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electron exchange,! the splittings caused by magnetic dipole
interactions where the electron exchange between the coupled
metal ions is relatively slow also have the potential to provide
quite accurate estimates of the metal-metal separation.
Interpretation of the g Values of the Complex. For a com-
plex of rhombic symmetry such as CuCl,{H,0),, to a first
approximation the molecular g values are related to the ex-
cited-state energies E,,, E,,, and E,, by the expressions'!

g = 2.002 - 2Ak  Ha - 3'/%)2/E,, (2a)
g, = 2.002 - 2Xk, ¥(a + 3'/%b)*/E,, (2b)
g. = 2.002 - 8\k%a?/E,, (2¢)

The constants @ and b in these equations define the proportions
of the d,2_;2 and d,: orbitals in the ground-state wave function,
which is of the form ad,: ,» — bd,:. Substitution into eq 2a—
of A = -828 cm, together with the observed molecular values
8 = 2.049, g, = 2.081, and g, = 2.269 and excited-state
energies E,, = 13400 cm™, E,, = 14500 cm™, and E,, =
14600 cm™ obtained from the electronic spectrum of the
complex,'® yields the orbital reduction parameters k> = 0.54
and k2 = 0.55 and a value b = 0.074 for the mixing coef-
ficient of the d,2 orbital in the ground-state wave function. As
expected, the orbital reduction parameters lie approximately
midway between the values of ~0.65 and ~0.4 observed for
the Cu(H,0)¢>* ! and CuCl,?> ions,® respectively. It should
be noted that this approach considers that the in-plane g an-
isotropy is dominated by the difference in the metal-ligand
perturbation along the x and y axes. In effect, this assumes
that any differences in the contributions from the ligand parts
of the ground-state wave functions are insignificant. In the
case of the axially symmetric planar CuCl,*" ion calculations
suggest that the net contribution to the g shift due to the orbital
angular momentum associated with the ligand part of the
ground-state wave function is quite small,’® but this is largely
because of the cancellation of significant terms derived by
including charge-transfer excited states and ligand spin—orbit
coupling effects. It must be stressed that it is not clear to what
extent the different covalencies of the Cu—O and Cu~Cl bonds
will affect the g anisotropy in a mixed-ligand complex such
as CuCl,(H,0),, so that the present interpretation must be
viewed with caution.

Simple theory suggests that b should be related to the
difference in the o perturbation produced by the ligands along
the x and y axes. It is known that H,O lies slightly higher
in the spectrochemical series than Cl~ when bonded to a
first-row transition-metal ion, but measurements made on
octahedral complexes cannot distinguish between the contri-
butions made by ¢ and 7 bonding to the overall ligand field
splitting.!”” The fact that b is positive in CuCl,(H,0),, with
g, being parallel to the Cu—OH, bond directions, suggests that
water is a stronger ¢ donor than chloride toward copper(II).18
The angular-overlap model provides a useful way of quanti-
fying metal-ligand interactions, and this suggests'? that in a
planar complex such as trans-CuCl,(H,0),

b~ 1/2(31/2)(8‘” - euy)/(eax + ecry) (3)

Here, ¢,, and e,, represent the o-antibonding perturbations
due to one water and one chloride ligand, respectively. These
perturbations are related to the diatomic overlap integrals S,
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between the metal d and ligand p orbitals by the expression
e, = KS,? where K is a constant.!! Studies of the electronic
spectra of a range of chlorocuprate(I1)® and hexaaquo-
cuprate(II)!! complexes suggest that X (H,0) =~ 8.6 X 10°
cem! and K,(ClY) =~ 9.4 X 10° cm™, and these values, together
with the diatomic overlap integrals?®® S, = 0.094 and S, =
0.083 appropriate to the bond distances Cu-O = 1.90 A and
Cu-Cl = 2.23 A in [CuCl,(H,0),] [(C¢H;);POl,,'° yield the
parameters e,, = 7600 cm™ and e,, = 6475 cm™. Substitution
of these values into eq 3 suggests a mixing coefficient b = 0.069
in good agreement with the value b = 0.074 obtained from
the EPR parameters. While it must be emphasized that the
agreement may be purely fortuitous, the self-consistency of
the results is gratifying and suggests that the angular-overlap
model holds considerable promise as a means of parametrizing
the metal-ligand interactions in low-symmetry metal com-
plexes, such as those that are often present in molecules of
biological importance.
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We have recently reported that the pK, of the macrocylic
ligand in the tervalent nickel complex of 11,13-dimethyl-
1,4,7,10-tetraazacyclotrideca-10,13-diene, NiL,**, is higher
than the pK, measured for the divalent complex, NiL,?*.!
This surprising result, in view of the greater acidity expected
for the tervalent nickel complex, was explained by the ob-
servation that the pX, predicted for the ligand in this complex
coincides with the pH range in which two hydroxyl groups are
axially coordinated to the nickel. Thus, the results only in-
dicate that Ni(OH),* has a smaller effect on the ligand pK,
than does Ni?*. In addition, we had tentatively assigned the
strong absorption, Ay, = 600 nm, observed for the alkaline
form of the tervalent complex as a ligand-to-metal charge-
transfer transition.!

In order to confirm these conclusions we examined the nickel
complex of 11-methyl-13-(trifluoromethyl)-1,4,7,10-tetraa-
zacyclotrideca-10,13-diene, NiL,**. It was observed that the
trifluoromethyl group sufficiently stabilizes the alkaline form
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of L, not only to cause a blue shift in the charge-transfer
transition of the tervalent complex but also to lower the pK,
of the ligand to a pH range where aquo groups and not hy-
droxyl groups are coordinated to the tervalent nickel. Even
80, it was discovered that the pK, of NiL,** was still greater
than that of NiL,?*. We suggest that this ordering is caused
by changes in the energy of the unfilled axial 4p, orbital of
the nickel, which is destablized in the 6-coordinate tervalent
complex relative to the 4-coordinate divalent complex.

N\ I/N
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The complex Ni(L,-H)*ClO,” was synthesized by the lit-
erature method.>* The pK, of NiL,?* was found to be 0.84
£ 0.15 by measuring the change in absorbance of the Ni-
(L,-H)* absorption band at 368.5 nm (e, = 5700 M~ cm™) ¢
Ni(L,-H)* was also oxidized by Br,™ radicals in the pH range
3-12.3 The spectral changes observed are consistent with the
reactions (1)—(4).
Ni(L,-H)* + Br,™ + 2H,0 —
NiL,(H,0)Br?** + OH™ + Br~
k =50 % 10° M~! (1)

b
NiL,(H,0)Br2* —=» Ni(L,-H)(H,0),2* + Br- (2)
Ni(L,-H)(H,0),** + H;0* = NiL,(H,0),**
pK, = 5.1 0.3
2Ni(L,-H)(H,0),?* — dimer
2k=15%X 108 M5!

Reaction 1 was monitored by measuring the rate of disap-
perance of Br,™ radicals at 380 nm and also by measuring the
rate of formation of Ni(L,-H)(H,0),**” at 580 nm in the cases
where the pH was greater than 9.0, since reaction 2 is faster
than reaction 1 under these conditions. In the pH range 4-7,
the rate of disappearance of Br,™ is unchanged but the rate
of formation of Ni(L,-H)(H,0),** at 580 nm is slow.

We attribute this formation to reaction 2 (k = 1.0 X 103
and 7.6 X 10*s™! at pH 4.8 and 8.4, respectively), a reaction
that was not observed for NiL,(H,0),** but has been reported
for other nickel tetraazamacrocycle complexes.>®®  The
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Figure 1. Determination of the pK,’s: (a) NiL,**, measured at 368.5
nm; (b) NiL,(H,0),*, measured at 580 nm.

Table I. pK, of the Ligand in NiL, and NiL, Complexes

L, L,
NiL;?* 6.55 0.84
NiL;(H,0),** 8.8 5.1

spectrum of Ni(L,-H)}(H,0),2* [Al .z = 355 nm (e, = 4600
M1 em™), A2 x = 580 nm (e, = 1800 M~ cm™)] is similar
to that of Ni(L;-H)(H,0),2* [Aax = 330 nm (¢, = 6850
M1 em™), A2, = 600 nm (e, = 2500 M~ cm™).! The blue
shift of A%, when a CHj, substituent is replaced by a CF,
substituent is consistent with our earlier assignment of this
absorption to a ligand-to-metal charge-transfer transition. This
assignment was based on the high intensity of the absorption
band and on the expected relative redox potentials of the
central tervalent nickel and its ionic ligand. The parallel red
shift of A!_,, and the fact that this band is only slightly higher
in energy than a similar band of Ni(L,-H)* suggest that this
absorption is a ligand-centered = — #* transition.

The fact that no low-energy LMCT absorption is observed
prior to the loss of bromide in reaction 2 suggests that the pk,
of NiL,(H,0)Br?* is considerably higher than that of NiL,-
(H,0),** or NiL,(OH),*, whichever of the two is present in
the pH range 4-6. This observation is in agreement with
similar observations for analogous Co(III) complexes.!®

The complex Ni(L,-H)(H,0),** decomposes in a second-
order reaction, 2k = 1.5 X 108 M~ s7.. The product of this
reaction was not identified, but we believe it is dimer I (or one
of its alkaline forms) since the oxidation of Ni(L,-H)* by
$,04% and I, has been shown to yield dimer II.'"12
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The pK, of NiL,(H,0),** was determined by measuring
the pH effect on the intensity of the absorption at 580 nm and
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was found to be 5.1  0.3!3 (Figure 1). This value is much
higher than that of the divalent complex NiL,?* (Table I).
Since the pK, of NiL,?*, 0.84, is much lower than that of the
aquo ligands of NiL,(H,0),**, the high pK, of the latter
complex cannot be a consequence of the prior deprotonation
of the aquo ligands as we had previously proposed for NiL;-
(H,0),**.! Clearly, the oxidation state of the metal atom, even
when the presence of other ligands is accounted for, is not the
factor controlling the pK, of the macrocylic ligand. Rather,
the low pK,’s found for the divalent complexes, NiL,** and
NiL,2*, appear to be the result of a special stabilization of the
deprotonated ligands that does not occur in the 6-coordinate
tervalent complexes. A possible source of this stabilization
might be the favorable interaction of the unfilled 4p, orbital
of the nickel with the HOMO of the = system of the depro-
tonated ligand. This interaction will be greatest when the 4p,
is low in energy, which is the case for the square-planar di-
valent complexes where the 4p, is nonbonding. On the other
hand, in the tervalent complexes, only a small *(HOMO)—4p,
interaction is possible since the 4p, orbital is antibonding as
a result of its interaction with the axial ligands. Thus, the
results suggest that due to the change in the coordination
number the energy of the 4p, orbital is raised when the nickel
is oxidized though the opposite effect occurs in the noncoor-
dinated cation.

These conclusions are in accord with the observation that
the pK,’s of analogous tervalent cobalt complexes are in the
range 5-8,'01i.e. in the same range observed for tervalent nickel
complexes, suggesting that the pK,’s of the divalent nickel
complexes are the “abnormal” values. Also consistent with
this explanation is the observation that the pK,’s of 13- and
14-membered macrocyclic divalent nickel complexes are 2-3
pK units lower than those of the analogous divalent copper
complexes.!* The high pK,’s of the latter probably stem from
the fact that the copper is 6- or 5-coordinate, though Jahn-
Teller distorted, and not from the difference in the radii of
divalent nickel and copper as has been suggested.'®
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Recently, the crystal structures of three isomers of PtCl,-
(NH,),(OH), were reported.! The structure of the cis,cis,-
trans isomer was described as tetragonal, space group P4,/n.
It should properly be described in space group P4,/nmec.

(1) Kuroda, R.; Neidle, S.; Ismail, I. M.; Sadler, P. J. Inorg. Chem. 1983,
22, 3620.

The coordinates given in Table III of ref 2 correspond to
the symmetry of P4,/nmc within their reported esd’s, the Cl
and N atoms lying on a mirror plane at y = 3/, and the O atom
on a mirror plane at x = !/,; the anisotropic coefficients U;
(obtained as supplementary material) also show the additional
symmetry within their esd’s. The c-glide plane of P4,/nmc
requires the systematic absence of reflections Ah/ with / odd;
none of these reflections appear in the supplementary table,
a list of 599 reflections with, presumably, I 2 2.0¢(I). The
higher Laue symmetry (4/mmm rather than 4/m) is readily
apparent from both the F, and F, values in this table.

Curiously, the same mistake in space group assignment was
also made by earlier investigators.?
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In recent years there have been numerous studies of the
structural and magnetic properties of bis(u-hydroxo)chro-
mium(III) complexes®™*3 and their alkoxo-bridged analogues. !¢
A principal aim of this work has been the establishment of
a correlation between the isotropic ground-state exchange
coupling parameter (J) and the structure of the dimeric unit.
While initial attention was focused on the influence of the
bridging Cr—O—Cr angle (¢), in analogy with the result found
in copper(II) systems,'* more recent work has noted the major
significance of the dihedral angle () between the bridge plane
and the O-H vector 55117141618 [Jnfortunately, since hydrogen
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