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Cyclic voltammetric examination of [C0404(O,CR);-
(bpy)4](ClO4), cubane complexes 1 (R = various; bpy =
2,2’-bipyridine) in MeCN reveals a one-electron reversible
oxidation in the range 0.68-0.86 V vs. ferrocene; the one-
electron oxidized clusters can be obtained in analytical
purity by either controlled potential electrolysis to give
[C0404(0,CR),(bpy)4](C104); 2 or oxidation with
gNH4)2ce(N03)6 to give [C0o404(02CR),(bpy)4][Ce(NO3)g]

The ability of hard oxide (O2-) ions to stabilize unusually high
metal oxidation states has long been recognized in such
textbook species as MnO4— and CrO42—. More recently, some
interesting new examples have been identified in which
bridging O2— ions stabilize rare oxidation states of Feand Cuin
non-mononuclear chemistry: apart from their intrinsic im-
portance, such species offer insights into the mode of action of
certain metalloenzymes. Thus, the Fe''FelV oxidation level,
thought to correspond to species X of ribonucleotide re-
ductase,l2 has been obtained in oxide-bridged Fe, com-
plexes,23 whereas a 2FelV speciesisbelieved to be species Q of
methane monooxygenase.r Similarly, the [Cuy(u-O),]2* core
(2CuM) has been structurally characterized,*> as well as a
related species containing the [Cus(us-O),]3* core (2Cu'l,
Cullm).6 Such species offer valuable insights into Cu-mediated
Oo-activation biochemistry. We have now discovered that the
cubane [Co4(us-04)4]4*+ core containing 4Co''! can be oxidized
to a 3Co'!, Co'Vv form, and we describe the preparation and
characterization of several such novel species.

As reported previously,” the D,y Symmetry complex
[C0404(O2CR)2(bpy)4](Cl1O4)2 1 (R = Me bpy = 22-
bipyridyl) can be prepared by deprotonating [Co,(OH),(O.C-
Me)s(bpy)2](CIO,) with LiO, in DMSO. A series of
[C0404(0O2CR)2(bpy)4](ClO4)> 1 complexes has now been
prepared by ligand substitution with RCO,H in refluxing
MeCN, and electrochemical examination of these [C0,04)4*
complexes by cyclic voltammetry (CV) reveals irreversible
reductions at <—1.4 V vs. ferrocene and a reversible one-
electron oxidation at ca. 0.7 V vs. ferrocene. The CV scan for
the R = CgH4NO,-4 complex is shown in Fig. 1, and the
oxidation potentials as a function of R group arelisted in Table
1. The peak separations are comparable with that of the
ferrocene/ferrocenium couple used asaninternal reference (Fig.
1). Controlled potential coulometry at 0.90 V vs. ferrocene for
the R = CgHsMe-4 and CgH,OMe-4 species gave 0.9-1.0 e/
Coy transferred, confirming a one-electron oxidation process.
The CV ae thus consistent with oxidation to
[C0404(0CR)2(bpy)4]3*, which would contain 3Co'"',Co'V if
the oxidation were metal -based. Metal/bpy complexes can often
exhibit bpy-based reversible reductions but not oxidations.8

Analytically-pure oxidized clusterst were prepared in bulk
by two methods: (i) controlled potential electrolysisin MeCN or
MeCN—CH,Cl, containing 0.4 M LiClO,4 at 0.90-1.00 V vs.
ferrocene, which caused precipitation of [C0404(O.CR),-
(bpy)4](ClOg)3 2 in = 85% yield as microcrystalline powders;
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Fig. 1 Cyclic voltammogram at a glassy carbon electrode of 1; R =

CeH4NO2-4 (1 mM) in MeCN containing 0.1 M NBun,PF and ferrocene as
an internal standard (E,, = 0.00 V).

and (ii) oxidation with (NH4)-Ce(NO3)s in MeCN, which
caused precipitation of sparingly soluble microcrystalline
[C0404(0CR)2(bpy) 4] [Ce(NO3)s] 3.3 Complexes 2 can be
recrystallized from MeCN—Et,O. EPR spectraat 5 and 75-100
K of the R = CgHiMe-4 and CgH,OMe-4 derivatives as
powders (3) or MeCN—toluene (1: 1) glasses (2) show a broad
(ca. 800 G) signal at g = 2.20 with no resolved hyperfine,
consistent with a S = 7, species and a Co-based oxidation.
Solid-state magnetic susceptibility studies at room temperature
on the same two derivatives of 2 gave e = 2.2 g, consistent
with one unpaired electron. *H NMR spectra show para
magnetically shifted and broadened signas for 2, again
consistent with S = 7, oxidized clusters whereas complexes 1
are diamagnetic. Comparison of the spectrafor 1 and 2 (R =
CsHiMe-4), for example, show that only four bpy and three
carboxylate signals are observed and that the bpy signals are
much more shifted on oxidation than the carboxylate signals,

Table 1 Cyclic voltammetric data for the oxidation of [C0404(O.CR)2-
(bpy)2](ClO4)2 1 complexes in MeCNab

R E,oV R E,cV
Me 0.69 CgH4sOMe-4 0.68
CH=CHMe 0.70 CeHs(OMe),-2,4 0.68
Ph 0.70 CeH4Cl-4 0.72
CeHsMe-4 0.70 CgHaNO2-4 0.77
CeH4Et-4 0.69 CeFs 0.86
C6H4B ut-4 0.67

a |nvoltsvs. theferrocene/ferrocenium couple asaninternal standard; £0.01
V. bGlassy carbon working, Pt wire auxiliary, and SCE reference
electrodes; 0.1 M NBun,PFg supporting electrolyte. ¢ Ey, is the midpoint of
the forward (anodic) and reverse (cathodic) peak potentials.
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Fig. 2 ORTEP plot of the cation of 2 (R = CgH4NO,-4) at the 40%
probability level; for clarity, only the ipso-C atom of the carboxylate group
is shown. Selected distances (A): Co(1)---Co(2) 2.641(1), Co(1)---Co(3)
2.872(1), Co(1)---Co(4) 2.874(1), Co(2)---Co(3) 2.855(1), Co(2)---Co(4)
2.861(1), Co(3)---Co(4) 2.662(1), Co(1)-O(1) 1.903(4), Co(1)-O(3)
1.882(4), Co(1)-O(4) 1.876(3), Co(2)—0O(2) 1.900(4), Co(2)-0O(3) 1.877(4),
Co(2)-0O(4) 1.871(4), Co(3)-O(1) 1.902(4), Co(3)-O(2) 1.878(4), Co(3)—
O(3) 1.886(4), Co(4)-O(1) 1.894(4), Co(4)-O(2) 1.882(4), Co(4)-O(4)
1.899(4).

consistent with greater spin delocalization onto the former
groups. On the 1H NMR timescae, therefore, the oxidized
clusters retain Dpy symmetry, which is consistent with elec-
tronic delocalization, or detrapping that is fast on the 1H NMR
timescale.

The crystal structuret of complex 2 (R = CgH4NO»-4) was
obtained at —100 °C. The cation (Fig. 2) has no crystallographic
symmetry, but has virtual Doq symmetry. There is a [C0404]
cubane with a bpy at each Co and a RCO,— group bridging two
opposite faces; the virtual S, axis passes through the latter.
Three independent CIO4— groups confirm the 3+ charge of the
cation. Examination of the bond distances shows that the four
Co ions are al equivalent, indicating electronic delocalization
and a Co3-25+ oxidation state description, even in the solid state
at —100 °C. The anisotropic thermal parameters of core Co and
O atomsdo not appear abnormally large, arguing against astatic
disorder of a trapped-vaence 3Co'!!,Co'v system. Protonation
of acore 02— ion (and aresulting 4Co'"" description) isruled out
by the absence of Co—O bond lengthening as seen previously®in
the genuinely protonated species [Co403(OH)(O.CR),-
(bpy)a]3* and [Co404(OH)2(OCR),(bpy)a]++. Comparison of
the structure of 2 (R = CgH4NO,-4) with that of 1 (R =
CsHsMe-4) indicates no significant difference: the largest
variation isin the Co-O (carboxylate) distances (average 1.942
A for 2 vs. 1.955 A for 1) but these and all the other Co—X
distances are statistically the same within the 3o criterion.

The combined results indicate that the diamagnetic [Cog-
0O4]4*+ core can be oxidized to a paramagnetic (S = 7,) [Coys-
O4]5+ core that is electronicaly delocalized, as might be
expected for mixed-valence, low-spin Co'!' (tx68), Co'V (tog°)
species. Cobalt(iv) is still a rare oxidation state, and isolated,
well characterized examplesthat are stable at room temperature
are few and all mononuclear,1° but the combined results above

establish that stable [Co404]5* clusters can be accessed which
formally contain 3Co'"!, Co'V. Such species could prove useful
as a new family of strong oxidizing agents soluble in organic
solvents, particularly sincetheir oxidizing strength can be tuned
by appropriate choice of organic ligands.

This work was supported by the National Science Founda-
tion.

Notes and references

TThe complexes anadlysed satisfactorily. Calc. (found) for
[C0404(02CCeH4Me-4)x(bpy) 4] (ClO4)3-H-0: C, 44.51 (44.31); H, 3.20
(3.34); N, 7.42 (7.44); Cl, 7.04 (7.59). [C0404(02CCcH4OMe-4),(bpy)a]-
(ClO4)3-3/2CH.Cly: C, 41.79 (41.78); H, 2.99 (3.15); N, 6.78 (6.93); Cl,
12.87 (12.18). [C0404(0,CCeH4Me-4)5(bpy),] [Ce(NO3)e] -2H,0: C, 38.59
(38.34); H, 289 (2.69); N, 11.25 (11.26). [C0404(O.CCcH4sOMe-
4),(bpy)4][Ce(NO3)g] - MeCN-2H,0: C, 39.19 (38.95); H, 2.96 (2.92); N,
12.19 (12.15). Electronic spectra in MeCN for the R = CgHsMe-4
complexes: 1; 556 (sh), 414 (10800), 293 (65800). 2; 520 (sh), 332 (sh), 314
(sh), 302 (47100).
I Crystal data for [CO404(02CC5H4N02'4)2(bpy)_4] (C|O4)3M eCN-3H,0:
C56H49C|3C04N11027, M = 1650.16, triCIiniC, Pl,a = 116330(2), b =
14.1304(2), ¢ = 20.7165(2) A, o = 91.8195(6), B = 95.8450(8), y =
110.1203(4)°, V = 3172.78(4) A3,Z = 2,D. = 1.727gcm~3, A = 0.71073
A, T =-100°C, 4 < 20 < 50°, R(R,) = 0.0846 (0.2279) for refinement
on F2 using all 10537 unique reflections. The structure was solved and
refined using SHELXTL-97. All non-hydrogen atoms were refined
anisotropically. Three independent CIO4— ions were located, each at 100%
occupancy. Hydrogen atoms were included as fixed atom contributors. No
disorder problems were encountered.

CCDC reference number 161550. See http://www.rsc.org/suppdata/bl/
b102008k/ for crystallographic datain CIF or other electronic format.
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