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q ~ i e t i n g , ~ ’  to note that the best-fit interelectron repulsion factors 
in the clamben complex imply a negative value for Racah’s B 
parameter. The small Condon-Shortly parameters together with 
the large reduction in the effective spin-orbit coupling coefficient 
both reflect a considerable radial expansion of the d orbitals in 
these complexes with respect to the free ion. This accords well 
with the large e,  values observed through the operation of the 
electroneutrality principle. Thus it appears that the adoption of 
a low-spin configuration, involving some migration of d electrons 
to regions lying between and above the primary metal-ligand 
bonds, facilitates a closer approach of the ligands-obviously in 
a synergic fashion. The consequently augmented donation of 
negative charge from the ligands reduces the effective nuclear 
charge on the metal and this is reflected in the reduced F2, F4, 
and [values as the d electron cloud expands3* At the same time, 
the increased donation from the salen and clamben chelates 
depletes the ligand electron density to the point that their usual 
(that is, within high-spin complexes) role as 7r donors is markedly 
decreased and possibly reversed; both analyses are characterized 
by small, negative e,,(O) parameter values. 

Comparison of the e,, and e,, values between the two complexes 
reveals greater a-donor and s-acceptor roles of the imine ligators 
than of the salicylidene oxygens. A relatively enhanced electron 
donation to the metal atom in the clamben system is associated 
with a greater nephelauxetic effect as evidenced by the smaller 
value of F2. These same trends appear to account for the much 
reduced ligand-field contribution of the coordination voids in the 
clamben complex also. Thus we expect that while lower-lying and 
more strongly bonding metal s(p)-ligand interactions characterize 
the clamben system, the “bond  orbital^"^*^ associated with the voids 
will be more s-like and less well bound, resulting in a diminished 
interaction with the dZ2 orbital of the metal. As the values of 
e,(void) are determined empirically largely by fitting the spin- 
forbidden bands at 8300 and 11 000 cm-’ in the salen and clamben 
complexes, respectively, these spectral features are to be seen as 
the direct manifestation of the changing character of the “residual” 
orbitals associated with the coordination voids. This proposal is 
clearly one that deserves further investigation in future studies. 

The large nephelauxetic effect observed in these and other 
low-spin complexes invites a fresh appraisal of the factors gov- 
erning the selection of high- and low-spin forms by complexes in 
general. The established view rests upon the arguments Griffth2* 

applied to octahedral complexes in which the spin state adopted 
depends upon the relative magnitudes of ligand-field and elec- 
tron-pairing energies, A and II. The pairing energy is presumed 
to be greater in the low-spin arrangement. This is certainly true 
if these energies are expressed in units of the interelectron repulsion 
parameters F2 and F4 (or B and C, as desired). However, the gross 
reduction observed in these parameters for low-spin complexes 
(which we surmise to be a general feature) adds a second layer 
to the “A vs. II” concept in that the change in pairing energy 
expressed in terms of wavenumbers (e.g.) will be much less than 
as first envisaged and, indeed, could be a decrease in principle. 
We shall report on this proposition elsewhere. 

The ligand-field effects of misdirected valence are pursued in 
the following two papers. 
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Contributions from metal core electrons do, of course, arise and are 
manifest in the defining potential of the d functions but explicitly ex- 
cluded from the cellular potentials that ultimately contribute only to the 
globally nonspherical ligand-field potential. 
The association of a positive e,, parameter with misdirected valency in 
the negative xz quadrant may be deduced alternatively by examination 
of the phases of the equivalent potential expressed as a superposition 
of spherical harmonics (of the local Y12 and Y14) for ligand-field sources 
displaced off-axis in the given frame, followed by rotation. 
Racah’s B parameter is related to the difference between intrinsically 
positive Slater-Condon-Shortley parameters. 
The large reductions in interelectron repulsion parameters and spin- 
orbit coupling coefficient both attest a much reduced effective nuclear 
charge and large nephaelauxetic effect. The small orbital reduction 
(large k values) in the magnetic moment operators is not in conflict with 
these findings within the modern interpretation of ligand-field theory, 
as discussed in section 11.7 of ref 3 or in ref 2, for example. Only within 
the incorrect view of ligand-field theory as a division of molecular-orbital 
theory, does one expect reductions in Condon-Shortley and spin-orbit 
coupling parameters to be accompanied by qualitatively similar reduc- 
tions in Stevens’ orbital reduction factor. 
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Analyses of the d - d  spectra of C ~ ( 3 m e t h y l a c a c ) ~ ,  C ~ ( a c a c ) ~ ,  Cu((phenoxycarb~nyl)acetonate)~, C~(3-phenylacac)~ ,  and Cu- 
(acac),(quinoiine) (acac acetylacetonate) have been performed within the cellular ligand-field (CLF) model. A coherent view 
of the bonding electron distribution within the series has been formed and the ligand-field analyses consistently recognize the 
contribution of coordination voids as well as misdirected valence between metal and chelate deriving from ligand tilting, ring strain, 
and the role of the nonbonding oxygen lone pairs. 

1. Introduction 
The d orbital splittings in copper(I1) acetylacetonates have been 

the focus of repeated ligand-field studies and have generated an 
extensive literature with respect to the use of vibronic selection 
rules in the assignment of d-d spectra in planar, centrosymmetric 
chiomophores. A comprehensive review’ in 1972 by Smith, to- 
gether with more recent work, has established two main contenders 

‘No reprints available from this laboratory. 
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for the assignments in copper(I1) acetylacetonates, which are 
principally differentiated by their (implicit) inclusion or exclusion 
of ligand-field contributions*-“ from the coordination voids above 
and below the molecular planes. The importance of that con- 

(1 )  Smith, D. W. Struct. Bondng (Berlin) 1972, 12, 49. 
(2) Gerloch, M.; Harding, J. H.; Woolley, R. G. Struct. Bonding (Berlin) 

1981, 46, 1. 
(3)  Gerloch, M. Magnetism and Ligand-Field Analysis; Cambridge 

University Press: Cambridge, U.K., 1983. 
(4) Gerloch, M.; Woolley, R. G. Prog. Inorg. Chem. 1983, 31, 371. 
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Table I. Geometrical Parameters and d-d Spectral Transition Energies for Acetylacetone Complexes of Coppcr(l1) 
M e  Me Me FhO 

Metoxo-+Me 0 0  rxo-) 0 0  0 0  p h t f $  0 0  ph 

Me Me Me M e  M e  OPh Me Me 

1 2 8 4 

Cu-0,  A bite, deg a, deg LCU-0-C, deg transition energies, cm-' no. complex 
~ ~~~~~~~~~ 

1 C u ( 3 - M e a ~ a c ) ~  1.91 92.5 

3 Cu((phenoxycarbonyl)acetonate), 1.93 93.0 
4 Cu(3-Phacac), 1.91 91.4 

2 Cu(acac), 1.92 93.5 

'Tilt angle a is the angle between the coordination plane CuOp and 

tribution is now establ i~hed,~ and its inclusion has characterized 
our analyses of the cobalt species in the preceding study6 as well 
as the present copper systems. 

The assignment of Belford and Hitchman,' which still finds 
favor8 today, was based upon the use of both vibronic selection 
rules and a study of the variation with temperature of the d-d 
spectral band intensities. The energies of the observed transitions 
were also reproduced within the angular overlap model9 (AOM) 
parameterized by e,, enl, and e,,, referring to metal-ligand in- 
teractions characterized with respect to the chelate planes and 
idealized to overall C, molecular symmetry. Moreover, a recent 
studylo of a five-coordinate quinoline adduct of bis(acety1- 
acetonato)copper(II) has been claimed to support the Belford- 
Hitchman assignments in the planar systems. Nevertheless, ex- 
perimental polarization ratios obtained from crystals in which the 
molecular alignments are far from ideal are rather small, and one 
discerns room for doubt in the nonunique vibronic and uncertain 
intensity analyses. Further, notwithstanding the reproduction of 
the band energies by the AOM, the noninclusion of any ligand- 
field void contribution into the analysis contrasts sharply with 
widespread evidence3sS of the firm depression of the dZ2 orbital 
energy by this d-s interaction. Hitchman" has recognized the 
early neglect of this contribution, defending it, however, on the 
grounds of the effective reproduction of spectral bands without 
it and explaining it by reference to the proximity at  some 3.1 %, 
of neighboring acetylacetone carbon atoms above and below the 
copper atom in the reference molecule. There is no reason to 
suppose, however, that the void contribution should be significantly 
diminished by such weak interactions as may or may not result 
through these long contracts, as demonstrated el~ewhere;~ those 
distances are not untypical of van der Waals contacts anyway. 

The other main assignment, proposed by Hathaway,I2 is, as 
noted by Smith,' in line with those put forward for other planar 
copper(I1) complexes involving oxygen ligators; for example, in 
the sheet silicate, Egyptian b l ~ e , ~ * " * ' ~  or in tetrakis(tripheny1arsine 
oxide)copper(II) bis(dichlor~cuprate(I)).'~ Hathaway'* has 
claimed more reliable vibronic analysis from investigation of the 
spectrum of the 3-methylacetylacetone derivative, for here the 
sole molecule in the unit cell guarantees maximal polarization 
ratios for analysis. Unfortunately, the lattice is triclinid5 and 
polarization studies can be difficult then; this study has been 
criticized by Belford and Hitchman.' 

The cellular ligand-field26 (CLF) analyses presented here begin 
with the spectrumI6 of the 3-phenylacetylacetone derivative in 

( 5 )  Deeth, R. J.; Gerloch, M. Inorg. Chem. 1984, 23, 3846. 
(6) Deeth, R. J.; Duer, M. J.; Gerloch, M. Inorg. Chem., preceding paper 

in this issue. 
(7) Hitchman, M. A:; Belford, R. L. Inorg. Chem. 1971, 10, 984. 
(8) St. Nicolov, G.; Atanasov, M. A. Inorg. Chim. Acta 1983, 72, 95. 
(9) Schlffer, C. E. Sfrucf. Bonding (Berlin) 1986, 5, 68. 

(10) Hitchman, M. A. Inorg. Chem. 1974, 13, 2218. 
(11) Ford, R. J.; Hitchman, M. A. Inorg. Chim. Acta 1979, 33, L167. 
(12) Hathaway, B. J.; Billing, D. E.; Dudley, R. J.; Fereday, R. J.; Tom- 

linson, A. A. G. J .  Chem. SOC. A 1970, 1420. 
(13) Clark, M. G.; Burns, R. G. J .  Chem. SOC. A 1967, 1034. 
(14) Deeth, R. J., unpublished work. 
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1.8 127 15500 15800 19200 
- 5  -127 14500 15600 18000 

4.2 126 14200 15600 18100 
11.4 128 15400 16900 19000 20600 

the acac chelate plane. 

which four transitions are resolved, so providing a more testing 
and rewarding basis for study. Good reproduction of all transition 
energies throughout the series of four planar copper(I1) acetyl- 
acetonates is achieved without neglect of void contributions. The 
central result of the study, however, is the clear demonstration 
of an amount of bent bonding between the metal and the ace- 
tylacetone donors that correlates with the degree of nonplanarity 
in the chelates throughout the series. 

2. Energy Separation between d,, and d,, Orbitals in 
C~(3-Phacac)~ 

Spectral d-d transition energies and some geometrical details 
of four closely related acetylacetone complexes of copper(I1) are 
collected in Table I. Complex 2 was the object of the vibronic 
analysis by Belford and Hitchman;' complex f was that studied 
by Hathaway.'* For these two molecules, and also' for 3, only 
three spectral bands, a t  best, are resolved while four distinct 
transitions are observed16 for the 3-phenylacac complex, 4. That 
system provides an important key for the present study. 

Each of the four bands in this d9 complex must arise from 
orbitally nondegenerate transitions. The minimum energy sep- 
aration observed is ca. 1500 cm-I and so, for any assignment a t  
all, the d,, and dYz ligand-field orbitals must be split by at  least 
that amount. Splitting of these orbitals arises by virtue of the 
inexact 4-fold symmetry of the oxygen donor groups and via the 
agency of any ligand-field potential operating out of the donor 
atom plane. Spin-orbit coupling may contribute to the magnitude 
of the splitting but only in conjunction with these primary lig- 
and-field conditions. In terms of the CLF model, the first issue 
to be resolved, therefore, is whether reasonable values for e,L- 
(0)-referring to oxygen a donation normal to the coordination 
plane-can give rise to an xz-yz splitting of 1500 cm-I, given that 
the disposition of the donor atoms around the metal is only slightly 
different from tetragonal.I8 An unequivocally negative result is 
attested by the following details. 

Paying no heed to spectral assignments-and therefore staying 
free of all earlier proposals-we c o m p ~ t e d ' ~  d-orbital energies 
within the full d9 basis for e,(O) in the range 3000-9000 cm-I: 
eTs(0), 0-2500 cm-I; e,,(O), 0-5000 cm-'; e,(void), 0 to -4000 
cm-I; with { = 0 or 800 cm-I. Within these wide ranges a rough 
but adequate generalization is evident from the "basic" C L F  
model. The effect upon the xz-yz splitting by spin-orbit coupling 
is very approximately additive and never greater than about 500 
cm-I. In addition, a further splitting of about 100 cm-I for every 
1000 cm-I increase in e,,(O) occurs more or less independently 
of the remaining parameter values. So, even with the unacceptably 
high value e,,(O) - 5000 cm-', the largest splitting calculated 
is about 1000 cm-I. The observed value is reproduced only for 
e,,(O) - lOOOocm-'. 

(16) Belford, R. L.; Carmichael, J .  W. J .  Chem. Phys. 1967, 46, 4515. 
(17) Woolley, R. G. Mol. Phys. 1981, 42, 703. 
(18) Carmichael, J. W.; Steinrauf, L. K.; Belford, R. L. J .  Chem. Phys. 1965, 

43, 3959. 
(19) CAMMAGI, a Fortran program by A.  R. Dale, M. J. Duer, M. Gerloch, 

and R. F. McMeeking. 
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Table 11. Copper(I1) Acetylacetonates: "Best-Fit'' Parameter Values (cm-I) and Calculated Transition Energies (cm-I) 

1 

2 

PhO 

4 

OPh 

3 

5800 
100 400 

200 

eAO) 6000 5700 6000 

1200 e,,(O) 1200 1300 

e,,,(O) 0 ill00 f 1400 +400 

21 200 21400 21800 25500 

100 erlI(O)f 100 

4 ( 0 ) '  400 400 400 100 

e,(void) -3600 -3 IO0 -3300 -1 00' 
XC 
Tf 700 700 700 700 

Transition Energies, Aza --+ 

15295 (B,/B2) 14397 (Bl)b 15315 (B,) 11462" (A , )  
14897 (A , )  15863 (B*/BI) 15518 (82) 17051 (B2) 

18562 (A,) 18227 (AI) 19217 (A,) 15913 (B,/Bl) 
19682 (AI) 19194 (A , )  20779 (A,) 16398 (B,/B2) 

"Term labels for C, symmetry. Energies given for Cu(acac)z; those for Cu((phenoxycarb~nyl)acetonate)~ are very similar. CThe ligand-field 
trace, X = Xligsnda(en + e,, + e*,,). "Observed" bands at 10750, 14 300, 16000, and 16400 cm-I. 'For the quinoline adduct e,(axial) = e,(void) + 
e,(quinoline). fValues held fixed, but see text. 

Of course, the need for so large a value arises from the coor- 
dination geometry being so nearly square, the bite angle (Table 
I) in this molecule being 91.4'. While there seems no good reason 
to doubt the crystallographic evidence,I* the possibility of extreme 
sensitivity of the xz-yz splitting to the bite angle was examined. 
Recalculating the d orbital energies but with a geometry based 
upon a chelate bite of 94.5' (larger than any observed in the 
molecules in Table I) only doubles the efficacy of e,,(O) to split 
the xz,yz  pair; that is, { = 800 cm-' and e,,(O) - 5000 cm-I 
now yields the observed minimum separation of 1500 cm-I. The 
splitting of this pair of orbitals thus emerges as the key issue 
in the present analysis. 

We seek a more effective ligand-field potential that operates 
perpendicular to the coordination plane. At the phenomenological 
level we find it in the second coordination shell from the nonco- 
planarity of chelate and coordination planes. Tilt angles, a, 
describing the folding of the acetylacetone chelates about the 0-0 
vector, are included in Table I; in all cases, the chelates tilt one 
up and one down, maintaining an inversion center in the complex. 
A qualitative association of spectral resolution with tilt angle 
throughout the series of acac complexes is obvious. For 1, which 
is nearly planar, there is effectively a resolution into only two 
spectral maxima; for 4, the large tilt angle of 1 1.4' is accompanied 
by a clear separation into four bands. We pursue this correlation 
quantitatively within the ligand-field analysis by supposing the 
Cu-0 interactions to involve bent bonds and parameterize the 
potential with e,,, (0) to describe misdirected valency normal 
to the coordination plane as in Figure l a  of the preceding paper.6 

3. Analyses for the Series of Copper(I1) Acetylacetonates 
We anticipate the correlation of spectral resolution with chelate 

tilt angle throughout the series to be associated with a variation 
in the value of e T u , ( 0 ) ;  we also expect other parameter values 
to change little. Further, a consistent view that ligand-field pa- 
rameters reflect electron density in a molecule requires our rec- 
ognition of the nonbonding lone pairs on the oxygen donors so 
that the results of the preceding study6 of cobalt(I1) Schiff-base 
complexes should qualitatively carry over to the present copper( 11) 

acetylacetonates. We presume that ligand-field contributions from 
the nonbonding lone pairs in the planes of the acetylacetonate 
moieties are represented by eroil > 0. On the other hand we expect 
significant 7r donation from the oxygen atoms normal to these 
planes and hence that e, ,(O) > 0. Our starting point for the 
copper-acac analyses, therefore, is that E(xy)  > E(xz,yz) > E(x2 

Our discussion centers on the sketch heading Table 11, from 
which we observe how an essentially two-peak spectrum for the 
near-planar complex 1 resolves into a four-peak spectrum in the 
most bent molecule, 4. We presume that the resolution occurs 
in the obvious manner indicated in the diagram and, therefore, 
that the d,i and dg-9 orbitals are nearly degenerate in the planar 
species, as shown. The splitting of the xz,yz orbital pair is affected 
by little other than the e,,,(O) parameter; that of the z2,x2 - y 2  
pair depends upon erull(0) also but is reproduced ultimately also 
by variation in e,,,(O) acting in second order. An alternative 
assignment in which the z2 orbital is presumed to be nearly de- 
generate with the xz,yz pair in l is unsustainable if even ap- 
proximately reasonable values of other CLF e parameters are also 
to cause it to become near-degenerate with the x2 - y 2  orbital in 
4. The parameter values listed in Table I1 were determined, then, 
as follows. That for eTil(O) was fixed at  the small, nominally 
positive value by analogy with the results for the cobalt Schiff-base 
complexes.6 A zero value for e,,,(O) was presumed for 1 in view 
of the near-perfect planarity of this molecule. The value of 400 
cm-' for eTull(0) represents a numerical maximum if an energy 
separation for the xz,yz orbital pair is not to be calculated larger 
than 1000 cm-' and so be resolved experimentally. Finally, op- 
timization of the remaining variables to reproduce the observed 
transition energies yielded the values in the first column of the 
table; the spin-orbit coupling parameter, [, was fixed at 700 cm-' 
throughout these analyses. The splitting of the lower energy band 
in the spectra of molecules 2 and 3 is about 1000 cm-', and this 
establishes e,,,(O) at  ca. 1100 cm-I. A fitting process similar 
to that for 1 yields the values in the second column. Finally, for 
4, when the tilt angle is 11 O ,  the larger spectral splitting now 
requires e,,,(O) - 1400 cm-I, yielding the remaining values in 

- Y 2 ) .  
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2 

auinoline 

Figure 1. Schematic geometrical details of Cu(acac),(quinoline) 

Table 11. The corresponding calculated transition energies, to- 
gether with their major speciation (in idealized C2, symmetry), 
are also given there. As in several other recent studies, we note 
the virtual constancy of the ligand-field trace, E, throughout this 
series; the value of this sum is some 5 1 0 %  less than that for 
chlorocopper(I1) complexesZo and insignificantly different from 
the trace found for a score for copper(I1) amine systems.21,2z 

The signs of the e,,,(O) parameters in these studies are in- 
determinate. Positve or negative signs correspond, as described 
in section 1 of part 1: to the “bend bonds” between oxygens and 
copper lying two “above” the coordination plane and, for the 
centrosymmetrically related ligators, two “below”. However, there 
is no point of reference in these analyses that confers any meaning 
to “above” and “below”. Both signs of e,,,(O) yield identical 
results. While we expect that the bent bonds “really” do lie in 
the obvious places with respect to the chelate planes, the orien- 
tations of these latter are communicated to the computation only 
by the enol parameters themselves. This unavoidable loss of 
information is simply a consequence of the overall molecular 
symmetry. 
4. A Five-Coordinate Quinoline Adduct 

An analysisI0 of the five-coordinate quinoline adduct of cop- 
per(I1)-acac has been used to support the Belford-Hitchman 
assignments in the planar species. As the present analyses do not 
support these early assignments and, in particular, include con- 
tributions from the coordination voids, it is appropriate now to 
see if a similar view of the electron density distribution can re- 
produce the observed spectrum of the quinoline complex. Es- 
sentially three bands are observed although the polarization study lo 

establishes a fourth. Our C L F  analysis is characterized by the 
same large number or parameters required for the four-coordinate 
species above but without some of the simplification afforded by 
correlations accross that series. We expected to find extensive 
parameter correlation within the analysis of the quinoline complex 
in consequence, together with a corresponding uncertainty in our 
conclusions. It transpires that the firmly established assignments 
afforded by the polarization analysis remove all important am- 
biguity from the present C L F  study. 

The coordination geometryz5 is shown schematically in Figure 
1 .  Typically for square-pyramidal complexes, the metal atom 
lies some 0.2 8, above the chelate donor atom plane. The chelate 
planes are titled down from the 0-Cu-0 planes by 7 O ,  so de- 
scribing the misdirected valence of a magnitude intermediate with 
respect to that in the four-coordinate series. The sign of e,,,(O) 
is relevant in this case, for the direction of chelate tilt is defined 
internally with respect to both the displaced metal atom and the 
fifth ligand. The other major parameter change to be expected 
from adduct formation relates to the loss of one of the coordination 

(20) Deeth, R. J.; Gerloch, M. Inorg. Chem. 1985, 24, 1754. 
(21) Woolley, R. G. Chem. Phys. Lett. 1985, 118, 207. 
(22) Deeth, R. J.; Gerloch, M. J .  Chem. Soc., Dalton Trans. 1986, 1531. 
(23) Deeth, R. J.; Gerloch, M. Inorg. Chem., following paper in this issue. 
(24) Deeth, R.  J.; Gerloch, M. Inorg. Chem. 1984, 23, 3853. 
(25) Jose, P.; Ooi, S.; Fernando, Q. J .  Inorg. Nucl. Chem. 1969, 31, 1971. 
(26) The CLF model corresponds exactly with the ligand-field version of the 

AOM that  has always been employed by  US.^-^,'' 
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voids. The value of e,(axial) in the present analysis refers to the 
sum of e,(void) and e,(quinoline). By reference to the similar 
situation5 in the structurally analogous pentaamine [ C U ( N H ~ ) ~ ] ~ +  
and in recognition of the moderately long Cu-N bond length (2.36 
A) here, it was anticipated that e,(axial) would be of small 
magnitude and indeterminate sign (a priori). 

Comprehensive calculations in which e,(axial), e,(O), e,, (0), 
eTll(O), and e,,,(O) are varied widely while e,,ll(0) is held fixed 
at  400 cm-’, as suggested by the analyses of the four-coordinate 
species, and { = 700 cm-’ quickly reveal a central difficulty. Most 
parameter sets, whether or not they allow reproduction of the 
observed transition energies, yield the highest-energy band as 2Az 
-+ 2Al,  as characterized within the overall CZu molecular pseu- 
dosymmetry, instead of 2A2 - 2B, as determined by Hitchman 
from his polarization study.l0 This provides the key for our CLF 
analysis in that the correct level ordering is only reproduced for 
(modest) positive values of efflI(O). The essentially unique pa- 
rameter set given in Table I1 reproduces observed transition en- 
ergies well, as shown, and confers substantial 2A2 - 2Bl character 
to the band at ca. 16400 cm-’. That mixing between - B1 and - B2 character occurs is to be traced to the imperfect C2, mo- 
lecular symmetry, which results especially from the Cu-N vector 
being displaced from the ideal principal molecular diad, as well 
as to the effects of spin-orbit coupling. 

The sign of erUll(O) is established in this case and, like that in 
the cobalt species of part 1,6 is positive, indicating a dominance 
of the lone-pair effect over any bent bonding due to ring strain. 
The adoption of positive e,,,,(O) in the analyses of the four-co- 
ordinate species is thus supported. 

Finally, we note the much smaller value for e,,(O) in the 
quinoline adduct than in the planar acac species (Table 11) and 
presume this reflects a diminished ligand donor role on increasing 
the coordination number from four to give in accord with the 
electroneutrality principle. We observe a larger Cu-0 bond length 
in the quinoline adduct (Table I and Figure 1) in agreement with 
this proposal. K donation is expected to be more sensitive to such 
changes than u donation but, as usual, we do not advocate a simple 
correlation with bond length here as we are comparing donation 
to C u 0 3  in the planar species with donation to C u 0 3 N  in the 
adduct. 

5. Discussion 

The analysis of the d-d spectra of these four-coordinate cop- 
per(I1) acetylacetonates began with the “conventional” C L F  
scheme parameterized simply by locally diagonal u and K variables 
and was found wanting. Taken together with the “common-sense” 
chemical view of the expected electron density near the metal atom 
requiring recognition in ligand-field terms, that finding demon- 
strates the need for the off-diagonal e,, parameter. Some measure 
of correlation between the various parameters in these analyses 
is inevitable with so many variables and so limited a data base, 
and recognition of this demanded the detailed exposition provided 
in the preceding section. Nevertheless, it is persuasive to see so 
consistent a parameterization emerging throughout the series of 
four- and five-coordinate complexes in which the only major 
change is in erai(0), correlating transparently with the tilt angles. 

We presume that the nonzero values of e,,,(O) relate only to 
the “bent bonding” occasioned by the tilting chelate groups. On 
the other hand, values of e,,ll(0) probably reflect contributions 
from both aspects of misdirected valence illustrated in Figure 1 
of part 1 .6 This supposition derives partly from a recognition of 
the “ring strain” implied by the large C U M  angles in the chelate 
(ca. 130’) as well as the presence of the nonbonding electron lone 
pair on each oxygen donor and partly upon the relative magnitudes 
of erUl1(0) and effll(0) established by the C L F  analysis of the 
quinoline adduct. Thus any ring strain effect is expected to result 
in displacement of the Cu-0 “a” bond toward the inside of the 
chelate ring and hence to furnish a contribution in the opposite 
sense to that produced by the lone pair. Equation 5 of part l 6  
describes the e,, parameter as a sum of contributions (over x )  
separately, and so in the present complexes we expect to monitor 
their net contribution and observe some cancellation. However, 
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at  the same time, their individual contributions to eTl,-through 
eq 3 of part 1-will be both positive (because we consider positive 
denominators throughout this discussion) and hence additive, 
numerically a s  well as algebraically. We believe that the com- 
parable values of erol , (0)  and eTlI(O) in the quinoline complex do 
not merely indicate experimental error or model tolerences but 
that they actually support the notion of both modes of misdirected 
valence within the planes of these chelate groups. Whether the 
same circumstances prevail in the cobalt complexes described in 
part l 6  is not clear, partly through the much more difficult analyses 
there being based primarily upon g tensors and partly in view of 
the differing relative contributions to those expected from bent 
bonding and lone pairs in the more strongly bound systems. 

In passing, we may conjecture on the reason why the acetyl- 
acetone chelates tilt in the quinoline adduct. One cannot rule out 
steric forces, which we suppose play their part in the four-coor- 
dinate species. However, by tilting in the sense observed, the 
chelates may be maximizing overlap with metal orbitals lying in 
the x y  plane, for that is where the repulsive effect of the electrons 
in the half-filled d, orbital is least. A similar proposal22 has been 
made recently within an analysis of the formally tetrahedral 
CuCI,*- ion in Cs,CuCl,. 

In summary: the present CLF analyses provide a coherent 
account of the valence electron distributions in a series of related 
complexes that lies well with mainstream chemical concepts. At 
the same time, confusion over the interpretation of the resultant 
ligand-field properties is hopefully dispelled. Throughout this6*23 
and the p r e v i o ~ s ~ , ~ ~ . ~ ~  series of studies we have proffered the 

that all ligand-field phenomena are to be seen as se- 
quential on the underlying bonding, that, in Werner complexes 
at  least, the role of the transition-metal d orbitals is mainly to 
react to the electron distribution in the bonding and other higher 
lying orbitals rather than to be significantly involved in the primary 
bonding process itself. We see the d electrons as interacting with 
the underlying framework of bonds “already” formed. We need 
not refer explicitly to overlap integrals within this formalism- 

which, we emphasize, is merely a consequence of nature’s en- 
dorsement of the basic ligand-field structure-but where such 
language is deemed useful we must always recognize that the 
overlap is not that between metal d orbitals and simple ligand 
functions. That view neglects the all-important electron redis- 
tribution that takes place on molecule formation. Accordingly, 
guesses about the relative magnitudes of such overlap integrals 
are wholly unreliable. Our view always has been that ligand-field 
parameters should be allowed free rein. The contrary view that 
incorporates interpretation into the approach from the beginning 
only serves to mix together incompatible model structures. 

Inter alia, the features of electron density that seem well attested 
by the present analyses are (1) that acetylacetone groups act as 
u donors towards the copper and as A donors using the delocalized 
PA orbitals normal to the acac plane, (2) that copper-acac bonding 
within or close to the acac plane is “nonideal” in the sense that 
geometrical constraints imposed by the chelate-and possibly 
crystal packing-cause misalignment of ligand orbitals and 
metal-oxygen vectors, (3) that such misdirected valence involves 
bent bonds within the chelate planes and, to a variable extent, 
normal to those planes, (4) that within the planes, the ligand-field 
analyses support the idea of a smaller bite angle defined by the 
bonding electron density than by the chelate donor atoms, ( 5 )  that 
the nonbonding lone pairs on the oxygen donors have a noticeable 
effect upon the d-d spectra, and (6) that the ligand-field con- 
tributions from the coordination voids throughout the series are 
important and similar to those established for many other similar 
coordinationally sparse species. 

Acknowledgment. We are most grateful to Dr. M. A. Hitchman 
for his critical appraisal of this work. R.J.D. acknowledges the 
award of a Commonwealth Scholarship and support of the British 
Council. M.J.D. acknowledges the support of an award of the 
Science and Engineering Research Council. 

Registry No. 1, 36407-49-5; 2, 13395-16-9; 3, 13395-16-9; 4, 
108214-96-6; Cu(a~ac)~(quinoline),  25948-21-4. 

Contribution from the University Chemical Laboratory, 
Cambridge CB2 IEW, U.K. 

Ligand Fields from Misdirected Valency. 3. Ligand Hybridization in 
Tetragonal-Octahedral Nickel(I1) Thiocyanatest 
Robert J. Deeth and Malcolm Gerloch* 
Received December 5, 1986 

Ligand-field analyses of the d-d  spectra of seven hexacoordinate nickel(I1) complexes, parameterized within the cellular ligand-field 
model, are presented. Several of these provide a bench mark to help substantiate the primary object of the present study: namely, 
to show how inclusion of a locally nondiagonal, ligand-field parameter, e,,, obviates the need to consider the thiocyanate ligand 
as a a donor in ~ ~ ~ ~ F - N ~ ( N H , ) , ( N C S ) ~  but as a a acceptor in Ni(en)2(NCS)2 (en ethylenediamine). It is argued that the nonzero 
value of e,, i n  the latter system monitors the ligand-field effect of the nominal sp2 nonbonding lone-pair electrons established by 
bending of the Ni-N-CS angle. 

1. Introduction 
The utility of ligand-field analysis as a chemical discipline surely 

requires that its conclusions consistently match those from more 
widely based techniques. It is disquieting to note, therefore, a 
(repeated’) observation2 that angular overlap model (AOM) 
parameters appear to define a n-donor role for isothiocyanate 
ligands in some nickel( 11) complexes but *-acidic behavior in 
others that are closely related. Thus, for Ni(NH3)4(NCS)2 in 
which the trans Ni-NCS angles3 are approximately 180°, e,- 
(NCS) and e,(NCS) values have been reported2 as 3843 and 125 
cm-I, respectively, while values of 2123 and -409 cm-’ are claimed2 

‘No reprints available from this laboratory. 

0020-166918711326-2582$01.50/0 

for N ~ ( ~ I I ) ~ ( N C S ) ~  in which4 Ni-N-C is 140’. These observations 
were made in two studies’V2 that otherwise sought to establish a 
simple relationship between bond length and e, values for Ni-N 
bonds. The association of the smaller e,  value in the second 
complex with a longer Ni-NCS bond (2.15 vs. 2.07 A) has obvious 
qualitative appeal, but no ready explanation of the reversed A- 

bonding role seems to be at hand. Moreover, on purely pheno- 
menological grounds, it has been proposed’ that the Ni-NCS bond 
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