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As highly symmetric and structurally unencumbered parents of
the ubiquitous family of half-sandwich organometallics, dileptic
metal compounds containing only carbonyl groups along with
cyclopentadienyl (Cp) or arene ligands play a central role in
organometallic chemistry.The anodic chemistry of these com-
pounds is significantly broadened when electrochemistry is carried
out in low-donor solvents having a weakly coordinating electrolyte
anion (WCA)? We now report that anodic oxidation of Rg&{
CsRs)(COX% (1, R = H; or 2, R = Me) in the presence of a WCA
gives the unusual dimeric dication [RE€sRs)(CO)]?" after first
forming the radical cationl® or 2*. Although the dimers are
thermodynamically favored over the monomer radicals, the latter
are present in solution in sufficient quantities to act as useful
oxidizing agents. The very positie® value of /1t (1.16 V vs
FeCp2*) makes this system the strongest isolable organometallic
oxidizing agent yet reported.

The dominant feature of cyclic voltammetry (CV) scanslait
concentrations below about 0.6 mM in gE,/0.1 M [NBug-
[TFAB] (TFAB = [B(CsFs)4] ) is a one-electron oxidation wave,
Ei» = 1.16 V vs FeCy't, that is quasi-Nernstian but of only
modest chemical reversibilityat scan rates below abioli V st
(Figure 1). At slower scan rates or in higher concentrations, the
oxidation of 1 is chemically irreversible and a broad cathodic
product wave appears (irreversiblg,. ~ 0.55 V), assigned to
reduction of the dimer dication formed by radieahdical coupling
of 1* (see eqgs %3).

ReCp(CO)=[ReCp(CO)" +& E,,=1.16V (1)

2[ReCp(CO)" = [Re,Cp(CO)*" Kypm~ 1M ™* (2)

[Re,Cp,(CO)J* +2€& —2ReCp(CO) E,,~0.55V
3)

Bulk electrolysis ofl passes ¥ 0.1 F/equiv and gives an orange
solution at room temperature with the major product peak being at
Epc = 0.55 V. Cathodic re-electrolysis Btpp = 0.3 V regenerates

1.5 Conducting the anodic electrolysis at 243 K affords jRe-
(COX][TFAB],, 1,%%, in good yield as a precipitate from the
electrolysis solutioff.IR spectra of the solid in Nujol gave two
pairs of vco peaks, one at 2113 crh 2046 cnmit and another at
2098 cnrl, 2037 cnTl. In CH.Cl,, a single set was observed at
2104 cml, 2031 cm? (for 1, veym = 2024 cnml, vagym = 1926
cm™1). The two sets of carbonyl peaks in the solid-state spectrum
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Figure 1. Cyclic voltammogram of 0.6 mM. in CHyCl»/0.1 M [NBuy]-
[TFAB] at 0 °C; 2 mm glassy carbon electrode, scan rat6.3 V s'1.
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Figure 2. Top view of complexe4 and1*, HOMO of 1 on left and SOMO
of 17(ADF) on right.

are attributed to theis andtransisomers, respectively, of the dimer
dication, with the more stabl&rans isomer (vide infra) being
responsible for the solution spectrum.

Qualitatively similar results have been obtained on the oxidation
of the permethylated Cp analogue ReCp*(g@ In this case,
Ew, = 0.91 V for 2/2* and E,c ~ 0.15 V for reduction of the
corresponding dimer dication. Bulk electrolyses gave very persistent
solutions of the dication, which was isolated in 90% yield as
analytically pure [RgCp*,(CO)|[TFAB], by anodic electrolysis
of 2 at low temperatures to facilitate its precipitation.

DFT calculation$ (ADF® and Gaussian98programs) were
carried out in which all the geometries were optimized without
symmetry restraints. Whereas compléxis almost a perfect
octahedron, with OERe—CO angles very close to 9@nd cent
Re—CO of 125.4° (cent is the centroid of the Cp ring), the Re(ll)
radical 1" is distorted, with one wider (99°Band two narrower
(85.3 and 87.79) OC—Re—CO angles. One of the cenRe—CO
angles decreases significantly to 117 ®hile the others increase
by only 1-2°. This distortion is accompanied by the opening of
one CO-Re—cent-CO torsion angle (see top view in Figure 2).

10.1021/ja055045k CCC: $30.25 © 2005 American Chemical Society
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(4) To our knowledge, no reversible oxidations have been reportetl dor
its analogues. For information on irreversible anodic processes for Re(l)
half-sandwich compounds in traditional electrolyte media see: Hersh-
berger, J. W.; Amatore, C.; Kochi, J. K. Organomet. Cheni983 250,
345. This paper describes electrocatalytic substitution reactions for ReCp-
(CO)(pyridine).

(5) Depending on electrolysis conditions, a minor product is sometimes formed
(Epc &~ —0.2 V), which regenerateswhen cathodically electrolyzed. The
nature of this side reaction is under investigation.
(6) Thirty-seven milligrams ofl (Strem) in 0.05 M [NBy|[TFAB] was
cis trans electrolyzed in 10 mL of CkCl; (243 K, Eapp = 1.4 V) under drybox
. . . . - (N2) conditions. The electrolysis mixture was kept cold and filtered to
Figure 3. Optimized geometries of complexeis andtrans 1,** (ADF). remove the precipitated [R8p(CO)][TFAB],, which was then washed
with cold CH,CI, to remove any supporting electrolyte. Vacuum evapora-
+ i tion gave 78 mg (70%) of analytically pure [[Rp(CO)][TFAB] .. A
h Cqmpared to the HOMO Oﬂ' t_he SOMO of 1" is more similar procedure foR at 225 K gave 90% [RE€p*2(COX|[TFAB] 2, vco
ybridized away from Re, facilitating the metahetal bonded (CH,Cl,) = 2062 cnr?, 2015 cnt (cf. 2005 cnt?, 1906 cnrt for 2); C,
dimerization of the latter. Two dimerssis and trans were 40.76 (calcd 40.97), H 1.28 (calcd 1.38).
. . . (7) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and Molecules
optimized, thetrans isomer being more stable by 3.7 kcal mbl Oxford University Press: New York, 1989.
(Figure 3). The ReRe distances are long (3.285 A fois and (8) QD'F:Q_ZOOZAWitSh TdZZP l?]asc_i;S %eti (a)dGiSEthejgﬁn, S(j hJ A.;A%gcgerlw(e)\éeld, J.
: : ., ROSa, A.; snijaers, J. G.] baerends, - Nys. em.
_3.2_71 A fortrang), anql the coordlna_ltlon geometry around each Re 6835. (b) Rosa, A.; Baerends, E. J.. Gisbergen, S. J. A.; Lenthe, E.;
is in both cases a piano stool, with the three carbonyls and the E;;o(gn%veld, J.éA.i]SRide({%rS, JAG'ém" Cg_erg. Sgaggadlzji%)ﬁse.
. . . c) Gisbergen, S. J. A.; Rosa, A.; Ricciardi, G.; Baerends, E. Chem.
Othe.r Re atom formlng the Iegs. Calculated Wlbergllndiées, Phys. 1999 111, 2499. Vosko, Wilk and Nusair's local exchange
obtained from a NPA analysi$,are 0.242 and 0.231, faris and correlation potential: (d) Vosko, S. H.; Wilk, L.; Nusair, Man. J. Phys.
H indicati ; ; 1980 58, 1200. GGA approach: (e) Fan, L.; Ziegler,J.Chem. Phys.
trans, respectively, indicating a ReRe bond in both isomers. 1991, 95, 7401. (f) Versluis, L.. Ziegler, TJ. Chem. Phys1988 88,
Preliminary digital simulations (Digisim 3.0) of the CVs af 322. Perdew-Wang nonlocal exchange and correlation corrections: (g)
i i i i i ilibri . Perdew, J. P.; Chevary, J. A,; Vosko, S. H.; Jackson, K. A.; Pederson,
are consﬁent with .a dlr_ner_lzatlon equilibrium constd€dy,, of M. R.: Singh. D, J.: Fiolhais, CPhys. Re. B 1992 46, 6671, ZORA
ca. 16 M~1 and a dimerization rate constant of the order of 10 approximation for relativistic effects: (h) Lenthe, E.; Ehlers, A.; Baerends,
M~1s Lfor 1. We expect to refine these values by fitting a wider E. J.J. Chem. Phys1999 11Q 8943,
.p . . .y 9 (9) (a) Frisch, M. J. et alGaussian98revision A.8; Gaussian, Inc.: Pittsburgh,
set of scans under different experimental conditions. PA, 1998. Geometries were optimized at the DFT/B3LYP level: (b) Lee,
Once isolated, [RE€p(CO)][TFAB], is stable and may be gh Ya”ShVQgZa’BgRg,SQVEAﬁE'ZE%BS 37, 7th5 (CR) BeC,Fhe,A- DJ-t g
stc_)rt_ed and used as a sourc_elm‘for the preparation of desired Ece,';r?]'(d) yHay’ BE,. J. Wadt, W. RL Chf,ﬁ S,fhygrlgsegvé'Z’ ;‘?gﬁ";‘,;e
oxidized compoundsas their [TFAB} salts. Thus, we have VWVagE, \\//Vv %;JHaghP. JJm]Chtelgég’fgzslggg ?2, 2|84_. (ft) Ha%/, P.t_J.:
_ . ' adt, . . J. em. ysS " . T polarization L_InC on
prepared the 17-electron cations of ferroceke& € 0 V), 1,1 (exponent 0.869) for Re: (g) Ehlers, A. W.Bme, M.. Dapprich, S.;
diacetylferroceneE® = 0.49 V), and MnCp*(CQO) (E° = 0.64 V) \C};Oltéil' A AHdII;Nartl?, A.(;Bé]r?nas,P?]/.; }T_hliréglé'zgé lsltigggrﬂ,eﬁ.;
: : o . : eldkamp, A.; Frenking, em. Phys. Let . 6-
in ess_entlall_y quant_ltatlve _ylelds by this method, as well as the basis set for G, O, H: (1) McLean, A. D.. Chandler, GJSChem. Phys.
organic radical cation [thianthrene][TFABJE{ = 0.80 V)12 198Q 72, 5639. (i) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J. A.

* i deat i § ; J. Chem. Phys198Q 72, 650.
[MnCp*(CO),][TFAB] is the first isolated cymantrene-type radical (10) Wiberg indices: Wiberg, K. Bretrahedron1968 24, 1083.

catiort® and will be described in due coursk? also appears o (11) NPA analysis: (a) Carpenter, J. E.; Weinhold JFMol. Struct.1988
electrocatalyze the oxidation of olefins and aromatic hydrocarbons, 169 41. (b) Foster, J. P.; Weinhold, B. Am. Chem. S0d.98Q 102,

. 7211. (c) Reed, A. E.; Weinhold, B. Chem. Phys1983 78, 4066. (d
such as cyclopentene and 9,10-dihydroanthracene. These processes Reed,(,i? Ef?,\,einhmd’ Fﬁ!ncﬁem_ phy§1385 8{% 17336_ @) Reedf ,)\_

are under active investigation. E.; Weinstock, R. B.; Weinhold, Fl. Chem. Phys1985 83, 735. (f)

L . . Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899.
2+ 1 ] i) i) i) ¢l
The dication [ReCp(CO)]*" may be considered to be the first (15 £o'tor thianthren@” in CH,C1,/0.05 M [NB][TFAB]. Value in Chy-

chargedanalogue of the group of weakly metahetal bonded SN/&NBL\I};][FSFE]I reporﬁgd eAarIiaelrggg 2.8465 ?:/7)vs SCE (Hammerich, O.;
. : ~ ; ; ; arker, V. D.Electrochim. Act , .
dimers of .plano stool organometallic ra.dlcals, which has .tO now (13) Cymantrene= MnCp(CO}. Radical cations of CO-substituted compounds
been confined to neutral complexes of first-row met&lS.Aside [MnCp(CO)L] * are well-known. See: (a) Connelly, N. G.; Freeman, M.
from this point, [ReCp,(CO)]?" is important for its ability to store J50<? "ﬂ]‘tcﬁ' %;fg%%'??b?gR(B)Sgﬁld?e”'S'-Béiesgvé?'g/f”t ph%Z%T'P
and release the powerful one-electron oxidant [ReCpgEOPwing H. J. Chem. Soc., Faraday Trans1989 85, 3913. For the new radical
to the well-documented control & potentials by cyclopentadienyl [MnCp*(CO)q]*, veo (CHoClo) = 2093 cnt?, 2030 cnr.
substituent effect® this class of compounds offers promise as a ¥ [orleading references to piano-stool radicals in general ang CiR)-
_ ) p otiers promi ¢ (COYL, Fe(y*-CsHs)(CO)L, and Feg®-CsPhR)(COY) in particular, see:
precisely tunable group of very strong cationic organometallic &a) Trcnglge(;,(W- C-Qrﬁagomgtﬂll% R(agrl]caltPr%gessﬁsewer:T Al_m(sct:?]r- .
B . f - - am, especially baira, M. C. apter an rown, 1. L. apter
oxidants accompanied by weakly coordinating anions. 3)). (b) Sitzmann, H.; Dezember, T.; Kaim, W.; Baumann, F.; Stalke, D.;
Karcher, J.; Dormann, E.; Winter, H.; Wachter, C.; Kelemen Avigew.
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