h a t t h e changes i n t h e CD w i t h temperature observed f o r 
e t h a n o l and a l s o f o r t e t r a h y d r o f u r a n and p y r i d i n e a r e due t o t h e 
p o s i t i o n s o f t h e e q u i l i b r i u m i n t h e s e s o l v e n t s t h a t have r e l a t 
i v e l y low d i e l e c t r i c c o n s t a n t s t o g e t h e r w i t h an i n c r e a s e i n t h e 
degree o f s o l v a t i o n . F or dmf, which i s a r e l a t i v e l y good donor 
s o l v e n t (D.N. = 2 6 . 6 )
temperature and t h i s become
lowered. Acetone on t h e o t h e r hand i s a r e l a t i v e l y poor donor 
(D.N. = 1 7 . 0 ) and t h e r o t a t i o n a l s t r e n g t h becomes more n e g a t i v e as 
the temperature i s lowered i n l i n e w i t h t h e s h i f t i n t h e e q u i l i b r 
ium towards rotamer I . A s l i g h t p o s i t i v e c o n t r i b u t i o n from s o l 
v a t i o n i s superimposed on t h i s n e g a t i v e band. 
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T h e Nature of the Equi l ibr ium Displacement 

Mechanism for the Pfeiffer Effect in Inorganic Chemistry 

STANLEY KIRSCHNER and PAUL SERDIUK 
Department of Chemistry, Wayne State University, Detroit, MI 48202 

The Pfe i f fer Effec
in optical rotation
(usually a solution of one enantiomer of an opt ical ly 
active compound, cal led the "environment substance", 
dissolved in an optical ly inactive solvent) upon the 
addition of a racemic mixture of a dissymmetric, 
opt ical ly lab i l e coordination compound. Much work has 
been done on this Effect (2 - 8) and several mechanisms 
have been proposed to explain it, which are described 
in a review by Schipper (9). It i s of interest to 
note that the Effect can occur with racemic mixtures of 
certain opt ical ly lab i l e complex cations (e .g . , D , L -
[Zn(o-phen) 3 ]2+)  whether the environment substance i s 
anionic (d- α-bromo-camphor-π-sulfonate), neutral 
( levo-nicotine), or cationic (d-cinchoninium). The 
most frequently used solvent for the Pfe i f fer Effect 
is water (10), although the Effect i s known to occur 
in other solvents as well (3 ,4 ,6 ) . 

Since the magnitude of the Effect i s proportional 
to the concentrations of both the environment substance 
and the complex, a series of equations have been 
developed for observed Pfe i f fer rotat ion, specif ic 
Pfe i f fer rotation, and molar Pfe i f fer rotation which 
are analagous to those for observed optical rotation, 
specific optical rotation, and molar optical rotation 
(3,4,6,10). These are 

0-8412-0538-8/80/47-119-239$05.00/0 
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where i s t h e o b s e r v e d P f e i f f e r r o t a t i o n ( i n 
d e g r e e s ; , " a e + c i s t h e o b s e r v e d r o t a t i o n o f t h e 
s o l u t i o n c o n t a i n i n g t h e r a c e m i c complex and t h e 
e n v i r o n m e n t s u b s t a n c e , a Q i s t h e o b s e r v e d r o t a t i o n o f 
t h e s o l u t i o n c o n t a i n i n g t h e e n v i r o n m e n t s u b s t a n c e o n l y , 
[P] i s t h e s p e c i f i c P f e i f f e r r o t a t i o n , ( c) i s t h e 
c o n c e n t r a t i o n o f t h e complex i n g/ml (e) i s t h e 
c o n c e n t r a t i o n o f t h e e n v i r o n m e n t s u b s t a n c e i n g/ml, 
d i s t h e p a t h l e n g t h i n dm, [ P M ] i - s ^ e roc-lar 
P f e i f f e r r o t a t i o n , [ c ] i s t h e m o l a r c o n c e n t r a t i o n 
o f t h e complex, [ e ] i s t h e m o l a r c o n c e n t r a t i o n o f t h e 
e n v i r o n m e n t s u b s t a n c e , and d m i s t h e p a t h l e n g t h i n 
m e t e r s . 

The E q u i l i b r i u m D i s p l a c e m e n

Dwyer and c o - w o r k e r s (2) and K i r s c h n e r and 
c o - w o r k e r s ( J O have p r o p o s e d t h a t t h e e n a n t i o m e r s o f 
r a c e m i c m i x t u r e s o f o p t i c a l l y l a b i l e , d i s s y m m e t r i c 
complexes a r e i n e q u i l i b r i u m i n s o l u t i o n s c o n t a i n i n g 
no e n v i r o n m e n t s u b s t a n c e , and t h a t t h e e q u i l i b r i u m 
c o n s t a n t i n s u c h s y s t e m s i s e q u a l t o 1. However, 
i n t h e p r e s e n c e o f one e n a n t i o m e r o f an o p t i c a l l y 
a c t i v e e n v i r o n m e n t s u b s t a n c e , t h i s e q u i l i b r i u m i s 
s h i f t e d , w i t h a c o n s e q u e n t e n r i c h m e n t o f one o f t h e 
e n a n t i o m e r s o f t h e complex, t h e r e b y c h a n g i n g t h e 
e q u i l i b r i u m c o n s t a n t t o s o m e t h i n g g r e a t e r o r l e s s t h a n 
1. An e q u a t i o n w h i c h r e p r e s e n t s a t y p i c a l P f e i f f e r 
E f f e c t e q u i l i b r i u m i s : 

A ( + ) D [ N i ( o - p h e n ) ^ ] 2 + J Δ(-)ρ [ N i ( o - p h e n ) ̂  2 + ( - } 

F i g u r e 1 shows t h e P f e i f f e r E f f e c t f o r t h e r a c e m i c 
complex [ C r ( C 2 0 ^ ) 3]·^" i n t h e p r e s e n c e o f d - c i n c h o n i n i u m 
c h l o r i d e , and t h i s f i g u r e a l s o p r o v i d e s s t r o n g s u p p o r t 
f o r t h e e q u i l i b r i u m d i s p l a c e m e n t mechanism d e s c r i b e d 
above. I t s h o u l d be n o t i c e d t h a t t h e o p t i c a l r o t a t o r y 
d i s p e r s i o n (ORD) o f t h e complex i n t h e P f e i f f e r E f f e c t 
( F i g u r e 1) i s e s s e n t i a l l y t h e same a s t h a t o f t h e p u r e 
e n a n t i o m e r r e s o l v e d by c o n v e n t i o n a l means, and i t 
shows a marked C o t t o n E f f e c t . S i n c e t h e e n v i r o n m e n t 
s u b s t a n c e i t s e l f shows o n l y a p l a i n o r n o r m a l o p t i c a l 
r o t a t o r y d i s p e r s i o n i n t h e v i s i b l e r e g i o n , t h e ORD 
i n t h e P f e i f f e r e x p e r i m e n t must be due t o an e x c e s s o f 
one e n a n t i o m e r o f t h e complex o v e r t h e o t h e r - w h i c h i s 
what i s p o s t u l a t e d t o o c c u r i n t h e e q u i l i b r i u m 
d i s p l a c e m e n t mechanism. 

I t s h o u l d be m e n t i o n e d a t t h i s p o i n t t h a t 
Yoneda and c o - w o r k e r s (11) p r e s e n t e v i d e n c e i n f a v o r 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 1. (A) Optical rotatory dispersion of (-\-)D-[Cr(C20^3]3' in water at 
23° C; (Β) Pfeiffer rotatory dispersion of D,L-/" Cr(CJdh)sf~ in water at23°C with 

d-cinchoninium chloride. 
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ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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o f a d i f f e r e n t mechanism f o r t h e E f f e c t when 
c i n c h o n i n i u m c a t i o n i s u s e d as t h e e n v i r o n m e n t 
s u b s t a n c e f o r a complex o f t h e same c h a r g e s i g n 
as t h e e n v i r o n m e n t s u b s t a n c e . T h i s i n d i c a t e s t h a t t h e 
mechanism o f t h e E f f e c t may be d i f f e r e n t when t h e 
en v i r o n m e n t s u b s t a n c e and t h e complex b o t h have 
c h a r g e s o f t h e same s i g n . 

The Time and R a c e m i z a t i o n E x p e r i m e n t s 

I n s u p p o r t o f t h e e q u i l i b r i u m d i s p l a c e m e n t 
mechanism, a s t u d y o f t h e P f e i f f e r r o t a t i o n o f t h e 
sys t e m D,L-[Ni(o-phen)3 ] 2 + w i t h l e v o - m a l i c a c i d as 
an e n v i r o n m e n t s u b s t a n c e i n w a t e r p r o d u c e s some 
i n t e r e s t i n g r e s u l t
r e a c h e s i t s maximu
t h a t t i m e , e x a c t l y as much d e x t r o - m a l i c a c i d i s 
added t o t h e s y s t e m as t h e l e v o e n a n t i o m e r a l r e a d y 
p r e s e n t , t h e n t h i s has t h e e f f e c t o f r e m o v i n g 
( d e a c t i v a t i n g ) t h e e n v i r o n m e n t s u b s t a n c e , so t h a t t h e 
e x c e s s o f t h e complex e n a t i o m e r has no a l t e r n a t i v e b u t 
t o undergo r a c e m i z a t i o n . I t s h o u l d be n o t e d ( F i g u r e 
3) t h a t t h e r a t e o f t h i s r a c e m i z a t i o n i s i d e n t i c a l t o 
t h e r a c e m i z a t i o n r a t e o f t h e o p t i c a l l y p u r e complex 
w h i c h has been r e s o l v e d by c o n v e n t i o n a l means. 

I t i s a l s o i m p o r t a n t t o n o t e t h a t t h e P f e i f f e r 
R o t a t o r y D i s p e r s i o n and t h e P f e i f f e r C i r c u l a r 
D i c h r o i s m o f a g i v e n complex e n a n t i o m e r ( e . g . , 
L- [ 0 0 ( 0 2 0 ^ ) 3 ] 3 - ), a r e t h e same as t h e ORD and CD 
o f t h i s c omplex r e s o l v e d by c o n v e n t i o n a l means ( 8 ) . 

A b s o l u t e C o n f i g u r a t i o n and E q u i l i b r i u m D i s p l a c e m e n t 

F u r t h e r s u p p o r t f o r t h e e q u i l i b r i u m d i s p l a c e m e n t 
mechanism a r i s e s f r o m a s t u d y o f t h e P f e i f f e r E f f e c t 
and t h e a b s o l u t e c o n f i g u r a t i o n s o f t h e e n v i r o n m e n t 
s u b s t a n c e s v s . t h e a b s o l u t e c o n f i g u r a t i o n s o f t h o s e 
e n a n t i o m e r s o f t h e complexes w h i c h a r e e n r i c h e d 
d u r i n g t h e a p p e a r a n c e o f t h e P f e i f f e r E f f e c t . T a b l e 1 
shows t h e s i g n o f t h e o p t i c a l r o t a t i o n o f t h e e n r i c h e d 
e n a n t i o m e r o f t h e complex as a f u n c t i o n o f t h e 
a b s o l u t e c o n f i g u r a t i o n o f t h e e n v i r o n m e n t s u b s t a n c e . 
I t c a n be s e e n f r o m T a b l e I t h a t t h e same e n a n t i o m e r 
( D - l i n e ) o f t h e t r i s ( b i d e n t a t e ) complex i s e n r i c h e d 
whenever t h e e n v i r o n m e n t s u b s t a n c e has t h e same 
a b s o l u t e c o n f i g u r a t i o n , r e g a r d l e s s o f t h e s i g n o f 
r o t a t i o n o f t h a t e n v i r o n m e n t s u b s t a n c e . T h i s i n d i c a t e s 
t h a t whenever a r a c e m i c m i x t u r e o f an o p t i c a l l y l a b i l e 
c omplex " s e n s e s " an e n v i r o n m e n t o f a g i v e n a b s o l u t e 
c o n f i g u r a t i o n , t h e e q u i l i b r i u m between t h e e n a n t i o m e r s 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 2. Pfeiffer Effect and the racemization of [Ni(o-phen)3]Cl2 in water with 
malic acid as the environment substance. Optical rotation as a function of time 
is given for: (A) \-malic acid; (B) \-malic acid + O,L-[Ni(o-phen) 3]Cl2; (C) System 
Β + ά-malic acid; (D) racemization of the excess ^[Ni(o-phen)3]Cl2 produced by 

the Pfeiffer Effect (System C allowed to decay). 
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ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 3. The racemization of the (-\-)D enantiomer of [Cr(C20^3]3' in water at 
23° C: (A) the optically pure complex resolved by conventional techniques; (B) 

the complex partially resolved via the Pfeiffer Effect technique. 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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o f t h e complex s h i f t s i n t h e same d i r e c t i o n , r e g a r d l e s s 
o f t h e s i g n o f r o t a t i o n o f t h e e n v i r o n m e n t s u b s t a n c e 
( 1 2 ) . 

I n a d d i t i o n , whenever an e n v i r o n m e n t s u b s t a n c e o f 
a g i v e n a b s o l u t e c o n f i g u r a t i o n i s u t i l i z e d i n t h e 
P f e i f f e r E f f e c t , t h e a b s o l u t e c o n f i g u r a t i o n o f t h e 
complex e n a n t i o m e r w h i c h i s e n r i c h e d d u r i n g t h e 
E f f e c t i s f i x e d . T a b l e I I shows t h e a b s o l u t e 
c o n f i g u r a t i o n s o f t h e e n r i c h e d e n a n t i o m e r o f t h e 
complexes w h i c h a r e p r o d u c e d d u r i n g t h e P f e i f f e r 
E f f e c t w i t h e n a n t i o m e r s o f en v i r o n m e n t s u b s t a n c e s o f a 
g i v e n a b s o l u t e c o n f i g u r a t i o n . 

T a b l e I. 

The P f e i f f e r E f f e c
V a r i o u s E n v i r o n m e n t S u b s t a n c e s 

E n v i r o n m e n t 
S u b s t a n c e 

A b s o l u t e 
C o n f i g u r a t i o n 
o f 
E n v i r o n m e n t 

S i g n o f 
R o t a t i o n 
o f E n r i c h e d 
Complex 

+ ) D T a r t a r i c A c i d 
- ) D M a n d e l i c A c i d 
+ ) D M a l i c A c i d 
- ) D T a r t a r i c A c i d 
- ) D M a l i c A c i d 
+ ) D A s p a r t i c A c i d 
+ ) D A l a n i n e 

RR 
R 
R 
SS 
S 
S 
S 

D e x t r o 
D e x t r o 
D e x t r o 
Levo 
Levo 
Levo 
Levo 

Table I I . 
A b s o l u t e C o n f i g u r a t i o n s of Complexes i n P f e i f f e r Systems 

Environment 
Substance 

E n r i c h e d Complex 
Enantiomer 

S ( + ) D a s p a r t i c ( - ) D Ni(o-phen)3 
a c i d 

S ( + ) I ) a s p a r t i c ( + ) D Fe(o-phen>3 
a c i d 

S(-) m a l i c 
ac?d 

S ( - ) ^ m a l i c 
a c i d 

( - ) D N i ( o - p h e n ) 3 

( + ) D Fe (o-phen)3 

2+ 

2+ 

2+ 

2+ 

P r e d i c t e d 
A b s o l u t e 
C o n f i g u -
a t i o n 

Δ 

Δ 

Δ 

Δ 

Observed 
A b s o l u t e 
C o n f i g u -
a t i o n 

Δ 

Δ 

Δ 

Δ 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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T h i s o b s e r v a t i o n a p p e a r s t o be g e n e r a l f o r t h e 
P f e i f f e r E f f e c t w i t h t r i s ( b i d e n t a t e ) complexes and 
e n v i r o n m e n t s u b s t a n c e s w h i c h a r e o r g a n i c compounds 
c a p a b l e o f u n d e r g o i n g h y d r o g e n b o n d i n g ( 1 2 ) , and i t 
p r o v i d e s a t e c h n i q u e f o r p r e d i c t i n g t h e a b s o l u t e 
c o n f i g u r a t i o n s o f d i s s y m m e t r i c , o p t i c a l l y l a b i l e 
c o m p l e x e s , as w e l l as o f o r g a n i c a c i d s c a p a b l e o f 
a c t i n g as e n v i r o n m e n t s u b s t a n c e s i n t h e P f e i f f e r 
E f f e c t . Yoneda and c o - w o r k e r s (11) have p o i n t e d out 
t h a t t h i s o b s e r v a t i o n does n o t h o l d when t h e e n v i r o n m e n t 
s u b s t a n c e i s d - c i n c h o n i n i u m c a t i o n , i n s u p p o r t o f a 
d i f f e r e n t mechanism f o r t h e P f e i f f e r E f f e c t i n t h i s c a s e . 

Hydrogen B o n d i n g and t h e P f e i f f e r E f f e c t 

S e v e r a l p a p e r s
( i - i i i ^ t ) d e s c r i b i n g h y d r o g e n b o n d i n g t o t h e - e l e c t r o n 
c l o u d s o f a r o m a t i c s y s t e m s , and t h e y p o i n t out t h a t t h e 
h y d r o g e n bond i s i n a l i n e p e r p e n d i c u l a r t o t h e p l a n e 
o f t h e 7 r - e l e c t r o n c l o u d . I t i s p r o p o s e d t h a t t h e 
f u n d a m e n t a l n a t u r e o f t h e P f e i f f e r I n t e r a c t i o n between 
t h e e n v i r o n m e n t s u b s t a n c e and t h e complex ( w h i c h i s 
o p e r a t i v e i n t h e e q u i l i b r i u m d i s p l a c e m e n t mechanism) i s 
h y d r o g e n b o n d i n g between OH g r o u p s o f t h e e n v i r o n m e n t 
compound and t h e π-electron c l o u d s o f t h e l i g a n d s o f 
t h e complex. F i g u r e 4 shows s c h e m a t i c a l l y t h e "head-on" 
t y p e o f h y d r o g e n b o n d i n g w h i c h o c c u r s w i t h a r o m a t i c 
systems and w h i c h i s p r o p o s e d t o o c c u r f o r t h e P f e i f f e r 
s y s tems d e s c r i b e d h e r e i n . 

S u p p o r t f o r t h i s p r o p o s a l comes f r o m a s t u d y o f t h e 
pH dependence o f t h e P f e i f f e r E f f e c t . I t can be s e e n 
f r o m T a b l e I I I t h a t an i n c r e a s e i n pH r e s u l t s i n a 
marked d i m i n u t i o n o f t h e magnitude o f t h e P f e i f f e r E f f e c t -
a r e s u l t w h i c h w o u l d n o t be e x p e c t e d on t h e b a s i s o f an 
i o n i c a t t r a c t i o n between t h e complex and t h e e n v i r o n m e n t 
s u b s t a n c e . T h i s i s due t o t h e f a c t t h a t an i n c r e a s e i n 
pH o f a s y s t e m where m a l i c a c i d i s t h e e n v i r o n m e n t 
s u b s t a n c e , f o r example, w o u l d r e s u l t i n t h e f o r m a t i o n o f 
t h e h y d r o g e n m a l a t e o r m a l a t e a n i o n s t w h i c h might be 
e x p e c t e d t o be more s t r o n g l y a t t r a c t e d t.Q t h e complex 
c a t i o n t h a n m a l i c a c i d i t s e l f . T h i s i s c l e a r l y n o t 
t h e c a s e , as c a n be s e e n f r o m T a b l e I I I , s i n c e t h e 
P f e i f f e r E f f e c t d e c r e a s e s i n magnitude w i t h i n c r e a s i n g 
pH. 

R a t h e r , t h i s d e c r e a s e i n magnitude o f t h e P f e i f f e r 
E f f e c t w i t h i n c r e a s i n g pH may now be e x p l a i n e d as a 
r e s u l t o f t h e m a r k e d l y d e c r e a s e d a b i l i t y o f t h e m a l i c 
a c i d t o undergo h y d r o g e n b o n d i n g t o t h e a r o m a t i c 
e l e c t r o n c l o u d , s i n c e t h e h y d r o g e n s n e c e s s a r y f o r t h i s 
h y d r o g e n b o n d i n g a r e removed as t h e pH o f t h e 
s y s t e m i n c r e a s e s . 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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T a b l e I I I . 

The P f e i f f e r E f f e c t and pH f o r t h e 
S ystem L e v o - M a l i c A c i d and 
D . L - [ N i (o-phen) C l £ 

P H [ P
M ] D 5 ° (O) 

1.0 2680 
2.0 2660 
3-0 1980 
4 . 0 820 
5 .0 380 

8.0 80 
9.0 120 

E n v i r o n m e n t Compounds W i t h No A v a i l a b l e H y d r o g e n 
f o r H y drogen B o n d i n g 

I n o r d e r t o p r o v i d e a d d i t i o n a l t e s t s f o r t h e 
h y d r o g e n b o n d i n g p r o p o s a l , i t was d e c i d e d t o s t u d y 
t h e P f e i f f e r E f f e c t w i t h e n v i r o n m e n t s u b s t a n c e s h a v i n g 
r e d u c e d (and z e r o ) c a p a c i t y f o r h y d r o g e n b o n d i n g t o 
t h e a r o m a t i c e l e c t r o n c l o u d s o f t h e l i g a n d s o f t h e 
c o m p l e x e s . F i g u r e 5 shows t h e f o r m u l a e o f t a r t a r i c 
a c i d and s e v e r a l o f i t s d e r i v a t i v e s w h i c h have been 
u t i l i z e d i n t h i s s t u d y . I t s h o u l d be n o t e d t h a t t h e 
2- m e t h o x y - 2 - h y d r o x y d e r i v a t i v e p r o v i d e s some o p p o r t u n i t y 
f o r h y d r o g e n b o n d i n g , whereas t h e o t h e r two s u c c i n a t e 
d e r i v a t i v e s p r o v i d e no such o p p o r t u n i t y . 

T a b l e s I V - V I I I d e s c r i b e t h e P f e i f f e r E f f e c t on 
t h e D.L-TNi(o-phen) o] ̂ * w i t h (+ ) D - t a r t a r i c a c i d , 
sodium h y d r o g e n ( + ) - t a r t r a t e , t h e d i e t h y l - 2 - m e t h o x y -
3 - h y d r o x y d e r i v a t i v e , t h e d i e t h y l - 2 , 3 - d i m e t h o x y 
d e r i v a t i v e , and t h e d i m e t h y l - 2 - 3 - d i m e t h o x y d e r i v a t i v e . 
As c a n be seen from t h e i r s t r u c t u r e s , t h e f i r s t t h r e e 
o f t h e s e compounds have t h e a b i l i t y t o undergo h y d r o g e n 
b o n d i n g , w h i l e t h e l a s t two do n o t . T a b l e s I V , V, and 
V I c l e a r l y i n d i c a t e t h a t s i g n i f i c a n t P f e i f f e r E f f e c t s 
o c c u r i n t h e systems c o n t a i n i n g t h o s e e n v i r o n m e n t 
s u b s t a n c e s c a p a b l e o f u n d e r g o i n g h y d r o g e n b o n d i n g , 
whereas T a b l e s V I I and V I I I show t h a t no s i g n i f i c a n t 
P f e i f f e r E f f e c t o c c u r s i n t h o s e s y s t e m s c o n t a i n i n g 
e n v i r o n m e n t s u b s t a n c e s w h i c h a r e i n c a p a b l e o f 
u n d e r g o i n g h y d r o g e n b o n d i n g . T h i s p r o v i d e s a d d i t i o n a l 
e v i d e n c e i n s u p p o r t o f t h e p r o p o s e d h y d r o g e n b o n d i n g 
mechanism m e n t i o n e d .above. -ι « Λι 

American Chemical 
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U N S A T U R A T E D P I - E L E C T R O N 
C L O U D S Y S T E M O F T H E 0 -
P H Ε N A N T H R O L I N E R I N G S 

Figure 4. Hydrogen bonding mechanism. Proposed for the Pfeiffer Effect. 
"Head-on" hydrogen bonding to π-electron clouds of ligand ring systems; Δ(—)-

[Ni(o-phen)s]2+ with S(—)D-malic acid. 

0 / 0 - H / 0 - C 2 H 5 
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Λ Λ 
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D I E T H Y L - ( + ) 2 - M E T H 0 X Y - 3 ~ H Y D R 0 X Y -

S U C C I N A T E 
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1 
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S U C C I N A T E S U C C I N A T E 

Figure 5. Tartaric acid and substituted tartaric acids 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
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TABLE IV. 

THE PFEIFFER EFFECT WITH (+) ̂ -TARTARIC ACID 

OBSERVED OPTICAL ROTATION IN DEGREES 

λ(NM.) —> 589 528 546 436 

TIME 
4 MIN. 0 . 1 0 1 0 . 1 2 0 0 .140 0 . 2 0 9 

1 HOUR 0 . 1 2 7 0 . 1 3 9 0 . 1 5 9 0 . 2 5 2 

2 HOURS 0.140 0 . 1 5 2 0 . 175 0 . 2 8 6 

3.66 " 0 . 1 5 9 0 . 1 7 2 0 . 196 0 . 3 2 8 

5 . 3 3 " 0 . 1 8 1 0 . 1 9 1 0 .220 0 . 3 7 9 

7 - 3 3 " 0 . 1 9 8 0 . 2 1 1 0 .242 0 . 4 2 8 

2 ? . 0 " 0 . 3 5 2 0 . 3 7 2 0 . 4 3 1 Ο .83Ο 

5 3 - 3 " 0.440 0 . 4 6 5 0 • 538 1 . 0 5 5 

7 5 . 2 " 0 . 4 7 5 0 . 5 0 0 0 • 579 I . I 3 6 

9 8 . 0 " 0.488 0 . 5 1 3 0 • 593 1 . 1 6 5 

COMPLEX: TRI(ORTHO-PHENANTHROLINE)NICKEL(II) 

PATH LENGTH: 1 DECIMETER 

SOLVENT: WATER ; TEMPERATURE: 2 3 ° C. 

CONCENTRATIONS: COMPLEX - 0 . 0 2 MOLAR 

ENVIRONMENT - 0 . 0 4 MOLAR 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE V. 

THE PFEIFFER EFFECT WITH 

SODIUM HYDROGEN (+) ̂ -TARTRATE-

OBSERVED OPTICAL ROTATION IN DEGREES 

λ ( NM. ) — • 589 578 546 436 

TIME 
2 MINUTES 0 .185 0.195 0.221 O.340 

1.33 HOURS 0 .189 0.201 0.226 0.348 
3.33 " 0 .194 0.205 0.232 Ο .362 

5 . 1 7 " 0 .205 0.215 0.242 Ο .386 

25.0 0 .261 0.275 0.313 0.536 

4 7 . 8 0 .288 O .3OI 0.3^5 0.595 
73.0 0 .300 0.314 0.357 0.632 

9 9 . 7 " 0 .303 0.318 Ο.36Ο 0.641 

COMPLEX: TRI(ORTHO-PHENANTHROLINE)NICKEL(II) 

PATH LENGTH: 1 DECIMETER 

SOLVENT: WATER; TEMPERATURE: 23° C. 

CONCENTRATIONS: COMPLEX - 0.02 MOLAR 
ENVIRONMENT - 0.04 MOLAR 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE V I . 

THE PFEIFFER EFFECT WITH 

DIETHYL-(+)-2-METHOXY-

OBSERVED OPTICAL ROTATION IN DEGREES 

λ ( N M . ) — • 589 578 546 4 3 6 
TIME 

5 MINUTES 0.497 0.513 0 • 578 0.909 

1 HOUR 0.501 0.521 0 .586 0.919 

2 HOURS 0.505 0.531 0 • 594 0.938 

3 " O.510 0.532 0 • 599 0.950 

4 Ο .518 O.540 0 .609 0.967 

COMPLEX: TRI(ORTHO-PHENANTHROLINE)NICKEL(II) 

PATH LENGTH: 1 DECIMETER 

SOLVENT: WATER; TEMPERATURE: 23° C. 

CONCENTRATIONS: COMPLEX - 0.02 MOLAR 

ENVIRONMENT - 0.04 MOLAR 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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TABLE V I I . 

THE PFEIFFER EFFECT WITH 

DIETHYL-(+) -2 ,3-DIMETHOXYSUCCINATE 

OBSERVED OPTICAL ROTATION IN DEGREES 

λ (NM. ) — 5 8 2 5 2 8 5 4 6 4 3 6 
TIME 

5 MINUTES 0 .854 0.887 1.000 1.608 
4 HOURS 0 .86

COMPLEX ; TRI(ORTHO-PHENANTHROLINE)NICKEL(II) 
PATH LENGTH: 1 DECIMETER 
SOLVENT : WATER; TEMPERATURE: 23° C. 
CONCENTRATIONS: COMPLEX - 0 .02 MOLAR 

ENVIRONMENT - 0 . 0 4 MOLAR 

TABLE V I I I . 

THE PFEIFFER EFFECT WITH 

DIMETHYL-(+)-2 ,3-DIMETHOXYSUCCINATE 

OBSERVED OPTICAL ROTATION IN DEGREES 

λ (NM. ) — - 5 8 2 5 2 8 5 4 6 4 3 6 
TIME 
5 MINUTES 0.219 0.226 0.256 0.400 
1.5 HOURS 0.218 0.226 0.256 0.401 
3-3 " 0.217 0.224 0.252 0.399 

4 . 2 " 0.215 0.223 0.248 0.396 

COMPLEX: TRI(ORTHO-PHENANTHROLINE)NICKEL(II) 
PATH LENGTH: 1 DECIMETER 
SOLVENT: WATER; TEMPERATURE: 23° C. 
CONCENTRATIONS: COMPLEX - 0 . 0 2 MOLAR 

ENVIRONMENT - 0.04 MOLAR 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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E x p e r i m e n t a l 

A l l o p t i c a l r o t a t i o n measurements, o p t i c a l r o t a t o r y 
d i s p e r s i o n s , and c i r c u l a r d i c h r o i s m s p e c t r a were d e t e r m i n e d 
on a C a r y - 6 0 s p e c t r o p o l a r i m e t e r w i t h c i r c u l a r d i c h r o i s m 
a t t a c h m e n t . I n a d d i t i o n , some o p t i c a l r o t a t i o n s were 
d e t e r m i n e d on a P e r k i n - E l m e r Model 141 p h o t o e l e c t r i c 
p o l a r i m e t e r . O n l y r e a g e n t g r a d e c h e m i c a l s were u s e d i n 
t h e s y n t h e s e s m e n t i o n e d below. 

The s u c c i n a t e d e r i v a t i v e s d e s c r i b e d i n F i g u r e 5 were 
p r e p a r e d by t h e methods o f P u r d i e , I r v i n e , and G i l l i s ( 1 5 ) . 
A l l P f e i f f e r E f f e c t s t u d i e s w i t h t h e s e e n v i r o n m e n t 
compounds were c a r r i e d out i n w a t e r under t h e c o n d i t i o n s 
d e s c r i b e d i n T a b l e s I V - V I I I . 
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Phenyl Substituent Contributions in Circular Dichroism 

Spectra of Cobalt(III) Complexes of Ethylenediamine

-N,N'-diacetate Ion 

GARY G. HAWN1, CHRIS MARICONDI2, and BODIE E. DOUGLAS 
Department of Chemistry, University of Pittsburgh, Pittsburgh, PA 15260 

Additivity of Circular Dichroism Contributions 

The major contribution to the rotational strength of optical
ly active complexes of transitio
arrangement of chelate
tions to the rotational strength was demonstrated (1) for com
plexes of the type [Co(en)2(aa)]2+ (aa = amino acid anion). The 
Δ- and Λ- isomers of [Co(en)2(S-pala)]2+ are diastereoisomers, not 
enantiomers. The CD curves (Figure 1) are not mirror images. 
The sum of the 2 CD curves is the same as the CD curve for the 
unresolved complex, an active racemate. The contributions for 
the Δ and Λ arrangements of the chelate rings should cancel for 
this "vicinal effect" curve, giving twice the contribution of the 
coordinated S-phenylalaninate ligand. Subtraction of one-half 
of this CD curve from the curve for either Δ- or Λ- [(Co(en)2-
(S-pala)]2+ gives a curve which agrees well with the CD curve 
of one of the isomers of [Co(en)2(gly)]2+. Since the chelate 
rings of the amino acid ligands are nearly planar, the 
contribution of an optically active amino acid ligand is expected 
to be primarily that of the asymmetric center, with little 
conformational contribution. Yasui, Hidaka, and Shimura (2) 
found that the CD curve in the 1T 1 g(O h) band region for a series 
of "typical" optically active amino acid complex ions of the type 
[Co(NH3)4(aa)]2+ are similar to the "vicinal effect" CD curves 
of optically active amino acids in complex ions of the type 
[Co(en)2(aa)].2+ Earlier Shimura (3) had observed the Cotton 
effect caused by the optically active ligand in the complex ion 
[Co(ΝΗ 3 ) 4 (S- leucinato)] 2 + and referred to this as a "vicinal" 
effect. Pfeiffer (4) introduced the term "vicinal" effect for 
Cotton effects caused by optically active ligands. 

In the case of S-propylenediamine, the methyl substituent 
causes the conformation of coordinated S-pn (l-pn) to be fixed 
so that the chiral conformation would make a contribution to the 
rotational strength also. The CD curves for (+)-[Co(en)(l-pn)2]3+ 

(5) has a single broad peak in the 1T1g(Oh) region while that for 
1 Current address: Alcolac Inc., 3440 Fairfield Rd., Baltimore, MD 21226 
2 Current address: Pennsylvania State University, McKeesport, PA 15123 

0-8412-0538-8/80/47-119-255$05.00/0 
© 1980 American Chemical Society 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



256 STEREOCHEMISTRY OF TRANSITION METALS 

. 600 500 

0.5 

Δ€ 0 

-0.5 

-1.0 

-1.5 

-2.0 

-2.5 

λ(ΓΤΊΛί) 
400 350 

A-(+) 5 4 6-[Co(en) 2 S-pala]l 2 

300 

\ Unresolved Complex 

\ 
\ J A - ( - ) 5 4 6 \ / 
_ l I I L_ ι ι I I I I I I 1_ 

16 18 20 22 24 26 28 30 32 34 
i7(cnrr1 χ ΙΟ"3) 

Inorganic Chemistry 

Figure 1. CD curves for the two isomers of [Co(en)2S-pah]+ and the unresolved 
complex (I) 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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(-)-[Co(en) (£-pn)2P + shows two d i s t i n c t components ( F i g u r e 2 ) . 
The c o n t r i b u t i o n from £-pn, o b t a i n e d by adding these c u r v e s , 
shows a s t r o n g e r c o n t r i b u t i o n to the ^ 2 ^ 3 ) component than t o 
the ^-Είϋβ) component. The ̂ -E component i s much more i n t e n s e than 
the I-A2 component f o r [Co(en)3]3+. S u b t r a c t i o n of the c o n t r i 
b u t i o n from £-pn g i v e s " c o n f i g u r a t i o n a l e f f e c t " curves f o r b o t h 
isomers of [Co(en)(£-pn)2]^ + ( F i g u r e 3) which a r e s i m i l a r t o the 
CD c u r v e s of the c o r r e s p o n d i n g isomers o f [Co(en)3]3+. The same 
c o n t r i b u t i o n per £_-pn can be used f o r [Co (en)2 (£-pn) ] 3 + and 
[Co(£-pn)3]3+ t o show t h a t the e f f e c t s are a p p r o x i m a t e l y 
a d d i t i v e . One might expect the c o n t r i b u t i o n s from £-pn t o d i f f e r 
somewhat depending on the number of £-pn l i g a n d s p r e s e n t because 
of s t e r i c e f f e c t s . Ogino, Murano, and F u j i t a (6) showed t h a t the 
c o n t r i b u t i o n o f _£-pn i n the t r i s ( p r o p y l e n e d i a m i n e ) complex i s 
remarkably s i m i l a r t o the CD curve of [Co ( ^ 3 ) 4 Çfc-pn) ] 3+

A d d i t i v i t y of the v a r i o u
s t r a t e d f o r many complexes
c o n f i g u r a t i o n o f c h e l a t e r i n g s ( c o n f i g u r a t i o n a l e f f e c t ) , the 
c h i r a l c h e l a t e c o n f o r m a t i o n ( c o n f o r m a t i o n a l e f f e c t ) , and the 
presence of asymmetric c e n t e r s i n the l i g a n d s . As expec t e d , the 
c o n t r i b u t i o n s a r e c o n s i d e r a b l y g r e a t e r f o r asymmetric atoms 
which a r e c o o r d i n a t e d to the chromophore than f o r o t h e r s (see 
below). The c o n t r i b u t i o n s from c h i r a l r i n g c o n formations and 
from asymmetric c e n t e r s on the l i g a n d s o f t e n a r e i n s e p a r a b l e . 
Complexes of 2,2'-diaminobiphenyl (dabp) of the type 
[ C o ( d a b p ) ( e n ) 2 ] ^ + have been of i n t e r e s t Ç7, 8) s i n c e the 
c o o r d i n a t e d non-planar dabp i s c h i r a l w i t h o u t an asymmetric 
c e n t e r . 

C i r c u l a r D i c h r o i s m o f E t h y l e n e d i a m i n e d i a c e t i c A c i d Complexes 

I n g e n e r a l the r o t a t i o n a l s t r e n g t h o f a m e t a l complex depends 
on the number of c h e l a t e r i n g s as w e l l as the s i z e and r i g i d i t y 
of the r i n g s . E t h y l e n e d i a m i n e d i a c e t a t e (edda) i s a q u a d r i d e n t a t e 
l i g a n d which can form two isomers ( F i g u r e 4) w i t h the o t h e r 
two c o o r d i n a t i o n s i t e s c i s . The sym-cis isomer i s the one e a s i l y 
o b t a i n e d . I n the case o f the s y m - c i s - [ C o ( e d d a ) X 2 ] n + complexes 
the CD s p e c t r a a r e remarkably i n s e n s i t i v e t o the n a t u r e of the 
two X groups (9, 1£, 11). They can be u n i d e n t a t e (NH3), or 
b i d e n t a t e w i t h v a r y i n g r i n g s i z e ( e t h y l e n e d i a m i n e o r t r i m e t h y -
l e n e d i a m i n e ) ( F i g u r e 5) (11), o r even the b i d e n t a t e oxygen 
l i g a n d s C0 32-, C2O4 2-, and 0 2CCH 2C02 2" (10), o r amino a c i d s ( 9 ) . 

The h i g h CD i n t e n s i t i e s f o r s y m - c i s - [ C o ( e d d a ) e n ] + and 
r e l a t e d complexes might be a t t r i b u t e d t o the r i g i d edda backbone, 
but a l s o the c o o r d i n a t e d Ν atoms are asymmetric. I f one r e p l a c e s 
the H s u b s t i t u e n t s on the. Ν atoms by methyl groups, the i n t e n s i t y 
of the major CD peak decreases by more than a f a c t o r o f two (12) 
( F i g u r e 6 ) . Replacement of the methyl groups by e t h y l groups 
causes a f u r t h e r s l i g h t decrease. I t appears t h a t t h e r e i s a 
l a r g e c o n t r i b u t i o n from the c o o r d i n a t e d asymmetric n i t r o g e n s i n 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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^(-)-[CoU-pn)2en] Cl3- 2H£> 
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Inorganic Chemistry 

Figure 2. CD curves for (+)- and (—)-[Co(\-pn)2en]3+ and the sum of the two 
curves (5) 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
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Inorganic Chemistry 

Figure 3. The configurational effect curves for (+)- and (—)-[Co(\-pn)2en]3+ 

obtained by subtracting the vincinal contribution of 2 l-pn. The CD curve for 
(+)-[Co(en)3]3* is shown for comparison (5). 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 4. Structures of the s-cis and 
uns-cis isomers of [Co(edda)X2] 

Ό Ο 
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r i c m - 1 ) χ ICT3 
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' y / - - [ C o (deedda) en] I · HgO 

Inorganic Chemistry 

Figure 6. Absorption and CD spectra of s - c i s - [Co(edda)en ]NΟ · H 2 0 and ine 
corresponding complexes of Ν,Ν'-dimethyl and Ν,Ν'-diethyl ethylenediamine-N, 

N'-diacetic acid (12) 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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the u n s u b s t i t u t e d edda complexes where one of the s u b s t i t u e n t s (H) 
on Ν i s much d i f f e r e n t from the o t h e r two f i r s t n eighbor 
s u b s t i t u e n t atoms (both CH2 o r one CH2 and one CH3). In the case 
of a l k y l s u b s t i t u t e d edda complexes ( F i g u r e 7 ) , the CD s p e c t r a 
show the u s u a l dependence on the n a t u r e of the o t h e r l i g a n d ( s ) 
(11). 

M a r i c o n d i and M a r i c o n d i (13) showed t h a t b e n z y l s u b s t i t u e n t s 
on the Ν atoms of edda caused a s i g n i f i c a n t change i n CD 
i n t e n s i t i e s i n comparison to methyl s u b s t i t u e n t s ( F i g u r e 8) and 
the " v i c i n a l " c o n t r i b u t i o n s of -CH2C5H5 and -H s u b s t i t u e n t s are 
of r e v e r s e d s i g n s i n comparison to -CH3 s u b s t i t u e n t s ( F i g u r e 9 ) . 
The comparison i s even more s t r i k i n g i n the case of 
[Co(ed3a)N02]~ (ed3a = N , N , N T - e t h y l e n e d i a m i n e t r i a c e t a t e i o n ) and 
the methyl and b e n z y l s u b s t i t u t e d ed3a complexes ( F i g u r e 10). 

C o n t r i b u t i o n s of S t i l b e n e d i a m i n e
[Co(edda)(£-stien)] + (£-stie
(14) to e s t i m a t e the c o n t r i b u t i o n from the asymmetric carbons of 
s t i l b e n e d i a m i n e . There has been some c o n t r o v e r s y (15, 16, 17, 18) 
over the assignment of a b s o l u t e c o n f i g u r a t i o n f o r ^ - s t i e n , but 
a r e c e n t X-ray d e t e r m i n a t i o n (19) e s t a b l i s h e d t h a t £-stien has 
the SS c o n f i g u r a t i o n and adopts the 6 c o n f o r m a t i o n i n the t r i s 
complex. The f o r m a t i o n of [Co (edda) (£-stien)] + was s t e r e o 
s e l e c t i v e , f a v o r i n g the f o r m a t i o n of the isomer (70% of p r o d u c t ) 
h a v i n g a dominant n e g a t i v e CD peak ( F i g u r e 11). T h i s isomer i s 
a s s i g n e d the Δ-configuration based on the c l o s e s i m i l a r i t i e s t o 
the CD s p e c t r a of o t h e r edda-diamine complexes (9, 10, 11_, 12) . 
T h i s i s a l s o the isomer w i t h more f a v o r a b l e s t e r i c i n t e r a c t i o n s 
as r e v e a l e d by e x a m i n a t i o n of models. The c o n t r i b u t i o n of 
£-stien to the CD c u rve i s n e g a t i v e (14) throughout the v i s i b l e 
range, w i t h a maximum c o n t r i b u t i o n of about 0.6 (Δε). The edda 
l i g a n d s t i l l dominates the CD spectrum. 

The complex [Co(£-sdda)en] + (£-sdda = £-stilbenediaminedi-
a c e t a t e i o n ) c o n t a i n s the ^ - s t i l b e n e d i a m i n e backbone, but each 
n i t r o g e n has as s u b s t i t u e n t s -CH2CO2, -H, and -CHC5H5). Only 
one isomer o f [Co(£-sdda)en] + was o b t a i n e d . Both [Co(edda)-
(_£-stien)] + and [Co(£-sdda)en] + were shown (14) to have s - c i s 
geometry from t h e i r a b s o r p t i o n s p e c t r a and s i m p l e NMR 
s p e c t r a . I n each case the a b s o r p t i o n spectrum shows a s h o u l d e r 
i n the ^T^g(O^) band r e g i o n , i n d i c a t i n g two t e t r a g o n a l ( e f f e c t i v e 
D 4 h ) components 0-E and I-A2). The s t e r e o s p e c i f i c i t y o f 
[Co 0&-sdda)en] + i s not s u r p r i s i n g s i n c e the p r e f e r r e d 6-conforma-
t i o n p e r m i t s the two l a r g e p h e n y l s u b s t i t u e n t s of £-sdda to 
occupy e q u a t o r i a l p o s i t i o n s . 

S i n c e the CD spectrum of the one isomer of the [Co(£-sdda)-
e n ] + ( F i g u r e 12) shows a p o s i t i v e dominant CD peak and an 
o v e r a l l CD curve s i m i l a r t o t h a t of (+)-s-cis-[Co(edda)(£-
s t i e n ) ] + , i t might be expected t o have the A - c o n f i g u r a t i o n . 
However, the Λ-s-cis-configuration would r e q u i r e the ^ - s t i l b e n e 
diamine backbone t o have the λ-conformation, f o r c i n g the l a r g e 
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Figure 7. Absorption and CD spectra of s-cis-[Co(deedda)tn]NOs, s-cis-[Co-
(deedda)en]N0.1} and s-cis-[Co(deedda)(N H 3)2]N Ο 3 (II) 
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Absorption and CD spectra of [Co(dbedda)en]+ and CD spectra of 
[Co(edda)en]+ and [Co(dmedda)enJ+ (13) 
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Figure 10. Absorption and CD spectra for the (-)ske isomers of [Co(edSa)-
N02]- and [Co(med3a)N02]- (13) 
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Figure 12. Absorption and CD spectra for the one isomer of s-cis-[Co(l-sdda)-
en]+ obtained (14) 
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substituents into unfavorable a x i a l positions. The favored 
6-conformation i s expected, requiring that the isomer of 
[Co(_£-sdda)en]+ have the Δ-configuration. Previous studies 
(10, 11) have shown that the unsubstituted c h i r a l ring pattern 
for Δ -[Co(edda)en] + contributes approximately -2.5 to the CD 
intensity of the dominant peak. Furthermore, i t was seen that the 
contribution from &-stien i s small, but negative. The maximum 
CD values for Δ -[Co(£-sdda)en] + i s +3.22. The additional 
contribution to the rotational strength in this case must be 
from the asymmetric nitrogen atoms. In [Co(£-sdda)en] + the 
asymmetric nitrogens must make very large positive contributions 
to the rotational strength for the Ε transition. 

Contributions of Asymmetric Nitrogens. The homogeneity of 
the chemical environmen
i n determining the contributio
(12, 13). The substituents on the asymmetric nitrogens of 
[Co Ç&-sdda)en] + (methylene of the glycinate ring, hydrogen, and 
benzyl) are more dissimilar than i n the case of complexes of 
edda, dmedda, deedda, or dbedda and this great d i s s i m i l a r i t y 
might cause the large contribution. It should be noted that the 
formal designations of absolute configurations for nitrogens 
with the same overall arrangements of substituents are (R,R) for 
the s-cis isomers of Δ -[Co(edda)en] + and (S,S) for 
A-[Co(dbedda)en] + and Δ-[Co(£-sdda)en]+. The differences result 
from changes in p r i o r i t i e s of substituents on N. 

The examination of additive contributions (_1, _3, .5, 6̂  ) such 
as configurational, conformational, and v i c i n a l effects of 
o p t i c a l l y active ligands has been useful i n the correlation of 
stereochemical effects and CD spectra. The ligand-polarization 
model (20, 21, 22, 24) of o p t i c a l a c t i v i t y depends upon the 
p o l a r i z a b i l i t y of the perturbing groups which constitute the 
dissymmetric environment around the symmetric chromophore. Phenyl 
subsitutents which have large anisotropic p o l a r i z a b i l i t y can make 
contributions with signs reversed from those expected (20). 

The o p t i c a l a c t i v i t y induced by substituents on the ligand 
can be s i g n i f i c a n t , and many empirical and theoretical treatments 
have been developed which relate stereochemical configuration 
with the signs and magnitude of CD curves. These are commonly 
referred to as regional or sector rules (15, 24-29). The major 
d i f f i c u l t y with applying regional rules results from assumptions 
which must be made about the e l e c t r o s t a t i c or polarizable nature 
of the perturbing groups. Bosnien and Harrowfield (15) have 
pointed out the uncertainty concerning the sign of the potential 
of hydrogen atoms which are bonded to donor nitrogens. Also, 
anisotropic perturbing groups, such as benzene rings, can make 
contributions which are not readily predictable (20). 

Maricondi and Maricondi (13) have shown that Mason's 
hexadecadal regional rule can be applied to predict the 
experimentally observed sign of the low energy CD transition for 
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s - c i s - [ C o ( d b e d d a ) e n ] + where the n i t r o g e n s are s u b s t i t u t e d w i t h 
b e n z y l groups. Mason (29) assumed t h a t the e f f e c t on the s i g n 
and magnitude of the r o t a t i o n a l s t r e n g t h produced by N-
s u b s t i t u t i o n i s l a r g e , w h i l e the e f f e c t from C - a l k y l s u b s t i t u t i o n 
i s s m a l l . The t h e o r e t i c a l treatments of Schipper (30, 31) and 
Ric h a r d s o n (32) show promise of adding t o our un d e r s t a n d i n g of 
the c o r r e l a t i o n of CD s p e c t r a and s t e r e o c h e m i s t r y and the 
a d d i t i v i t y of c h i r a l c o n t r i b u t i o n s . 

The s i g n s and magnitude of the CD curve o f [Co(edda)-
(£-stien)] + agree w i t h p r e v i o u s l y s t u d i e d C o ( I I I ) - e d d a complexes 
(11, 12, 13), i n d i c a t i n g t h a t the edda p o r t i o n o f the complex 
dominates and t h a t the benzene s u b s t i t u t i o n on the carbons has 
l i t t l e e f f e c t . However, f o r [Co(£-sdda)en] +, the s i g n of the low 
energy peak i n the CD spectrum i s o p p o s i t e t o what i s expected. 
E i t h e r the asymmetric n i t r o g e n  mak  l a r g  c o n t r i b u t i o n
o p p o s i t e t o t h a t from th
to the r o t a t i o n a l s t r e n g t h
[Co(edda)(£-stien)] +, the benzene s u b s t i t u e n t s on the carbons 
ar e making a s i g n i f i c a n t c o n t r i b u t i o n t o the r o t a t i o n a l s t r e n g t h . 
The o t h e r p o s s i b i l i t y r e q u i r e s the o p p o s i t e (Λ) c o n f i g u r a t i o n 
w i t h the l a r g e p h e n y l s u b s t i t u e n t s i n u n f a v o r a b l e a x i a l p o s i t i o n s . 

S t e r e o s p e c i f i c i t y of [Co(£-sdta)] . The complex 
[Co(£-sdta)]" (_&-sdta = ^ - s t i l b e n e d i a m i n e t e t r a a c e t a t e i o n ) i s 
formed s t e r e o s p e c i f i c a l l y . The one isomer o b t a i n e d (33) has a 
CD curve o f the same form as those of the (-)546-isomers of 
[ C o ( e d t a ) ] " and [ C o ( 1 , 3 - p d t a ) ] " (1,3-pdta = 1,3-propane-
d i a m i n e t e t r a a c e t a t e i o n ) . The a b s o l u t e c o n f i g u r a t i o n s o f both 
of these complexes are known t o be (ΛΔΛ) (34, 35). The 
ΛΔΛ isomer o f [Co (£-sdta) ] " p e r m i t s the :S, S - s t i l b e n e d i a m i n e 
backbone r i n g t o adopt the s t a b l e δ co n f o r m a t i o n w i t h both p h e n y l 
groups e q u a t o r i a l . I f one removes the two " i n p l a n e " or G 
a c e t a t e r i n g s t o g i v e a sym-sdda complex, the a b s o l u t e c o n f i g u r a 
t i o n i s Δ (the r i n g s r e t a i n e d a r e those which g i v e the Δ c h i r a l 
p a i r f o r ΛΔΛ-[Co(£-sdta)]"). T h i s g i v e s support t o the Δ 
a b s o l u t e c o n f i g u r a t i o n a s s i g n e d above f o r [Co(£-sdda)en] +, which 
was unexpected from the CD curve i n the low energy r e g i o n , and 
cons e q u e n t l y i t s u p p o r t s the overwhelming c o n t r i b u t i o n from the 
c o o r d i n a t e d asymmetric Ν atoms of Jl-sdda. 

S u b s t i t u t e d d i b e n z y l e t h y l e n e d i a m i n e d i a c e t i c A c i d Complexes. 
A s e r i e s of pa r a s u b s t i t u t e d dbedda analogs was prep a r e d t o 
study any p o s s i b l e e l e c t r o n i c e f f e c t s on asymmetric n i t r o g e n s 
w hich might be ma n i f e s t e d i n the CD s p e c t r a (14). The 
s u b s t i t u t e d dbedda complexes which were prepared were the p a r a 
m e t h y l , c h l o r o and n i t r o d e r i v a t i v e s . These were compared t o 
the dbedda complex (13) w h i ch c o n t a i n s a hydrogen i n the p a r a 
p o s i t i o n . As seen from the a b s o r p t i o n and CD da t a shown i n 
F i g u r e 13, s u b s t i t u t i o n of d i f f e r e n t groups i n the p a r a p o s i t i o n 
of the benzene r i n g has no e f f e c t on the p o s i t i o n of the maxima 
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Figure 13. Absorption and CD spectra of s-cis-[Co(dbedda)en]+ ( ) s-cis-
[Co(dN02bedda)en]+ ( ), s-cis-[Co(dClbedda)en]+ (---), and s-cis-[Co-

(dmbedda)en]+ (• · -)(14) 
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f o r the low energy (E) component and v e r y l i t t l e e f f e c t on the 
i n t e n s i t i e s . Only the n i t r o s u b s t i t u t e d dbedda complex has a 
maximum which can be c o n s i d e r e d t o be s i g n i f i c a n t l y d i f f e r e n t . 
However, s m a l l s h i f t s i n the p o s i t i o n s of two a d j a c e n t CD peaks 
can r e s u l t i n changes i n peak i n t e n s i t i e s . A l t h o u g h the e x t e n t 
of o v e r l a p o f peaks i s d i f f i c u l t or i m p o s s i b l e t o e v a l u a t e , i t 
may be re a s o n a b l e t h a t the n i t r o s u b s t i t u t e d dbedda complex may 
show a l a r g e r t e t r a g o n a l s p l i t t i n g than the o t h e r complexes. 
G e n e r a l l y , s u b s t i t u t i o n at the para p o s i t i o n i s p r o b a b l y too f a r 
removed from the chromophore t o produce any s i g n i f i c a n t changes. 
The p a r a p o s i t i o n was s e l e c t e d t o a v o i d s t e r i c e f f e c t s . 
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Addit iv i ty of Circular Dichroism of d-d Transitions: 

T h e Vic inal Effect in a Homologous Series of 

Triethylenetetraaminecobalt(III) A m i n o Acid Complexes 

ROBERT JOB 
Department of Chemistry, Colorado State University, Fort Collins, CO 80523 

Sources of dissymmetry in optically active metal complexes 
can be classified as: (a
-donor atom coordinatio
due to the chirality of the chelate system, (c) conformational 
dissymmetry due to the individual chelate ring conformations, and 
(d) vicinal dissymmetry due to asymmetric sites upon the ligands 
(1). For many complexes this set of contributions to the CD 
spectrum can be reduced to the configurational effect, the 
conformational effect and the vicinal effect (2,3). The most 
pragmatic approach to follow generally is to assume that the CD 
spectrum of a metal chelate complex is simply a summation of a 
vicinal effect and a configurational effect where the term vicinal 
effect retains its meaning as before and the other contributions 
are included in the configurational term (4,5,6,7). 

The independent systems/perturbation model, as carried to 
second order in perturbation theory in Schipper's AICD 
(associate-induced circular dichroism) theory, makes the following 
prediction (8). In the case of the complexes AB- iB j... (a compos
ite complex) and A'Βi and A"Bj (substituent complexes) where A, 
A1 and A" is the same achiral chromophore and Βi and B j have the 
same configurational relationship to A in the composite complex 
as in their respective substituent complexes, the circular 
dichroism of AB- iB j... is simply the summation of the CD's of A'B i, 
A"B j, etc. The purpose of this effort is to exhibit an achiral 
chromophore upon which exchange of chiral ligands induces negli
gible perturbation in the configurational relationship of the 
chelating ligands, and thus to allow the utility of the predicted 
additivity to be demonstrated experimentally. 

The compounds studied are the substituted triethylenetetra-
aminecobalt(III) amino acid complexes depicted in Figure 1. 
Formally the A'B-i chromophore will be the triethylenetetraamine-
cobalt(III) glycinato moiety (compounds 1 and 7, identified in 
Figure 1) (with an associated configurational effect) and the 
optically active (Bj) chromophores will be represented by the 
various R2 substituents at the α-carbon of the chelated glycine 
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(with an associated v i c i n a l e f f e c t ) . 

Results 

The compounds were synthesized at 45° from the d i c h l o r o t r i -
ethylenetetraamine moiety and the appropriate amino acid i n 
aqueous solution with pH maintained at 7.0 ±0.1 by pH-stat (9J. 
In the case where Rx = -CH3 or -CH(CH3)2> only Λ-3 2 and Δ-βχ 
produces were formed (Figure 2). The c i r c u l a r dichroism spectra 
were obtained on the perchlorate s a l t s dissolved in 1 M HC1. 
Typical spectra for an S-amino acid complex (subscript S) and an 
R-amino acid complex (subscript R) are shown in Figure 3. A 
c h a r a c t e r i s t i c of these spectra i s that they can be quite 
pre c i s e l y deconvoluted into a minimal number of Gaussian compo
nents as shown by the dotted l i n e s in Figure 3  This f a c i l i t a t e s 
storage and manipulatio
l u t i o n serves to emphasiz
R & S amino acid complexes. I t can be seen from Figure 3 that 
two of the Gaussian peaks have changed sign upon going from an 
S-amino acid complex to an R-amino acid complex. 

One way to obtain the v i c i n a l e f f e c t of an amino acid i s to 
prepare both the Δ and Λ-tetraaminecobalt(III) complexes of the 
S-amino acid and average the CD spectra. One drawback to t h i s 
method i s that a resolution procedure i s generally necessary in 
order to obtain the pure compound (10). Our preferred method i s 
to prepare only Λ complexes of the R then S-amino acid i n 
separate reactions then p u r i f y by simple r e c r y s t a l 1 i z a t i o n . Then, 
since the v i c i n a l e f f e c t of an S-amino acid i s i d e n t i c a l l y the 
negative of that f o r an R-amino a c i d , the v i c i n a l e f f e c t may then 
be computed by the simple algebraic manipulations outlined in 
Figure 4. The v i c i n a l e f f e c t s calculated in t h i s manner for 
alanine, valine and phenylalanine are shown in Figure 5. The 
data used for c a l c u l a t e these v i c i n a l e f f e c t s are taken from 
measurements on compounds prepared as in l i t e r a t u r e sources (11) 
or from Table I. Compound 10 i s the ^ - a l a n i n e complex of the 
tetraaminecobalt(III) moiety with Rx = CH3. Since glycine does 
not have an enantiomer, the v i c i n a l e f f e c t f o r \ and £ i s zero. 
The CD of these two complexes (shown in Figure 6) then by d e f i n i 
t i o n becomes the configurational e f f e c t to which the v i c i n a l 
e f f e c t s of Figure 5 should be added. In Figure 7 these additions 
are made. The dotted l i n e s represent the sum of the configura
ti o n a l and v i c i n a l e f fects f o r S-amino acid complexes and the 
s o l i d l i n e s represent the experimental spectra. Figure 8 shows 
the re s u l t s for the R-alanine and R-phenylalanine complexes. 

Discussion 

The summation appears to be most nearly perfect f o r the 
l e a s t s t e r i c a l l y hindered cases [R x = -CH3, R2 = -CH3, -CH(CH 3) 2], 
but does not deviate much even for the case where Rx = -CH(CH 3) 2 
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Figure 2. Reaction scheme to form the compounds depicted in Figure 1 
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θ 

Figure S. The CD spectra and component Gaussians of Compounds 4 R and 4S 

which are typical of all compounds in Figure 1 
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C D (Λ-S) = C D (Λ) + C D (S - a c i d ) 

C D (Λ-R) = C D (Λ) + C D (R-acid) 

= C D (Λ) - C D (S - a c i d ) 

T h e n : 
Figure 4. Algebra involved in càlculat-

C D (S - a c i d ) = %[C.D.(A-S) - C D . (Λ-R)] ing vicinal effects 

Figure 5. The average vicinal effects calculated for Compounds 2, 3, 4, and 8 
of Figure 1 
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Figure 6. The CD of the glycine Complexes 1 and 7 depicted in Figure 1 
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Table I. Parameters of the Gaussian Components ( i - v i i ) 
For the CD Spectra of Amino Acid Complexes. 

Com
plex* t i i i i i i iv V vi vi i 
1 a 495. .7 440 362 340 259 560 

b 35 32.0 18. .0 24. .0 23.5 42 
c 5215 525 265 -685 -1390 130 

7 a 495 442 363 343 578 261 
b 38 32 17. .5 24 40 21 
c 6100 1170 315 -730 90 -3420 

10p a 496 430 384 345 560 263 
b 42. .2 — 19 19 21 40 26 
c -8111 --

1 0 s a 513. .4 464 415 383 349 571 235 
b 36 36 19 17. .5 18 35 28 
c -6656 -4057 -236 -411 565 -277 15400 

tThe constants a , b ^ a r e parameters of the Gaussian Μ θ = c_ 
exp[-(x-a) 2/b 2T with a_ the location of the peak, b̂  the half 
width at 1/e of the maximum peak height and ĉ  the peak height. 
*Complex 1 and 7 are defined i n Figure 1 . Complex ^ i s the 
A-Bx-diastereomer of compound 2 depicted i n Figure 1. 

and R 2 = -CH3 or where R± = -CH3 and R 2 = benzyl. This intimates 
that these v i c i n a l e f f e c t s may be of s i g n i f i c a n t synthetic 
u t i l i t y both for confirmation of structure and for prediction of 
CD spectra. 

As examples consider the reaction i n Figure 2 c a r r i e d out 
with the prochiral amino acid I (shown i n the i n s e r t to Figure 5). 
This compound may bind i n a bicfentate fashion through the amino 
group and one of the carboxyl groups to give either an R or an 
S-amino acid complex depending on which carboxyl group binds to 
the metal. The CD spectrum (x 1.5) of t h i s complex i s shown in 
Figure 9 along with the v i c i n a l e f f e c t gotten by subtracting the 
CD of ̂  from i t . This e f f e c t i s c l e a r l y that of an R-amino a c i d , 
therefore the prochiral compound has bound s t e r e o s p e c i f i c a l l y i n 
an R-fashion (1_2). Average CD's of a Δ-Λ mixture have revealed 
a difference between the v i c i n a l e f fects of $χ and $2-amino acid 
complexes (1_0). The v i c i n a l e f f e c t of Bx-alanine gotten by 
trea t i n g the CD spectrum of compound 10 (the Δ-diastereomer of 
compound £ with the alanine bound as f ^ ) by the equation i n 
Figure 4 i s shown in Figure 10. I t i s seen that the s i g n i f i c a n t 
difference between the $ i and $ 2 v i c i n a l e f f e c t s allows us to 
peg further our prochiral amino acid as not only bound i n an 
R-configuration but also to be bound in a 3 2 fashion (as confirm
ed by X-ray d i f f r a c t i o n (1J_)). The same analysis c a r r i e d out on 
the CD spectrum of t h i s ligand i n a s i m i l a r reaction has revealed 
i t to be bound also i n an R-32 fashion (T3). 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
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WAVELENGTH <nm> 

θ 

WAVELENGTH <r»m> 

Figure 7. Sum of vicinal plus configuration effects ( ) compared with experi
mental CD spectra for the S-amino acid complexes of 2, 3, 4, and 8 depicted in 

Figure 1 ( ) 
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WAVELENGTH (nm) 

Figure 7 {continued) 
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Figure 8. Sum of vicinal plus configuration effects ( ) compared with experi
mental CD spectra for the R-amino acid complexes 2 and 4 depicted in Figure 

i ( — ) 
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Figure 9. The CD spectrum of Compound 5 ( ) and the vincinal effect for the 
prochiral amino acid Î, shown in the insert ( ) 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
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Figure 10. Vicinal effect for β abound ( ) alanine derived from the CD spec
tra of Compounds 10R and 10 s which are the Δ - β , diastereomers of Compound 2 
depicted in Figure 1. Vicinal effect for β abound ( ) alanine for comparison 

(from Figure 5). 

3 Γ 

Figure 11. Vicinal effect for fi2-S-proline derived from Complexes 9S and 9R 

depicted in Figure 1 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
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Figure 12. Predicted CD of the β2-$-ρ™Ιίηβ complex (top) compared with the 
experimental CD of Compound 9 depicted in Figure 1 (bottom) 
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In order to predict the CD spectrum of the Λ β 2 product from 
the reaction of S-proline as the amino acid i n Figure 2, the 
v i c i n a l e f f e c t in Figure 11 for 3 2S-proline was determined (from 
measurements in our laboratory upon complex 9, which had been 
previously synthesized (1J_) and characterized by X-ray d i f f r a c t i o n 
(14,1_5)) and added to the CD of the glycine complex ̂  to obtain 
the CD spectrum shown in the top half of Figure 12. This compares 
quite favorably with the CD of the pr i n c i p a l product (65%) of the 
reaction (bottom half of Figure 12). Since the proline does not 
conform precisely to the glycinate skeleton the ac h i r a l chromo
phore i s altered and a d d i t i v i t y i s not required to hold p r e c i s e l y . 
However the r e s u l t s are s u f f i c i e n t l y quantitative to allow f o r un
ambiguous product i d e n t i f i c a t i o n . Note that the v i c i n a l e f f e c t 
f o r 6 2S-proline depicts a s i t u a t i o n observed by others, i . e . , i t 
strongly resembles the v i c i n a l e f f e c t f o r the 3 i complexes of 
other amino acids. 

Conclusion 

Although a d d i t i v i t y i n a tetraaminecobalt(III) amino acid 
complexes has been previously demonstrated (6^1j6), the current 
work has demonstrated a high a d d i t i v i t y i n a c a r e f u l l y chosen 
system. However, treatment of these r e s u l t s has not taken into 
account the charge transfer bands which, being of proper symmetry, 
must have some n o n t r i v i a l e f f e c t on the d-d^ t r a n s i t i o n s . The 
relevance of the s t e r i c contribution to the deviations from 
perfect a d d i t i v i t y w i l l be discussed in a forthcoming publication. 

Summary 

This report describes a method of experimentally obtaining 
the v i c i n a l e f f e c t s of amino acid anions bound to a tetraamine-
c o b a l t ( I I I ) moiety by dealing e x c l u s i v e l y with Λ - 3 2 complexes of 
both R and S-amino acids. A d d i t i v i t y of c i r c u l a r dichroism of 
both the configurational and v i c i n a l e f f e c t s f o r c[-c[ t r a n s i t i o n s 
i s v e r i f i e d experimentally. I t i s demonstrated that the v i c i n a l 
e f f e c t not only contains information as to the c h i r a l i t y of the 
bound amino acid but also as to the mode of binding, i . e . , 3 i 
vs. ρ 2. 
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Circular Dichroism Spectra of Cobalt(III) Complexes 

Having Optical Activity O w i n g to the Arrangement of 

Unidentate Ligands 
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Kanazawa 920, Japan 

Most CD spectral studie f cobalt(III) complexe  hav  bee
undertaken to investigat
such as distribution of chelate rings, conformation of chelate 
rings, vicinal effect due to asymmetric carbon in an optically 
active ligand, and vicinal effect due to an asymmetric donor 
atom. Extensive reviews on these subjects have been written by 
Fujita and Shimura (1), Hawkins (2), and Mason (3). 

In contrast to those investigations, much less work has 
been reported on complexes whose optical activity results from a 
certain arrangement of unidentate ligands. The reason for the 
delay in work is considered to be the lack of useful syntheses 
for such chiral complexes. 

The cis-cis-cis-isomer of the [Coa2b2c2]-type, where a, b 
and c denote unidentate ligands, is asymmetric and exhibits two 
enantiometric forms I and II in Figure 1. The cis-cis-isomer of 
the [Coa2b2CC]-type, III in Figure 1, also belongs to the same 
category based on the origin of optical activity, if the CC is 
an achiral chelate ligand, two enantiomeric forms being possible 
to exist. The complex of fac (a) - [Coa3bcd] -type, IV in Figure 1, 
has optical activity due to the arrangement of the unidentates 
b, c and d about cobalt (III), and hence exists in two enantio
meric forms. Similarly, the complexes of such types as fac (A) -
[Co(A3)bcd] and fee (A)-[Co (A3)(BC)d], V and VI in Figure 1, have 
the same origin of optical activity, which makes it possible to 
resolve the complexes into optically active forms. 

In the present paper some aspects of chiral complexes of 
these types are dealt with and recent developments in preparative 
methods and CD spectra are described. 
Syntheses and Optical Resolutions of Complexes 
with cis-cis Distribution of Unidentates 

Cis-cis- [CoCl2 (NH3) 2 (en) ]+ — The complex (+) 589-cis-cis-
[CoCl2(NH3)2(en)]+ has been prepared by Hawkins et al. (4). The 
starting material cis- [Co (CO3) (NH3) 2 (en) ] C1O4 was prepared 

0-8412-0538-8/80/47-119-289$06.50/0 
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according to the method of Bailar and Peppard (5). The racemate 
was then resolved using ammonium trans-diammine (R-l, 2-propane-
diamine)bis(sulfito)cobaltate(III) as the resolving agent. The 
diastereoisomeric salt formed_was treated with an anion exchange 
column (BioRad AG1-X2 in CIO- form) in order to obtain (+) 
[Co(COJ (NH3)2(en)]C10.. Dry hydrogen chloride was passed 
the finely ground (+)5RQ-compound under anhydrous conditions to 
produce a bluish purple product, cis-cis- [CoCl^ (NHJ 2 (en) 1CIQ^ 
which was obtained quantitatively. The related compound, 
racemic-cis-cis- [CoCl? (NH ) ? (R-pn) ]CI, was obtained by passing 
dry hydrogen chloride^over éie cis-[Co ( (XL) (NH ) (R-pn) ]<Χ>3·4Η20 
prepared by the method for the ethylenediànine analogue. 

Cis-cis-[Co(CN)0(0,0) (NH ) ]" and related complexes — 
2— 

Complexes of this type
oxalate (ox2") and malonat
and Shibata (6). The synthesis depends essentially on the fact 
that the tricarbonatocobaltate(III) species, [Co(CO^)^]3", 
prefers successive cis-substitutions by the desired unidentates. 
Scheme 1 represents the pathways of the syntheses, the syntheses 
of closely related cis-[Co(CN)2(0,0) (en)]" complexes being 
illustrated. 

Scheme 1. Syntheses of cis-cis- and cis-Dicyano Complexes 
2-ox 

cis-cis- [Co ((XL ) -
(CN) 2(NH 3) 2]" 

NH 

• cis-cis-[Co(CN) ?-
(ox)(NH 3) 2]" 

mal^ ^ cis-cis-[Co(CN) 2-
3-CN- ' 3- (ml)(NH)]-

[Co (C03) 3 ] J çis- [Co (CN) 2 (C03) 2 Γ 

(7) en 
2-

cis- [Co (CĈ  ) (CN)2 (en) ] — — ^ cis- [Co (CN) 2 (ox) (en) ] 
The optical resolutions of a l l the complexes synthesized 

have been achieved by the use of either (-) [Co (N02) ~ (en) Δ -
(CX0 2) or (-) -[Co(ox) (en) ] (C2H 0 ), whëfe a half-SquivSlent 
amount of the resolving agent, comparea to the amount of the 
racemate, was used for effective resolution. 

Cis-cis- [Co (NOJ 2 (0,0) (NH3)2] and related complexes — 
The idea of "cis-substitution" in the carbonato complex has been 
utilized in the complexes of this series. The pathways are shown 
in Scheme 2. 

More remarkable was the success in obtaining cis-cis-
K[Co(N02)2(ox) (ΝΗ3)2]·0.5Η2Ο. During the period 1917-1937 
several groups of workers T 8/ % 10, 11) intended to determine 
the geometrical structure of Erdmann's salt, NĤ  [Co(ΝΌ2)^(NH3)2], 
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Scheme 2. Synthesis of cis-cis- and cis-Dinitro Complexes 
NH _ NO " 
4^cis-[Co(C0 3) 2(NH 3) 2] — c ^ - c l s - [ C o ( N 0 2 ) 2 ( C 0 3 ) (ΝΗ 3) 2]' 

(NHJ 0C 00, 
mal 2 

4 2 2 4->cis-[Co(C03) (ox) (NH3)2] ci^-cis-[Co(N0 2) 2-

H30 
+ (mal) (ΝΗ 3 ) 2 Γ 

N02-
[Co (CO ) ] 3 cis-cis- [Co (ox) - —^—> cis-cis- [Co (NO ) 9 (ox) -

J J (NH 3) 2(H 20) 2] + TNÉ 3) 2]" 

len -
[Co (C03) 2 (en) ] > cis- [Co (N02) 2 (003) (en) ] 

2-
ox 

^•*2C2°4 - N 02 > [Co (C03) (ox) (en) ] > cis- [Co (N02) 2 (ox) (en) ] 
and contradictory conclusions were drawn regarding whether an 
oxalate derivative could be resolved into enantiomers or not. 
Later, X-ray studies showed that the two ammonia groups were in 
the trans position in the salts with silver (12, 13), potassium 
(14) and ammonium (15) as counter ions. However, in aqueous 
solution of Erdmann's salt there i s the possibility of equili
brium between trans- and cis-diammine species. Thus, the problem 
remained unresolved for a long time until the Shibata group suc
ceeded in preparing a l l three isomers of [Co(N02)2 (ox) (NHJ 2]" 
(16). Ihe cis-cis-isomer and trans- (N0?) -isomer were obtained 
from the reaction mixture of the cis-cis- [Co (ox) (NHJ 2 (H20)2] + 

complex and KN02, the remaining trans- (NH J -isomer from that of 
the trans- [Co (NÔ  ) . (NH J J ~ complex and oxalic acid. 
CD Spectra for cis-cis-Camplexes and 
their Absolute Configurations 

Cis-cis- [CoCl2 (NHJ (en) ] + — The absorption and CD 
spectra in DMSO for the isomer derived from (+) C O Q " [ C O (CO-J-
(NH 3) 2(en)] + are shown in Figure 2, where the vertical lines re
presents the results of the Gaussian analysis of the absorption 
spectrum, with labels specifying the excited states of the tetra
gonal components. The CD spectrum shows dominant negative peak 
at 16,230 cm~l, which corresponds closely to the position of the 
^ A l g " ^ l A 2 g (D4h^ a t > s o r P t i ° n naximum. Another minor positive 
peak i s observed at 18,350 cm"1, which i s lower in energy by 350 
cm" than the position of the ^ — ^ l E

g (D4h^ ^ O T r P t i o n -
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Australian Journal of Chemistry 
Figure 2. Absorption and CD spectra of an isomer of cis-[CoCl2(NHs)2(en)]+ (4) 
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IMH3 

CI 

Figure S. Absolute configuration of the 
cis-[ CoCl2(NH 3)2(en)]* isomer Γκ 

_l I I 
2 0 25 30 

Ρ/ΙΟ3™"1 

Inorganic Chemistry 

Figure 4. Absorption and CD spectra of: ( )> cis-cis-[Co(CN)2(CO$XNΗ3)2]~; 
( ), cis-cis-cis-[Co(CN)2(NHs)2(H20)2]+; ( ), cis-cis-[Co(CN) 2(ox)-

(NH,),]-;(' ' -),cis-cis-[Co(CN)2(malXNHs)2]- (6). 
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Inorganic Chemistry 

Figure 5. CD spectra of ( ), (-)589-[Co(CN)2(COs)(en)]-; ( J, (-) 5 8 9-
[Co(CN)2(en)(H20)2]+; (—), (+)589-[Co(CN)2(oxXen)]-(6). 
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Since the CD spectrum of the parent complex, (+) r o o " " [Co ((XL)- + 

(NHJ2(en)]+ was very sdiralar to that of (+) 5 8 9-ia } ( œ J 2(eri) ] 
whose absolute configuration had been assignee as Λ ( I T) , Hawkins 
et a l . (£) assigned the same absolute configuration Λ to the 
parent monocarbonato complex. On the basis of the fact that the 
dichloro complex was derived from the (+)^g^-carbonato complex by 
a solid state reaction without isomerization, they assigned the R 
absolute configuration (Figure 3) according to the method of Cahn 
et a l . (18). When the CD spectrum of this R isomer was compared 
with that of (+) -[CoCl 2(en) 2] +, the same sign of Cotton effect 
was found. For tnis, Hawkins et al. (1, 4) have stated that there 
is no a priori reason for suggesting that the two should have the 
same sign of Cotton effect for the comparable transitions, because 
the two complexes attain their dissymmetry in different ways, 
namely, the bis (ethylenediamine) complex gain dissymmetry from the 
distribution of en rings
plex, from the arrangemen
cobalt. 

Cis-cis-[Co(CKQn(°/ Q) (NH3)2] ^ a related complex — 
The absorption and CD spectra are shown in Figure 4, including 
the spectra of cis-cis-cis- [Co (CN) 2 (NĤ ) ̂ (Ĥ O) 2] + derived by the 
acid-hydrolysis of resolved cis-cis-[Co(uSiK,(C0 2) (NHJJ" with 
HC104- The CD spectra of the related [Co(CN) 2 (0,0) (énf]~ com
plexes are shown in Figure 5. When attention i s given to the CD 
curves in the T.. band region, marked changes in the CD patterns 
are seen in contrast to the similarity of the absorption curves; 
the curve for the [Co(CN)2(œ~) (NHJ J " shows a (+, -) pattern, 
while that for the en analogue shows a (-, -) pattern. The 
curves for the diaqua derivatives from those carbonato complexes 
show the same (+, -) patterns. The patterns for the [Co(CN) 2 ~ 
(ox) (NH 3) 2]" and the en analogue are (-, +) and (+, -, +), 
respectively. The remaining [Co (CN) 2 (mal) (NH 3) 2]" exhibits the 
CD curve with a (+, +) pattern. The Δε values of the dominant 
peaks are in the range of 0.5-1.5 for aïPthe complexes except 
for cis-cis-cis- [Co (CN) 2 (NHJ 2 (HJD) Δ + complex (Δε^_=-0.27). 

The absolute configuration nas been studied byx-ray difrac-
tion method for K(+) 5 g 9 " [Co(CN) 2 (mal) (NHJ^-H^O (19) and the 
configuration of the complex anion has been determined to S_ 
(Figure 6). The absolute configurations of the other complexes 
have been determined tentatively by comparing the CD spectra in 
the T, band region with that of the standard. 

l i e S(+)589-[Co(CN)2(mal) (NHJJ" complex shows a (+, +) 
pattern, while the (-) 5 S 9~[Co(CN) 2(COJ (en)]" complex shows a 
(-, -) pattern, hence tne latter i s assigned the R configuration. 
The (-) 5£ 9~[Co(CN) 2(en)(H 20) 2] + species is also regarded as 
having tne same configuration as the parent carbonato complex, 
because acid-hydrolysis proceeds with retention of configuration. 
The CD pattern of (+) s 8 9- [Co(CN)2 (00J (NHJJ" resembles that of 
R(-) 5 8 Q-[Co(CN) 2(en) (H 0 ) 2 ] + i f the f i r s t very weak peak of nega
tive sign i s ignored, leading to the R configuration for the 
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c a r b o n a t o c o m p l e x . T h e ( + ) [ C o i C N ) ^ ( N H ^ ) ^ ( H ^ O ) 2 ] + s p e c i e s 
d e r i v e d f r o m t h e R - c a r b o n a t o c o m p l e x s h o u l d B e R b e c a u s e o f 
r e t e n t i o n o f c o n f i g u r a t i o n . T h e (-) S f i g - [ C o ( C N ) 2 ( o x ) ( N H - ) Δ " 
c o m p l e x e x h i b i t s a l m o s t t h e r e v e r s e p a t t e r n o f R - [Co ( O S ^ T C O J -
( N H J 2 ] - s o i t i s r e g a r d e d a s S . T h e C D s i g n s w i t h r e s p e c t r o 

t h e ( + ) c o g - [ C o ( C N ) 2 ( o x ) ( e n ) ] " c o m p l e x a r e i d e n t i c a l w i t h t h o s e o f 
t h e S - [ C o t C N ) 2 ( m a l 7 ( N H 3 ) 2 ] ~ c o m p l e x a n d o p p o s i t e t o t h o s e o f t h e 
R - [ C o ( C N ) 2 ( C 0 3 ) ( N H J J c o m p l e x , a n d t h e f e a t u r e s o f t h e C D 
c u r v e a r e t h e r e v e r s e o f t h o s e f o r t h e R - [ C o ( C N ) 2 ( C O ^ ) ( e n ) ] " 
c o m p l e x . C o n s e q u e n t l y , t h i s o x a l a t e - c o m p l e x i s r e g a r d e d a s 
h a v i n g t h e S c o n f i g u r a t i o n . 

I t w i l l b e n o t e d t h a t w h e n a n e n c h e l a t e r i n g i s r e p l a c e d b y 
t h e c o o r d i n a t i o n o f t w o N E L , o r a n 0 , 0 - c h e l a t e i s r e p l a c e d b y 
a n o t h e r o n e , t h e s i g n s o f t h e C D p e a k s o n t h e h i g h e r f r e q u e n c y 
s i d e s i n t h e T , b a n d r e g i o n s n e v e r c h a n g e f o r f i x e d a b s o l u t e 
c o n f i g u r a t i o n s , ^ t h a t i s
c i s - c i s - c o m p l e x e s , a n d  f o r t h e c i s - c o m p l e x e s . T h e s o l u b i l i t y 
r u l e (20) h a s b e e n f o u n d t o h o l d w h e n ( - ) 5 Q 9 - [ C o ( N 0 2 ) 2 ( e n ) 2 ] + 

i s u s e d a s t h e r e s o l v i n g a g e n t . 
C i s - c i s - [Co (NOJ 2 ( 0 , 0 ) ( N H J J " a n d r e l a t e d c o m p l e x e s — 

T h e C D s p e c t r a o f t h e s e c o m p l e x e s a r e s h o w n i n F i g u r e s 7 a n d 8 . 
T h e C D s p e c t r a f o r t h e c i s - c i s - [Co ( N 0 2 ) 2 ( 0 , 0 ) ( N H ^ - l " c o m p l e x e s 
s h o w t w o o r t h r e e p e a k s o f a l t e r n a t i n g s i g n , a n d t n e Δ ε ^ ^ v a l u e s 
o f d o m i n a n t p e a k s a r e i n t h e r a n g e o f 0 . 3 3 - 1 . 4 7 . On t h e o t h e r 
h a n d , e a c h o f t h e t w o c i s - [Co ( N 0 2 ) j 0 , 0 ) ( e n ) ] ~ c o m p l e x e s s h o w s a 
s i n g l e p o s i t i v e p e a k w i t h l a r g e r Δε v a l u e s . W i t h r e s p e c t t o 
t h e c o r r e s p o n d i n g c i s - c i s - c i s a n d c T i P c i s - d i a q u a c o m p l e x e s , t h e r e 
a r e ( - , +) p a t t e r n s w i t h m u c h l o w e r i n t e n s i t i e s . 

X - r a y s t u d i e s h a v e b e e n c a r r i e d o u t w i t h (-) C - R q - [ C o ( N 0 ~ ) ~ -
(en) ] · (-) - [Co ( N 0 2 ) 2 ( ox ) (NH ) 2 ] (21) a n d t h e a b i o l u t e c o n f i 

g u r a t i o n o r t h e c o m p l e x a n i o n h a s b e e n d e t e r m i n e d t o b e R 
( F i g u r e 9 ) . B y c o m p a r i n g t h e C D p a t t e r n s i n t u r n , t h e a b s o l u t e 

c o n f i g u r a t i o n s o f t h e o t h e r c o m p l e x e s h a v e b e e n a s s i g n e d t e n t a 
t i v e l y . T h e a b s o l u t e c o n f i g u r a t i o n s o f t h e d i a q u a c o m p l e x e s h a v e 
b e e n c o n s i d e r e d t o b e t h e s a m e a s t h o s e f o r t h e p a r e n t c a r b o n a t o 
c o m p l e x e s . I t i s n o t e d a g a i n t h a t t h e p o s i t i v e s i g n s o f t h e 
p e a k s o n t h e h i g h e r f r e q u e n c y s i d e s o f t h e T 1 b a n d s c o r r e s p o n d 
t o t h e R c o n f i g u r a t i o n w i t h t h e e x c e p t i o n s o f ^ t h e t w o d i a q u a 
c o m p l e x e s . T h e s o l u b i l i t y r u l e h o l d s i n t h e s a m e m a n n e r a s t h e 
p r e v i o u s c a s e . 

B e s i d e s t h e c o m p l e x e s b e l o n g i n g t o t h e t w o a b o v e - m e n t i o n e d 
t y p e s , c i s - c i s - [ C o ( o x ) ( N H 3 ) 2 ( H 2 0 ) 2 ] N 0 3 h a s b e e n p r e p a r e d b y t h e 
a c i d - h y d r o l y s i s o f t h e c i s - T C o T C o J (ox ) ( N H 3 ) 2 ] ~ c o m p l e x a n d r e 
s o l v e d w i t h ( + ) c 4 6 - [ 0 o ( e d t a ) ] - ( 2 2 ) . F i g u r e 1 0 s h o w s a b s o r p t i o n 
a n d C D s p e c t r a f o r t h e l e s s s o l u b l e i s o m e r . I t h a s b e e n c o n 
f i r m e d t h a t t h e c o n v e r s i o n b e t w e e n t h e r e s o l v e d d i a q u a c o m p l e x 
a n d a n a c t i v e - [ C o ( C 0 3 ) (ox ) ( N H 3 ) 2 ] " s p e c i e s i n s o l u t i o n t a k e s 
p l a c e w i t h r e t e n t i o n o f c o n f i g u r a t i o n , t h e s p e c t r a f o r t h e 
c a r b o n a t o c o m p l e x s p e c i e s b e i n g i n c l u d e d i n F i g u r e 1 0 . T h e 
d i a q u a c o m p l e x e x h i b i t s a ( - , +) p a t t e r n a n d t h e c a r b o n a t o 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



298 STEREOCHEMISTRY OF TRANSITION METALS 

20 25 
# / l 0 3 c m H 

Inorganic Chemistry 

Figure 7. CD spectra of ( ), (-)598-[Co(N02)2(C03XNH3)2]-; ( ), 
(+)589-[Co(N02)2(NH3)2(H20)2]+; (---), (-)598-[Co(N02)2(oxXNH3)2]-; (- · -)> 

(+)589-[Co(N02)2(malXNH3)2]- (6). 
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Inorganic Chemistry 

Figure 8. CD spectra of ( ), (+)5a9-[Co(NOs)t(COs)(en)]-; ( ), (+)5SS-
[CotNOtMmXHJ)),]'; ( ), (+hs9-[Co(NOt)s(ox)(en)]' (6). 

NOj, 

H3N : --0-

N H , 

R 
Figure 9. Absolute configuration of 

(-hrlCotNOMoxXNII,),]-
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Figure 10. Absorption and CD spectra of (- · - ·), [Co(oxXNH3)2(H20)2]+ and 
(—), [Co(COsXoxXNH3)2]- (22) 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



15. SHIBATA ET AL. Circular Dichroism of Cobalt(III) Complexes 301 

complex species exhibits a single positive peak. Very resently, 
(-)5gg-[Co(C03) (ox) (NH^y" was isolated and i t s absolute confi
guration was assigned as Δ by means of the CD comparison (23). 
On this basis, the above-mentioned diaqua complex i s now regarded 
as R. It has also been reported that the acid-hydrolysis of 
A ( + ) 5 8 Q - [ C O (C 0 3 ) (mal) (NH ) 2Γ to give (-) -[Co(mal) (NH^-
(H 2OT 2J + brings a reversal of the signs of two CD peaks in the 
T, band region, i.e. (-, +) pattern —» (+, -) pattern (Z3). In 
view of these facts, i t seems most likely that the replacement of 
two H90 for a CO^2" in a carbonato enantiomeric complex results 
in a decrease of the rotational strength, sometimes giving a 
reversed CD pattern in the T, band region. 

Very recently, Mason (24? investigated the optical activity 
of R(+)-cis-cis-cis- [Co(CN) 9 (NHJ 9 (H90) J + and S(+)-cis-cis-cis-
[Oo(N02)2(NH ) 2(H 20) 2] +  which had been reported by Ito and 
Shibata, theoretically
order ligand-polarizatio
ligand-polarization mechanisms contribute significantly, but not 
exclusively, to the d-electron optical activity of chiral un
identate complexes of the a l l - c i s - [Coa^b^^ type. 
Synthesis and CD Spectra of Complexes Qpnteining 
1,1, l-Tris (aminomethyl) ethane or Hexaniobate Ion 
as a Terdentate Ligand 

The ligand, 1,1,1-tris (aminomethyl) ethane (tame) i s a 
typical tripod ligand and coordinates facially to a Co (III) ion. 
Hexaniobate ion, Nb̂ O, 8-̂  i s known to function as a bulky 
terdentate ligand (25, 26). Shimura and his coworkers (27̂ , 28) 
have prepared a few complexes of the fac(A)-[0o (A^) (BC)d] type, 
where represents those terdentate ligands. 

[Co (gly) (NHQ) (tame) ] 2 ~ (27) — The terdentate ligand was 
prepared in the form ot trihyaFochloride (tame-3HCl). As the 
starting material for the preparation of the complex they used 
Kcis-[Co(C0 3) 2(NH 3) 2]-H 20 (7). The isolated [Co (gly) (NHJ-
(tame)]Cl2 was resolved by using K 2 [Sb 2(d-tart) 2] ·3Η20 as re
solving agent. Other related complexes containing an optically 
active amino acid instead of glycine have been prepared and 
separated chromatographically into diastereoisomeric pairs. 

The CD spectrum of the (-) rog-glycinato complex i s shown in 
Figure 11. It i s seen that the conf igurational CD contribution 
which arises from the chirality due to the arrangement of 
glycinate and NH3 i s quite small. On the basis of the so-called 
additivity rule of the conf igurational and vicinal contributions, 
i t was found that the conf igurational curves for the diastereo-
meric complexes are similar to the CD curve for the enantiomeric 
complex (27), those curves being included in Figure 11. 

[Go(Nb6019) (gly) (NH3)]6- and [CoGfogO^) (gly) (Ĥ O) ] 6 ~ (28) 
— As a reagent for the terdentate ligand sodium hydrogenhexa-
niobate Na HNb6Oig-15H20 was used. The action of this previously 
neutralized reagent on Kcis- [Co (00Q) 0 (NH.,) 9] ·Η00 in aqueous solu-
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Bulletin of the Chemical Society of Japan 

Figure 11. CD curve of (—)589-[Co(gly)(NH3)(tame)]Cl2 · 3H20 (a) and calcu
lated configurational curves of [Co(L-ah)(NH 3)(tame)]2+ (b), [Co(L-val)(NHs)-

(tame)]2* (c), and [Co(L-ileuXNH3Xtame)]2+ (d) (27) 
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tion resulted in the isolation of K-[Co (Nb^^ ) (C03) (NHJ]. 
Using this intermediate, two complexes of LCo(lSflDfiO, q) (gly)-
(NKL)]6- and [0o(Nb6019) (gly) (H^O)] 6 - were isolated as lithium 
salts. Optical resolutions of these complexes were carried out 
by the use of (+) 5 8~- [Co (en) <JBr~ a s resolving agent. 

The other related complexes containing an optically active 
amino acid instead of glycine have been prepared in a similar 
manner and chromatographically separated into diastereoisomers. 

The CD spectra for the less soluble forms of the complexes 
are shown in Figure 12, in which the calculated conf igurational 
curve of an active form of [OoOSfogO,<J (L-val) (NHL)]6" i s 
included. In contrast to the CD spectrum of the tame complexes, 
the CD spectra of the hexaniobato complexes deviate considerably 
from the additivity rule, the reason for such difference between 
the [CoONt-] and the [OoÔ SL] type  bein  unknown
Synthesis and CD Spectr
Containing 1,4,7-Triazacyclononan

Since the ti t l e d cyclic triamine, NHCH2CH2NHCH2CH2NHCH2CH2 

(tacn) coordinates facially in an octahedral complex, i t i s 
available for the preparation of the fac(A)-[Co(A^)(BC)d]-type 
complexes. Using this ligand, glycinate and a variety of 
unidentates, various complexes of this type were now synthesized 
by the present authors, their CD spectral studies being carried 
out. 

Synthesis and resolution of the [Coa (gly) (tacn) ] -type 
complexes — The terdentate ligand was prepared as i t s t r i -
hydrochloride by the method of Richman and Atkins (29). Equi-
molar amounts of mer (Ν) -trans (NHJ - [Co (COJ (gly) (NHJ 2] (30) and 
tacn-3HCl were dissolved in water, and the solution was adjusted 
to pH 2 with HC104 (60%) and then adjusted to pH 9 with aqueous 
KOH solution, whereupon the color of the solution changed from 
violet to red, indicating the formation of [Co (gly) (tacn) -
(H 20)] 2 +. The purification of the desired complex species was 
carried out by means of ion-exchange chromatography (SP-Sephadex 
C-25 in Na + form and 0.1 M NaClOj. Finally, from an ethanolic 
solution of the concentrated eluate, red crystals of the aqua 
complex compound, [Co(gly) (tacn) (H20) ] (C10J 2, was obtained. 

Using this aqua complex as an intermediate, the following 
compounds were derived; 

[Co (N02 ) (gly) (tacn) ] CI · EJD (yellow), 
[Co(gly) (NHJ (tacn) ] lyEJD (orange), 
[Co(NCS)(gly)(tacn)]Br (red), 
[Co (NJ (gly) (tacn) ] I-HJD (red-violet), 
[CoClTgly) (tacn) ]Cl-1.5HLO (violet), 
[Ool(gly)(tacn)]I (greenf. 

The reaction of the aqua complex and KCN in aqueous solution 
gave no cyano complex, unidentified materials being formed in the 
reaction mixture. Instead the action of KCN on [CoCl(gly)-
(tacn)]N03 in dimethylsulfoxide resulted in the substitution of 
coordinated chloride ion by cyanide ion. From the reaction 
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Figure 12. CD spectra of ( ), (+h4G
CD-[Co(Nb6019)(glyXNH3)]6- and 

( λ (+)5>cCD-[Co(Nb6019XglyXH2Or (28) 
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mixture yellow crystals, [Go(CN) (gly) (tacn)]Br, were obtained 
after ion-exchange purification. 

Optical resolutions of the cyano, nitro and ammine complexes 
were carried out by column chromatography of SP-Sephadex C-25 in 
the Na + form. Complete separation of the two enantiomers was 
achieved by using 0.05 M Na [Sb2(d-tart) J ·2Η 0 as eluent. The 
isothiocyanato, aqua, azido and dTchloro complexes were resolved 
completely on columns of Dowex 50W-X8 resin in Na + form by elut-
ing with 0.3 M Na2[Sb (d-tart) J * 2H20. It i s worth noting that 
ion-exchange resin i s used very effectively for such a complex 
for which resolution i s achieved only partially on the Sephadex 
column. Resolution of the iodo complex was unsuccessful because 
of a great l a b i l i t y of the ligating iodide for ligand substitu
tions. 

Absorption and CD spectr f th  [Co  (gly) (tacn) ] -typ
complexes — The absorptio
complex and the CD spectr
Figure 13, showing that the CD curves are mirror images of each 
other. Since the same situation i s encountered in the resolved 
pairs of other complexes, the CD spectra for only the isomers 
obtained from the earlier eluates are illustrated together with 
the absorption spectra in Figures 14-17. The spectra for the 
hydroxo complex, [Go (OH) (gly) (tacn) ] + , were those measured with 
an aqueous solution of the aqua complex at pH 9.0. 

A striking characteristic in common for a l l of the CD 
spectra for the earlier eluted enantiomers, except for the CN~-
containing isomer, i s that a major CD peak of negative sign i s 
observed on the higher-frequency-side in the f i r s t absorption 
band region. The CD curve of the OSr-containing isomer shows one 
peak with a shoulder at higher frequency. 

Experiments were tried to obtain optically active complexes 
directly from the (-) -[Go(gly) (tacn) (H20)]2+ complex. The 
conversions were successful to give the corresponding (-) c o o " 
nitro, (-) j- £ g—i sothiocyana to, (+) -azido and (-) _fiQ-chlor6 
complexes. On the other hand, the oxidation of the Λ " ) 5 8 ο " 
[Oo(NCS) (gly) (tacn) ] + complex by aqueous H 20 2 at pH ca. 3 pro
duced (-)- -ammine, (-) _R -cyano and (-)5gg-aqua complexes, a l l 
being separated chromatogrâphically. Similar oxidative degrada
tion reactions have been reported by Gillard and Maskill (31); 
they found that (-)-[Co(NCS) 0(en) ]+ was converted into (-)-

these three complexes have the same absolute configuration. 
On the basis of the above results, i t i s assumed that the 

earlier eluted enantiomers, whose major CD peaks have negative 
sign, have the same arrangement with respect to the glycinate and 
an unidentate (ONT, NO", NH , NCS", HO, OH", Ν or CI"). An 
X-ray analysis has been carried out for (-) 5 8 g - [Go (gly) (NHJ-
(tacn)]I 2*H 20, and i t s absolute configuration has been detentdned 
as shown in Figure 18 (32). 

For the present chiral complexes, three sources of d-

[Co(NH ) (en) ]3+ and also to 
1_T i?T_ ±L 1 1 ι 1_ 
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Figure 13. Absorption and CD spectra of enantiomers of [Co(glyXNH3)(tacn)]2+ 
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Figure 14. Absorption and CD spectra of (—)!i98-[Co(CNXglyXtacn)]t and 
(—-)> (-)»r[Co(NO,XglyXtacn)r 
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Figure 15. Absorption and CD spectra of ( ) (—)589-[Co(glyXNH3Xtacn)]2+ 
and ( (-)589-[Co(NCSXglyXtacn)r 
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Figure 17. Absorption spectra of [Co(a)(gly)(tacn)]: ( ), a = N3; ( ), CI; 
( ), I. CD spectra of ( (+)589-[Co(N3)(gly)(tacn)]+ and ( ), (-)589-

[Co(ClXgly)(tacn)]\ 
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electron optical activity must be considered. They are helical 
distribution of a glycinato ring and a -NH-Œ^-Œ -NH- chelate 
ring of tacn, the conformation of the three chelate rings of 
tacn, and the arrangement of a glycinate ring and an unidentate. 
However, i t i s thought that the f i r s t and second sources have 
l i t t l e effect on the solution CD spectrum on the basis of the 
following facts. The CD spectra of (") 5 8g"[Co(gly) (NH ) (tacn)] 
and (-) 5 8 g-[Co(gly) (NH ) (tame)]2 resemble well to each other in 
the shape and peak intensity; the Δε value for (-) _fiq- [Co (gly)-
(NH ) (tacn)] 2 +, Δε—0.42, corresponds well with that: for (-) S R q -
[Cotgly)(NH )(tame)]2+, Δε=-0.44 (27). 

CD spectral studies on bis[R-2-methyl-l,4,7-triazacyclo-
nonane] cobalt (III), [Co (R-metacn) J 3 + , have been reported by 
Mason and Peacock (33) and later By Nonoyama (3£). For this 
complex, nine geometrical isomer  possibl d fiv  isomer
have been isolated by
(34). Each CD spectru y g positiv  pea
in the f i r s t absorption band region (Δε=+4.35-+4.72), due to 
chiral puckering, with the λ-conformation, of each of the six 
chelate rings (33, 34). The crystal structure has been deter
mined for a mixture of the three isomers (35). In this connec
tion the present authors have found that when CD measurements 
were carried out for an aqueous solution of bis(l,4,7-triaza-
cyclononane)cobalt(III), [Co(tacn)~]3+, in the presence of 
[Sb 2(d-tart) 2] 2", a positive peak was observed in the f i r s t 
absorption band region, indicating preferential formation of a 
conformation (probably λ) of the chelate rings. This observa
tion suggests that the conformational contribution becomes appre
ciable i f a conformation i s advantageous for the tacn chelate 
rings. In other words, the observation supports a small contri
bution from a fixed conformation to the solution spectrum for the 
present [Co(a) (gly) (tacn)] complex, even though the crystal 
structure of the complex reveals either λλλ or 666 ring conforma
tion. 

Scheme 3. Preparation Pathway 
Τ Α Π Ν · ^ H C l 

[Co(CN)(S03) (NH3)4] ̂ ; C 1 > sp-sep^ex column (Η,Ο)* 
— 50-60°C Z 

[Co(CN) (S03) (NH3) (tacn)] m r * — Solid 
40°C EtOH-(Et)20 

OH" 
η τ, 0 . • [Co (Br) (CN) (NHJ (tacn) ] + 
SP-Sephadex column 3 pH 9-10 

(0.05 M NaCl) 
Η3°^ 2+ -> [Go (CN) (NHJ (tacn) (HJD) ] pH 2 3 2 
Complexes of [Coabc (tacn) ] -type — At the present stage of 

the work two complexes, [Co(Br)(CN)(NH )(tacn)]Cl and [Co(CN)-
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Figure 19. Absorption and CD spectra of ( j , (+)589-[Co(CNXBr)(NH3)-
(tacn)r and ( ), (+)5!,6

CD-[Co(CNXNH3XtacnXH20)]2+ 
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(NHL) (tacn) (H20)] (C10J 2, have been prepared and resolved into 
their enantiomers (367. The preparation pathway i s given in 
Scheme 3. Optical resolutions were carried out similarly to 
those for the [Coa(gly) (tacn)]-type complexes (SP-Sephadex C-25 
in Na+ form and [Sb2 (d-tart) Λ 2 eluent). The absorption and CD 
spectra are shown in Figure l9. 
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Optical Resolution of Facial and Meridional 

Tris(aminoacidato)cobalt(III) Chelates by d-Tartrate and 

by A n t i m o n y d-Tartrate 

HAYAMI YONEDA, SHIGEO YAMAZAKI, and ΤΟΜΟΥΟ YUKIMOTO 
Department of Chemistry, Faculty of Science, Hiroshima University, 
Hiroshima, Japan 

It is not easy to obtain both enantiomers of non-charged 
chiral complexes in optically pure form  Chromatographic separa
tion by the use of asymmetri
adsorbent(for example,
regarded as almost the only means for this purpose. However, usu
ally such procedures lead to partial separation of enantiomers. 
This is probably because asymmetric adsorption is very weak. To 
make matters worse, we do not know the stereochemistry of asymmet
ric adsorption, nor how to improve the efficiency of separation. 
We attempted to attack this problem by extending the technique and 
the ion association model for ion-exchange chromatography. Here, 
we describe the mechanism of chromatographic separation of enan
tiomers of facial and meridional tris(aminoacidato)cobalt(III) 
chelates (See Figure 1). 

Complete Resolution of fac-[Co(β-ala)3] 

The facial isomer of [Co(β-ala)3] has three carboxyl oxygen 
atoms in a triangular face of an octahedron and three amino groups 
in the opposite triangular face. The expected large dipole moment 
causes fairly large adsorption on the adsorbent. Thus, chromato
graphic separation of enantiomers is expected with a suitable 
resolving agent. On the other hand, [Co(en)3]3+ was reported to 
be resolved completely into enantiomers through a column packed 
with the Na form of SE-Sephadex cation-exchanger using an aqueous 
solution of Na2 d-tartrate (l). As a part of the structural 
studies of optical resolution, we have determined the crystal 
structures of a series of diastereomeric salts, A-[Co(en)3]Br·d-
tart ·5H 2 O (2), A-Li[Cr(en) 3 ] (d-tart) 2 ·3H 2 O (l) andA-H[Co(en)3] 
(d-tart) 2 ·3H 2 O (4). Although these crystals are quite different 
in chemical formula, cell dimension, and space group symmetry, 
they have a remarkable resemblance to each other in the face-to-
face close contact mode of d-tart with A-[M(en)3]3+. This ion-
pair structure is formed by the contact of the four oxygen atoms 
of d-tart and the three NH2 groups of the complex. Therefore, 

0-8412-0538-8/80/47-119-315$05.00/0 
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only one half of the complex i s involved i n t h i s association. 
Since fac-[Co( β-ala)3] has a similar triangular face of three NH2 

groups and shows the AB-type PMR signal of the NH2 groups similar 
to that of [Coien)^]^ 4*, quite similar association of <i-tart i s 
expected for fao-[Co{β-ala)3]. In fact, this complex was separat
ed completely into enantiomers through the column packed with Na 
form of CM-Sephadex cation-exchanger "by the use of Na2^-tart d i s 
solved i n ethanol-water mixed solvent ( 5_). 

Separation and Identification of Isomers of fac-['Co(cL-PA) ( β-
AA) n] ( 6 ) ' 

In order to obtain the detailed feature of o p t i c a l resolution 
of fac-[Co(AA)3] where AA represents a- or β-amino acid, a series 
of diastereomeric or enantiomeri  /a£-[Co(a-AA
AA) n] were prepared an
aqueous solution of Na2^-tart through the column packed with TSK 
cation-exchange resin. For /ae-[Co(gly)3_ n(β-ala) n], the reten
tion volumes of the enantiomers were obtained i n each chromato
graphic run. Thus, the r a t i o of the retention volumes of enan
tiomers, that i s , the separation factor for Λ and Δ pairs of 
[Co(gly) 2(B-ala)], [Co(gly)(β-ala)2] and [Co(B-ala) 3] were ob
tained easily. 

In case a c h i r a l amino acid, L- or D-serine i s involved i n 
complex formation, the procedure to obtain the separation factors 
for enantiomeric pairs, A(L)- A(D) and Δ(ϋ)- A(L) i s complicated. 

F a c i a l complexes separated through the H + form of SP-Sepha-
dex, [Co(L-ser ) 3],[Co(L-ser ) 2(B-ala)] and [Co(L-ser)(B-ala) 2] 
contain the c h i r a l ligand L-ser and are presumed to be the mix
ture of diastereomers, A(L) and Δ ( ΐ Ο . Separation of diastereomers 
i s , i n general, not so d i f f i c u l t as that of enantiomers. Each of 
these diastereomeric mixtures was chromâtographed through the 
column of TSK ion-exchange resin using Na2SOl4 aqueous solution as 
eluent. Each elution curve consists of two peaks, a large f i r s t 
elution peak and a much smaller second elution peak. The problem 
i s whether the f i r s t eluted isomer has the Δ configuration or not. 
To determine t h i s , the f i r s t and the second eluted fractions were 
collected, and the CD spectra of these fractions were measured. 

Since the CD spectrum of the f i r s t eluted isomer of fac-[Co-
( L - s e r ^ ] i s quite similar to that of A-^ae-fCoÎL-ala^] whose ab
solute configuration i s established (T_), the f i r s t eluted isomer 
i s concluded to have the Δ configuration (Figure 2(a)). The sec
ond eluted isomer should be assigned to A. In the case of fae-
[Co(L-ser)2(β-ala)], the f i r s t eluted isomer shows the CD pattern 
similar to that of the f i r s t eluted isomer of /ac-[Co(L-ser)g] i n 
that the major CD band l i e s i n the longer wavelength region(ea.525 
nm). Therefore, the f i r s t eluted isomer i n t h i s case i s also as
signed as Δ. Here, a small CD component of opposite sign to the 
major peak appears at ea. 500 nm, as the result of substitution of 
β-ala for L-ser. This effect should be more marked i n the CD 
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spectrum o f / a c - [ C o ( L - s e r ) ( 3 - a l a ) 2 ] . I n f a c t , i n the CD spectrum 
o f t h e f i r s t e l u t e d isomer o f jf a c - [ C o ( L - s e r ) ( ( 3 - a l a ) 2 ] , t he compo
nent i n the l o n g e r wavelength r e g i o n d i m i n i s h e s , and the component 
at ca. 500 nm i s enhanced ( F i g u r e 2 ( c ) ) . S i n c e t h e f i r s t e l u t e d 
isomer i n t h i s case i s a l s o t he major component o f the d i a s t e r e o -
meric m i x t u r e as i t i s i n the f i r s t and second c a s e s , i t i s n a t u 
r a l t o a s s i g n the f i r s t e l u t e d isomer i n the t h i r d complex t o Δ. 
Facial-[ Co {ft-ala)^ i s not se p a r a t e d i n t o two peaks w i t h Na 2S0i| 
s o l u t i o n . Here, the N a 2 d - t a r t s o l u t i o n i s used i n s t e a d o f Na 2 S 0 i t , 
and o p t i c a l r e s o l u t i o n was a c h i e v e d . I n F i g u r e 2 ( d ) , t h e CD spec
trum o f the second e l u t e d isomer i s shown. The spectrum p a t t e r n 
i s q u i t e s i m i l a r t o t h a t o f the f i r s t e l u t e d isomer o f /a<?-[Co(L-
s e r ) ( B - a l a ) 2 ] ( F i g u r e 2 ( c ) ) . Thus, i t i s s a f e l y c o n c l u d e d t h a t 
the isomer o f fac-[Co(B-ala^] e l u t e d f i r s t w i t h d - t a r t has t h e 
c o n f i g u r a t i o n A, and t h a t t he second e l u t e d isomer has the c o n f i g
u r a t i o n Δ. T h i s assignmen
analogy w i t h t h e case o

The CD s p e c t r a o f th e second e l u t e d isomers o f t h r e e com
p l e x e s , [ C o ( L - s e r ) 3 _ n ( 6 - a l a ) n ] ( n = 0 , l and 2) are not e x a c t l y t h e 
same w i t h but q u i t e s i m i l a r t o those o f t h e c o r r e s p o n d i n g f i r s t 
e l u t e d i s o m e r s , except t h a t t h e CD s i g n i s o p p o s i t e . From t h e s e 
CD s p e c t r a , t he CD s p e c t r a o f Δ- and A-[Co(D — s e r ) 3 _ n ( 3 — a l a ) n ] a r e 
es t i m a t e d . They c o u l d not be measured d i r e c t l y because o n l y a 
s m a l l amount o f D-seri n e complexes was a v a i l a b l e . When e l u t e d 
w i t h Na 2S0i| s o l u t i o n , the e l u t i o n curve o f / a ^ ? - [ C o ( D - s e r ) 3 _ n ( 3 ~ 
a l a ) n ] i s t he same as t h a t o f the c o r r e s p o n d i n g L - s e r i n e com
p l e x e s . Thus, the c o n f i g u r a t i o n o f the f i r s t e l u t e d isomer i n t h e 
D-serine complexes must be A. I n t h i s way, we have o b t a i n e d two 
s e r i e s o f the r e t e n t i o n volumes o f d i a s t e r e o m e r i c p a i r s , A(major 
peak) and A(minor peak) f o r L - s e r i n e complexes and A(major peak) 
and Δ(minor peak) f o r D - s e r i n e complexes. When e l u t e d w i t h Na2S0]4 
s o l u t i o n , t he r a t i o f o r each e n a n t i o m e r i c p a i r i s always q u i t e 
c l o s e t o u n i t y , which means t h a t t hey a r e c e r t a i n l y e n a n t i o m e r i c 
p a i r s . 

As s t a t e d b e f o r e , t h e CD spectrum o f fac-[Cο(L-ser)2_n(β-
a l a ) n ] shows a g r a d u a l change w i t h i n c r e a s i n g number o f β-ala. I f 
we changed t h i s assignment o f the c o n f i g u r a t i o n o f one o f the s e 
complexes from Δ t o A, t h i s g r a d u a l change i n t h e CD spectrum 
p a t t e r n would be broken. I n a d d i t i o n , A - / a c - [ C o ( L - a l a ) 3 ] i s 
f a i r l y s o l u b l e i n w a t e r , w h i l e A-/a<?-[Co(L-ala)3] i s i n s o l u b l e . 
T h e r e f o r e , i t i s n a t u r a l t o a s s i g n t h e c o n f i g u r a t i o n o f the more 
s o l u b l e d i a s t e r e o m e r t o Δ(ΐ.) or A(D). S i n c e t h e second e l u t e d 
isomer A(L) o r Δ(ϋ) has v e r y low s o l u b i l i t y , most o f i t i s p r e 
sumed t o be removed a t t h e f i l t r a t i o n stage o f the p r e p a r a t i o n , 
g i v i n g a much s m a l l e r q u a n t i t y o f t h i s isomer. 

Trend o f the S e p a r a t i o n F a c t o r s o f En a n t i o m e r i c P a i r s E l u t e d w i t h 
d-Tart 

The s e p a r a t i o n o f each d i a s t e r e o m e r i c p a i r was complete when 
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0.1M Na 2<i-tart aqueous s o l u t i o n was used i n p l a c e o f Na^Oij. s o l u 
t i o n . The procedure t o o b t a i n the s e p a r a t i o n f a c t o r ( a ) o f t h e 
en a n t i o m e r i c p a i r i s t h e same w i t h t h a t e l u t e d w i t h Na 2SOl|. The 
r e s u l t s are shown i n Table I . 

Table I . The S e p a r a t i o n F a c t o r o f En a n t i o m e r i c 
P a i r s E l u t e d w i t h d-Tart 

Samples α 

, , /ac?-A[Co(D-ser) 3] 
/ac?-A[Co(L-ser) 3] 1.007 

/ T T \ /ac?-A[Co(D-ser
k ' f a c 3 - A [ C o ( L - s e r )

/ \ / a c ? - A [ C o ( D - s e r ) 2 ( B - a l a ) ] 
fac-k[Co(L-ser)2(β-ala)] 1.033 

( T V \ f a c 3-A[Co(D-ser) 2(B-ala)] 
V ; f a c 3 - A [ C o ( L - s e r ) 2 ( B - a l a ) ] 

1.032 

/ v χ f a c ? - A [ C o ( D - s e r ) ( B - a l a ) 2 ] · 
; fac-h[Co(L-ser)(β-ala)2] 

1.090 

/ V T \ fac?-A[Co(P-ser) (β-ala) 2] 
^ ; / a c ? - A [ C o ( L - s e r ) ( B - a l a ) 2 ] 1.005 

/ \ fac-h{Co(β-ala)3] 
V V 1 ± ; f a c 3-A[Co(B-ala) 3] 

i.o6o 

r x fac-à[Co(gly)(β-ala)2] 
{ V 1 ± 1 ' / o e - A [ C o ( g l y ) ( B - a l a ) 2 ] 

1.01+7 

/ τ γ χ f a c ? - A [ C o ( g l y ) 2 ( β-ala)] 
^ 1 λ ; fa^-A[Co(gly)2(β-ala)] 

1.022 

I n s p e c t i o n o f these s e p a r a t i o n f a c t o r s r e v e a l t h a t t h e e n a n t i o 
meric s e p a r a t i o n i s most e f f i c i e n t f o r /ac?-[Co(β-ala)3] which con
t a i n s t h r e e six-membered c h e l a t e r i n g s , and t h a t t h e s e p a r a t i o n 
e f f i c i e n c y decreases w i t h i n c r e a s i n g number o f five-membered che
l a t e r i n g s . For fao-[Co(ser)3], l i t t l e s e p a r a t i o n o f enantiomers 
w i t h d - t a r t t a k e s p l a c e . Here, i t must be noted t h a t t h e s e p a r a 
t i o n f a c t o r s f o r t h e p a i r , A-/ac?-[Co(D-ser ) (β-ala) 2] — A-/ac?-[Co-
(L-ser)(β-ala) 2], and t h e p a i r , Δ-/α<3-[Co(L-ser)(β-ala)2] — A-
/ a c ? - [ C o ( D - s e r ) ( B - a l a ) 2 ] a r e q u i t e d i f f e r e n t from each o t h e r , t h e 
former i s e x c e e d i n g l y h i g h , and the l a t t e r e x c e e d i n g l y low. How
e v e r , the average comes c l o s e t o the v a l u e o f fac-[Co{gly)(β-ala)2]. 
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A s s o c i a t i o n Model f o r D i s c r i m i n a t i o n 

As t o t h e mechanism o f o p t i c a l r e s o l u t i o n o f [ C o ( e n ) ^ ] 3 + , a 
f a c e - t o - f a c e c l o s e c o n t a c t model was proposed, i n which the d - t a r t 
a n i o n approaches a l o n g the t h r e e - f o l d a x i s o f the complex toward 
the t r i a n g u l a r f a c e formed by the t h r e e NH 2 groups o f the complex 
(See, F i g u r e 3). Here t h r e e N-H bonds serve f o r hydrogen bonding 
w i t h t h r e e oxygen atoms o f d - t a r t t o s t r e n g t h e n t h e a s s o c i a t i o n . 
We c o n s i d e r t h a t the e x i s t e n c e o f the f o u r t h oxygen atom o f d - t a r t 
p l a y s a d e c i s i v e r o l e f o r d i s c r i m i n a t i o n o f the A isomer from t h e 
Δ. The f o u r t h oxygen f i t s i n t h e space between two en c h e l a t e 
r i n g s i n t h e i o n - p a i r , A - [ C o ( e n ) 3 ] 3 + - d - t a r t (See F i g u r e 3). How
ev e r , i f the complex i s r e p l a c e d by the Δ enantiomer, t he f o u r t h 
oxygen w i l l t o u c h the s h o u l d e r o f the c h e l a t e r i n g , so t h a t t h e 
s t r u c t u r e o f the i o n - p a i
c r i m i n a t i o n o f enantiomers
i n g i s n e c e s s a r y . T h e r e f o r e ,
d i r e c t i o n o f the N-H bond i s important f o r d - t a r t t o form hydrogen 
bonds. S i n c e the NH 2 group o f [ C o i e n ^ P * has a x i a l and equato
r i a l N-H bonds, the a s s o c i a t i o n o f d - t a r t a l o n g the t h r e e - f o l d 
a x i s o f the complex i s presumed t o be a s s i s t e d by hydrogen bonding 
u s i n g the a x i a l N-H bonds. The f a c i a l complex [ C o i B - a l a ) ^ ] a l s o 
has a x i a l and e q u a t o r i a l N-H bonds. Thus, q u i t e s i m i l a r d i s c r i m i 
n a t i o n mechanism can be presumed f o r / a c - t C o t B - a l a ^ ] . However, 
the s i t u a t i o n w i l l change f o r fac-[Co(a-PJi)3]. As i s w e l l known, 
the α-aminoacidato l i g a n d forms a five-membered c h e l a t e r i n g which 
i s almost p l a n a r (8_). Thus, two N-H bonds o f a c h e l a t e r i n g a r e 
d i r e c t e d upward and downward from t h i s p l a n e w i t h e q u a l a n g l e s . 
T h e r e f o r e , l o o k i n g a t the complex, f o r example, fac-[Co(L-ser)β] 
a l o n g i t s t h r e e - f o l d a x i s , the two N-H bonds o f a c h e l a t e r i n g a r e 
d i r e c t e d l i k e a l e t t e r "V". There i s no d i f f e r e n c e between t h e 
two N-H bonds as a x i a l and e q u a t o r i a l i n t h e β-ala c h e l a t e r i n g 
(9.). Consequently, the oxygen atoms o f d - t a r t have two p o s s i b i l i 
t i e s t o make hydrogen bonding w i t h e i t h e r one o f the s e two N-H 
bonds. T h i s s i t u a t i o n may work u n f a v o r a b l y f o r d - t a r t t o d i s c r i m 
i n a t e t h e A from the Δ. The s m a l l s e p a r a t i o n f a c t o r o f fac-[Co-
( s e r ) ^ ] can be thus understood. 

Trend o f the S e a p a r a t i o n F a c t o r s o f E n a n t i o m e r i c P a i r s E l u t e d w i t h 
Antimony d-Tart 

The s e p a r a t i o n o f each d i a s t e r e o m e r i c p a i r was a l s o complete 
f o r 0 . 1 M Na 2Sb d - t a r t aqueous s o l u t i o n as e l u e n t . The procedure 
t o o b t a i n the s e p a r a t i o n f a c t o r ( a ) was the same as f o r d - t a r t . 
The r e s u l t s are shown i n T a b l e I I . As seen from t h e s e f i g u r e s , 
the s e p a r a t i o n f a c t o r decreases w i t h i n c r e a s i n g number of ( 3-ala 
l i g a n d s . T h i s t r e n d i s j u s t t h e r e v e r s e t o the t r e n d i n t h e case 
of d - t a r t . T h e r e f o r e , the d i s c r i m i n a t i o n mechanism f o r Sb d - t a r t 
i s presumed t o be q u i t e d i f f e r e n t from t h a t f o r d - t a r t . 
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Figure 1. Geometrical isomers of tris-

(aminoacidato)cobalt(III) facial (fac) meridional (mer) 

A-/ac-CCo(L-ser)33 (a) 

700 600 500 400nrn 

A-/ac-CCo(L-ser)2(n-ala)3 \y (b) 

700 600 500̂  n m 

A-/ac-CCo(L-ser)(n-ala)2] / - ^ ( c ) 

700 600 / 500 \ A00 nm 

A-/ac-CCo(n-ala)3J 

Journal of Chromatography 

Figure 2. CD spectra of the first-eluted isomers ( 6 ) 

Chemistry Letters 
Figure 3. Face-to-face close contact between A-[Co(en)3]3+ and ά-tart2' in Λ-

[Co(en)3]- Br · d-tart · 5H20(2) 
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Table I I . The S e p a r a t i o n F a c t o r o f En a n t i o m e r i c 
P a i r s E l u t e d w i t h Sb d - t a r t 

Samples α 

/ j \ /ac?-A[Co(D-ser)o] 
V ; f a c - A [ C o ( L - s e r ) 3 ] 1.702 

/ j j \ /ac?-A[Co(D-ser) 3] 
^ 1 1 ; f a e - A [ C o ( L - s e r ) 3 ] 1.510 

/ χ /ac?-A[Co(D-ser) 2(6-ala)] 
V } / o c - A [ C o ( L - s e r ) 2 ( B - a l a ) ] 1.3U9 

/ τ ν χ f a c ? - A [ C o ( D - s e r )
V ; f a c ? - A [ C o ( L - s e r ) 2 ( g - a l a ) ] 

/ v \ /a c ? - A [ C o ( D - s e r ) ( B - a l a ) 2 ] 
; / a c ? - A [ C o ( L - s e r ) ( 6 - a l a ) 2 ] 

i.o6o 

/ V T \ /ac?-A[Co(D-ser)(6-ala) 2] 
v ; / a c ? - A [ C o ( L - s e r ) ( B - a l a ) 2 ] 1.189 

/ T T \ fac?-A[Co(6-ala)3] 
K V i l ; f a c 3 - A [ C o ( 6 - a l a ) 3 ] 

1.060 

A s s o c i a t i o n Model o f Sb d-Tart (lO) 

S i n c e the t r e n d i n t h e s e p a r a t i o n f a c t o r f o r fac-[Co(O- or L-
s e r ) 3 _ n ( 3 - a l a ) n ] i s r e v e r s e d between d - t a r t and Sb d - t a r t , d i s 
c r i m i n a t i o n o f enantiomers by Sb d - t a r t i s presumed t o ta k e p l a c e 
w i t h the a s s o c i a t i o n i n t h e d i r e c t i o n o t h e r t h a n a l o n g the t h r e e 
f o l d a x i s o f the complex. F i g u r e k shows the schematic r e p r e s e n t 
a t i o n s o f the A and Δ t r i s - c h e l a t e complexes. As seen i n t h i s 
f i g u r e , the A and Δ c o n f i g u r a t i o n s are c h a r a c t e r i z e d by th e mode 
o f c o o r d i n a t i o n o f t h r e e c h e l a t e r i n g s as w e l l as by th e shape o f 
the space between c h e l a t e r i n g s . The space formed by the c h e l a t e 
r i n g s o f the A c o n f i g u r a t i o n has an "L" shape and i s c a l l e d an L-
shaped c h a n n e l . The space between c h e l a t e r i n g s o f the Δ c o n f i g u 
r a t i o n has a " J " shape and i s c a l l e d a J-shaped c h a n n e l . As t o 
the mechanism o f d i s c r i m i n a t i o n o f enantiomers o f [Co(en)3]3 + and 
i t s r e l a t e d complexes, we proposed the key-and-lock a s s o c i a t i o n 
model between Sb d - t a r t and the L-shaped cha n n e l o f the A-complex. 
A c c o r d i n g t o t h i s model, the A enantiomer o f /ac?-[Co(AA)3] i s 
e l u t e d f i r s t w i t h Sb d - t a r t , as observed. The t r e n d o f the sepa
r a t i o n f a c t o r w i t h i n c r e a s i n g number o f (3-ala(six-membered c h e l a t e 
r i n g ) i s not d e f i n i t e l y e x p l a i n e d w i t h t h i s model, but p r o b a b l y 
the six-membered c h e l a t e r i n g s may obscure the L-shaped cha n n e l 
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Figure 4. A model proposed for the association of Sb2(ά-tart)2
2~ with tris(chelate)-

cobalt(IH) compounds 

(a) (b) (O, 

01 2 3 4 5 h f 01 2 3 4 5 6 h r 0 1 2 3 4 5 6 7 8 ^ 

Figure 5. Effect of alcohol on the chromatographic separation of mer-[Co(fi-
ah)3] enantiomers 
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Δ ε ( X 0.01 ) 

Γ ' I Γ ι r 
700 600 500 nm 

Inorganic and Nuclear Chemistry Letters 

Figure 7. Induced CD spectra of mer-
[€ο(β-αΙα)3] (0.01M) in the presence of 
Li2Sb2-a-tart2 (0.1M) in: (1) pure water; 

(2) 20% ethanol-water (1), 
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c h a r a c t e r . 

R e s o l u t i o n o f mer-[Co(β-ala)3] ( l l ) 

The m e r i d i o n a l isomer o f [ C o ^ - a l a ) ^ ] a l s o has L-shaped chan
n e l s . T h e r e f o r e , t h i s complex s h o u l d a l s o he se p a r a t e d i n t o enan
t i o m e r s w i t h Sb d - t a r t . We attempted t o chromatograph mer-[Co{$-
a l a ) ^ ] w i t h Sh d - t a r t s o l u t i o n . However, the complex passes 
through t h e column w i t h too s h o r t a r e t e n t i o n time t o a l l o w t h e 
s e p a r a t i o n o f enantiomers. Thus, we had the i d e a t o p l a c e Sh d-
t a r t i n t h e r e s i n phase. That i s , Sh d - t a r t i s l o a d e d on an an-
ion-exchange r e s i n , and through t h i s r e s i n t h e complex i s e l u t e d 
w i t h water. The e l u t i o n curve i s shown i n F i g u r e 5 ( a ) . There i s 
a s l i g h t s p l i t t i n g o f the e l u t i o n peak. The s e p a r a t i o n was im
proved w i t h t h e a d d i t i o n o f e t h a n o l as shown i n F i g u r e 5(h) and 
( c ) . F i g u r e 6(a) show
b o t h enantiomers w i t h i n c r e a s i n
e l u e n t . The r e t e n t i o n volumes o f the b o t h enantiomers i n c r e a s e 
w i t h i n c r e a s i n g amount o f e t h a n o l , and th e s e p a r a t i o n f a c t o r i s 
improved w i t h a d d i t i o n o f e t h a n o l . T h i s i s v a l i d a l s o i n t h e case 
o f f a c i a l complexes, as shown i n F i g u r e 6 ( b ) . The e f f e c t o f e t h a 
n o l can be e x p l a i n e d as the d e h y d r a t i o n e f f e c t o f e t h a n o l from t h e 
s o l v a t i o n sphere o f a s s o c i a t i n g s p e c i e s . The induced CD spectrum 
o f mer-[Co(β-ala)3] d i s s o l v e d i n Sb d - t a r t s o l u t i o n i s enhanced by 
the a d d i t i o n o f e t h a n o l (See F i g u r e 7). T h i s i n d i c a t e s t h a t dehy
d r a t i o n enhances c l o s e c o n t a c t between the complex and Sb d - t a r t . 
Chromatographic r e s o l u t i o n o f enantiomers u s i n g an anion-exchange 
r e s i n l o a d e d w i t h Sb d - t a r t ( r e s o l v i n g agent) has two m e r i t s . 
1) Higher c o n c e n t r a t i o n o f Sb d - t a r t ( r e s o l v i n g agent) can be 
used, t h e r e f o r e , h i g h e r e f f i c i e n c y i s expected than t h e Sb d - t a r t 
s o l u t i o n as e l u e n t . 
2) The e l u a t e c o n t a i n s o n l y t h e sample enantiomer. Thus a l a r g e 
s c a l e p r e p a r a t i o n o f enantiomers i s p o s s i b l e . 
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Stereoselective Synthesis of Quadridentate Ligands 

Uti l iz ing a Template Reaction of Metal Complexes 

M. SABURI, T. MAKINO, K. HATA, Κ. MIYAMURA, and S. YOSHIKAWA 
Department of Synthetic Chemistry, Faculty of Engineering, 
The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113, Japan 

Curtis and coworkers first reported the amine-imine linkage 
formation of the type show  i  Figur  1 b  condensatio f
molecules of acetone wit
nickel(II) or copper(II) ions (1, 2, 3). It was also shown 
that this type of reaction generally occurs with several carbonyl 
compounds (4, 5). Later, the mechanism of the linkage formation 
and the stereoisomerism and some reactions of the metal complexes 
with macrocycles were investigated in detail (5, 6, 7). 

Further, it should be noted that the same macrocycle as in 
Figure 1 could be obtained by using condensation dimers of 
acetone, such as diacetone alcohol or mesityl oxide (8). It was 
also found that several kinds of α,β-unsaturated ketones and 
ß-hydroxyketones may be used to prepare macrocyclic diamino
-diimines (8). This observation is very important, because by 
using suitable ketones it becomes possible to introduce desired 
substituent(s) into the three carbon atom linkage. In fact, 
a variety of diamino-diimine macrocycles has been prepared and 
used as ligands in recent years (9 - 14). However, almost al l 
of the macrocycles were synthesized under reaction conditions 
not requiring metal ions such as nickel(II). 

The use of substituted 1,2-diamines in place of ethylene-
diamine gave another possibility to increase the variety of 
macrocycles. Studies by some researchers, using racemic (3, 15) 
or optically active (15, 16) propylenediamine produced 
macrocyclic and open-chain ligands, as shown in Figure 2. 
However, this is the only example which succeeded in formation 
of this linkage, using chiral diamines. An attempt to use 
butane-2,3-diamine or stilbenediamine was reported to be 
unsuccessful (3). 

On the other hand, some amine compounds have been found to 
give open-chain quadridentate ligands by reaction with acetone 
(3, 17, 18, 19, 20). It is noteworthy that the copper(II) 
complex of N-hydroxyethylethylenediamine, which has a primary 
and a secondary amino group, gives a single-bridged ligand by 
reaction with acetone (19, 20). This observation is of much 

0-8412-0538-8/80/47-119-325$05.00/0 
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importance because i t seems t o support the view t h a t some 
N-monosubstituted 1,2-diamines w i l l g i v e r i s e to the c o r r e s p o n d 
i n g open-chain t r i a m i n o - i m i n e s by c o n d e n s a t i o n r e a c t i o n s w i t h 
ketones i n the presence of m e t a l i o n s . 

I n T a ble I a r e l i s t e d the s t r u c t u r e s and a b b r e v i a t i o n s of 
the c h i r a l N - s u b s t i t u t e d 1,2-diamines and the ketones used i n 
t h i s r e p o r t . Our i n v e s t i g a t i o n s t a r t e d w i t h the e x p e c t a t i o n 
t h a t o n l y the p r i m a r y ami no group of these diamines would be 
i n v o l v e d i n the c o n d e n s a t i o n r e a c t i o n s w i t h the ketones used. 

R e a c t i o n s o f N i ( S - a m p r ) % + Ion w i t h Ketones (21). I n i t i a l l y , 
the r e a c t i o n s of t r i s ( 2 ( S ) - a m i n o m e t h y l p y r r o l i d i n e ) n i c k e l ( I I ) 
( N i ( S - a m p r ) ^ + ) w i t h MVK and HBO were examined. The c o n d e n s a t i o n 
r e a c t i o n s were c a r r i e d out i n methanol under the c o n d i t i o n s 
i n d i c a t e d i n T a b l e I I , and r e a c t i o n p r o d u c t s were s e p a r a t e d from 
o t h e r compounds by SP-Sephadex c a t i o n exchange chromatography
The p r o d u c t s were c o l l e c t e
t e t r a c h l o r o z i n c a t e s a l t s
procedures are almost the same throughout the s e v e r a l r e a c t i o n s 
w i l l be d e s c r i b e d h e r e . 

In t h i s way, two k i n d s of n i c k e l ( I I ) complexes 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 w i t h e i t h e r MVK o r HBO (See 
Scheme 1). The s t r u c t u r e s of these complexes ( F i g u r e 3) are 
most e f f e c t i v e l y d i s t i n g u i s h e d by IR measurements, the d e t a i l s 
of w h i c h w i l l be r e p o r t e d elsewhere (21). 

A few i n t e r e s t i n g m a t t e r s are n o t i c e d from the r e s u l t s i n 
T a b l e I I . The f i r s t i s t h a t i n a d d i t i o n t o the expected complex 
i n w h i c h amine-imine l i n k a g e s connect p a i r s of p r i m a r y amino 
groups (type C i n F i g u r e 3), those i n which the l i n k a g e connects 
a p r i m a r y and a secondary amino group (type A o r B) are produced. 
I f o n l y the p r i m a r y amino group were i n v o l v e d i n these r e a c t i o n s , 
the type C complex might be the s o l e p r o d u c t . The reason f o r 
the f o r m a t i o n of type A and Β complexes w i l l be d i s c u s s e d l a t e r . 

The second i m p o r t a n t matter i s t h a t the d i s t r i b u t i o n of 
the p r o d u c t s i s d i f f e r e n t between r e a c t i o n s w i t h MVK and HBO. 
I n t h e MVK r e a c t i o n , l i n k a g e f o r m a t i o n takes p l a c e e x c l u s i v e l y 
between p r i m a r y and secondary amino groups, w h i l e i n the HBO 
r e a c t i o n such s e l e c t i v i t y i s not observed. 

F u r t h e r , i t s h o u l d be noted t h a t i n the r e a c t i o n w i t h HBO, 
no m a c r o c y c l i c complex was formed, d e s p i t e the f a c t t h a t the 
type Β complex was a c t u a l l y o b t a i n e d . I t was r e a d i l y c o n f i r m e d 
t h a t the Β complex (Rx, R2 = Η ) , a f t e r b e i n g i s o l a t e d , c o u l d 
be c o n v e r t e d t o the macrocycle A ( R i , R2 = H) by r e a c t i o n w i t h 
MVK. T h e r e f o r e , the d i f f e r e n c e i n r e a c t i v i t y between MVK and 
HBO i s o b v i o u s . 

T a b l e I I a l s o i n c l u d e s the r e s u l t s of the r e a c t i o n s o f 
Ni(S-ampr)§ + w i t h some o t h e r k e t o n e s ; i . e . , MNPK, HPO, MOX, and 
DAA. I t i s i n t e r e s t i n g t h a t w i t h these ketones t h e amine-imine 
l i n k a g e connects s e l e c t i v e l y the p r i m a r y amino groups of two 
d i a m i n e s . L i n k a g e f o r m a t i o n between a p r i m a r y and a secondary 
amino group no l o n g e r o c c u r s . I t s h o u l d be noted t h a t these 
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T a b l e I . S t r u c t u r e s and A b b r e v i a t i o n s of C h i r a l 1,2-Diamines 
and Ketones 

Name 

2(S)-2-aminomethy1-
p y r r o l i d i n e 

2 (R) -2-aminomethyl
p i p e l i d i n e 

3(S)-3-amino-
p i p e l i d i n e 

3(S)-3-amino-
hexahydroazepine 

d i a c e t o n e a l c o h o l 

m e s i t y l o x i d e 

methyl v i n y l ketone 

4-hydroxy-2-butanone 

methyl n - p r o p e n y l -
ketone 

4-hydroxy-2-pentanone 

S t r u c t u r e 

H C H 2 N H 2 

H 

-NH. 

H 

H 
(CHJ ?-Ç-CH -Ç-CH 

OH 0 J 

(CH 3) 2C=CH-C-CH 3 

CH0=CH-C-CHQ 
2 8 3 

A2" 1 A2 

CH0-CH=CH-C-CHQ 3 β 3 

CH -ÇH-CH -C-CH 
OH 0 

A b b r e v i a t i o n 

S-ampr 

S-apip 

S-ahaz 

DAA 

MOX 

MVK 

HBO 

MNPK 

HPO 

°1 M i x t u r e of c i s and t r a n s isomers 
°2 The racemic m i x t u r e 
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z^2 m 
CH3-.. 

NNH 2 NH2 

(II) 

CH3 

H 3 C ^ r / C H 2 - d L C H 3 

Λ ^ 
C H 2 / \ / H 2 

NH If 
I II 

H ^ C — C 

4 H2O 

Figure 1. Condensation reaction of metal(II)-ethylenediamine complexes with 
acetone. (Only one of the products is shown.) 

II ι k-
If IL 

L / A ^ c 

c A A c 
ι X M X 1 

A \ A -
Ν Ν 

Ν 
Γ I h 
C^Kr/c-c 

il I L 

Ν N V 

f C 

(Al^ X A c 
Figure 2. Condensation reaction of metal(îl)-propylenediamine complexes with 

acetone (M=Ni(II) or Cu(II)) 

Figure 3. Reaction products of S-ampr complexes with some ketones (M=Ni(II) 
or Cu(II)); for reaction with MVK or HBO, R, and R2 = H; with MNPK or HPO, 

R, = Hi and R 2 = CH3; with MOX or DAA, R, and R 2 = CH3. 
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four ketones have at least one methyl group on the carbon atom 3 
to the carbonyl group. So i t can be anticipated that some s t e r i c 
effect i s at work i n the linkage-forming reaction. 

Reactions of Cu(S-ampr)%+ Ion with MVK and DAA. (22) 
Similar linkage formation reactions took place for copper(II) 
complex of S-ampr. In Table II are shown the results with MVK 
and DAA. Again i n the case of DAA, only the type C complex was 
formed; that i s , only the primary amino groups were concerned i n 
the condensation. On the other hand, a l l three complexes 
generated i n the MVK reaction. Among these complexes, the 
macrocycle (A) was the main product,, and the yields of the others 
(B and C) were very low. Thus, i n the MVK reaction, linkage 
formation seems to occur c h i e f l y between a primary and a 
secondary amino group, as i n case of the nickel(II) complex. 

The stereoselectivit  and/o
linkage formation reaction
essentially as follows, g
consideration. There are two possible gauche conformations i n 
which the S-ampr may coordinate to a metal ion, namely the δ 
and the λ conformers. As shown i n Figure 4, the substituents on 
the Ν and C atoms have different orientations from one another 
i n these δ and λ conformations. From a stereochemical view, 
the δ conformation w i l l be more preferable than the λ. Figure 4 
also shows two modes of li n k i n g two molecules of S-ampr. In the 
case where both the primary amino groups are connected (Figure 4-
b), no serious s t e r i c repulsions are found, even i f R\ and/or 
R2 are methyl groups. However, i n the case i n which the linkage 
connects a primary and a secondary amino group (Figure 4-a), 
s t e r i c repulsion occurs between C-substituents at the linkage 
and the pyrrolidine ring of S-ampr, i f the substituent Ri i s 
a methyl group. Therefore, i f both R\ and R2 i n Figure 4-a are 
protons, a linkage connecting a primary and a secondary amino 
group w i l l be favored. In these terms, the results given i n 
Table II are reasonable because only with MVK or HBO can the 
amine-imine bridge occur between primary and secondary amines; 
with other bridging reagents, complexes having such structures 
are not formed at a l l . 

Reactions of Cu(II) Complexes of S-apip and S-ahaz. (22, 23) 
Experimental results on linkage formation, which were obtained 
by using S-apip and S-ahaz as diamines, give further information 
about this kind of condensation. Both diamines, S-apip and 
S-ahaz, can act as bidentate ligands when amino group at 3 
position of the ring takes the a x i a l orientation. 

Further, an interesting feature of these diamines as ligands 
for the copper(II) ion has been recognized (24). As i l l u s t r a t e d 
i n Figure 5, there are two geometrical ways of coordination; 
c i s and trans. In the c i s form, where the primary and secondary 
amino groups take positions c i s to one another, the two apical 
position on the copper(II) ion are considered to be blocked from 
the coordination because of the presence of the diamine skeleton, 
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Figure 5. Geometrical isomers (trans and cis) of Cu(II) complexes of S-apip and 
S-ahaz 
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so t h a t the complex w i l l have a f o u r - c o o r d i n a t e d s t r u c t u r e . 
In the t r a n s form, one of the a p i c a l p o s i t i o n o f c o p p e r ( I I ) i s 
open f o r c o o r d i n a t i o n w i t h such l i g a n d s as h a l i d e s o r s o l v e n t s . 
On the b a s i s of s p e c t r o s c o p i c and c o n d u c t i v i t y measurements, 
some evidence has been o b t a i n e d s u p p o r t i n g t h i s s u g g e s t i o n t h a t 
the c o p p e r ( I I ) complexes of these diamines p r e f e r a b l y take t h i s 
f i v e c o o r d i n a t i o n s t r u c t u r e , even though a v e r y s m a l l amount of 
the c i s s t r u c t u r e i s p r o b a b l y p r e s e n t a t e q u i l i b r i u m ( 2 4 ) . 
T h e r e f o r e , i t i s expected t h a t i f the f i v e - c o o r d i n a t e d s t r u c t u r e 
i s m a i n t a i n e d d u r i n g l i n k a g e f o r m a t i o n w i t h k e t o n e s , the main 
p r o d u c t s w i l l have s t r u c t u r e s i n which p r i m a r y and secondary 
amines are connected r e g a r d l e s s o f the p a r t i c u l a r ketones used. 
T h i s i s because s t e r i c r e p u l s i o n s found i n the c o n d e n s a t i o n 
r e a c t i o n s between S-ampr and ketones o t h e r than MVK and HBO, 
seems n o t to occur i n these diamine complexes

The r e s u l t s o f th
S-ahaz C u ( I I ) complexe
s t r u c t u r e s o f p r o d u c t s , A, B, and C i n Table I I I a r e i l l u s t r a t e d 
i n F i g u r e 6 f o r the case o f S-apip. 

A few i n t e r e s t i n g f a c t s are r e c o g n i z e d from these d a t a . 
As f a r as S-apip and S-ahaz are concerned, p r o d u c t s w i t h l e s s 
crowded ketones such as MVK, HBO, MNPK, or HPO have, w i t h o u t 
e x c e p t i o n , the amine-imine l i n k a g e formed between p r i m a r y and 
secondary amines. Hence, the products are e i t h e r A o r B, or 
sometimes both of them, as i n the case o f S-apip-MNPK and 
S-ahaz-MVK. F u r t h e r , the y i e l d s are not so bad. T h e r e f o r e 
i t i s v e r y p r o b a b l e t h a t l i n k a g e f o r m a t i o n takes p l a c e , almost 
e x c l u s i v e l y , on the f i v e - c o o r d i n a t e d s t r u c t u r e of c o p p e r ( I I ) , 
as expected above. Such s e l e c t i v i t y due t o the c o o r d i n a t i o n mode 
about c o p p e r ( I I ) i o n w i l l not work w e l l i n the case o f the S-ampr 
complex, because of i t s s t r u c t u r e , so t h a t a s m a l l amount of 
type C i s o b t a i n e d . 

Remarkable d i f f e r e n c e s a r e found between the r e s u l t s f o r 
MOX o r DAA and o t h e r ketones. With these acetone d i m e r s , no 
m a c r o c y c l i c product was o b t a i n e d . I n the case o f S-apip and 
S-ahaz, the y i e l d of o t h e r p r o d u c t s (B and C) a r e a l s o v e r y low. 
T h i s p r o b a b l y i n d i c a t e s the e f f e c t s of some s t e r i c f a c t o r s , 
which reduce the r e a c t i v i t y . The s t e r i c f a c t o r w i l l be due 
c h i e f l y t o r e p u l s i o n s brought about by two methyl groups i n 
ket o n e s . The r e p u l s i o n works i n the t r a n s i t i o n s t a t e f o r 
f o r m a t i o n of both Β and C, so t h a t the y i e l d o f each f o r S-apip 
and S-ahaz i s lowered. 

The f o r m a t i o n of type C pro d u c t s f o r S-apip and S-ahaz i s 
r a t h e r s u r p r i s i n g , because these substances s h o u l d be generated 
through the f o u r - c o o r d i n a t e d - c o p p e r ( I I ) complexes. The f o u r -
c o o r d i n a t e d s p e c i e s are c o n s i d e r e d to be p r e s e n t i n o n l y a s m a l l 
r a t i o compared w i t h the f i v e - c o o r d i n a t e d s p e c i e s , as d i s s c u s s e d 
e a r l i e r . T h e r e f o r e , the f o r m a t i o n o f C f o r these diamines 
(S-apip and S-ahaz) seems to suggest the low r e a c t i v i t y of 
acetone dimers towards t h e i r f i v e - c o o r d i n a t i o n complexes. 
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Table I I . P r o d u c t s D i s t r i b u t i o n f o r R e a c t i o n s o f N i ( I I ) - or 
Cu(II)-S-ampr Complexes w i t h S e v e r a l Ketones 

Complex Ketone Temp.(°C) R e a c t i o n 
Time(hr.) 

0 
P r o d u c t s 1 ( T o t a l Y i e l d ) 

MVK 20 24 A + Β (69%) 
HBO 65 6 Β + C (47%) 
MNPK 65 4 C (69%) 
HPO 65 6 C (51%) 
MOX 105 7 C (53%) 
DAA 105 7 C (77%) 
MVK 
DAA 

65 
65 

2 
10 

A + Β + 
C 

C (43%)°2 
(80%) 

°1 S t r u c t u r e s of Pr o d u c t s are i n d i c a t e d i n F i g . 3 and Scheme 1 
°2 A(34%);B(5%);C(4%

[ N i ( S - a m p r ) 3 ] ( C 1 0 4 ) 2 

MVK 

HBO 

MNPK 
or HPO 

MOX 
or DAA 

A + Β (R 1,R 2=H) 

Β + C ( R r R 2 = H ) 

C ( R ^ H . R ^ C ^ ) 

C (R 1,R 2=CH 3) 

Scheme 1. Reactions of [Ni(S-ampr)3](ClOJl)2 with ketones. (A, Β, and C are 
indicated in Figure 3.) 

Table I I I . Pr o d u c t s D i s t r i b u t i o n f o r R e a c t i o n s o f C u ( I I ) -
S-apip or -S-ahaz Complexes w i t h Ketones ( a t 65°C) 

L i e a n d Ketone R e a c t i o n Y i e l d ( % J °1 
XJ ο LAvL 

Ketone Time ( n r . ) A Β C 
MVK 2 76 1 0 
HBO 6 9 58 0 

S-apip MNPK 2 3 43 0 
HPO 6 0 47 0 
MOX 11 0 3 2 
DAA 11 0 8 12 

S-ahaz MVK 2 43 13 0 
DAA 10 0 4 3 

°1 S t r u c t u r e s of A,B,C a r e i l l u s t r a t e d i n F i g . 6 
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F u r t h e r , t y p e C complexes o f S-apip and S-ahaz sh o u l d have 
a sev e r e s t e r i c r e p u l s i o n between the methyl group a t the 
l i n k a g e and the s i x - o r seven-membered r i n g a x i a l l y s u b s t i t u t e d 
t o the five-membered c h e l a t e r i n g s . Thus, they might have some 
d i s t o r t e d s t r u c t u r e s , such as a c i s - 3 form, i n s t e a d of the 
p l a n a r s t r u c t u r e , a l t h o u g h the p o s s i b i l i t y has not been co n f i r m e d 
as y e t . 

Another i m p o r t a n t s t e r e o c h e m i c a l f a c t o r w o r k i n g i n l i n k a g e 
f o r m a t i o n i s the e f f e c t of the d i r e c t i o n o f the N-H bond on the 
secondary n i t r o g e n . For a l l of the diamines d e s c r i b e d so f a r ; 
i . e . S-ampr, S-apip, and S-ahaz, the N-H bond i s e q u a t o r i a l i n 
c h a r a c t e r , as shown i n F i g u r e 7. 

2( R ) - 2 - A m i n o m e t h y l p i p e l i d i n e (R-ampi), another N - s u b s t i t u t e d 
c h i r a l 1,2-diamine, has a v e r y s i m i l a r s t r u c t u r e t o the S-ampr, 
but the N-H bond f o r th  c o o r d i n a t e d R-ampi s h o u l d p r e f e r a b l
have an a x i a l d i r e c t i o n
d i n a t i o n s t r u c t u r e h a v i n g  e q u a t o r i a
i n F i g u r e 7. However, such a s t r u c t u r e w i l l be l e s s s t a b l e 
than t h a t w i t h the a x i a l N-H bond. 

I n f a c t , by a r e a c t i o n of i t s c o p p e r ( I I ) complex w i t h MVK, 
R-ampi gave two open c h a i n p r o d u c t s , which correspond t o those 
i n d i c a t e d as F i g u r e 3-B and C f o r the case o f S-ampr complex. 
The y i e l d s were v e r y low. Furthermore, i n t h i s case the 
f o r m a t i o n o f the m a c r o c y c l i c product was too s m a l l t o be 
i s o l a t e d , even i f i t were formed. T h i s i s i n c o n t r a s t t o the 
o b s e r v a t i o n t h a t macrocycles were the main p r o d u c t s f o r the 
ot h e r diamines upon r e a c t i o n s w i t h MVK. 

Thus, the r e a c t i v i t y o f R-ampi i s o b v i o u s l y much lower than 
t h a t o f S-ampr toward MVK i n the presence o f c o p p e r ( I I ) i o n . 
The d i f f e r e n c e i n r e s u l t s between these diamines c o u l d not be 
e x p l a i n e d , i f the e f f e c t of the N-H bond d i r e c t i o n were no t 
taken i n t o c o n s i d e r a t i o n . T h i s i s one o f r a r e examples which 
show t h a t the d i f f e r e n c e i n the o r i e n t a t i o n of the N-H bond, 
e q u a t o r i a l o r o x i a l , w i l l d e c i d e i t s r e a c t i v i t y i n m e t a l complex 
r e a c t i o n s . 

Summary 

T h i s r e p o r t i s concerned w i t h the s t e r e o s e l e c t i v i t y o f the 
con d e n s a t i o n r e a c t i o n s of some c h i r a l N - s u b s t i t u t e d 1,2-diamines 
w i t h a,3-unsaturated ketones o r 3-hydroxyketones u s i n g n i c k e l ( I I ) 
o r c o p p e r ( I I ) i o n s as the t e m p l a t e s . Throught the r e a c t i o n s , 
s t e r i c r e p u l s i o n s between the s u b s t i t u e n t s o f diamines and those 
on ketones a f f e c t m a i n l y t h e s e l e c t i v i t y of l i n k a g e f o r m a t i o n . 
I n the case of the c o p p e r ( I I ) - t e m p l a t e r e a c t i o n , t h e i n f l u e n c e 
of c o o r d i n a t i o n modes of the diamines around the m e t a l i o n i s 
a l s o o bserved. The importance o f the d i r e c t i o n o f the N-H bond 
a t the c o o r d i n a t e d secondary n i t r o g e n i s r e c o g n i z e d ; the 
e q u a t o r i a l N-H bond i s s u f f i c i e n t l y r e a c t i v e f o r r e a c t i o n w i t h 
k e t o n e s , w h i l e the a x i a l N-H seems t o be almost u n r e a c t i v e . 
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Figure 7. Conformations of coordinated N-substituted chiral 1,2-diamines 
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Stereochemistry of Cobalt(III) β-Ketoaminates and Some 

Mixed-Ligand Analogues 

CHARLES J HINRICHSEN and ROBERT C. FAY 
Department of Chemistry, Cornell University, Ithaca, NY 14853 

In recent years there has been considerable interest in the com
plexes of transition metal

especially in their stereochemical properties (2, 3, 4, 5). Because 
the ß-ketoaminate ligand is unsymmetrical, metal tris(β-ketoamin-
ates) may exist as fac and mer isomers. Previous studies of V(III) 

and Cr(III) tris(β-ketoaminates) (5, 6) have revealed the presence of 
only one stereoisomer, which can be assigned the mer-configuration 
on the basis of NMR studies of the paramagnetic V(III) complexes 
(5). Evidently the fac-isomer is destabilized by steric interactions 
between the three N-alkyl or N-aryl groups, which project, in the 
fac-isomer, from a single octahedral face (5, 6). A similar situ
ation obtains for tris(N-R-salicylaldimine) and tris(N-R-pyrrole-2-
aldimine) complexes; these complexes also exist exclusively as the 

0-8412-0538-8/80/47-119-337$05.00/0 
© 1980 American Chemical Society 
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mer-stereoisomer (5, 7). 
When R = H, steric interactions should not be a problem and 

both geometric isomers should exist. Indeed, in some unpublished 
work about 15 years ago, one of us (R. C. F. ) prepared the tris-
(acetylacetone imine) chelate of Co(III) (1, R = H, R^ = Η γ = CH3, 
M = Co) and obtained evidence for the existence of both fac- and 
mer-isomers. However, it was not possible to characterize these 
complexes properly because they are relatively insoluble in organic 
solvents. More recently, Srivastava and co-workers (8, 9) have pre
pared acetylacetone imine complexes of several trivalent metals, in
cluding Co(III), but they have ignored the possibility of fac-mer iso
merism. 

We wish to report that the g-ketoamine 5-amino-2,2-dimethyl-
hex-4-en-3-one (Hadmh
(1, R = H, Ra = CH3,
arated into fac- and mer- isomers and can be characterized by a 
variety of physical methods. The marked increase in solubility is due 
to introduction of the tert-butyl group. 

We have also prepared and characterized the mixed-ligand ana
logues, Co(admh)2(acac) and Co(admh)(acac)2 (acac = acetylacetonate). 
Co(admh)2(acac) may exist as three geometrical isomers, two having 
C 2 symmetry (C^-cis(N) and Cg-trans(N)) and one having no sym-

C0-cis(N) C -trans(N) C. 
Δ Δ 1 

metry (C^). The two isomers having cis-nitrogen atoms have been 
isolated; no evidence was found for the Cp-trans(N) isomer. Co-
(admh)(acac)2 exists as a single stereoisomer and has no symmetry. 
Reported herein are (1) NMR, electronic, and CD spectra and dipole 
moment measurements for all of the Co(admh)n(acac)g complexes, 
and (2) kinetic and equilibrium data for fac-mer isomerization of Co-
(admh)3. 
Experimental Section 

fac- and mer-Tris(5-amino-2, 2-dimethylhex-4-en-3-onato)cobalt-
Under a dry nitrogen atmosphere potassium tert-butoxide (5.7 g, 

51 mmol) was dissolved in 100 ml of dry tert-butanol, and the solu
tion was heated to reflux. Hadmh (6.35 g, 45.0 mmol) was added, 
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and after 40 min of stirring at reflux temperature, [( C
2
H5^4 N^2~ 

[CoCl4] (6.89 g, 14.9 mmol) was added. The resulting dark green 
solution was allowed to reflux for ~6h with vigorous stirring while 
oxygen gas was bubbled through the solution at a rate of ~ 5 bubbles/ 
sec. The mixture was then stirred overnight at room temperature 
with bubbling of oxygen being continued. After the solution was fi l 
tered to remove insoluble matter, the tert-butanol was removed in 
vacuo. The residue was dissolved in hexane and the solution was 
passed through a short column of neutral alumina (15 χ 3. 0 cm o.d. ) 
to remove impurities. Because the Co(admh) (acac) 3_ n complexes 
tend to decompose on activated alumina, the alumina employed in 
this work was treated with 3-10% water (by weight) prior to use. 
Vacuum distillation of the hexane afforded 6.0 g of Co(admh)  (84% 
theoretical). 

The fac- and mer-isomer  separate y chromatography 
(̂ 2 g sample) on a 35 χ 3.8 cm o.d. column of neutral alumina/3-
10% water using 4:1 (v/v) hexane-benzene as the eluent. The mer-
isomer (green band) is eluted first, followed by the fac-isomer (red 
band). After the solvent was removed in vacuo, the complexes were 
sublimed at 100°C (0.005 Torr) to remove benzene of crystallization; 
mp 131-135°C (mer), 133-135°C (fac). Anal. Calcd for Co(CgH 1 4-
NO)3: C, 60.11; H, 8.83; Co, 12.29; N, 8.76; mol wt 480. Found 
(mer): C, 59.92; H, 8.57; Co, 11.92; N, 8.95; mol wt 474. Found 
(fac): C, 60.05; H, 8.87; Co, 12.47; N, 9.01; mol wt 456. 

Preparation of Mixed-Ligand Complexes. General Procedure. 
All of the Co(admh)n(acac)3_n complexes were prepared under dry 
nitrogen using dried solvents. The product was purified by removing 
the solvent in vacuo, dissolving the residue in benzene, and passing 
the resulting solution through a short column of neutral alumina/10% 
water. The molar ratios of the reactants were adjusted to give the 
desired stereoisomer as the major product. However, other Co-
(admh)n(acac)3_n complexes were formed as well^and so the desired 
complex had to be separated from the others by chromatography. A 
40 χ 3.8 cm o.d. column of neutral alumina/10% water was used with 
hexane-benzene mixtures as the eluent. The elution order, ranging 
from first-eluted to last-eluted, is as follows: mer-Co(admh)3 (green), 
fac-Co(admh)3 (red), C2-cis(N)-Co(admh)2(acac) (light violet), C ^ 
Co(admh)2(acac) (light brown), Co(admh)(acac)2 (dark brown), Co-
(acac)3 (green). Upon completing a chromatographic separation, the 
column was regenerated by washing it with 1:4 (v/v) benzene-ether. 

C -cis(N)-Bis(5-amino-2,2-dimethylhex-4-en-3-onato)(2,4-penta-
nedionato)cobalt(III)7 Acetylacetone (4.4 g, 44 mmol) was added to 
a solution of potassium tert-butoxide (7.1 g, 63 mmol) in 100 ml of 
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freshly distilled tert-butanol, and the solution was heated to ~60° 
with stirring. This was followed by addition of Hadmh (2.07 g, 14.7 
mmol) and, after 30 min, [(CgH^N] [CoCl4] (6.70 g, 14.5 mmol). 
Oxygen was then bubbled into the solution for 4 h at ~ 60° and then 
overnight at ~40°. The Cp-cis(N) isomer was separated from the 
other Co(admh)n(acac)3 complexes by chromatography on alumina 
using 3:2 (v/v) hexane-benzene as the eluent. Benzene of crystalli
zation was removed by subliming the compound at 100°C. Yield, 1.0 
g (31%); mp 119-121°C. Anal. Calcd for Co(C gH 1 N O ^ C ^ O ^ : C, 
57.53; H, 8.05; Co, 13.44; N, 6.39; mol wt 43?. Found: C, 57.56; 
H, 8.19; Co, 13.62; N, 6.42; mol wt 431. 

C-j-Bis(5-amino-2,2-dimethylhex-4-en-3-onato)(2,4-pentanedio~ 
nato)cobalt(ffl). Hadmh (5.8
butoxide were added to a
in 130 ml of dry benzene. The reaction mixture was stirred for 3 h 
at room temperature while oxygen was bubbled through the solution. 
The yield of crude product was 7.0 g (78%); about half of this proved 
to be the C 2 isomer after chromatographic separation on alumina us
ing 4:1 (v/v) benzene-hexane as the eluent. Benzene of crystallization 
could not be removed by pumping in vacuo, nor by sublimation; the 
C 2 isomer does not sublime below its melting point, and the sub
limate obtained above the melting point was a mixture of C-j- arid 
C2-Co(admh)2(acac), as well as Co(admh)(acac)2 and fac- and mer-
Co(admh)g. The benzene was removed by chromatography on a short 
alumina column using first hexane and then dichloromethane as the 
eluent. After pumping off the solvents, the solid was dried in vacuo 
for several hours until the NMR spectrum showed that the product 
was free of hexane and dichloromethane; mp 117-119°C. Anal. Calcd 
for Co(C 8H 1 4NO) 2(C 5H 70 2): C, 57.53; H, 8.05; Co, 13.44; N, 6.39; 
mol wt 438. Found: C, 57.65; H, 8.49; Co, 13.44; N, 6.08; mol 
wt 447. 

(5-Amino-2,2-dimethylhex-4-en-3-onato)bis(2,4-pentanedionato)-
cobalt(HI). This complex was prepared by the same procedure as that 
employed for synthesis of C^-Co(admh)2(acac). The following amounts 
of reactants were used: Co(acac)2, 12.85 g, 50.0 mmol; Hadmh, 5.7 
g, 40 mmol; potassium tert-butoxide, 2. 0 g, 18 mmol; benzene, ~150 
ml. The yield of crude product was 14 g (87%). The product was 
chromatographed in 2-3 g portions on alumina and was eluted first 
with 3:2 hexane-benzene to remove-the Co(admh)3 and Co(admh)2(acac) 
bands. The polarity of the eluent-was then increased (1:1, 2:1, 5:1 
(v/v) benzene-hexane) while the dark brown band of Co(admh)(acac)2 

was eluted, leaving Co(acac)3 on the column. The product was freed 
of benzene by sublimation at 100°C. The complex darkens when heat-
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ed to ~ 138° and melts at 151-154°. Anal. Calcd for Co(CgH14NO)-
(C 5H 70 2) 2: C, 54.41; H, 7.10; Co, 14.83; N, 3.52; mol wt 397. 
Found: C, 54.84; H, 7.22; Co, 14.53; N, 3.41; mol wt 396. 

Partial Resolution of Optical Isomers. Co(admh)(acac)2 was re
solved partially on a previously described 230 χ 3.9 cm o.d. column 
of D-(+)-lactose (10). In two separate chromatograms, 130 mg of 
sample dissolved in 1. 5 ml of benzene was placed on the column and 
eluted with 1:1 benzene-hexane. The entire eluted solution was col
lected in two parts. The first fractions from each chromatogram 
were combined and evaporated to dryness. The enantiomer in excess 
was then concentrated by extracting the residue with 1 ml of hexane. 

The fac- and mer-Co(admh)3 and C-j,- and C2-Co(admh)2(acac) 
complexes could not be resolved b  th  abov  method  bu  thes
plexes were resolved partiall
method (11) using a 60 χ 1.3 cm o.d. column of D-(+)-lactose (18 g) 
absorbed on neutral alumnia (40 g). The column was equipped with an 
insulated glass jacket (2.8 cm o.d.) which permitted it to be cooled 
with the vapor from a Dewar of boiling liquid nitrogen; the tempera
ture of the column was kept at -95 to -125°C. Approximately 70 mg 
of sample dissolved in 5 ml of isopentane-ether was placed on the 
column and eluted with the same solvent. The ratio of isopentane to 
ether was 8:1 (v/v) for fac- and mer-Co(admh)3, 7:1 (v/v) for C-,-
Co(admh)2(acac), and 5:1 (v/v) for C2-Co(admh)2(acac). A total of 
four separate chromatograms were run for each compound. The first 
fractions were combined, and the resultant mixture was divided in 
half. Each half was then chromatographed separately. The first frac
tions from these two chromatograms were then combined and chro
matographed. The first fraction from this final chromatogram was 
evaporated, and the enantiomer in excess was concentrated by ex
tracting the residue with ~ 1 ml of cold (^-120°) Freon 22 (chloro-
difluoromethane). 

Physical Measurements. Molecular weights were determined in 
~ 0.07 M benzene solutions at 37°C by vapor pressure osmometry. 
Dipole moments were measured in dilute benzene solution at 25.00 + 
0.05°C using a previously described method (12). Values of the atomic 
polarization, ^P 2, for the admh and acac ligands were estimated 
from the total polarization, T P 2 , of trans-Pd(admh)2 (13) and Co-
(acac)^. Assuming that Co(acac)3 and trans-Pd(admh)^ have and 
C 2 n symmetry, respectively, the orientation molar polarizations, 
φΡ , should be zero for both complexes. For Co(acac)3, Ρ = 
134 + 8 cm 3 and ^P =99+7 cm3; therefore A P 2 = T P 2 -^Ρ» -
Q P 2 = 35 + 6 cm^ (11.7 + 2 cm 3 per acac ligand). Similarly, ior 
trans-Pd(admh)2 (13), χ Ρ 2 = 126.9 +9.9 and £ P = 104.1 + 9.2 cm3; 
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therefore, A P 2 = 22.8 + 4.1 cm 3 (11.4 + 2.1cm3 per admh ligand). 
Proton NMR spectra were obtained at ambient temperature (39°) 

with a Varian A-60A spectrometer. For determination of chemical 
shifts and coupling constants, the magnetic field sweep width was cal
ibrated with a standard sample of chloroform and tetramethylsilane 
in carbon tetrachloride. Three to five spectra were recorded and the 
reported values of chemical shifts and coupling constants are average 
values. Electronic spectra were recorded with a Cary model 14 re
cording spectrophotometer. ORD and CD spectra were obtained with 
a Cary model 60 spectropolarimeter or a JASCO ORD/UV-5. 

Kinetic and Equilibrium Studies. Rates and equilibrium con
stants for fac-mer isomerization of Co(admh)3 were determined in 
chlorobenzene solution i
97.2 - 120.1°C, respectively
tubes, were placed in a constant temperature bath (+ 0.1°) for an 
appropriate length of time and the isomerization reaction was then 
quenched. Relative concentrations of the fac- and mer-isomers were 
determined by integration of the tert-butyl region of proton NMR 
spectra, which was recorded in quadruplicate at ambient temperature 
with a Varian A-60A spectrometer at a sweep width of 50 Hz. Rep
resentative spectra are shown in Figure 1. The second lowest-field 
peak is due to the three equivalent tert-butyl groups of the fac-iso-
mer. Hence, the mole fraction of the fac-isomer was calculated by 
subtracting half the area of the two high-field peaks from the area 
of the two low-field peaks and dividing the result by the total area 
of all four peaks. All kinetic runs began with the fac-isomer and, 
in general, they were followed for 2-3 half-lives. In the determin
ation of equilibrium constants, the equilibrium was approached at 
each temperature from the fee- and the mer-sides. 
Results and Discussion 

Preparation and Properties. The Co(admh)3 complexes were pre
pared in good yield by a nonaqueous chelation procedure, similar to 
that employed by Holm et al. (14), involving reaction in tert-butanol 
of CoCl^ 2" with the g-ketoamine and oxygen in the presence of potas
sium tert-butoxide (eq 1). The oxygen serves to oxidize the cobalt, 

(CH 3) 3COH 
2[(C 2H 5) 4N] 2[CoCl 4] + 6 Hadmh + ̂  + 5KOC(CH3)3 > 

2Co(admh)3 + 4(C 2H 5) 4NC1 + 4KC1 + KOH + 5(CH3)3COH (1) 

and the tert-butoxide picks up the proton from the weakly acidic g-
ketoamine. The fac- and mer-isomers were subsequently separated 
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by column chromatography on neutral alumina using 4:1 hexane-ben
zene as the eluent. 

Co(admh)2(acac) was prepared by an analogous procedure, using 
a mixture of Hadmh and Hacac (eq 2). Alternatively, Co(admh)2(acac) 
may be obtained by reaction of Co(acac)2 with Hadmh and oxygen 
(eq 3). These reactions give a mixture of products, including Co-

Hadmh, Ο 

[(C 2H 5) 4N] 2C0C1 4 K O C ( CH 3 ) 3, (CH3)3COH) ^(adm^acac) (2) 

Hadmh, 
C O ( a C a C ) 2 KOC(C

(admh)3 and Co(admh)(acac)2 as well as geometric isomers of Co-
(admh)2(acac). Reaction 2 affords C2-cis(N)-Co(admh)2(acac) as the 
major product, while reaction 3 gives mainly the C-. isomer. Co-
(admh)(acac)2 was prepared by reaction 3, using a lower ratio of 
Hadmh to Co(acac)2. 

The mixtures of products obtained by reactions 2 and 3 were 
separated by chromatography on neutral alumina. The complexes are 
more easily eluted, the greater the number of admh ligands (Table I). Table I. Column Chromatography on Alumina 

Hexane/benzene 
Band eluent Color Mp, °C Compound 
1 4:1 green 131-134 mer-Co(admh)3 

2 4:1 red 133-135 faç-Co(admh)^ 
3 3:2 It. vi. 119-121 C 2-cis(N )- Cofadmh) 2(acac ) 
4 1:4 It. bn. 117-119 C 1-Co(admh)2(acac ) 
5 1:1- 1:5 dk. bn. 151-154 Co(admh)(acac)2 

6 benzene/ether green 204-206 Co(acac)3 

The elution order parallels increasing solubility in saturated hydro
carbons and increasing ease of sublimation as one goes from Co-
(acac)3 to Co(admh)3. These trends seem to be related to the pre
sence of tert-butyl groups in the admh ligands since tris(acetylace-
tone imine)cobalt(III) complexes are only sparingly soluble in organic 
solvents. The elution orders fac-Co(admh)3 after mer-Co(admh)3 and 
C1-Co(admh)2(acac) after C2-cis(N)-Co(admh)2(acac) are in accord 
with the greater dipole moments of the cis and the C-. isomers (vide 
infra). The progress of the chromatograms can be followed easily 
because all of the complexes have different colors. All of the Co-
(admh)n(acac)3_n (n = 1, 2, 3) complexes are new. All are mono-
meric in benzene and nonelectrolytes in nitrobenzene; molar con-
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ductances of 10~3M solutions at 25°C are less than 0.026 ohm-icm2 

mol-1. 
Only two of the three possible isomers of Co(admh)2(acac) have 

been isolated, the C± isomer and one of the two C 2 isomers (C 2-
cis(N), (vide infra). Attempts to find the missing C2-trans(N) isomer 
by isomerization of the 0± and the Cp-cis(N) isomers gave mixtures 
of all of the compounds listed in Table I, but NMR and chromato
graphic analysis of these mixtures afforded no evidence for the C 2-
trans(N) isomer. 

Stereochemistry. The stereochemistries of the Co(admh)n(acac)3_n 

complexes have been assigned on the basis of NMR spectra, elec
tronic spectra, and dipole moment measurements. Proton chemical 
shifts and coupling constants are presented in Table II  The first-
eluted, green isomer o
methyl, and three ring proto ,
structure, which has no symmetry, while the second-eluted, red iso
mer gives just a single resonance for each type of group, consistent 
with the fee-configuration, of C 3 symmetry. The less easily eluted, 
light-brown Co(admh)2(acac) complex can be assigned the struc
ture on the basis of the two admh resonances and the two acac methyl 
resonances. A single resonance line for each of the various protons 
of the more easily eluted, violet Co(admh)2(acac) complex is indica
tive of C 2 symmetry, but the NMR spectra do not distinguish be
tween the Co-cis(N) and the C2-trans(N) configurations. All of the 
admh methyl resonances are split by ^1 Hz, and the ring proton 
resonances by — 2. 5 Hz, owing to spin coupling between these pro
tons and the neighboring NH proton. 

Dipole moment measurements (Table III) confirm the stereo
chemical assignments for fac- and mer-Co(admh)3 and C^-Co(admh)2-
(acac) but, unfortunately, these measurements also do not distinguish 
between the Cp-cis(N)- and C2-trans(N)-Co(admh)2(acac) isomers. 
The molecular dipole moments may be resolved into a Co-acac group 
moment, μ α, and radial and transverse Co-admh group moments, μ Γ 

and μ̂ , respectively. Assuming that the complexes have octahedral 
geometry, one obtains the expressions in the second column of Table 

> u t 

Co 
/ 
I 

X H 

III for the molecular dipole moments. The observed moments for 
fac- and mer-Co(admh)3 and the pair of compounds C-j-Co(admh)2-
(acac) and Co(admh)(acac)2 afford an average value of 1.68 + 0.13 D 
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Table ΙΠ. Dipole Moment Data C a l c d 

Compound y D Obsd μ, D 
mer-Co(admh)3 J2\±t 2.38 2.57 + 0.08 
feC-Co(admh)3 /6μ 4.12 4. 07 + 0. 05 
Co-cis(N)-Co(admh)2(acac) μ - (μ - μ ) 1.68 

1 1.70+0.16 
C2"trans(N)-Co(admh)2(acac) μΐ + (μα - μ Γ) 1.68 
C1-Co(admh)2(acac) [3μ.2 + (μ & - μ )2]â 2.91 2.73 + 0.07 
Co(admh)(acac)2 [μ^ + (^ - μΓ)2]έ 1.68 1.61 + 0.11 

for the transverse component of the Co-admh group moment. Com
bining this value of with the molecular moment of Co(admhXacac)2, 
1.61 + 0.11 D, gives a  (μ^
cause the calculated moment
mers differ by only twice (μα - μ ρ), these isomers cannot be distin
guished on the basis of the observed moment for the C 2 isomer that 
we have isolated. The average agreement of ~ 4% between the obser
ved and calculated moments (Table ΙΠ) is remarkably good and con
firms the validity of this type of analysis. 

The stereochemical assignments are further confirmed and the 
geometry of C2-Co(admh)2(acac) is established by electronic absorp
tion spectra (Figures 2-4 and Table IV). Spectra of fee- and mer-Co-
(admh)3 (Figure 2) exhibit significant differences in the region of the 
first ligand field band (^A^g- ̂ T-̂  in O n). The fac-isomer gives a 
single, relatively sharp band at ly, 100 cm"1, while the correspond
ing band of the mer-isomer is weaker and split into two components 
at 16,900 and 19,600 cm"1. These differences are in accord with 
the fact that the fac-isomer has higher symmetry and is farther from 
being centrosymmetric than the mer-isomer. 

Absorption spectra of the Co(admh)2(acac) complexes (Figure 3) 
exhibit similar differences in the region of the first ligand field band. 
The higher symmetry C 2 isomer shows a single band at 18, 000 cm"1; 
the corresponding band of the C^ isomer is split into two components 
-̂  15,600 and 19,000 cm"1. If the C 2 isomer had a trans-arrangement 
of Ν atoms, the coordination group would have approximate D ^ 
symmetry and one would expect a large splitting of the first ligand 
field band (15, 16). Since the C 2 isomer exhibits less splitting than 
the C-̂  isomer, the C 2 isomer can be assigned the Cp-cis(N) struc
ture. 

Figure 4 compares the electronic spectra of complexes having 
different numbers of admh ligands: Co(acac)3, Co(admh)(acac)2, which 
exhibits a fairly large (3300 cm"1) splitting of the first ligand field 
band, C2-Co(admh)2(acac), and fec-Co(admh)3. As the number of 
admh ligands increases, there is a monotonie increase in the energy 
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Table IV. Absorption and CD Spectral Datai 

Compound 

fac-Co(admh) 3 

mer-Co (admh), 
ο 

C2-çis(N)-Co(admh)2-
(acac) 

C1-Co(admh)2(acac) 

Co(admh)(acac)2 

> χ 10"3, max 
cm~l Log e 

vx 10"3, 
-1 

cm 

16.8 0.20 
19.1 2.51 19.5 -0.52 
23.4 (shfi- 2.72 26.7 0.71 
29.8 3.96 31.8 1.0 
42.5 4.59 40.0 (-3.8)£ 

46.3 (1.9) 

19.6 (sh) 2.25 18.5 -0.050 
23.5 (sh) 2.77 
30.3 3.85 
40.5 4.50 

16.5 0.089 
18.0 2.36 18.9 -0.042 
23.3 (sh) 2.56 
30.2 3.84 
40.5 4.55 
15.6 (sh) 1.9 15.2 0.038 
19.0 2.33 18.9 -0.040 
23.0 (sh) 2.6 24 (0.02) 
30.3 3.83 
40.4 4.47 
44.4 4.44 
15.2 (sh) 1.87 15.2 -0.48 
18.5 2.21 18.0 0.72 
22. 5 (sh) 2.4 24.1 -0.67 
31.2 3.88 30.4 -4.9 
40.0 4.55 38.5 12.5 
44.4 4.52 45.0 (-4.7) 

a 
—Spectra were recorded in absolute ethanol. CD data refer to 

the first-eluted fraction. ^Shoulder. -Parentheses indicate an approx
imate value. 
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JU_JUL 
Figure 1. The tert-butyl region of the proton NMR spectra at a sweep width of 
50 Hz for Co(admh)3 in chlorobenzene after heating a 0.302M solution of the 

fac-isomer for various numbers of minutes at 108.1° C 
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Figure 2. Electronic spectra of fac-Co(admh)3 ( ) and mer-Co(admh)3 ( ) 
in absolute ethanol 
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Figure 3. Electronic spectra of C2-cis(N)-Co(admh)2(acac) ( ) and d-Co-
(admh)2(acac) ( ) in absolute ethanol. 
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Figure 4. Electronic spectra of îac-Co(admh)3 ( ), C2-cis(N)-Co(admh)2-
(acac) ( ), Co(admh)(acac)2 ( ), and Co(acac)3 ( ) in absolute 

ethanol 
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of the first ligand field band, from 16,800 cm"1 in Co(acac)3 to 
19,100 cm"1 in fac-Co(admh)3. This is in accord with the greater 
ligand field strength of the N-containing admh ligand. The intensity 
of the ligand field band also increases monotonically on going from 
Co(acac)3 to fac-Co (ad mh)^, in accord with the increasing departure 
from a center of symmetry. 

Partial Resolution and Absolute Configurations. Partial resolu
tion of the Co(admh)n(acac)3_n complexes was effected by column 
chromatography on D-(+)-lactose. Co(admh)(acac)2 was resolved par
tially at room temperature using a 230-cm column that we have em
ployed previously for partial resolution of metal g-diketonates (10). 
However, this procedure did not work for the bis- and tris-admh 
complexes. The bis and tri  complexe  resolved partially  with 
much greater difficulty
ployed D-(+)-lactose on alumina as the adsorbent, isopentane-ether as 
the eluent, and temperatures of-95 to-125°C. After chromatography, 
the eluent was evaporated and the enantiomer in excess was concen
trated by extracting the solid with chlorodifluoromethane at -120°C. 
The values of - € r for the Co(admh)n(acac)3-n complexes (Table IV) 
are very small compared with - e r for partially resolved Co(acac)3 

(17), indicating that resolution was incomplete in all cases. 
The absolute configurations of the Co(admh)n(acac)3_n complexes 

have been assigned by comparison of their CD spectra with the CD 
spectrum of (-)^Q- Co(acac)3 (17), the first-eluted enantiomer from 
D-(+)-lactose, which has been shown by X-ray diffraction to have the 
Λ absolute configuration (17). In the region of the first ligand field 
band, this enantiomer exhibits a negative A 2 component at 15, 500 cm"1 

and a more intense, positive Ε component at 17,500 cm"1, in accord 
with MasonTs empirical rule (18, 19, 20). The signs of the Ε and A 2 

components of the exciton-split ττ-ττ* transition are also in agreement 
with the Λ configuration (21); the Ε component at 38,200 cm"1 is 
positive and the A 2 component at 44,400 cm is negative (17). 

The CD spectrum of the first-eluted fraction of Co(admh)(acac)2 

(Figure 5) is qualitatively identical to the CD of A-i-^g-CoiacacJg. 
Replacement of one diketonate oxygen atom with an NH group seems 
to have relatively little effect on the CD, except for an 800-cm"1 

increase in the splitting of the two components (A 2 and Ε in D 3) of 
the ligand field band. The signs of the CD bands indicate that the 
first-eluted enantiomer has the Λ configuration. 

The CD spectrum of the first-eluted fraction of fac-Co(admh)3 

(Figure 6) is qualitatively similar, but enantiomeric in sign, to CD 
spectra of the first-eluted fractions of Co(acac)3 and Co(admh)(acac)2. 
The mer-Co(admh)3, C^-cis(N)-Co(admh)g(acac), and Ci-Co(admh)2-
(acac) complexes could not be resolved well enough to obtain reliable 
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Figure 5. Absorption spectrum, CD, and optical rotatory dispersion for partially 
resolved A-(—)5i6-Co(admh)(acac)2 in absolute ethanol; first-eluted fraction from 

D-(+)-lactose. 
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Figure 6. Absorption spectrum, CD, and optical rotatory dispersion for partially 
resolved A-(—)5!f6-{3LC-Co(admh)3 in absolute ethanol; first-eluted fraction from 

D-(-fyiactose-alumina. 
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CD spectra in the ultraviolet, but in the region of the first ligand 
field band the first-eluted fractions of these complexes, like fac-Co-
(admh)g, exhibit positive and negative components of A 2 and Ε par
entage, respectively (cf. Table IV). It appears, therefore, that where
as the first-eluted enantiomers of Co(acac)3 and Co(admh)(acac)2 have 
the Λ configuration, the first-eluted enantiomers of the bis- and tris-
admh complexes have the Δ configuration. This interesting reversal 
in elution order may be due to a change in the site of interaction 
with the D-(+)-lactose as an increasing number of admh tert-butyl 
groups shield the polar carbonyl groups. For example, Co(acac)3 

presumably uses its carbonyl oxygen atoms to interact with the D-
(+)-lactose, while Co(admh)3 may have to use its NH groups because 
the oxygen atoms are shielded by the neighboring tert-butyl groups. 
Such shielding could als
tris-admh complexes ar

Isomerization of fac-Co(admh)^. The kinetics of fac-mer iso
merization of Co(admh)3 have been studied by following the time de
pendence of the integrated intensities of the tert-butyl proton reso
nances (cf. Figure 1). Rate constants for fac to mer isomerization, 
kfm' a n c* equilibrium constants for mer to fee isomerization, K m f 

are set out in Table V. The isomerization is first-order in the 
Table V. Rate Constants and Equilibrium Constants for 

Geometrical Isomerization of Co(admh)3 in Chlorobenzene Solution^ 
Temp, °C Concn, mol/H k r χ 106, sec" 1 

IÏÏ1 
Kmf 

97.2 0.230 0.769 + 0.022/ 
0. 538 + 0. 010 

97.35 0.276 0.766 + 0.018) 

104.4 0.254 1.88 + 0.047 
0.538 + 0. 010 

104.45 0.285 1.90 + 0.05) 
108.1 0.302 2.86 + 0. 07 0.526 + 0.011 
111.2 0.329 4.67 + 0.20) 

0.510 + 0.011 
111.2 0.365 4.86 + 0.13) 
115.2 0.304 7.72 + 0.28 0.581 + 0.016 
120.1 0.338 0.561 + 0.018 

— A l l errors are estimated at the 95% confidence level. 
complex with rate constants ranging from 8 χ 10"7 to 8 χ 10"6 sec" 1 

in the temperature range 97 to 115°C. Equilibrium constants for mer 
to feç isomerization are larger than the statistical value of 1/3 and 
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are essentially independent of temperature. 
Arrhenius and Eyring activation parameters were obtained in the 

usual way from least-squares plots of log k vs. 1/T and log(k/T) vs. 
1/T, respectively. Activation parameters and rate constants at a com
mon temperature for Co(admh)3 and the related β-diketonate com
plexes, Co(acac)3 and Co(bzac)3 (bzac = benzoylacetonate), are com
pared in Table VI. Co(admh)3 rearranges more slowly (by a factor of 
Table VI. Rate Constants and Activation Parameters for Rearrange
ment of Co(admh)3, Co(acac)3, and Co(bzac)3 in Chlorobenzene Solution 

Co(admh) - Co(acac) - Co(bzac) -

k 9 7 3„x 10<\ sec-1 0.7
Ε , kcal/mol a 36.
Log A 15.6 + 1.1 16.4 + 0.3 15.6 + 0.3 
Δ H , kcal/mol 36.1 + 1.9 34.1 + 0.6 32.0 + 0.5 
AS*, eu 11 + 5 14 + 2 11 + 1 

— Fac-mer isomerization (this work). -Optical inversion (ref 
10). —Fac-mer isomerization (ref 23). - A l l errors are estimated 
at the 95% confidence level. 
100-300) and has a higher activation enthalpy (by 2-4 kcal); the acti
vation entropies are essentially identical. The mechanism of inver
sion and isomerization of cobalt β-diketonates has been shown to in
volve chelate ring opening via rupture of one Co-O bond (22, 23), 
and in view of the similarity in the activation parameters in Table 
VI, it seems likely that Co(admh)3 rearranges by an analogous mech
anism. Co-N bond rupture is ruled out by the slower rate of re
arrangement of Co(admh)3 in comparison with Co(acac)3 and Co-
(bzac)3; if the Co-N bond in Co(admh)3 broke more easily than the 
Co-O bond, Co(admh)3 would be expected to rearrange more rapidly 
than cobalt β-diketonates. 

The higher activation enthalpy for Co(admh)3 can be rational
ized in terms of valence bond resonance structures 1 - 4. In metal 
β-diketonates 1 and 2 contribute equally, while in β-ketoaminate com-

H H 
Ο ( "θ ( Ν < ΝΝ < 

3 3 3 
1 2 3 4 
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plexes, 3 should predominate over 4 because oxygen is more electro
negative than nitrogen. Consequently, the metal-oxygen bond should 
be stronger in metal β-ketoaminates, thus increasing the barrier to 
stereochemical rearrangements. 

Acknowledgment. The support of this research by National Sci
ence Foundation Grant CHE-7620300 is gratefully acknowledged. 
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Absolute Configurations from Solution Reactions: 

T h e Tris(diimine)iron(II)/Cyanide Inversion Reaction 

RONALD D. ARCHER and CHRISTOPHER J. HARDIMAN 
Department of Chemistry, University of Massachusetts, Amherst, MA 01003 

The reaction of aqueous cyanide with a tris(diimine)iron(II) 
chelate 

Fe(diimine)3

2+ + 2CN -> Fe(diimine)2(CN)2 + diimine (1) 

shows interesting stereochemical changes, especially when the 
diimine is 1,10-phenanthroline, phen. The reaction produces an 

phen bpy mphen 

optical inversion throughout the visible (charge transfer) and 
ultraviolet (π-π*) spectral regions (1) as shown in Figure 1. 

The reaction of aqueous cyanide with such tris(diimine)iron-
(II) chelates was originally of interest because of the apparent 
bimolecular nature of the reaction (2,3,4). Initial stereo
chemical interest in the cyanide reaction (1) was based on the 
observation (5,6,7) that stereochemical changes in substitution 
reactions of d 6 octahedral complexes show an inverse correlation 
to ligand field spectrochemical splittings provided that both the 
reactant and the product(s) are spin-paired; i .e . , inert to 
further stereochemical reactions which would mask the initial 
stereochemistry. The cobalt(III) Bailar inversion reactions 
(8,9,10) are the classical examples of such changes and occur 
only for cobalt(III) chelates with four nitrogen donors plus two 
weaker donors. The iron(II) diimines appeared ideal for investi
gation because iron(II) requires all six ligands to be spectro-
chemically as strong as the nitrogen donors of the diimines for 
inertness to be obtained. The stronger cyanide ligand stabilizes 
the product so that stereochemical observations are possible. 

0-8412-0538-8/80/47-119-357$05.00/0 
© 1980 American Chemical Society 
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Also, the n u c l e o p h i l i c i t y of cyanide overpowers the nucleo-
phile independent d i s s o c i a t i o n and intramolecular racemization 
reactions, which had been well studied many years ago (11-16), 

-d[A-Fe(di^mine) 3
2 +] = + ^ + k i [ c N - ] } u - F e ( d i i m i n e ) 3

2 + ] (2) 

where k d i s the d i s s o c i a t i v e rate constant, k-j i s the i n t r a 
molecular racemization rate constant, and together they constitute 
k 0, the t o t a l nucleophile-independent rate constant. Both terms 
contribute racemic products. Following Margerum (2J, the rate 
constant which i s f i r s t order i n cyanide i s designated as k x. No 
cyanoaqua intermediate can be observed; therefore the rate deter
mining step i s normally considered to be 

F e ( d i i m i n e ) 3
2 + + CN

Because cyanide can act as a nucleophile on aromatic r i n g s , the 
alternate p o s s i b i l i t y (17) 

Fe(diimine) 3
 + CN" Fe(diimine) 2(2-cyano-diimine) 

Fe(diimine) 2(CN)(unidentatediimine) + —* Products (4) 

cannot be eliminated. This mechanism predicts retained or racemic 
products as the unidentate diimine i s replaced by a second cyanide 
ligand. 

Although one inve s t i g a t o r was unable to observe the 
Fe(phen) 3

2 +/cyanide inversion reaction (18) and subsequently 
stated at an international conference that our r e s u l t s were wrong, 
G i l l a r d , Hughes, Kane-Maguire, and Williams (19) have found our 
opt i c a l inversion results to be correct to within experimental 
error. The question of the handedness of the product was raised 
by the l a t t e r group, which favors reaction 4 for the reaction i n 
question. 

Handedness 

The question of whether the o p t i c a l inversion i s a true 
chemical inversion has been of concern to us (1,20,21) f o r some
time, too. The rati o n a l e of a chemical inversion being associated 
with the o p t i c a l inversion i s based on the "nonempirical" analysis 
of the π-π* e l e c t r o n i c t r a n s i t i o n s of the t r i s and bis chelates 
(22-27). The long-axis π-π* head-to-head A 2 and Β le v e l s of the 
t r i s and bis chelates, r e s p e c t i v e l y , are expected to be at higher 
energies than the long-axis head-to-tail Ε and A le v e l s of the 
t r i s and bis chelates, respectively. For Λ isomers, the head-to-
head t r a n s i t i o n s should have negative rotatory strengths and the 
head-to-tail ones should be p o s i t i v e . Therefore, retention 
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reactions should produce ro t a t i o n a l spectral s i m i l a r i t i e s as i n 
the reaction of F e ( b p y ) 3

2 + with cyanide, where the product 
e x h i b i t s the same opt i c a l c h i r a l i t y as the reactant complex (21). 
S h i f t s in such energy l e v e l s could make the c h i r a l i t y assignments 
incorrect (28,29), although molecular o r b i t a l c a l c u l a t i o n s by 
Sanders (30,31) as well as the intermediate exciton coupling c a l 
culations by Mason (26,27) show agreement with simple exciton 
assignments. The absolute configuration of the Fe(phen) 3

2 + ion 
(32) i s in agreement with the simple exciton assignment deta i l e d 
above. We have observed no spectral s h i f t s of the type a n t i c i p a 
ted f o r assignment problems. Furthermore, the a c t i v a t i o n para
meters f o r the reactions of aqueous cyanide with F e ( p h e n ) 3

2 + and 
F e ( b p y ) 3

2 + are consistent with opposite c h i r a l i t i e s f o r the two 
products (20,21), which i s consistent with the c i r c u l a r dichroism 
spectra of the products  Even so  we decided to get a geometrical 
isomer handle on the reactio

The rotatory strength
are t h e o r e t i c a l l y one-half those of the t r i s chelates, although 
experimentally the values are sometimes even l e s s . We have 
assumed a 1:2 r a t i o i n a l l of our studies, but other values 
would not i n v a l i d a t e our conclusions. 

A c t i v a t i o n Parameter Separation Through Stereochemical Results 

Kinetics studies allowed us to evaluate k 0 and k x f o r the 
Fe(phen) 3

2 +/cyanide reaction in r e l a t i o n to the stereochemistry 
of the Fe(phen) 2(CN) 2 product (1_). Although i t i s evident that 
the o p t i c a l l y active product comes from the cyanide dependent k 2 

path, the percent of o p t i c a l l y inverted Fe(phen) 2(CN) 2 product 
i s not d i r e c t l y related to the percent which reacts by the 
cyanide-dependent path. (To i l l u s t r a t e , at 0.4 M cyanide almost 
90% of the reaction proceeds through the cyanide dependent path 
but the o p t i c a l a c t i v i t y i s only about one-third of the o p t i c a l 
a c t i v i t y observed for the 2.0 M cyanide reaction product.) On 
the other hand, a l i n e a r r e l a t i o n s h i p does e x i s t f o r a plot of 
(% by k x path)/(% o p t i c a l l y active product) vs. 1/[CN"], where 
the % by the k 2 path i s determined from k 2 [ C i r ] / ( k o + k i [CN"] ). 
Several possible mechanisms have been considered f o r the reac
t i o n , but the simplest mechanism considered which agreed with 
the re s u l t s allowed a separation of retention and inversion 
paths. The strange l i n e a r r e l a t i o n s h i p can be f i t to the 
reaction scheme: 

A-Fe(diimine) 3^ + CN" r c L> 

A-Fe(diimine) 2(CN)(H 20) + + phen (5) 
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k. 
A - F e ( d i i m i n e ) 3

2 + + CN" i n v> 

A-Fe(diimine) 2(CN)(H 20) + + phen (6) 

A-Fe(diimine) 2(CN)(H 20) + CN" — 

aA-Fe(diimine) 2(CN) 2 + (l-a) A - F e ( d i i m i n e ) 2 ( C N ) 2 (7) 

k a i A-Fe(diimine) 2(CN)(H 20) + 

A-Fe(diimine) 2(CN)(H 20) + (8) 

although the "aqua inversion
as a racemization i n the e a r l i e r papers and c a l l e d ka^. The con
sideration of t h i s reaction (equation 8) as an inversion of the 
cyanoaqua ion i s predicated by the strong n u c l e o p h i l i c i t y of 
cyanide and geometrical arguments which show that a movement of 
eit h e r end of e i t h e r chelate r i n g produces the inverted configura
t i o n from that p r i o r to the movement. The lack of trans products 
or other side products (TLC experiments herein) substantiates t h i s 
conclusion. The two s p e c i f i c rate constants are related as 
follows: 

k a r " 2 k a i < 9 ) 

i . e . , each inversion produces 2 racemic molecules so that the 
apparent rate of racemization i s twice the rate of inversion. The 
mechanism provides a rationale f or the l i n e a r (% by k x ) / ( % 
o p t i c a l l y active) vs. 1/[CN"] p l o t , which has an 

intercept = k x / i k . ^ - k p e t ) (10) 

and a 

slope = 2 k 1 k a i / k d i ( k i n v - k r e t ) (11) 

for the mechanism produced by reactions 5 - 8 with 5 and 6 as slow 
steps, so that the observed 

k i = k i n v + k r e t <12> 
The derivation of these expressions has been published previously 
(20). 
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Molecular models and chemical i n t u i t i o n provide the l o g i c 
behind t h i s mechanism as detai l e d previously (20). Cyanide entry 
"trans" to a displaced diimine produces a s i t u a t i o n i n which the 
remaining diimines must rearrange. Because trans bis chelates 
with ligands of t h i s type and low-spin i r o n ( I I ) are u n l i k e l y 
because of hydrogen-hydrogen repulsions, only inversion can occur. 
Conversely, i f cyanide enters adjacent to a displaced diimine, 
retention i s l o g i c a l . 

Overall t h i s reaction scheme fo r a symmetrical diimine i s 

Λ-Fe(diimine) 2+ 

re

A-Fe(diimine) 2(CN)(H 20) + 

CN' 

A-Fe(diimine) 2(CN) 2 

CN 

A-Fe(diimine) 2(CN)(H 20) 

a k d i 

A-Fe(diimine) 2(CN) 2 (13) 

where an excellent f i t of data for both Fe(phen) 3
2 + and F e ( b p y ) 3

2 + 

have been obtained assuming α = 1. The above mentioned plot 
gives good l i n e a r i t y over the temperature range 0 to 15° and i s 
consistent with k i n y

> k r e t f o r Fe(phen) 3
2 + and k f Ç t>k^ n v f o r 

F e ( b p y ) 3
2 + . Table I snows the a c t i v a t i o n parameters and other 

relevant data f o r the two reactions. Note that f o r the 
Fe( p h e n ) 3

2 + reaction, i n which inversion predominates, a negative 
temperature factor occurs i n terms of the percent of o p t i c a l l y 
active product. For F e ( b p y ) 3

2 + , retention and a po s i t i v e tempera
ture factor are observed. The a c t i v a t i o n parameters are consistent 
with a mechanism in which cyanide approach perturbs the low-spin 
d 6 complex s u f f i c i e n t l y f o r an electron to enter one of the e g ( a * ) 
o r b i t a l s. A consideration of possible perturbations (1_) makes the 
ligand across from the perturbing cyanide loosened by the σ* 
electron. One end of each of the adjacent ligands i s also loosened 
by t h i s perturbation and these can move as cyanide enters the 
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Table I -

The Fe(phen) 2 +/CN~ and Fe(bpy) 2 +/CN~ Reactions 

Complex Temp., °C Maximum % A c t i v i t y - k r e t χ 10 k i n v χ 10" 

F e ( b p y k 2 + 0.0 +17.4(0.5) 6.0(0.4) 3.0(0.4) 
8.0 +24.4(1.0) 20.3(0.6) 10.2(0.6) 

15.0 +27.0(1.4) 58.2(2.0) 27.0(2.0) 
AHf(kJ/mole) = 96.7(1.2) 92.9(0.9) 
ASfiJ/mole deg) = 28 (4) 10 (3) 

2+ 
Fe(phen) 0 

0.5 -14.9(0.4) 6.9(0.4) 11.6(0.4) 
ό 8.0 -13.3(0.4) 22.4(1.4) 34.1(1.3) 

15.0 

ASt(J/mole deg) 41 (4) 26 (11) 

r-Standard deviations given i n parentheses; k's i n M"1 sec" 1. 
-Observed retention and inversion at i n f i n i t e time f o r 1.99 M 
[CN"] assuming R ( t r i s ) = 2R(bis); a negative sign on the 
a c t i v i t y means the product has a reversed o p t i c a l c h i r a l i t y . 

coordination sphere. This i s path a in Figure 2. A l t e r n a t i v e l y , 
the other end of an adjacent ligand might move to make room for 
the very n u c l e o p h i l i c cyanide (path b i n Figure 2). In ei t h e r 
case inversion r e s u l t s because of the s t e r i c p r o h i b i t i o n on the 
trans isomer. I f an adjacent ligand i s l o s t retention occurs 
(path c in Figure 2). As we have detailed before (21_), the 
p o s s i b i l i t y of one end detachments with bpy and the fact that one 
end of the adjacent ligands would be loosened by a σ* electron ( 1_), 
e a s i l y accounts f o r the change from inversion to retention f o r the 
change from the r i g i d phen ligand to the more f l e x i b l e bpy. The 
act i v a t i o n parameters are consistent with these arguments; that 
i s , the inversion path i n which both ends of the leaving ligand 
has been loosened has a lower a c t i v a t i o n energy than the retention 
path even for the bpy reaction where the retention path predomin
ates. The lower entropy of ac t i v a t i o n f o r the inversion path 
r e f l e c t s the lower frequency factor associated with the concerted 
process necessary f o r t h i s path. 

Unsymmetrical Diimine Potential 

Whereas a l l of the inversion reaction products with sym
metrical chelates produce one isomer, the potential information 
available from unsymmetrical chelates i s shown in Table I I . From 
the table the value of the A-fac-Fe(mphen) 3

2 + ion fo r detecting 
the stereochemical changes in the cyanide reaction i s obvious. 
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Table II 

Reaction Stereochemistry— 

Fe(diimine) 2(CN)(H 20) + 

2+ 
Fe(diimine) 3 

Path a- Path b Path c 

Λ(symmetrical) 
Λ - f a c i a l 
Λ-meridional 

Δ 
Δ-Ci 

Δ ( 1 : 1 : ΐ £ 

Δ 
A-Co(trans); A - C 2 ( c i s ) 

Δ(1:4:1)5-

Λ 
Λ-Ci 

A ( l : l : l £ 

τ-For isomer designations see Figure 3
-Path designations are
^Ratios of C 2 ( t r a n s ) : C

Experimental Section 

3-Methyl-l,10-phenanthroline. I n i t i a l l y the ligand was pre
pared according to the Skraup procedure of Case (33), but the low 
y i e l d (6%) led us to employ another method used f o r the corres
ponding ethyl d e r i v a t i v e by Case, Jacobs, Cook, and Dickstein 
(34). The l a t t e r procedure involves a Skraup synthesis between 
3-methyl-8-aminoquinoline (33) and glycerol (rather than 8-
aminoquinoline and methacrolein). By using dry glycerol and 
re c y c l i n g unreacted amine, the product was obtained in high y i e l d 
(92%). 

A-fac-Tris(3-methyl-l,10-phenanthroline)iron(II) Diantimony-
d i t a r t r a t e . The Fe(mphen) 3

z + ion was prepared and resolved 
analogous to the method of Dwyer and Gyarfas (35). The reaction 
was c a r r i e d out under nitrogen i n the presence of iron f i l i n g s to 
avoid oxidation of the i r o n ( I I ) p r i o r to chelation. The reactions 
were performed on a 0.4 g scale and p r e c i p i t a t i o n was induced by 
rotary evaporation under reduced pressure and the p r e c i p i t a t e was 
washed with cold water. The strong c i r c u l a r dichroism spectrum 
indicates that a A-Fe(mphen) 3

2 + diastereomer has been formed. 

A-fac-Tris(3-methy1-1,10-phenanthroline)iron(II) Perch!orate. 
The metathesis synthesis of the perchlorate s a l t from the d i a n t i -
monyditartrate s a l t ( c l a s s i c a l l y thought to be two antimonyl 
t a r t r a t e anions) was performed analogous to that of Dwyer and 
Gyarfas (35J with two added diethyl ether washs p r i o r to a i r 
drying. The lH NMR spectrum shows a single sharp methyl resonance 
i n d i c a t i v e of the fac isomer. 
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Inorganic Chemistry 

Figure 2. Proposed inversion paths (a) and (b) together with retention path (c) 
for cyanide acting as a nucleophile on an iron(II)-tris(diimine) complex with rigid 
ligands such as Fe(phen)3

2\ Intermediates a, b, and c are assumed to add water 
and cyanide in the vacant octahedral position ( · · · ) without further stereochange, 
although reinversion of the aquocyano complex appears to compete with anation. 

Νa of a* cannot bond because of steric factors (20). 

Λ - f a c Λ - m e r 

A-C 2(trans) Λ - C j A-C 2(cis) 

Figure 3. The Λ geometrical isomers for 
equivalent unsymmetrical phen-type lig
ands; e.g., Fe(mphen)3

2+ and Fe(mphen)2-
(CN)2. The analogous Δ isomers should 
be obvious. Only the cis-dicyano possi
bilities shown are sterically feasible, so 
the cis and trans designations refer to 
the relative orientations of the methyl 
groups in the two C2 isomers of Fe-

(mphen)2(CN)2. 
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Cyanide Reaction. The reaction of Fe(mphen) 3
2 + with cyanide 

was conducted with e i t h e r the perchlorate s a l t or d i r e c t l y with 
the diastereomer immediately a f t e r decomposition of the d i a n t i -
monyditartrate ion with base under nitrogen at 0°, the conditions 
of the cyanide reaction. The product of the reaction was extracted 
into chloroform, the volume was reduced to dryness with rotary 
evaporation, the free ligand was extracted with benzene, and 
spectral measurements made. 

Thin Layer Chromatographic Isomer Separation. The geometri
cal isomers were separated by spotting a chloroform s o l u t i o n of 
the product on a s i l i c a gel plate and e l u t i n g with a 15:1 v/v 
chloroform/methanol s o l u t i o n . The spots or bands were dissolved 
i n methanol and the solutions were evaporated to dryness. 

Spectral Determinations
obtained on a Cary 60 modifie
spectra were obtained with aqueous solutions. The 1:1 v/v CD30D/ 
CD 2C1 2

 lH NMR spectra were obtained with a Perkin Elmer R-12 
spectrometer. The u l t r a v i o l e t / v i s i b l e e l e c t r o n i c spectra i n water 
or chloroform were obtained with a Cary 14 spectrophotometer with 
matched one cm Supracil c e l l s . 

Results and Discussion 

The c i r c u l a r dichroism spectrum of the isomer designated as 
A-fac-Fe(mphen) 3

2 + i s shown in Figure 4. The f a c i a l designation 
i s based on the sharp *H NMR signal observed f o r the resolved 
complex r e l a t i v e to the broader signal observed for the synthetic 
mixture of fac and mer isomers. The shi e l d i n g i s analogous f o r 
a l l protons, thus only a small difference i s observed. Thus the 
absolute purity of the f a c i a l isomer cannot be assured. 

The c i r c u l a r dichroism spectra of the th i n layer chromato-
graphed product of a f a i r l y concentrated Fe(mphen) 3

2 + sample i n 
2 M aqueous cyanide, for which both a p r e c i p i t a t e and a solution 
were obtained, i s presented i n Figure 5. The spot l a b e l l e d 1 has 
a ltt NMR signal at about 2.5 ppm downfield from tetramethylsilane, 
spot 2 has a doublet at 2.5 and 1.9 ppm, and spot 3 has a s i n g l e t 
at 1.9 ppm. A molecular model shows the considerable s h i e l d i n g 
a v a i l a b l e to the C?(cis) methyl groups and one of the methyl 
groups on the C x isomer. Thus the spots are assigned as 

1 C 2(trans) 
2 C2 

3 C 2 ( c i s ) 

consistent with the NMR spectra. A l l have i d e n t i c a l absorption 
spectra and no other iron residues can be observed. Hence the 
e n t i r e coordination product appears to be the three neutral 
Fe(mphen) 2(CN) 2 isomers. 
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Figure 5. A thin-layer chromatogram of the product of A-Fe(mphen)a
2+ plus 2M 

aqueous cyanide under concentration conditions where both a racemic (rac) pre
cipitate and an optically active (A) solution result. The CD spectrum of the total 
(T) fraction and each spot is presented with an arrow indicating the low energy 
IT-π* transition at 275 nm. Energy increases to the left on each spectrum in this 

figure. 
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To obtain quantitative r e s u l t s more d i l u t e solutions were 
prepared. Under these conditions the reaction solution remained 
homogeneous throughout the reaction. The results are tabulated 
in Table I I I . 

Table I I I 

Isomer Percentages f o r the Fe(mphen) 2(CN) 2 Products of the 
Λ-fac-Fe(mphen) 3

2 + plus Aqueous Cyanide Reaction 

[CN"] 

1.66 M 0.83 M 0.66 M 0.49 Μ 

Fe(mphen) 2(CN) 2 

Cp(trans) 
C i , a C 2(çis)-

Δ Λ 
13.9 14.
27.3 21.7 
11.5 11.5 

25.7 22.3 27.0 25.0 
11.0 11.0 Π.5 11.5 

25.9 24.1 
11.0 11.0 

-Overlap between Ci and C 2(ci_s) may have negated a small a c t i v i t y 
f or the C 2 ( c i s ) isomer. A separate sample at 5.0 M CN" indicated 
11.8% Δ and 12.2% Λ C2(çisJ isomers as well as 15.4% Δ and 15.6% 
Λ C 2 ( t r a n s ) , and 27.2% Δ and 1 7 . 8 % Λ C x isomers. 

The percentage of each geometrical isomer ( Δ + Λ ) was only 
estimated in whole percents from the absorption spectral i n t e n s i 
t i e s of the spots extracted from the TLC plates. The differences 
in the two o p t i c a l isomers of each geometrical isomer were deter
mined from the c i r c u l a r dichroism spectra assuming t h e o r e t i c a l 
rotatory strengths. Thus, the actual numbers are less accurate 
than the overall trends. Note that the C x isomer a c t i v i t y i n 
creases by a factor of about f i v e over the cyanide concentration 
range measured, whereas the C ?(trans) isomer a c t i v i t y remains 
v i r t u a l l y unchanged throughout. [Unfortunately the overlap i n 
spots 2 and 3 precluded accurate measurements f o r the C 2 ( c i s ) 
isomer. ] 

Mechanisms which predict p a r a l l e l increases in the a c t i v i t y 
of the isomers do not appear tenable. However, r e a l i z i n g that 
the second step (k^-j) competes with isomenzations (k a-j) and that 
once the very n u c l e o p h i l i c cyanide i s attached to the iron center, 
i t i s even more tenacious than the mphen ligand, the kai- path 
stereochemistry can be summarized as shown in Table IV. 

The kdi path gives α retention plus (1-a) of the same 
products indicated in Table IV. Using the rate constants from 
the unsubstituted Fe(phen) 3

2 +/CN" reaction, which assumes_a=l, the 
stereochemistry f o r the f i r s t step of the Fe(mphen) 3

2 +/CN" reac
t i o n can be calculated. The results f o r three concentrations 
(from two d i f f e r e n t Λ - f a c reactant preparations) are l i s t e d 
in Table V. 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



19. A R C H E R A N D HARDiMAN Tris(diimine)iron(II)/Cyanide Inversion 369 

Table IV 

The "Aqua Inversion" Reaction Stereochemistry-

Fe(mphen) 2(CN)(H 20) + Fe(mphen) 2(CN)(H 20) + 

A - C 2(trans) A-Ci 
2A-Ci 

·¥ 
A-C 2(trans)+A-C 2(cis) 

A - C 2 ( c i s ) y A-Ci 

- I f the cyanide stays in place, the only rearrangements of the 
two mphen ligands which can occur through aqua displacement are 
those given; analogous changes occur f o r the A isomer. 

Table V 

Calculated Isomer Percentages f o r the Λ-fac-Fe(mphen) 
to Fe(mphen) 9(CN)(H 90) + Reaction-

Fe(mphen) 2(CN)(H 20) + 

5.0 M CN" 1.66 M CN" 0.49 M CN" 
Fe(mphen) 2(CN)(H 20) + Δ Λ Δ Λ Δ Λ 

C 2(trans) 16.3 15.8 15.0 14.1 17.4 16.0 
Ci 27.1 16.4 28.0 20.2 26.4 22.2 
C 2 ( c i s ) 12.3 12.1 11.9 10.9 11.0 10.2 

-These values are based on the calculated second step stereo
chemistry found f o r F e ( p h e n ) 3

2 + (20); i . e . , the same k a r/k cj-j 
r a t i o with α=1, which transforms as about 1 inverted product 
molecules to 2.5 retained product molecules for the second step. 
The inverted second step products are assumed to follow Table IV 
stereochemistry. 

The stereochemical res u l t s are dependent on s i m i l a r reaction 
stereochemistry and rates f o r the mphen and phen chelates. The 
calculat i o n s are also v a l i d i f the retenti on .-inversion r a t i o f o r 
the second step i s simply due to α k̂ -j and (1-a) k̂ -j ; i . e . , 
k d i > > k a i - C l e a r l y , the Δ configuration i s formed i n the f i r s t 
step, but the Cx isomer c l e a r l y predominates in the o p t i c a l 
a c t i v i t y . The s l i g h t A a c t i v i t y of the C 2(trans_)-Fe(mphen) 2 (CN) 2 

isomer appears to be due to the large amount~oT^-C 1-Fe(mphen) 2-
(CN ) ( H 2 0 ) + produced in the f i r s t step. Some reinverts e i t h e r 
through the 1-a part of kdl- path and/or the ka-j path. 
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For a l l three geometrical isomers of Fe(mphen) 2(CN)(H 20) to 
e x h i b i t Δ predominance from the A-fac-Fe(mphen) 3

2 + ion chemical 
inversion must take place. See Table I I . Both the a and b paths 
of Figure 2 appear to be involved i n the formation of inverted 
products. 

A sizeable part of the racemic background of a l l isomers may 
be due to the cyano ligand a c t i v a t i o n envisioned by G i l l a r d (17,19). 
I f the ligand i s removed p r i o r to the addition of cyanide, the 
high-spin bis chelate could undergo numerous rearrangements p r i o r 
to cyanide returning i t to a low-spin state. We have not been 
able to explain the isomer res u l t s and the a c t i v a t i o n parameters 
by any mechanism which does not consider an inversion reaction 
as part of the mechanism. A recent suggestion that the mechanism 
of cyanide reactions with the t r i s ( d i i m i n e ) i r o n ( I I ) ions i s d i s 
s o c i a t i v e (36) was based on s i m i l a r ΔνΦ values f o r cyanide and 
hydroxide reactions. Tha
stereochemistry and othe

Conclusion 

The synthesis of the unsymmetrical 3-methyl-l,10-phenanthro-
l i n e (mphen) and the resolution of the f a c i a l isomer of Fe(mphen) 3

+ 

has allowed us to investigate the stereochemistry associated with 
the o p t i c a l inversion reaction previously observed f o r the corres
ponding unmethylated Fe(phen) 3

2 + ion with cyanide. We conclude 
that the Λ-fac-Fe(mphen) 3

2 +
+isomer produces an excess of a l l 

three Δ-Fe(mphen) 2(CN)(H 20) isomers when the Λ-fac isomer reacts 
with cyanide, even though the f i n a l Fe(mphen) 2(CN) 2 product has 
only one strongly Δ isomer. Thus the o p t i c a l inversion i s a 
chemical inversion as w e l l . 
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Addendum 

Burgess (37) allows f o r inversion through the G i l l a r d mech
anism (1_7) by considering a c t i v a t i o n by the 2-cyano d e r i v a t i v e , 
but loss of another diimine as the cyano group i s transferred to 
the metal; c f . Blandamer, Burges and Wellings (38) f o r hydroxide 
analogy. However, the rationale f o r a predominance of inversion 
would appear to require a t r i p l e t excited state indistinguishable 
from the one we have chosen. Also, Twigg and coworkers (39) f i n d 
that 6-adducts (rather than 2-adducts) occur f o r 5-nitro-l,10-
phenanthroline. (The 2-adducts are important i n the development 
of the G i l l a r d mechanism.) Thus, we conclude that while addition 
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compounds may be important in bpy complex retention reactions and 
in overall racemization reactions, d i r e c t cyanide attack appears 
to be the best explanation f o r the inversion reactions. 
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Photoacoustic Detection of Natural Circular Dichroism 

in Crystalline Transition Metal Complexes 

RICHARD ALAN PALMER, JOSEPH C. ROARK, and JAMES C. ROBINSON 
P. M. Gross Chemical Laboratory, Duke University, Durham, NC 27706 

The advantages of usin  crystallin  solid  (particularl
single crystals) for optica
measurements are well known (1). Less widely appreciated 
perhaps are the advantages (and limitations) of extending this 
technique to the measurement of optical activity. Although 
many of the points below apply equally well to magnetically 
induced "optical activity", the primary emphasis of our work 
has been on the measurement of "natural" optical activity as a 
technique for studying conformation and absolute configuration. 
These data can serve as important bench marks since independent 
(X-ray) determination of absolute configuration and conforma
tion is frequently possible (2). The relatively low dipole 
strengths of d-d and certain other low lying, highly forbidden 
electronic transitions makes solid state optical activity 
measurements particularly applicable to transition metal ion 
complexes. 

For intrinsically chiral species that are inert enough to 
be resolved conventionally, the measurement of natural optical 
activity in crystals has the same advantages as single crystal 
absorption measurements. In addition, however, it also affords 
the opportunity to determine rotational strengths of species 
which do not exhibit optical activity in solution. There are 
two classes of such materials: 1) intrinsically a chiral 
chromophores which crystallize in enantiomorphous space groups, 
and 2) intrinsically chiral but labile chromophores which 
spontaneously resolve on crystallization. 

The measurement of optical activity in single crystals has 
been studied most extensively by transmission techniques, 
although recent development of emission methods has also been 
reported (3,4). Transmission methods are limited to those 
compounds which can be obtained in suitably large and perfect 
single crystals. In addition, only in non-biaxial crystals can 
the complications of linear birefringence be avoided easily. 
(However, a two-angle method for cancelling these effects has 

0-8412-0538-8/80/47-119-375$05.25/0 
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been recently proposed (5).) Generally, of the two possible 
experiments, c i r c u l a r dichroism (CD) i s the choice over o p t i c a l 
rotatory dispersion (ORD) due to the r e l a t i v e i n s e n s i t i v i t y of 
the former to crystal imperfection and s t r a i n . However, the 
most serious l i m i t a t i o n on single crystal optical a c t i v i t y 
measurement i s high a b s o r p t i v i t y , since, as i s generally the 
case, absorbançe A = eel(=3A) must be ^ 1. (Note that i f 
ε = 100 ι moT^-cm"1 and c = 5 mol then the crystal must 
be only 0.02 tmi thick for A = 1). Unless doping into a color
less host crysta l i s possible, the d i f f i c u l t i e s of cutting and 
polishing a crystal with ε > 50 (of appropriate thickness) 
while retaining a macrosized window are obvious. The use of 
micro equipment i s a viable approach in some cases, whereas 
di f f u s e transmission spectra of mulls i s another possible 
s o l u t i o n . However, transmission CD of mulls i s p a r t i c u l a r l y 
s e n s i t i v e to scatterin
systems which r a d i a t i v e l
c i r c u l a r l y polarized luminescence (CPL) (optical a c t i v i t y of 
the excited state) and fluorescence detected c i r c u l a r dichroism 
(FDCD) (detection of optical a c t i v i t y of the ground state by 
measurement of r a d i a t i v e decay) are useful probes of conforma
t i o n in the s o l i d state (3,4). 

The recent revival of interest in the photoacoustic effect 
in condensed media (6,7) led us to consider the p o s s i b i l i t y of 
detecting natural c i r c u l a r dichroism photoacoustically. 
Certain aspects of the photoacoustic effect suggest that t h i s 
technique might be generally applicable to a l l c h i r a l s olids 
regardless of crysta l c l a s s , size or perfection, or strength of 
absorption. Although subsequent theoretical developments and 
experimental results have caused us to l i m i t considerably 
the predicted scope of t h i s method, nevertheless, i t i s pos
s i b l e now to say c l e a r l y that the experiment does work and 
off e r s prospects for unique r e s u l t s . In t h i s paper we review 
b r i e f l y the nature of the theory and practice of condensed 
phase photoacoustic spectroscopy and i t s extension to the 
measurement of natural c i r c u l a r dichroism, and present i n i t i a l 
r e s u l t s for single c r y s t a l s and powders. 
The Nature of the Condensed Phase Photocacoustic E f f e c t 

The photoacoustic effect in s o l i d s and l i q u i d s was f i r s t 
described by B e l l almost 100 years ago (8). Recent interest i n 
photoacoustic detection has centered around the p o s s i b i l i t i e s 
of applying i t to the measurement of the absorption spectra of 
highly absorbing and/or l i g h t scattering materials of both 
physical and biochemical interest (7). In the conventional 
photoacoustic spectroscopy (PAS) experiment a sample i s 
enclosed in a small a i r - t i g h t c e l l and illuminated with 
intensity-modulated monochromatic l i g h t . Absorption of the 
radiation followed by non-radiative decay results in a periodic 
heat flow within the sample, which upon reaching the sample 
surface, causes a c y c l i c thermal expansion of the layer of gas 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



20. PALMER ET AL. Crystalline Transition Metal Complexes 377 

at the surface. This produces pressure pulses in the gas which 
are detected by a sensitive microphone placed in the c e l l . A 
plot of the microphone signal as a function of wavelength λ, in 
p r i n c i p l e , represents a non-radiative decay e x c i t a t i o n spectrum 
analogous to the radiative decay e x c i t a t i o n spectrum measured 
for luminescent materials. 

The c h a r a c t e r i s t i c s of the photoacoustic signal may be 
summarized b r i e f l y as follows: 

1. Transmission of the l i g h t i s not necessary; only 
absorption and (some) non-radiative decay. 

2 . The strength of the signal i s proportional, not only 
to the in t e n s i t y of the incident r a d i a t i o n , but also 
to i t s energy. (More heat w i l l result from a UV 
t r a n s i t i o n than from an IR t r a n s i t i o n ) . 

3. The strength f th  signal w i l l als  depend inversel
on the modulatio
(Short pulse y  powe
than long ones.) 

4 . Scattering i s not a serious problem and, in f a c t , the 
more surface area in contact with the energy transfer 
gas, the better. That i s , powders should give 
stronger signals than massive pieces of the same 
material. 

5. The signal has phase φ as well as amplitude q, the 
phase being related to the time required for the heat 
to reach the surface and the sound to reach the 
microphone. The phase w i l l depend on the abso r p t i v i t y 
3(cm" 1), the thermal d i f f u s i v i t y 05 (cm 2s" 1) and the 
non-radiative decay l i f e t i m e (τ). 

6. The l i n e a r dependence of the signal strength on 3 i s 
li m i t e d to regions of the spectrum where 3/as < 1. 
( a s = (2α δ/ω)ϊ/ 2) (see below). Near and above t h i s 
l i m i t the var i a t i o n of q with 3 approaches zero. 

The above statements of the nature of the photoacoustic 
effect are drawn primarily from the conclusions of the theory 
developed by Rosencwaig and Gersho (R-G) ( 9 ) , based on a one-
dimensional thermal piston model. Since t h i s i s the s t a r t i n g 
point for extending the theory of photoacoustic spectroscopy 
(PAS) to include photoacoustic c i r c u l a r dichroism (PACD), a 
b r i e f survey of the sa l i e n t factors and important parameters of 
that treatment follows. 

According to the R-G theory the central parameters of the 
mathematical model of the photoacoustic effect are: 1) the 
optical absorption c o e f f i c i e n t 3 (cm" 1); 2) the optical absorp
t i o n length yo = 1/3 (cm); 3) the thermal conduction c o e f f i c i e n t 
a s = ( 2 a sA))!/ 2; 4) the angular frequency of modulation ω (rad 
s " 1 ) ; 5) the thermal d i f f u s i v i t y a s ( c m 2 s ' 1 ) ; and 6) the thermal 
d i f f u s i o n length μ δ = ( l / a s ) . The signal i s also dependent 
on various constants which are defined i n the o r i g i n a l paper 
( 9 ) , including the source i n t e n s i t y . Assuming various 
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l i m i t i n g conditions of sample thickness and a b s o r p t i v i t y , the 
R-G theory may be shown to y i e l d several more s i m p l i f i e d 
r e s u l t s (see below). 

An important difference between PAS and conventional 
transmission spectroscopy i s that the PAS signal depends both 
on the sample's thermal and optical properties. Only l i g h t 
absorbed within one thermal d i f f u s i o n length (μδ) of the sur
face contributes to the s i g n a l . If the absorption c o e f f i c i e n t 
i s large enough so that μ^ < μ 5, (or 3/a s > 1) the PAS signal 
becomes independent of changes in 3 . This "saturation" condi
t i o n may be a l l e v i a t e d somewhat by increasing the modulation 
frequency ω, (thus e f f e c t i v e l y shortening the thermal d i f f u s i o n 
length so that μ^ > μ $ ) . However, since the signal strength i s 
also shown to depend on ω~ η (where η = 1.5 f o r 3/a s < 1), the 
s e n s i t i v i t y of the system l i m i t s the u t i l i t y of t h i s technique 
for avoiding saturatio
i s a serious impedimen
Various sampling techniques such as co-grinding with MgO have 
been proposed as solutions to t h i s problem (10). In addition, 
the use of the phase angle of the signal (φ) has been shown to 
permit quantitative determination of 3 free of many of the 
uncertainties of conventional amplitude (q) measurements, even 
in the region of i n i t i a l saturation (11). 

From the results of the R-G theory i t would appear that 
detection of c i r c u l a r dichroism photoacoustically would have 
the following potential applications: 

1) C r y s t a l l i n e (or non-crystalline) powders and tur b i d 
suspensions. This potential results from the lack of depen
dence on the detection of transmitted l i g h t . This would permit 
the averaging of l i n e a r birefringence effects in b i a x i a l 
c r y s t a l s , measurements on c r y s t a l s with poor growth character
i s t i c s , and on compounds too l a b i l e to grow large c r y s t a l s even 
though they are resolvable by rapid p r e c i p t i t a t i o n of diaster -
eomers. Turbid b i o l o g i c a l specimens, suspensions, gels, etc., 
might also be probed for o p t i c a l a c t i v i t y by such a technique. 

2) Single c r y s t a l s too thick or too highly absorbing to 
permit s u f f i c i e n t transmission of l i g h t for conventional 
measurements of optical a c t i v i t y . 

It has been the goal of t h i s work to develop the theory 
and techniques to test these propositions. Obviously PACD 
w i l l not be completely immune to the depolarization effects of 
sc a t t e r i n g , and when q no longer varies with 3 (because of 
saturation) Aq (=q^-qr) must approach zero. The i n i t i a l 
evaluation of the extent of these problems i s the subject of 
t h i s paper. 
The PACD Experiment 

Due to the unique way in which the photoacoustic signal i s 
generated, there are two possible ways of performing the PACD 
experiment (Figure 1). The Type 1 experiment involves only 
c i r c u l a r p o l a r i z a t i o n at modulation frequency ω 0· I f Η ¥ 3r» 
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a photoacoustic signal w i l l be generated which i s proportional 
to Δ 3 . I f β£ = 3 r, no photoacoustic signal can result because 
there i s no in t e n s i t y modulation of the heat d i s t r i b u t i o n in 
the s o l i d . This experiment has been applied successfully to 
detect MCD and LD by the photoacoustic technique (12). I f the 
l i g h t i s also i n t e n s i t y modulated at frequency ω^ » ω α , then 
the Type II experiment i s obtained. Type II d i f f e r s from Type 
I in that a photoacoustic signal i s also generated at ωρ. 
The signal detected at ω ρ then varies in i n t e n s i t y at frequency 
o)c when c i r c u l a r dichroism i s present. (One may draw an 
analogy to AM radio with ωρ being the c a r r i e r frequency and 
u)c providing the amplitude modulation.) The PACD signal may 
be obtained by the following sequence: 1) demodulation of the 
signal at ωρ (phase-sensitive detection (PSD) with a time 
constant τ « 1/ω 0), and 2) PSD of the demodulated signal 
using ως as the referenc
signal (proportional t
ing the output of PSD#1, and the PACD signal (proportional to 
Δ3) i s obtained at the output of PSD#2, the r a t i o of the out
puts (QpsD2/QpSDl) should be proportional to Δβ/β = g. 

The sign of the CD i s obtained from the phase angle of 
the PACD s i g n a l , with (+)CD giving a phase 180° from that of 
(-)CD (Figure 2). Since the phase angle i s a function of the 
abso r p t i v i t y (11), vector-tracking l o c k - i n amplifiers must be 
used, and since the vector magnitude i s always p o s i t i v e , the 
sign information must be obtained from the phase angle. The 
experimental phase angle i s a r e l a t i v e quantity which includes 
contributions from the modulation source, c e l l and microphone 
responses, and e l e c t r o n i c s . Although i t i s possible to 
determine the r e l a t i o n of the phase angle to the CD sign by 
measuring the PACD of a known pair of enantiomers, t h i s 
c a l i b r a t i o n may not be consistent due to the dependence of the 
phase angle on the above parameters. 
PAS Theory 

Using the R-G photoacoustic theory (£), the pressure 
variations in the c e l l may be written as: 

where q i s the vector magnitude of the complex sinusoidal 
pressure v a r i a t i o n Q = Qi + iQ2* The general form of Q, 
given by equation 21 of Réf. (9J, i s quite complicated but can 
be s i m p l i f i e d f or several special cases. For the p a r t i c u l a r 
case of o p t i c a l l y and thermally thick samples (R-G Case 2c, 
i . e . , << is and μ $ << J t s ) , Q i s given by 

AP(t) = qcos(o)t-ir/4-<|>) (1) 

Q = Κ B(r-D (2) 
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Type I: P o l a r i z a t i o n modulat ion at 

L R L R L R 
J AQ = f ( A e , 1 /ω | ! ) (No Q p A S ) 

Type I I : I n t e n s i t y and p o l a r i z a t i o n modulati on , u)p >> : 

L R L R L R 
juifUUlnrdinjlnniUUlnn. * 

filter ' QPAS = f ( c > 1 / ω ρ ' 

ω ρ Ρ 

«ΡΑ <*• 

Optical Society of America 

Figure 1. Two possible ways of performing the PACD experiment. See text for 
explanation (19). 

Âq = qLcos(<i/T-5- • qRcos(wT- \ - φ ρ -7Γ) 

W C D Â q - V ^ H C D 

Optical Society of America 

Figure 2. A vector diagram of two PACD experiments (one of each sign) which 
illustrates how the PACD experiment may be treated as a superposition of two 
individual PAS experiments—one with left and the other with right circularly 
polarized light—that are performed 180° out-of-phase with one another. Here, 
φι and φΓ are the PAS phase angles of the left(q,) and right (qr) circularly polarized 
PAS experiments. The vector sum of qj and qr yields Aq, the vector magnitude of 

the PACD pressure variations, which has phase φ0 (19). 
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where r = ( l - i ) / 2 a s , as = ( l - i ) a s , and where the constant 
parameters for a given experiment have been grouped in 
Κ = (γΙο ρο/ 2 ν / 2 k s 1 g a g T o ) # T h e photoacoustic phase angle i s 
then given by (ll) 

( M t a n - 1 ggj. = -tan" 1(2a s / e + 1). (3) 

PACD Theory 
The photoacoustic-CD experiment may be treated as a super

position of two photoacoustic experiments (Figure 2) (12,13), 
one using l e f t c i r c u l a r l y polarized l i g h t and the other using 
right c i r c u l a r l y polarized l i g h t , but 180° out-of-phase: 

AP(t) = q^cos ( œ - < f ) ) - < f ) - T r ) 

(4) 
= ( q A - q r ) c o s ^ c W 4 ^ c ) v ' 

Equation 4 i s applicable to the Type I experiment where there 
i s c i r c u l a r p o l a r i z a t i o n modulation at ω ς . The r e l a t i o n 
between Aq and the sample's abso r p t i v i t y and thermal properties 
i s seen in Figure 3. A l i n e a r dependence on 3 and thus on g i s 
found for 3 < a s (μ^ > μ 5 ) . At 3 > a s (μ^ < μ δ) saturation 
occurs and the PACD magnitude decreases as the a b s o r p t i v i t y 
increases. Thus photoacoustic saturation w i l l lead to 
anomalously low g values, since the photoacoustic magnitude 
approaches a constant value for 3 > a s (14). The PACD phase 
angle (Figure 4) i s a function of a s and 3 and varies from 
-90° (3 « a s) to 0° (3 » a s ) . 

In the Type II experiment with l i g h t chopping at frequency 
ω ρ , the t o t a l pressure variations are given by 

AP(t) = l/2[q Acos(o> t - * / 4 ^ ) c o s ^ c W 4 - < f > c ) 

(5) 
+ q r C O s U p t ^ / 4 ^ r ) c o s ^ c t - T r / 4 ^ c - T r ) ] 

where the factor of 1/2 enters due to the 50% duty cycle* of the 
l i g h t chopper. Demodulation of the signal at the chopping 
frequency ω ρ leads to the following equation, which describes 
the signal at the demodulator output: 

Q p A S = l / 2 [ q A c o s ^ c t ^ c ' ) + q ^ o s ^ t ^ - i r ) ] , (6) 

where we note that the phase information contained in < t > c i s 
l o s t in the process of demodulation at ω ρ . F i l t e r i n g out the 
o ) c components via a low pass f i l t e r leaves the PAS magnitude 
signal 
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0 

- 1 0 J , , , . , , J— 

- 3 - 2 - 1 0 1 2 3 

l o g Β 
Optical Society of America 

Figure 3. A log-log plot of the PACD magnitude normalized to the coefficient Κ 
of Equation 2 vs. log B, where Β = β/α8. β is the optical absorption coefficient 
(cm'1) and as is the thermal conduction coefficients (cm'1). The onset of photo

acoustic saturation occurs at log Β = 0. Β = β/α8; as = 100 cm'1 (19). 
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0 

l o g Β 

Optical Society of America 

Figure 4. Plot of the PACD phase angle (<f>c) vs. log B. See Figure 3 caption for 
definitions. (All g values.) Β = β/α8; as = 100 cm'1 (19). 
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Q = l/2[q + q ] = q. (7) 
PAS i r 

Further PSD of the demodulated s i g n a l , but t h i s time using a 
l o c k - i n referenced to the CD modulation a>c, y i e l d s 

QPACD = 1 / 2 C cU * <V] = 1 / 2 A q - ( 8 ) 

The functional form of the PACD magnitude i s the same for both 
Types I and I I , but an important difference between the two i s 
that q^ and q r are governed by the photoacoustic rather 
than the CD modulation frequency. In both Type I and I I , 
enantiomers w i l l give phase angles 180° apart: 

V

Experimental 
Materials: Photoacoustic measurements were made on a 

component-assembled PAS spectrometer consisting of a 9W argon 
ion laser (Spectra Physics), a 0.5 cc internal volume PAS c e l l 
equipped with a sen s i t i v e e l e c t r e t microphone (Radio Shack, 3.2 
mV/Pa). C i r c u l a r p o l a r i z a t i o n modulation was achieved with a 
special low frequency (220 Hz) photoelastic modulator (15) 
(Hinds I n t e r n a t i o n a l ) . Signals were detected and processed 
with a vector tracking l o c k - i n a m p l i f i e r (PAR model 5204), and 
i n t e n s i t y modulation was done with a 30-slot blade mechanical 
chopper (Ortec). Syntheses of a l l compounds were by well 
established l i t e r a t u r e methods. 

The components as described above were assembled to per
form the Type I PACD experiment (Figure 5). This experiment 
was chosen because i t i s the simplest and most di r e c t approach 
to obtaining PACD. An argon ion laser was chosen because of 
i t s high i n t e n s i t y monochromatic output and because strong 
l i n e s were available at regions of absorption for several 
samples of i n t e r e s t . Photoelastic modulation was used instead 
of Pockels' c e l l modulation because of the wide acceptance 
angle and low voltage required. Two of the samples, 
Ni(en)3(N03)2 and Na(U02)(0Ac)3, are examples of compounds 
which are o p t i c a l l y active in the s o l i d state only. 
Ni(en)3(NÛ3)2 racemizes in s o l u t i o n , but spontaneously resolves 
on c r y s t a l l i z a t i o n (space group P 6 3 2 2 ) (_16). NaU02(0Ac)3 i s 
i n t r i n s i c a l l y achiral but c r y s t a l l i z e s in the cubic, enantio-
morphous space group (Ρ2χ3) (17). 

Experimentally, l i g h t from the laser was polarized v e r t i 
c a l l y and passed 45° to the stress axes of the photoelastic 
modulators producing a l t e r n a t e l y l e f t and right c i r c u l a r l y 
polarized l i g h t at 220 Hz. Three types of measurements were 
made: 1) PAS magnitude spectra at the modulation frequency 
were recorded by i n s e r t i n g the mechanical chopper and using 
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CHOPPER CELL 

SOURCE *> M0N0CHR0MAT0SOURCE M0N0CHR0MAT0
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SOURCE M0N0CHR0MAT0R SOURCE M0N0CHR0MAT0R 

MODULATOR 

J 
POLARIZER 

PACD 

CELL 

MX 
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Figure 5. A block diagram of a single-beam PAS experiment (top) and a single-
beam (Type I) PACD experiment (bottom) 
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i t s reference frequency at the l o c k - i n ; 2) PACD measurements 
were made without the chopper by taking the 220 Hz photoelastic 
modulation signal as the lock-i n reference; and 3) noise 
measurements were made by blocking the l i g h t beam and detecting 
background signals at the modulation frequency, thus allowing 
measurement of laser and acoustic noise, as well as providing a 
quantitative measure of c e l l acoustic i n t e g r i t y . Noise levels 
f o r PACD were generally ±10 nV fo r AQ and ±5° f o r Φ. Back
ground noise was 10 ± 10 nV. Light i n t e n s i t y was normalized by 
adjusting the laser power to a common level for a l l l i n e s with 
the exception of the 457.9 nm l i n e , which was lim i t e d to only 
100 mW. 
Results 

Conventional transmission absorption and CD spectra of the 
samples are given in Figure
laser l i n e s r e l a t i v e t
Experimental data (for the compounds used) are given in Tables 
1-5. Included in the tables are PAS magnitudes (Q), PACD 
values (AQ), photoacoustically determined g values (gpA) 
and the phases of the AQ signals (Φ). Also included f o r 
comparison are the t r a n s m i s s i o n s , Δε, and g values. 
Discussion 

As predicted by theory, differences in phase angles for 
enantiomers are ca. 180°. In addition, the results are in 
q u a l i t a t i v e agreement with the transmission data in that àQ and 
gp/\ values follow the trends of Δε and g. 

The values of gp/\ obtained for c r y s t a l s are inv a r i a b l y 
larger than the values for powders, but both are lower than the 
transmission values. For example, in Ni(en)3(N03)2 the crystal 
AQ values are ten times greater than the powder AQ values. 
Theory predicts that powders should give stronger PAS signals 
because of t h e i r greater surface area. This i s observed f o r 
the PAS magnitudes but not for PACD si g n a l s . In these experi
ments, powders give gp/\ values 100 times smaller than those 
determined by transmission and cr y s t a l s give g values ten times 
smaller than transmission g values. It i s l i k e l y that l i g h t 
scattering and surface depolarization, e s p e c i a l l y in the case 
of powders, are degrading the PACD s i g n a l . Although saturation 
would also lead to low g values, the low 3 values for the 
absorption bands studied c l e a r l y indicate that saturation 
effects should not be present. 

Another source of error in gp/\ values may be background 
s i g n a l s . In Na(U02) ( O A O 3 , for example, i t was possible to 
make one measurement in a region where ε = 0. A coherent back
ground signal was obtained, probably from c e l l wall absorption 
of scattered l i g h t (18). Background signal correction may help 
to quantify r e s u l t s . For t h i s reason, however, comparisons 
between PAS and transmission measurements should be made 
between AQ and Δε instead of the respective g val ties, since the 
background effects cancel i n AQ. 
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Figure 6. Single crystal absorption and CD spectra of NaU02(OAc)3 at room 
temperature showing positions of pertinent Ar+ laser lines 
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Figure 7. Axial single-crystal absorption and CD spectra of Ni(en)3(N03)2 at 
room temperature showing positions of pertinent Ar+ laser lines 
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400 500 600 
λ (nm) 

400 500 600 

Figure 8. H20 solution absorption and CD spectra of Co(en)sIs at room tem
perature showing positions of pertinent Ar+ laser lines 
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Table I I I . Powder PAS and PACD measurements of NaU02(0AC) 

λ 
ο 

(A) 
Q 

(wV) 
A Q + 

gPA 
Φ* 
(°) 

5145 
4880 
4765 

58 0 

5145 
4880 
4765 

15 
28 
53 

0 
0 
0.500 -9.4 χ 10" 3 -120 

* 
t 
± 

200 mU 
± 0.10 
± 5° 

laser 
μν 

power 

Powder PAS and PACD measurements of Ni(en) 

λ 
ο 

(A) 
Q 

(uV) 
A Q f 

(μν) g 
Φ* 
(°) 

5145 370 0.070 2 χ 10" 4 75 
4880 320 0.040 1 χ 10" 4 70 

5145 440 0.040 9 χ 10' 5 -75 
4880 300 0.030 1 χ 10" 4 -90 

( N 0 3 ) 2 . 

* Normalized to 600 mW laser power 
t ± 0.010 uV 
Φ ± 10° 
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Conclusions 
The photoacoustic detection of natural c i r c u l a r dichroism 

has been demonstrated successfully. Preliminary results at 
several fixed wavelengths on a limited number of samples show 
q u a l i t a t i v e agreement with corresponding transmission data. In 
spite of the small signal levels involved, r e p r o d u c i b i l i t y i s 
good. It appears that powders suffer scattering depolarization 
e f f e c t s , which also occur with diffuse transmission 
measurements. 

S e n s i t i v i t y with regard to g values i s d i f f i c u l t to 
estimate. Although experimental g values of 10" 1 to 10' 5 

(representing pressure changes of 10~8 to 10"^ atm) were 
obtained, they did not correspond d i r e c t l y to transmission g 
values. 

The experiments reporte
the f e a s i b i l i t y of th
test of the theory. As single beam experiments, the results 
are laser noise l i m i t e d . Planned elaboration of the equipment 
to make double beam measurements should provide an increase i n 
s e n s i t i v i t y . Other modifications which may improve d e t e c t a b i l -
i t y are: c e l l design changes to reduce c e l l wall absorptions 
while maintaining minimal c e l l volume, laser output feed-back 
c o n t r o l , and signal averaging. With improved s e n s i t i v i t y the 
use of lower power tunable laser e x c i t a t i o n w i l l be f e a s i b l e . 
Eventual improvement of s e n s i t i v i t y to the level required for 
use of continuum sources i s at present doubtful. 

Continuing work i s directed toward extension of these 
measurements to other compounds, improvement of s e n s i t i v i t y and 
r e l i a b i l i t y , and exploration of the p o s s i b i l i t i e s of variable 
modulation (Type II) measurements to reduce saturation e f f e c t s , 
and of PACD depth p r o f i l i n g . 
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Stereochemical Description and Notation for 

Coordination Systems 
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The terminology an
scribe coordination compounds have been derived with one no
table exception from the terms and symbols developed to 
describe the stereochemistry of carbon compounds. The 
terms cis, trans; endo, exo; dextro, d, D, ( + ); and levo, l, L 
(-) all have been used to describe the stereochemistry of coor
dination compounds in a close analogy with organic compounds 
(see Figure 1). As the descriptions of the chemistry and 
structures of coordination systems have become more varied and 
complex, the meanings of these terms have become less precise, 
as in the example of a cis or trans tricarbonyl octahedral 
compound (see Figure 2). The terms fac and mer were coined to 
indicate the facial and meridional disposition of substituted 
octahedral structures. 

Geometric isomers of linear quadridentate ligands on octa
hedral compounds are recognized to exist in one trans and 
two cis forms (see Figure 3). The cis compounds are generally 
referred to as the α and β forms. In these examples we can see 
that the terminology developed to denote the relatively simple 
tetrahedral and planar carbon stereochemistry is not adequate 
when applied to the stereochemistry of octahedral compounds. 
And when we consider that there are eighteen well-defined geo
metries of mononuclear complexes for coordination numbers 4 to 
9 with literally tens of thousands of possible isomeric config
urations, then it is not difficult to comprehend the need for 
notations that are systematic and developed within the basic 
requirements and boundary limits that are unique to coor
dination chemistry. 

The first systematic designation of the stereochemistry of 
coordination compounds was developed by Werner. Werner num
bered the ligand sites on the coordination polyhedra as shown 
in Figure 4. 

1To whom correspondence should be addressed. 

0-8412-0538-8/80/47-119-397$05.50/0 
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Figure 1. The commonly used stereochemical terms and symbols in inorganic 
and organic chemistry 

CO CO 

C i J - i C O H 5 C 5 N r | - , C 0 
I M M 

ciL-Hco 0 C H - I P ( C H 3 ) 
ί ι 

Figure 2. Stereochemical terms for tris- ^' CI 
(unidentate) octahedral complexes cis, fac t r a n s m e r (c/s) 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
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M u e t t e r t i e s and Wright have suggested numbering schemes f o r 
c o o r d i n a t i o n p o l y h e d r a w i t h up t o 20 c o o r d i n a t i o n s i t e s ( 1 ) . 
IUPAC adopted a p o l y h e d r a l numbering system t h a t was f i r s t sug
gested by McDonnel and Pas t e r n a c k ( 2 , 3) (see F i g u r e 4 ) . The 
McDonnel method f o r p o l y h e d r a l numbering s u b s t i t u t e s lower case 
Roman c h a r a c t e r s t o d e s i g n a t e the c o o r d i n a t i o n p o s i t i o n s . T h i s 
was done t o e l i m i n a t e any c o n f u s i o n t h a t would occur between 
the s u b s t i t u t i o n numbering w i t h i n a l i g a n d and the numbering o f 
the c o o r d i n a t i o n p o s i t i o n . McDonnel a l s o suggested the adop
t i o n o f a c l a s s symbol f o r use i n c i p h e r c o d i n g t o i n d i c a t e the 
geometry o f the c e n t r a l atom c o o r d i n a t i o n s i t e . A l l methods 
f o r numbering o f c o o r d i n a t i o n p o l y h e d r a are s i m i l a r and do pro 
v i d e unambiguous nomenclature t h a t i s s t r u c t u r a l l y e x a c t , p r o 
v i d i n g the geometry o f the c e n t r a l atom c o o r d i n a t i o n sphere i s 
e i t h e r r e a d i l y apparen  remembered

Locant numbering c o n v e n t i o n
These handicaps become apparent when the l o c a n t s are put t o use 
(see Table I bel o w ) . 

Table I. Stereochemical numbering for diamminebis-(ethylenediamine) platinum 

a^-diammine-c^c/e-bislethylenediamine) platinum 

a/?-diammine-ccY,ef-bis(ethylenediamine) platinum 

(+)x-ab-diammine-cûf / e/ r -b is(ethylenediamine)plat inum 

rac-a/j-diammine-Cû^ef-bisiethylenediamine) platinum 

The most s i g n i f i c a n t handicaps a s s o c i a t e d w i t h d i r e c t i o n a l l y 
s p e c i f i c l o c a n t s are the i n a b i l i t y t o d i s t i n g u i s h e n a n t i o m e r i c 
p a i r s o f compounds d i r e c t l y from the n o t a t i o n and the a r b i t r a r y 
and o f t e n c o m p l i c a t e d h i e r a r c h i c a l r u l e s t o determine what l i 
gands are t o be a s s o c i a t e d w i t h which l o c a n t s . Another com
p l e x i t y o f l o c a n t n o t a t i o n s t h a t i s sometimes o v e r l o o k e d i s t h e 
need f o r a d d i t i o n a l symbols or ot h e r n o t a t i o n t o i n d i c a t e t h a t 
t h e r e i s l e s s i n f o r m a t i o n meant than i s expressed i n the name 
w i t h l o c a n t s . Often the g e o m e t r i c c o n f i g u r a t i o n o f a compound 
i s known but not the a b s o l u t e c o n f i g u r a t i o n . Thus the X i n the 
t h i r d name i s n e c e s s a r y i n the l o c a n t n o t a t i o n because i t i s 
not p o s s i b l e t o draw and number the cis c h i r a l s t r u c t u r e ambig
u o u s l y . S i m i l a r l y , vac i s the recommended term t o i n d i c a t e a 
mi x t u r e o f enantiomers. 

The need f o r a r a t i o n a l s t e r e o c h e m i c a l n o t a t i o n has become 
i n c r e a s i n g l y a c ute s i n c e the e s t a b l i s h m e n t o f the f i r s t a b s o l 
ute c o n f i g u r a t i o n by B i j v o e t i n 1951 ( 4 ) . The importance o f 
the s t e r e o c o n f i g u r a t i o n i n l i v i n g systems and the i n f l u e n c e o f 
st e r e o c h e m i c a l c o n f i g u r a t i o n on the course o f r e a c t i o n s a l s o 
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r e i n f o r c e s t h i s p o s i t i o n . The s y s t e m a t i c n o t a t i o n t h a t has 
gained the g r e a t e s t acceptance i s the n o t a t i o n proposed by 
Cahn, I n g o l d , and P r e l o g (5). The Cah n - I n g o l d - P r e l o g (CIP) 
n o t a t i o n i s based on a p r i o r i t y r a n k i n g o f l i g a n d s i n a t h r e e -
d i m e n s i o n a l m o l e c u l a r r e p r e s e n t a t i o n . T h i s r a n k i n g procedure 
i s c a l l e d the CIP Sequence R u l e . The CIP Sequence Ru l e i s used 
to s p e c i f y the a b s o l u t e c o n f i g u r a t i o n o f t e t r a h e d r a l carbon 
atoms i n o r g a n i c compounds, i s the b a s i s o f the Ε,Z n o t a t i o n 
proposed by Blackwood et al. t o s p e c i f y the isomerism o f the 
l i g a n d s about a double bond (6), and i s the r a n k i n g employed by 
Brown et al. i n t h e CHEMICAL ABSTRACTS n o t a t i o n t h a t s p e c i f i e s 
the complete s t e r e o c h e m i s t r y o f c o o r d i n a t i o n compounds (7, 8 ). 

L i g a n d I n d e x i n g 

The CIP r a n k i n g o
i s determined a c c o r d i n g t o the s u b r u l e s : 0 ) Nearer end o f a x i s 
or s i d e o f plane precedes f u r t h e r . 1) Higher atomic number 
precedes l o w e r . 2) Higher atomic mass precedes lower. 3) 2 

( s e q c i s ) p r e c i d e s Ε ( s e q t r a n s ) (9). 4) L i k e p a i r (R,R o r S,S) 
precedes u n l i k e Q?_,S or S,R). 5) R precedes 5 . 

The t i n compound i n F i g u r e 5 i l l u s t r a t e s the CIP p r i o r i t i e s 
f o r l i g a n d s o f d i f f e r e n t atomic number. C h l o r i n e i s atomic 
number 17, s i l i c o n 14, n i t r o g e n 7, and carbon 6. Note, the 
h i g h e r the p r i o r i t y , t h e lower the CIP p r i o r i t y number. I t i s 
not uncommon t o have l i g a t i n g atoms o f the same atomic number 
b e i n g compared as shown f o r the c o b a l t compound i n F i g u r e 6. 
For these s t r u c t u r e s the CIP method p r o v i d e s a f o r m a l i s m f o r 
e x p l o r i n g a l i g a n d t o determine the l i g a n d o f h i g h e s t p r i o r i t y , 
second h i g h e s t , t h i r d , e t c . 

I n T able I I the CIP e x p l o r a t i o n procedures are i l l u s 
t r a t e d . The l i g a n d s are e x p l o r e d from the c e n t e r o f i n t e r e s t , 
atom by atom, u n t i l a d e t e r m i n a t i o n i s o b t a i n e d on the b a s i s o f 
atomic number or the next a p p r o p r i a t e c r i t e r i o n , i n the o r d e r 
l i s t e d . C o n s i d e r i n g the two phenoxy l i g a n d s , the s t r u c t u r e s 
are r e p r e s e n t e d w i t h the atomic number a t the atom p o s i t i o n s 
w i t h the double bonds expanded w i t h r e p l i c a atoms o f atomic 
number 6 shown i n c u r v e s . The d e t e r m i n a t i o n o f p r i o r i t y i s 
made a t the f i f t h l e v e l by comparing oxygen, atomic number 8, 
to carbon, atomic number 6, i n the second branch o f the e x p l o r 
a t i o n t a b l e . 

For the p y r i d i n e l i g a n d , r e p l i c a atoms on the ortho carbon 
p o s i t i o n s are atomic number (6.5). T h i s r e s u l t s from the r e s o 
nance o f the double bonds t o the p y r i d i n e n i t r o g e n . The r e s o 
nance i s a l l o w e d f o r by a v e r a g i n g carbon + n i t r o g e n on 
e i t h e r s i d e o f the ortho carbons, 6+7 =6.5. At the t h i r d 

2 
l e v e l , the sequence 6.5, 6, 1 determines the p y r i d i n e p r i o r i t y 
when compared t o the e x p l o r a t i o n s o f the r e m a i n i n g l i g a n d s . 
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Table II. Ligand CIP exploration table (by atomic number) 

OCH, 

8 

1^(6) 

( 6 K | f \ ( 6 ) t 7 — 6 ^ 6 ^ 6 — ( 6 ) 

β 

( 6 ) ^ f f \ ( 6 ) 

(e/ Λ Ne) 
/ V ) 
I 

1—6—1 
I 

1 

(6.5)^1 Ι ^ ( β . β ) 

./I 

Λ V 

*(β) 

Ne) 

5 

17 

\ 
-6< 

%(6) (6) 

S6) 

6 
(6) 

5 

AT 

6 

(6) 

.6 

-1 

"(6) 

In Stereochemistry of Optically Active Transition Metal Compounds; Douglas, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



21. S L O A N A N D B U S C H Coordination Systems 

Table II. Continued 
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The comparison o f the c y c l o p r o p y l and c y c l o b u t y l amine l i 
gands i l l u s t r a t e t h a t i t i s not n e c e s s a r i l y the s i z e o f the 
group b e i n g compared but the n a t u r e o f the pa t h . Thus the cy
c l o p r o p y l group r e s u l t s i n the p r e f e r r e d path a t the s i x t h 
l e v e l o f comparison when i t r e t u r n s t o the amine n i t r o g e n 
b e f o r e the c y c l o b u t y l group. The e x p l o r a t i o n o f the ammonia i s 
i l l u s t r a t e d a t the bottom o f Tab l e I I . 

Now, r e t u r n i n g t o the s t r u c t u r e o f the c o b a l t complex, we 
have d e r i v e d t he r a n k i n g s as shown i n F i g u r e 7. One might 
agree t h a t these are h i g h l y s t y l i z e d and schematic procedures 
and the f o r m a l i s m l e a d s t o some r e s u l t s not i n t u i t i v e l y a n t i c 
i p a t e d . However, a t Chemical A b s t r a c t s S e r v i c e , we have accum
u l a t e d a v a s t amount o f e x p e r i e n c e w i t h t he CIP system w i t h 
hundreds o f thousands o f compounds , b o t h o r g a n i c and c o o r d i n a 
t i o n , and we f i n d v e r  fe  i  which th  f o r m a l i s
c o m p l e t e l y breaks down

The CIP f o r m a l i s m i y
veloped t o rank c o n s t i t u t i o n a l l y d i f f e r e n t l i g a n d s . P r o f e s s o r 
Ugi and h i s co-workers have been i n v e s t i g a t i n g the computer-
a s s i s t e d s o l u t i o n s t o v a r i o u s problems i n c h e m i s t r y and chemi
c a l documentation ( 1 0 ) . I n t h e i r s t u d i e s they have developed 
an a l g o r i t h m they c a l l t h e CANON a l g o r i t h m t h a t w i l l number the 
atoms o f a molecule based on the graph c o n n e c t i v i t y o f the mol
e c u l e . The c a n o n i c a l numbering thus d e r i v e d has the p r o p e r t y 
t h a t i t always g i v e s the same c o n n e c t i v i t y l i s t . T h i s a l g o r 
i t h m i s s i m i l a r t o the Morgan a l g o r i t h m t h a t i s the b a s i s o f 
the Chemical A b s t r a c t s S e r v i c e Chemical R e g i s t r y System (11) 
but d i f f e r s i n two fundamental r e s p e c t s . The CANON a l g o r i t h m 
r e t a i n s i n f o r m a t i o n r e g a r d i n g the c o n s t i t u t i o n a l symmetry o f 
the m o l e c u l e and has been s p e c i f i c a l l y designed t o g i v e a r e l 
a t i v e r a n k i n g t o l i g a n d s t h a t i s the same as the CIP r e l a t i v e 
r a n k i n g f o r most compounds. The CANON a l g o r i t h m i s based on 
the graph p r i o r i t i e s o f the m o l e c u l a r f o r m u l a and thus does not 
c o n s i d e r f o r m a l i s m s such as bond o r d e r or resonance. 

The CANON a l g o r i t h m d e r i v e s a l i g a n d r a n k i n g by a s s i g n i n g 
an atomic i n d e x based on the atomic number, e.g., the h i g h e r 
the atomic number, the lower the atomic i n d e x (see F i g u r e 8 ) . 
An atomic d e s c r i p t o r i s then d e r i v e d by l i s t i n g the atomic 
i n d e x o f the atom b e i n g c o n s i d e r e d f o l l o w e d by the atomic i n 
dexes o f the α or a d j a c e n t atoms. The α atomic index numbers 
are l i s t e d i n i n c r e a s i n g n u m e r i c a l sequence. The atomic de
s c r i p t o r s are now compared number by number, l e f t t o r i g h t , and 
the atoms a re ordered i n i n c r e a s i n g sequence by atomic de
s c r i p t o r t o g i v e : a>h,i>b 5c>j,k>d>e,f>g>n,v>l,r,p,u>nn, 
oo>x, ee >uim, i i >aa ,bb, c c, dd>m,ο,q,e,t,w,j j,kk,ll>y,ζ,ff,gg,hh> 
H fs. I n t h i s f i r s t r e p e t i t i o n o f the a l g o r i t h m , the r e l a t i v e 
p r i o r i t i e s o f two l i g a n d s — p y r i d i n e and ammonia — are e s t a b 
l i s h e d and the r e m a i n i n g f o u r are grouped i n two s e t s , the two 
phenoxy and a l k y l amine l i g a n d s . The next two i t e r a t i o n s o f 
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Figure 6. Assignment of CIP priority 
numbers for ligands with donor atoms 

of the same atomic number 

Figure 7. CIP rehtive priority numbers 
by ligand exploration 
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the CANON program are illustrated in Figures 9 and 10· Contin
uing for four more repetitions, the algorithm provides a con
stitutional numbering as shown in Figure 11. Comparing the 
cobalt ligating atoms b=4, c=5, d=8, e=9, f=10, and g=ll gives 
the relative ordering of the cobalt coordinating ligands, b>c>d 
e>f>g. This is the same order derived from CIP explorations, 
but not the same absolute value for ligand atom index numbers 
vis-a-vis the CIP priority numbers. 

The CANON algorithm does provide a constitutionally-based 
structural numbering which in most cases gives the same rela
tive priorities as the CIP priorities without considering 
either bonding formalism, resonance, or other theoretical con
ventions. 

The relative ranking of ligands for the description of the 
stereochemical propertie f  molecul  i  th t utilized 
and accepted principle
This is not yet the practice, , g
ochemistry in coordination and inorganic chemistry. In the 
context of coordination and inorganic chemistry, stereochemical 
information is either presented in the more traditional termin
ology, or more often by means of a stereospecific structural 
representation. 

Now let us consider those properties unique to coordination 
compound structures that must be defined to give a unique, un
ambiguous notation system to describe the stereoconfiguration. 
First, the geometry of the central atom must be indicated. The 
geometric distribution of ligands within the basic structure 
should be denoted specifically. This can mean anywhere from 
the 15 possible position isomers of an octahedral complex with 
six differing ligands to over 10,000 postulated isomers for the 
8 coordinate square-faced bicapped trigonal prismatic struc
tures. Lastly, the chirality of the structure, both the cen
tral atom and ligand chiralities, must be represented. 

Chemical Abstracts Service Stereochemical Notation 

Conforming to these principles, Chemical Abstracts Service 
has devised a stereochemical notation which was fi r s t intro
duced into the Chemical Abstracts Service Chemical Registry. 
System and CA Indexes in 1972 (7) and was extended to higher 
coordination numbers in 1977 (8). 

The CHEMÎCAL ABSTRACTS stereochemical notation system is 
composed of four parts: the site symmetry term, the configura
tion number, the chirality label, and the ligand stereochemical 
label. 

The site symmetry term indicates the idealized geometry of 
the central atom and is a letter code derived from the geomet
ric terms used to describe the coordination polygon. The coor
dination number is given to define further the site symmetry 
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C= 5 
H = 6 

a = 1:3.3.4.4.4.4 ηη,οο = 5:3.6.6.6 
hi = 2:5 x,ee = 5:4.5.5.6 
bc = 3:1.5 mm,ii = 5:4.5.6 
j,k = 3:5.5 aa,bb,cc,dd = 5:4.6.6.6 

d = 4:1.5.5 m,o,q,s,t,w,jj,kk,ll = 5:5.5.6 
e,f = 4:1.5.5.5 y,z,ff,gg,hh = 5:5.5.6.6 

9 = 4:1.6.6.6 Hg = 6:4 
n,v = 5:2.5.5 Η = 6:5 

l,r,p,u = 5:3.5.5 

a > h > i > b > c > j t k > d > e , f > g > n v > l , r > p > u > n n > o o > x y e é > m m y i i > a a r b b > c c , d d > 

1 2 3 4 5 6 7 8 9 10 11 12 13 

m,o,q^t,wJj^UI>y,z/ff,gg,hh>Hg>H's. 

14 15 16 17 

Figure 8. CANON ligand priority assignment, first iteration 
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Hg = 16 H= 17 

a = 1:3.3.5.6.7 aa,bb,cc,dd = 13:6.17.17.17 
h,i = 2:8 m,o,w = 14:8.9.17 
b,c = 3:1.9 q = 14:9.9.6 
]\k = 4:9.10 s,t = 14:9.14.17 

d = 5:1.12.12 jjjl = 14:12.14.17 
e,f = 6:1.11.13.13 kk = 14:14.14.17 

g = 7:1.16.16.16 y,z,ff,hh = 15:11.15.17.17 
V = 8:2.9.14 gg = 15:15.15.17.17 
η = 8:2.14.14 Hg = 16:7 

l.r = 9:3.14.14 Η η η , ο ο = 17:10 
u = 9:4.8.14 Hx,ee = 17:11 
Ρ = 9:4.14.14 Hmm,ii = 17:12 

ηη,οο = 10:4.17.17.17 Haa,bb,cc,dd = 17:13 
x,ee = 11:6.15.15.17 Hm,o,q,s,t,w,jj,kk,ll = 17:14 

mm,ii = 12:5.14.14.17 Hy,z,ff,gg,hh = 17:15 

a>h,i>b,c>j>k>d>e>f>g>v>n>l>r>u>p>nn,oo>x>ee>mmyii>aa>bb>cc,dd> 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

myo>w>q>s>t>jjJI>kk>yyz>ff>hh>gg>Hg>Hnnyoo>Hx>ee>HmmJi>Haa>bbycc>dd> 

17 18 19 20 21 22 23 24 25 26 27 28 

Hm,o^s^wjjMJI>Hy,z,ff,gg,hh 

29 30 

Figure 9. CANON ligand priority assignment, second iteration 
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a= 1:3.3.5.6.6.7 o= 17:9.12.29 
i = 2:8 q = 18:10.12.29 

h = 2:9 s= 19:10.19.29 
b,c= 3:1.10 t= 19:11.19.29 

j = 4:11.13 jj,ll= 20:15.21.29 
k = 4:12.13 kk = 21:20.20.29 
d = 5:1.15.15 y,z = 22:14.22.30.30 

e,f = 6:1.14.14.16.16 ff,hh = 22:14.23.30.30 
g = 7:1.24.24.24 gg = 23:22.22.30.30 
v = 8:2.11.17 Hg = 24:7 
η = 9:2.17.17 Η η η , ο ο = 25:13 
l= 10:3.17.18 Hx,ee = 26:14 
r= 10:3.17.19 Hmm,ii = 27:15 
u= 11:4.8.19 Haa,bb,cc,dd = 28:16 
p= 12:4.17.18 Hw,m,o = 29:17 

nn,oo= 13:4.25.25.25 Hq = 29:18 
x,ee= 14:6.22.22.26 Hs,t = 29:19 

mm,ii = 15:5.20.27 HjjJI = 29:20 
aa,bb,cc,dd = 16:6.28.28.28 Hkk = 29:21 

w= 17:8.10.29 Hy,z,ff,hh = 30:22 
m= 17:9.10.29 Hgg = 30:23 

a>i>h>b>c>j>k>d>e#f>g>v>n>l>r>u>p>nn>oo>x>ee>mm>ii>aa>bbycc>dd> 

1 2 3 4 5 6 7 8 9 1011 12131415 16 17 18 19 

w>m>o>q>s>t>jjJI>kk>ytz>ffyhh>gg>Hg>Hnnyoo>Hx>ee>Hmm,ii>Haafbb>cc>dd> 

20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 

Hw fm fo>Hq>Hsyt>Hjj fll>Hkk>Hyyz,ff>hh>Hgg 

36 37 38 39 40 41 42 

Figure 10. CANON ligand priority assignment, third iteration 
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term. The s i t e symmetry terms f o r the more common c e n t r a l atom 
p o l y h e d r a are shown i n T a b l e I I I . 

The c o n f i g u r a t i o n number i s a one- t o n i n e - d i g i t number used 
to i d e n t i f y atoms on symmetry elements o f a s t r u c t u r e and i n 
t h i s way d i s t i n g u i s h g e o m e t r i c isomers. C o n f i g u r a t i o n numbers 
are d e r i v e d from p r i o r i t y numbers a s s i g n e d by a p p l i c a t i o n o f 
the CIP Sequence R u l e . The degeneracy r e s u l t i n g from the i d e n 
t i t y o f c o o r d i n a t i n g atoms or groups ( g i v i n g i d e n t i c a l CIP p r i 
o r i t y numbers) i s r e s o l v e d by o b s e r v i n g the f o l l o w i n g p r i n c i 
p l e s . 

Trans Maximum D i f f e r e n c e S u b r u l e f o r C o o r d i n a t i o n Numbers 
Four t o S i x . The same r e l a t i v e p r i o r i t y numbers are a s s i g n e d 
t o a l l c o n s t i t u t i o n a l l y e q u i v a l e n t atoms. For example, i n the 
system Ma2b2C2 (where M i  c e n t r a l ato d  b d
r e p r e s e n t monodentate
are 1, 1, 2, 2, 3, 3· Wheneve  d i s t i n g u i s h
i n g between c o n s t i t u t i o n a l l y e q u i v a l e n t donor atoms, the p r e 
f e r e n c e i s g i v e n t o the donor atom t r a n s to the donor o f h i g h 
e s t CIP p r i o r i t y number. I n t h i s way c o n f i g u r a t i o n numbers can 
be chosen based on the symmetry c h a r a c t e r i s t i c s o f a p a r t i c u l a r 
geometry to d i s t i n g u i s h between the p o s i t i o n isomers o f any 
geometry through c o o r d i n a t i o n s i x by g i v i n g a number no more 
than t h r e e d i g i t s i n l e n g t h . 

P r i m i n g S u b r u l e a. When t h e r e are two or more e q u i v a l e n t 
b i d e n t a t e or t r i d e n t a t e l i g a n d s , e.g., M(AA)g, M(AB)o, and 
M(BAB) 2 (where M i s a c e n t r a l atom and AA, AB, and BAB r e p r e 
s e n t m u l t i d e n t a t e c h e l a t i n g l i g a n d s ) and the same p r i o r i t y num
bers thus occur i n e q u i v a l e n t l i g a n d s , the t i e s are broken by 
i d e n t i c a l l y p r i m i n g , double p r i m i n g , e t c . , a l l t h e CIP p r i o r i t y 
numbers o f l i g a t i n g atoms w i t h i n a l i g a n d t o determine both the 
c o n f i g u r a t i o n number and the c h i r a l i t y symbol. 

P r i m i n g S u b r u l e b. I n the cases o f s y m m e t r i c a l q u a d r i d e n 
t a t e , q u i n q u e d e n t a t e , and s e x i d e n t a t e l i g a n d s , t i e s between 
e q u i v a l e n t l i g a t i n g atoms are broken, where n e c e s s a r y , by p r i m 
i n g l i g a t i n g atom p r i o r i t y numbers i n h a l f o f t h e l i g a n d . When 
two or more n o n e q u i v a l e n t t i e - b r e a k i n g c h o i c e s e x i s t , the t i e 
i s broken by a p p l i c a t i o n o f the t r a n s maximum d i f f e r e n c e sub-
r u l e . Primed l i g a t i n g atom p r i o r i t y numbers are l e s s p r e f e r r e d 
( h i g h e r v a l u e ) than those which are unprimed but are o f the 
same a b s o l u t e v a l u e ; doubly primed p r i o r i t y numbers are l e s s 
p r e f e r r e d than primed, e t c . The primes are not i n c l u d e d i n t h e 
c o n f i g u r a t i o n number except when a b s o l u t e l y n e c e s s a r y , e.g., 
f o r o c t a h e d r a l complexes c o n t a i n i n g two i d e n t i c a l t r i d e n t a t e 
l i g a n d s and t r i g o n a l - p r i s m a t i c complexes c o n t a i n i n g two or more 
i d e n t i c a l m u l t i d e n t a t e l i g a n d s . 

Three d i f f e r e n t c h i r a l i t y l a b e l s are used t o i n d i c a t e the 
c h i r a l i t y a t the c o o r d i n a t i o n c e n t e r . Although these symbols 
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Table HI. Symmetry site terms 

Four-Coordinate Polyhedra 

T-4 tetrahedron 
SP-4 square plane 

TB-5 trigonal bipyramid 
SP-5 square pyramid 

Six-Coordinate Polyhedra 

OC-6 octahedron 
TP-6 trigonal prism 

Seven-Coordinate Polyhedra 

PB-7 pentagonal bipyramid 
OCF-7 octahedron face monocapped 
TPS-7 trigonal prism square face monocapped 

Eight-Coordinate Polyhedra 

CU-8 cube 
SA-8 square antiprism 
DD-8 dodecahedron 
HB-8 hexagonal bipyramid 

OCT-8 octahedron trans-bicapped 
TPT-8 trigonal prism triangular face bicapped 
TPS-8 trigonal prism square face bicapped 

Nine-Coordinate Polyhedra 

TPS-9 
HB-9 

trigonal prism square face tricapped 
heptagonal bipyramid 
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a l l i n d i c a t e e s s e n t i a l l y the same t h i n g , R, C, and Δ i n d i c a t e 
r i g h t - h a n d e d or c l o c k w i s e , and S, A , and Λ i n d i c a t e l e f t -
handed or a n t i c l o c k w i s e ; the assignment d e f i n i t i o n o f r i g h t -
and l e f t - h a n d e d are d i f f e r e n t f o r each s e t o f symbols. Because 
o f the d i f f e r i n g assignment d e f i n i t i o n s t h e r e i s no exact 
t r a n s l a t i o n o f R t o C or C t o Δ. For t h i s reason we have cho
sen t o use the t h r e e d i f f e r e n t s e t s o f c h i r a l i t y symbols t o 
emphasize the d i f f e r e n t u n d e r l y i n g assignment d e f i n i t i o n s . 
B r i e f l y , R and S are used f o r t e t r a h e d r a l c e n t e r s e x a c t l y as 
d e f i n e d by Cahn, I n g o l d , and P r e l o g (5.). Δ and Λ i n d i c a t e t h e 
c h i r a l i t y as d e f i n e d by the h e l i c a l c h e l a t i o n i n b i s and t r i s 
b i d e n t a t e o c t a h e d r a l complexes (12). C and A are the c h i r a l i t y 
symbols used f o r a l l the o t h e r c e n t r a l atom geo m e t r i e s , c o o r d i 
n a t i o n numbers, and c h e l a t i n g c o n f i g u r a t i o n s (7) . 

The c o n f i g u r a t i o n s o f c e n t e r s o r o t h e r s t e r e o e l e m e n t s i n a 
l i g a n d such as the c o n f i g u r a t i o
noted a f t e r the c h i r a l i t

The i n d i c a t i o n o f c h i r a l i t y would seem to be the s i m p l e s t 
o f the s t e r e o c h e m i c a l p r o p e r t i e s t o i n d i c a t e , r e q u i r i n g o n l y a 
b i n a r y s e t o f symbols i n d i c a t i n g e i t h e r the r i g h t - o r l e f t - h a n d e d 
c h i r a l i t y . As i s the case w i t h many o t h e r seemingly s i m p l e 
problems, t h e r e i s much more t o be c o n s i d e r e d and more w i l l be 
presented on t h i s a s p e c t a t the end o f the paper. 

The u t i l i t y o f the CAS n o t a t i o n t o d e s c r i b e the s t e r e o 
c h e m i s t r y o f c o o r d i n a t i o n compounds i s i l l u s t r a t e d i n the f o l 
l o w i n g examples. The f i r s t example o f the complete n o t a t i o n i s 
the c o b a l t compound t o which the CIP p r i o r i t y numbers have been 
a s s i g n e d p r e v i o u s l y (see F i g u r e 12). The c o b a l t i s an o c t a 
h e d r a l - s i x c o o r d i n a t e ; t h u s , the s i t e symmetry term i s OC-6. 
The c o n f i g u r a t i o n number i s determined by d e f i n i n g an a x i s con
t a i n i n g the h i g h e s t p r i o r i t y l i g a n d and g i v i n g the p r i o r i t y 
number o f the l i g a t i n g atom trans t o t h i s h i g h e s t p r i o r i t y atom 
on t h i s a x i s . The next number i s the p r i o r i t y number o f the 
l i g a n d i n the p e r p e n d i c u l a r p l a n e trans t o the l i g a n d o f h i g h 
e s t p r i o r i t y i n t h i s p l a n e . T h i s g i v e s a c o n f i g u r a t i o n number 
o f *l6. By making use o f the trans r e l a t i o n s h i p s o f the l i g a n d s 
i n an o c t a h e d r a l complex, o n l y a two d i g i t c o n f i g u r a t i o n number 
i s r e q u i r e d t o d i f f e r e n t i a t e a l l 15 p o s s i b l e p o s i t i o n isomers 
o f t h i s complex. The c h i r a l i t y symbol i s determined by v i e w i n g 
the p l a n e from the l i g a n d o f h i g h e s t p r i o r i t y , l i g a n d o f CIP 
p r i o r i t y 1, and n o t i n g the d i r e c t i o n o f the i n c r e a s i n g p r o g r e s 
s i o n o f the p r i o r i t y numbers. The d i r e c t i o n i s a n t i c l o c k w i s e 
or l e f t and i s noted by the A c h i r a l i t y symbol. 

The next example (see F i g u r e 13) i s the t r i s ( e t h y l e n e d i a = 
m i n e ) c o b a l t ( I I I ) complex. The s i t e symmetry term i s octahe
d r a l , s i x c o o r d i n a t e o r OC-6, and the c o n f i g u r a t i o n number i s 
11. The n i t r o g e n atoms are a l l e q u i v a l e n t , and the c h e l a t i o n 
d e f i n e s a r i g h t - h a n d e d or Δ h e l i x t o g i v e the complete n o t a 
t i o n OC-6-11-Δ. I have i n d i c a t e d the primes on the c h e l a t i n g 
l i g a n d s i n t h i s s t r u c t u r e t o i l l u s t r a t e how to determine the 
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Figure 12. [CoNH3[(CIlH7)(CH3)2N ] [3Cl-4(CH,0)C6H30][3Cl-5(CH30)~ 
C6H30][(CH3)2(C3H5)N](C5H5N)] 
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chirality for chelating situations other than bis or tris bi-
dentate ligands. The priming is accomplished such that the 
axis is defined as having the largest possible difference, in 
this example 1" is trans to 1. The structure is now viewed 
from the ligating atom of priority 1 on the axis and the pro
gression in the plan is Ι,Ι',Ι',Ι" or anticlockwise. 

The next example, Figure 14, is the (Ν , Ν '-ethylenebis= 
(glycinato))(oxalato) cobaltate complex. The oxalate oxygens 
are CIP priority 1, the glycine oxygens are CIP priority 2, and 
the nitrogens are priority 3. The ethylenebis(glycine)= 
quadridentate ligand is primed to give the maximum difference 
on the axis. The complex is octahedral-six coordinate, OC-69 

the configuration number is 33, and the chirality is C· The 
other position isomer (&-ois) would be 32. 

The last example, Figure 15  is a bromo chloro macrocyclic 
iron complex. Bromin
imine nitrogens 3 and 4
nitrogens 6 and 7. The complex is pentagonal bipyramidal-seven 
coordinate, P£-7, the atoms on the axis are priority numbers 
12- and the priority numbers for the atom in the plane are 
given in lowest sequential order, 35476. This clockwise order 
is symbolized as C. 

The development and use of the commonly used terminology of 
coordination compound stereochemistry have been outlined and 
indicate some of the recent developments in the assignment of 
ligand indexing priorities. The application of ligand indexing 
in the CHEMICAL ABSTRACTS stereochemical notation has also been 
introduced. The CA stereochemical notation provides a unique 
and unambiguous description for a l l the possible isomers of the 
18 central atom geometries commonly reported for coordination 
compounds. These are significant and needed additions to the 
nomenclature of the stereochemistry of coordination compounds, 
but what other coordination systems remain to be described? 

It was indicated earlier that use of binary symbols to de
scribe asymmetric centers in molecules is not always as simple 
as i t might appear. In compounds with several asymmetric cen
ters, the situation to be described becomes more complex. With 
two asymmetric centers, there are four possible configura
tions. Using the descriptors developed for carbon chemistry, 
the four isomers are RR, SS, RS, and SR. For three chiral cen
ters we can have 23 or 8 isomers, RRR, SSS, SRS, RSR3 RSS3 

SSR, RRS, SRR . The center-by-center notation works well for a 
limited number of chiral centers. However, binary symbolism 
becomes more cumbersome the more centers there are to be 
described. 

More Complex Stereochemical Systems 

Another approach to a notation for these more complicated 
structures has been suggested in various forms. Essentially, 
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H 2 C — C H 2 

H 2 N 

v _ © 
O C - 6 - Π - Δ 

A 

Figure 13. [Co(en)s]3* 

Ο 

CH 20 

p 
α - c i s OC-6-33-/4 

Figure 14. [Οο[(ΟΗ2)2[ΝΗ(02Η202)]2(020,)] 

C 2H 5 A -
1 1 Br Κ 

7W\ 
P/3-7-12-35476-C 

Figure 15. [FeBrCl(C16H25N5)] 
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this alternate approach involves definition of a standard iso
mer of the structure to be described, much the same as in the 
present IUPAC recommendations (13), and then relating a l l other 
isomers to the standard form. For compounds with many chiral 
centers and/or more complicated chiral elements, this form of 
notation is being investigated actively. This standard or per-
mutational isomer notation (14) does require an extensive dic
tionary of reference structures with the standard numbering 
indicated. It also has the same difficulties as mentioned 
earlier in relating the relative configurations of the various 
centers within a structure when the absolute stereochemistry is 
not known. In carbon chemistry relating the chirality of sev
eral centers is presently accomplished with notations such as 
the a,3 notation in steroid stereochemistry and the relative 
notation used at Chemica  R*S* 
notation (15). 

The asymmetric cluster in Figure 16 is representative of 
the structures in which the chirality properties of the struc
ture are not associated with any atomic site in the molecule. 
Metalloborane clusters with this type of symmetry properties 
have also been reported. The stereochemical notation for asym
metric clusters will have to specify cluster chirality. And 
when clusters with more complex ligand substitution patterns 
and chiral ligands are prepared, the configurations of a l l 
metal centers and the chiralities of the associated ligands 
must be given. 

The molybdenum atom in Figure 17 is pseudeotetrahedrally 
coordinated with trihapto and pentahapto ligands. There are 
many chiral polyhapto coordinated compounds. In these com
pounds the structures as a whole can be chiral, they can be 
similar to clusters, the metal centers can be asymmetric (as is 
the molydenum atom in this structure), the ligands can have 
asymmetric centers, and the substitution on the ligands can 
generate chiral elements such as the 1,2 or 1,3 disubstitution 
of nonidentical groups on the cyclopentadienyl ring. 

The polynuclear compound in Figure 18 anticipates the link
ing of two different central atom geometries in one molecule. 
For these structures the site symmetry designator must be asso
ciated with the correct center, a l l the position isomers of 
each center must be described, and the absolute and relative 
chiral relationships at each center and within the ligands must 
be interrelated and described. The phosphorus compound in Fig
ure 19 illustrates just such a compound with both a tetrahedral 
and a trigonal bipyramidal center in the same molecule. This 
relatively simple molecule has 10 possible position isomers at 
the phosphorus center, each of which is chiral. And with a 
chiral carbon adjacent to the oxygen atom in the ring 19b, 
there are a total of 40 possible isomers. 
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Figure 16. [ [Cr(CO)2(v
5-C5H,,)] [Fe-

(C03)][Co(CO)3]^3-S] (16) 

Figure 17. [Mo(CO)(v
5-C5H5)(v

3-(2-
CH2C5H50)][P(C6H5)3]] (17) 

Figure 18. A polynuclear complex with 
two different central atom geometries 

[3700&43-6] 

a 

40 Isomers 

b Figure 19. 1,2-Oxaphosphatane isomers 
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C o n c l u s i o n 

The s u b j e c t o f c o o r d i n a t i o n compound s t e r e o c h e m i s t r y r e 
mains complex and c h a l l e n g i n g . The nomenclature and n o t a t i o n 
developed t o d e s c r i b e the s t e r e o c h e m i s t r y o f c o o r d i n a t i o n com
pounds have been d e r i v e d from those terms used t o d e s c r i b e o r 
g a n i c compounds. 

The concept o f l i g a n d r a n k i n g , which has been used f o r over 
a decade i n the s t e r e o c h e m i c a l nomenclature o f carbon com
pounds, has been a p p l i e d s u c c e s s f u l l y t o the d e s c r i p t i o n o f 
c o o r d i n a t i o n compounds. Of the two approaches t o l i g a n d rank
i n g t h a t we pr e s e n t e d , the C a h n - I n g o l d - P r e l o g (CIP) n o t a t i o n 
has gained the most acceptance. The Chemical A b s t r a c t s S e r v i c e 
R e g i s t r y s t e r e o n o t a t i o n which i s based on the CIP l i g a n d rank
i n g has proven p a r t i c u l a r l  u s e f u l f o  d e s c r i b i n  th
geometries o f c o o r d i n a t i o

The l a s t f o u r example  p r o v i d e
t h a t w h i l e a good s t a r t has been made toward a r a t i o n a l nomen
c l a t u r e f o r c o o r d i n a t i o n compound s t e r e o c h e m i s t r y , many c h a l 
l enges s t i l l remain. 

Abstract 

A brief summary of the stereodescriptive terms cis, trans, 
fac, mer, endo, exo, etc., currently employed in the chemical 
literature is presented with a discussion of their limit
ations. The development of ligand index numbering of skeletal 
positions and its relationship to the IUPAC system of locant 
designators is outlined. The extension of the Cahn-Ingold-
Prelog (CIP) priorities to tetracoordinate through nonacoor-
dinate systems, introduced into the Indexes to CHEMICAL AB
STRACTS (CA), is given with a comparison to the ligand indexing 
systems. The stereochemical relationships of more complex 
coordination compounds are considered, including (a) mono
nuclear complexes with two or more chiral centers (relative and 
absolute stereochemical descriptors); (b) organic systems with 
other than tetrahedral atoms; (c) the stereochemical notation 
problems of hapto systems, and (d) polynuclear coordination 
compounds. These systems are presented with illustrative exam
ples and some of the apparent advantages and shortcomings of 
the CIP priority designators and ligand index notations are 
discussed. 
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Chromate (III) 
absolute configuration from the C D 

spectrum for tris ( catecholato ) - 140/ 
trans-tris ( benzohydroximato ) - 140/ 
optical isomers of tris ( catecholato ) - 158 
tris ( thiobenzohydroxiamto ) - 155/ 
trianions, tris ( benzohydroximato ) .. 139 

Chromic deferriferrichrome, absorp
tion spectra of 147/ 

Chromic deferriferrichrome, C D 
spectra of 147/ 

Chromium 
absorption spectrum of tris ( thio-

benzohydroxamate)- 156/ 
-(benz) 3 , absorption spectra of 141/ 
-(benz) 3 isomers 142 
-(cat) 3, C D spectra of Δ- 159/ 
-(cat)a, C D spectra of Δ - Κ 3 - 159/ 
- ( C 2 0 4 ) 3

3 ~ , optical rotatory dis
persion of ( - f - ) p - 241/ 

- ( C 2 0 4 ) 3
3~, racemization of ( -f- ) D 

enantiomer of 244/ 
-(ent), C D spectra of [ N H 4 ] 3 - 163/ 
-(ent)"3, C D spectra of 161 
-(men) 3 , absorption spectra of 141/ 
-( men ) 3, C D spectra of 141/ 
-(men)3 isomers 139 

Chromium (III) 
aerobactin, absorption spectra of .... 152/ 
aerobactin, C D spectra of 152/ 
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Chromium (III) (continued) 
trans-tris ( benzohydroxamato ) - 137/ 
complexes 144 

tris(hydroxamato)- 134 
C D spectra of tris(thiobenzo-

hydroxamato)- 156/ 
deferriferrioxamine Β isomers, 

absorption of 150/ 
tris(/?-diketonato)- 142 
enterobactin 164/ 
isomers, tris ( benzohydroxamato ) - .. 136 
tris ( β-ketoaminates ) 337 
octahedral bonding geometries of 

trans-tris ( benzohydroxamato ) - 138/ 
tris(oxalato)- 142 
rhodotorulic acid 149 

Chromophore 
achiral 82, 85, 88-90, 273 

inducibility of 8
metal-ligating atom 75-7
octahedral symmetry of 89 

azo 197 
definitions 74-78 
models, separable 74-75 
moment products, C T 79 
system (B), perturbing chelate 77-78 
tetragonal 224 

Chymotrypsin 205 
C H 2 = C X Y , optical yield of asym

metric hydrogénation of 35i 
CIP (see Cahn-Ingold-Prelog) 
Circular dichroic 

intensities in vibronic transitions of 
chiral metal complexes 43-71 

properties of azonaphthol 
complexes 200-203 

properties of azophenol 200-203 
spectra 

of A A - C P A - Z n 199/ 
of azonaphthol C o ( I I I ) - E D D A 

complexes 202/ 
of azophenol C o ( I I I ) - E D D A 

complexes 202/ 
of (S)-2-chlorovaleric acid 227 
of C o ( I I I ) ( E D D A ) 

( A A - C P A - Z n ) 204/ 
Circular dichroism ( C D ) 19 

associate-induced ( A I D C ) theory .. 273 
between two complexes of trans-

(N,//)-[ PtCl ( L-aminocar-
boxylate ) ( ethylene ) type, 
difference in 105/ 

calculations 66-71 
of charge-transfer transitions 78-81 

stereochemical correlations in ...73—90 
of a chiral trigonal dihedral ( D 3 ) 

metal complex 67 

Circular dichroism (continued) 
of Co (III ) chelation by azotyro-

sine in protein 203-205 
of complexes of chiral diamines, 

solvent dependence of 222 
contributions, additivity of 255-257 
in crystalline transition metal com

plexes, photoacoustic detection 
of natural 375-394 

curve(s) 
of bis ( acetylacetonato )-cobalt-

(III) aminophosphine 
complexes 217/-218/ 

Δ € [ Co ( D B E D D A ) en + -Ae-Co-
(dmedda)en+, difference 265/ 

Δ £ [ Co ( Ε D D A ) en + -Ae-Co-
(dmedda)en+, difference 265/ 

for Co(en) S-pala + isomers 256/ 

for [Co(l-pn) 2 en 3 + isomers 258/ 
of the d-d transitions 81 

additivity of 273-286 
stereochemical correlations in .. .73-90 

dispersion-induced 82 
of F e ( p h e n ) 2 ( C N ) 2 product 365/ 
of A-Fe(phen) 3

2 + product 365/ 
fluorescence-detected ( F D C D ) 376 
insensitivity to crystal imperfection 

and strain 376 
intensities 81 

of E D D A complexes, substituent 
effect 257-262 

ion association effect on 225 
magnitude of d-d 86 
of metal complexes, solvent 

effect on 221-236 
for partially resolved Λ- ( — ) 

546-Co ( admh ) ( acac ) 2 , 
absorption spectrum 315/ 

for partially resolved Δ - ( — ) 5 4 0-fac-
Co(admh) 3 , absorption spec
trum 352/ 

pattern of platinum (II) complexes 92 
pattern of rhodium(I) complexes .. 92 
of pentaaminecobalt( III ) com

plexes of chiral carboxylates, 
solvent-dependent 226-236 

Pfeiffer 242 
photoacoustic ( P A C D ) 377 
as probe of metal ion interaction 

with azoproteins 195—205 
spectrum(a) 276/ 

for the A i - > ( A 2 + E ) * e 
transitions 69/-70/ 

for absolute configuration of 
cobalt 292-301 
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Circular dichroism ( continued ) 
spectrum ( a ) ( continued ) 

of bis ( acetylacetonato ) cobalt-
(III)—aminophosphine 216/ 

of amino acid complexes, parame
ters of the Gaussian com
ponents for 279£ 

of tris ( benzohydroxamato ) -
iron (III) 145/ 

of Λ-tris ( benzohydroximato ) -
cobaltate(III) ion 143/ 

for tris ( catecholato ) chromate-
(III ), absolute configuration 
from 158 

of 2-chloro-carboxylic acids 227 
of chromic deferriferrichrome .... 147/ 
[Coa(gly)(tacn)] complexes 305-311 
of mer-[Co(/?-ala)3], induced .... 323/ 
of Co-aminophosphine com

plexes 210-21
of Co(admh)(acac).> 350 
of ( - W [ C o ( C l ) ( g l y ) ( t a c n ) ] + 310/ 
of c i s [ C o C l , ( N H 3 ) 2 ( e n ) ] + isomer 293/ 
of ( + ) B 8 9 - [ C o ( C N ) ( B r ) ( N H 3 ) -

(tacn)] + 312/ 
of (-W [ C o ( C N ) 2 ( C 0 3 ) -

(En)]" 295/ 
of (-W [ C o ( C N ) 2 ( e n ) -

( H 2 0 ) 2 ] + 295/ 
of ( - ) M e - [ C o ( C N ) ( g l y ) -

(tacn)]+ 307/ 
of ( + ) M e C D - [ C o ( C N ) ( N H 3 ) -

( tacn) (H,0 ) ] 2 t 312/ 
of ( + ) 5 89 - [Co(CN) 2 (ox)(en)] - 295/ 
of cis-cis and cis-cis-cis Co 

complexes 294/ 
of s-cis Co (III) complexes 260/ 
Co (III) complexes containing 

chiral aminophosphine 
chelate ligands 207-218 

of Co (III) complexes ethylene-
diamine-N,N'-diacetate 
ion 255-271 

of Co (II ) complexes with opti
cal activity due to uniden
tate ligand arrangement .289-313 

of [ C o ( C 0 3 ) ( o x ) ( N H 3 ) 2 ] " 300/ 
of s-cis- [ Co ( edda ) ( 1-stein ) ] + 

isomers, s-cis 266/ 
of Co(en) 3 I 3 389/ 
of (-W [ C o ( g l y ) ( N H 3 ) -

(tacn)] 2 + 308/ 
of [Co(gly) (NH 3 ) ( tacn) ] 2 + 

enantiomers 306/ 
of (-W [Co(gly)( tacn)-

( H 2 0 ) ] 2 + 309/ 
for ( + ), 4 e-Co(III) isomers 265/ 

Circular dichroism ( continued ) 
spectrum ( a ) ( continued ) 

of ( + ) 5 89 - [Co(N 3 ) (gly) -
(tacn)] + 310/ 

of ( + ) 5 4 6 C D - [ C o ( N b 6 0 1 9 ) 
(gly) ( H 2 0 ) ] ° - 304/ 

of ( + ) 54G C D - [Co(Nb60 1 9 ) 
(gly) ( N H 3 ) ] 6 " 304/ 

of (-W [ C o ( N C S ) (gly) 
(tacn)] + 308/ 

of ( + W [ C o ( N 0 2 ) 2 ( C 0 3 ) 
(en)" 299/ 

of (-W [ C o ( N O ) 2 ) 2 ( C 0 8 ) -
( N H 3 ) 2 ] - 298/ 

of ( + ) 5 8 9 - [Co(N0 2 ) 2 (en) 
(H 2 0) . , ] + 299/ 

of (-W [ C o ( N 0 2 ) (gly) 
(tacn)]  307/ 

of ( + W [ C o ( N 0 2 ) 2 ( N H 3 ) 2 -
( H 2 0 ) 2 ] + 298/ 

of ( + ) r ,08-[Co(NO 2 ) 2 (ox) 
(en)]" 299/ 

of ( + W [ C o ( N O a ) 2 ( o x ) 
(en)]" 299/ 

of ( + ) B M - [ C o ( N 0 2 ) 2 ( o x ) 
( N H 3 ) 2 ] - 298/ 

of (-W [ C o ( O H ) ( g l y ) -
(tacn)]+ 309/ 

of [ C o ( o x ) ( N H 3 ) 2 ( H X > ) 2 ] + 300/ 
of trans- [ Co {( R ) -pn} 2 C1 2 ] B P H 4 

in various solvents 223/ 
of [Co(D - ser ) 3 . „ (β-ala-

nine)„] isomers 317 
of [Cobalt(L-ser) 3 . M (β-ala-

nine)„] isomers 317 
of fac-[Co(L-ser) ( £ - a l a ) 2 ] 317 
of cobalt-l,4,7-triazacyclo-

nonane complexes 303-313 
for cis-cis complexes 292-301 
contributions of asymmetric 

nitrogens to 268 
contributions of stibenediamine 

to 262-268 
correlation of stereochemistry 

and 268-269 
of A-[Cr(cat) 3] 159/ 
of [Cr(enterobactin)]- 3 161 
of Cr(men) 3 141/ 
of Cr(III) aerobactin 152/ 
determinations 366 
of tris-diamine cobalt (III) 

complexes 19, 22 
of diastereomeric pairs of 

Co ( acac ) 2-aminophosphine 
complexes 217/ 
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Circular dichroism ( continued ) 
spectrum ( a ) ( continued ) 

of frans-dichloro cobalt ( III ) -
aminophosphine complexes .. 212/ 

of Fe(mphen)., 2 + 366 
of Fe(III) aerobactin 149,152/ 
of Fe(III) hydroxamate 149 
of A-fac-Fe( mphen ) 3

2 + 367/ 
of Ferrichrome A 146/ 
of ferric complex of rhodotorulic 

acid 151/ 
for ferric siderophores 134 
of first-eluted isomers 320/ 
influence of Jahn-Teller inter

actions on the 46 
influence of pseudo Jahn-Teller 

interactions on 46 
of cis-isomers 136 
of trans-isomers 13
of Δ - Κ 3 [Cr(cat) 3] 159
of A - K 3 R h (catecholate)3 160/ 
of Δ-cis-K, [Rh(ent) 3] 162/ 
of N a U 0 2 ( Ο Ac ) 3 , single-crystal .. 397/ 
of [ N H 4 ] 3 [Cr(ent)] 163/ 
of N i ( en ) 3 ( N 0 3 ) 2 , axial single 

crystal 388/ 
of ^-olefin complexes of plati

num (II), peaks in 98i 
of palladium-aminophosphine 

complexes 209/ 
of pentaammine {( S ) -2-chloro-

propionato) cobalt (III)} 226 
solvent effect on 231/ 

of pentaammine {( S ) -2-chloro-
propionato-cobalt( III ) 
tetraphenylborate, tempera
ture effect on 234/ 

of trans(N,//)-[PtCl(N-me-L-
pro)(ethylene)], change in 110/ 

of A-Rh(catecholate)H 160/ 
of [Rh(enterobactin)]-3 161 
of R & S amino acid complexes .... 274 
of S-alaninepentaaminecobalt-

( III )-aminophosphine, 
solvent effect on 233/ 

of square planar complexes con
taining prochiral olefins 
stereoselective olefin 
exchange 91 

-structure correlation studies 
using 65 

of tbn, change in 110/ 
of tris ( thiobenzohydroxa-

mato)Cr(III) 156/ 
of tris ( thiobenzohydroxa-

mato)Fe(III) 157/ 
of transition metal complexes, 

influence of vibronic inter
actions on 46 

Circular dichroism ( continued ) 
spectrum ( a ) ( continued ) 
spectral data 347i 
spectral features, influence of 

vibronic coupling on 68 
transition for s-cis-

[ Co ( D B E D D A ) en ] + 268-269 
Cluster(s) 

chirality 415 
modes 47 
stereochemical notation for asym

metric 415 
[ Coa ( gly ) ( tacn ) ] complexes, 

absorption of 305-311 
[Coa( gly ) ( tacn ) ] complexes, C D 

spectra of 305-311 
[Coabc(tacn)], complexes of 311-313 
Cobaloxime moiety electronic 

-(acac) 2 aminophosphine 
complexes, structures of 
A ( S ) - a n d A ( S ) - 216/ 

-(admh) 3 , feri-butyl region of the 
proton N M R spectra for 348/ 

- ( admh ) 3 complexes, preparation 
and properties 342 

- ( admh ) „ ( acac ) 3 . „ complexes, 
partial resolution of 350 

- ( admh ) „ ( acac ) 3 _ „ complexes, 
preparation of 339 

- ( admh ) n ( acac ) 3 . n complexes, 
stereochemistries of 344 

- ( aminodimethylhex-4-en-3-one ) -
2 ( acetylacetonate ), prepara
tion by 343-344 

-(L-alaine) 3 isomers, solubility of .. 317 
-aminophosphine, C - N M R spec

trum of frans-dichloro 211/ 
-aminophosphine complexes, 

preparation of 208-210 
C D spectra for absolute configura

tion of 292-301 
-(chxn) 3] 3 + , difference synthesis .... 34/ 
Cl 2(aminophosphine) 2] (C10 4 ) , 

structure of 210 
complexes 

absorption of cis-cis and cis-
cis-cis 294/ 

enzyme-like activity of 2 
with cis-cis unidentate distribut-

tion, syntheses of 289-292 
-(dien) 2 ] 3 + , geometries of mer- 27f 
β-diketonates, mechanism of inver

sion and isomerization of 354 
-(ed3a)NO-,- 262 

E D D A 
- ( E D D A ) e n \ Δ- 268 
- ( E D D A ) - ( 1-stien)+ 262, 269 
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Cobalt (continued) 
- ( E D D A )X 2 isomers, structures of .. 260/ 
- ( E D T A ) - 269 
-(en) ( l -pn) 2

3 + isomers 255-256 
-(en) (pn) ( N 0 2 ) 2 ] + , isomers cis- .... 7 
- ( e n ) 2 ( C 2 0 4 ) ] + 123 
- (en) 2 Cl 2 ]Cl , reaction of ammonia 

with levo- 4t 
- (en) 3I 3, solution absorption of 389/ 
- (en) 3

3 + 46 
-(en) 3 ] + 3 , isomers 142 
-(en) 3 ] 3 + isomers, stabilities of 15 
- ( N H 3 ) 5 O O C C H = C H C O O R 2 + .... 119 
-(1,3-PDTA)- 269 
{(R)-pn 2 C l o + , trans- 221-222 
-(R,R-ptn) 3 ] 3 \ ( + ) 5 4 6 20 
- ( l -SDDA)en + 269 
-(1-SDTA), stereospecificity of 269 
-(tmd) 3 ] 3 + , chelate ring, geometr

in 20
-1,4,7-triazacyclononane com

plexes, synthesis of 303-313 
-(trien)Cl 2]\ <*- 127 

cis- [ Cobalt chlorine2 ( N H 3 ) 2 ( en ) ] + 

isomer, absorption of cis- 293/ 
fac-Cobalt(α-amino acid) 3 _„( β-

amino acid)„] isomers, separa
tion and identification of 316-317 

f ac-Cobalt ( L-serine ) ( ̂ alanine ) _2 

isomer, C D spectra of 317 
mer-[Cobalt( ^-alanine ) 3], chro

matographic resolution 323/ 
mer- [ Cobalt ( β-alanine ) 3 ], enantio

mers, effect of alcohol on chro
matographic separation of 322/ 

mer- [ Cobalt ( β-alanine ) 3 ], induced 
C D spectra of 323/ 

mer- [ Cobalt ( /^-alanine ) 3 ], resolu
tion of 324 

Δ £ [ Cobalt ( E D D A ) en+-A€ [ Co-
(dmedda)en]+, difference C D 
curves 265/ 

( + )-[Cobalt(en) 3 ] 3 + 43 
Cobalt III 

acetatopentaammine- 228 
amine systems 123 
-amino acid complexes 

substituted triethylenetetraamine 275/ 
algebra in calculation of vicinal 

effects 277/ 
average vicinal effects 277/ 
C D glycine complexes 278/ 
C D spectrum(a) of 276/, 283/ 
component Gaussians 276/ 
configurational effects 280/-281/ 
reaction scheme 275 
vicinal effect(s) 280/-281/ 

vicinal effect for prochiral 
amino acid 283/ 

Cobalt (III) (continued) 
-amino acid complexes ( continued ) 

triethylenetetraamine— 273 
vicinal effect in a homologous 

series triethylenetetra
amine- 273-286 

—aminophosphine, C D spectra of 
bis ( acetylacetonato ) 216/ 

-aminophosphine complexes 
absorption spectra of bis ( acetyl

acetonato) 214/ 
absorption spectra of trans-

dichloro 211/ 
C D curves of bis ( acetyl

acetonato)- 211/-218/ 
C D spectra of irans-dichloro 212/ 

-azophenolate complexes, absorp
tion spectra of 200 

Bailar inversion reactions 357 
tris (benzohydroxamato)- 142 
carboxylate complexes, penta-

amine- 229/ 
C D spectrum of pentaammine 

{(S)-2-chloro-propionato)} .... 226 
chelates by d-tartrate resolving 

agents optical resolution of 
facial and meridional tris-
(aminoacidato) 315-324 

chelation by azotyrosine in protein, 
circular dichroism of 203-205 

complex (es) 
absorption spectra of s-cis- 260/ 
band of tris-diamine 20t 
C D spectra 

of s-cis- 260/ 
of tris-diamine 19, 22 
containing chiral aminophos

phine chelate ligands .207-218 
ethylenediamine-IV,]Vv-

diacetate ion 255-271 
with optical activity due to 

unidentate ligand arrange
ment 289-313 

of chiral carboxylates, solvent-
dependent C D of penta-
amine- 226-236 

tris ( diamine ) - 225 
energy level diagram 50/ 
ethylenediamine-N,Ν'-diacetate . 

ion, phenyl substituent 
contributions 255-271 

octahedral 207 
preparation of model azo-

ligand 197-200 
rotatory strengths of tris-

( diamine ) 24t 
trigonal dihedral 57 
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Cobalt ( III ) ( continued ) 
complex ( es ) ( continued ) 

of trigonal dihedral symmetry .... 64 
compounds, cis-trans rearrange

ments of 2 
ciVdichloro-cis-diammineethylene-

diamine- 6 
( E D D A ) 

( A A - C P A - Z n ) absorption 
spectrum 203-205, 204/ 

( A A - C P A - Z n ) , C D spectra of .. 204/ 
(azo dye) complexes 200 
complexes 201/, 269 

C D spectra of azonaphthol 202/ 
C D spectra of azophenol 202/ 

geometrical isomers of tris(amino-
acidato)- 320/ 

incorporation 198/ 
into enzymes method 196
into hormones method 196

ion, pyruvato imine bis ( ethylene-
diamine ) 124 

isomers, absorption spectra for ( + ) 265/ 
isomers, C D spectra for ( + ) 5 4 6 265/ 
β-ketoaminates 337 
modification of enzymes with 195 
modification of hormones with 195 
pentaammine {( S )-2-chloro-

propionato} 228,229/ 
rotational strength of pentaammine 

{(S)-2-chloropropionato} 233/ 
( S )-alaninepentaammine- 232 
solvent effect on C D spectrum of 

pentaammine {( S ) -2-chloro-
propionato}- 231/ 

solvent effect on C D spectrum of 
( S )-alaninepentaamine- 233/ 

synthesis ( 5-amino-2,2-dimethyl-
hex-4-en-3-onato ) 

synthesis, fac- and mer-tris ... 338-339 
bis (2,4-pentanedionato)- 340-341 
C>-cis( Ν ) -bis ( 2,4-pentane

dionato) 339-340 
Ci-bis(2,4-pentanedionato) 340 

systems 49—51 
tetraphenylborate, temperature 

effect on C D spectrum of 
pentaammine- {( S ) -2-chloro-
propionato}- 234/ 

tetraphenylborate solvent effect on 
absorption spectrum of penta
ammine-{( S ) -2-chloropro-
pionato} 230/ 

Cobaltate(III) ion, absorption 
spectra of Λ-tris ( benzohydroxi
mato)- 143/ 

Cobaltate(III) ion, C D spectra of 
A-tris ( benzohydroximato ) - 143/ 

coe ( see Cyclooctene ) 

Complex (es) 
π- 38/ 
σ- 38/ 
with a cyclic terdentate 27-31 
planar projections of a chelate 

ring for tris-bidentate 25/ 
Concanavalin A 205 
Condensation products with the 

single linkage, structure of 330/ 
Configuration(s) 

absolute 14,269,375,400 
of chiral metal complexes, 

determination of 73 
of C o ( a d m h ) n ( a c a c ) 3 . „ 

complexes 350 
of cobalt, C D spectra for 292-301 
of cis- [ C o C l 2 ( N H 3 ) 2 ( en )+ isomer 294/ 
of ( + )589 - [Co(CN) (mal)-

(tacn)] 2 + 312/ 
of ( - ) 5 8 9 - [ C o ( N 0 2 ) 2 ( O X ) -

( N H 3 ) 2 ] - 299/ 
of complexes in Pfeiffer systems .. 245i 
determination of 81 
and equilibrium displacement 242-246 
of Fe(III) enterobactin 161 
of Fe(phen) 3

2 + 360 
of metal coordination compounds 43 
of N - C - C - P * 208 
of ^-olefins 91 
from solution reactions 357-373 
of 1-stein 262 
of transition metal complexes 13—39 

d5 134 
number 406-408 
temperature dependence of product 3 
of transition metal catecholates 158 
Λ-cis Configuration, ferrichrome .... 144 
A-cis Configuration, ferrichrysin .... 144 

Configurational 
chirality, designation 13—14 
contributions, additivity rule of 301 
curves 

Co(L-a la ) (NH 3 ) ( tame) 2 + ·. 302 
Co(L- i leu) (NH 3 ) ( tame) 2 + 302/ 
C o ( L - v a l ) ( N H 3 ) ( t a m e ) 2 + 302/ 

dissymmetry 273 
effect(s) 273 

curves for [Co(l-pn) 2 en] 3 + 

isomers 259/ 
of optically active ligands 268 

isomerism 13 
Conformation(s) 375 

boat 185 
of chelate ring, dependence of 

isomer formation on 7 
of coordinated N-substituted chiral 

1,2-diamines 334/ 
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Conformation^s) (continued) 
of coordinated S-aminomethyl 

pyrrolidine, possible 330/ 
of cycloheptane 181 
designation 14 
effects in chelate ring systems 115 
in a 7-member chelate ring biphos

phine complex, chair and 
twist-boat 184 

in 5-member chelate ring biphos
phine complexes, chiral 184 

of a 6-membered metal trimeth-
ylenediamine ring 17 

Conformational 
chirality 14 
dissymmetry 273 
effect 273 

of optically active ligands 268 
energy 1

difference 22
isomerism 13 

in a 6-member chelate ring 
biphosphine complex 184 

Conformer(s) 
population change 225-226 
strain energies for [Co( =tchxn) 3] 3 + 17 
strain energies for [M(cn) 3] 16i 

Coordinated amino acid esters 117 
Coordinated chelates, imine forma

tion in 123 
Coordination 

complexes, chirality induction 
in 115-130 

compounds 
absolute configuration of metal .. 43 
historical review, stereochemistry 

of 1-10 
separation of isomers of 13 
steroselective syntheses of 8 

modes of 29 
numbers four to six, priming sub-

rule a, trans maximum differ
ence subrule for 409 

numbers four to six, priming sub-
rule b, trans maximum differ
ence subrule for 409 

systems, stereochemical descrip
tion and notation for 397-417 

Copper ( S-ampr ) 2
2 + with methyl vinyl 

ketone and di acetone alcohol, 
reactions of 329 

Copper ( S-apip ) 2
2 + with ketones, prod

ucts for condensation reaction of 334/ 
Copper (II) 
complexes of S-apip and S-ahaz, 

geometrical isomers of 330/ 
complexes of S-apip and S-ahaz, 

reactions of 329-333 

Copper( II ) ( continued ) 
-3-( S ) -3-aminohexahydroazepine, 

products distribution for reac
tions of 332f 

-S-aminomethylpyrrolidine com
plexes with several ketones, 
products distribution for reac
tions of 332f 

-3(S)-3-aminopiperidine, prod
ucts distribution for reactions 
of 332f 

Cotton 255 
Coupled-oscillator contribution 79 
Coupling(s) 

(Ao + E)*e 
( A 2 + Ε ) * ( a! + 2e ), trigonally 

distorted systems 56 
on CD spectral features  influence 

constants, equations, linear 54 
effects, vibronic 58 
interchelate 77 
linear ( A 2 + Ε ) *e pseudo 

Jahn-Teller 56 
model, dynamic 26 
T u * ( t 2 f f ee) 51 
( T l R + T l u ) * ( T l u + t 2 u ) 58-64 
vibronic 45-46 

CPA (see Carboxypeptidase A) 
CPL ( circularly polarized lumi

nescence) 376 
Cryptâtes 128 
Crystal field model 26 
CT (see Charge-transfer) 
Cyanide inversion reaction, tris-

(diimine)iron(II)- 357-373 
Cyanide ion at a chelated imine, 

stereospecific addition of 124-126 
Cyclic terdentate, complexes with ... 27-31 
Cycloctene (coe) 92 

D 

d - 7 r * (ethylene) transition 104-106 
D 3 

complexes, electron density dis
tribution in 31-32 

molecular point symmetry 158 
symmetry 75,139,161 

systems 86 
D 3 d symmetry 76-79 
d 5 configuration 134 
d-d 

absorption bands 224 
absorption intensities 77 
CD, magnitude of 86 
rotatory strengths, influence of 

vibronic interactions on 47 
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d-d (continued) 
transition(s) 134,161-228 

additivity of C D 273-286 
C D of the 81 
region 91 
stereochemical correlations in 

C D of 73-90 
dir—dir interactions 99 
Diacetate 

ethylenediamine-Ν,Ν'- ( E D D A ) .... 195 
ion, C D spectra of cobalt ( III ) 

complexes ethylenediamine-
Ν,Ν'- 255-271 

ion, phenyl substituent contribu
tions in cobalt (III) complexes 
ethylenediamine-Ν,Ν'- 255-271 

tris (diamine) complexes 88 
Dianion, monodentate maleato 120 
Diastereoisomers, crystal structur

of active 32-3
Dichloro complex, resolution of the .... 3 
Diethylenetriamine complexes 26-27 
Difference synthesis 31 

le 1 3 - [Co(chxn) 3 ] 3 + 34/ 
Diimine potential, unsymmetrical .363-364 
Diimine, reaction scheme for 

symmetrical 362 
DI O X O P , enamide hydrogénation by 

the asymmetric ligand 191 
Dipolar interaction energy differ

ence 225-226 
Dipole 

magnetic 
allowed transitions 82-84 
forbidden transitions 81-82 
transition moments equations 60 

electric 
intensity 51 
transition moment 82 
transition moments equations 60 

moment, transition 23 
operator directions, définition of .... 87/ 

Dissociation reactions, nucleophile-
independent 359 

Dissymmetry 
configurational 273 
conformational 273 
inherent 273 
in optically active metal complexes, 

sources of 273 
vicinal 273 

Divalent metal ion amine systems 123 
Dominant Ε band 88 
Dominant Ε rule 88 
Dynamic coupling model 26 

Ε 
E„ transition 158 
E D (see Electric dipole) 
E D D A ( see Ethylenediamine-

N,N'diacetate) 

Electric 
dipole 

intensity 51 
selection rules for transitions 49 
transition moment 82 

equations 60 
moment(s) 

hexadecapole 23 
of C T states 79 
transition 81 

ίΖ-Electron optical activity, sources 
of ^ 305-311 

Electroneutrality rule, Pauling's 31 
Electronic 

absorption spectra, C 2 -
Co(admh) 2 (acac) 346 

Hamiltonian equation, zero-order .. 48 
rotatory strength(s) 44,45 

spectra ) 346 
wave function 55 

Enamide(s) 172-192 
binding to 6-member chelate ring .. 180/ 
binding, selectivity in 184 
complexation, regioselectivity in .... 178/ 
hydrogénation by the asymmetric 

ligand DI O X O P 191 
by 6-membered chelate ring rho

dium complexes, binding of ... 177 
Enantiomer of [ C r ( C 2 0 4 ) 3 ] 3 " , 

racemization of ( + )D 244/ 
Enantiomer discrimination, associa

tion model for 319 
Enantiomeric pairs, separation fac

tors of antimony d-tartrate-
eluted 319-321* 

Enantiomeric pairs, separation factor 
of d-tartrate-eluted 317-318* 

Energy (ies) 
for [Co( ± c h x n ) 3 ] 3 + system, forma

tion percentage vs. minimized 
strain 18/ 

conformational 14 
levels, vibronic 52 
strain 16 

for [co( ± c h x n 3 ] 3 + conformers ... 17i 
of the lel 3 isomers 16 
surfaces, mapping of 15 
for [M(en) 3 ] conformers 16£ 

Enterobactin 154,161 
absolute configuration of iron ( III ) .. 161 
hydrolysis of the amide linkages 

of the iron (III) 154 
structural diagram of 157/ 

Entropy effect 107 
Enzymes with Co (III), modifica

tion of 195 
Enzymes method, Co (III) incorpo

ration into 196/ 
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Equilibrium 
constants for geometrical isomeri

zation of Co (admh) 3 , rate 
and 353i 

displacement, absolute configura
tion and 242-246 

displacement mechanism for 
Pfeiffer effect in inorganic 
chemistry 239-253 

geometries of the lel 3 isomers 16 
Esters, coordinated amino acid 117 
Ethylenediamine 

amino acid chelate systems, bis- 116 
Co (III) ion, pyruvato imine bis- .... 124 
complexes, absorption spectra of 

the bis (acetylacetonato) 213 
-N, N'-diacetate ( E D D A ) 

complexes, substituent effect, C D 
intensities of 257-26

ion, C D spectra of Co ( III
complexes 255-271 

ion, phenyl substituent contribu
tions in Co (III) com
plexes 255-271 

tris ( Ethylenediamine ) 128-130 
Exciton assignments 360 

F 
Fac (see Isomer(s), fac) 
w-Facial-isomers 26 
F D C D ( fluorescence-detected circu

lar dichroism) 376 
Ferric enterobactin 164/ 
Ferrichrome(s) 133 

A 144 
absorption spectra of 146/ 
C D spectra of 146/ 

Λ-cis configuration 144 
structure of 148/ 

Ferrichrysin Λ-cis configuration 144 
Ferrioxamine(s) 149 

Ε 149 
structure of linear 150/ 

Fumarate, methyl 118/ 

G 
Gaussians, component 276/ 
Geometrical isomers of a tris ( chelate ) 

complex 135/ 
Geometries 

of [Co(en) 3 ] 3 + 15* 
of [Cr(en) 3 ] 3 + 15f 
of the lel 3 isomers, equilibrium 16 
of mer-[Co(dien) 2 ] 3 + 27* 

Gerade components 57 
Glucagon 205 

H 
Hamiltonian equation(s) 

harmonic oscillator 54 
perturbation 49 
vibronic 48,51-52 

Hamiltonian, harmonic oscillator 52 
Harmonic oscillator Hamiltonian 

equations 54 
Heptadiene, bicyclo- 181 
Heptane, conformations of cyclo- 181 
Herzberg-Teller ( perturbative ) for

malism for vibronic interactions .. 46 
Herzberg-Teller ( H T ) vibronic 

theory 58 
Hexadecapole moment, electric 23 
Hexahydroazepine, products distribu

tion for reactions of Cu(II ) -
3(S)-3-amino- 332i 

Homogeneous catalysis 172 
Hormones method, Co (III) incorpo

ration into 196/ 
Hydration of olefins, stereospe-

cific 117-123 
Hydrogen bonding mechanism 

Pfeiffer effect 248/ 
Hydrogen bonding and Pfeiffer 

effect 246-253 
Hydrogénation 

asymmetric 169—192 
ligand DI O X O P , enamide 191 
of C H 2 = C X Y , optical yield of .... 35f 
mechanism of 176 
mechanistic studies on 172—175 
by 7-member chelate ring biphos-

phines, catalytic 185 
of olefins by optically active 

transition metal catalysis 36/ 
structural study of 35-37 
of α,β-unsaturated carboxylic 

acids 185 
of cyclohexene 173 
of α-ethylstyrene 185 
homogeneous 171 
of prochiral olefins 169 

Hydroxamate 
C D spectra of iron (III) 149 
complexes 142 

model 134-144 
siderophore 134, 144-149 

with Fe(III), reaction of 135/ 
Hyperpolarizability term 85 

Imine 
formation in coordinated chelates .. 123 
linkage, amine- 326, 331 

formation, condensation reaction 325 
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Imine (continued) 
stereospecific addition of cyanide 

ion at a chelated 124 
Inducibility of achiral chromophore 84—85 
Inducing power 84-88 
Inherent dissymmetry 273 
Inorganic isomers 1 
Insulin 205 
International union of pure and ap

plied chemistry ( IUPAC) 399, 415 
polyhedral numbering system 399 

Intrinsic rotatory strength 22-23 
Inversion 

optical 3, 359 
paths for iron ( II ) -tris ( diimine ) -

complex, proposed 365/ 
reaction 

aqua 361 
stereochemistry 369

Co (III) Bailar 35
tris ( diimine ) Fe ( II )-cyanide . 357-373 

Ion association effect on C D 225 
Ions, tris-bidentate complex 19 
Iron 

(benz) 3 isomers 144 
( b p y ) 3

2 7 C N - reactions 363* 
complexes 91 
( i l ipy) / - 81 
(mphen) 2 

( C N ) ( H 2 0 ) + isomers 370 
( C N ) ( H 2 0 )+ reaction, isomer 

percentages for A-fac-Fe-
( mphen ) 3

2 + to 369 
( C N ) 2 products, isomer per

centages for 368* 
( mphen ) 3

2 + 

C D spectra of 366 
C D spectrum of Λ-fac- 367/ 
-cyanide product, thin-layer 

chromatogram 367/ 
with cyanide, reaction of 366, 368* 

to Fe ( mphen ) 2 ( C N ) ( H 2 0 )+ reac
tion, isomer percentages for 
Λ-fac- 369* 

( p h e n ) 2 ( C N ) 2 product, C D of 358/ 
(phen) 3

2 + 

absolute configuration of 360 
C D of Δ- 365/ 
/ C N " reactions 363* 

transport compounds, stereochem
istry of microbial 133-165 

Iron (II) 
aerobactin, C D spectra of 149 
diantimony-ditartrate synthesis, 

A-fac-tris(3-methyl-l,10-
phenanthroline)- 364 

-tris ( diimine ) 
-cyanide inversion reaction 357-373 

Iron II (continued) 
-tris(diimine) (continued) 

complex, proposed inversion path 
for 365/ 

complex, retention path for 365/ 
perchlorate synthesis, A-fac-tris-

( 3-methyl-l,-10-phenanthro-
line) 364 

Iron (III) 
absorption spectrum of tris ( benzo-

hydroxamato ) - 145/ 
absorption spectrum of tris ( thio-

benzohydroxamato)- 157/ 
aerobactin 149 

C D spectrum of 152/ 
tris(benzohydroxamato)- 142 

C D spectra of 145/ 
C D spectra of tris ( thiobenzo-

d5 134 
enterobactin, absolute configura

tion of 161 
enterobactin, hydrolysis of the 

amide linkages of 154 
hydroxamate, C D spectra of 149 
hydroxamate complexes 142 
octahedral bonding geometries of 

cis-tris- ( benzohydroxamato ) - . . 138/ 
thiohydroxamate complexes 142 

Isomer(s) 
C D spectra of cis- 136 
C D spectra of trans- 136 
[Co(en) 3 ] + 3 142 
of coordination compounds, sepa

ration of 13 
Cr(benz) 3 

2,4-diaminopentane 19 
equilbrium geometries of the le l 3 . . . . 16 
w-facial 26 
formation on conformation of 

chelate ring, dependence of .... 7 
Fe(benz) 3 144 
fac-mer 337 
inorganic 1 
levo-β- 4 
mer- 26 
notation, permutational 415 
P t ( N H 3 ) 2 C l 2 B r 2 5 
separation, geometrical 366 
stabilities of [Co(en) 3 ] 3 + 15 
strain energies of the lel 3 16 
structure of stable 122/ 

Isomerism 
configurational 13 
conformational 13 
in a 6-member chelate ring 

biphosphine complex 184 
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Isomerization of Co(admh) 3 

fac- 353 
kinetic studies for fac-mer 342 
rate and equilibrium constants 

for geometrical 353f 
I UP AC (see International union of 

pure and applied chemistry ) 

J 

Jahn-Teller 
distortion ( s ) 46, 51 
effect (JT) 45 
pseudo (PJT) 45 

interactions on the CD spectra, 
influence of pseudo 46 

interactions on the CD spectra, 
influence of 46 

JT ( see Jahn-Teller effect ) 

Κ 

Ketones, structures and abbrevia
tions of chiral 327i 

Kirkwood-Kuhn contribution 79 

L 
L D ( Linear dichroism ) 81 
Lei (see paralZeZ) 
Leuteinizing hormone-releasing 

hormone 205 
Ligand(s) 

arrangement, CD spectra of 
cobalt (III ) complexes with 
optical activity due to uniden-
tate 289-313 

associated spectral changes, deter
mination by 195-197 

asymmetric influence, trans- 99—106 
chelating 9 
CIP exploration 402/-403/ 
CIP priority numbers for 405/ 
diamino-diimine macrocycles 

use as 325 
DI OXOP, enamide hydrogénation 

by the asymmetric 191 
exploration 405/ 
-field bands of ammine complexes .. 224 
field effects 46 
importance of the cis 92-99 
indexing 400-406 
geometric isomers of octahedral 

complexes with linear 
quadridentate 401/ 

model azo 198/ 
open-chain quadridentate 325 
relative priority, CIP 401 
resolution of racemic potential 8 

Ligands (continued) 
solvation of nonchiral 224-225 
stereochemical label 406-408 
stereoselective solvation of 

chiral 221-223 
using template reaction of metal 

complexes, stereoselective 
synthesis of quadridentate .325-334 

Linear coupling constants, equations .. 54 
Linear dichroism ( L D ) 81 
Lithium antimony tartrate 323/ 
Locant number conventions 399 

M 
Mbn (Methyl-2-butene) 92 
[M(catecholate 3] 3~ anions 159/ 
MD (see Magnetic dipole) 

Magneti  dipol  transition(s) 
allowed 82-84 
forbidden 81-82 
selection rules for 49 
moments equations 60 

Magnetic transition moment 23, 76 
Maleate, methyl 118/ 
Maleate, orientations for amido ion 

addition to chelated 122/ 
Maleato dianion, monodentate 120 
Maleatoester complexes, pentaammine 119 
Mapping of strain energy surfaces 15 
trans Maximum difference subrule for 

coordination numbers four to six, 
priming subrule a 409 

trans Maximum difference subrule for 
coordination numbers four to six, 
priming subrule b 409 

6- Membered chelate rings 17-20 
biphosphine complex, conforma

tional isomerism in 184 
effect on separation factor 321 
enamide binding to 180/ 
rhodium complexes, catalysis by .... 177 

5- Membered chelate ring biphosphine 
complexes 13-17 

chiral conformations in 184 
rhodium, binding by 175-177 
rhodium, catalysis by 175-177 

7- Membered chelate ring(s) 
biphosphine(s) 

catalytic asymmetric hydro
génation by 185 

complex, chair and twist-boat 
conformations in 184 

rhodium complexes, binding by 177 
rhodium complexes, catalysis by .... 177 

6- Membered metal trimethylene ring, 
conformations of 17 
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Mer (see Isomers, Mer) 
Metal 

atom, effective charge on central .... 31* 
catalysis, asymmetric hydrogéna

tion of olefins by optically 
active transition 36/ 

catecholates, absolute configuration 
of transition 158 

complex (es) 
absolute configuration of 

transition 13-39 
C D of a chiral trigonal dihedral 

( D 3 ) 67 
intensities in vibronic transitions 

of chiral 43-71 
determination of absolute 

configurations of chiral 73 
six-coordinate trigonal dihedral 

( D 3 ) 47-4
solvent effect on C D of 221-23
sources of dissymmetry in 

optically active 273 
stereoselective synthesis of quad

ridentate ligands using 
template reaction of 325-334 

transition 
influence of vibronic inter

actions on C D spectra of .. 46 
octahedral 58 
photoacoustic detection of 

natural C D in 
crystalline 375-394 

quantum mechanical theory 
of optical activity in 
chiral 43-44 

rotational strength of optically 
active 255 

by x-ray scattering, determination 
of absolute configuration of 
a chiral 43 

coordination compounds, absolute 
configuration of ion ( s ) 43 

amine systems, divalent 123 
azophenol chelation of 195-197 
cages, chiral 128-130 
interaction with azoproteins, C D 

as probe of 195 
-olefin complexation, stereo-

selection in 170—172 
-siderophore complex 133 
system, tris (diamine) 13 
trimethylenediamine ring, con

formations of a six-membered .. 17 
Metal (II)-ethylenediamine com

plexes with acetone, condensa
tion reaction of 328/ 

Metal ( II )-propylenediamine com
plexes with acetone, condensa
tion reaction of 328/ 

Methyl 
-2-butene (mbn) 92 
fumarate 118/ 
maleate 118/ 

Microbial iron transport compounds, 
stereochemistry of 133—165 

Model, dynamic coupling 26 
Moment(s) 

of C T states, electric 79 
data, dipole 346* 
definition of perturbation 

expansions 76 
effective dipole 77 
electric hexadecapole 23 
representations 76-77 
transition 76, 86 

electric 81 
dipole 82 

Morgan algorithm 404 

Ν 
Nickel 

( e n ) 3 ( N 0 3 ) 2 

axial single-crystal 
absorption spectra of 388/ 
C D spectra of 388/ 
P A C D measurements of 391* 
PAS measurements of 391* 
transmission measurements of .. 391* 

powder P A C D measurements of .. 392* 
powder PAS measurements of 392* 

( o-phenanthroline ) 3 C l 2 , Pfeiffer 
effect and racemization of 243* 

( o-phenanthroline ) 3
 2 + system, 

Pfeiffer rotation 242 
( S-ampr ) 3

2 + with ketones, 
reactions of 326-329 

( S-ampr ) 3 ( C10 4 ) 2 with ketones, 
reactions of 332 

Nickel (II ) -CU(II )-S-aminomethyl-
pyrrolidine complexes with 
several ketones, products 
distribution for reactions of 332* 

Nitriles, amino 117 
Nitrogen(s) 

to C D spectra, contributions of 
asymmetric 268 

electronic effects on asymmetric 269 
7 r ° transition 226-228 

N M R spectra 172 
Nomenclature of stereochemistry of 

carbon compounds 397 
Notation 

for asymmetric clusters, 
stereochemical 415 

CAS stereochemical 406-413 
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Notation (continued) 
for coordination systems, stereo

chemical description and 397-417 
examples, stereochemical 412/—416/ 
permutational isomer 415 

Nucleophile independent dissociation 
reactions 359 

Numbering 
C A N O N constitutional 412/ 
conventions, locant 399 
for diamminebis ( ethylenediamine ) 

platinum, stereochemical ..402/-403/ 
for octahedral structures 401/ 
for square planar structures 401/ 
system, I U P A C polyhedral 399 

Ο 
Oblique (ob) 1
Octadiene, cyclo- 18
Octahedral 

bonding geometries of ds-tris-
( benzohydroxamato ) chro
mium (III) 138/ 

complexes 
with linear quadridentate ligands, 

geometric isomers of 401/ 
preparation of 5 
substitution reactions of d6 357 

modes 
Q 3 ( t i „ ) 48,59 
Q4U») 59 
Q«(ti„) 59 

structures, numbering for 401/ 
symmetry 78 

of achiral chromophore 89 
transition metal complexes 58 

Octene, S,S-trans-cyc\o- 92 
Olefin(s) 

absolute configuration of η2- 91 
absorption data of platinum ( II ) 

complexes containing η2 95ί 
absorption data of rhodium ( I ) 

complexes containing η2- 95ί 
complexation, stereoselection in 

metal- 170-172 
complexes of platinum ( II ), peaks 

in C D spectra of η2 98ί 
complexes, square planar rhodium- 187 
exchange 

C D spectra of square planar 
complexes containing pro-
chiral olefins steroselective .. 91 

induction of asymmetry on 109 
in platinum (II ) complexes 91 
stereoselectivity on 106 

hydrogénation of prochiral 169 
-platinum complexes, stereo-

selection in 171 

Olefin(s) (continued) 
Reconfiguration of prochiral 93/ 
S,S-configuration of prochiral 93/ 
stereoselective olefin exchange, 

C D spectra of square planar 
complexes containing pro
chiral 91 

stereospecific hydration of 117-123 
One-electron theory of molecular 

optical activity 44 
Optical 

activity 
in chiral transition metal com

plexes, quantum mechanical 
theory of 43-44 

due to unidentate ligand arrange
ment, C D spectra of co-
balt(II) complexes with .289-313 

in single crystals by transmission 
techniques, measurement of .... 375 

sources of ^-electron 305-311 
inversion 3, 359 

p H dependence of 3 
isomers 

of tris ( catecholato ) chro-
mate(III) 158 

of tris ( catecholato ) rho-
date(III) 158 

of a tris (chelate) 135/ 
partial resolution of 341 

resolution(s) 
of cobalt complexes with cis-cis 

unidentate distribution 289-292 
of [Co(en) 3 ] 3 + complex, mecha

nism of 319 
of facial and meridional tris-

( aminoacidato ) cobalt ( III ) 
chelates by d-tartrate re
solving agents 315-324 

rotation, specific optical rotation 
and molar optical rotation, 
observed 329 

rotatory dispersion ( O R D ) 240 
of ( + ) I ) - [ C r ( C , 0 4 ) 3 ] 3 - 241/ 
for partially resolved Λ-( — )r>46-

Co ( admh ) ( acac ) 2 , absorp
tion spectrum 351/ 

for partially resolved Λ-( — ) 5 4 G -
fac-Co ( admh ) 3 , absorption 
spectrum 352/ 

rotatory strength 26 
Optically active 

amino acid complex ions 255 
complexes of transition metals, 

rotational strength of 255 
transition metal complexes, chirop-

tical properties of 43 
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Orbital steering 124 
O R D ( see Optical rotatory dis

persion ) 240 

Ρ 
P A C D (photoacoustic circular 

dichroism) 377 
applications 378 
experiment(s) 378-379,380/ 

diagram of 385/ 
vector diagram of two 380/ 

experimental materials and pro
cedure 384-386 

magnitude 382/ 
measurements 

of 5% C o ( e n ) 3 C l 3 in Rh(en) 3 -
C l 3 , powder 393* 

of N a U O , ( Ο A C ) 3 , powder 392* 
of N a U O o ( O A C ) 3 , single-crystal 390* 
of N i ( e n ) 3 ( N 0 3 ) 2 , axial 

single-crystal 391
of N i ( e n ) 3 ( N 0 3 ) 2 , powder 392* 

phase angle 383/ 
theory 381-384 

Palladium-aminophosphine com
plexes, C D spectrum of 209/ 

Palladium-aminophosphine com
plexes, steroscopic view of 209/ 

Palladium ( II ) complexes 91 
ParalZeZ (lei) 14 
ParalZeZ3 isomers, equilibrium 

geometries of 16 
Paral/eZ3 isomers, strain energies of .... 16 
PAS ( see Photoacoustic spectroscopy ) 
Pauling's electroneutrality rule 31 
Permutational isomer notation 415 
Perturbation 

expansions moments, definition of .. 76 
Hamiltonian equation 49 
theory, second-order 83 

Perturbing groups, anisotropic 268 
Pfeffer 

C D 242 
effect 

definition 239 
with diethyl-( + )-2,3-dimeth-

oxysuccinate 252* 
with diethyl- ( - f ) -2-methoxy-

3-hydroxy-succinate 251* 
on D , L - [ C o ( o - p h e n ) 3 ] C l » 245* 
with ( + ) D-tartaric acid 249* 
hydrogen bonding and 246—253 
hydrogen bonding mechanism .... 248/ 
in inorganic chemistry, equilib

rium displacement mecha
nism for 239-253 

p H dependence 247* 
and racemization of 

[Ni(o-phen) 3 ]Cl 2 243/ 
with sodium hydrogen ( + ) D -

tartrate 250* 

Pfeffer (continued) 
rotation D , L - [ N I ( o-phen ) 3 ] 2 + system 242 
rotation, equations 239 
rotatory dispersion 242 

of D , L - [ C r ( C 2 0 4 ) 3 ] 3 - 241/ 
systems, absolute configurations 

of complexes in 245* 
p H dependence of optical inversion .. 3 
Phase-sensitive detection (PSD) 379 
1,10-Phenanthroline synthesis, 

3-methyl- 364 
Phenanthroline-type ligands, geo

metrical isomers, for equivalent 
unsymmetrical 365/ 

Phenyl substituent contributions in 
cobalt (III) complexes edda ... 255-271 

Phosphine(s) 
α-aminoethylaryl diphenyl- 177 

chelate ligands, circular dichroism 
spectra of cobalt (III ) com
plexes containing chiral 
amino- 207-218 

complexes 
Co-amino 

absorption dichroism spectra 
of 210-218 

C D spectra of '. 210-218 
C - N M R spectrum of trans-

dichloro 211/ 
preparation of 208-210 

Co (III)-amino 
absorption spectra of bis-

acetylacetonato ) 214/ 
absorption spectra of trans-

dichloro 211/ 
C D curves of bis(acetyl-

acetonato)- 218/ 
C D spectra of irans-dichloro .. 212/ 

C D spectra of diastereomeric 
pairs of Co (acac)2—amino-.. 217/ 

C D spectrum of palladium-
amino- 209/ 

stereoscopic view of palla-
dium-amino- 209/ 

structures of Δ ( S ) - and Δ ( S ) -
Co(acac) 2 amino- 216/ 

ligands, preparation of amino- ... 207-208 
Phosphonite 187 

complexes 185 
Photoacoustic 

circular dichroism ( P A C D ) 377 
detection of natural C D in crystal

line transition metal com
plexes 375-394 

effect, condensed-phase 376-378 
effect, mathematical model of 377 
signal, characteristics of 377 
spectroscopy 
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Photoacoustic ( continued ) 
spectroscopy ( continued ) 

experiment, diagram of 385/ 
measurements 

of NaU0 2( ΟAC 3), single-
crystal 391* 

of N i ( e n ) 3 ( N 0 3 ) 2 , axial 
single-crystal 391* 

powder 
of 5 % Co ( e n ) 3 C l 3 i n 

Rh(en) 3Cl 3 393* 
of NaUO>(OAC) 3 392* 
of N i ( e n ) 3 ( N 0 3 ) 2 392* 

signals, strength of in powders ... 386 
theory 379-381 
transmission spectroscopy, dif

ference between 378 
Piperidine 

products distribution for reaction
of Cu(II)-3(S)-3-amin

and 3( S )-aminohexahydroazepine, 
geometrical isomers of Cu(II) 
complexes of 3( S )-3-amino-
methyl- 330/ 

and 3( S )-3-aminohexahydroaze-
pine, reactions of Cu(II) com
plexes of 3(S)-3-amino- 329-333 

Platinum 
Cl(acac)(C 2H 4)] 106 
CI ( L-am ) ( ethylene ) ], trans-

(IV,//)- 99-109 
CI ( L-am ) ( ethylene ) ], CD spectra 

of trans(N,//)- 103/ 
CI ( L-am ) ( ethylene ) ] type, dif

ference in CD between two 
complexes of trans ( IV,// ) - 105/ 

CI ( L-am )( ethylene )],UV 
absorption 103/ 

CI ( L-am ) ( olefin ) ], kinetic thermo
dynamic optical yields of trans-
(N,//)- I l l * 

CI ( L-pro ) ( ethylene ) ] cis ( IV,// ) - .. 106 
CI ( L-proethylene ) ], CD spectra 

of cis (IV,//)- 108/ 
CI ( L-proethylene ) ], UV absorp

tion of cis (N,//)- 108/ 
CI ( L-pro ) -*rans-2-butene ) ], CD 

spectra of 94/ 
CI(L-pro)-trans-2-butene)], UV 

absorption spectra of 94/ 
CI ( L-prolinate ) - ( S,S-trans-2-bu-

tene) ], CD spectra of cis-
(IV,//)- 97/ 

CI ( L-prolinate ) - ( S,S,-trans-2-bu-
tene) ], CD spectra of trans-
(N,//)- 97f 

CI ( L-prolinate ) ( S,S-trans-2-bu-
tene(3Hl) ], second-order 
rate constants in trans (N,//)- 106* 

CI (L-prolinate) (S,S-tbn)] 92 

CI ( L-pro ) ( S,S-tbn ) ], trans-
(IV,//)- 107 

CI- ( N-alkyl-L-pro ) ( ethylene ) ], 
trans(N,//)- 104 

CI (IV-bz-L-val)(ethylene)] 
trans-(N,//)- 104 

CI ( IV-me-L-pro ) ( ethylene ) ], 
change in CD spectrum of 110/ 

CI ( o-phenyl-enediamine ) ( S-
mbn)] 92 

Cl 3( S,S-*rans-2-butene 3 H ) ], 
second-order rate constants for 
the substitution of trans-2-
butene 107* 

C l 3 ( S,S-*mn5-cyclooctene ) ] - 107 
CL ( S-mbn ) ( 4-substituted-pyri-

dine)], trans- 99 
Cl (S,S-tbn)]  107 

(NH3).,C12], cis-trans- 2 
( N H 3 ) 2 C l 2 B r 2 isomers 5 
complexes, stereoselection in 

olefin- 171 
stereochemical numbering for di-

amminebis ( ethylenediamine ) 
402/-403/ 

Platinum (II) complexes 91 
CD pattern of 92 
CD spectra of 100/, 101/, 102/ 
containing 

coe 
CD spectra of 95/ 
CD spectra binuclear 
UV absorption binuclear 96/ 

^-olefins, absorption data of 95* 
tbn, CD spectra of 95/ 

olefin exchanges in 91 
peaks in CD spectra of ̂ -olefin 98* 
square planar 170 
UV absorption 100/ 

Platinum(II ), irans-dichlorodiamine- 10 
Platinum ( IV ), attachment of a tri-

dentate amine to 9 
Polyhedral numbering system, I UP AC 399 
Priming subrule a, trans maximum 

difference subrule for coordina
tion numbers four to six 409 

Priming subrule, b, trans maximum 
difference subrule for coordina
tion numbers four to six 409 

Prochiral olefins, hydrogénation of .... 169 
Prochiral olefins stereoselective olefin 

exchange, circular dichroism 
spectra of square planar com
plexes containing 91 

Product configuration, temperature 
dependence of 3 

Prolinate 99 
IV-benzyl-L- 104 
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Proline 
complex, C D of B,-S- 285/ 
S- 286 
vicinal effect for #>-S- 284/ 

Prolinato,L-hydroxyprolinato, 
iV-methyl-L-hydroxy- 104 

Prolinato, N-methyl-L- 104 
hydroxyprolinato L-hydroxy- 104 

Propane, 1,2-diamino- 115 
Propionic acid, rotamers of 2-sub-

stituted 229/ 
Proton chemical shift data 345f 
PSD (phase-sensitive detection) 379 
Pseudo Jahn-Teller couplings, linear 

( A 2 + E )*e 56 
Pseudo Jahn-Teller distortions 51 
Puckering motion 16 
Pyridines, 4-substituted 92 
Pyrrolidine complexes 

with ketones, reaction product
S-aminomethyl 328/ 

with several ketones, products dis
tribution for reaction of 
Cu( II)-S-aminomethyl- 332i 

with several ketones, products dis
tribution for reactions of 
Ni(II)-S-aminomethyl- 332i 

Pyrrolidine, possible conformations 
of coordinated S-aminomethyl ... 330/ 

Pyruvato imine bis (ethylene-di
amine) cobalt (III ) ion 124 

Q 
Quadrant rule 104 
Quantum mechanical theory of opti

cal activity in chiral transition 
metal complexes 43-44 

Quartz ground, adsorption on 6 

R 
R A ( see Rhodotorulic acid ) 
Racemates, crystal structure of 32-35 
Racemic potential ligands, resolu

tion of 8 
Racemization 242 

of ( + ) D enantiomer of 
[ C r ( C 2 0 4 ) , ] 3 - 244/ 

of [Ni(o-phen) 3 ]Cl 2 , Pfeiffer 
effect and 243/ 

reactions, intramolecular 359 
Rate constants 

and activation parameters for 
rearrangement of 

of Co(acac) 3 354f 
of Co (admh) 3 354i 
of Co(bzac) 3 354f 

and equilibrium constants for geo
metrical isomerization of 
Co (admh) 3 353f 

Rate constants ( continued ) 
in trans( N , / / )-[PtCl( L-prolinate )-

( S,S-£rans-2-butene[ 3 Hl], 
second-order 106i 

for the substitution of trans-2-
butene [?tCl0(S,S-trans-2-
butene[ 3//l), second-order 107i 

Rhodate(III), optical isomers of 
tris ( catecholato ) - 158 

[Rhodium( ent ) 3], absorption spec
trum K 3 - 162/ 

[Rhodium( ent ) 3], C D spectrum of 
A-cis-K3- 162/ 

[ Rhodium ( enterobactin ) ] " 3, C D 
spectra of 161 

Rhodium 
biphosphine complexes 188/ 

binding by 5-membered chelate 

ring 177 
catalysis by 5-membered chelate 

ring .175-177 
catalysis by 7-membered chelate 

ring 177 
coordination of unsaturated 

carboxylic acids in 187 
with larger-ring chelates of chiral 187 

( catecholate ) 3 , absorption spectra 
of Δ - Κ 3 - 160/ 

(catecholate)3, C D spectra of Δ- .... 160/ 
complexes 185 

binding of enamides by 6-mem-
bered chelate ring 177 

catalysis by 6-membered chelate 
ring 177 

enamide 174/ 
-olefin, square planar 187 
phosphine 172 

unsaturated carboxylic acid 
binding to 191 

Rhodium(I) complexes 169 
absorption spectra of 93/ 
C D pattern of 92 
containing 

coe 
C D spectra of 95/ 
C D spectra binuclear of 96/ 
U V absorption binuclear 96/ 

^-olefins, absorption data of 95i 
tbn, C D spectra of 95/ 

Rhodotorulic acid (RA) 149 
absorption spectra of ferric 

complex of 151/ 
C D spectra of ferric complex of 151/ 
chromium (III) 149 
structure of 151/ 

Regio-aldehyde condensation struc
tures 127 

Resolution(s) 
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Resolution(s) (continued) 
of Co(admh) n(acac) 3. n com

plexes, partial 350 
of fac-[Co(£-ala)3 315-316 
of fac-[Co(/?-ala)3], chromato

graphic 323/ 
of mer-[Co(0-ala) 3] 324 
of mer-[Co(/?-ala)3], chromato

graphic 323/ 
of Co complexes with cis-cis uni

dentate distribution, 
optical 289-292 

of the dichloro complex 3 
of facial and meridonal tris(amino-

acidato )-cobalt( III ) chelates 
by cZ-tartrate resolving agents, 
optical 315-324 

of optical isomers, partial 341 
Resolving agents, optical resolutio

facial and meridional tris (
acidato) cobalt (III) chelates by 
d-tartrate 315-324 

Retention path for iron ( II )-tris ( di
imine) complex, proposed 365/ 

Rotamers (see also Conformers) 226 
of 2-substituted propionic acid 229/ 

Rotation, equations, Pfeiffer 239 
Rotation D,L-[Ni( o-phen ) 3 ] 2 + sys

tem, Pfeiffer 242 
Rotational strength 226, 228 

decrease in 301 
effect of C-alkyl substitution on 269 
effect on N-substitution on 269 
of optically active complexes of 

transition metals 255 
of pentaammine {( S ) -2-chloro-

propionato}Co(III) 233/ 
Rotatory dispersion 

of D,L-[Cr(C 20 4) 3] 3\ Pfeiffer 241/ 
of ( + ) D-[Cr(CX> 4) 3] 3\ optical .... 241/ 
optical (ORD) 240 
Pfeiffer 242 

Rotatory strength(s) 359-360 
definition, vibronic 44 
of tris ( diamine ) cobalt ( II ) com

plexes 24f 
electronic 44—45 
equations 44-45, 55, 57, 60 

vibronic 61-64 
optical 26 
vibronic 45, 47 

Sarcosinate ion chelates 115-116 
of Co(admh) n(acac) 3. n complexes 344 
and CD spectra, correlation of 

stereochemistry 268—269 
Second-order perturbation theory 83 
Selectivity on olefin exchange, stereo- 106 

Siderophore(s) 
absorption spectra for ferric 134 
CD spectra for ferric 134 
complex (es) 

catecholate 154—158 
hydroxamate 134, 144-149 
metal-
thiohydroxamate 149-154 

properties 133 
Sigma-complex(III) 34 
Sigma(a) L —> d z

2 charge transfer 
transitions 228-232 

Site symmetry designator 415 
Site symmetry term 406-408, 410i 
Six-coordinate trigonal dihedral 

(D 3) metal complexes 47-49 
Sodium cZ-tartrate 316 
Sodium U 0  ( O A C )

single-crystal 
absorption spectra of 397/ 
CD spectra of 387/ 
measurements of 
PACD 390i 
PAS 390f 
transmission 390i 

Solvation 
of chiral ligand, steroselective ... 221-223 
at N H 2 groups of diamine or amino 

alcohol complex, degree of 
stereoselective 222 

of nonchiral ligand 224-225 
Solvent 
dependence of CD of complexes of 

chiral diamines 222 
-dependent CD of pentaamineco-

balt( III ) complexes of chiral 
carboxylates 226-236 

effect 
on absorption spectrum of penta

ammine {( S ) -2-chloropro-
pionato} cobalt ( III ) tetra
phenylborate 230/ 

on CD of metal complexes 221-236 
on CD spectrum of penta

ammine { ( S ) -2-chloropro-
pionato}-cobalt(III) 231/ 

on CD spectrum of (S)-alanine-
pentaaminecobalt(III) 233/ 

Spectra of tris ( diamine ) cobalt ( III ) 
complexes, CD 22 

Square planar complexes 
containing prochiral olefins stereo

selective olefin exchange, cir
cular dichroism spectra of 91 

platinum (II) 170 
projection of 105/ 
rhodium-olefin 187 

Square planar structures numbering . .401/ 
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Stable isomer, structure of 122/ 
Stabilities of [Co(en) 3 ] 3 + isomers 15 
Steering, orbital 124 
Stein, absolute configuration of 1- 262 
Stereochemical 

description and notation for coor
dination systems 397-417 

label, ligand 406-408 
notation 

for asymmetric clusters 415 
Chemical Abstracts Service 406-413 
examples 412/-416/ 

CAS 411-413 
numbering for diamminebis ( ethyl

enediamine ) platinum 402/-403/ 
results, activation parameter sepa

ration through 360-363 
systems, notation of more com

plex 413-41
terms and symbols in inorgani

and organic chemistry 398/ 
terms for tris unidentate octa

hedral complexes 398/ 
Stereochemistry ( ies ) 

aqua inversion reaction 369* 
of carbon compounds, nomen

clature of 397 
of coordination compounds, 

historical review 1-10 
of microbial iron transport 

compounds 133-165 
reaction 364* 

Stereoselection in metal-olefin 
complexation 170-172 

Stereoselection in olefin-plati-
num complexes 171 

Stereoselective 
olefin exchange, C D spectra of 

square planar complexes con
taining prochiral olefins 91 

reactions 7 
solvation of chiral ligand 221-223 
solvation at N H 2 groups of di

amine or amino alcohol com
plex, degree of 222 

solvent dependence of C D of 
complexes of chiral diamines .. 222 

syntheses of coordination com
pounds 8 

synthesis of quadridentate ligands 
using template reaction of 
metal complexes 325-334 

Stereospecific 
addition of cyanide ion at a 

chelated imine 124-126 
aldehyde condensation structures .. 127 
carbinolamine formation 126-127 
hydration of olefins 117-123 

Stereospecificity, chelate directed .123-124 

Stereospecificity of [ Co ( 1-sdta ) " 269 
Steric effects in chelate ring systems .. 115 
Strain energy (ies) 16 

for [Co( ± C H X N ) 3 ] 3 + conformers .. 17* 
difference 225-226 
of the lel 3 isomers 16 
for [M(en) 3 ] conformers 16* 
surfaces, mapping of 15 

Styrène, hydrogénation of α-ethyl- 185 
Substituent effect, C D intensities 

of E D D A complexes 257-262 
Substitution reactions of d6 octa

hedral complexes 357 
^-Substitution on rotational strength 

effect of 269 
Subtilisin 205 
Succinate, Pfeiffer effect 

with diethyl- ( + ) -2,3-dimethoxy- .... 252* 

with dimethyl-( + )-2,3-dimethoxy- 252* 
Symmetry 

A x 228 
Α., 228 
BÎ 228 
B 2 228 
designator, site 415 
site terms 406-408, 410* 

Τ 

T l g band 89-90 
T l f f rule 89 
( T l R + T 2 K ) * ( t 2 K + eg) Coupling 57 
Tartaric acid(s) 

derivatives 247 
Pfeiffer effect with ( + )D- 249* 
substituted tartaric acids 248/ 

Tartrate 
ion with tris ( chelate ) cobalt ( III ) 

compounds, association model 
for 322/ 

lithium antimony 323/ 
Pfeiffer effect with sodium hydro

gen ( + )D- 250* 
d-Tartrate 

association model of antimony 321 
—eluted enantiomeric pairs, separa

tion factor of 317-318* 
-eluted enantiomeric pairs, separa

tion factors of antimony 319-321* 
ion contact model, A-[Co(en) 3 ] 3 + 

and 320/ 
resolving agents, optical resolu

tion of facial and meridional 
tris ( aminoacidato ) cobalt ( II ) 
chelates by 315-324 

sodium 316 
Tbn ( see Butene, trans-2- ) 
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Temperature dependence of prod
uct configuration 3 

Temperature effect on C D spectrum 
of pentaammine {( S ) -2-chloro-
propionato}-cobalt(III) tetra
phenylborate 234/ 

Terdentate, complexes with a cyclic .27-31 
Thermal piston model, one-dimen

sional 377 
Thiohydroxamates with Fe( III ), 

reaction of 135/ 
Thiohydroxamate siderophore com

plexes 149-154 
Transition(s) 

d-d 228 
1A.\K Έ κ 228 
additivity of C D of d-d transi

tions 273-286 
C D of the d-d 8
charge transfer 228
7 Γ - 7 Γ * of the tris and bis chelates .359-360 
dipole moment 23 
energy 76 
magnetic dipole allowed 82—84 
magnetic dipole forbidden 81-82 
metal(s) 

catalysis, asymmetric hydrogéna
tion of olefins by optically 
active 36/ 

catecholates, absolute configura
tion of 158 

complexes 
absolute configuration of 13-39 
chiroptical properties of opti

cally active 43 
influence of vibronic interac

tions on C D spectra of 46 
photoacoustic detection of 

natural C D crystalline .375-394 
quantum mechanical theory of 

optical activity in chiral 43—44 
rotational strength of optically 

active complexes of 255 
moment(s) 76,86 

electric 81 
magnetic 23, 76 

η -> π* 226-228 
sigma ( σ ) L —> d*charge 

transfer 228-232 
states on the nucleophilic attack 

of tbn upon [PtCl,(S,S-
tbn)] 108/ 

Transmission 
measurements 

of 5% C o ( e n ) 3 C l 3 i n 
Rh(en) 3 Cl 3 , solution 393f 

of N a U 0 2 ( Ο A c 3 ), single crystal.. 390f 
of Ni ( en ) 3 ( N 0 3 ) 2 , axial single-

crystal 391i 

Transmission ( continued ) 
spectroscopy, difference between 

Pas and 378 
techniques, measurement of opti

cal activity in single crystals by 375 
1,4,7-Triazacyclononane complexes, 

C D spectra of cobalt- 303-313 
1,4,7-Triazacyclononane complexes, 

synthesis of cobalt- 303-313 
Tridentate amine to platinum (IV), 

attachment of 9 
Trigonal 

dihedral 
Co(II) 57 
( D 3 ) metal complex, C D of a 

chiral 67 
( D { ) metal complexes, six-coor-

' dinate 47-49 

e-type modes 58 
modes, Q 3 a ( a 2 ) 48 
modes, Q 3 „ ( e ) 48 

Trigonally distorted systems coupling 
( A 2 + E ) * ( a , + 2 e ) 56 

Trimethylenediamine ring, conforma
tions of a six-membered metal 17 

Tyrosine(s) 195,197 

U 
tris Unidentate octahedral com

plexes, stereochemical terms for .. 398/ 

V 
Valeric acid, C D spectrum of 

(S)-2-chloro- 227 
Valinate, N-benzyl-L- 104 
Valine 116 
Vanadium (III) (tris β-ketoaminates) 337 
Vibrational 

amplitude functions 52, 54 
integral equations 62 
modes 47 

Q , 52 
Qr,, 52 
Q, ( t l u ) 51 
Q4 ( t l u ) 51 

< ^ H g 
ungerade oo 

wave functions 55 
Vibronic 

coupling 45-46 
on C D spectral features, 

influence of 68 
effects 58 

energy levels 52 
Hamiltonian equation 48, 51-52 
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Vibronic (continued) 
interactions 59 

on CD spectra of transition metal 
complexes, influence of 46 

energies 46 
Herzberg-Teller ( perturbative ) 

formalism for 46 
on d-d rotatory strengths, influ

ence of 47 
levels 55 
rotatory strength(s) 45, 57 

definition 44 
equations 61-64 

theory, Herzberg-Teller (HT) 58 
transitions of chiral metal com- .... 

plexes, CD intensities in 43-71 
wave function(s) 45 

( A 2 + Ε ) *e coupled excited 
states 6

equations 4
f o r T l g * ( t 2 g + e g) 52 

coupled system 55 
Vicinal 

contributions, additivity rule of 301 
dissymmetry 273 
effect(s) 273 

algebra in calculation of 277/ 
of amino acid 274 
average 277/ 
for βχ bound alanine 284/ 

Vicinal (continued) 
effects (continued) 

definition 255 
in a homologous series triethyl-

enetetraaminecobalt ( III )-
amino acid complexes 273-286 

of optically active ligands 268 
for 02-S-proline 284/ 

W 
Wave functions 76 

electronic 55 
equations, perturbed 59 
vibrational 55-56 
vibronic 45 

( A 2 + Ε ) *e coupled excited 
states 67 

Werner 397 

X 
X-ray diffraction powder patterns 32 

Ζ 

Zero-order electronic Hamiltonian 
equation 48 
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