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The preparation of a reduced uranocene derivative, potassium bis([8]annulenediyl)uranate(11I), K*[(CsH;),U], and the 1,1’
dimethy! compound is described. 1,1’-Di-tert-butylneptunocene(IV) and -plutonocene(IV) and the potassium salts of the corre-
sponding reduced compounds have been prepared. The 'H NMR spectrum of the plutonocene shows temperature-independent
paramagnetism; the other compounds show normal temperature-dependent paramagnetism. Mixtures of each of the bis([8]-
annulenediyl)actinide(IV) compounds with the corresponding actinate(ITl) derivatives show rapid electron exchange on the NMR

time scale.

Introduction

We recently found rapid electron exchange between cyclo-
octatetraene (COT) derivatives of ytterbium(II) and ytterbium-
(IIT) with second-order exchange rate constants on the order of
107 M~ -1l These studies have been extended to related bis-
([8]annulenediyl)actinide(IV) systems, (CgHg),An, in order to
evaluate the generality of such exchange mechanisms in cyclo-
octatetraene sandwich structures of metals in different oxidation
states. The systems that appeared to be the most promising for
study are those of uranium, neptunium, and plutonium, because
there are reports of bis([8]annulenediyl) compounds of each of
these metals in two oxidation states. These reports are reviewed
in this introduction because in each system there is something
surprising about the reported physical properties of one of the
compounds.

Concerning uranium, the reduction product of uranocene was
reported in 1981 but not fully characterized; Folcher and co-
workers? reported that the reduction product of uranocene could
be prepared by the addition of 1 equiv of lithium naphthalenide
or by treating UCl, with COT dianion. The attempted replication
of this procedure in our laboratory produced only uranocene.> The
Folcher group reported that the reduction product is brown and
that it is oxidized reversibly to uranocene. The ESR spectrum
taken at 4 K indicated a paramagnetic compound that was not
a uranium(IV) species. The mass spectrum, however, gave a
parent ion for uranocene. The reduction product was reported
to have a 'H NMR resonance approximately 31 ppm upfield of
TMS with a width at half-height of 40 Hz. This resonance is
surprisingly sharp for a uranium(III) compound inasmuch as that
for uranocene is about 90 Hz wide, and it is expected that a
uranium(fI1) compound, which has an odd number of unpaired
electrons, should have a considerably broader NMR resonance
than a uranium(IV) compound, which has an even number.

Bis([8]annulenediyl) compounds of plutonium(III) and -(IV)
and neptunium(IIT) and -(IV) have been prepared and charac-
terized. Bis([8]annulenediyl)neptunium(IV), neptunocene, was
prepared by Karraker et al. by addition of neptunium tetra-
chloride to a tetrahydrofuran (THF) solution of the COT dianion.
The product, which was reported to appear yellow as a dilute
solution and red as the concentrate, was purified by toluene ex-
traction and characterized by a UV-vis spectrum and by com-
parison of its IR spectrum and X-ray powder pattern to those of
uranocene. The compound is paramagnetic, and its Mossbauer
spectrum was determined.  Bis(1,3,5,7-tetramethyl[8]-
annulenediyl)neptunium(IV) has also been prepared from the
reaction of the Me,COT dianion and neptunium tetrachloride.>

Karraker et al.# have also reported the preparation of bis-
([8]annulenediyl)plutonium(IV), plutonocene, by the addition of
bis(tetraethylammonium)plutonium(IV) hexachloride to the COT
dianion. The cherry red product was purified and characterized
in the same way as for neptunocene, but it was reported that it
exhibits an “unusual” type of temperature-dependent diamag-
netism. This does not agree with theoretical predictions, based
on a simple crystal field model, that plutonocene should have a
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J = 0 ground state and hence exhibit temperature-independent
paramagnetism.*’ - Plutonocene has also been prepared by direct
reaction of the finely divided metal with COT.® The preparation
of 1,1",3,3',5,5,7,7-octamethylplutonocene has been reported, but
the compound almost certainly was potassium bis(1,3,5,7-tetra-
methyl[8]annulenediyl)plutonate(III).°

Potassium bis([8]annulenediyl)neptunate(III) was prepared by
the reaction of neptunium tribromide with the COT dianion in
THF.!9 The burgundy-colored product was characterized by
comparison of its powder pattern to that of potassium bis([8]-
annulenediyl)cerate(III). Its magnetic susceptibility indicates two
regions of temperature-independent paramagnetism between 2.2
and 5.5 K and between 5.5 and 19 K. Above 19 K it exhibits
typical temperature-dependent paramagnetism (vide infra). The
preparation and characterization of potassium bis([8]-
annulenediyl)plutonate(III) are the same as for the neptunate.
The turquoise-green plutonium compound exhibits temperature-
dependent paramagnetism. Attempts to prepare the neptunate
or plutonate from the chloride salts failed, presumably due to the
low solubility of these salts. Both of these compounds are ex-
tremely water sensitive, in contrast to neptunocene and plutono-
cene, which are reported to be water stable.!! Traces of oxygen
oxidize the trivalent neptunium and plutonium compounds to
neptunocene and plutonocene, respectively.

In the present paper we report the preparation and isolation
of two reduced uranocenes and the 1,1’-di-tert-butyl derivatives
of neptunocene and plutonocene and their reduction products. The
'"H NMR spectra of these compounds and of mixtures are pres-
ented and discussed. Some of these results disagree with those
reported previously for analogous systems, but the new results are
in better agreement with expectation.

Experimental Section

General Data. Air-sensitive compounds were handled under argon
either in a Vacuum Atmospheres Model HE 243 Dri-Lab with a Model
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HE 93A Dri-Train or with use of standard Schlenk line techniques.
Unless otherwise noted, materials were obtained from commercial sup-
pliers and used without additional purification. 'H NMR spectra were
obtained on UC Berkeley 200- and 250-MHz superconducting FT
spectrometers equipped with Cryomagnets, Inc., magnets and Nicolet
Model 1280 data collection systems, a Bruker 500-MHz AM 500 su-
perconducting FT spectrometer with an Aspect 3000 computer system,
and a 90-MHz JEOL FX 90Q FT spectrometer. Temperatures were
measured with a thermocouple mounted next to the NMR tube. Chem-
ical shifts are reported in ppm with positive shifts reported for peaks
downfield of TMS and with peaks referenced to TMS or the upfield
residual THF peak taken as 3.58 ppm. Visible spectra were taken on a
Cary Model 118 or IBM Model 9430 spectrophotometer. Tetrahydro-
furan (THF), toluene, and hexane were distilled from sodium-benzo-
phenone or LiAlH,, freeze-thawed three times, and stored over 4A sieves
prior to use. We thank BASF for a generous sample of cyclooctatetraene,
which was vacuum transferred and stored over 4A molecular sieves prior
to use. fert-Butylcyclooctatetraene was prepared as described previously'?
and stirred in 4A sieves prior to use.

Handling of Neptunium and Plutonium. Because of the hazards of
handling 2’Np and 42Pu, multiple levels of containment were used at
all times. Air-sensitive work was done either in a glovebox or on a
Schlenk line inside a reverse-pressure glovebox while an additional pair
of gloves was worn. NMR spectra were taken in double NMR tubes
containing an inner Teflon tube and an outer flame-sealed Pyrex tube.
'H and '3C NMR spectra were obtained on a Bruker 300-MHz super-
conducting spectrophotometer. Visible and near-IR spectra were ob-
tained on a Cary Model 17 spectrophotometer. The samples were
flame-sealed in a Pyrex cuvette, which was mounted in a lead box con-
taining a quartz window.

Potassum Bis([8]annulenediyl)uranate(III). In an argon glovebox 0.50
g (1.1 mmol) of uranocene was disolved in about 100 mL of THF.
Approximately 2 mg (0.2 mmol) of naphthalene and 0.06 g (1.5 mmol)
of freshly cut potassium were added, and after several hours the solution
turned from green to brown. When the solution had completely changed
color, after approximately 8 h, it was filtered into a round-bottomed flask,
10 mL of diglyme was added, and the flask was connected via U-tube
to another round-bottomed flask containing approximately 40 mL of
pentane. After several days, 0.40 g (58% yield) of reddish brown crystals
of the diglyme adduct was obtained. These crystals were all multitwinned
and thus unsuitable for X-ray crystallography. 'H NMR (THF-ds, 20
°C): -31.8 (s, about 200 Hz at half-height).

The procedure was repeated for the reduction of methyluranocene;
however, owing to its higher solubility, addition of catalytic naphthalene
is not necessary and reduction of the substituted uranocene is complete
within 1 h. Typical yields are similar to that of the unsubstituted com-
pound, and crystals suitable for X-ray crystallography were obtained.!?
'H NMR (THF-dy, 35 °C): -5.2 (s, 3 H), -29.3 (s, 2 H), ~29.9 (s, 1
H), -32.7 (s, 2 H), -35.3 (s, 2 H). Ring peaks are about 210 Hz at
half-height, and the methyl peak is about 40 Hz at half-height.

Bis(tetraethylammonium)neptunium(IV) Hexachloride. A 10-mL
greenish brown, aqueous solution containing 0.27 g (1.1 mmol) of nep-
tunium, which was present mostly as pentavalent ions, was reduced
electrochemically to a light green solution containing tetravalent neptu-
nium. The ratio of peaks at 960 and 980 nm indicated that over 95%
of the neptunium was reduced to the tetravalent state. Hydrogen chloride
gas was bubbled into this solution; the color changed from green to yellow
and a yellow powder precipitated. The product was filtered, washed with
ethanol, and pumped dry for several days at about 60 °C to produce 0.55
g (0.78 mmol, 68% yield) of bis(tetraethylammonium)neptunium hexa-
chloride. In several attempts the product of bubbling HCI into the
aqueous neptunium(IV) solution varied in color, usually from white to
yellow; the X-ray powder pattern calculated contains the lines reported
as well as some additional lines.

1,1’-Di-tert-butylneptunocene. In an inert-atmosphere glovebox, ap-
proximately 0.20 g (5 mmol) of potassium was added to a solution of
0.266 g (1.66 mmol) of tert-butylcyclooctatetraene in 30 mL of THF.
The solution was stirred for several hours and added to a stirred sus-
pension of 0.53 g (0.75 mmol) of bis(tetraethylammonium)neptunium-
(IV) hexachloride in 20 mL of THF. The mixture was stirred for several
hours, and the solvent was removed in vacuo. The product was dissolved
in approximately 20 mL of toluene and filtered, and the solvent was
removed in vacuo. The resulting green-brown solid was washed with
pentane, yielding approximately 0.15 g (36%) of 1,1’-di-tert-butyl-
neptunocene. 'H NMR (THF-dg, 25 °C); -5.15 (s, 150 Hz).

(12) Miller, M. J.; Lyttle, M. H.; Streitwieser, A. J. Org. Chem. 1981, 46,
1977.

(13) Boussie, T. R.; Eisenberg, D. C.; Rigsbee, J. T.; Streitwieser, A.; Zalkin,
A. Manuscript in preparation.

Inorganic Chemistry, Vol. 29, No. 1, 1990 11

1,1'-Di-tert-butylplutonocene. The same procedure was used as that
for the neptunocene except that 0.389 g (0.54 mmol) of the hexachloride
salt and 0.174 g (1.09 mmol) of rert-butylcyclooctatetraene were used
and the yield of the blood red product was approximately 0.12 g (40%).
UV-vis (THF): 412,421,456 nm. 'H NMR (THF-dy): 2.15 (s, 9 H),
10.2 (m, 3 H, H4 + H5),9.9 (d, 2 H, H2),9.8 (m, 2 H, H3). 3C NMR
(THF-dg, DEPT, 135°): 95.3, 95.1, 94.0, 89.8, 35.3.

Reduction of Neptunocene and Plutonocene. Reduction was carried
out by treating a THF-d; solution of the neptunocene or plutonocene with
potassium and loading the resulting solution into an NMR tube, which
was then sealed. In the case of neptunium the reduction product is
violet-red, whereas for plutonium it is light green. 'H NMR spectrum
of potassium bis(1-tert-butyl[8]annulenediyl)plutonate(I11) (THF-dy,
19.3 °C): -2.55 (s), I1 (s), 12.2 (s), 13.8 (s), 14.3 (s). 'H NMR
spectrum of potassium bis(1-ters-butyl[8]annulenediyl)neptunate(III)
(THF-dg, 25 °C): 4.12 (s, 9 H), -6.0 (t, 1 H, H5), -7.1 (t, 2 H, H4),
-8.0 (d, 2 H, H2), -8.4 (t, 2 H, H3).

Electron-Exchange Studies. NMR tubes for uranocene exchange were
prepared by making a THF solution of a mixture of the uranium(III) and
uranium(IV) compounds. NMR tubes for plutonium exchange were
prepared by partially reducing a THF solution of the tetravalent com-
pound in THF-d; and loading this solution directly into the NMR tube.
NMR tubes for neptunium exchange were prepared by partially oxidizing
the neptunium(IIl) compound with Teflon; this oxidation proceeds
gradually while the solution is contained in the Teflon NMR tube.

Preparation and Properties of Compounds

Potassium bis([8]annulenediyl)uranate(III) and potassium
bis(methyl[8]annulenediyl)uranate(III) were prepared from the
parent uranocenes by potassium reduction of a THF solution. This
reaction does not work as well with uranocene as with substituted
uranocenes due to the low solubility of the unsubstituted com-
pound; in this case a better synthesis involves reduction catalyzed
by a few milligrams of naphthalene. Both reduction products can
be crystallized as their diglyme adducts by gaseous pentane
diffusion into a THF~diglyme solution, although X-ray-quality
crystals could only be obtained from the methyl compound.”* The
'H NMR spectrum in THF-dy of potassium bis([8]-
annulenediyl)uranate(I1I) at room temperature consists of a single
broad resonance of about 200 Hz at half-height at -31.8 ppm.
The 'H NMR spectrum at 35 °C of potassium bis(methyl[8]-
annulenediyl)uranate(III) consists of a 40-Hz methyl peak at -5.2
ppm and four ring peaks in the ratio of 2:1:2:2 at -29.3, -29.9,
-32.7, and -35.3 ppm, which are all about 200 Hz wide. The
width of these peaks agrees with expectations for uranium(III)
compounds. For comparison, ring proton resonances of 1,1’-di-
methyluranocene at the same temperature occur at -31.1, =33.1,
-34.2, and -38.2 ppm;!* the differences in chemical shift are
relatively small.

The halogen salts of the actinides are difficult to synthesize,
particularly when combined with the hazards of working with
transuranium compounds, and we used instead the bis(tetra-
ethylammonium) hexachlorides of neptunium(IV) and plutoni-
um(IV) to prepare neptunocene and plutonocene. These salts have
the advantage of being air stable, and the bis([8]annulenediyl)-
neptunate(IIl) and -plutonate(III) compounds could then be
prepared by potassium reduction of neptunocene and plutonocene.
For the electron-exchange studies the tert-butyl derivatives were
used because we had found in prior work! that the rert-butyl group
serves as a useful NMR marker for paramagnetic compounds as
well as improves their solubility properties.

The preparation of bis(tert-butyl[8]annulenediyl)plutonium-
(IV), di-tert-butylplutonocene, was straightforward. It began with
the preparation of bis(tetracthylammonium)plutonium(IV) hex-
achloride by bubbling HCl into an aqueous solution of plutoni-
um(IV) containing tetraethylammonium chloride. Treatment of
the resulting yellow solid with the tert-butylcyclooctatetraene
dianion produced the blood red 1,1’-di-tert-butylplutonocene. The
"H NMR spectrum (Figure 1) consists of three ring peaks between
10.3 and 9.8 ppm. The first peak is a multiplet that is the su-
perposition of the H5 and H4 resonances, next is a doublet rep-

(14) Luke, W. D.; Streitwieser, A., Jt. In Lanthanide and Actinide Chem-
istry and Spectroscopy; Edelstein, N. M., Ed.; ACS Symposium Series
131; American Chemical Society: Washington, DC, 1980; pp 93~140.
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Figure 1. '"H NMR spectra of 1,1/-di-tert-butylplutonocene in THF-ds.

resenting H2, and at 9.8 ppm is a triplet due to H3. The zert-butyl
resonance appears at 2.15 ppm. These peaks are all sharp and
have paramagnetic shifts of about 0.5 ppm for the zert-butyl groups
and 4.5 ppm for the ring protons compared to the signals for the
diamagnetic of 1,1’-di-tert-butylthorocene'® and 1,1’-di-ters-bu-
tylcerocene.'® These resonances do not shift as a function of
temperature (Figure 1), indicating temperature-independent
paramagnetism. The result is in agreement with the predicted
J = 0 ground state of plutonocene and disagrees with the earlier
observation of Karraker et al. (vide supra).

The reduction product potassium bis(tert-butyl][8]-
annulenediyl)plutonate(III) was prepared by potassium reduction
of a THF-ds solution of 1,1’-di-tert-butylplutonocene. The lime
green product was not isolated. Its 'H NMR spectrum (Figure
2) consists of a tert-butyl resonance at —2.6 ppm and four ring
peaks in the ratio of 2:2:2:1 between 11 and 15 ppm. The tert-
butyl peak shifts upfield as the temperature is lowered and the
ring peaks shift downfield, indicative of typical paramagnetic
behavior.

The preparation of 1,1’-di-tert-butylneptunocene is less
straightforward than that of the plutonocene because of the un-
certainty of the oxidation state of neptunium in solution. In
aqueous solution and in the presence of oxygen, neptunium exists
in several different oxidation states, so the first step in the
preparation is electrochemical reduction to the tetravalent state.
The success of this reduction can be monitored by the near-IR
spectrum.!”  The bis(tetraethylammonium) hexachloride was
prepared as with the plutonium, but with neptunium traces of a
different oxidation state appear to change the color and X-ray
powder pattern of the putative bis(tetraethylammonium)neptu-
nium(IV) hexachloride. Despite this evidence that higher oxidation
states were present, this material was used for the next step because
of our expectation that neptunocene is a thermodynamic sink in
the system. In any event, the reaction of this neptunium salt with
the rert-butylcyclooctatetraene dianion in THF produced the

(15) LeVanda, C.; Streitwieser, A., Jr. Inorg. Chem. 1981, 20, 656.

(16) Rigsbee, J. T.; Streitwieser, A. Manuscript in preparation.

(17) Hagan, P. G,; Cleveland, J. M. J. Inorg. Nucl. Chem. 1966, 28, 2905.
See: Fahey, J. A. In The Chemistry of the Actinide Elements, 2nd ed.;
Katz, J. J., Seaborg, G. T., Morss, L. R., Eds.; Chapman and Hall:
New York, 1986; Vol. 1, p 468.
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Figure 2. 'H NMR spectra of potassium bis(tert-butyl{8]-
annulenediyl)plutonate(III) in THF-d;.
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Figure 3. 'H NMR spectra of 1,1’-di-tert-butylneptunocene in THF-ds.

desired greenish brown product.

The '"H NMR spectrum of the neptunocene (Figure 3) consists
of a single broad peak of about 150 Hz at —=5.15 ppm. This is
consistent with the previously reported spectrum of octa-
methylneptunocene,’ which has methyl peaks 300 Hz wide at +13
ppm and ring peaks at —37 ppm of 2000-Hz width. The ring peaks
in the tert-butyl compound are probably not observable because
they are not equivalent; thus, there would not be a single ring
resonance as in the octamethyl compound but four different
resonances necessarily having reduced intensities. This pattern
of change in the direction of paramagnetic shift with each suc-
ceeding methyl group has been observed and explained with ur-
anocenes.!* Neptunocene is isoelectronic with the reduction
product of uranocene and might be expected to exhibit similar
magnetic properties with differences arising from differences in
symmetry, crystal field splitting, spin—orbit coupling, and an
expected lower degree of covalency of the uranium(IIT) compound.
Both compounds have broad NMR peaks, although those of the
neptunium compounds are much broader (2000 Hz for ring
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Figure 4. 'H NMRV spectra of potassium bis(tert-butyl[8]-
annulenediyl)neptunate(III) in THF-ds.

protons compared to 200 Hz in the uranium compound). The
paramagnetic shifts of the two compounds are close for the ring
protons (—37 ppm vs —32 ppm) but quite different for the methyl
protons (+13 ppm vs —5 ppm). These results suggest that some
NMR comparisons are qualitatively valid for isoelectronic or-
ganoactinides.

The potassium reduction of 1,1’-di-tert-butylneptunocene
produced burgundy-colored potassium bis(zert-butyl[8]-
annulenediyl)neptunate(III). Its 'TH NMR spectrum (Figure 4)
consists of a sharp resonance at 4.12 ppm for the tert-butyl protons
and a series of sharp multiplets for the ring protons in the ratio
of 1:2:2:2. At —~6.0 ppm there is a triplet resulting from HS5, at
-7.1 ppm a triplet due to H4, at —8.0 a doublet due to H2, and
at -8.4 a triplet due to H3. The tert-butyl resonance shifts
downfield as the temperature is lowered and the ring peaks shift
upfield, indicative of typical paramagnetic behavior. The iso-
electronic generalization above would suggest that the reduced
neptunocene should resemble plutonocene, which has tempera-
ture-independent paramagnetism. Karraker has reported that
potassium bis([8]annulenediyl)neptunate(III) exhibits two dif-
ferent regions of temperature-independent paramagnetism below
15 K and temperature-dependent paramagnetism above that
temperature, possibly indicating a low-lying paramagnetic elec-
tronic state that is populated at 15 K. Thus, our results do not
disagree with the isoelectronic generalization. Note, for example,
that the 'H resonances of the neptunate(III) are sharp (ring
protons about 5 Hz), as are those of the analogous plutonocene.

Also present in many of the NMR spectra are peaks from the
solvent (THF) and impurities such as tert-butylcyclooctatetraene.

Electron Exchange

When uranocene is mixed with its reduction product in THF-dj,
the resulting peak has a chemical shift at room temperature that
is the weighted average of the chemical shifts of the two species
individually. The line width also is approximately the weighted
average of uranocene and its reduction product. When di-
methyluranocene is mixed with its reduction product, the same
situation results. With both of these systems it has not been
possible thus far to freeze out the exchange. This is not surprising
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Figure 5. 'H NMR spectra of a mixture of 1,1’-di-tert-butylplutonocene
and potassium bis(tert-butyl[8]annulenediyl)plutonate(1II).

because near the coalescence temperature the line width varies
approximately linearly with the difference in chemical shifts
between the two species in hertz and with the rate constant,
Comparable electron exchange between cyclooctatetraene deriv-
atives of Yb(III) and Yb(II) is in the slow-exchange region at
about ~70 °C at 200 MHz.! At this temperature the difference
in chemical shifts between the two Yb species is approximately
26 ppm. The difference in chemical shifts between uranocene and
its reduction product is only about 5 ppm; hence, if the exchange
rate for the two systems is about the same, the uranium case will
require a lower temperature or a higher field to reach the slow-
exchange region in the NMR spectrum.

Partial reduction of di-zert-butylplutonocene led to an NMR
spectrum (Figure 5) at 28 °C containing a sharp resonance at
~0.12 ppm and a series of broad resonances between 11 and 14
ppm. As the temperature was lowered to ~50 °C, the broad ring
resonances broadened further into the base line and the sharp
resonance due to the tert-butyl protons broadened and shifted
upfield to —1.5 ppm. This upfield shift occurs because the tert-
butyl resonance of the trivalent plutonium compound shifts upfield
as the temperature is lowered, while the tetravalent compound
exhibits no change in chemical shift versus temperature, so the
net effect for the exchanging peak is an upfield shift combined
with broadening.

Partial oxidation of the neptunate produced an NMR spectrum
containing a broadened peak at 3.9 ppm due to the tert-butyl
protons. The signals for the ring protons, which are shown in
Figure 6, broadened to the point of being barely distinguishable
above the base line. When the temperature was lowered to -20
°C, the peaks sharpened considerably so that four definite peaks
could be seen in the ratio of 1:2:2:2 with a width of approximately
70 Hz. The much sharper ring proton signals of the pure nep-
tunate(11I) are also shown in this figure for comparison.

Due to the small chemical shift differences between the peaks
for the plutonium(III) and -(IV) compounds it was not possible
to freeze out this exchange. In the neptunium system, however,
the ring peaks for the tetravalent compound should be near the
reported resonances for octamethylneptunocene at =37 ppm. Since
the ring peaks for the trivalent compound appear between —6 and
-8.4 ppm, this gives a difference for the 300-MHz spectrometer
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Figure 6. '"H NMR spectra of ring protons in potassium bis(zert-bu-
tyl[8]annulenediyl)neptunate(1I1) and its mixture with 1,1’-di-tert-bu-
tylneptunocene.

that was available for this transuranium work of about 9000 Hz.
This is almost twige as large as the difference in the previously
studied ytterbium system. Unfortunately, this spectrometer is only
equipped to go down to =20 °C, but at that temperature the ring
peaks do sharpen considerably as can be seen in Figure 6, indi-

cating that the slow-exchange region has almost been reached.

These results, although not as quantitative as desired, do
nevertheless demonstrate that the rates of electron exchange
between actinide(III) and actinide(IV) derivatives of cyclo-
octatetraene are on the same order of magnitude as those for the
ytterbium system.! The former case may be considered as in-
volving electron tranfser between an ion pair (the potassium
bis([8]annulenediyl)actinide(III) salt) and a neutral actinide(IV)
compound, whereas the ytterbium exchange involves an ion pair
(the potassium bis([8]annulenediyl)ytterbate(III) sait) and a triple
ion (the dipotassium bis([8]annulenediyl)ytterbate(II) salt). In
both systems, however, electron exchange is accompanied by
transfer of a potassium cation. This cation probably requires
partial desolvation in the exchange transition state, a feature in
ion aggregate electron exchange systems that complicates the
possible application of Marcus theory.! The fast exchange found
for the present cases does nevertheless demonstrate a commonality
of exchange processes for both actinide and lanthanide f-element
systems.

Conclusions

Electron transfers in THF between the III and IV oxidation
states of the [8]annulene sandwich compounds of uranium, nep-
tunium, and plutonium are rapid on the NMR time scale and
appear to be qualitatively comparable to the exchange between
the ytterbium(II) and -(III) oxidation states studied previously.!
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The kinetics of the reaction of tetrathiomolybdate, [Mo0S,]?", with organic disulfides, RSSR, to produce the Mo(V) dimer
[Mo0,S,(u-S),(S;)2]* have been investigated. The reaction involves an internal redox process and occurs in two stages. The overall
rate of reaction is dependent on the electron-withdrawing properties of the disulfide such that diphenyl disulfide < bis(p-
chlorophenyl) disulfide < bis(p-carboxyphenyl) disulfide. The first stage involves rapid equilibrium formation of an EPR-inactive,
green intermediate. The reaction of [MoS,]?" with diphenyl disulfide or bis(p-chiorophenyl) disulfide is first order in tetrathio-
molybdate and first order in organic disulfide. However, the reaction of [M0S,]>” with bis(p-carboxyphenyl) disulfide is more
complex. Analysis of the molybdenum X-ray absorption spectrum of the green intermediate indicates the likelihood of a mo-
nonuclear species with two to three short Mo—S interactions at 2.16 A and three to four longer Mo~S interactions at 2.41 A. The
rate-determining step of the second stage of the reaction involves first-order rearrangement or dissociation of the green intermediate.
This is followed by rapid reaction of the resultant complex with another molybdenum species to produce [Mo0,S;(u-S),(S2)1]%
Mechanisms are proposed that are consistent with these findings and that provide potential insight into the use of oxidants to prepare
new lower valent transition-metal sulfur-containing complexes from tetrathiometalate starting materials.

Transition-metal sulfur-containing sites in enzymes and het-
erogeneous catalysts undergo redox during catalysis.! Although

many of these redox reactions are metal-centered, some involve
processes that are localized on the sulfur ligands.*3> Moreover,
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