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ligand X is sufficiently small by comparison to the
tertiary phosphine to permit expansion of the P-Cu-P
angle. This effect is especially well illustrated by com-
pound 8 which contains the very crowded tricyclo-
hexylphosphine ligand; here the P-Cu-P angle opens
to 140° (compare compound 7). In compound 11 there
are three phosphine ligands bonded to copper, which
results in a reduction of the average P-Cu-P angle to
~115°.

One of the more noteworthy features of the results
summarized in Table I is the variation in P-Cu-P angle
in ((C¢H;)sP):CuX compounds (1-5, 7, 9, 10) with
choice of anion. This trend can also be explained
purely on steric grounds, and, while alternative explana-
tions exist,?4 they involve complicating assunptions and
will not be considered further. In particular, the larg-
est angles occur in compounds where the X group is (to
a first approximation) planar (NO;~, Cl,CuP(CsHz); ™),
and the smallest angles occur in compounds where the
shortest Cu—X bonds are and where X is decidedly
more bulky (B;H;—, BH,~, and possibly the puckered
azide dimer, 10). Since the phenyl ring protons of the
(CeHs)sP ligands extend well across the P-Cu-X
angles,'~* the P-Cu-P angle can open only until there
is a balance between nonbonded repulsions of (CeHj;);P-
(CeH;)3P and (C4H;);P-X types. Wherever possible
there will be relief of intramolecular, interligand crowd-
ing, as illustrated by the rotation of the thienyl group
in 2 so that the sulfur atom points away from the rest
of the molecule and by the preference in the two (CeHj)o-
CH;P complexes 6 and 11 for the rotational conformer
which directs the methyl groups toward the anion.
Comparison of the geometries for compounds 5 and 6
is especially revealing, where substitution of (CeHs)o-
CH;P for (CgHs)sP reduces the steric interactions be-
tween phosphine and hydroborate groups with a re-
sultant increase of 8° in the P-Cu-P angle.

As shown in Figure 1, there is a very approximate
correlation among the P-Cu-P angles and Cu-P dis-
tances for the various ((CeHs;)sP):CuX compounds.
The trend may be somewhat better than it appears from
the figure, since no attempt has been made to correct
for the widely variant electronic properties and chelate
ring sizes of the anions, but there is clearly a need for
more data. The increase in the per cent s character
in the copper—phosphorus bonds with increasing angle
results in shorter Cu—P distances, as would be expected
from steric as well as theoretical considerations.!?
In the extreme case of ((CeH;)sP)Cu(n-CsHs), the dis-
tance of 2.135 (1) A is the shortest yet observed for a
Cu-P bond, a result which has been attributed at least
in part to steric factors.!?

It is interesting to focus on the three g-diketonate
complexes, 1-3, where intramolecular steric interactions
are nearly constant. The most electron donating of
these ligands is trifluoroacetylacetonate, and compound
1 is observed to have the shortest Cu—O bond lengths.
Correspondingly, the Cu—O bond lengths in the hexa-
fluoroacetylacetonate complex, 3, are longer. A parallel,
but inverse, trend occurs in the Cu~P bond distances
for these three compounds indicating that, as the donor
strength of the anion varies, an adjustment occurs
in the copper—phosphorus ¢ bonding in order to main-
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tain a balance of total charge density contributed by
the ligands to the copper atom.'*—® It may be
noted (Table I) that the P-Cu-P angles follow
nearly the same trend, with the greater steric relief
of the TTA ligand (the thienyl group is planar and
almost coplanar with the @-diketonate backbone)
allowing the P-Cu-P angle to open a little more. It
is also of interest that, since the donor strengths of the
B-diketonate ligands correlate with the Cu-P bond
lengths, copper—phosphorus back (m)-bonding appears
to be minimal. If = bonding were operative, the Cu-P
distances would be expected to decrease as negative
charge accumulated on the copper atom.

Although the foregoing discussion has been specifi-
cally limited to copper(I) complexes with tertiary phos-
phine ligands, the conclusions are considered to be more
generally applicable, especially to four-coordinate d:°
systems where substantial metal-ligand = bonding is
absent. For example, it would appear that structural
results for certain Zn(I1) complexes containing nitrogen
and chloride donor ligands'” could be explained in an
analogous manner, although extensive data are not
available.’*1? The appearance of new structural re-
sults which should be “‘predictable’” by inductive reas-
oning from the five generalizations will be of interest.
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Reevaluation of the Dipolar Contribution
to the Contact Shifts of the Square-Planar
Complex Bis(dithioacetylacetonato)cobalt(II)

Sir:
Recently,! we have interpreted the nmr contact shift
data for the square-planar complex Co(SacSac),
(1) R.]J. Fitzgerald and G. R. Brubaker, Inorg. Chem., 8, 2265 (1969).
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(SacSac = dithioacetylacetonato) in terms of an
“axial field” model, where the z axis was the principal
axis. However, we cautioned at that time, ‘.. .in the
event that the anisotropy lies in the xy plane, as in the
cobalt-maleonitriledithiolato complex,? our conclusions
(would) be altered.” Subsequent to our investigation,
an esr and bulk magnetic anisotropy study?® has shown
that there is a large in-plane anisotropy for this com-
plex. In addition, recent articles®® have suggested
that second-order Zeeman effects may contribute sub-
stantially to the dipolar shifts in transition metal com-
plexes.

We present here a reinterpretation of our data con-
sistent with the anistropy measurements and an eval-
uation of the importance of second-order Zeeman terms
to the dipolar shifts in this complex.

Before discussing the implications for bonding, as de-
duced from the contact shift data, we must evaluate the
dipolar contribution to the observed isatropic shifts.
Since the crystal structure,” g-tensor anistropy,® and
bulk susceptibility anisotropy?® are known, we can cal-
culate both the dipolar shifts and the second-order
Zeeman contribution to the dipoler shifts. We define
our coordinate axes according to the convention of
Gregson, ef al,, as shown in Figure 1. The x axis is now

Figure 1.-—The coordinate-axis system for Co(SacSac)s.
axis is perpendicular to the plane of the paper.

The z

the principal axis and the factors necessary for the cal-
culation of the dipolar shift in Co(SacSac); are given in

Table I. These symbols have been defined by us pre-
viously.}
TABLE I
DipoLAR FAacToORrs FOrR Co(SacSac)s
{(3 cos?28 —
1/rs X

Group 1021y Pl 21% 108x||® 10°xJ_l?

CH 8.85 3.28 1.90 3567 1397

CH; 0.132 3.28 1.90 3567 1397

¢ Data taken from ref 3.
Xy + Xz//2-

® Data taken from ref 3: x| =

The value of the geometric factor for the methyl
group, which is free to rotate about its C; axis, repre-
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sents the average of the geometric factors calculated by
program MEGOM for every 15° increment. Although
magnetic measurements show the complex to be slightly
rhombic,? we have treated it as possessing axial sym-
metry.

"We can then calculate the dipolar contribution, using
Jesson's equation’

Ay BAS(S+1)(3 cos? 8y — 1)(3gi + 4g.) (g — &1)
) 45k Tr®

1

We can also calculate the dipolar contribution, in-
cluding second-order Zeeman effects, using an equ1v-
alent equation due to Horrocks*

Oaxn)'”* _ 4xy ve
My _ [X||/5 + 5 T (8 cos?f; — 1)
v Nrd

@)

The results of these calculations are given in Table IT.

TABLE II
DipoLar SHIFT DaTa (Hz) rFor Co(SacSac),
Second-order

Zeeman
Group Ayg® Avid contribution
CH © 4445 +432 —13
CH; +8 +6 -2

s Calculated according to eq 1. ® Calculated according to eq 2.

The separation of our data into observed isotropic
shifts, dipolar contributions, and Fernn contact shifts is
given in Table III.

TABLE III
ConTacT SHIFT DATA (Hz) For Co(SacSac),
Group vgbsd vD vF
CH +218 +432 —214
CH; +64 +6 +57

Originally, we concluded that the unpaired electron in
this complex resided in the d,: orbital on the basis of the
small magnitude of the Fermi contact shift. This would
produce a A, ground state. Our conclusion is un-
altered and has been substantiated on the basis of later
work.?

However, we must alter the mechanism by which the
unpaired electron spin density reaches the ligand pro-
tons. This may now be understood as an admixture of
the 4s and 3d,z orbitals which both transform as a,
under Dy, symmetry. This mechanism is similar to
that postulated by Ingram, et al., for the §-cobalt(II)-
pthalocyanine complex.®

Thus, the second-order Zeeman contributions to the
dipolar shift in this complex are extremely small. We
also note that these results differ substantially from
those presented elsewhere.?
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