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I. Introduction 

The availability of MQssbauer spectra for a rather wide 
variety of iron complexes has stimulated the development of 
models which are intended to account for and effectively pre­
dict the relationship between (1) the magnitude and sign of the 
quadrupole splitting (qs) obtained from the spectra and (2) the 
nature of the structure and bonding exhibited by the com­
plexes. The qs arises from the interaction of the quadrupole 
moment of the 57Fe nucleus in its excited state (/ = %) with 
the asymmetric electronic charge distribution surrounding the 
iron nucleus. Having the ability to interpret the qs data, 
therefore, can lead directly to some understanding of the 
changes in the electron distribution at the iron atom which are 
caused by substituting one kind of ligating atom for another 
(i.e., oxygen for nitrogen) and/or changing the geometrical 
arrangement of the ligating atoms. 

Various approaches have been employed to predict the sign 
and magnitude of the qs for iron complexes.1-6 The central 
element in each of these approaches is the manner in which the 
electric field gradient (efg) at the iron nucleus is estimated. The 
methods for approximating the efg at the iron nucleus span the 
range from semiempirical models using partial field gradients1 

to highly theoretical models2 including the consideration of 
Coulomb repulsion of 3d electrons in the point symmetry of 
the complex and spin-orbit interactions. Between these ex­
tremes various models have been put forth utilizing the features 
that (1) the major contribution to the efg at the iron nucleus 
stems from the partially filled 3d shell3'5 and other valence 
electrons are either neglected1 or included6 when suitable MO 
calculations are available, (2) the efg arising from the polar­
ization of core electrons by the asymmetric, partially filled 
valence shell is either neglected6 or approximated by use of the 
Sternheimer coefficients,1,7 and (3) the chosen coordinate 
system is the principal one,1 i.e., diagonalization of the efg 
tensor is "automatically" done by selection of the coordinate 

intermediates that have less favorable valence electron distribution, as 
has been discussed elsewhere.23-26'51 
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system in order to calculate the quadrupole coupling param­
eters. The latter assumption greatly simplifies the calculation 
in that only the diagonal elements of the efg. tensor need be 
evaluated. Unfortunately for low symmetry complexes the a 
priori assignment of the orientation of the principal axes is 
difficult if not impossible. 

Our goal in this paper is to generalize the well-known 
methods for calculating the efg from valence orbital and point 
charge contributions and to test the application to low sym­
metry complexes. The principal feature of the model being 
presented here is that the major source of the efg is assumed 
to be the asymmetric d electron distribution arising from the 
incomplete population of the d shell combined with the mixing 
of the d orbitals by the interaction of the crystal field. Strong 
support for this feature comes from the recent calculation of 
Goddard and Olafson8 for the hemoglobin case in which it was 
shown that the populated d orbitals alone can account for the 
observed large quadrupole splitting. This concept is in direct 
contrast to the partial field gradient method which assumes 
that the source of the field gradient is covalency effects in 
which ligands donate electrons into the unoccupied hybridized 
orbitals.9 The experimentally observed quadrupole splittings 
are undoubtedly caused by a combination of both effects; 
however, it has not been generally appreciated that the occu­
pied d orbitals alone may be responsible for the greatest share 
in determining the qs for complexes such as those of low-spin 
iron(II) with ligands capable of substantial covalent interac­
tion.111 The model being presented here is also distinguished 
from other similar treatments in that the entire efg tensor is 
first evaluated from the occupied 3d crystal field orbitals and 
point charges and is then diagonalized to obtain the principal 
elements. 

The method is applied to two classes of low-spin iron(II) 
complexes, one characterized by pseudo-Z>3 symmetry and the 
other by pseudo-Z)2A symmetry. A series of calculations on 
model coordination polyhedra is presented to illustrate which 
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Table I. Efg Tensor Operators 

Vxx = er~3{3 sin2 8 cos2 0—1) 
vyy = e/-_3(3 sin2 B sin2 <t> — I) 
K-z = er~3 (3 cos2 8 - 1) 
"xy = vyx = er~3(3 sin2 0 sin 0 cos 0) 
<Vz = "zy = f~3(3 sin S cos 6 sin 0) 

molecular parameters are important in determining the sign 
and magnitude of the qs for the two classes of complexes 
studied. 

II. Theoretical Model 

The Mossbauer quadrupole splitting is calculated from the 
efg tensor1,10 evaluated at the iron nucleus by using eq 1 

qs=l-e2Qq(\+V
2/iy/2 (D 

where e is the charge on an electron and Q is the quadrupole 
moment of the 57Fe nucleus. The quantities q and r\ are related 
to the diagonal efg tensor elements by eq = Vzz and i\ = (Vxx 
- Vyy)/Vzz, where the axes are chosen such that | Vzz \ > \ Vyy \ 
> I Vxx I and Vxy = Vxz = Vyz = 0. This coordinate system 
which diagonalizes the efg tensor is referred to as the principal 
coordinate system. 

In order to calculate the qs, the efg tensor is evaluated at the 
iron nucleus. In the model being presented here, the efg tensor 
elements, Vpq, are expressed as a sum of point charge and 
crystal field orbital population contributions (eq 2). 

VM = (1 - 7~)Kw(point charge) 
+ (1 - R)Vpq(crystal field) (2) 

These two contributions are combined using the Sternheimer 
factors,7 1 — 7„ and 1 — R, which approximate the efg from 
polarization of inner core electrons due to the point charges 
and d electron distribution. Unfortunately, no values of R and 
7CD are available which are applicable to the cases being con­
sidered here (i.e., iron(II) bound in an asymmetric strong li­
gand field environment). Eicher and Trautwein" have used 
a value of zero for R in iron porphyrin complexes. In general 
R is a small positive number in the range 0 to +O.2.12 In the 
absence of any more relevant evaluations of R we have used 
Freeman and Watson's value13 of 0.32 as calculated for high 
spin ferrous ion to include the polarization of the ferric like core 
(6S, 3d5) due to the sixth d electron. It will be seen below that 
the chosen R value strongly affects the magnitude of the cal­
culated qs (the point charge contribution is often an order of 
magnitude smaller than the crystal field orbital contribution, 
vide infra). We will therefore be most interested in the pre­
dicted trends in qs rather than in the magnitudes of the cal­
culated qs. For 7«, we have used the ferrous free ion estimate14 

of — 11. In eq 2 Vpq (point charge) is the sum of the efg's gen­
erated by individual point charges, Z/, placed at the ligand 
positions, /7, 0,, 0,-. 

Kw(point charge) = £ Z1vpq(/7,0/, </>,-) (3) 

where the ^ ( ^ A ^ ) are the efg tensor operators1 (Table I) 
for calculating the electric field gradient tensor elements at the 
origin (iron nucleus) due to a point charge at (r,6,4>). 

The Vpq (crystal field) term in eq 2 consists of the expecta­
tion values of the efg tensor operators, vpq (Table I) summed 
over the occupied crystal field orbitals: 

Vpq (crystal field) = £ - "* < ik I vpq \ ^k) (4) 
k 

In eq 4, n*. is the number of electrons in the fcth orbital and \pk 
is the linear combination of 3d orbitals describing the fcth or­
bital. Each 3d orbital basis function may be approximated as 

Table II. Complete List of Nonzero Angular Integrals (see eq 5) 
Contributing to the Electronic Efg Tensor 

Tensor 
element d, d2 (y2d>\Apq(0,<t>)\y2d2) 

Z2 

x2-y2 

xy 
yz 
XZ 

Z2 

x2-y2 

xy 
XZ 

yz 
Z2 

Z2 

x2-y2 

xy 
XZ 

yz 
Z2 

xy 
XZ 

XZ 

yz 
Z2 

xy 
x2-y2 

Z2 

Z2 

x2-y2 

xy 
yz 
XZ 

Z2 

x2-y2 

xy 
XZ 

yz 
x2 — y2 

Z2 

x2-y2 

xy 
XZ 

yz 
x2-y2 

yz 
x2 — y2 

Z2 

XZ 

xy 
XZ 

yz 
yz 

+4A 
-4A 
-4A 
+2A 
+2H 
-2A 
+2H 
+2A 
+2H 
-4Z/ 
- ( 2 A ) V I 
-2H 
+% 
+% 
-4h 
+% 
+ (2^)V7I 
+3A 
+3Z/ 
+ (1Z7)V^ 
+% 
-mvi 
+3A 
-3A 
-CA)V^ 

a product of a real spherical polynomial, Y2
X(8,4>), X = 1,2, 

. . . , 5, and a radial function, i?3d(/-). For the radial function, 
Clementi's representation of atomic SCF orbitals15 by a linear 
combination of five Slater-type radial functions was used. The 
negative sign in eq 4 is included for the - 1 charge on an elec­
tron. 

Because both the i^ 's and the i>pq's in eq 4 can be written 
as a product of a purely radial function and a purely angular 
function, each integral can be expanded, factored, and re­
written as follows 

Wk\*pq\*k) = L CkxCky{RiA{r)\er-*\R2i(r)) 
x,y 

X (Y2\d,<p)\Apq(8, 0)|r2
A'(0,<£)> (5) 

where the Q \ ' s are the coefficients of the d orbital basis 
functions in the crystal field orbital, \pk = /?3 d(r) 2X Ck\Y2

x, 
and Apq(d,<j>) is the angular portion of the vpq operator. The 
radial integral in eq 5 has been evaluated16 from Clementi's 
radial function for Fe(II), [Ar]3d6 5D, as 34.3278 (1/A3) . Its 
value is rather insensitive to overall charge on the iron atom, 
decreasing only slightly to 33.5937 (1/A3) for iron(0), [Ar] 
3d64s2 5D. This insensitivity is understandable in view of the 
fact that removal of 4s electrons does not appreciably deshield 
the 3d electrons. The angular integrals in eq 5 can be evaluated 
for all the possible combinations of the Apq and the Y2\ For 
example, 

(Yf2\Axx\Y2
x2-y2) = C2X C (5/16x)v^ 

X (3 cos2 6 - 1)(3 sin2 B cos2 <fr - l)(sin2 6 cos 2 </>) 

Xsmdddd<t> = - ( 2 A ) V I 

Of the 90 integrals possible, 65 are zero by symmetry; the re­
maining 25 have been evaluated and are given in Table II. 

Calculation of the qs may be summarized as follows. The 
point charge and electronic contributions are evaluated by 
performing the sums in eq 3 and 5 using the ligand positions 
and charges and using the crystal field orbitals and their 
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Table III. Observed and Calculated Mossbauer Parameters for 
Some Pseudo-£>3 Complexes 

Complex Obsd qs" Obsd n" Calcd qs* Calcd JJ* 

[Fe(DMG)3(BF)2] 
[Fe(PccBF)]+ 
[Fe(BDH)3(CH2)6]2+ 
[Fe(phen)3]2+ 

[Fe(py3tren)]2+ 

[Fe(py3tame)]2+ 

+ 1.0 
+0.95 
+0.5 
-0 .29 
-0 .38 
-0 .41 

0 
0.27 
~0 
0.39 
0.31 
0.28 

+4.4 
+4.9 
+4.9 
-4 .8 
-5 .7 
-1 .6 

0.002 
0.4 
0.18 
0.16 
0.07 
0.53 

" The data are taken from ref 20. Measurements made at 77 or 4.2 
K (mm/s) relative to sodium nitroprusside. * Calculated from crys-
tallographic atom positions; see figure 2 and Table IV. 

populations derived from the spin multiplicity of the complex. 
The sums from eq 3 and 5 are combined in eq 2. In this way 
each of the nine efg tensor elements is evaluated. Diagonali-
zation of the resulting V matrix is equivalent to rotation of the 
coordinate system to coincide with the principal coordinate 
system. The eigenvalues of V are the diagonal elements in the 
principal coordinate system and they can be used to obtain q 
and 7) as explained following eq 1. Finally, using the value of 
0.15 barn17 for Q in eq 1 for an iron nucleus and using the 
Doppler effect, the qs becomes 

qs(mm/s) = 0.2255(1 + v
2/3y/2{q)(\/A3) 

in practical units. 

III. Results and Discussion 
A. General Results. In order to test the application of the 

model presented above, a computer program was written to 
calculate the qs for any given set of ligating atom positions and 
charges. Two general arrangements of six point charges were 
chosen for investigation. These arrangements serve as repre­
sentations for two groups of low-spin ferrous complexes for 
which crystallographic and, for one arrangement, extensive 
Mossbauer data are available. In the following section the 
general results from all the calculations are presented. Then, 
the results for each ligand arrangement are described. Finally, 
calculations on model coordination polyhedra (in which se­
lected stereochemical or ligand charge parameters are varied) 
show which factors are most important in determining the sign 
of theqs. 

Several general results have been obtained from all the 
calculations performed to date on the systems to be described 
below. First, the crystal field orbital term of the efg (eq 2 and 
4 above) is always significantly larger (up to a factor of 10 
depending upon the magnitude of the point charges selected) 
than the point charge term, after Sternheimer corrections are 
applied. This finding is in agreement with the previous results 
of others.18 The effect is due primarily to the different mag­
nitudes of the (1 /r3) factor in these terms. For the d electrons 
the average distance from the nucleus is small (<1 A) and 
therefore <l/r3) is much larger than for the point charges. 
Another general result noted in all calculations is that the point 
charge efg term is always opposite in sign to the orbital efg 
term even though both contributions arise from the distribution 
of negative charge about the iron nucleus (this has also been 
noted before19). 

Since, for the low-spin d6 configuration, the d electrons are 
"concentrated" in the regions between the ligands, the efg from 
the orbital electron distribution will be quite different from that 
generated from the point charges. A third general result follows 
from the first two. Because the orbital efg term is much larger 
than the term from the point charges, the orbital term always 
determines the sign of the efg and likewise the sign of the 
qs. 

B. Complexes with Pseudo-D3 Symmetry. The first ar-

Table IV 

Average structural parameters" 
Complex r (A) 6' (deg) A</> (deg) Ref 

[Fe(DMG)3(BF)2] 
[Fe(PccBF)] + 

[Fe(BDH)3(CH2)6]2+ 
[Fe(phen)3]2+ 
[Fe(py3tren)]2+ 

[Fe(py3tame)]2+ 

1.93 
1.934 
1.981* 
1.93 
1.97 
1.94 
1.96* 
1.910 
2.024* 

52.7 
50.8 
53.1* 
52.7 
57.7 
57.8 
59.0* 
52.6 
56.4* 

21 

21.7 
20.8 
55 

54 

43 

24 

25 
26<-
27,28 

29 

30 

" Mean values calculated from crystallographic atom positions (see 
reference), r, 8', and A0 as defined in Figure 2. * Pyridine nitrogen 
atoms. c Our shorthand notation for Goedken's clathrochelate.26 

rangement of six ligands is representative of complexes con­
taining six imine or pyridine nitrogen donor atoms, qs data for 
some low-spin complexes of this type are given in Table III. 
The data reveal that among the six complexes there are large 
variations in both the sign and magnitude of the qs, spanning 
a range from +1.0 to —0.41 mm/s. Crystallographic donor 
atom positions (references in Table IV) available for all six 
complexes were used to calculate the qs for each complex 
(Table III). For these calculations equal assumed charges of 
—0.2e were placed at each donor atom position.21 For three of 
the complexes in Table III it is explicitly proper to represent 
all the ligating atoms by the same charge since the six atoms 
are chemically equivalent. The other three complexes each 
possess six nitrogen atoms which are in sp2 hybridization and 
are part of an N=C—C=N linkage. In general Fe(II) com­
plexes containing three of these a-diimine linkages are low spin, 
the classical examples being [Fe(bpy)3]

2+ and [Fe(phen)3]
2+. 

Since the py3tame and py3tren ligands are comparable in po­
sition in the spectrochemical series to phen and bpy, the use 
of only one value of charge to represent all the ligating atoms 
in the former two ligands seems justified.22 The case for using 
only one value of charge to represent the six donor atoms of 
PccBF is not as strong.22 

A plot of the calculated results vs. the experimental qs data 
is shown in Figure 1. The plot shows that in each case the sign 
of the qs is correctly predicted, and the magnitudes are cor­
related with the experimental values. However, the magnitudes 
of the calculated qs are a factor of 4 to 16 greater than the 
observed qs. The calculated asymmetry parameters (Table III) 
are not correlated well at all with the experimental values. 

In our model there are several factors which could contribute 
to inflated values of the qs. First, there is the problem of the 
selection of the magnitude of point charges to use and the 
distance from the metal ion that they should be placed. Sec­
ondly, there are all the classical limitations associated with the 
use of the crystal field formalism for representing the electron 
distribution about the metal ion. Thirdly the most important 
sources of uncertainty are the several "constants", namely, 
(1/r3), the Sternheimer coefficients, and the 57Fe nuclear 
quadrupole moment, all of which are approximations. The free 
ion value of (1 /r3,) evaluated from the crystal field Slater or-
bitals is certainly not the same for an iron atom in a strong li­
gand field complex and is probably not constant among the 
complexes. The most difficult problem is that the Sternheimer 
corrections have been developed for free ion iron(II) with the 
core including five d electrons.23 These corrections are certainly 
not appropriate for the complexes and also are probably not 
constant among the complexes. Finally, the quadrupole mo­
ment of 57Fe is uncertain but is known to be in the range of 
0.1-0.3 barn.3'17 
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Figure 1. Plot of calculated vs. observed quadrupole splittings for some 
pseudo-Z)3 low-spin ferrous complexes. 

The second and third "problems" above cannot be remedied 
without much further theoretical work; however, the first 
problem can be investigated using the model presented herein. 
In an effort to estimate the effect of the magnitude of the point 
charges and distances at which these charges are placed, sev­
eral calculations were performed. Variation of the point 
charges for [Fe(DMG)3(BF)2] in the range -0 .05 to - 0 . 5 , all 
at the observed crystallographic positions produced a range 
of qs values from +4.45 to +4.34, a change of about 2%. Over 
the same range of charge, r/ varies between 0.0013 and 0.0045. 
For [Fe(PccBF)]+ and [Fe(phen)3]2 + much more extreme 
charge and distance values were employed. Charges of —2.0 
were placed at the observed crystallographic positions except 
that the distance to the metal ion was reduced by 0.5 A from 
the observed. These values were selected as limiting parameters 
in that an extreme picture of the bonding in these complexes 
places the two lone pair electrons on the six nitrogen atoms 
roughly at the observed bonding distance minus the expectation 
value of r for 2s or 2p orbitals oh the nitrogen atoms. The values 
calculated for the qs are +2.7 and —1.8 mm/s for 
[Fe(PccBF)]+ and [Fe(phen)3]2+, respectively. These values 
still possess the correct sign. Thus, in spite of all the approxi­
mations, the model correctly predicts the sign of the qs in these 
six cases. To our knowledge, no other model has been used to 
correctly predict the sign of the qs for all the complexes in 
Table III.20 

Since a set of six point charges (each of value —0.2e) was 
used to do each of the calculations leading to the results found 
in Table III, it is obviously the spatial arrangement of the 
charges which accounts for the different values of the calcu­
lated qs for the various sets. The spatial arrangement for any 
particular set of point charges (ligating atoms) is conveniently 
described in terms of the parameters 0' and A</> (Figure 2) and 
r where r is the distance from the origin (metal ion) to the point 
charge (ligating atom). It is to be noted that the mean values 
of 6' and A0 for the complexes listed in Table III range from 
50.8° to 59.0° and 20.8° to 54.0°, respectively (Table IV). In 
an effort to find the dependency of the calculated qs on the two 
structural parameters 0' and A<j>, calculations were performed 
with sets of six point charges describing 195 different spatial 
arrangements with D3 symmetry. The point charges were held 
constant at —0.2e, and r was held constant at 1.93 A. The re­
sults of the calculations are shown in Figure 3. Each solid line 
represents a constant value for the calculated qs. Considered 
together, these lines describe a contoured surface (of calculated 
qs) which varies as a function of both 0' and A</>. 

As must be the case the calculated value of qs is zero when 
A0 = 60.0° and 0' ~ 54.7352°, the two values characteristic 
of an octahedron. However, the presence of a zero qs contour 
line shows that the influence of (Y and A0 can exactly cancel 

Figure 2. Definition of structural parameters, r, P, and A<p used in de­
scribing coordination polyhedra of pseudo-Z>3 complexes. 
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Figure 3. Constant quadrupole splitting contours on the 0' vs. A</> qua­
drupole splitting surface (r = constant = 1.93 A). 

each other for certain nonoctahedral coordination polyhedra 
as well. The following general feature of the diagram also 
merits mention. Regardless of the value of A0 a negative qs 
results when 0' is larger than ~56.5° and a positive qs results 
when 6' is smaller than -54 .7352° . 

At A<f) values near zero the surface is very steep and there 
is a discontinuity in the qs near ff = 56.7° where the qs "jumps" 
from large positive to large negative values. An explanation 
for this discontinuity can be seen from a superposition of crystal 
field energy diagrams for some of the cases spanning ranges 
of 6' from 51° to 58° and A0 from 0° to 60° (shown in Figure 
4). In the figure each line designates how the energy of an or­
bital of given symmetry and A0 varies with 0'. It should be 
noted that at A^ = 0° the symmetry of the coordination 
polyhedron is Z)3/, for all 6\ whereas at all other A0 and d' the 
symmetry is D3 . Thus, in the Z)3/, case the d orbitals (split into 
a ig, e', and c" orbitals) cannot mix and a crossover takes place 
at 6' w 56.7°. At this crossover the d orbital configuration 
changes from aig

2e'4 to ai.g
2e"4. The change in d orbital con­

figuration causes a large discontinuous change in the qs be­
cause the aig

2e'4 configuration has electron density in the d_XT 

and dx2_>,2 orbitals which contribute positively to the efg and 
the a i g

2e" 4 configuration has electron density in the dxz and 
Ayz orbitals which contribute negatively to the efg (see eq 4 and 
5 and Table II). In real complexes, the sharp discontinuity 
would not occur because as 0' becomes close to the crossover 
value, the dx2 

—>,2> AXy, and dyZ orbitals are nearly degenerate. 
Therefore, spin states other than the low-spin one would be 
expected to become the ground state, and different magnetic 
as well as Mossbauer parameters would be expected. In order 
to interpret the qs values for complexes with A0 near zero, a 
more sophisticated model including contributions from several 
spin states is needed. When A<£ is larger than 0°, the d orbital 
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Figure 4. Superposition of crystal field energy diagrams for Di or Du, 
coordination polyhedra as a function of structural parameters 6' and 

configuration does not change throughout the entire range of 
8'. Therefore, the discontinuity is avoided for larger A<£ values 
and the diagram shown in Figure 3 is thus more meaningful 
for larger A$ values than it is for A$ values close to 0. 

From the contour diagram, it can be concluded that for a 
given A(j), the qs changes sign as 8' is varied, whereas for a given 
8' the qs changes sign as A</> is varied only if 8' is in the range 
55-56°. Therefore, 8' is the primary structural parameter in­
volved in determining the sign of the qs in complexes described 
by the D3 model. Referring back to the structural parameters 
for the complexes in Table IV and to the contour diagram, we 
can look at the real complexes in terms of generalized poly­
hedra. For example, [Fe(phen)3]2+ with A0 = 55° and 8' = 
57.1° lies in the region of negative qs corresponding to a 
compressed, near-trigonal antiprism, and [Fe(DMG)3(BF)2] 
with A<p = 21° and 8' = 52.7° lies in the positive qs region 
corresponding to an elongated polyhedron twisted between a 
trigonal prism and a trigonal antiprism. 

C. Complexes with D21, or Pseudo-Z>2A Symmetry. The final 
arrangement of point charges to be discussed features a rec­
tangular array of four charges, Z, and two other charges, Z', 
located on a line perpendicular to the rectangle and passing 
through its center. This arrangement possesses Z)2/, symmetry 
and can serve as a reasonable representation for complexes 
containing two monodentate ligands in the Z' or trans positions 
and four nitrogen atoms from either two a-dioxime31 or two 
a-diimine32 moieties in the Z or rectangular positions. 

Table V. 

Case 

A 
B 
C 

Table VI. 

Parameters Selected for the Z)2/, Systems 

M-Z M-Z' 

1.93 A 1.93 A 
1.43 A 1.43 A 
1.43 A 1.43 A 

Z 

-0.2 
-1.0 
-2.0 

Diagonal Efg Tensor Elements" 

Z'/Z = 0.6 

Range of the 
ratio: Z'/Z 

0—1.5 
0—1.5 
0— 1.0 

Z'/Z= 1.0 

Case A 

Case B 

Case C 

-3.86 (-3.81) 
-35.75 (-35.21) 

39.60 (39.02) 
-11.88 (-11.31) 
-21.61 (-15.04) 

33.49 (26.35) 
-11.88 (-10.74) 
-21.61 (-8.48) 

33.49(19.22) 

-6.82 (-6.82) 
-12.02(-11.7O) 

18.84(18.52) 
-3.79 (-3.79) 
-9.98 (-6.12) 
13.76(9.91) 

-3.79 (-3.79) 
-9.98 (-2.27) 
13.76 (6.06) 

a The first number is the orbital contribution only, the number in 
parentheses is the orbital plus point charge value. 

The specific geometry to be discussed here is based on the 
single-crystal x-ray diffraction study32 of [Fe(TIM)-
(CH3CN)2](PFe)2

33 where TIM34 is a 14-membered mac-
rocyclic ligand containing two a-diimine units. As in the case 
of the pseudo-Z)3 complexes the application of the model for 
calculating the qs requires the selection of values for the 
metal-charge distances and for the charges. However, the se­
lection of values for the charges is significantly less straight­
forward than for the six specific pseudo-Z)3 complexes con­
sidered previously in this paper (see Tables III and IV) where 
a charge (e.g., —0.2e) was used to represent each of the ligating 
atoms. In the case of the Z)2/, or pseudo-Z)2/, systems, it seems 
clearly inappropriate to set all the charges equal to each other 
(i.e., Z = Z') except in those applications meant to represent 
complexes where the ligand field strengths of the planar and 
axial ligands are very similar. It is to be strongly noted that in 
many complexes containing either two a-dioxime or two a-
diimine moieties in the rectangular positions, the axial ligands 
are clearly weaker (in the spectrochemical sense) than the 
planar ones.33-35-38 When performing calculations with Z ^ 
Z', it is convenient to report the results in terms of the ratio, 
Z/Z' ?i Of course, it is also necessary to specify the absolute 
charge of either Z or Z' and to specify both the M-Z and 
M-Z' distances. 

Various values for the M-Z or M-Z' distances (based on 
the observed structure of [Fe(TIM)(CH3CN)2]

2+ in the PF6-
salt32), the magnitude of the charge, Z, and the ratio, Z'/Z, 
were selected for performing the calculations (see Table V and 
Figures 5 and 6). In case A (Table V) the M-Z and M-Z' 
distances are the ones found for Fe-N in the single-crystal 
x-ray diffraction study of [Fe(TIM)(CH3CN)2](PF6)2

32 and 
Z is given a charge reasonably typical of those computed for 
ligating atoms in molecular orbital calculations. Cases B and 
C, with the shorter distances and higher charges represent 
limiting situations comparable to those discussed previously 
for the Z)3 or pseudo-Z)3 complexes. The results of the com­
putations for the three cases are shown in Figures 5 and 6 
where 77, qs, one-electron d orbital energies and Vzz, Vyy, and 
Vxx are displayed as a function of Z'/Z. 

In all the results the orbital influence is the dominant one 
in determining the sign of the qs in the range of physically 
meaningful charge magnitudes and Z'/Z ratios (Table VI). 
As can be seen in Table VI, these orbital contributions (i.e., 
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Figure 5. Computational results of 17, qs, crystal field orbital energies and 
the diagonal efg tensor elements for Dlh FeZ4Z'2 models: one Z-Fe-Z 
= 81 °; Z = —0.2e; Fe-Z = Fe-Z' = 1.93 A; the horizontal axis is common 
to all portions of the figure; qs in mm/s; ri and efg tensor elements defined 
conventionally (see text); orbital energies XlO - 2 cm - 1 ; orbital energy 
labels refer to coordinate system where X axis bisects 81 ° angle and Z axis 
is collinear with Z'-Fe-Z' line (case A, see text). 

the diagonal efg tensor elements arising from the six 3d elec­
trons in the crystal field orbitals) are dependent on the M-Z,Z' 
distances and on Z'/Z but independent of Z for fixed M-Z,Z' 
distances and for fixed Z'jZ. 

Inspection of Figures 5 and 6 reveals that the detailed ap­
plication of the model to an actual complex requires that 
"proper" distances and charges be assigned to the two kinds 
of ligating atoms, trans and planar, in the complex. Given the 
difficulties of justifying any such detailed assignments it is 
appropriate to look at the gross qualitative features of the re­
sults in terms of available experimental data rather than at the 
quantitative features. 

For all three cases the predicted sign of the qs is positive in 
the Z'/Z ratio range of 0.54-1.0. Further, in all cases the 
magnitude of the qs diminishes monotonically as Z'IZ changes 
from 0.54 to 1.0. In terms of actual complexes most of this 
range of Z'/Z values (except for Z'jZ = 1) corresponds to 
species in which the trans or axial ligands occupy a lower place 

0 0.S 1.0 I.S 2 .0 
z'/z 

Figure 6. Computational results of y, qs, crystal field orbital energies and 
the diagonal efg tensor elements for Z)2/, FeZ4Z'2 models: same notation 
as in Figure 5 except orbital energies XlO - 3 cm - 1 and Fe-Z = Fe-Z' = 
1.43 A; solid lines, Z = - 1 .Oe; dotted lines, Z = -2.Oe (cases B and C, see 
text). 

on the spectrochemical series than do the planar ligands. As 
stated previously, this is the condition that obtains with many 
complexes studied to date.33'35'36 For such complexes there are 
two reasons to believe that the model advanced here is rea­
sonable: (1) For three derivatives of [Fe([14]-l,3,8,10-
tetraeneN4)X2]"+ the qs is assigned a positive value.36 In the 
three derivatives, where X = NCS - , or CH3CN or NO2

- , the 
trans ligands are lower39 on the spectrochemical series than 
the planar ligand ([14]-l,3,8,10-tetraeneN4), the geometry 
of which should be very similar to TIM.32-33 (2) In the series 
of complexes [Fe([l4]-l,3,8,10-tetraeneN4)X2]'!+, as the li­
gand field strength of X increases the qs decreases in magni­
tude, an observation in keeping with the prediction made by 
the model. Further, in the pairs of complexes [Fe-
(niox)2(imidazole)2] and [Fe(niox)2(imidazole)(CO)],35 

[Fe(niox)2(imidazole)2] and [Fe(niox)2(imidazole)(CN)],35 

[Fe(TIM)(NH3)2]2+ and [Fe(TIM)(NH3)(CO)]2+,41 

[Fe(TIM)(CH3CN)2]
2+ and [Fe(TIM)(CH3CN)(CO)]2+,33 

5831 
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and [Fe(TIM)(CH3NH2)2]2 + and [Fe(TIM)(CH3NH2)-
(CO)J2+,41 the carbon monoxide or cyanide derivative always 
has the smaller qs. Since the substitution of CO or C N - for one 
of the trans donors would be expected to significantly enhance 
the net field strength of the trans ligands, the reduced magni­
tude of the qs which is observed for the C N - or CO derivative 
is certainly in keeping with the model. 
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bon-halogen cleavage involving the intermediacy of carbon 
radicals.13-20 

The isolation of racemized products and the retarding effect 
on the rate of reaction by radical scavengers have been offered 
as evidence for the involvement of radical intermediates in the 
oxidative addition of alkyl halides to d8 iridium(I),14 d10 
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Configuration at Carbon 
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Abstract: Inversion of configuration at carbon (90-100%) was observed during the oxidative addition of optically active a-
phenethyl bromide and benzyl-a-rf chloride to either tetrakis(triphenylphosphine)palladium(0) (l) in the presence of carbon 
monoxide or carbonyltris(triphenylphosphine)palladium(0) (4). The product acylpalladium(II) complex in each case was 
formed in high yield and was converted to the corresponding optically active ester. In the absence of carbon monoxide, benzyl-
a-d chloride underwent oxidative addition to 1 to give a stable alkylpalladium(II) complex which was transformed into the 
acylpalladium complex via carbon monoxide insertion. The acylpalladium complex obtained in this manner yielded the corre­
sponding optically active ester which did not contain as high a degree of optical purity (~7 5% net inversion). The cause of race-
mization was attributed to a nucleophilic exchange equilibrium process during the oxidative addition of benzy\-a-d chloride 
to l . 

Journal of the American Chemical Society / 98:19 / September 15, 1976 


