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The r-electron densities calculated for the ground is mainly caused by the electrostatic attraction of 
metal charge. The total electron number transferred 
from the metal 3 d r  AO’s to three ligands through the 
mixing of the CT configurations is 0.236. The incre- 
ment of electron density on each 2pn A0 of the ligand 
is, however, very small because the transferred electron 
density is distributed on a large number of 2pn -40’s. 

states of the free and coordinated molecules are shown 
in Table IV. It is clear that  the 7r-electron distribu- 
tions in the cis and trans forms of free a,a’-dipyridyl 
are almost equal to each other whereas the coordinated 
molecule has an extremely different electron distribu- 
tion from that of the free molecule. This difference 
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Rotational strengths due to  the x-electron transitions of optically active dihedral metal complexes containing organic un- 
saturated molecules as ligands were theoretically studied by calculating directly magnetic transition dipole moments. The 
observed CD bands due to the n-n* transitions within the ligand n-electron systems could well be explained by the present 
theoretical treatment which used the wave functions evaluated by the composite-system method. The absolute configura- 
tion of optical isomers could be determined by comparing the theoretical results with the observed CD signs of the ligand 
n-~* transitions. The rotational strengths due to the metal-ligand charge-transfer transitions appearing in certain a,a’-di- 
pyridyl and o-phenanthroline complexes were also examined from the theoretical point of view. Two of the three charge- 
transfer transitions at the 500-mp region were shown to have large rotational strengths corresponding to  the observed two 
CD bands with opposite signs, though these two transitions gave a small contribution to the electronic absorption spectrum. 

Introduction 
The basic theory of optical rotatory dispersion 

(ORD) and circular dichroism (CD) was presented by 
Condon’ and was reformulated by Moffitt and Mosco- 
witz.2 Its  application to the observed optical rotatory 
power due to the d-d transition has been made with 
successful results a t  least qualitatively.3-’ 

On the other hand, the CD or OKD due to the strong 
CT (charge-transfer) or LE (locally excited) transitions 
observed for the metal chelate compounds containing 
organic unsaturated molecules as ligands has not been 
studied so extensively because of the difficulty in their 
measurements and also because of the lack of 
reliable wave functions for this type of complexes. 
T o  our knowledge, the CD spectra of the strong bands 
have been measured so far for tris(acety1acetonato)- 
silicon(IV),8 for triscatechyl arsenate(V), 9d and also for 

(1) E. U. Condon, Rev.  M o d .  P h y s . ,  9, 432 (1937). 
(2) W. Moff i t t  and A. Moscowitz, J .  Chem. P h y s . ,  30, 648 (1959). 
(3) W. h‘foffitt, ibid., 25 1189, (1956). 
(4) S .  Sugano, i b i d . ,  33, 1883 (1960). 
(5) K. K. Hamer,  .Mol. Phys. ,  5 ,  339 (1962). 
(6) T. S. Piper and A.  Karipides, ibid., 6, 475 (1962). 
(7) M. Shinada, J .  Phrs. Soc. J a p a n ,  19, 1607 (1964). 
(8) E. Larsen, S.  F. Mason, and G. H. Searle, Acta Chem. Scand. ,  20, 

191 (1966). 

some a ,  a’-dipyridyl and o-phenanthroline complexes 
of transition metal ions.Q-ll 

We studied theoretically the electronic structures of 
some metal complexes by the composite-system treat- 
m e r ~ t . ’ ~ - l ~  In view of the success of the theory in ex- 
plaining the electronic absorption spectra of the tris- 
acetylacetonato complexes of the iron-series transition 
metal ions and also of the tris-dipyridyl, tris-o-phen- 
anthroline, and tris-a-diimine complexes of the iron(I1) 
ion, it seems to be interesting to apply our method to 
the optical rotatory pon-er due to the CT and LE tran- 
sitions of metal chelate compounds. In actuality, we 
have undertaken to study theoretically the optical 
rotatory power of S i ( a ~ a c ) ~ + ,  Fe(dipy)32f, and Fe- 

(9) (a) A. J. McCaffery, S. F. Mason, and B. J. Norman, Puoc. Chem. SOL.,  
259 (1064); (b) A.  J. McCaffery and S. F. Mason, ibid,, 211 (1963); ( c )  S. 
F. Mason and B. J. Korman,  Chem. Phys.  Lettevs, 2 ,  22(1968); (d) J ,  Mason 
and S .  F. Mason, Tetrahedron, 28,  1919 (1967). 

(10) B. Bosnich, Inovg. Chenz., 7, 178 (1968). 
(11) J, Hidaka and B. E. Douglas, ibid., 3, 1180 (1864). 
(12) I. Hanazaki, F. Hanazaki, and S. Nagakura, J .  Chem. Phys . ,  60, 265 

(13) I. Hanazaki and S.  Kagakura, Inovg .  Chem.,  8, 648 (1969). 
(14) T. Ito,  N.  Tanaka,  I. Hanazaki, and S .  Nagakura, BuU. C h e m  S u c .  

(15) T. I to ,  N. Tdnaka, I. Hanazaki, and S .  Kagakura, i b i d . ,  in press. 

(1969). 

J a p a n ,  41, 365 (1968). 
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(phen)32+.1e The main purposes of the present study 
are to understand the nature of the observed CD bands 
in detail and to determine the absolute configuration 
of the optical isomer. 

Theory 

The intensities of CD and ORD are determined by 
the optical rotatory power defined by the imaginary 
part of the scalar product of the electric and magnetic 
transition dipole moments.112 

By keeping the fact in mind that we use always the 
real wave function, it can be written as 

R ( V )  = -(e2A/2mc)(G/Q(V).(V/AlG) (1) 

where 

31, = q5 x v1 

Here, e, m, c, ti, and i are the electronic charge, mass of 
electron, light velocity, Planck’s constant divided by 
2s, and imaginary unit, respectively. The quantity 
q, is the position vector of the j t h  electron. The elec- 
tric transition moment (GI Q 1 V) accompanied by the 
transition G - V was calculated in our previous 
 paper^.'^-'^ In the following, we focus our attention 
on estimating (V 1 A 1 G) for the LE transition within 
the ligand a-electron system and for the metal to ligand 
CT transition. 

Si(acac)j+.-The assumed geometrical configuration 
and the coordinate system are illustrated in Figure 1. 
The LE wave functions corresponding to the nth transi- 
tion in the ligand a-electron system are written as12 

LE,(Az) = (3)-’/’[LEna + LEnb + LE,’] 
LE,(E) = (2)-1/2[LE,a - LEnb] ( 3 )  

LEfl(E’) = (6)-’/’[2LEnC - LE,’ - LEnb] 

for the x-polarized transition. If the nth transition is 
y polarized, the first part of eq 3 belongs to the irre- 
ducible representation AI. We use the CI (configuration 
interaction) result in ligand p ( = a ,  b, or c) for the wave 
function LE,’ 12,13 

LE,” = lJ/,-kfl.LE+.k” (4) 
i , k  

Hence 

(LE,’I AI G) = A,.  d, ( 5 )  

where d, is the unit vector perpendicular to the mo- 
lecular plane of ligand and 

A, = (2)”’ C lJ7-kn.h(i, k) ( 6 )  
t ,k  

The quantity X (i, k )  is defined as 

(16) Tris(acetylacetonato)silicon(IV), tris(dipyridyl)iron(II), and tris(o- 
phenanthroline)iron(II) are hereafter abbreviated to Si(acac)a +, Fe(dipy)a”+, 
and Fe(phcn)a’+, respectively, 

(%’I kj PtP) = a, k 1 . d ”  (7)  
where ‘pia and pica are a MO’s in ligand a.17 
an x-polarized transition 

Hence, for 

(LE,,(Az) I A 1 G) = A n .  d(An) 
(LE,(E) 1 A /  G) = -A,.d(E) (8) 
(LE,(E’) 1 A /  G )  = A,.  d ( ~ ’ )  

where unit vectors are defined as 

d(Az) = (3)-’l7(i + j + k) 
d(E) = (2)-”’(j - k) 

d(E’) = (6)-’”(2i - j - k) 
For a y-polarized transition, An vanishes as is easily 
deduced from the symmetry consideration. Hence 
there is no contribution to the rotatory power from 
the y-polarized transition. 

Similarly, the electric transition dipoles for the x-  
polarized transition are expressed as 

(LE(Az)/ Q /  G )  = -(2)‘/’Q,.d(Az) 

(LE(E’)l Q /  G )  = (2)-”’Qn.d(E’) 
( L E ( E ) ( Q / G )  = -(2)-’/’Q,.d(E) (9) 

where 

Qn = (2)‘” C lJ7-Icnp(i) k )  
r , k  

and the quantity p(i, k )  is the magnitude of ( ( P I C B [  ql 
qZp) in the x direction of ligand I.(. By use of the 
above-mentioned results 

R(LE,(Az)) = - 2R(LE, (E)) 
= -2R(LE,(E’)) 
= - (2)’/’(e2A/2rnc)Q,h, (10) 

The quantity X ( i ,  k )  can be reduced into the integrals 

Yt 
2 

\ hb 

X 5 
A B 

Figure l .-(A) The geometrical configuration and coordinate 
system of the- right-handed optically active complex. (B) 
Numbering of ligand 2 p ~  AO’s: acetylacetonate, upper; CY,(Y’- 

dipyridyl, middle; o-phenanthroline, lower. 

(17) vB = k, j ,  and i for e = a ,  b, and c, respectively. 
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over AO’s as 

h( i ,  k) = c c Ci,Ck,X(P, 4) 

(xqp/ ai xp? = ~ ( p ,  q1.d’ 

(11) 
P q  

where X(p, q) is defined by the relation1* 

(12) 

The one-center integral X(p, p) is easily shown to 
vanish. In order to calculate the two-center integral 
X(p, q) ,  we transform the coordinate system from 
(X, Y ,  Z)  shown in Figure 1 to ([,, T ~ ,  {,). The latter 
is obtained by transferring the origin from the metal 
to atom p in ligand a and by rotating the system so as 
to put atom q on the E ,  axis. If we denote the position 
of atom p as (Xp, Y,. Z,) and the angle of rotation of 
the coordinate system as OD, 

X(P, 9) = (x, sin e,, - yP COS epq)T(p, 9) (13) 

where 

The following relations can easily be proved (see the 
Appendix) 

X(q, P) = -X(P, 9) (15a) 

d q ,  P) = .(P, 9) (l5b) 

Finally, the quantity ~ ( p ,  q)  is approximated as 

~ ( p ,  q) = -1.16(n/2)Spq (16) 

where S,, is the overlap integral between AO’s xp and 
xq. The parameter 5 is defined as 

ti = (a ,  + aq) /2 (17) 

where a, and a, are the orbital exponents of 2pn AO’s 
xp and x,, respectively. The approximation in eq 16 
is discussed in the Appendix. 

Generally speaking, the inner product in eq 1 is not 
invariant with regard to coordinate transformation 
unless the wave functions are exact. It is invariant, 
however, for the present case because the wave func- 
tions employed are the bases of irreducible representa- 
tion of D3 symmetry. The proof is given in the Ap- 
pendix. 

Fe(dipy),2+ and Fe(phenlz2 +.--These species exhibit 
the CT absorption bands due to the electron transfer 
from the metal 3dn A 0  to the ligand n-electron sys- 
tem.’3>l4 The CT configuration is expressed by the 
configurational wave function of the type12t13 

cT(dl -  ‘pxa) = (2)-’/?[1 ( i i 2 Z  . ) q i 2 2 . ,  . ) h  x 
( i i 2 2 . .  .)Cdl+kdzdzd3d3~ + I ( l i 2 2 . .  . ) ”  X 

( i i22 . .  . ) b ( i i 2 2 .  . .)cpXadldZd2d3d31 1 (is) 
where dl, dz, and d3 denote 3dxu, 3d,,, and 3dzx, re- 
spectively. 

(18) The value of h(p, q) is the same for the corresponding sets of xp and 
x4 of all three ligands. Hence, hereafter, we consider ligand a without 
specification. 

In these complexes, the CT configuration interacts 
with the ground and LE configurations and also with 
the other C T  configurations. Therefore, in order to 
calculate (VI A1 G) between the ground state G and 
excited state LTj we need the matrix elements of A 
between all of these configurations. They can be sum- 
marized in the form 

(CT(d,- pk’ ) /A1  CT(d,--A’)) = - ( & I  3,l d J  (19a) 

(CT(at-p(p,”) 1 CT(d,-VL”)) = 8 p u “ ~ k ’ ’  ai PI’) (19b) 

(CT(dt-pup) 1111 LenY) = 

-8’” C Ui-tn8~~(piY1 11 d J  ( 1 9 ~ )  
i,k 

(LE,’ AI LE,’) = 8,” Lr.I-ksUj-lrn X 
i,k j , l  

M Y k &  a /  917 - 6rz(P;j 11 ‘pz”)l (194 

( G ~  AI CT(d,-pcp,’)) = (2)’”(d,i I /  pK’) (19e) 

The right-hand side of eq 19b vanishes when pk’ X 
plP is symmetric with respect to the symmetry plane 
of the ligand molecule. 

Of the integrals appearing in eq 19, (pX” 3.1 pl’) 
can be estimated in a similar way as before. The 
integral (dsl 311 d,) is of the same type as those ap- 
pearing in the calculation of the optical rotatory power 
of the d-d transition. We simply give the results in 
Table I. The integral (piill d,) can be reduced to 

TABLE IQ 
VALUES OF (d8 I a 1 d J  

da 
dr dXY d y z  d z x  

dxu 0 j -i 
d y z  - j  0 k 
dzx i -k 0 

Q The unit vectors in the  X, Y ,  and 2 directions are denoted as  
i, j, and k, respectively. 

(P;I a /  dt) = C t s ” ( ~ d /  3r.l dt) + C ~ N Y X N ~ ’ ~  d,) (20) 

where xx’ and XS,’ are the 2 p ~  AO’s of nitrogen atoms 
N and N’, respectively, in ligand I.(. The integrals 
appearing on the right-hand side of eq 20 can be re- 
duced to the overlap integrals between the metal Bdr 
and nitrogen 2pn AO’s. Hence i t  is convenient to 
express them in terms of u t  defined as 

Ut = S d N C t S  (21) 

where S ~ N  is the overlap integral betwcen ds and X N &  

and C 2 ~  is the coefficient of x N R  in M O  q t a .  The result 
is summarized in Table 11. 

The Experimental Value of R(V) .-The experimental 
value of X(V) can be obtained from the observed CD 
curve by use of the relation2,19 

(19) Moffitt and Moscowitz gave an expression for R(\? in terms of vihra- 
tional and librational states.? Since no fine structure exists in our cases, we 
take the sum over all vibrational and librational states corresponding to each 
electronic excited state and replace the sum with the integral. See also Th. 
Biirer, Helv. Chim.  Acta, 46, 212 (1963). 
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R(V) = (In 1(~)103(3~c)/(16n2N,v) (3/(rtS2 + 2)) X 
(A€ /  v) d v 

= 7.9185 X (Ae/v)dv (Az) (22) 

where N,, and u are Avogadro’s number and the wave 
number, respectively. The quantity ns is the re- 
fractive index of the solvent and is taken to be 1.33, 
the refractive index of water a t  20° ,20  because the 
solvent is always water in our cases. Ae is defined as 

= €1 - tr (23) 

where el and er are the molar extinction coefficients for 
left and right circularly polarized light, respectively. 

- 6  
~~ 

P d x u  dy  z d z x  

a --uZ.( i  i j) a , . k  i u , . k  
b u j . j  i u , . j  -u,.(k 3~ i)  
C i a , . i  - u t ’  ( j  f k )  a,.i 

a The results are given in terms of the unit vectors i, j, and k 
in the X, Y ,  and 2 directions, respectively. The quantity uL is 
defined by eq 21. The upper and lower signs correspond to the 
cases in which MO ’pi” is symmetric and antisymmetric, respec- 
tively, with respect to the symmetry plane of the ligand molecule 

Results and Discussion 
Si(a~ac)~+.-This complex ion shows an absorption 

peak a t  34,700 cm-I and a shoulder a t  33,500 cm-’. 
The observed absorption bands can safely be assigned 
to the lowest transition in the ligand r-electron system 
which splits into AZ and E components of the DS 
symmetry. Since no metal-ligand CT absorption 
band appears, the theoretical results for Al(acac)s and 
S c ( a ~ a c ) ~  seem to be applicable to this complex ion. l 2  

The theoretical consideration shows that the inter- 
action D between the transition dipoles in two ligands is 
responsible for the splitting, lowering the E component 
by D and lifting the Az component by 2 0  (D is always 
positive in the D3 symmetry). The transition energies 
and oscillator strengths calculated for the AS and E 
transitions are shown in the upper part of Figure 2 in 
comparison with the observed absorption spectrum. 
For I -Si(aca~)~+,  the two CD bands conceivably cor- 
responding to the above-mentioned absorption bands 
appear a t  33,200 and 36,300 cm-I with negative and 
positive signs, respectively.8 

In order to calculate the matrix elements of A be- 
tween the ground state and the above-mentioned two 
excited states, let us first estimate ~ ( p ,  q) by use of 
eq 16. Assuming the Slater AO’s for the 2pn AO’s 
of carbon and oxygen atoms, eq 16 gives the follow- 
ing values: ~ ( 0 ,  CI) = ~ ( 0 ’ ~  (21’) = -0.243 au 
and 7(Cl, C2) = ~ ( C I ’ ,  C,) = -0.222 au. By use 
of them and eq 13, X(p, q)’s are calculated as fol- 
lows: X ( 0 ,  CI) = -X(O’, (21’) = 0.675 and X(C1, 
CZ) = -A(C1’, CZ) = 1.218. By use of eq 6 and 11 

(20) The average value measured at  4341, 4861, 5893, and 6563 A. 

and of the SCF-MO’s and CI coefficients for Qmetal = 
+1 ,12  A, is commonly calculated for the two transi- 
tions to be 2.308. The corresponding Qn for the elec- 
tric transition dipole moment is calculated as -1.113 
A.12 Thus, by use of eq 1, the optical rotatory powers 
for A2 and E components are obtained asz1 

R(A2) = R(E) = 6.20 X Az 
The experimental values of rotatory power can be ob- 

tained from the CD curves by use of eq 22 as follows 

R(A2) = 1.1 X 10-4 Az 
R(E) = -1.2 X 10-4if2 

Thus, the theoretical values are about 50 times larger 
than the observation. The occurrence of such a 
large discrepancy seems to be improbable in view of the 
adequacy of the approximations involved in the cal- 
culation. This is also supported by the fact that, as 
described later, the discrepancy in the rotatory power 
between the theoretical and observed values is not 
large for the LE  bands in Fe(dipy)a2f and Fe(phen)zZ+. 
One of reasons for the great discrepancy in the case of 
Si(acac)3+ is the cancellation of the two CD curves 
with opposite signs.* The occurrence of a great can- 
cellation seems to be supported by the fact that the 
splittings of the Az and E components are considerably 
greater for the CD curve (3100 cm-l) than for the ab- 
sorption curve (1200 cm-’). Another reason for 
the great discrepancy is the decrease in the observed 
rotatory power due to the partial racemization of the 
optical isomer during the purification and other treat- 
ments. I n  fact, the crude product before recrystal- 
lization gives a higher CD value than that reported by 
‘Larsen, et al. 22 The theoretical results are schematically 
illustrated in Figure 2 in comparison with the observed 
CD and absorption spectra. 

The absolute configuration of the complex ion can 
be determined from the comparison of the theoretical 
CD sign with the experimental one. There is no 
question about the assignment of Az and E transitions 
in the absorption spectrum. Hence i t  is clear that 
the right-handed optical isomer shown in Figure 1, 
for which the present calculation is made, corresponds 
to the l-Si(acac)~+ isomer the CD measurement of 
which was made by Larsen, et al. Our conclusion 
agrees, a t  least qualitatively, with the previous one8 
which is based on the simple SCF-MO calculation. 

Fe(dip~)~~+.-The wave functions of ground and 
excited states were obtained by the composite type of 
CI calculation among the ground, LE, and C T  con- 
figurations. The calculated transition energies and 
oscillator strengths could well explain the observed 
electronic absorption spectrum.I3 By use of these 
wave functions and assuming the molecular configura- 

(21) Equation 1 gives half of this value for the transition to each of the 
We take here the sum of them which degenerate components of the E state. 

seems to correspond to the observation. 
(22) T. Ito, private communication. 
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Figure 2.-The electronic absorption (upper) and circular 
dichroism (lower) spectra of Z-Si(acac)a+. The theoretical re- 
sults for the right-handed optical isomer arc indicated by 
vertical lines. 

tion shown in Figure 1, the matrix elements of A are 
calculated as follows. 

Assuming the Slater AO's again for the ligand 2 p s  
AO's 
T ( C ,  S )  = -0.201 au 
T(C,  C )  = -0.238 au (for the neighboring carbon atoms of 

the pyridine ring) 
(for (26 and (26' atoms) T(C,  C)  = -0.195 au 

From these, X(p,q)'s are calculated 
X ( S ,  C,) = -0.549 X(C2, C,) = 0.779 
h(Cs, Cq) = 1.970 X(Ca, Cj) = 1.733 
X(Cs, Ca) = 0.304 X(C8, N )  = -0.750 
~ ( C S ,  Ca') = 0.976 

The integral values for the primed atoms can be ob- 
tained by changing the signs of the corresponding inte- 
grals between unprimed atoms. By the aid of the 
above X(p, q)  values, the matrix elements of A given 
in eq 5 ,  19b, and 19d can be evaluated. 

Another necessary quantity is u i  defined in eq 21. 
If we assume the double-< AOZ3 for the metal 3d7r 
A 0  and the Slater A 0  for the nitrogen 2pa AO, the 
overlap integral S ~ N  is determined to be 0.0784 from 
the table of JaffC.24 By use of Cis's obtained previously 
by the SCF calculation for Qmetal = 0,13 ui's are de- 
termined 

U I  0.0331 ug -0.0361 
8 3  = -0.0330 ~4 = 0.0244 
us = 0.0229 uc = 0.0065 
u, = -0.0268 U8 = 0.0222 
U Q  = -0.0075 U I O  -0.0030 

These results, together with those given in Table I, 
allow us to calculate the matrix elements of A between 

10-'dcrn" ) 

Figure 3.-The electronic absorption (upper) and circular 
dichroism spectra of (+  )-Fe(dipy),*-. The circular dichroism 
spectra measured by Hidaka and Douglas and by McCaffery, 
et al., are shown by solid and dotted curves, respectively. The 
theortical results for the right-handed optical isomcr are indi- 
cated by vertical lines. 

several electron configurations. Furthermore, the ma- 
trix elements between the ground and lower excited 
states are obtained from the above-mentioned matrix 
elements and from the coefficients of the configurations 
determined by the composite-system calculation. l a  

The matrix elements of Q were calculated in the pre- 
vious paper.13 Therefore, the optical rotatory powers 
due to the lower transitions are easily calculated by 
use of eq 1. The results are summarized in Table 111 
and illustrated in Figure 3 .  

The LE transitions to V7(E) and Vg(A2) are pre- 
dicted to show large optical rotatory powers with 
negative and positive signs, respectively. This result 
is in good agreement with the observation for the (+) 
isomer in its signs and order of magnitude. As was 
discussed in the previous paper,I3 the order of energies 
for the V7(E) and Vs(A2) transitions seems not to 
depend on what approximation is employed in the 
calculation. Hence, we can safely conclude that (+)- 
Fe(dipy)32- observed by McCaffery, et C L Z . , ~ ~  and by 
Hidaka and Douglas" is the right-handed optical 
isomer shown in Figure 1 for which the present cal- 
culation is made. The theoretical R(V) values for 
the LE transitions are larger also for Fe(dipy)a*+ than 
the observations, though the discrepancy is far less 
than that for Si(acac)3+. A reason for the disagree- 
ment is, again, the cancellation of the two CD bands 
with opposite signs. This effect, however, seems to 
be smaller for Fe(dipy)32+ than for Si(acac)3+, as 
may be revealed from the fact that  the splittings into 
the E and Xz bands for the absorption and CD bands 
are not much different from each other (1000 and 1800 

(23) J. W. Richardson, W. C. Xieuwpoort, R. R. Powel, and W. F. cm-l, respectively). The rapid racemization of the 
Edgell, J .  Chem. Phys . ,  36, 1057 (1962). 

(24) H. H. JaffC, i b i d . ,  21, 258 (1953). complex ion in solution may be another reason for the 
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TABLE I11 
THEORETICAL AND EXPERIMENTAL OPTICAL ROTATORY POWERS DUE TO THE LOWER ELECTRONIC TRANSITIONS IN Fe( dipy)r2+ 

Assign- --I--. 7 1 1 -  

Vi(E) 18.82 0.005 1 0.109 -0.184 0.078 18.0 0.36 18.4 0 .15  

Calcd----- - --- Obsda 

State Eh fC mentd (GI Q 1 V,)e,h (VnlAl G)' R(Vn)'sz Eg R ( V d  E' R(V,)' 

Vz(A3) 18.82 0,013 } CT(7) -0.254 -0.177 -0.087 21.0 -0.12 21.0 -0.12 

Va(E) 31.83 0.142 CT(8) 0.455 0.422 -0.741 25.3 0.12 26.0 0 .01  
1'6(AZ) 31.86 
V d E )  
V*(Az) 37.20 0.778 f LEI 
Vs(E) 41.44 0.069 1 0.277 

V11(Az) 41.85 0.351 -0.881 0.877 1.491 
For (+)-Fe(dipy),Z +; I and I1 are the data taken from ref 9a and 11, respectively. * Calculated transition energy in lo3 cm-l. 

c Calculated oscillator strength. d The main component of the excited state is shown. e In  A. f In  kz .  g The peak position 
in the C D  curve in 103 cm-1. h The magnitudes in the d(Az) and d(E) directions for the AZ and E transitions, respectively, are shown. 
1 The sum over degenerate components is shown for the E transition. 

V3(E) 19.04 0.306 1 0.863 0.007 -0.025 
V4(E) 31.78 0.131 0.437 0.033 -0.056 

-0,839 0.324 0.525 29 0.02 . . .  . . .  

-1.392 1.461 3.925 35.0 1.14 35.2 0.42 
35.77 0.589 0.873 1.557 -5.251 33.2 -1.27 33.3 -1.48 0.242 

0.182 -0.195 
Via(E) 41.62 0.148 } CT(9) 0.406 0.740 -1.161 39 0.12 . . .  . . .  

disagreement between the theoretical and observed 
R(V) values. 

The most noticeable result on the rotatory powers due 
to the CT transitions a t  -20,000 cm-I is that the 
transition to V3(E), which has extremely high inten- 
sity in the absorption, shows only a minor contribu- 
tion to the optical rotatory power. On the other hand, 
the other two transitions, to VI(E) and V2(A2), which 
have almost no contribution to the absorption, exhibit 
relatively high optical rotatory powers. In  view of 
this, the observed two CD peaks a t  18,000 and 21,000 
cm-' are safely assigned to the transitions to VI(E) and 
VZ(A~) ,  respectively. The 19,05O-~m-~ peak and 
20,400-cm-' shoulder observed in the electronic ab- 
sorption spectrum were assigned, as described in de- 
tail in the preceding paper, to the vibrational struc- 
ture of the transition to V3(E).13 Thus the present 
result shows that  the correspondence between the ab- 
sorption and CD bands should not be derived simply 
from the apparent similarity in their peak positions. 

I t  is difficult to compare quantitatively the theoreti- 
cal and observed CD strengths of the CD band due 
to the CT transition a t  18,000 cm-' because of the 
large discrepancy between the two measurements. l o p 1 '  

However, the CD band due to the CT transition a t  
21,000 cm-', to which the two measurements give a 
coincident result, exhibits a rotatory power close to 
the theoretical value. Generally speaking, the cal- 
culated magnitude of R(V) for the CT transition is 
less reliable than that of the LE transition, because 
the R(V) value for the CT transition is obtained as 
the result of the cancellation between the small con- 
tributions of the L E  configurations of high rotatory 
powers and the C T  configuration of relatively low 
rotatory power. The low value of R(V) for the tran- 
sition to V3(E) is due to the fact that  the CT configura- 
tion which is the main component of the Va(E) state 
has no contribution to (Va(E) I A /G)  and the mixings 
of the upper LE configurations are very small in com- 
parison with the other two CT states. 

We give here no detailed discussion on the CD 

bands appearing near 30,000 cm-I due to the second 
CT transition because no reliable CD strength can be 
obtained experimentally owing to the large disagree- 
ment between the two measurements. A comparison 
with the theoretical result indicates, however, that  
three CD bands due to this CT transition strongly 
cancel each other. 

F e ( ~ h e n ) ~ ~  +.-The calculation procedure is the same 
as that for Fe(dipy)32+. Assuming the common bond 
distance, 1.39 A, for all of the adjacent atoms, ~ ( p ,  q)'s 
are estimated as T(N, C) = -0.201 au and T(C, C) 
= -0.238 au for all of the nearest neighbor carbon 
atoms. From these and the SCF-MO's calculated for 
Qmetal = O , I 6  X(p, 4)'s are calculated 

X(N. G'I = --0..528 X(C9. c,'I = 0.770 
% - - >  -", 

X(C4, C,) = 1.708 
X(c6, N) -0.721 
h(c6, c6') 1.167 

X(C7, (27') = 2.249 

The quantity ui is also calcuyated from the SCF-MO's 
and from the S ~ N  which is determined to be 0.0901 
by use of the double-( and Slater AO's for the 3dn 
and nitrogen 2pa AO's, respectively 

~3 = -0.0340 u4 = 0.0118 
u5 = 0.0377 0'6 -0.0193 
UT = -0.0242 US = 0.0334 
U Q  = 0.0217 u10 = 0.0112 
611 = -0.0173 I712 = -0.0111 

The calculated optical rotatory powers of the lower 
transitions of right-handed F e ( ~ h e n ) 3 ~ +  are summarized 
in Table IV together with the observed values for the 
(+) isomer. 

In this complex ion, a number of transitions are 
predicted theoretically in the near-ultraviolet region 
and therefore it seems to be rather difficult to relate 
them to the observation. However, by comparing 
the calculated oscillator strength with the observed 
absorption curve and comparing the calculated R(V) 
values with the observed ones, it  can be concluded that 
the observed absorption peak a t  37,800 cm-I and 

They are also illustrated in Figure 4. 
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Figure 4.-The electronic absorption (upper) and circular 
dichroism (lower) spectra of ( +)-Fe(phen)a2 +. The circular 
dichroism spectra measured by Hidaka and Douglas and by 
McCaffery, et al.,  are shown by solid and dotted curves, respec- 
tively. The theoretical results for the right-handed optical 
isomer are indicated by vertical lines. 

shoulder a t  35,000 cm-’ which correspond, respec- 
tively, to the CD peaks at 38,300 and 36,400 cm-l 
are principally due to the transitions to V l ~ ( E )  and 
V17(A2), respectively. Besides them, there are several 
transitions predicted to appear in this region with 
moderate CD strengths. Although they cannot be 
recognized distinctly, they seem to be responsible for 
the several shoulders appearing in the CD curve. 

The nature of the visible CT transition bands for 
F e ( ~ h e n ) 3 ~ +  is similar to that for F e ( d i p ~ ) 3 ~ + .  The 
transition to V3(E), which is intense in the absorption, 
gives a minor contribution to CD, whereas the other 
two transitions to Vl(E) and V2(Az), which have al- 
most no contribution to the absorption, seem to be 
responsible for the C D  peaks at 18,500 and 22,000 
em-’, respectively. 

There were two different opinions about the absolute 
configuration of this complex ion. McCaffery, et ~ l . , ~ ”  
proposed, on the basis of “solubility criterion,” that  
(-)-Fe(phen)32+ is the same type of optical isomer 
as (+)-Fe(dipy)2+. Hidaka and Douglas” stated, 
however, that  (+)-Fe(phen)z2+ corresponds to (+)- 
Fe(dipy)s2+ on the basis of similarity of the C D  spec- 
tra. Comparing the present theoretical result with 
the observation, it is reasonable to assign (+)-Fe- 
 hen)^^+, as well as (+)-Fe(dipy)s2+, to the right- 
handed isomers illustrated in Figure 1. This result 

is well coincident with that derived by the aid of an 
X-ray crystal analysis technique. 25 

McCaffery and Masongb measured the CD spec- 
trum of (-)-Ru(phen)Bz+. The CD bands due to  
the LE transitions appearing in the near-ultraviolet 
region are very similar to those of (+) -Fe(~hen)~Z+ 
in their shapes and signs. Hence we conclude that 
the (-) isomer of the Ru complex has the same ab- 
solute configuration (right-handed type) as the (+) 
isomer of the Fe  complex. 

Concerning the electronic absorption spectrum, the 
Ru complex exhibits the C T  absorption band in the 
20,000-cm-’ region which is very similar in its shape 
to the Fe complex. The intensity of the band of the 
Ru complex is, however, considerably higher than that 
of the Fe complex. This indicates that  the Ru com- 
plex has a higher S ~ N  value and, hence, a higher metal- 
ligand resonance integral value than the Fe complex. 
The fact that  the two complex ions exhibit opposite 
CD signs in the visible region may be understood as 
due to the difference in S ~ N  and, therefore, in the 
metal-ligand resonance integral. 26 The former con- 
tributes to  the matrix elements of A between the 
ground and CT configurations and the latter deter- 
mines the degree of the mixings of the LE configura- 
tions with the C T  configuration. This seems to mean 
that these two quantities give a great effect to the 
CD strength of the CT bands in the visible region. 

The Coupled-Oscillator Model and Determination of 
Absolute Configuration.--It seems to be interesting to 
examine the relation of the present treatment 
to the coupled-oscillator approximation. The latter 
is expected to be applicable to the LE transition when 
there is a weak, if any, interaction with the CT transi- 
tion. Let us consider the integral (LEa/ A 1G) as an 
example. If the operator A is expressed in terms of 
the xyz coordinate system (Figure 1) 

According to the coupled-oscillator model, the first 
term is dropped out and the second term is replaced as 

- (m/f iz))E.Q (25) 

where E is the transition energy, d is the distance 
from the metal to the origin of the xyz system, and 
Q is defined in eq 9. Hence 

(LEa/AIG) 1: (rn,’fi*).d.E.Q.k ( 2 6 )  

The calculation of the t\To terms in eq 24 without 
invoking eq 25 shows that the neglect of the first 
term brings about a 15% error into (LEaI A IG). The 

(25) D. H. Templeton, A. Zalkin, and T. Ueki, Acta C r y s l . ,  2 l A ,  151 
(1966), show tha t  (-)-Fe(phen)az-is the left-handed isomer. 

(26) On the other hand, since the  ‘211 strength of the LE band in the near- 
ultraviolet region should be insensitive to  S,j,,, the  optical isomers of the 
same absolute configuration should exhibit t he  ‘211 bands of the same sign 
and of similar shapes in this region. 



Vol. 8, No. 3, hfarch 1969 OPTICAL ROTATORY POWER O F  METAL CHELATES 661 

TABLE I V  
THEORETICAL AND EXPERIMENTAL OPTICAL ROTATORY POWERS DUE TO THE LOWER ELECTRONIC T R A N S I S O N S  I N  Fe(phen)32+ 

EC 

20.75 
20.75 
20.89 
29.91 
30.01 
30.09 
39.04 
40.39 
40.44 
43.66 
45.18 
45.38 
45.65 
46.17 
46.39 
46.72 
47.41 
47.63 
52.23 
53.09 

Id 
0.013 
0.030 
0.306 
0.231 
0.321 
0.113 
0,064 
0.080 
0,059 
1.706 
0.007 
0.085 
0.018 
0.129 
0.005 
0.265 
1.074 
0.378 
0.162 
0.098 

_^_____- Calcd 
Assignment’ ( G I  Q I v,)’J (v, I A I G)’ 

-0.167 0.229 
CT(8) 0.364 0.222 
CT(8) -0.823 -0.007 
CT(9) 0.598 0.479 
CT(9) -0.995 0.512 
CT(9)  0.418 -0.025 
LEI 0.276 0.129 
LE2 0.303 0.859 
LEz -0.367 0.686 
LE3 + LE4 1.345 1.633 
LE3 + LE4 0.084 -1.100 
CT(11) + LE3 + CT(10) -0.416 0.773 
CT(11) 0.136 0.598 
CT(11) f LEJ + CT(10) -0.509 0.663 
CT(11) -0.068 -0.002 
CT(10) -0.513 -1,154 
CT(10) + LE8 1.448 -2.109 
CT(10) 0.606 -0 656 
LE6 0.378 0.002 
LE5 0.414 -1.413 

R(V,JhPi  

0.148 
0.156 

-0.023 
-1.107 

0.983 
0.041 

-0.138 
-1.004 

0.485 
-8.479 

0.356 
0.621 

-0.313 
0.651 

-0.001 
-2.284 

5.898 
1.836 
0.003 
1.131 

---1a--, 

1 8 . 5  0.22 
22 .0  -0.22 

Ei R ( V q h  

26.0 0.16 

36 .4  -3.69 

38.3 2.16 

-IIb--- 
E j  R ( V d h  

1 8 . 5  0.12 
22.2 -0.16 

25 .0  0.00 

36 .8  -2.29 

38.4 0.71 

a Taken from ref ?a, where the CD curve for (-)-Fe(phen)?*+ is shown. 
For (+]-Fe(pher1)3~+, taken from ref 11. 

We show here the R(V)  values for the ( f )  isomer 
c Calculated transition energy in 103 cm-1. d Calcu- 

1 The magfiitudes in the d(A2) and d ( E )  directions for 
The sum over degenerate components is shown for the 

for the convenience of comparison. 
lated oscillator strength. 
the Az and E transitions, respectively, are shown. 
E transition. 

Main components of the transition are indicated 
p In A. In Az. 

j The peak position in the CD curve in lo3 cm-l. 

calculation by use of eq 26 gives (LE”( A IG) = 2.022 
in comparison with the present value, 2.038. Thus 
the coupled-oscillator model is a fairly good approxi- 
mation for the LE band of Si(acac)3f. The error 
brought about by the coupled-oscillator approxima- 
tion may become larger for the dipyridyl and phen- 
anthroline complexes since the size of the ligand mole- 
cule becomes larger in comparison with d.  

As was already made clear, the absolute configura- 
tion of the optical isomer can be determined by ex- 
amining the CD signs of the LE transitions. If the 
observed LE band is due to the y-polarized ligand 
H-T* transition, i t  exhibits a single absorption band 
due to the E transition and it does not contribute to 
the rotatory power a t  least in the zeroth-order approxi- 
mation. Although it gains the optical rotatory power 
through the mixing with CT configurations, its power is 
usually far less than the LE band due to the x-polarized 
H-T* transition. The latter usually exhibits extremely 
high optical rotatory power and is split into the E 
and Az components in the absorption spectrum. Fur- 
thermore, the Az component is always in the higher 
energy and twice as intense as the E c o m p ~ n e n t . ~ ~  
The coupled-oscillator model gives the following ex- 
pression for the Az transition 

(\k(A2)I AI G) E (m/ f i2)dEQ.d(Az)  

(27) I n  contrast t o  MacCaffery and Mason’s assignment which is  based 
on the Orgel’s theory (L. E. Orgel, J Chem. SOL.,  3683 (1961)), our theore- 
tical treatment shows t h a t  the principal factor t o  determine the splitting is 
t he  interligand transition dipole interaction. T h e  latter always lowered the  
energy of t h e  E component with respect t o  the A? component in  the  Da 
symmetry. 

From this and eq 9, we obtain 

which is always positive. Therefore, if the interac- 
tion with the CT configuration is weak and if the 
coupled-oscillator model gives a t  least a correct sign 
for the magnetic moment, the determination of the 
absolute configuration is straightforward without 
any detailed calculation by examining the signs of the 
observed CD band due to the LE transition with the 
character of the x-polarized T-H* transition. If the 
mixing of the CT transition is very strong, as is the 
case for Fe(phen)a2+, the theoretical calculation may be 
necessary in order to determine the absolute configura- 
tion. 

Appendix 
Proofs for Eq 15 and 16.-We first prove eq 15b. By 

the definition of eq 14 

By the partial integration and by use of the relations 

tq = -6 + RP, 
dt,d?,di-, = dtPdVPdi-D 

where R,, is the distance between atoms p and q 
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T ( q ,  P) = T(p, 4) 

Equation 15a is easily proved by use of 

eqp = 7r + e,, 
x, = x, - ~,,cose, ,  

Yq = Y, - Rpq sin e,, 
as 

X ( q ,  P) = ( X ,  sin e 4 P  - y, cos e,,) ’T(9, P) 

= - ( X ,  sin epq - Y ,  cos Opq)  e .(pj q) 

= -VP, 4) 

We next give the derivation of eq 16. Assuming 
the Slater AO’s for xp and x,, ~ ( p ,  q) can be reduced 
as 

.(P, 9) = -a,(xqI t P / R P I X P ?  

where R, is the distance from atom p. 
Mulliken-type approximation 

By use of the 

T(p, 4) ‘v ( - % s q p / 2 )  [(Xq 1 E,/& 1 Xq) f (XIJ I ~ P / R P  1 XP) 1 
= ( - a P S q P / N X Q /  t P ’ X P I  XCJ 

since (xpl [,/Rp1 xp> = 0.  If we calculate the integral 
in the last equation and take up to the second power 
of (G,,)-’ 

T(P, 9 )  ‘v - ( ~ I I ~ Q D / ~ )  - ~ ( % R P Q ) - ~ ]  

In  order to retain the Hermitian character, we take 
the average of T ( q ,  p) and ~ ( p ,  q). Then 

4 4 ,  P) = .(Pl 9) 

- ( E S P q / 2 )  [l - 3(1 + t 2 ) )p - ’ ]  

where the parameters p and t are defined in the usual 
manner as 

P = (a, + %)R,,/2 

= (a ,  - .,)/(a, + 4 
For the 2p7r AO’s of hydrocarbons including nitrogen 
or oxygen as a heteroatom, p and t fall in the ranges: 
4 5 p 5 6 and It/ 5 0.2. Therefore we can omit the 
second term to obtain 

4% PI = .(P> 4) 
‘v -nS,,/2 

On the other hand, T(q, p) can be calculated exactly 

T ( q ,  p) = - (2R,,)-1p-3(3 + 3 p  + p * ) e - $ ( 1  - t ~ ) ” ~  x 
as 

t-5[(3 - 3pt  + p2tz)eP‘ - (3  + 3pt + p*t2)e-”] 

Comparing the exact value calculated from this form- 
ula with the approximate value, the latter is found to 
be not so good because of the error brought about by 

the Mulliken approximation. Therefore we put a con- 
stant on the approximate formula and determine i t  to 
give the best fit to the exact values in the above-men- 
tioned ranges of p and t .  The constant was deter- 
mined to be 1.16 to give eq 16. This approximation 
gives the value within the error of a few per cent in 
the above-mentioned ranges of p and t .  

The Invariance of R with Respect to Coordinate 
Transformation:-Suppose the coordinate transfor- 
mation between the systems (x, y ,  z )  and (x’, y’, 2’) 

is defined as 

q = Aq’ + go’ 

where q and q’ are vectors in (x, y ,  z )  and (x’, y’, 2’) 

spaces, respectively, 90’ is the vector representing the 
translation of origin, and A is a unitary matrix. Then, 
the inner product (G ~ q 1 V )  ( V ~  q X V ~ G), which deter- 
mines the rotating power. is transformed as 

(G/Aq’ iV) . (Vl  (Aq’) X ( A V ’ ) ~ G )  + 
( G l A q ’ / V ) *  [qo’ X ( V i A V ’ / G ) ]  

By use of the relation (Aq’) X ( A  V’) = A (9’ X V’) and 
of the orthogonality of wave functions, the first and 
second terms of the above equation are, respectively, 
written as 

(GI q’/ V)*(Vl q’ X V’l G) 

and 

(GI q’l v). [qo x (vi v’ I  G)I 

where qo = A”qo’, A” being the transposed matrix of A .  
Hence, if the second term vanishes for any value of 

qo, the inner product is invariant under any coordinate 
transformation. As was pointed out by Moffitt,28 
the second term cannot generally be said to vanish 
for approximate wave functions as those employed 
here, because eq 25 does not hold. However, in our 
case, in which molecules have the D3 symmetry, i t  
can be proved to vanish by symmetry consideration. 

If the excited state V belongs to  the irreducible 
representation Az, both of the vectors (GI 9’1 V? and 
(VlA’lG) are parallel to the C3 rotation axis, and, 
therefore, the second term vanishes. For the excited 
state belonging to the representation E, we can choose 
any orthogonal set for the degenerate pair of wave func- 
tions, However, if we choose any one set, $v(E) 
and $v(E)’, the vectors (G~ q ’ ~  V) and (GI q’j V’) are 
uniquely determined in the plane perpendicular to 
the C3 axis and (VlV’lG) and (V’lV’IG) are also parallel 
to (G q’/ V} and (G~ q’,  V’), respectively. Hence the 
second term vanishes again for any qo and the inner 
product can be said to be invariant under any co- 
ordinate transformation if the wave functions are the 
bases of irreducible representations. 

(28 )  W. hloffi t t ,  J .  Chem. Phys. ,  26, 467 (1956). 


