
Inorg. Chem. 1988, 27, 2747-2748 2747 

Availability of a value for the (Rh-Rh)BDE permits extraction 
of the (Rh-H)BDE from thermodynamic data for reaction 2 
(AHz" = -3.0 f 1 kcal/mol; ASz" = 0.8 f 2 eu).I4 Evaluation 

(2) [(OEP)Rh], + H2 + 2(OEP)Rh-H 

thermodynamic cycle I (Rh-H) BDE 

(0EP)Rh-H --. l/z[(OEP)Rh], + 1/zH2 AH" = 1.5 kcal/mol 
AH" = 8.2 kcal/mol 
AH" = 52.1 kcal/mol 
AH" = 61.8 kcal/mol 

of thermodynamic cycle I results in a (Rh-H)BDE of approxi- 
mately 62 kcal/mol. Calorimetric methods were used by Drago 
to obtain an average Rh-H bond energy of 57.6 kcal/mol in 
Rh(CI)(P(4-t0lyl)~)~(H)~,'~ and the Y ~ ~ - ~  stretching frequencies 
for (0EP)Rh-H (2220 cm-') and Rh(Cl)(P(4-t01yl)~)~(H), 
(2034cm-') qualitatively correlate with the Rh-H bond energies. 
A (Rh-H)BDE of 62 kcal/mol for (0EP)Rh-H is clearly in the 
range expected for a second-row transition-metal hydride,I6 and 
judging from the unusually high Rh-H stretching frequency for 
(0EP)Rh-H, the (Rh-H)BDE of 62 kcal/mol is probably at the 
high end of the range of Rh-k bond energies. 

The (Rh-H)BDE of 62 kcal/mol can be subsequently used in 
deriving a (Rh-C)BDE in (0EP)Rh-CHO from thermodynamic 
data for reaction 3 (AH," = -13 f 1 kcal/mol; AS3" = -29 f 
3 eu)6 and the formyl radical.I7J8 The relatively large (Rh- 

(3) 

'/,[(OEP]Rh], + (0EP)Rh'  
/2H2 - H' 

(0EP)Rh-H + (0EP)Rh'  + H' 

(0EP)Rh-H + CO ~i (0EP)Rh-CHO 

thermodynamic cycle I1 (Rh-C)BDE 

(0EP)Rh-CHO --. (0EP)Rh-H + C O  
(0EP)Rh-H - (0,EP)Rh' + H' 

(0EP)Rh-CHO - (0EP)Rh'  + HCO 

AHo = 13 kcal/mol 
AH" = 62 kcal/mol 
AHo = -17 kcal/mol 

AH" = 58 kcal/mol 
H' + C O  -+ HCO 

C)BDE (-58 kcal/mol) and small difference in Rh-H and Rh-C 
bond energies (-4 kcal/mol) provides an operational explanation 
for the range of unusual organometallic chemistry associated with 
rhodium porphyrins, which is not observed for cobalt porphyrins.'" 
A (Rh-C)BDE of 58 kcal/mol in (0EP)Rh-CHO is approxi- 
mately twice the Co-C bond energy (Co-C -28 kcal/mol) re- 
cently reported for a (0EP)Co-alkyl ~omplex . '~  Rh-C bonds are 
expected to be stronger than Co-C bonds due to improved overlap 
of the 4d orbitals, but differences of the magnitude observed for 
the (0EP)M complexes must be predominantly of steric origin.19 

N M R  line broadening is potentially a useful method for es- 
timating M-M bond energies in the range 8-25 kcal/mol when 
N M R  experiments in the temperature range 170-470 K are 
feasible. [(OEP)Rh], is an ideal case for use of this method 
because bond homolysis is the only pathway for a chemical ex- 
change process to contribute to the line width. The primary 
criteria for using this method to estimate M-M bond energies are 
that bond homolysis occur at a rate of 2-100 events/s in an 
accessible temperature range and that a magnetic nucleus in the 
compound be coupled significantly with the unpaired electron on 
the paramagnetic monomer. Complexes that have M-M single 
bonds where the ligands have large steric requirements are po- 
tentially good candidates for application of this method. 
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The physical and chemical properties of organoactinides vary 
greatly with the nature of the ligands about the actinide center.2 
The effects of ligand environment on the bonding and chemical 
behavior of organoactinide systems have been studied by a number 
of techniques, including magnetic ~usceptibility,~ Mossbauer 
~pectroscopy,~ photoelectron spectroscopy,s and solution calori- 
metry.6 

Electrochemical methods have provided a considerable amount 
of information on the nature of the ligand-metal interaction in 
transition-metal This tool has been utilized less 
frequently in organoactinide systems."' Herein, we report the 
results of a cyclic voltammetric study of a series of uranium(1V) 
and neptunium(1V) organometallics. Our objective is to gain 
insight into the sensitivity of the M(IV)/M(III) couple to ligand 
environment. 
Experimental Section 

Synthetic Methods. The organometallics were prepared and handled 
in Schlenk glassware on a dual-manifold Schlenk line or interfaced to a 
high-vacuum system. Solid transfers were accomplished under nitrogen 
in a Vacuum Atmospheres Corp. inert-atmosphere box. Solvents were 
purified and dried as previously described.6b 

The compounds Cp4U1* (Cp = q5-C5H5), CP,UCI ,~~ C P * , U C I ~ ~ ~  (Cp* 
= $-CSMes), Cp4Np,lS C P , N ~ C I , ~ ~  and Cp*,NpCl2I1 were prepared by 
literature procedures. 
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Table I. Cyclic Voltammetric Data for the Reduction of 
Organoactinide Compounds in Tetrahydrofuran 

compd E ,  i20-b compd E d ' *  
CP4U -1.94 CP,NPCI -1.29 
CP4NP -1.27 Cp*,UC12' -2.18 
Cp,UCl -1.80 Cp*2NpCl2 -1.38 

Volts vs ferrocene/ferrocenium. EI l2  = reversible half-wave po- 
tential. cThis compound has also been studied by Finke and co-work- 
erd0 using tetrabutylammonium hexafluorophosphate as the supporting 
electrolyte. 

I 
-0.50 -1.00 -1  -50 -2.00 

L I  

POTENTIAL (volts vs Fc/Fc+) 

Figure 1. Cyclic voltammograms of CplNp in THF/O.2 M (TBA)BF4. 
Scan rate: (a) 200 mV/s; (b) 100 mV/s; (c) 50 mV/s. 

Cyclic Voltammetry. Electrochemical experiments were performed in 
a single-compartment three-electrode cell designed for highly air-sensitive 
 compound^.'^ Solutions were prepared by vacuum-transferring T H F  
directly into the cell. A platinum-disk working electrode (area 0.020 
cm2), a platinum-wire auxiliary electrode, and a silver-wire quasi-refer- 
ence electrode were used. The potential of the reference electrode was 
determined by using the ferrocene/ferrocenium couple as an internal 
standard.I8 All potentials are referenced to this couple. Electrochemical 
measurements were made with a Princeton Applied Research potent- 
iostat-galvanostat (Model 173) and a Princeton Applied Research 
universal programmer (Model 175). Sample solutions were typically 2.5 
mM in organoactinide and 0.2 M in tetrabutylammonium tetrafluoro- 
borate. 

Results and Discussion 
The results of the electrochemical reduction of Cp4M, Cp3MC1, 

and C P * ~ M C ~ ~  (M = U, Np) are summarized in Table I, and 
representative cyclic voltammograms are shown in Figures 1 and 
2. In each case, the cyclic voltammetry of these compounds shows 
a single reduction wave exhibiting the characteristics of a one- 
electron reversible process. No additional processes were observed 
down to a solvent limit of -2.5 V. Mono(cyclopentadieny1)ura- 
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Figure 2. Cyclic voltammograms of Cp,UCI in THF/O.2 M (TBA)BF4. 
Scan rate: (a) 200 mV/s; (b) 100 mV/s; (c) 50 mV/s. 

nium complexes such as CpUC13.2THF, Cp*UC13.2THF, 
CpUC13.20PPh3, and Cp*UC13-20PPh3 as well as UC14 exhibited 
chemically irreversible reductions. 

The potential of the M(IV)/M(III) couple is sensitive to the 
nature of the ligands about the metal center (see Table I). The 
order in ease of reduction (least to most difficult) of the compounds 
studied is Cp3UC1 < Cp4U < C P * ~ U C ~ ~  and Cp4Np i= Cp3NpC1 
< c ~ * ~ N p C l ~ .  The more negative the M(IV)/M(III) couple, the 
greater the stability of the M(1V) state with respect to M(II1). 

From Cp3UCI to Cp4U, the El12 value of the M(IV)/M(III) 
couple becomes more negative by 0.14 V. This is consistent with 
the Cp ligand being a better electron donor than chloride, thus 
stabilizing the M(1V) oxidation state. A greater shift is observed 
from Cp3UC1 to C P * ~ U C ~ ~  (0.38 V). The Cp* ligands place more 
electron density on the uranium center than either the chloride 
or Cp, which results in greater stability of the M(1V) state. Similar 
trends have been previously observed in substituted ferrocene* and 
~rganolanthanide'~ systems and suggest that the role played by 
a permethylated cyclopentadienyl ligand in organoactinide 
chemistry is electronic, as well as steric2 

Interestingly, the differences in the redox potentials between 
the M(IV)/M(III) couples in the Cp4M, Cp3MCl, and Cp*,MC12 
series are smaller for neptunium than for uranium. This obser- 
vation suggests that the uranium center is more sensitive to its 
ligand environment and is consistent with it having a greater degree 
of covalency in its bonding.20 
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