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Table II shows a comparison of the reduction rates of several
metalloporphyrins and reconstituted metallomyoglobins by di-
thionite, all of which go by way of SO,~. The Fel'-Mb/S,0,>
reaction gives a two-term rate law,* where SO, reduces H,0-Mb
(pK,; = 8.9) several hundred times faster than HO-Mb. The same
trend is noted with aquo/hydroxo iron(III) protoporphyrin® and
aquo/hydroxo cobalt(III) tetrakis(N-methyl-4-pyridiniumyl)-
porphyrin (TMPyP).}* For manganese(III) hematoporphyrin,®
ki,0/kon = 3, and with Fe~CyDTA? and Fe''-Mb, the ratio*
is ca. 6. All are consistent with outer-sphere electron transfer and
stabilization of the oxidized state by the negative hydroxide.*45%
Coll'-Mb (and also low-spin d® Ru™~Mb?® and Rh"-Mb*)
presumably has both distal and proximal imidazoles coordinated
to the metal, and the dithionite reduction kinetics® indicated that
two such forms (rotational isomers?) were present in the halo-
protein. The rate law suggests predissociation of one ligand from
Co(III) before reduction of SO,”. The Rul'-Mb/CO reaction®
is also biphasic and dissociative.

At pH 7 with 2.5 mM S,0,%, the half-lives for reduction of
metallomyoglobins are 9 X 1072 s for Fe''-Mb,* 11 s for
Mn''-Mb, and 1.4 and 19 min, respectively, for the two forms?
of Co-Mb. For metallomesoporphyrins in pyridine/water, the
SO, reduction rates!? are also in the order Fe > Mn > Co in the
ratio 10%10%1.

Fe!'-EDTA at pH 6.8 will reduce Fe!'-Mb (Fe!'l/I-Mb, E°®
= 0.05 V at pH 7), and under similar conditions we find no
reduction of Mn!"-Mb. This is consistent with the fact that
iron(I1I) porphyrins (FelVIl-TMPyP, E° = +0.18 V vs. NHE#)
have reduction potentials 150-180 mV more positive that the
corresponding manganese(III) porphyrin (Mnl'/I-TMPyP, E°
=-0.01 V¥), Mn'-Hb is 122 mV more stable than Fel'-Hb*
at pH 7. The self-exchange rate constant (k;;) for high-spin
Felll/I_TMPyP*! is 1.2 X 105 M™' 57}, and 7.5 X 10° M~ 57! has
been estimated for Fe!''/I-Proto from the Fe!''-Proto/S,0,%
reaction.>  The average k,, for several manganese(III/II)
porphyrins®® is 2.9 X 10° M~! 571, where the Fe~-TMPyP and
Mn-porphyrin results are both based on Ru(NH;)¢2* reductions.
With use of the relative Marcus theory? and with the same k;,’s
assumed for the metalloproteins and metalloporphyrins, the ratio
Fe''-Mb/Mn!'-Mb for SO, reductions is in the range 10>-10°
for differences in potential (AE) of 0.1 and 0.2 V. This is in good
agreement with the observed (Table IT) ratio of 385. From the
Felll-Mb/Fe-EDTA? reaction,** k%" for Fel'/l-Mb = 1.3 X
107 M's7! (3.9 X 1072 for Fe—CyDTA?" as the reductant), which
is substantially lower than ca. 105 M~! 57! for the iron porphyrins
themselves. While the rate ratio agreement may be fortuitous,
an implication may be that the iron and manganese porphyrin
k,,’s are lowered to the same relative extent in their metalloglobin
forms. Further experiments on this theme are in progress.
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The inclusion of light nonmetals, carbon especially, in the center
of a variety of octahedral MgX,-type clusters (M = Zr, rare-earth
metal; X = Cl, Br, 1) has been recently reported.>® The positions
of the heavy atoms in the structures of these phases have been
well established by single-crystal X-ray diffraction studies.
However, the location—indeed the identity and even the
presence—of the light nonmetal within the cluster may be more
ambiguous in an X-ray study, especially in a compound where
the scattering is dominated by the heavier halides and/or sec-
ondary extinction effects obscure the presence of the interstitial
atom.” One example where both of these factors were involved
is the misconception of Zrl;,C as “Zrl,”.101!

The two phases studied here both contain nominally octahedral
clusters of Zrgl,,, the Zrgl,, stoichiometry arising from additional
iodine atoms that bridge between the clusters. The X-ray dif-
fraction results show a slightly compressed trigonal-antiprismatic
Zrg unit (D3, symmetry) in Zrgl,,C (d(Zr-Zr) = 3.35 and 3.28
A) while in CsZrgl,,C the mode of intercluster bridging produces
a tetragonal compression of the cluster but with metal-metal
distances of about the same magnitude (3.32 and 3.26 A), the
required C,;, symmetry of the metal cluster in fact being rather
close to D,y According to diffraction studies, the carbon (or other)
interstitial atom is at the inversion center within each cluster with
refined values for d(Zr—C) of 2.259 (1) A in ZrI,;,C and 2.349
(1) plus 2.265 (1) A in CsZrgl;;. The cesium compound is
properly paramagnetic but apparently with an orbital degeneracy
such that electron spin—lattice relaxation prevents observation of
an EPR signal between 4 and 300 K at 0-13 kG.°

To provide information complementary to the X-ray diffraction
results, nuclear magnetic resonance spectra of '3C in powdered
CsZrgl;,*C and Zr¢l;,°C have been measured. Well-crystallized
samples of about 0.4 and 0.2 g, respectively, were prepared as
before? in virtually quantitative yields from the reaction (850 °C,
2 weeks) of zirconium metal, Zrl,, CsI (for CsZr4l,,C), and 99%
enriched 13C graphite in welded Ta tubes that were in turn jacketed
in fused silica containers. Both samples were single phase by
Guinier powder diffraction, i.e., 2~97% pure.

The 13C spectra were all taken at 55.35 MHz on a home-built
spectrometer similar to that described previously.'!? Typically,
32500 accumulations were taken of the free-induction decay (FID)
under a single pulse excitation, with appropriate phase cycling
(alternate pulses 180° out of phase) to minimize dc offset. The
recycle time between scans was 0.2 s. The 90° preparation pulses
were 8 us long.
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Figure 1. Solid-state NMR spectrum of '3C in CsZr¢I,4C as a function
of increasing shielding (Me,Si at 0 ppm). Crosses are experimental
points; the smooth line is a least-squares fit with axially symmetric
shielding.

The Fourier transform of the FID of *C in CsZrgl,C is shown
in Figure 1. The shift scale has that for Me,Si as the origin, and
positive shifts are deshielded (downfield). Also shown is the fit
of the theoretical expression to the NMR spectrum of the pow-
dered sample that is achieved with a least-squares routine!? as-
suming axially symmetric shielding. The main features of the
CsZrgl,,C spectra are as follows:

(a) There is only one 1*C shielding tensor, as expected. Since
the 13C is buried in the cluster, differences in bonding between
clusters in different structures might be expected not to affect the
13C electronic environment.

(b) The shielding is axially symmetric, in confirmation of the
X-ray structure that shows a nearly square-bipyramidal zirconium
environment about the carbon.

(¢) o, (15 ppm) is shielded (upfield) from o, (54 ppm), in
agreement with the shorter Zr—C bonds along the approximate
C, axis of the cluster. (One must still be cautious about inter-
preting chemical shifts in such a way; see ref 14.)

(d) The carbon is shielded relative to most carbon tensors in
organic compounds, and in fact the isotropic value and anisotropy
are very similar to those of carbon in a primary methyl group.
The relatively small value of the anisotropy suggests that the
bonding overlap is fairly symmetric and that perhaps the main
difference between o; and o, originates from the difference in
bond lengths. The latter difference has been shown to depend
in turn on the asymmetry of the bonding of the terminal iodine
atoms at each zirconium vertex.’

(e) The spin-lattice relaxation time of carbon in the para-
magnetic® CsZrI,,C was determined with use of an inversion-
recovery experiment. The value of 7, was found to be 4 £ 3 ms.
This result is not in disagreement with that expected for carbon
coupled to the quadrupolar zirconium and iodine nuclei. The
electron spins close to the carbon must have spin—lattice transition
rates so large that the electron spin is decoupled from the carbon
nucleus.

Surprisingly, an accurate measurement of the shielding of 3C
in the structurally similar Zrgl;,C has not been obtained, mainly
because of the extreme broadness of the signal. But it is clear
that the pattern for a single-phase sample of Zrgl,,C runs from
at least 28 to 480 ppm, with an isotropic value of 250~300 ppm.
The value of 480 ppm is the greatest deshielding ever reported

for 1*C. Spin counting has confirmed that all the 13C is being
observed, and it appears that the signal is again more intense
downfield than upfield (axial symmetry cannot be assigned yet).

For comparison, metal carbonyls exhibit isotropic shifts to 360
ppm, with a range of shifts >400 ppm,'* and inorganic carbides
show shift values'® between +350 and —100 ppm, the largest
anisotropy being in boron carbide, where the isotropic shift is about
300 ppm. A plausible source of the relative deshielding in ZryI,,C
is a substantial paramagnetic term in the chemical shift, an effect
that is often seen in magnetic susceptibility measurements on such
materials. However, the contrasting behavior of CsZrl,,C vs.
Zrl,,C is not understood. No drastic differences in the carbide
cluster bonding are indicated by the results of extended Hiickel
calculations® on isolated Zr¢l;;C™ (n = S, 6) clusters, that is, on
Zr¢l |, units plus six terminal iodides with cluster geometries as
found in CSZT6114C and Zr6112C.
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The crystal structure of (Co(Co(SCH,CH,NH,);),),(SO,)Cl,,
reported* in space group PT with cell constants a = 11.803 (3)
A b=172278) A, c=17.239(4) A, a = 83.24 (2)°, 8 = 69.98
(2)°,and v = 69.99 (3)°, has been recast and refined in a more
appropriate space group. The matrix

01 -1
-1 1 1
10 0

transforms the triclinic axes to the tetragonal axes a = 22.892
A, 5=122907 A, and ¢ = 11.803 A, and the transformed coor-
dinates are consistent with the space group 74;/a (No. 88, origin
at T) with @ = b = 22.900 A. The transformed reflection set
generated 2724 independent reflections of which 2210 were ob-
served (I, = 3¢(1)); the R value for averaging equivalent reflections
was 0.031. The new symmetry requires !/, cation per asymmetric
unit and Z = 4 for the title formula. The central cobalt atom
(Co2) occupies a crystallographic inversion center; the sulfato
sulfur atom (S13) and one of the chloride anions (CI1) occupy
sites of 4 symmetry. All other atoms are in general positions.
Refined atomic coordinates, thermal parameters, assumed hy-
drogen parameters, and structure factors have been deposited as
supplementary material.

The tetragonal description refines to the same R values as does
the triclinic description and yields no significantly different bond
lengths or angles. i

Supplementary Material Available: Listings of atomic positional pa-
rameters, thermal parameters, hydrogen positional parameters, and ob-
served and calculated structure factors (15 pages). Ordering information
is given on any current masthead page.
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