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ence of a significant contribution of the latter mech­
anism is the probable origin of the facile outer-sphere 
reducing properties of these chelates. In part III of 
this study, we seek to interpret24 the bonding character­
istics of the ligand reflected in our "spectrochemical" 
order. 

A more general use of nmr in paramagnetic chelates 
with perturbed orbitally degenerate ground states can 
also be envisaged, as suggested previously.4'5 A partic­
ularly promising related application is that recently re-

(30) D. R. Eaton, / . Amer. Chem. Soc, 87, 3097 (1965). 

The investigation23 in part I of the proton nmr spectra 
of a series of mixed ligand (m.l.) chelates of outer-

sphere reducing agents of Cr(II) with symmetrically 
substituted o-phenanthrolines (phen), ML2L', MLL'2, 
has revealed that their contact shifts, particularly at the 
4,7 position, differ dramatically from those in the parent 
tris (p.t.) complexes,215 ML3, MLV The relative effects 
of variable ligands, L', on the contact shift of a fixed 
ligand, L, in a series of m.l. complexes led us to define2* 
a unique "spectrochemical" series3 

phen < 5,6-Me2phen < 3,5,6,8-Me4phen < 4,7-Et2phen ~ 
4,7-Me2phen < 3,4,7,8-Me4phen (1) 

with the properties that in any m.l. chelate, the 
"weaker" ligand tended to exhibit negative C1,7 spin 

(1) Author to whom correspondence should be addressed at the Uni­
versity of California; Fellow of the Alfred P. Sloan Foundation, 1972-
1974. 

(2) (a) G. N. La Mar and G. R. Van Hecke, / . Amer. Chem. Soc, 
94, 9042 (1972), hereafter referred t^ as part I; (b) G. N. La Mar and 
G. R. Van Hecke, ibid., 91,3442 (1969). 

(3) C. K. Jorgensen, "Absorption Spectra and Chemical Bonding in 
Complexes," Pergamon Press, Oxford, 1962, Chapter 10. 

ported by Shulman, et al.,11 where the analysis of the 
contact shifts of the porphyrin ring in oxidized cyano-
myoglobin [low-spin Fe(III)], (a perturbed E orbital 
ground state) yielded the form of the orbital ground 
state of the ferric myoglobin and hence the "in plane" 
magnetic axes. 
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density,4 while the "stronger" ligand tended to exhibit 
positive C4J spin density. This change in the sign of 
the spin density was concluded28 to arise from two com­
peting x derealization mechanisms which nearly 
cancel in the p.t. chelates. 

In part II of this study,5 we demonstrated that these 
large contact shift changes in the m.l. complexes were 
accompanied by strong deviations6-8 from Curie be­
havior, which resulted from the lifting of the orbital de­
generacy6-10 of the ground state, E(Z)3) -*- A5B(C2). 
The spin derealization into the nonequivalent ligands, 
L, L', differs for the A and B orbital states,5'6'11 so that 

(4) D. R. Eaton and W. D. Phillips, Adcan. Magn. Resonance, 1, 
103(1965). 

(5) G. N. La Mar and G. R. Van Hecke, / . Amer. Chem. Soc., 94, 
9049 (1972), hereafter referred to as part II. 

(6) G. N. La Mar and G. R. Van Hecke, / . Magn. Resonance, 4, 
384(1971). 

(7) G. N. La Mar and G. R. Van Hecke, Inorg. Chem., 9, 1546 (1970). 
(8) G. N. La Mar and G. R. Van Hecke, / . Amer. Chem. Soc, 92, 

3021 (1970). 
(9) W. C. Lin and L. E. Orgel, Mol.Phys.,1, 131 (1963). 
(10) R. G. Shulman, S. H. Glarum, and M. Karplus, / . MoI. Biol., 

57,93(1971). 
(11) L. E. Orgel, / . Chem. Soc, 3683 (1961). 
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Abstract: The bonding properties of a series of symmetrically substituted o-phenanthroline ligands, L, L', in 
mixed ligand chelates of Cr(II) have been investigated by molecular orbital theory. The specific bonding property 
probed is revealed in the postulated spectrochemical series phen < 5,6-Me2phen < 3,5,6,8-Me4phen < 4,7-Et»phen 
~ 4,7-Me2phen < 3,4,7,8-Me4phen, which has the property of determining the orbital ground-state symmetry of any 
mixed ligand complex, such that if L is above L', ML2L' has the A and MLL'2 has the B ground state in C2 sym­
metry. The effects of <r,x(M -»• L) and x(L -*• M) bonding on the relative energies of the A and B orbital states 
are evaluated in the LCAO approximation using interaction energies. From the known effects of the substituents 
on the three interaction energies and the experimentally determined orbital ground states, we conclude that the 
spectrochemical series is consistent with either increasing ligand basicity or decreasing x acceptor capability. A 
detailed analysis of the relative effects of the various methyl substituents with ligand position indicates that the x 
acceptor properties may be dominant. The significance of M -»• L and L -*- M x bonding is discussed in relation 
to the interesting outer-sphere electron transfer properties and magnetic moments of these complexes. The validity 
of using the free ligand basis functions to describe the observed spin distribution in the complex is also discussed. 
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Table I. Interaction Energies for G Symmetry Orbitals in a Mixed Ligand Complex, MLL'2" 

d 
orbital ^1 <£2 fa fa 

dl* CL'/3ML' 0 0 ( V ^ X ^ L ^ M ! * + Cl/*/3ML'*) 
d2 0 73(2CLJ3ML + CL'/3ML') V ^ C C L ' ^ M L ' * ) 0 

° Coordinate system in Figure 3 of ref 8 was used. b The C2 symmetry-adapted basis functions are defined in ref 13. 

by virtue of the thermal population of both states, the 
characteristic deviations from Curie behavior predicted 
for the A and B ground states allowed5 the assignment 
of the orbital ground state of all m.l. chelates. Fur­
thermore, it was demonstrated5 that the nature of the 
orbital ground state for any m.l. chelate was uniquely 
determined by the relative positions of the two ligands 
in the spectrochemical series 1. Thus if L is above L' in 
the spectrochemical series, MLLZ2 possesses the B 
ground state and ML2L' possesses the A ground state; 
if L is below L', then the A and B ground states are 
reversed. The ground state symmetry assignments in 
the m.l. chelates depended on a knowledge of the ligand 
•K MO's involved in spin derealization. From the 
similarity between phen and bipy m.l. chelates and an 
analysis of the ligand MO's of these two ligands, we 
postulated5 a L -»• M charge transfer mechanism which 
placed negative C4J spin density into a symmetric, 4>-
type 7T MO, and a M -*• L charge transfer mechanism 
which delocalized positive C4.7 spin density into an 
antisymmetric ^-type ligand w MO. Furthermore, in a 
given m.l. chelate, the difference in spectrochemical 
positions for the two ligands was concluded to deter­
mine the sign and magnitude of the separation between 
the A and B states. 

In the strong field limit (neglecting spin-orbit cou­
pling12) the A and B states correspond to the configura­
tions (di)2(d2)(d3) and (di)(d2)

2(d3), respectively,13 so 
that the difference is primarily whether di or d2 is singly 
occupied, or, alternatively, whether d2 or di is higher in 
energy, respectively. Therefore, the relative energies of 
di and d> are determined by the position of the compo­
nent ligands in the spectrochemical series, so that an 
analysis of the various metal-ligand interactions which 
affect these orbital energies is expected to shed light on 
the particular bonding properties of these ligands which 
is reflected in the spectrochemical series. As indicated 
previously,6 the simplest method for estimating the rela­
tive d orbital energies within the LCAO-MO approxi­
mation is the use of interaction energies, as discussed by 
Orgel,11 which are defined as, E = fomHfadr, where 
</>L = S4Ci(2p4) for the ligand 7r MO, and <f>m is the sym­
metry d orbital on the metal. A resonance integral (3 is 
defined, /3ML = /d(t2g)//(2pN)dr which corresponds to 
the equivalent interactions between the metal t2g and 
ligand 2Px" atomic orbitals of a given ligand L. Thus 
in a m.l. chelate, two resonance integrals are required, 

(12) The effect of ignoring spin-orbit coupling has been discussed 
previously (footnote 16 in ref 5, footnote 10 in ref 6, and ref 9). 

(13) The C2 symmetry adapted basis functions are: di = (l/\/2)(d IZ — 
d„«), <t>i = (1/V2X0B - <t>c), fa = (1/\/6X2>AA - ^ B - fa); a: d2_= 
(l/v /6)(2d l a - d „ - d„,), </>2 = ( 1 / V 6 ) ( 2 0 A - 0 B - <t>c), fa = (1/V2)-
(^B — ^c), where the coordinate system of Figure 3 in ref 8 is used, <p 
and ip are the symmetric and antisymmetric ligand ir MO's. The unique 
ligand in the mixed ligand chelates ML2L', MLL'2 (L' and L, re­
spectively) are taken as ligand A, while the two equivalent ligands are 
taken as ligands B and C The use of only the (di2d2d3) and (did2

2d3) 
orbital configurations is justified for the qualitative analysis under­
taken here (see footnotes 16 and 17 in ref 5). 

as discussed elsewhere.6 The interaction energies in­
volving the C2 symmetry-adapted d orbitals and the 
ligand 4>- and i/'-type MO's for the m.l. chelate MLL'2 

are given in Table I. 
Since interactions with vacant 7r MO's stabilize d 

orbitals, while interaction with filled MO's destabilizes 
the d orbitals,14 a separate knowledge of whether the <r, 
T, or 7T* interaction increases or decreases upon methyl 
substitution should allow us to determine whether 
M - * L o r L - » - M 7 r bonding or a bonding is dominant 
in deciding the relative di and d2 orbital energies. 

Experimental Section 
Extended Hiickel molecular orbital calculations were performed 

on the ligand phen, 3,8-Me2phen, 5,6-Me2phen, and bipy, using the 
method described by Schachtschneider, et a/.15 The geometry 
reported for Zn(phen)Cl2 was used,16 and the C-C single bond taken 
as 1.54 A. The orbital exponents were taken from the work of 
Clementi and Raimondi,1'1 and the valence state ionization poten­
tials and their charge dependences were abstracted from the tables 
of Clementi.17b Calculations were performed on a Univac 1108 
computer. Inasmuch as we are interested only in the orbital sym­
metries and the relative changes in orbital energies upon methyl 
substitution at various positions, no attempt was made to optimize 
the parameters. 

Results and Discussion 

Inasmuch as the directions of the m.l. chelate shifts 
as well as the non-Curie temperature dependence can be 
consistently interpreted311'6'6 on the assumptions of in­
significant M-L covalency changes, by considering only 
the different spin distributions for the A and B orbital 
states, we will attempt to determine what ligand prop­
erty is most probably reflected in our spectrochemical3 

series by considering the substituent effects on the 
ligand MO's and how they in turn affect the ordering of 
the metal d orbitals. 

For this analysis, we will make the assumption that 
the ligand MO's determined5 to be the most likely to be 
involved in M-L covalency in part II are indeed the 
correct MO's, where the filled MO is of type <t> and ex­
hibits negative C4,7 spin density, while the vacant MO is 
of type \j/ and displays positive C4,7 spin density. Com­
parison of the calculated w eigenvectors and the ob­
served contact shifts indicated5 a poor quantitative fit, 
although the signs of the C4,7 spin densities are prob­
ably correct. The discrepancies could arise from in­
herent shortcomings in the calculations,15 other con­
tributions23 to the 3,5,6,8-substituent shifts or from per­
turbations of the ligand eigenvectors due to relatively 
strong interaction with the metal orbitals (vide infra). 

Effects from x Bonding. Since the large spin den­
sities in the 7r system indicate strong covalency, we will 

(14) Reference 3, particularly p 133. 
(15) J. H. Schachtschneider, R. Prins, and P. Ros, Inorg. CMm. Acta, 

1,467(1968). 
(16) C. W. Reimann, S. Block, and A. Perloff, Inorg. Chenu, S, 1185 

(17) (a) E. Clementi and D. L. Raimondi, J. Chem. Phys., 38, 2686 
(1963); (b) E. Clementi, IBMJ. Res. Develop., 9, 2 (1965). 
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first attempt to interpret the spectrochemical series in 
terms of the different it bonding properties of the ligand, 
assuming that different a bonding does not split the E 
state. As indicated earlier,6 the d-orbital energy for 
Cr2+ is expected to be between that of the lowest vacant 
and highest filled MO's, as pictured in Figure 1. It has 
been experimentally demonstrated in numerous cases4 

in both free radicals and transition metal complexes 
that simple methyl substitution does not significantly 
alter the w eigenvectors, as measured by their spin den­
sities. However, as has been discussed by Day and 
Sanders,18 methyl substitution does alter the ligand 
orbital energies, as evidenced by the effects of methyl 
substitution on the position of the charge-transfer 
bands for (phen)3Fe2+ and (phen)3Fe3+ complexes. In 
particular, methyl substitution has the effect of raising 
the energies of all TT MO's, with the relative energy in­
crease for a given MO proportional to the spin density 
at the position(s) of methyl substitution. The effect on 
the relative ligand MO energies upon methyl substitu­
tion are illustrated in Figure 1. It has been shown 
that the extent of metal-ligand interaction depends in­
versely on the energy separation between the metal and 
ligand levels. Upon methyl substitution we therefore 
expect19 a decrease in the interaction between d orbitals 
and the vacant T* M O ' S due to a larger energy separa­
tion, and simultaneously an increase in the interaction 
between the d orbitals and the filled T M O ' S due to a 
smaller energy separation. The two effects, decreas­
ing M —*• L and increasing L —»• M w bonding both 
result in a destabilization of the spin containing orbi­
tals.14 

The different effects on the energies of the di and d2 

orbitals in a m.l. chelate are given by the interaction 
energies11 between the d orbitals and the various ligand 
IT MO's, listed in Table I. The interaction with TT* 
MO's stabilizes the d orbitals (a negative contribution), 
while interaction with TT MO's destabilized the d or­
bitals14 (positive contribution). Thus for the MLL'2 

complex (L = ligand A, L' = ligands B, C), we get 

ECd1) = C1^ML- - V3( !/.CL*/3ML* + V.CL-*/3ML-*) 

£(d2) = V«CL0ML + V I C L ' / W - V3CL'*J8ML'* 

where £(di) = £(d2) when L = L'. For the particular 
complex, (4,7-Me2phen)(phen)2CrCl2, where L is above 
L', the above reasoning leads to the conclusion that 
)3ML' > (3ML and /3ML'* < /3ML*. If we let j3ML' — 
|3ML = e and |3ML'* — /3ML* = —5, where both e and 5 are 
small and positive, re-formulating the energies in terms 
of the parameters for phen leads to 

£(di) = /3ML- - V3/3ML<* + 2^-S 

£(d2) = /3ML' - V30ML<* + 2Ae 

Since we have concluded from the temperature depen­
dence that £(di) > £(d2), we must have V35 > e, or 
(V35 — e) > 0. This dictates that the ligands must 
differ more in their TT M -*• L than in the TT L -*• M 
bonding properties, with phen the better TT acceptor. 
Thus in a series of m.l. chelates ML(phen)2, where L is 

(18) P. Day and N. Sanders,J. Chem.Soc.A, 1530(1967). 
(19) J. Owen, and J. H. M. Thornley, Rep. Progr. Phys., 29, 675 

(1966). 
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_4) 

Metal phen Mej-phen 
Orbitals MO% MO's 

Figure 1. Relative energies of metal and ligand orbitals. 

varied, the relative energies for di and d2 obtained from 
the temperature dependence always leads to a positive 
value for (\/3S — e), but whose value must increase 
monotonically as L increases in the spectrochemical 
series. Thus increasing position in the spectrochemical 
series appears to reflect decreasing x acceptor capabil­
ities of the ligand. An identical result is obtained if we 
consider any other series of m.l. chelates. 

As indicated above, the decrease in /3* and increase in 
0 upon methyl substitution is predicted18 to be propor­
tional to the spin density in the IT* and w MO's, respec­
tively. The calculated2'5 spin densities in Table I of 
ref 5, though probably correct in the sign of the 
C4,7 spin density, are obviously a poor quantitative 
approximation, since spin densities of comparable mag­
nitudes are indicated for all ligand positions (vide infra). 
However, experimentally, the 4,7 position exhibits2" the 
largest shifts, both upfield and downfield, so that both 
the <f> and i// MO's exhibit their largest spin densities at 
that position. The spectra in part I revealed2" that the 
3,8-H, 3,8-CH3 shifts are also consistent with TT spin 
density, but are much smaller than for the 4,7 position, 
while the shifts for 5,6-H, 5,6-CH3 are the smallest of 
the observable signals; hence the observed TT spin den­
sities appear to fall in the order C5,e < C3,8 < C4,7. 
Therefore, compared to phen, 4,7-Me2phen should pro­
duce the largest, 5,6-Me2phen the smallest, and 3,8-
Me2phen an intermediate V3S — e, which is completely 
consistent with our spectrochemical series. The larger 
effect of 3,8-CH3 compared to 5,6-CH3 is noted by the 
fact that the 5,6-Me2phen/phen m.l. chelates yield 4,7-H 
shifts only slightly shifted from the positions in the p.t. 
chelates, while in the 3,5,6,8-Me4phen chelates, the 
4,7-H shift in phen is shifted almost as far as for the 
4,7-Me2phen/phen chelates.2a 

The decreasing TT acceptor capabilities upon methyl 
substitution are not unexpected, since alkyl groups are 
electron-releasing compared to protons, and would tend 
to destabilize M -»- L back bonding. The decreasing 
stabilities of the (L)3Fe2+ chelates (L = phen or sub­
stituted phen), upon increasing methyl substitution, as 
measured20 by the decrease in the redox potentials, 
whose values are given in Table II, are also consistent 
with decreasing back bonding, though the trend can 
equally well be interpreted20 in terms of increased sta­
bility of the ferric state due to the increasing ligand 
basicities,21 which are also reproduced in Table II. 

(20) W. W. Brant and G. F. Smith, Anal. Chem., 21, 1313 (1949). 
(21) W. A. McBryde, Can. J. Chem., 43, 3472 (1965); M. Charton, 

J. Org. Chem., 31, 3739 (1966); D. Perrin, "Dissociation Constants of 
Organic Bases in Aqueous Solution," Butterworth, London, 1965. 
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Table II. Redox Potentials of Fe2+L3/Fe3+L3 Couple and 
Ligand Basicities as a Function of Substituents 

L £1/2° Log pKJ1 

phen 1.10 <4.98 
3.8-Me2phen 1.03 5.23 
5,6-Me2phen 1.00 5.60 
3,5,6,8-Me4phen 0.93 5.54 
4,7-Me2phen 0.88 5.95 
3,4,7,8-Me4phen 0.85 6.30 

0 Taken from ref 20. b Taken from ref 21. 

However, Cr(II)22 is more reducing than Fe(II),20 so 
that w back-bonding effects can be expected23 to be 
much more important in the present chelates. 

Effects from a Bonding. Even in the p.t. chelates, 
the eT orbitals (di and d2 in C2 symmetry), are no longer 
symmetry forbidden from interacting24 with the ligand 
a orbitals, as is the case in octahedral symmetry. 
Though the extent of interaction between the di and d2 

orbitals and the lone pair a orbitals is not known, the 
splitting between the di and d2 orbitals in the m.l. 
chelates could in principle arise from a difference in the 
basicities21 of the component ligands. The ligand <r 
basis functions, like the TT M O ' S , are divided into those 
which are symmetric, d, and those which are antisym­
metric, x. with respect to the ligand C2 axis, di can in­
teract with (1 \ / 2 ) ( 0 B _ - 9c) and ( 1 \ / 6 ) (2XA - X B - XC), 
d2 can mix with (1 V6)(20A - #B = 8C) and (1 V2)(xB -
Xc)- The interaction energies are similar in form to 
those given11 for the TT interaction. In these bidentate 
ligands, only the filled a MO's need to be considered, so 
that all interactions destabilize14 the d orbital energies. 
The relative energies for di and d2 for the m.l. chelate 
MLL'2are 

£(dl) = «MI/ + V3(V»«ML* + 1ItOlUL'*) 

E(d2) = 2/3auL + 1Is(XML' + V3a M L'* 

where a and a* are the interaction energies with the 8 
and x o" MO's. Since the basicities of the ligands are 
known,21 and a stronger base leads to a stronger <r 
interaction3 we have for a complex with L above L', in 
particular, (4,7-Me2phen)(phen)2CrCl2, that ant '* < 
CCML* and aML' < CKML- Letting ami/ — a ju = V and 
CHML'* — aju = 7, the relative energies, expressed in 
terms of the parameters for phen, are 

JE d̂1) = (XML' + V3aML'* + - y - 7 

E(d2) = CtML' + VS7CtML'* + VlV 

Since we determined5 £(di) > £(d2), we must have 
V37 > 77. This requires that the antisymmetric lone-
pair orbital interacts more strongly with the ex d or­
bitals than the symmetric lone-pair orbital. Analysis 
of the calculated15 eigenvectors for phen and the three 
dimethyl-substituted isomers, given in Table III, show 
that in each case, the x lone-pair orbital is higher in 
energy than the 6 lone-pair orbital, and that the former 
orbital also has a larger coefficient at the nitrogens than 

(22) B. Baker and B. Dev Metha, Inorg Chem., 4, 848 (1965); M. C. 
Hughes and D. J. Macero, Inorg. Chim Acta, 4, 327 (1970). 

(23) L. E. Orgel, "Introduction to Transition Metal Chemistry-Ligand 
Field Theory," Wiley, New York, N. Y., 1960, Chapter 9. 

(24) C. J. Ballhausen, "Introduction to Ligand Field Theory," Mc­
Graw-Hill, New York, N. Y., 1962, Chapter 5. 

Table III. Extended Huckel a Energies for phen 
and bipy Ligands0 

Ligand 

phen 
5,6-Me2phen 
3,8-Me2phen 
4,7-Me2phen 
bipy 

a(d)-
Energy 

- 9 . 8 1 9 
- 9 . 7 4 1 
- 9 . 7 2 7 
- 9 . 7 0 4 
- 9 . 9 0 1 

CY- b 

0.103 
0.102 
0.100 
0.103 
0.105 

a(X) Energy 

- 9 . 7 2 6 
- 9 . 6 5 3 
- 9 . 6 6 5 
- 9 . 6 0 8 
- 9 . 7 9 9 

CN1,6 

0.086 
0.083 
0.085 
0.085 
0.089 

0 Energies in eV's. b Coefficient of nitrogen 2s orbital in MO. 

the latter orbital. Since the a MO's are expected to be 
below the d orbitals in energy, both energy and overlap 
considerations dictate19 that the antisymmetric x lone-
pair orbitals will interact more strongly with the d or­
bitals. The ligand basicities, as measured by the pK„ 
values,21 given in Table II tend to parallel our spectro-
chemical series (with some discrepancies) so that the 
different basicities could lift the e ' degeneracy and give 
rise to our spectrochemical series. 

Origin of Spectrochemical Order. It is thus ap­
parent that either ir or a bonding properties of the 
ligands could determine the orbital ground state of a 
given m.l. chelate, and thereby give rise to our spectro­
chemical series. If the a or basicity effect is dominant, 
our spectrochemical series is identical in principle with 
that more conventionally derived from the optical 
spectra3 of the chelates; although not new in principle, 
our method here would greatly increase the resolution of 
the series among very similar ligands. If it could be 
established that TT bonding determines the orbital 
ground states in the mixed-ligand chelates, then the pres­
ent technique could provide the basis for the deter­
mination of a r spectrochemical series. 

It is not possible to establish with certainty that TT 
bonding effects are dominant. However, inspection of 
the effect on basicity or a orbital energy and ir MO 
energies upon methyl substitution suggests that the 
spectrochemical ordering is unlikely to reflect solely a 
bonding properties. The data in Table Il show that the 
introduction of methyl substituents at any position sig­
nificantly affects the ligand basicity, with the exact posi­
tion of the methyl groups of only secondary importance. 
The extended Huckel a energies, given in Table III, for 
both the symmetric and antisymmetric MO's also tend 
to show that altering the methyl positions in the ligand 
influences the energies considerably less than the initial 
introduction of two methyl groups. The a overlaps are 
not affected by substitution, since the N coefficients 
appear to be independent of substituent, Table III. 
Furthermore, both the experimental basicities,21 Table 
II, and the a energies, Table III, predict the trend 
phen < 3,8-Me2phen < 5,6-Me2phen < 4,7-Me2phen. 
However, our spectrochemical ordering indicates2" 
that the effect of methyl position at different ligand 
positions can be more important than the initial intro­
duction of methyl groups (the difference between phen 
and 5,6-Me2phen is considerably less than that between 
5,6-Me2phen and 4,7-Me2phen, for example). Also, 
the present nmr data indicate25 that the order is phen < 
5,6-Me2phen < 3,8-Me2phen < 4,7-Me2phen. 

On the other hand, the energies for any one TT MO, 

(25) Although the 3,8-Me2phen chelate was not available, the data in 
Tables I and II of ref 2a clearly show that the 3,8-CH3 has a greater 
effect than the 5,6-CH3. 
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Table IV. Extended Htickel TT MO Energies for phen 
and bipy Ligands" 

Ligand 

phen 
5,6-Me2phen 
3,8-Meaphen 
4,7-Me2phen 

bipy 

Te(</>) 

-10.942 
-10.882 
-10.778 
-10.826 

TM) 

-11.476 

TnW 

-10.737 
-10.552 
-10.675 
-10.634 

T6(<M 

-10.915 

ITsO) 

-8.073 
-7.956 
-8.028 
-7.999 

X7*W 

-8.157 

T,*(l« 

-8.071 
-8.029 
-7.987 
-7.943 

x8*(0) 

-7.372 

" Energies in eV's. 

given in Table IV, depend very strongly on the position 
of the methyl substituents. In particular, for 7T9*, the 
acceptor orbital proposed5 to be dominant in deter­
mining the spectrochemical ordering of the ligands, 
E(w) follows the pattern 

phen < 5,6-Me2phen < 3,8-Me2phen < 4,7-Me2phen 

identical to that in the spectrochemical series, with the 
differences between 5,6-Me2phen and 4,7-Me2phen 
larger than between 5,6-Me2phen and phen, consistent 
with observations. Therefore, though the TT* inter­
action may not be the sole factor in determining the 
spectrochemical position of the ligands, we suggest that 
it is probably dominant. 

The reason why phen and bipy are interchangeable285 

in the spectrochemical order is not clear. An analysis 
of the different contributions from w, 7r*, and a contri­
butions along the lines carried out for different phen 
ligands is not possible, since going from phen to bipy 
may cause large changes in all orbitals. The calculated 
(T energies for the lone pairs in these two ligands are very 
similar, Table III, and the overlaps are also about the 
same. We have already shown5 that -K M O ' S of the 
same symmetry and the same sign C4,7 and C4,v spin 
densities, and with comparable energies are available, 
so that very similar bonding is to be expected. How­
ever, the fact that there appears to be less difference be­
tween phen and bipy than between phen and 5,6-Me2-
phen is surprising. It may well be possible that the 
similarity between phen and bipy occurs due to off­
setting different contributions of a and TT effects. 

Solvation Effects. The effect of water on the spectro­
chemical position of a 4,7 substituted ligand,26 noted in 
part I,2a cannot be unambiguously interpreted at this 
time. It was noted2a that this solvent-ligand inter­
action lowered the position of a 4,7-alkyl-substituted 
ligand in the spectrochemical series. Thus if increasing 
position in the spectrochemical series indicates de­
creasing 7r-acceptor tendencies for the ligand, the spe­
cific solvation effect of water appears to increase the T 
acceptor capabilities of the 4,7-substituted ligands. In 
another investigation27 of the general solvation of these 
outer-sphere reducing agents by proton nmr line width, 
we suggest that the solvation may involve some sort of 
hydrogen bond between water and the 4,7 position, 
which is slightly negatively charged in these chelates 
(vide infra). Since such hydrogen bonding would 
stabilize the delocalized negative charge, the 7r-acceptor 
capabilities would be enhanced. This solvent inter­
action will be treated in more detail elsewhere.27 

(26) G. N. La Mar and G. R. Van Hecke, / . Chem. Phys., 52, 5676 
(1970). 

(27) G. N. La Mar and G. R. Van Hecke, Chem. Commun., 274 
(1971); G. N. La Maraud G. R. Van Hecke, submitted for publication. 

Metal-Ligand Bonding. It is gratifying to find 
evidence of significant M -*• L back bonding in these 
chelates, inasmuch as their abilities to stabilize reduced 
metal ions has been attributed23'28'29 to their superior 
7r-acceptor properties. Hence the earlier data on the 
p.t. chelates which suggested213 only minor rr covalency 
must be revised in light of the present investigation. 
This points out the danger in attempting to draw con­
clusions on covalency from hyperfine coupling con­
stants if the participating MO's are not fully understood. 
Thus the "spin-only" magnetic moments28~31 for these 
chelates probably do result from strong n bonding, but 
not so much from the derealization of the magnetic 
electrons28'29 as from the trigonal distortion215'30'31 re­
sulting from the different TT- and TT* -bonding effects, as 
proposed by Orgel11 to account for the diamagnetism of 
the isoelectronic d4 chelate (bipy)3Ti(0), and also ob­
served for (phen)3Ti(0).32 

In particular, the sizable positive spin density in 
what we postulate to be an antibonding ligand MO 
appears to be concentrated not only on the periphery of 
the complex, but at two specific positions in a ligand, 
C4,7, though comparable contributions at C2,9 cannot be 
ruled out (vide infra). This novel observation may not 
only account for the facile reducing properties of these 
complexes in outer-sphere electron transfer reactions,33 

but may be directly related to the reported stereospec-
ificity for the electron transfer reaction34 

(PhCn)3Cr11 + (phen)aCo ] I1 -> (phen)3Cr«i + (phen^Co11 

where the use of an optically active oxidant yielded 
optically active (phen)3Crm. The concentration of 
spin density at the 4,7 positions suggests that these may 
be the "active sites" for the transfer of the electron in 
the outer-sphere redox reaction. If direct overlap be­
tween the C4,7 p2 orbitals for the reactants is to be op­
timized for electron transfer, molecular models35 sug­
gest that the contact between two chelates along their 
C3 axes is more favorable if the two complexes possess 
the same chirality than when they are mirror images. 
However, solvent mediated electron transfer process, 
which still may be stereospecific, cannot be definitely 
ruled27 out at this time. 

The significantly different spin distributions in ligands 
L and L' in a given m.l. chelate indicate that any ligand-
ligand overlap, which can arise from 2pz overlap of the 
three ligands at C2,9 must be relatively unimportant. 
This type of interligand TT bonding has been postulated36 

in the analysis of the optical spectra of optically active 
tris chelates of phen and bipy with a variety of metal 
ions. If the interligand covalency were of sufficient 
magnitude, the spin distributions for the three ligands 
would be averaged, even though the symmetry re-

(28) A. Earnshaw, L. F. Larkworthy, K. C. Patel, K. S. Patel, R. L. 
Carlin, and E. G. Terezakis,/. Chem. Soc. A, 511 (1966) 

(29) E. G. Terezakis and R. L. Carlin, Inorg. Chem., 6, 2125 (1967). 
(30) Y. M. Udachin and M. E. Dyatkina, J. Struct. Chem. (USSR), 

8,325(1967). 
(31) P. M. Lutz, G. J. Long, and W. A. Baker, Jr., Inorg. Chem., 8, 

2529(1969). 
(32) H. Behrens and H. Brandl, Z. Naturforsch. B, 22,1216 (1967). 
(33) A. M. Zwickel and H. Taube, Discuss. Faraday Soc, 29, 42 

(1960). 
(34) J. H. Sutter and J. B. Hunt, / . Amer. Chem. Soc, 91, 3107 

(1969). 
(35) The "CPK Atomic Models," The Ealing Corp., Cambridge, 

Mass., were employed. 
(36) S. F. Mason, Inorg. CMm. Acta Rec, 2, 89 (1968). 
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strictions on M-L derealization in a given orbital state 
for the m.l. chelates persist. 

Ligand Basis Functions. In the analysis5 of the direc­
tions of the shifts and the deviations from Curie be­
havior for the m.l. chelates, we made some assumptions 
about the validity of employing the ligand ir MO's as 
basis functions, which, with the Cr2+ d orbitals, were 
used to construct the molecular orbitals for the whole 
complex.19 The size and complexity precluded a cal­
culation of the eigenvectors for the whole chelate. In 
particular, we assumed5'37 that the symmetry of the 
ligand w MO's, and at least the signs of the C4,7 and 
C4,4', spin densities were correctly predicted. The 
different symmetries and signs of the C4,7, C4,.y spin 
densities could be experimentally demonstrated from 
the shifts and the temperature dependence, so that the 
assignments of the relative orbital ground states did not 
depend on any assumptions as to the exact ligand TT 
MO's involved. Only in assigning the A or B ground 
state to given m.l. chelates in the pair ML2L', MLL'o 
was knowledge of the specific ligand MO's required. 
The use of the free ligand ir M O ' S was dictated by the 
lack of any suitable alternative. However, the ability 
to obtain such a consistent interpretation of the data in 
terms of the symmetries and spin densities for the 
relevant ligand TT M O ' S in Table I of part II suggests 
that our assumptions are reasonable. 

The calculated magnitudes2'5 of the spin densities, 
however, are in generally poor agreement with the rela­
tive contact shifts. Part of this problem could arise 
from the fact that the dipolar shift contributes2,4 to the 
observed shifts at positions closer to the metal; the sign 
reversal between the 3,8-H and 3,8-CH3 shifts, however, 
suggests2 that w spin density is dominant. The most 
notable discrepancy between the theoretical and experi­
mental spin density appears at the 4,7 (4,4') position, 
where considerably more spin density is found than is 
predicted. 

The conventional approach in analyzing4 nmr con­
tact shifts in terms of M-L covalency is to compare the 
observed contact shift pattern with the calculated spin 
densities in a number of plausible ligand ir MO's. In a 
number of idealized cases,38 very good agreement be­
tween the experimental and theoretical spin densities 
has been reported, indicating that primarily a single 
MO was involved in the M-L covalency, and that the 
ligand w MO's served as valid basis functions for con­
structing the MO's for the whole complex. The appar­
ently perturbed ligand IT MO's in the present complexes 
probably result from the extensive M-L -K covalency 
indicated by the large contact shifts, which could be 

(37) It should be stressed that the presence of the two spin-delocaliza-
tion mechanisms, one of which places positive, the other negative spin 
density on Ci,?, has been experimentally demonstrated (ref 2a). Fur­
thermore, the fact that the two ligand MO's involved are one each 
symmetric, 0, and antisymmetric, \p, about the ligand C% axis, has also 
been demonstrated by the observed non-Curie temperature dependence 
(ref 5). The MO calculations were used only to determine whether the 
4>- or i/--type MO exhibits the positive spin density, and which of the 
two MO's was filled or vacant in the free ligand. For bipy, the only 
two available MO's exhibited both the correct spin density signs and 
symmetries; the interchangeability of phen and bipy in a m.l. chelate 
indicates very similar MO's must be available in phen, as found in the 
analysis (ref 5). Thus the assumed assignments of the participating 
ligand MO's appear reasonable. 

(38) D. R. Eaton, A. D. Josey, W. D. Phillips, and R. E. Benson, J. 
Chem. Phys., 37, 347 (1962); R. H. Holm, A. Chakravorty, and G. O. 
Dudek, / . Amer. Chem. Soc, 86, 379 (1964); G. W, Everett, Jr., and 
R. H. Holm, ibid., 88, 2442 (1966); J. E. Parks and R. H. Holm, Inorg. 
Chem.,1, 1408(1968). 

expected to alter the magnitudes of the spin densities at 
some ligand positions {vide infra). In (bipy)3Crm,39 

TT bonding is thought to be unimportant, with the 
highest antibonding MO's highly localized on the 
ligand, so that the bipy ir MO's are unperturbed; in 
(bipy)3Cr0,39 the ligands are reported to resemble40 

bipy-, so that the antibonding MO's are mostly ligand 
in character, and could also be described by the basis 
functions for bipy-, which do not differ much from 
bipy. However, for chelates with intermediate valence 
states, the antibonding MO's must exhibit significant 
covalency. For such a complex, the resultant TT M O ' S 
for the complex19 could no more be realistically con­
structed from ligand 7r MO's and metal d orbitals than 
can the TT MO's of pyridine N-oxide41 be constructed 
from pyridine TT MO's42 and oxygen p orbitals. 
Though the covalency in these Cr(II) complexes is con­
siderably smaller than in pyridine JV-oxide,41 signifi­
cant perturbations on the ligand TT MO's could be ex­
pected for our phen ligands. 

Though the optical spectra for (bipy)Cr2+ has been 
interpreted39 in terms of relatively unperturbed ligand 
7r-7r transitions, ambiguities in the assignments of 
bands and the assumption of Oh symmetry, even though 
a very large trigonal distortion is indicated,2'31 makes 
some of these conclusions doubtful. Furthermore, 
relatively little is known43 about how much a given per­
turbation of the eigenvectors affects the position of the 
presumably ligand 7r-7r* bands. 

Since a more complete MO calculation for the com­
plex is not feasible at this time, the possible effects of 
M-L covalency, particularly M -+• L charge transfer, on 
the spin-density distribution on the ligands will be 
qualitatively probed by considering the resonance 
structures44 for a fragment of which the metal is an 
integral part. Some of the more important valence 
bond structures for this fragment are illustrated for 
M -*• L charge transfer, I. It is seen that the unpaired 

Ia Ib Ic 

spin will be concentrated primarily at C4,7 and C2,9, 
which is consistent with the observed spin concentration 
at the 4,7 position. The 2,9-H shifts, which are known 
to be very sizable in the p.t. chelates, are unfortunately 
not observed in the m.l. chelates due to their low inten­
sity and excessive widths. Identical structures can be 
written for bipy, which may account for their similarity 
in the spectrochemical series. Though valence bond 
structures placing the spin at C3,8 and C516 can be 
written, their contribution to the electron structure will 
be much less important. However, although the 
valence bond picture gives some insight into the ob­
served spin distribution, the attractive features of the 
simple MO picture, namely the symmetry properties11 

(39) E. Kbnig and S. Herzog, / . Inorg. Nucl. Chem., 32, 585 (1970). 
(40) E. Kbnig and S. Kremer, Chem Phys. Lett., S, 87 (1970). 
(41) H. H. Jaffe,/. Amer. Chem Soc, 76, 3527(1954). 
(42) H. C. Longuet-Higgins and C. A. Coulson, Trans. Faraday Soc., 

43,87(1947). 
(43) L Gil, E. Moraga, and S. Bunel, MoI. Phys., 12,333(1967). 
(44) H. Eyring, J. Walter, and G. E. Kimball, "Quantum Chemistry," 

Wiley, New York, N. Y., 1944, Chapter 13. 
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of the component MO's which were necessary to inter­
pret5 the temperature dependence, are lost. Since this 
M -»- L bonding is postulated to determine the spectro-
chemical ordering of the ligand, at least if -rr bonding 
effects are dominant, it is expected that methyl sub­
stitution at the 4,7 position will destabilize structures 
such as Ic. Due to the lesser importance of resonance 
structures placing the spin at C3,s or C5,«, the relative de­
stabilizing effects on M -*• L back bonding would be 
phen < 5,6-Me2phen, 3,8-Me2phen < 4,7-Me2phen, as 
observed. Structure Ic can create pockets of electron 
density in the otherwise cationic complex, which have 
been invoked27 to explain the apparent participation of 
water in some sort of hydrogen bonding interaction at 
the 4,7 position. 

Another line of evidence which suggests that the de-
localized spin density is not adequately described by the 
unperturbed ligand T M O ' S is seen from the m.l. che­
lates MLL'2, where the two 4,7-CH3 peaks in L' dis­
play2a very different shifts, often one upfield and the 
other far downfield, although the spin densities in these 
symmetric ligands should yield2b very similar C4 and C7 

shifts. A similar effect was noted7 for the shifts in the 
trans isomer of the tris chelates with unsymmetrically 
methyl substituted phen ligands, where in the same 
ligand, the 4-CH3 shift indicated very large positive spin 
density, while the 7-H shift indicated sizable negative 
spin density. Again, these differences within a given 
ligand can be rationalized by resonance structures, 
where structure Ha would be expected to be less stable 
than structure Hb. We are therefore forced to con-

M SM 
Ha lib 

elude that in phen or bipy complexes where significant 
M-L 7T bonding is postulated, the observed ligand spin 
densities are very unlikely to be quantitatively inter-
pretable by the calculated ligand eigenvectors. 

Summary 

In summary, we have arrived at a number of qualita­
tive conclusions concerning the electronic structure of 
these interesting Cr(II) chelates. 

1. Extensive T bonding is present, though not ob­
vious in the tris chelates2a with symmetric ligands due to 
near cancellation of two contributions of opposite sign. 
Thus the net hyperfine coupling constants in the tris 
chelates are poor indices of the actual M-L TT covalency. 

2. Both M -»• L and L -*• M charge transfer dereal­
ization mechanisms are operative, though net spin 
transfer is small. The probable MO's in phen involved 
are 7T6 and Tr9*, of which the former is symmetric and 
the latter antisymmetric about the ligand C2 axis. 
Similar MO's are available in bipy. 

3. The "spin-only" magnetic moments of these 
chelates probably arise from the trigonal distortion 
which results from the TV bonding with symmetric and 
antisymmetric ligand •K MO's, as discussed by Orgel.11 

4. The "spectrochemical" series defined in parts I 
and II reflects, at least in part, the 7r-acceptor capabili­
ties of the ligands, though ligand basicity differences 
could produce a similar effect. 

5. The highly localized spin density at C4,7 in these 
complexes must facilitate their acting as effective re­
ducing agents and may account for their apparent 
stereospecific behavior in some outer-sphere electron 
transfer reactions. 

6. The M-L 7r covalency appears to be sufficiently 
strong so that the free ligand eigenvectors are not valid 
for quantitatively describing the delocalized spin den­
sity. 

7. The 4,7-substituted chelates interact specifically 
with water at the 4,7 position, probably via some sort of 
hydrogen bonding interaction. This novel solvation 
phenomenon increases the -rr acceptor capabilities of 
the ligand. 
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