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Abstract

The electrochemical behaviour of CpsUBH4 and
CpsUNEt, in THF has been studied using cyclic
voltammetry and chronoamperometry. Cp3;UBH4
undergoes .a simple one-electron quasi-reversible
reduction, while chemical reactions between the
product of the charge-transfer reaction and the
starting electroactive species occur both after oxida-
tion and reduction of Cp;UNEt,.

Introduction

A limited number of investigations have been
published concerning the electrochemistry of the
cyclopentadienyluranium complexes [1—4] even
though, in principle, the electrochemical approach
seems particularly useful to produce and charac-
terize new organouranium compounds with unusual
oxidation states.

Such a scarcity of literature reports can be ex-
plained by taking into account the high reactivity
of these compounds, which, in some cases, makes
it difficult to obtain quantitative and reproducible
electrochemical results, mainly when techniques
operating on a time-scale comparable to the lifetime
of the electroactive species are applied (e.g. bulk
electrolysis method).

In the present paper we report the results of
an investigation on the elecirochemical behaviour
of CpsUBH,; [5] and CpsUNEt, [6,7] based on
cyclic voltammetric and chronoamperometric mea-
surements, which are electroanalytical techniques
able to operate on a sufficiently short time-scale
and which, combined together, can be used as an
alternative to coulometry in order to determine the
number of electrons involved in reversible electro-
chemical processes [8].
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Experimental

All operations and electrochemical experiments
were carried out with rigorous exclusion of oxygen
and moisture in a dinitrogen-filled recirculating
glove-box. Tetrahydrofuran was distilled from K/
benzophenone under N,. Cp3sUBH, [5a], Cp3UNEt,
[7]1* and CpsU-THF [9] were synthesized ac-
cording to the published procedures.

The supporting electrolyte, tetrabutylammonium
tetraphenylborate (BusN*BPh,; Fluka), was puri-
fied according to the literature method [10] and
used at the maximum concentration available in
THF before precipitation took place (0.07 M).

An Amel 553 potentiostat with IR compensa-
tion, an Amel model 568 digital logic function
generator, a conventional three-electrode cell equip-
ped with a Luggin capillary, a spherical Pt electrode
and an Ag wire quasi-reference electrode with co-
baltocene as an internal reference [11] were used.

The redox couple cobaltocene/cobalticinium (Coc/
Coc™) (E,,, ~—0.45 V versus Ag wire in our experi-
ments) was chosen as internal reference instead of
the more widely used ferrocene/ferricinium system
because in our solutions the oxidation of ferrocene
took place in the proximity of the oxidation of
the electroactive species.

Results and Discussion

Figure 1 shows the cyclic voltammetric behaviour
of Cp3UBH, recorded immediately after the dissolu-
tion of this compound in 0.07 M THF/BusN*BPh,~
solution (full line). No oxidation peak is detectable,
while in the forward cathodic scan one reduction
peak is observed with which one oxidation peak is

*For the synthesis of Cp3UNEt, the method (b) was
followed.
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Fig. 1. Cyclic voltammograms of 2.5 mM Cp3UBH4 recorded
in 0.07 M THF/BugN*BPh4~ solution at a platinum elec-
trode; scan rate 0.1 V s71: ( ) immediately after dissolu-
tion, (— — —) 30 min after dissolution.

directly associated. The value of the i (v ™*/?) product
is independent of the scan rate as well as the z'pb/z’pf
ratio (where #,' and i, are the peak currents in
the forward and backward scan, respectively, this
last quantity being equal to 0.93 £ 0.05 in the range
0.05-0.50 V s7'. The half-wave potential £, =
(Ef+E,%)2 is —0.55 V at any scan rate ex-
plored, while the separation between the associated
reduction and oxidation peaks is slightly dependent
on the scan rate, being, for instance, 0.07 V at
0.05 Vs 'and 0.14 V at 0.50 V s™'. These findings
indicate that the reduction process is not perfectly
reversible [12] and involves a transfer coefficient a,
within the range 0.3 to 0.7, that allows one to evaluate
the half-wave potential by the above simple rela-
tion [12].

The cyclic voltammetric pattern described
above slowly changes with time due to reactions
of Cp3;UBH, with the electrolytic solution: at first
a new reduction peak gradually appears (Fig. 1,
dotted line, recorded 30 min after CpsUBH, dis-
solution), while after a longer time other broad
reduction peaks also emerge, further complicating
the voltammetric pattern. All the data presented in
this article concern only freshly prepared solution
because only in this way was it possible to get repro-
ducible results.

Attempts to carry out controlled potential elec-
trolyses were unsuccessful because of fouling of
the platinum gauze working electrode during the
experiments. It is worth noting that coulometry

cannot give conclusive results on both the number
of electrons involved and the identification of the
species generated by the studied reduction process
because the time-scale of these experiments is com-
parable to the lifetime of the starting electroactive
substance in the electrolytic solution, also when
no reduction process is taking place.

In order to determine the number of electrons
involved on a shorter time-scale, an alternative to
coulometry was used [8] that gives n from the combi-
nation of voltammetric and chronoamperometric
responses according to:

[I.D(V—UZ) F]Z 1 (A)
" i(t'"? K| =
where K is the Randles—Sevcik constant, i, is the
chronoamperometric current at time ¢ and all the
other symbols have their usual meanings. It is note-
worthy that eqn. (A) does not require knowledge
of the electrode area nor the concentration of elec-
troactive substance if both these parameters are
kept constant in the voltammetric and chrono-
amperometric measurements. By substituting in
eqn. (A) cyclic voltammetric and chronoampero-
metric data relevant to the reduction of Cp;UBH,,
an n value of 0.93 is obtained; it is worth noting
that chronoamperometric measurements alone gave
i. versus t1? linear plots (r=0.98) with an inter-
cept of zero.

All the above reported results indicate that
CpsUBH, undergoes a quasi-reversible one-electron
reduction process generating a rather stable anion:

Cp;UBH, + e~ <= Cp;UBH,~ (1)

The formation of such an anionic species in
solution agrees with the experimental evidence
showing that some cyclopentadienyluranium(IV)
complexes can undergo chemical or electrochemical
one-electron reduction giving a stable anion in which
the added electron presumably occupies a vacant
5f orbital of the metal [1,2, 13, 14].

Rather more complex electrochemical behaviour
is displayed by Cp3;UNEt, which, as shown in Fig. 2,
can be both oxidized and reduced directly. Anal-
ogously to Cps;UBH4, CpsUNEt, also reacts witk
the electrolytic solution giving in a few minutes a
more complicated voltammetric picture (dotted
line in Fig. 2). In the forward anodic scan an oxida-
tion peak approaching reversible behaviour is ob-
served at £, =+1.030 V (AE, =009 Vat 0.05 V
s, 0.18 V at 05 V s7! n=0.46 calculated by
eqn. (A) using ip(v""?) at v>>0.1 Vs and i(r "'?)
at + <2 s, see later). The involvement of about one-
half of an electron per molecule suggests that a fast
chemical reaction between the oxidation product
and the starting electroactive species follows the
charge-transfer reaction.
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Fig. 2. Cyclic voltammograms of 2.5 mM Cp3UNEt, recorded
in 0.07 M THF/Bu4N*BPh;~ solution at a platinum elec-
trode; scan rate = 0.1 V s7!: (——) immediately after disso-
lution, (— — =) 7 min after dissolution.

On the other hand, it is reasonable to postulate
that the U(V) product generated at the electrode
is an unstable species (five is a very unusual oxida-
tion state for organouranium derivatives). This
species can be involved in equilibrium reactions
generating a more stable dimeric species according
to the scheme:

Cp,UNEt; — e~ == Cp,UNEt;* Q)
Cp,;UNEt,* + CpsUNEt, == ((CpsUNEt,),)*  (3)

The positive charge produced in the electro-
chemical reaction (2) on the uranium atom could
be stabilized by the lone-pair of an NEt, group
nitrogen of a second molecule of Cp3UNEt, via
the formation of U—-N—U bridging bonds between
the two uranium atoms; the formation of such a
bimolecular complex is encouraged by the easy
possibility of an increase in the coordination number
of the actinides [15—-17].

Furthermore, the dependence of iy /i, on the
scan rate (Fig. 3) indicates that this dimeric species
is also rather unstable and that an irreversible decom-
position reaction occurs, causing the progressive
decrease of the associated cathodic peak by lowering
the scan rate. Owing to this decomposition reac-
tion, chronoamperometric and voltammetric data
to be inserted in eqn. (A) must be obtained at low
chronoamperometric time and at a relatively high
scan rate, ie. in a time-scale where this decomposi-
tion is not operative.

Cathodic cyclic voltammetry shows a reversible
wave at F,,, =—1.070 V (AE; =008 V at 005 V

125

ipc/ipa

1.0

0.5

-20 -1. -
log v 0 00

Fig. 3. Dependence of iPc/iPa for the oxidation process of
Cp3UNEt,.

s1,016 Vat 05 Vst i, [ip, =092, ipc(v_"2)=
cost., n = 0.43 calculated by (A)).

In the reverse scan the broad peaks (a) and (b)
are also observed: the irreversible peak (b) cor-
responds to the oxidation of Cp;U-THF, as verified
by comparison with the voltammetric behaviour
of a pure sample of this compound (£, about
+0.320 V).

Also in this case an n value less than 1 can be
explained by the occurrence of fast chemical reac-
tions involving the starting Cp3UNEt, compound.
Possible reactions in agreement with the stoichiom-
etry of the reduction process are a dimerization:

CpsUNEt; + CpaUNEt,” <= ((Cp3UNEt;),)” (4)

or a Joss of ligands from the reduction product

CpsUNEt,” <= Cp,U + NEt,~ (%)
or
Cp3UNEt,” < Cp,UNEt,; + Cp~ (6)

followed by reaction of these ligands with the starting
electroactive compound:

CngNEt2 + NEtZ_ 2
Cp,U(NEt,), +Cp~

Cp3UNEt2 + Cp_ — Cp4U + NEtz-

(5 bis)
(6 bis)

Our experimental tesults, ie. the presence of
peak (b) in Fig. 2 and the well-known possibility
of a ligand exchange reaction between Cp and NEt,
in CpsUNEt, [7], suggest the occurrence of the
reaction pathway (5, 5 bis). Nevertheless, the low
height of this peak as well as the appearance of
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the unidentified peak (a) cannot exclude the pos-
sibility that all the reactions (4, 6, 6bis) could
occur simultaneously.

On the other hand, reactions analogous to (6,
6 bis) have been considered plausible for similar
CpsUMYIX systems [1], and the formation of dimers
(eqn. (4)) are in principle possible since uranium
in these complexes is coordinatively unsaturated
[15,17].

Conclusions

According to what has been previously reported
for other uranium(IV) organometallic derivatives
[2,3], our study concerning the electrochemical
behaviour of Cps;UBH; and Cp;UNEt, has been
greatly hampered by their reactivity towards the
electrolytic solutions (Cp3;UNEt; and CpsUBH,
are very sensitive to traces of impurities; moreover,
a reaction with a BPh; anion of the supporting
electrolyte is not excluded [18]; other supporting
electrolytes containing PFg, AsFg, ClO4, BF, anions
have been tested, but the lowest rate of decomposi-
tion occurred with BuyN*BPh, ).

Nevertheless, such a study has been possible by
avoiding the obstacle of determining the number
of electrons involved in the electrochemical reaction
by using a combination of voltammetric and chrono-
amperometric responses.

The results obtained show that while Cp;UBH,
exhibits a one-electron quasi-reversible reduction
to CpsUBH; without ligand loss, CpsUNEt, is
reduced at more negative potential than Cp3;UBH,,
and also undergoes an oxidation process; the elec-
trode charge-transfer of Cp3;UNEt, is followed by
chemical reactions involving the starting species
Cp3sUNEt,; these reactions can be dimerization,
loss and exchange of ligands.

Interestingly, the oxidation of Cp3UNEt, gives
rise to unstable species of uranium(V), a rather
unusual oxidation state for cyclopentadienyluranium
derivatives.

F. Ossola et al.

Acknowledgements

We thank Mr F. Braga and Mr D. Rudello for
skilled technical assistance.

References

1 Y. Mugnier, A. Dormond and E. Laviron, J. Chem. Soc.,
Chem. Commun., 257 (1982).

2 R. G. Finke, G. Gaughan and R. Voegeli, J. Organomet.
Chem., 229, 179 (1982).

3 P. Reeb, Y. Mugnier, A. Dormond and E. Laviron, J
Organomet, Chem., 239, C1 (1982).

4 C. C. Chang and N. K. Sung-Yu, Inorg. Chim. Acta, 119,
107 (1986).

5 (a) M. L. Anderson and L. R. Crisler, J. Organomet.
Chem., 17, 345 (1969); (b) T. J. Marks, W. J. Kennelly,
J. R. Kolb and L. A. Shimp, Inorg. Chem., 11, 2540
(1972); (¢) T. J. Marks and J. R. Kolb, J. Am. Chem.
Soc., 97, 27 (1975).

6 A. L. Arduini, N. M. Edelstein, J. D. Jamerson, J. G.
Reynolds, K. Schmid and J. Takats, fnorg. Chem., 20,
2470 (1981).

7 F. Ossola, G. Rossetto, P. Zanella, G. Paolucci and R. D.
Fischer, J. Organomet. Chem., 309, 55 (1986).

8 R. N. Adams, ‘Electrochemistry at Solid Electrodes’,
Marcel Dekker, New York, 1969, p. 239.

9 P. Zanella, G. Rossetto, G. De Paoli and O. Traverso,
Inorg. Chim. Acta, 44, L155 (1980).

10 C. K. Mann, in A. J. Bard (ed.), ‘Electroanalytical Chem-
istry’, Vol. 3, Dekker, New York, 1969.

11 H. M. Koepp, H. Wendt and H. Strehlow, Z. Elektro-
chem., 64, 483 (1960).

12 R. S. Nicholson, Angl. Chem., 37, 1351 (1965).

13 L. Arnaudet, G. Folcher, H. Marquet-Ellis, E. Klahne,
K. Yunlu and R. D. Fischer, Organometallics, 2, 344
(1983).

14 L. Arnaudet, P. Charpin, G. Folcher, M. Lance, M. Nier-
lich and D. Vigner, Organometallics, 5, 270 (1986).

15 B. Kanellakopulos, E. Dornberger, R. v. Ammon and
R. D. Fischer, Angew. Chem., Int. Ed. Engl, 9, 957
(1970).

16 M. Burton, H. Marquet-Ellis, G. Folcher and C. Gian-
notti, J. Organomet. Chem., 229, 21 (1982).

17 M. Burton, G. Folcher, H. Marquet-Ellis, P. Rigny and
C. Giannotti, Can. J. Chem., 60, 2460 (1982), and ref.
6 therein.

18 E. Dornberger, R. Klenze and B. Kanellakopulos, /norg.
Nucl Chem. Lett., 14, 319 (1978).



