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perhaps most extreme if the Co(T1M) (NH3)23+- 
Co(T1M) (OHz),2+ reaction is considered.lj In this 
case we would infer for C O T I M ( N H ~ ) ~ ~ + ,  a value of k ,  
= (6 i 4) X l o 3  2M-l sec-1. 

We must therefore conclude that the free energy 
correlation (1) does not hold true for reactions of cobalt- 
(111) even though it does nearly predict the dependence 
of the rate constant on the free energy of reaction.14 The 
failure of ( I )  is clearly in the nature of the X12 term. 

Since (1) can be obtained from both the adiabatic and 
nonadiabatic theories, 3 , 4  the source of difficulty may 
be in some general assumption common to both ap- 
proaches. For example when A l l  and XZ2 are very dif- 
ferent, the potential surfaces may not couple in such a 
way that A12 = l / z (A11 + X22) (see also ref 3 ) .  It is also 
possible that the terms represented by X12/4 in empirical 
correlations do not correspond entirely to (ligand, 
solvent, etc.) reorganizational terms. 
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The optical activity associated with the d-d transitions in dissymmetric six-coordinate Co(II1) complexes is examined on a 
model which incorporates both ligand-field theory and the one-electron, static-coupling theory of optical activity. This is 
a perturbation model on which the zeroth-order spectroscopic states are taken as eigenstates of an octahedral CoL6 cluster 
(L = ligating atoms). The dissymmetric perturbation of these states orginates with ligand groups outside the MLs cluster 
and with dissymmetric distortions of the MLB cluster. The perturbation treatment is carried to second order in both the 
wave functions and rotatory strengths. Expressions are obtained which relate the sign of the net or total d-d rotatory 
strength to specific stereochemical features in the ligand environment. Sector rules based on these expressions are proposed. 
Applications of these sector rules to chiral Co(II1) complexes of several classes are presented, and it is found that these rules 
are reliable in predicting the signs of the contributions made by various “kinds” of stereochemical features to the net d-d 
rotatory strength. 

I. Introduction 
The natural optical rotatory properties of chiral 

transition metal compounds have played an extraor- 
dinarily important role in the development of inor- 
ganic stereochemistry. The modern structural theories 
of metal coordination compounds owe their final accep- 
tance to Werner’s interpretation of the optical rotatory 
power of the resolved optically active stereoisomers of 
six-coordinate metal complexes. The investment of 
research effort in this field has grown enormously in the 
past 10 years, due in large part to  the availability of 
improved measurement techniques (e.g., circular di- 
chroism instrumentation) and, perhaps to  a lesser ex- 
tent, due to an improved theoretical understanding of 
the underlying spectroscopic processes. Considerable 
progress has been made in correlating the experimental 
parameters of circular dichroism (CD) and optical 
rotatory dispersion (ORD) spectra with specific stereo- 
chemical features of various classes of transition metal 
complexes. Furthermore, CD spectra have been used 
with some success in resolving and characterizing the 
spectroscopic transitions associated with metal intra-d- 
shell excitations and with ligand ++ metal charge- 
transfer processes. Despite these successes, there re- 
mains one important objective of these studies which so 
far has eluded satisfactory treatment. Simply stated, 
this objective is to  establish a quantitative relationship 
between the stereochemical variables of a complex 
(L.e.> the relative positional coordinates of the atoms 
and groups within a coordination compound) and the 

(1) This work was supported by a grant from the Petroleum Research 
Fund (PRF Grant No 2022-G2) administered by the American Chemical 
Society 

(2) A Werner, Be? Deut Chem Ges , 44, 1887 (1911) 

electronic variables which determine the spectroscopic 
observables of optical activity. 

For isotropic assemblies of dissymmetric molecules, 
the rotatory strength as defined in eq 1 provides a 
direct connection between the spectroscopic moments 
associated with a molecular electronic transition and 
the contribution which this transition makes to the 
optical activity observables. 

R(i + j >  = Im[($alvI$3)($3lml$i)l (1) 
where v and m are the electric and magnetic dipole 
operators, respectively, and $$ and I/.r are molecular 
electronic state functions. If $a  and $? are obtained 
as eigenfunctions of the total molecular Hamiltonian, 
then the stereochemical variables are implicit in the 
wave functions since, of course, these variables must 
appear explicitly in the potential energy terms of the 
total Hamiltonian. Of primary interest, however, is 
the case where R(i + j )  is determined from experiment 
and one then wishes to deduce the stereochemical 
variables. This requires a knowledge of I/.$ and $, as 
functions of the dissymmetric parts of the total mo- 
lecular Hamiltonian. 

For many dissymmetric systems the electronic transi- 
tions of greatest experimental interest are localized in 
some subgroup of the system which is nondissymmetric. 
In these cases, the spectroscopic-state functions can be 
treated to zeroth-order as eigenfunctions of a local or 
group Hamiltonian which has the symmetry of the 
chromophoric subgroup. The influence of the dissym- 
metric, extrachromophoric parts of the system on the 
spectroscopic states is then treated by perturbation 
theory. I t  is assumed that the local zeroth-order states 
are well-defined and that the true spectroscopic states 
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of the overall system can be accurately represented by 
superpositions of these localized states. It is the de- 
tailed nature of these superpositions or mixings which 
determine the sign and magnitude of R and, of course, 
the interaction potential between the optical electron 
and the extrachromophoric parts of the system deter- 
mines the nature of the mixings. If, in a particular set 
of dissymmetric systems which have a common chromo- 
phoric group, all the extrachromophoric atoms or groups 
are similar with respect to their electrical properties 
and valence-electron radial distributions, then the 
relative signs and magnitudes of R for a specific transi- 
tion in this set of systems will be directly related to the 
relative positions of the perturber groups with respect 
to the chromophoric group. Rules which express this 
relationship between the sign of R and the perturber 
positions are commonly referred to as sector or regional 
rules. If the perturber groups are dissimilar in their 
electrostatic and electrodynamic properties, then dis- 
symmetry in the perturbation potential can arise from 
the relative values of these properties as well as from 
the spatial distribution of the perturber centers. In 
this case, stereochemical variables can be deduced from 
sector rules only after some assumptions are made 
about the relative elecrostatic and electrodynamic 
properties of the perturbers. 

In  the present study we are interested in the CD 
spectra associated with the ligand-field transitions of 
dissymmetric six-coordinate Co(II1) complexes. The 
chromophoric center is the Co(II1) ion and, in most 
cases of interest, the microsymmetry of the MLe cluster 
(M = Co(III), L = ligator atom) is holohedral ( i e . ,  
possesses a t  least one improper rotation element) or 
very nearly so. The dissymmetric parts of the per- 
turber potential must, therefore, originate either with 
nonligating parts of the ligand environment or from 
small dissymmetric distortions of the ML6 cluster. To 
represent the spectroscopic states involved in the ligand- 
field transitions we choose as basis functions the 3d, 4s, 
4p, and 4f orbitals centered on the Co(II1) ion. These 
metal-centered basis functions span all the irreducible 
representations of the octahedral ML6 ligand symmetry 
orbitals except tl, (i .e. ,  alg, e,, tzg, tlu, and tzU). The 
lowest order tl, metal orbital is 5g ( I  = 4). This 
representation of the spectroscopic states in terms of a 
restricted pure metal orbital basis is not adequate for 
calculating state energies, absolute spectral intensities, 
or properties which are known to be highly dependent 
upon metal-ligand electron delocalization. However, i t  
is expected that  the symmetry-controlled aspects of the 
signs and relative magnitudes of the ligand-field CD 
bands will be accurately described by this representation. 

11. Previous Work 
As was noted earlier, a major objective of current 

studies on the CD of metal complexes is to obtain a 
relationship between the stereochemical variables of 
the complex and the optical activity observables (e.g., 
CD signs and intensities) which can be rationalized in 
terms of a quantum mechanical description of the 
electronic transitions in the complex. Due to the com- 
plexity of the systems the quantum mechanical descrip- 
tion must by necessity be more qualitative and concep- 
tual than quantitative and numerical, providing selec- 
tion rules, signs, and relative magnitudes rather than 
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computed absolute values of properties. The first such 
description of the optical rotatory properties of a chiral 
transition metal complex was provided by Moffitt in 
1956.3 An error in sign in the d-d transition matrix of 
the angular momentum operator led Moffitt to incor- 
rect conclusions, and Sugano4 subsequently demon- 
strated that  Moffitt's model could not account for the 
net rotatory strength observed for the lAlg + lT1, 
transition in C ~ ( e n ) ~ ~ + .  However, Moffitt's work as 
well as the rapid increase in experimental data on the 
optical rotatory properties of transition metal com- 
pounds provided the stimulus for many additional 
theoretical treatments. Theoretical models have been 
proposed by Hamer,5 Poulet,6 Piper and K a r i p e d e ~ , ~ , ~  
Mason and  coworker^,^^^^ Bi.irer,lI Liehr,12j13 Schaffer,14 
Caldwell, l5 Bosnich, and R i c h a r d s ~ n ' ~ - ~ ~  which vary 
with respect to their generality of application, their 
basis representation of .the spectroscopic states, and their 
predictive relationships between stereochemical vari- 
ables and optical rotatory observables. Each of these 
studies has enjoyed some success in extending our con- 
ceptual understanding of the phenomenon, in explaining 
or rationalizing the observed CD spectra of a few 
specific systems, or in providing a possible (if not always 
practical) procedure for calculating the rotatory 
strengths of d-d transitions. It is generally agreed, 
however, that  these more formal theories are not 
sufficiently explicit or general to merit widespread use 
in making spectra-structure correlations except in a 
piecemeal, ad hoc fashion. 

Despite the lack of a unifying theoretical model, a 
number of workers in the field have succeeded in de- 
veloping sector rules which have, in many cases, proved 
to be highly useful and reliable in making spectra- 
structure correlations. The most prominent examples 
are presented in the work of Hawkins,21 Martin,22-z6 
Wellman,27-29 Gillard,30 B ~ s n i c h , ~ ~  and Mason10,32 and 
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their coworkers. In most of these studies the adopted 
rules were selected on the basis of empirical correlations 
and qualitative theoretical arguments drawn from the 
general one-electron theory of optical activity in dis- 
symmetrically perturbed symmetric chromophores. 3 3 8  34 

Additionally, a great deal of effort has been expended 
in sorting out the individual contributions to the optical 
rotatory parameters attributable to different kinds of 
stereochemical features in the ligand environment, 
The k inds  of stereochemical features which can con- 
tribute to the overall dissymmetry of the complex are 
commonly defined as follou-s: (I) the distribution of 
chelate rings about the metal ion (configurational isom- 
erism), ( 2 )  the conformations of individual chelate 
rings (conformational isomerism), (3) asymmetric 
atoms in the nonligating parts of the ligands, (4) asym- 
metric ligating (donor) atoms, and ( 5 )  the distribution 
of unidentate ligands. I t  is apparent that a sector rule 
in which both spatial and electrostatic dissymmetries 
are accurately represented would simplify the partition- 
ing of total observed rotatory strengths into contribu- 
tions of various stereochemical origins. Presently, this 
partitioning is most reliably carried out on the basis of 
empirically derived relationships rather than by use of 
sector rules based on quantum theoretical arguments. 35 
The most extensive studies concerned with analyzing 
the observed ligand-field CD spectra of Co(II1) com- 
plexes in terms of configurational ns. conformational 
vs. vicinal effects have been conducted by D o ~ g l a s , ~ ~ - ~ ~  
HaxTkins, 35 and B o ~ n i c h ~ ~  and their collaborators. 
These studies indicate that ligand-field CD spectra pro- 
vide a reasonable experimental basis for differentiating 
between the various kinds of stereochemical features in 
dissymmetric complexes, but they provide few clues as 
to how the spectra can be interpreted in terms of a 
quantum mechanical or orbital description of the 
molecular electronic states. 

111. Model 
A. General Comments.-The primary objective 

of this study is to develop a general procedure by which 
the d-d CD spectra of dissymmetric six-coordinate Co- 
(111) complexes can be systematically analyzed and 
interpreted in terms of specific stereochemical features 
of the complexes. T o  develop the procedure we adopt 
a model whose representation of the spectroscopic 
(electronic) states of a complex subsumes both the 
crystal-field theory of coordination compounds and 
the one-electron theory of optical activity. The limita- 
tions and deficiencies of these respective theories have 
received considerable attention elsewhere and need not 
be discussed again here. At best, they accurately and 
reliably display the symmetry-determined aspects of 
d-d absorption and CD spectra; a t  worst, they provide 
an incomplete and sometimes misleading representation 
of the underlying physical processes. In  the present 
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(1937). 
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study, we assert that  the results obtained by application 
of the general crystal-field and one-electron theories 
display the essential structure-spectra relationships for 
the d-d CD spectra of a large number of dissymmetric 
six-coordinate Co (111) complexes. 

The complexes are represented to zeroth-order as 
having regular octahedral geometry (Oh symmetry) with 
six identical ligating atoms situated a t  the vertices of a 
regular octahedron. Deviations from this zeroth-order 
representation are classified as follows : (1) distortions 
of the ligating atoms from their regular octahedral 
positions, ( 2 )  dissimilarities between the ligating atoms 
(e.g., between the 0 and 9 atoms in the tris(g1ycinato)- 
cobalt(II1) complex), and (3 )  the presence of chelate 
rings and the consequent reduction in symmetry due to 
both the ring bridging atoms and ring substituent 
groups. The influences of these deviations on the 
zeroth-order d-d spectroscopic states are assumed to be 
sufficiently small to permit their treatment by perturba- 
tion methods. Perturbation expansions of the spectro- 
scopic-state functions and the rotatory strengths are 
carried to second order. 

B. Electronic States.-Ignoring spin-orbit inter- 
actions, we partition the electronic Hamiltonian op- 
erator as 

H = + HL + Vo"nL + Vim. ( 2 )  

where HAI is the Hamiltonian for the free metal ion, 
H L  is the total Hamiltonian for the free ligands, PML 
is the octahedral crystal-field potential energy function, 
and V'ML designates the noncubic parts of the crystal- 
field potential energy. On our model, the zeroth- 
order spectroscopic states are chosen as eigenstates of 
the operator (Hll + V 0 L f L ) ]  and the interaction potential 
V'ML is treated as a perturbation. 

The present study focuses primarily on the spin- 
allowed transitions which involve one-electron excita- 
tions within the 3d shell of low-spin Co(II1). In the 
Oh group notation these transitions are written as 
1A41, + IT1, and lA1, -+ lTzS. The 'A1, +- lT1, transi- 
tion is magnetic dipole allowed in an octahedral system 
and occurs a t  a lower frequency than does the 'AI, + 

ITZg transition which is magnetic dipole forbidden. 
In  the absence of vibronic interactions both transitions 
are, of course, electric dipole forbidden by the Laporte 
parity rule. Vibronic perturbations on the  AI,, 
I T l g ,  and lT2, electronic states can influence the spectral 
properties of the lAl, -+ IT1, and 1A4~, - ITz ,  transitions 
in several ways. First, Herzberg-Teller type couplings 
will result in a mixing of ungerade states into the gerade 
optical states with a consequent induction of electric 
dipole allowed character in the IA1, + IT1, and. IAI,  +- 

I T 2 ,  transitions. Second, Jahn-Teller interactions will 
lead to distortions within the orbitally degenerate 
electronic excited states which can quench certain low- 
symmetry (noncubic) crystal-field perturbations as well 
as the angular momenta of these states.43 These 
vibronic effects cannot be neglected if quantitative, 
numerical calculations of the rotatory strengths are to 
be carried out; neither can they be neglected if distribu- 
tions of intensity within CD bands are to be treated. 
However, if one's objective is to obtain correlations of 
signs and relative intensities of the observed CD spectra 

(43) F. S. Ham, Phys .  Rev. A ,  138, 1727 (1965). 
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with stereochemical features, then the neglect of vi- 
bronic interactions will not lead to serious difficulties. 

The noncubic perturbation potential function, V'ML, 
is partitioned into two parts: one that  transforms 
gerade under the inversion operation and one that  
transforms ungerade. These functions are written as 
V', and VIu, respectively, for the gerade and ungerade 
parts, and the irreducible representations under which 
they transform in the Oh point group are designated by 
r g V ( y )  and rUv(y) ,  where y denotes components of de- 
generate representations. Henceforth the zeroth-order 
octahedral states lAlg, lTlg, and lT2, are denoted by 
lAl)O, lTl(y))O, and I T z ( y ) ) O ,  respectively, where y 
denotes the orbital components of degenerate states 
and the multiplicity superscript is suppressed since we 
shall only be concerned with spin-singlet states. Under 
the influence of V'u these three gerade states are mixed 
with ungerade eigenstates of the (HM + V O M L )  operator. 
These ungerade states are denoted by \YUb(y))O. Since 
V'u is a spin-independent, one-electron operator, the 
combining states must be of like multiplicity and must 
not have configurational representations which differ by 
more than one in their 3d-orbital occupation numbers. 
The V', operator will scramble the gerade eigenstates 
of (HM + VOML), denoted by (T,'(y)j". It is antici- 
pated that  the most important effect of V'g on the 
spectral properties of the lA1, --c 'T1, and lA1, --c lTZg 
transitions will arise from lT1, + lT2, mixing, since 
these states are much closer in energy to one another 
than to any other gerade state, rga, of octahedral par- 
entage. 

C. Interaction Potential.-In the present study, 
i t  is assumed that  the spectroscopic states involved in 
the ligand-field transitions of Co(II1) complexes can 
be adequately described in terms of a quasi crystal-field 
model. That  is, i t  is assumed that these states can be 
described entirely in terms of metal atomic orbitals 
and that  the ligand environment can be represented 
by an array of "static" charge distributions. Differen- 
tial overlap between the metal and ligand electron orbi- 
tals is neglected and the dynamical behavior of the 
electronic distributions on the ligands is ignored. 
These assumptions are within the spirit of the "one- 
electron" theory of optical activity and the "crystal- 
field" theory of d-d transitions in transition metal 
complexes. Given this model, the interaction operator 
V'ML (eq 2 )  is expressed as a power series in tesseral 
harmonic functions defined about an origin centered 
on the metal ion.44 That  is 

1 

V'ML xrix ( 4 ~ / 2 J  + 1)C [Czm(apJ Pp)C$m(8, 4) + 
Sim(api Pp)S im(8 i  4)1QpRp-('+l) (3) 

1 m=O P 

where C im and S 1m are normalized tesseral harmonic 
functions (as defined by Prather44), r ,  8, and + are the 
spherical polar coordinates of the chromophoric elec- 
tron localized on the metal ion, Rp, c y p ,  and P, are the 
spherical polar coordinates of ligand perturber site p ,  
Q p  is the formal charge associated with perturber site 9, 
and ZD is taken over all perturber sites in the ligand 
environment. The function V'ML transforms as the 
totally symmetric irreducible representation of the 

point group to which the overall metal complex be- 
longs. 

It was noted in section B that  V'ML can be partitioned 
into two parts, Vlg and V'uJ which differ with respect 
to  their behavior upon inversion through the metal 
atom (the coordinate system origin for ( r ,  8, 4) and for 
(R, a, P ) ) .  Additionally, i t  is useful to classify the 
ligand perturber sites according to their chemical 
identities, spectroscopic properties, structural identities 
(ligator atoms, chelate ring bridging atoms, ring sub- 
stituents, etc.), or electrostatic nature (e.g., charged or 
uncharged, polar or nonpolar). This classification per- 
mits further partitioning of V'ML according to the signs 
and magnitudes of the parameters Qp and specific 
stereochemical features of the complex. 

D. Rotatory Strengths.-The rotatory strength of 
the perturbed lA1, -+ lT1, transition expressed to 
second-order in perturbation theory is given by 

Ro1 = Im(Pol(l)Mlo(o)) + 
Im(Pol(z)Mlo(0) + Pol(l)Mlo(l)) (4) 

where the subscripts 0 and 1 denote the ground state 
and the excited state, respectively, and the superscripts 
(0), (l), and (2 )  denote the zeroth, first, and second 
orders, respectively, of the electric dipole (P) and 
magnetic dipole (M) transition moments. The rota- 
tory strength of the perturbed lA1, + lTZg transition 
is expressed to second order by 

Roz == Im(Po2(1)Mzo(1)) (5) 
Equations 4 and 5 can be reexpressed in terms of 

transition integrals, perturbation matrix elements, and 
energy differences between the octahedral basis states 
of our model. The new expressions are 

(44) J. L. Prather, Nut.  Bur. Stand. (U. S.), Monogr., No. 19 
(1961). where, for example, Po0b = (A1lvlruh(y))O, M'IO = 
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(Tl(y)(ml&?”, VOI = (rUb(Y)I V’.lfLIT1(~~)?o, and AEIb = 
(EO1  - Bog) = -A&. The summation &(r) is taken 
over all orbital components y (in the case of orbital de- 
generacy) of all ungerade states rub, and 2 1 ( ~ )  and 
&(?)  are threefold sums over the orbital components of 
the triply degenerate TI, and TZg octahedral basis 
states, respectively. 

The first-order contribution to Rol is given by the first 
two terms inside the braces of (6). The signs and 
magnitudes of these terms are dependent upon the 
perturbation matrix eIements and 5’0~. In previous 
work4-6~17-20 i t  has been shown that the net first-order 
contribution to Rol is zero unless the octahedral basis 
states, AI, and TI,, are subjected to a perturbation 
whose operator transforms as the pseudoscalar irreduci- 
ble representation (AI,) of the Oh point group. The 
first term in the expansion of V ’ J ~ ~  (eq 3) which trans- 
forms as AI, in the Oh point group is of order 1 = 9 
and exhibits an RP-Io dependence on perturber-metal 
radial separation distances. Expressed in terms of the 
Cartesian positional coordinates of the perturbing 
groups, this interaction operator has the following 
dependence on perturber site positions: Z,Xp YpZ,. 
( X P z  - Y P z ) (  YDZ - ZP2)(Z,2 - X,z)Rp-19. It is ap- 
parent that this function of perturber site positions can 
achieve significant values only vhen the perturber 
sites are exceedingly close to the metal ion due to the 
steep inverse dependence on Rv. In fact, i t  can only 
have significant magnitude in the domain where the 
electrodynamic and electron-exchange forces between 
the metal and ligand sites will surely dominate. This 
term is devoid of meaning in the context of a one- 
electron model which assumes that the optically active 
system can be partitioned into a chromophoric group 
and a set of perturbing groups which interact only via 
nonexchange mechanisms. 

There is an additional undesirable feature of this 
V’ML(&~) operator in the present model. Since the 
zeroth-order spectroscopic basis states are constructed 
from metal 3d orbitals, V’3r~(A1,) can only mix in un- 
gerade states constructed from metal atomic orbitals of 
I 7. This necessity makes the use of V’ML extremely 
unattractive and possibly absurd from a purely physical 
point of view. It should be pointed out, however, that 
a sector rule based on the perturber position depen- 
dence of V’J~L(A~,J has been used with some success in 
correlating the CD spectra and stereochemical features 
of a number of dissymmetric Co(II1) complexes. 1 0 9 4 2 3 4 6  

The possible utility of such a sector rule is not disputed 
in the present study; however, its theoretical validity 
and general applicability are called into question and an 
alternative set of rules are proposed based on the 
second-order terms displayed in eq 6 and 7 .  

Each of the second-order terms contributing to &I 

and to Roz includes a product of interaction matrix 
elements. In each of these products one matrix ele- 
ment has a gerade perturbation operator ( and 
the other matrix element has an ungerade perturbation 
operator ( V’,), Making use of the M‘igner-Eckart 
theorem and the irreducible tensor formalism, a term 
by term analysis of eq 6 and 7 reveals that Rol(net) 
and Ro2(net) are nonvanishing only if the following 
symmetry condition is satisfied term by term: r g v ( y ) .  
ruT’(y) = AI,. That is, the direct product of the 

(48) P. L. Fei-eday and S .  F .  Mason, Chem. Conznzlix., 1314 (1971). 

irreducible representations of Vg and V’, must contain 
the pseudoscalar representation, AI,. The permissible 
pair combinations of rgB(y) and rUv(y) are 

The leading terms in the tesseral harmonic expansion 
of V l f L  (eq 3) transform as follows under the symmetry 
operations of the Oh point group 

where X p  and Zot are each taken over all perturber sites. 
The Vtg(Tlg) operator has the same dependence on R, 
as the lowest “order” term in the On crystal-field po- 
tential. The V’g(T~g), V’u(T~u) ,  and V’U(TIU) opera- 
tors all have a less severe dependence on R,. The 
metal p orbitals transform as T1, in On and the metal d 
orbitals transform as Tlg and E,. The direct products 
Tlu.Tzg and T1,.E, each span both the Tlu and Tzu 
irreducible representations of Oh] and the direct product 
Eg.Tpg spans both TI, and TZg. Consequently, the 
orbital basis set from which the rga and I’> states are 
constructed need only include metal atomic orbitals 
with 1 6 2 to ensure the nonvanishing of the perturba- 
tion matrix elements which appear in eq 6 and 7. 

By carrying our one-electron model to second order 
in the crystal-field potential function V’ML, we have 
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succeeded in obtaining sector rule expressions for the 
rotatory strength of a dissymmetrically perturbed cubic 
system which avoids the Rp-I9 dependence and the 
I > 7 basis orbitals required by the first-order results. 
However, i t  would appear that  applications of these 
second-order sector rules are made somewhat difficult 
by the necessity of considering the positions of two per- 
turber sites a t  a time with respect to the metal ion. 
Furthermore, before expressions 8 and 9 can be applied 
as sector rules, an assignment of sign must be made for 
each perturber charge parameter, Qp. Applications 
of expressions 8 and 9 as sector rules are discussed in 
some detail in section IV. 

The rotatory strength given by eq 6 represents the 
total or net rotatory strength associated with all com- 
ponents of the triply degenerate cubic 'AI, + 'TI, 
transition. Similarly, eq 7 gives the total or net rota- 
tory strength associated with all components of the 
triply degenerate cubic lAlg + lT2, transition. The 
contributions made by the individual components of 
each transition can be obtained by evaluating each 
term in the summations &(,) and Llg(?) separately. The 
symmetry conditions Tuv = AI, (for the first-order 
terms) and ruVrgv = AI, (for the second-order terms) 
and the resulting sector rules apply only to the total 
or net rotatory strengths, Rol and ROZ. In general, any 
ungerade potential function which transforms as the 
totally symmetric irreducible representation of a dis- 
symmetric subgroup of Oh can lead to nonvanishing 
first-order terms in eq 6. However, the sum Z1(,)Rol(y) 
vanishes unless Tuv = AI,. Additionally, any combina- 
tion of ungerade and gerade perturbation potentials 
which are each invariant under the symmetry operation 
of a dissymmetric subgroup of O h  will, in general, lead 
to nonvanishing second-order terms in both eq 6 and 
eq 7. However, the sums &(,)R~l(y) and Zz(r)Ro2(7) 
will vanish unless ruVrgV = AI,. 

In  principle, i t  is possible to analyze the d-d CD 
spectra of the Co(II1) complexes in terms of the six- 
component rotatory strength contributions ROI (y  = 
I, 11, 111) and R o ~  (y = I, 11,111). I n  practice, how- 
ever, this analysis would be exceedingly difficult. We 
suggest that  a more practical and perhaps more useful 
procedure for extracting stereochemical information 
from the CD spectra is to apply the sector rules ex- 
pressed in (8) and (9) to the net rotatory strength (or 
net CD intensity) associated with all components of a 
particular cubic transition. 

IV. Applications 
A. Tris Complexes with Symmetric Bidentate 

Ligands, M(AA)a.-This class of metal complexes is 
exemplified by C ~ ( e n ) ~ ~ + ,  c ~ ( ( S ) - p n ) ~ ~ + ,  Co(tn)s*+, 
and C O ( O X ) ~ ~ - ,  where en = ethylenediamine, (S)-pn = 
propylenediamine with S absolute configuration, t n  = 
1,3-diaminopropane (trimethylenediamine), and ox 5 

oxalate anion. To display separately the various 
stereochemical features which can contribute to the 
optical rotatory properties of these complexes, we con- 
sider the ten structures shown in Figure 1. Clearly, 
these ten structures cannot represent all the stereo- 
chemical possibilities, but they are sufficient for examin- 
ing the principal sources of dissymmetry in the tris 
complexes of Co(II1) with symmetric bidentate ligands. 
Each of the structures in Figure 1 except l g  and lh  

- la. D-Isomer 

f 

- le. D(XhA)-Iscmer 

(ob) 

z 

2 

t 

- Ib. L-Isomer 

s 

z 
t 

- Ig. D(888)-Ieomer - Ih. L(888)-Isomer 

(lel) (ob) 

f 

IJ. w>6O0, elongated 

Figure 1 -(a and b)  Tris complexes with planar symmetric 
bidentate ligands, M(AA)a. (c and d) Tris complexes with non- 
planer five-membered chelate rings, M(AA)a, le1 arrangement. 
(e and f )  Tris complexes with nonplanar five-membered chelate 
rings, M(AA)a, ob arrangement. (g and hj Tris complexes with 
nonplanar five-membered chelate rings, M(AA)a, each chelate 
ring containing one asymmetric center with an S absolute con- 
figuration. (i and j )  Trigonally distorted MA0 clusters. 

- 11. w<6O0, compressed - 
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c3 - - Oh - D3 ;E A2“ A2 A‘>A 

NE TI, 
TI, 

T2g 
T2U 

E 

Figure 2.-Correlation diagram relating the irreducible repre- 
sentations of the O h ,  D3, and C3 point groups. 
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TABLE I 

possesses trigonal dihedral ( 0 3 )  symmetry Structures 
lg  and l h  have C, 

A correlation diagram relating the irreducible repre- 
sentations of the O h ,  D3, and C3 point groups is given in 
Figure 2. The AI,, AI,, Tz,, and Tzu irreducible repre- 
sentations of the oh group each contain a component 
which transforms as the totally symmetric A1 represen- 
tation of the D3 group and the A representation of the 
C3 group. Additionally, the AZg, Az,, TI,, and Tzu 0, 
group representations each contain a component which 
transforms as the X representation of C3 group. To  
zeroth order on our model we assume that the LM(AA)3 
structures have “effective” Oh point group symmetry. 
The structural features responsible for the Oh D3 
reduction in symmetry are treated by perturbation 
methods in our examination of the optical rotatory 
properties. We assert that the optical consequences 
of the D3 -+ C3 reduction of symmetry in structures 
lg  and Ih are negligible and shall assume “effective” 
DS symmetry in each of the perturbed structures. The 
perturbation operator V’ML must, therefore, transform 
as AI under the symmetry operations of the D3 point 
group and as &, AIU, T2u, or Tz, under the oh group 
operations. 

From these facts and the discussion in section 111, i t  
is apparent that the second-order contributions to the 
net rotatory strength of the d-d transitions in trigonally 
(Dy) distorted six-coordinate Co (111) complexes will be 
governed by the V’,] pair combinations [TZg((), 

functions 3-’ *(XY + X Z  + YZ) and 3-’1’[X(Y2 - 
Z z )  + Y ( Z 2  - X z )  + Z ( X z  - Y 2 ) ] ,  expressed in a tetrag- 
onal coordinate basis (i.e , the x, y ,  and z coordinates 
run through the vertices of the regular octahedron) , 
transform as TZg and T2,, respectively, in the Oh point 
group and as ill in D3. The apporpriate second-order 
sector rules for the trigonally distorted complexes are 
given, therefore, by expressions 9a-c. 

To demonstrate the application of these rules to the 
structures displayed in Figure 1 we consider first the 
simplest case, structures la and l b  For these struc- 
tures the sole source of dissymmetry is the distribution 
of chelate bridging atoms about the metal ion chromo- 
phoric site The signs of the functions found in expres- 
sions Sa-9c for the bridging atoms of chelate rings 1-111 
are given in Table I. For the D isomer, the sign of each 

T z u ( t )  I ,  [ T d d ,  T2u(d I ,  and CT2,(i-), TZu(i-) I .  The 

:46) The stereoisomer symbols used throughout this paper are those 
adopted by C J Hawkins In “Absolute Configuration of Metal Complexes,” 
Wiley-Interscience, hTew York, N Y , 1971, Chapters 2 and 3 

--la, D isomer-- 
I 11 I11 

7 - l b ,  L isomer-- 
I I1 I11 
- 0 0  XY + O O  

Z(X2  - Y2) o + +  o + +  xz 0 - 0  o + o  
Y(Z2 - XZ) - 0 -  - 0 -  

0 0 1 -  
0 

YZ o o +  
X( Ya - 2 2 )  + + o  - -  

pair combination [ V’g, V’,] is positive, whereas for the 
L isomer the sign of each pair combination [ Vg, V’,] is 
negative. 

Consider next the structures displayed in IC and Id. 
There are two sources of dissymmetry in these struc- 
tures: (1) the distribution of chelate bridging atoms 
about the metal ion (configurational dissymmetry) 
and (2) the inherent dissymmetry possessed by each 
chelate ring by virtue of its adopting a chiral conforma- 
tional (conformational dissymmetry). For these struc- 
tures the signs of the functions found in expressions 
9a-9c for the bridging atoms of chelate rings 1-111 are 
given in Table 11, where the Roman numerals 1-111 

x I‘ 
Z(X’ - Y’) 
xz 
Y(Z2 - X2) 
YZ 
X (  YZ - ZZ) 

XY 
Z ( X 2  - YZ) 
xz 
Y(Z2 - X2) 
YZ 
X( Y2 - 2’) 

TABLE I1 
--I--. r-II--, 

3 4  1 2  

IC, ~(666) ISOMEK (lel) 
+ +  @vs 8 + +  
CE e v s  - 

0 0  
@vs e e @ v s  + +  + +  
Id,  L(XXX) ISOMER (lel) 

Q G E  + +  e $vs + + 
8 6  

GEvs e e $vs 

- e e  
- - 

e v s  GE - - 

- - 

- - - - 

denote chelate rings, the Arabic numerals designate 
ligand bridging atoms, the circles identify those quan- 
tities which are nonzero only by virtue of nonplanarity 
in the chelate rings, and vs next to an entry indicates 
that  the absolute magnitude of the corresponding poten- 
tial energy term is very small. The sum of contribu- 
tions made to the allowed pair combinations [ V’,) V’, J 
by the uncircled quantities represent the pure con$gu- 
rational eflect. The sum of the contributions made by 
the circled quantities to the allowed [ V’,, V’,] combina- 
tions represents the pure conformational effect. The 
contributions arising from the concerted influence of 
conformational and configurational variables constitute 
the mixed con~~gurntional-conformat.tona1 effect. For 
structures IC and Id, the signs of these three effects are 
predicted to be 

I C  Id 
- Pure configurational + 

Pure conformational - 
Mixed configurational-conformational - + + 

Structures l e  and If also possess two sources of dis- 
symmetry, configurational and conformational. For 
the bridging atoms in these structures the signs of the 
functions found in expressions 9a-9c are given in Table 
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111. For these structures, the signs predicted for the 

TABLE 111 
--I--- ,-II---. 
1 2  3 4  

le ,  ~ ( h h h )  Isomer (ob) 
XY + +  e v s  CE 
Z(X2 - Y2) e e  
XZ e CBVS - 

YZ e v s  e CB e v s  

+ +  
- $ $  Y(Z2 - X2) - 

X( YQ - 2 2 )  + +  + +  
- $ v s  e XY - 

Z(X2 - Y2) e e  + +  xz e 8 v s  + + 
- @ C E  Y(Z2 - X2) - 

X( Y2 - 22) - - 

- 

I f ,  ~(666) Isomer (ob) 

e e v s  - - YZ e v s  e 

7 I I I - - .  
5 6  

various contributions to the net d-d rotatory strength 
are 

l e  If  
- Pure configurational + 

Pure conformational - 
Mixed configurational-conformational + + - 

If we let M = Co3+ and AA = en, then the structures 
IC, Id, le, and If represent theD(666), L ( X X X ) ,  D(XXX), and 
~ ( 6 6 6 )  stereoisomers, respectively, of the C0(en)3~+ com- 
plex. In the ~ ( 6 6 6 )  and L(XAX) isomers the C-C bond 
in each en ligand is approximately parallel to the C3 axis 
of the complex ion, while in the D(XXX) and ~ ( 6 6 6 )  iso- 
mers the C-C bond in each en ligand is slanted or 
oblique to the Ca axis. Corey and Bailar4’ labeled these 
two kinds of isomers as the le1 and ob forms, respec- 
tively. According to the sector rules given by expres- 
sions 9a-9c, the pure configurational and mixed con- 
figurational-conformational contributions to the net 
rotatory strengths of the le1 isomers, ~ ( 6 6 6 )  and L(XXX), 
should be of like sign. For the ob isomers, D ( X X X )  and 
~ ( 6 6 6 ) ,  the pure configurational and mixed configura- 
tional-conformational contributions are of opposite 
sign. It is safe to assume that the pure configurational 
effect will dominate in all four isomers, so that the 
~ ( 6 6 6 )  and D(XXX) isomers should exhibit a net CD 
intensity of one sign while the ~ ( 6 6 6 )  and L(XXX) isomers 
will exhibit a net CD intensity of opposite sign. How- 
ever, based on our present analysis we can predict that 
the net CD intensity of the ~ ( 6 6 6 )  le1 isomer will be 
greater than that of the D(XXX) ob isomer and that  the 
net CD intensity of the L(XXX) le1 isomer will be greater 
than that  of the ~ ( 6 6 6 )  ob form. The ~ ( 6 6 6 )  and L(XXX) 
isomers are enantiomers and will exhibit net CD inten- 
sities which are equal in magnitude but opposite in sign. 
The same is true for the enantiomeric pair D(XXX) and 

Structures l g  and l h  each possess three kinds of dis- 
symmetry : configurational dissymmetry due to the 
chiral arrangement of the three chelate rings about the 
metal ion, conformational dissymmetry due to pucker- 
ing in the five-membered chelate rings, and dissymmetry 
due to the presence of an asymmetric bridging atom in 
each ligand. The optical activity induced in the d-d 

L(666). 
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transitions by the substituents attached to the asym- 
metric centers constitutes the vicinal efect .  In the 
present analysis, we take the asyinmetric centers to be 
carbon atoms, each having a hydrogen atom substituent 
and an alkyl group substituent. The signs of functions 
9a-9c for the bridging atoms and for the alkyl sub- 
stituents in structures l g  and l h  are given in Table IV. 
The asymmetric centers in structures lg  and l h  are 
atoms 1, 3, and 5 .  The alkyl substituents are denoted 
by S. The signs predicted for the various contribu- 
tions to the net rotatory strengths of structures lg and 
l h  are listed as follows 

1g l h  
- Pure configurational + + Pure conformational - 

Mixed configurational-conformational - - 
Pure vicinal + 
If AA = (S)-pn and if the methyl substituent exhibits 
a strong preference for being equatorial to the chelate 
ring rather than axial, then the two most stable isomers 
of c ~ ( ( S ) - p n ) ~ ~ +  are the ~ ( 6 6 6 )  and ~ ( 6 6 6 )   form^.^^,^^ 
From our present analysis we predict that the optical 
activity exhibited by the d-d transitions in the ~ ( 6 6 6 )  
isomer will be larger than that  of the ~ ( 6 6 6 )  isomer. 
The configurational, mixed configurational-conforma- 
tional, and vicinal contributions are all of the same sign 
for the ~ ( 6 6 6 )  isomer, whereas for the ~ ( 6 6 6 )  isomer the 
mixed configurational-conformational contribution has 
a sign opposite to the signs of the pure configurational 
and vicinal contributions. 

A similar analysis of the L(XXX) le1 and D(XXX) ob 
isomers of c o ( ( R ) - ~ n ) ~ ~ +  reveals that the signs of the 
various contributions to the net rotatory strengths are 
as follows 

- 

L(XXX) le1 D(XXX)  ob  + Pure configurational - 
Pure conformational + 
Mixed configurational-conformational + + + Pure vicinal - 

- 

It is predicted that  the largest net rotatory strength 
should be exhibited by the D(XXX) ob isomer of Co((R)- 

This result is in agreement with the experi- 
mental CD data on the complex ions, d - [ C ~ ( ( R ) - p n ) ~ ] ~ +  
and Z - [ C O ( ( R ) - ~ ~ ) ~ ] ~ + ,  which have the D ( X X X )  and 
L(XXX) isomeric forms, r e s p e c t i ~ e l y . ~ ~ ~ ~ ~ ~ ~ ~  

In all the tris complexes considered so far, the ligating 
atoms were assumed to be located a t  the vertices of a 
regular octahedron so that  the MA6 cluster possessed 
exact Oh symmetry. The dissymmetry in these struc- 
tures originates solely from the nonligating parts of the 
complexes. In  structures l i  and l j  the ligating atoms 
are displaced from their octahedral positions and in 
both cases the MAB clusters are themselves dissym- 
metric, each possessing only trigonal-dihedral ( 0 3 )  

symmetry. To describe these deviations of MA6 from 
the octahedral geometry i t  is not sufficient merely to 
specify the A-M-A angles in each chelate ring.50 One 
must also characterize the distortions in terms of the 
polar angles 811 and azimuthal angles +A of each ligator 

(48) A. J. McCaffery, S. F. Mason, and R. E. Ballard, J .  Chem. Soc., 

(49) Reference 35, Table 5-5. 
2883 (1965). 

(47) E. J. Corey and J. C. Bailar, .I. Amev. Chem. Soc., 81, 2620 (1959). 
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r 

XY 
Z(X2 - Y2) 
xz 
Y(Z2 - XZ) 
YZ 
X( Y2 - ZZ) 

I - 
1 2 s a )  

TABLE IV 
I1 

3 4 S(I1) 

e3 vs e + vs + + + 
B e - vs e E? vs + + + + 

Ig, ~(668) Isomer (lel) 

- - - 

Ih, ~(666) Isomer (ob) 

atom as measured with respect to a trigonal-coordinate 
system (in which the Z axis is coincident with the C3 
axis of the trigonally distorted MA6 cluster)." In  
octahedral MA6, the polar angle is 54.7" for three of the 
ligator atoms and is 125.3" for the other three, and the 
six azimuthal angles are given by +A = + ( 2 n  + l ) n / 6 ,  
n = 0 ,  1 ,  2 (see ref 17 for a more detailed description). 
The difference (+A - +A'), where A and A' label the 
two ligators of the same chelate ring, is referred to as 
the twist angle w . ~ O  If the polar angles are 125.3" > 
e A  > 54.7", the MA0 cluster is said to  be compressed 
along the trigonal axis. If 125.3" < @A < 54.7", the 
MA4s cluster is said to be elongated along the trigonal 
axis. In  structure li,  w < 60" and the MA5 cluster is 
compressed along the trigonal axis. Structure l j  is 
elongated along the trigonal axis and w > 60". 

The signs of the functions 9a-9c for the ligating atoms 
of structures l i  and l j  are given in Table V. The signs 

TABLE V 
--I--- 711 - -  
1 2  3 4  

l i ,  w < 60", Compressed 
XY - - 0 0  
Z(X* - Y2) 0 0  + +  
xz 0 0  + +  
Y(Z2 - X2) - - 0 0  
YZ 0 0  0 0  
X(Y2 - ZZ) - - - - 

--III-- 
5 6  

0 0  + +  
0 0  

+ +  
0 0  

- - 

I j ,  w > 60°, Elongated 
0 0  0 0  XY + +  

Z(X2 - YZ) 0 0  + -  
0 0  - - 0 0  xz 

Y(Z2 - X*) - +  0 0  + +  
YZ 0 0  0 0  
X( Y2 - Z2) - +  + -  

- - 

- - 
0 0  

of the allowed [ V'g, V',] pair combinations suggest that  
the signs of the net CD observed for the d-d transitions 
in complexes with structures l i  and l j  should be identi- 
cal. Furthermore, we note that all 24 nonzero pair 
combinations for structure l i  are negative in sign, 
whereas there are 16 negative and 8 positive pair 
combinations for structure 1 j .  The resulting partial 
cancellation of contributions to the net rotatory strength 
of structure I j  leads to the prediction that the net opti- 
cal activity due to  inherent configurational dissymmetry 
in the MA6 cluster will be larger for trigonal complexes 
which are compressed along the trigonal axis and in 

111--- 
5 6 S(II1) 

€3 CE vs - vs + + + 
@ B vs 

+ + + 
G3 e3 - vs 

- vs - - - 

Figure 3.-Structure of u-cis-(+ )~ - [Co(d ien )~]  3c. 

.N" 

b. - a. - 
Figure 4.-Optical isomers of trans- [Co(dien)~] + 

which w < 60" than for trigonal complexes which are 
elongated along the C3 axis and in which w > 60". 

B. Bis Complexes with Symmetric Tridentate 
Ligands, M(AAA)2.--We shall only consider one co- 
ordination compound in this class : Co(dien)Z3+, where 
dien diethylenetriamine. Three geometric isomers 
of C ~ ( d i e n ) ~ ~ +  have been isolated.51 Two of these 
isomers have Cz symmetry-the unsymmetrical cis 
(u-cis) form and the trans form-and each has been 
resolved into its optical antipodes.51 The one optical 
isomer of u-cis- [ C ~ ( d i e n ) ~ ] ~ +  is shown in Figure 3 ,  and 
both optical isomers of trans- [Co(dien)2I3+ are shown 
in Figures 4a and 4b. Keene, Searle, and Mason52 have 
reported the CD and absorption spectra of these com- 
plexes and have assigned a D(A) configurational chirality 
to the u-cis isomer shown in Figure 3 .  

First, we consider the configurational optical activity 

(51) F. R Keene, G H Searle, Y. Yoshikawa, A Imai, and K Yamasaki, 

(52) F. R Keene, G H Searle, and S. F Mason, rbsd , 893 (1970) 
Chem. Commun., 784 (1970). 

(50) K.  R.  Butler and M. R. Snow, Jnoug.  Chem., 10, 1838 (1971) 
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of the u-c i s - [C~(dien)~]~+ isomer shown in Figure 3 .  
We shall assume that  the CoNB cluster has regular Oh 
symmetry so that  the only source of dissymmetry is the 
distribution of chelate bridging atoms about the metal 
ion. The Cz axis of the complex is defined by 2-’/2. 
(X + Y). The perturbation operators V’, and V’, 
must each be invariant to 180” rotation about this axis. 
We designate these operators by V’g = V’,({) + 
2-’/2[V’,(0) - V’,(E)] and V’, = V’,({) + 2-1/2. 
[V’,(v) - Vu(E)l, where the V’g(t), V l g ( d ,  V’g(E), 
V’,({), V U ( q ) ,  and V’,(i) functions transform as xy, 
xz, yz, z(x2 - y2), y(z2 - x2), andx(y2 - zz), respectively. 
The appropriate pair combinations for determining the 
sign of the net d-d rotatory strength are, therefore, 
[v’g(f)j V’u(C)lj [ v ’ g ( q ) ,  V ‘ u ( ~ ) l j  and [V’g(E), v’u(E) l .  
The signs of these pair combinations for each chelate 
ring of the u-cis-[Co(dien)2I3+ isomer shown in Figure 
3 are given in Table VI. Six of the ten nonzero pair 

TABLE VI 
---Chelate rings--- 

a b C d 

0 - 0 X Y  - 
0 Z(X2 - Y2) 0 

X Z  0 0 0 
Y(Z2 - XZ) - + + 0 
YZ 0 + 0 0 
X (  YZ - ZZ) - 

- - 
- 

- 0 + 
combinations are positive, and the net rotatory strength 
is predicted to be positive. The configurational effect 
in the D isomer of C ~ ( e n ) ~ ~ +  was also predicted to con- 
tribute a positive net d-d rotatory strength. Based on 
our model, therefore, i t  would seem reasonable to 
assign a D(A) chirality to the structure shown in Figure 
3 .  Keene, et al.,52 based their assignment on ring- 
pairing relations. The positive sign of the net d-d 
rotatory strength predicted from our model is in agree- 
ment with the experimental CD spectrum reported by 
Keene, et al.j2 

In considering the two stereoisomers of trans- [Co- 
(dien)zI3+ which are shown in Figures 4a and 4b, we 
first note that  if the CoNG cluster were regular octa- 
hedral, the chelate rings were planar, and the central 
nitrogen atom of each ligand were unsubstituted (;.e.> 
no hydrogen atom attached), then the overall sym- 
metry of the complex would be Dz, and i t  would be 
optically inactive. This suggests that  there can be no 
configurational effect in the trans- [Co(dien)2I3+. How- 
ever, because of the fact that  the chelate rings are puck- 
ered (one in each ligand with a 6 conformation and one in 
each ligand with a X conformation) and because of the 
hydrogen substituents on the two central nitrogen 
atoms, the true symmetry of the complex is Cz. The 

[Vg($) ,  V’,($)] pair combinations for the structure in 
Figure 4a are given in Table VII, where the signs for 

signs of the [v’gw, V’u(f)l, [V’dd ,  V ’ d d l ,  and 

TABLE VI1 
-Chelate rings and hydrogen substituents- 

a H b c H ’ d  

XY 0 0 0 0 0 0  
Z(X2 - Y2) + - + + - +  
X Z  + o  - 0  - 0  
Y(Z2 - X 2 )  + - + - t o -  
YZ 0 - 0  - 0  + 
X( Y2 - 2 2  ) - o + + - +  
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I 

I H 

CI - 
Figure 5.-Structure for complexes I (R1 = methyl, R2 = H), I1 

methyl), and 111 (R’ = R2 = methyl). (R’ = H, R2 = 

rings a-d were obtained by summing over both bridging 
atoms in each ring. We note that the central N -  
hydrogen substituents are responsible for the net VIg, 
However, both the ring bridging atoms and the central 
N-hydrogen contribute to V’u, but with opposite signs. 
If the magnitude of the product [ V’,(hydrogens)]. 
[ V’,(rings) ] is larger than that of [ V’,(hydrogens) ] e 

[ V’,(hydrogens) 1, then a negative net rotatory strength 
is predicted for the isomer shown in Figure 4a. If the 
relative magnitude of these products is reversed, then a 
positive net rotatory strength is predicted for this 
isomer. Due to  the closer proximity of the ring bridging 
atoms to the metal ion than to the central N-hydrogen 
substituents, i t  might be expected that  I V’u(rings)l > 
1 V’,(hydrogens)I and that  the isomer in Figure 4a will 
yield a negative net d-d rotatory strength. Keene, 
et al.,52 call this the trans-A-NH isomer of C ~ ( d i e n ) ~ ~ * .  

C. Trans Bis Complexes with Symmetric Bidentate 
Ligands, trans- [M (AA)zXz].-From this class of com- 
pounds we select three complex ions whose d-d circu- 
lar dichroism spectra have been thoroughly studied 
by Mason,32 by hawk in^,^^ and by Saburi, et al.54 
These complexes are as follows: trans,trans-dichloro- 
bis (N-methylethylenediamine)cobalt(III) [Co(Meen)2- 
Clz] + (I) ; trans-dichlorobis((S)-propy1enediamine)co- 
balt(III), [C0((3)-pn)~Cl~]+ (11) ; trans-dichlorobis- 
(N-methyl-(3)-propylenediamine)cobalt(III) (111). 
Structures for these complexes are displayed in Figure 
5 .  Each of the structures shown in Figure 5 has C2 
symmetry, the symmetry axis being coincident with the 
2 axis. Of the six sector rules given in (Sa-c) and 
(9a-c), only (8c) and (9c) are appropriate for this 
symmetry since only the functions which transform as 
TIg(Z), TI,(Z), Tzg(r), or Tzu({) under the oh group 
operations are invariant to 180’ rotation about the 2 
axis. In  the following analysis only expression 9c will 
be used. It is easy to demonstrate that  expression Sc 
leads to the same qualitative results but that the mag- 
nitudes of the associated crystal-field potential energy 
terms are much smaller. 

The signs of the X Y  and Z ( X 2  - Y z )  functions for 
the perturber sites in compounds 1-111 (shown in 
Figure 5 )  are given in Table VIII, where only the 
principal perturber sites on ring 1 of each complex are 
included (since the signs for the corresponding perturber 
sites on ring 2 are the same). Note that  only the 
hydrogen atoms which occupy positions axial to the 
ring are listed since the equatorial hydrogen atoms all 
lie very near to the nodal planes of the functions XY 

(53) C. J. Hawkins, Chem. Commun., 777 (1969) 
( 5 4 )  M. Saburi, Y. Tsujito, and S. Yoshikawa, Inorg. Chem.,  9, 1476 

(1970). 
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TABLE VI11 
,--rr-- 

Z(X2 - 
XY YZ) 
0 
0 0 + +  + -  + +  
0 

- 

- 

---rrr-.- 
Z(XZ - 

XY Y*) 
0 - +  + +  + -  + +  
0 

- 

- 

and Z ( X z  - Y z ) .  If, in the Meen (I) and Mepn (111) 
complexes, the N-methyl groups are the principal per- 
turber groups, then V’,(net) < 0, V’,(net) > 0, and the 
net sign is - .  For complex 11, V’,(net) > 0, V’,(net) 
< 0, and the net sign is again -. The net d-d rotatory 
strength is predicted, therefore, to be negative for all 
three complexes, 1-111, shown in Figure 5. This result 
is in agreement with the experimental CD data reported 
by Mason32 and by Saburi, et al.j4 

An additional feature of the CD spectra observed for 
complexes 1-111 needs to be explained, however. 
Whereas the sign pattern in the CD spectra (from 700 
to  400 nm) of complexes I and I11 is + - + (net -) 
for the E(Tlg),  A(Tl,), and E(T2,) bands, the sign pat- 
tern for complex I1 is - + + (net -). It is nearly 
certain that the relative energies of the A and E com- 
ponents of the TI, exicted state are not altered. In- 
stead, i t  appears that  the first-order contribution to 
the rotatory strengths of the E band in complex I1 is 
opposite in sign to the first-order rotatory strength of 
the E band in complexes I and 111. The same altera- 
tion in sign would also occur for the A band since the 
sum of the first-order rotatory strengths must vanish 
(or be vanishingly small) on our model. The sign of 
the first-order contribution is determined by the sign of 
Vu, whereas the sign of the second-order rotatory 
strength and of the net d-d rotatory strength is deter- 
mined by the sign of the product function V’,V’,. 
For complexes I and 111, V’, > 0 and V g V ’ ,  < 0;  
for complex 11, Vu < 0 and V’,V’, < 0. 

Unlike the tris complexes of bidentate ligands and the 
bis complexes of tridentate ligands, the trans bis com- 
plexes of diamine ligands are somewhat more labile 
conformationally. For this reason, the application of 
sector rules for extracting stereochemical information 
from the sign pattern of CD spectra is subject to con- 
siderable ambiguity for the complexes considered in this 
section. 

D. Tris Complexes with Unsymmetric Bidentate 
Ligands, M (AB)3.-From this class of compounds we 
consider the four isomeric tris complexes formed by 
Co(II1) and a-amino acids. Two of these isomers are 
commonly referred to as meridional or a forms and the 
other two are called facial or /3 forms. The four stereo- 
isomeric structures of the tris complex of L-alanine with 
Co(II1) are shown in Figure 6. We consider first the 
/3 isomers shown in Figures 6c and 6d. For these 
structures, the obvious sector rule expressions to use are 
(8a-c) since the largest perturbations on the zeroth- 
order Oh crystal-field are expected to arise from the elec- 
trostatic or electrodynamic dissimilarities between the 
ligating amino groups and the ligating carboxylate 
anions. These perturbations will transform as X ,  Y ,  
or 2 depending on which (0-, N) pairs are considered. 
In  other words, the dissimilarities between the ligating 
N atoms and the ligating 0.- io!is are expected to pro- 

TRANS-D TRANS-L 

b. - 

d. - C. - 
Figure 6.-Isomeric structures of tris(L-a1aninato)cobalt 

(a) trans-r, or a isomer; (b) trans-L or a’ isomer; (c) (111): 
cis-D or 

vide the largest ungerade parts (V’,) of the perturba- 
tion, and these transform as X, Y, or 2. Each /3 isomer 
of Co(~-ala)3 is assumed to have exact C3 symmetry so 
that the lowest order term in V’,l transforms as 3’I2(X + 
Y + 2). The lowest order term in V’, which, when 
combined with V r U j  yields expressions 8a-c transforms 
as 3’/’[YZ(Yz - Z z )  + X 2 ( Z 2  - X z )  + X Y ( X z  - 

T o  ascertain the signs of the net d-d rotatory 
strengths for the D-cis and t-cis isomers shown in 
Figures 6c and 6d, me first partition the ligand environ- 
ment of the metal ion into nine principal perturber 
groups and then apply expressions %a-c. The car- 
boxylate groups are represented by A, R, and C ,  the 
amino groups by NA, NB, and Nc, and the C,HCI& 
groups by A’, B’, and C’. The signs of the terms in ex- 
pressions 8a-c for these perturber groups can be deter- 
mined from Table IX.  The encircled signs indicate 

isomer; (d) cis-L or 0’ isomer. 

YZ) I .  

A 
NA 
B 
N B  
C 
KC 
x ’ 
B‘ 
C’ 

A 
X A  
B 
NB 
C 
KC 
,4 ’ 
B‘ 
C’ 

X 

€3 - 
0 
0 + 
0 

@* 
@ 

+ 
0 

- 

e - 
0 
0 
@ 

0* 
- 

TABLE IX 
Y z- xz- 

(YZ - ZZ) Y (ZZ - XZ) 
D-Cis or 0 Isomer 

0 + 0 
0 0 0 e 0 

0 
+ 
0 
0 0 + 
0 0 0 
e* CE @* e* e* @* - 
L-Cis or p‘ Isomer 

0 0 0 
0 0 

0 0 
0 0 0 + 0 
0 0 0 

a* @* 
$4: e* + + CE @ *  

- 

- - 

- 
- 

- 
- 

2 

0 
0 + 
0 
0 

@ *  
@ 

- 

- 

0 
0 + 
0 
a 
e* e 
- 

- 

xz- 
x2 - YZ) 

+ 
0 
0 
0 
0 
0 

e* 
CE* 

- 

- 
0 
0 
0 
0 
0 + 
@* e* 

that  the magnitudes of the corresponding terms in the 
potential energy expression are small due to the per- 
turber sites being located very near a nodal plane. The 
signs marked with asterisks correspond to terms which 
would be zero if the a carbons were not asymmetric 
centers ( i e . ,  these terms would be zero for Co(g1y)~). 
We have assumed chelate ring planarity. 



DISSYMMETRIC SIX-COORDINATE Co(II1) COMPLEXES 

So far in our applications of expressions 8a-c and 
9a-c to the net d-d rotatory strengths of chiral six- 
coordinate Co(II1) complexes we have been able to 
ignore the signs of the charge parameters, Qgj for the 
perturber sites p (see eq 3) .  In the present case, how- 
ever, we must make explicit assumptions about the 
signs of these parameters. If the Co03N3 cluster of 
cis-Co(~-ala)3 contributes a term to V’, which trans- 
forms as 31/2(X + Y + Z), and the 0 atoms are lo- 
cated along the positive x, Y,  and Z axes and the N 
atoms along the negative X ,  Y ,  and Z axes, then the 
Co-0 and Co-N interactions must be assigned charge 
parameters which are opposite in sign. If we assign 
Q < 0 for all Co-A, -B, and -C interactions and Q > 0 
for all Co-A’, -B’, -C’, -NA, -NB, and -Nc interactions, 
then we must change the signs for all entries in the 
above tables for perturbers A, B, and C. Ignoring the 
encircled signs, we find that the net sign of the allowed 
pair combinations [ Illg, V’,] for the D-Cis isomer is +, 
and the net sign for the L-cis isomer is -. These re- 
sults pertain only to the configurational contributions 
to the net d-d rotatory strength. To determine the 
signs of the vicinal effects, we must construct the pair 
combinations which include a t  least one asterisked 
quantity. The vicinal effect for both the D-cis and L- 
cis isomers is - . 

In summary, the signs of the d-d rotatory strengths 
for the D-Cis and L-cis isomers of Co(~-ala)3 are pre- 
dicted to be 

D-cis ( B )  L-Cis (8’) 
Configurational 
Vicinal 

+ 

The net d-d rotatory strength is predicted to be nega- 
tive for the L-cis isomer and positive for the D-cis 
isomer. Furthermore, the absolute magnitude of the 
net d-d rotatory strength of the L-cis isomer is pre- 
dicted to be larger than that of the D-cis isomer, the 
difference between them being equal to 2 times the 
vicinal effect contribution. These results are in agree- 
ment with the experimentally observed CD spectra of 
the D-cis and L-cis isomers of C o ( ~ - a l a ) 3 . ~ ~  The L-cis 
isomer exhibits a net negative CD spectrum in the d-d 
region which is more intense than the net positive d-d 
spectrum exhibited by the D-cis isomer.56 Additional 
experimental evidence that the vicinal and configura- 
tional contributions to the rotatory strength are of like 
sign for the L-cis isomers but of opposite sign for the 
D-cis isomers is presented in the work of Shibata, 
Nishikawa, and N i ~ h i d a ~ ~  on the complexes D- [Co(L-Val)- 
(gly)~],  ~ - [ C o ( ~ - v a l )  (gly)~],  D-[Co(L-va%(gly) 1, and D- 
[Co(L-val)2(L-ala) 1, where L-Val = L-valinato anion. 
Among these complexes, the L isomer exhibits the most 
intense d-d CD (negative in sign), and the net CD in- 
tensities (all positive in sign) of the D isomers decrease 
as the number of asymmetric centers increases. That 
is, D- [Co(L-val)z(L-ala)] exhibits the least intense and 
D- [Co(L-Val) ( g l ~ ) ~ ]  the most intense net positive CD 
among the D isomers. These results suggest that the 
vicinal and configurational effects have like signs in the 
L isomer but opposite signs in the D isomers. 

Based on the sector rule expressions Sa-c, the vicinal 
effect contributions to the net d-d rotatory strength of p 

( 5 5 )  R. G.  Denning and T S Piper, Inovs Chem , 5, 1056 (1966). 
(56) M Shibata, H. Nishikawa, and Y Nishida, zbzd., 7, 9 (1968). 
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isomers by D-amino acids should be opposite in sign to 
those of L-amino acids; that is, the vicinal contribution 
should be positive in sign. There is no definitive ex- 
perimental evidence that this is, indeed, the case. 
However, the CD spectra of L- [Co(L-val)z(D-ala)] and 
of D- [Co(L-ala)L(D-ala) 1 are suggestive of the accuracy 
of this p r e d i ~ t i o n . ~ ~  

The two meridional or a forms of Co(~-ala)3 are shown 
in Figures 6a and 6b. As in the p isomers, the Co- 
O3N3 cluster in the a isomers is noncentrosymmetric. 
However, whereas the Co03N3 cluster in the p isomers 
is devoid of inversion symmetry a t  the metal ion in the 
X, Y, and Z directions, the Co03N3 cluster of the a 
isomers lacks inversion symmetry a t  Co in only one di- 
rection. One expects, therefore, that an ungerade 
“crystal field” V’, which transforms as 3’/’(X + Y + 
Z)  would be considerably weaker in the a isomers than 
i t  is in the p isomers. Assuming this to be the case, the 
appropriate sector rule expressions for the a isomers of 
Co(~-ala)3 are expected to be (9a-c), rather than (sa-c). 
Application of (sa-c) to the trans-D (or a )  and trans-L 
(or a’) isomers of C o ( ~ - a l a ) ~  leads to the results 

Trans-D (a) Trans-L (a‘) 
- Configurational + 

Vicinal + + 
For the a forms of C o ( ~ - a l a ) ~ ,  we predict that  the 
trans-D ( a )  isomer will exhibit the more intense net d-d 
CD since for this structure the configurational and 
vicinal effects make contributions of the same sign. 
The trans-r, (a’) isomer is expected to show a less in- 
tense net d-d CD. These results are in qualitative 
agreement with the experimental CD studies on the a 
forms of Co(~-ala)s reported by Denning and Piper.55 

V. Discussion 
The principal objective of this study was to develop 

a procedure by which the observables of the d-d cir- 
cular dichroism spectra of chiral, six-coordinate Co- 
(111) complexes could be correlated with specific stereo- 
chemical features of the ligand environment. The 
procedure which resulted from this study relates the 
sign of the total or net d--d rotatory strength (or the sign 
of the algebraic sum of the d-d CD band areas) to the 
distribution of ligand perturber sites (atoms or groups 
of atoms) about the metal ion. The theoretical under- 
pinnings of the procedure are provided by the ligand- 
field theory of d-d spectroscopic states in metal com- 
plexes and by the one-electron theory of optical activity 
in symmetric chromophores. The unperturbed chro- 
mophoric group, CoLe, is assumed to possess exact Oh 
symmetry so that any optical activity observed in the 
d-d transition must arise from chiral perturbations on 
the d-d states from extrachromophoric source. 

Application of first-order perturbation theory to this 
problem yields a relationship between net d-d rotatory 
strengths and ligand geometry which exhibits an R,-’O 
dependence on metal-perturber radial distances and 
which requires (on the ligand-field model) that the basis 
orbitals on the metal ion include a Yym function. 
Taking the perturbation treatment to second order in 
the wave functions, the electric and magnetic transition 
dipoles, and the rotatory strengths, a relationship be- 
tween the net d-d rotatory strength and ligand geom- 
etry was discovered which requires only s-, p-, and 
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d-type orbitals on the metal ion and which exhibits 
only an R,-3R,-4 dependence on metal-perturber 
radial distances (where p and p’ label perturber sites 
and p = p ’  or p Z p ’ ) .  First-order contributions to  the 
net d-d rotatory strength are negligible due to  the 
steep inverse dependence on R, and the necessity of in- 
cluding Y7m functions in the basis set for the spectro- 
scopic states of the metal ion. Second-order contri- 
butions will completely determine the signs and mag- 
nitudes of net d-d rotatory strengths. 

I t  must be pointed out that  first-order contributions 
generally dominate the rotatory strength parameters of 
individual d-d transitions (or the components of de- 
generate d-d transitions), although their sum over the 
complete manifold of d-d transitions is vanishingly 
small. If i t  were always possible to resolve and cor- 
rectly identify the individual d-d transitions in chiral 
complexes, then a spectra-structure relationship based 
on the sign and intensity of just one CD band would be 
preferred over a relationship based on the sign and 
magnitude of the net CD. It is generally the case, 
however, that  band assignments cannot be made 
without serious ambiguities. With the exception of a 
few complexes in which the IA1, += IT*, and first 
charge-transfer bands overlap, i t  is usually a simple 
matter to determine the net CD associated with the d-d 
transitions of Co(II1) compounds. 

Complete neglect of the first-order contributions to  
the net rotatory strength of six-coordinate Co(II1) 
complexes implies rejection of the so-called octahedral 
sector or regional rule, X Y Z ( X 2  - Y 2 ) ( Z 2  - P). 
(Zz - X z ) .  We do not reject the utility or possible 
reliability of this rule in obtaining stereochemical in- 
formation from CD spectra; rather, we assert that  such 
a rule has no obvious theoretical basis in the onc-elec- 
tron, static-coupling theory of optical activity or in 
ligand-field theory. This octahedral regional rule has 
been used with some success in interpreting the CD 
spectra of several classes of Co(II1)  system^.'^,^' 
However, its generality is somen-hat questionable due 
to  its apparent failure when applied to tris complexes 
with planar, unsubstituted, symmetric bidentate lig- 
ands (e.g. ,  CO(OX)~~- - ) .  

The sector rules which apply to the second-order con- 

tributions to the net d-d rotatory strengths appear to 
have general applicability, although their application 
is not as simple as that  of the first-order octahedral 
rule. Use of expressions 8a-c and Sa-c as sector rules 
requires that the positional coordinates of pairs of per- 
turber sites be considered rather than the coordinates of 
just one site a t  a time. IYhen, for a given complex, 
there are pair combinations [V’,, V’,] which have op- 
posite signs, one must decide upon the relative mag- 
nitudes of the opposing contributions. This can be 
done either on the basis of relative metal-perturber 
radial distances or by estimating the relative magni- 
tudes of the perturber charge parameters, Qp.  

The systems considered in section IV represent only 
a small number of the Co(II1) complexes to xhich ex- 
pressions 8a-c and 9a-c can be applied reliably a5 
sector rules. Except for those systems in which there 
are strong ungerade distortions within the CoL8 cluster 
(such as there are in the C003N3 cluster of ~ - C O ( L -  
& ) a ) ,  the rule given by expressions 9a--c is the pre- 
ferred one and is most generally applicable. From the 
results given in section IV it appears that  the second- 
order mixed sector rules can be used successfully to 
ascertain the qigns of the rotatory strengths contributed 
by various “sources” or “kinds” of dissymmetry in the 
ligand environment. For example, the difference in 
the absolute magnitudes of the net CD observed for the 
D ( X X X )  and L(XXX) isomers of c ~ ( ( X ) - p n ) ~ ~ ~  can 
be explained in terms of the relative signs of the con- 
figurational, conformational, and vicinal effects in these 
complexes. A similar explanation is provided for the 
observed difference in net CD intensities of the p-Co- 
 ala)^ and p’ -Co(~-a la )~  complexes. 
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