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Abstract: Metalloradical species [Co2Fv(CO)4]C+ (1C+, Fv =

fulvalenediyl) and [Co2Cp2(CO)4]C+ (2C+, Cp = h5-C5H5),
formed by one-electron oxidations of piano-stool cobalt
carbonyl complexes, can be stabilized with weakly coordinat-
ing polyfluoroaluminate anions in the solid state. They feature
a supported and an unsupported (i.e. unbridged) cobalt–cobalt
three-electron s bond, respectively, each with a formal bond
order of 0.5 (hemi-bond). When Cp is replaced by bulkier Cp*
(Cp* = h5-C5Me5), an interchange between an unsupported
radical [Co2Cp*2(CO)4]C+ (anti-3C+) and a supported radical
[Co2Cp*2(m-CO)2(CO)2]C+ (trans-3C+) is observed in solution,
which cocrystallize and exist in the crystal phase. 2C+ and anti-
3C+ are the first stable thus isolable examples that feature an
unsupported metal–metal hemi-bond, and the coexistence of
anti-3C+ and trans-3C+ in one crystal is unprecedented in the
field of dinuclear metalloradical chemistry. The work suggests
that more stable metalloradicals of metal–metal hemi-bonds
may be accessible by using metal carbonyls together with large
and weakly coordinating polyfluoroaluminate anions.

It is of fundamental importance to understand the nature of
metal-metal bonds.[1] Compared with those supported by
bridging ligands, unsupported metal–metal bonds are simpler
and have attracted particular interest.[2] Understanding of the
metal–metal interactions in the paramagnetic metal com-
plexes is especially crucial for the fields of metalloproteins[3]

and metal-containing functional materials.[4] A number of
supported dinuclear metalloradicals with two metal atoms

held together to form a bond by a bridging ligand are
known.[5] In contrast, stable but unsupported dinuclear
metalloradicals are rare. Recently two unsupported dinuclear
metalloradicals were isolated and studied by single crystal X-
ray diffraction, that is, [M2Cp2(CO)4(PMe3)2]C+ (M = Mo and
W), where two metal atoms are held together by a multiple
bond (bond order = 1.5) with assistance from the electron-
donating ligand PMe3.

[6]

Cobalt complexes have been widely used as efficient
catalysts for organic transformations and C¢F bond activa-
tions,[7] but the chemistry of dicobalt metalloradicals is
relatively underdeveloped. Very recently, a radical cation
with a cobalt-cobalt bond supported by cyclic alkyl amino
carbene ligands was reported.[8] Electrochemical experiments
have shown that piano-stool cobalt carbonyl complexes
Co2Fv(CO)4 and RCo(CO)2 (R = Cp or Cp*) could undergo
one-electron oxidation to form dimer radical cations in
solution,[9] but the radical salts were not isolable due to
instability and their crystal structures remain unknown.
Recently we have succeeded in stabilization and isolation of
radical cations NapE2Ph2C+ (E = S, Se; Nap = naphthalene)
that feature a S–S or Se–Se three-electron s bond,[10] which
prompted us to investigate the oxidation of transition metal
complexes. In this paper we report the isolation and crystal
structures of cobalt carbonyl radical cations [Co2Fv(CO)4]C+

(1C+), [Co2Cp2(CO)4]C+ (2C+) and [Co2Cp*2(CO)4]C+ (3C+), which
feature supported, unsupported and isomeric cobalt–cobalt
hemi-bonds, providing the first stable thus isolable examples
of unsupported metal–metal hemi-bonds.

Co2Fv(CO)4 was treated with one equiv of Ag[Al-
(ORMe)4] (ORMe = OC(CF3)2Me)[11] in CH2Cl2 at 0 88C to
afford a reddish brown solution of the radical cation 1C+

(Scheme 1). A green solution of radical cation 2C+ was
obtained by the reaction of CpCo(CO)2 with a half equiv of
Ag[Al(ORH)4] (ORH = OC(CF3)2 H)[11] under similar condi-
tions. Both colored solutions gradually faded and became
intractable upon warming to room temperature or under
reduced pressure. Crystals of 1C+[Al(ORMe)4]

¢ and 2C+[Al-
(ORH)4]

¢ were obtained by cooling reaction solutions in
CH2Cl2 at ¢25 88C. The isolated salts are thermally stable
under nitrogen atmosphere at room temperature and were
studied by single-crystal X-ray diffraction, EPR, IR, and UV/
Vis absorption spectroscopy, in conjunction with DFT calcu-
lations.

The crystal structures[12] of cations 1C+ and 2C+ are shown in
Figure 1 with structural parameters, some of which along with
those of parent molecules Co2Fv(CO)4 and CpCo(CO)2 are
given in Table S2 in the Supporting Information. Contrary to
the transoid configuration of neutral Co2Fv(CO)4, cation 1C+

has a cisoid structure with a slightly bent fulvalenediyl
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framework (Figure 1a). Cation 2C+ has the anti conformation
with a Co–Co bond that is not supported by any bridging
ligand (Figure 1b). In both cations, Co–C(O) bonds slightly
lengthen while C¢O bonds shorten and the OC–Co–CO
angles are widened in comparison to the neutral parent
molecules. The Co–Co bond lengths in 1C+ (3.0774(12) è) and
2C+ (2.9593(10) è) are longer than a Co–Co single bond length
(2.5 è)[13] but shorter than the sum (3.84 è) of the van der
Waals radii of cobalt.

The previously calculated Co–Co bond lengths in 2C+

(3.137 è) upon the consideration of solvent effect9a differs

somewhat from that of the X-ray structure of 2C+ (Co–Co
2.959 è). However, X-ray crystal structures of 2C+ and 1C+

were well reproduced by our DFT calculations without
solvation (Table S2) at the level of B97-D/SVP/LanL2DZ
including a long-range dispersion correction.[14] Of particular
note, the calculated Co–Co bond lengths in 2C+ (2.961 è) and
1C+ (3.145 è) compare closely those in the crystal structures.
Also consistent with the experimental data, one-electron
oxidation causes decrease of the C¢O bond lengths, increase
of the Co–C(O) bond lengths and widening of OC–Co–CO
angles. The spin density distribution of 1C+ and 2C+ shows the
unpaired electron is largely localized on Co atoms (1C+ 0.370 ×
2, 2C+ 0.436 × 2) with small amount on cyclopentadienyl
ligands. The molecular orbitals of 1C+ and 2C+ display Co–Co
s* antibonding SOMOs and Co–Co s-bonding orbitals
(Figure 2). The calculated Wiberg bond orders of Co–Co

bonds in 1C+ (0.290) and 2C+ (0.392) are in accordance with the
antibonding character of the SOMOs, supporting the hemi-
bond formation. To check whether or not conformation and
the fulvalenediyl scaffold affect the formation of the Co–Co
bonds, a gauche isomer of 2C+ (Figure S1 in the Supporting
Information) was obtained as a minimum on the potential
energy surface, which has a longer Co–Co bond length
(2.986 è) but is more unstable than the anti isomer by about
2.5 kcalmol¢1 presumably as a result of steric crowding. The
slight bending of SOMO and relatively longer Co–Co bond
length in 1C+ are thus because of the constraint imposed by the
fulvalenediyl scaffold.

The identity and bonding nature of radical cations were
further investigated by EPR, IR, and UV/Vis spectroscopy.
The EPR spectrum (Figure 3a) of 1C+[Al(ORMe)4]

¢ solution at
273 K displays a fifteen-line signal (g = 2.0253, a = 9.97 G)
coupling with two equivalent cobalt atoms (59Co, I = 7/2),
which is confirmed by simulation (Figure 3c). In the EPR
spectrum of 2C+[Al(ORH)4]

¢ (Figure 3b), only thirteen of the
expected fifteen lines are resolved (g = 2.0295, a = 9.45 G)
and other two lines are unresolved. No better spectrum was
obtained by changing temperatures of the samples during
measurements. The C=O stretching frequencies shown in
their solid IR spectra (Figures S3 and S4) increase from

Scheme 1. Synthesis of supported (1C+) and unsupported (2C+) cobalt
radical cations.

Figure 1. Thermal ellipsoid (50%) drawings of 1C+ and 2C+. Yellow,
carbon; green, hydrogen; red, oxygen; blue, Cobalt. a) 1C+. Selected
bond lengths [ç] and angles [deg]: Co1A–Co1B 3.0774(12), Co1A–C17A
1.771(5), Co1A–C18A 1.768(4), C17A–O5A 1.133(6), C18A–O6A
1.137(5), Co1B–C17B 1.778(5), Co1B–C18B 1.778(5), C17B–O5B
1.134(6), C18B–O6B 1.130(6); C17A-Co1A-C18A 95.1(2), C17B-Co1B-
C18B 96.6(2), Co1A-C17A-O5A 178.8(4), Co1A-C18A-O6A 178.7(4),
Co1B-C17B-O5B 178.0(5), Co1B-C18B-O6B 178.7(4); and b) 2C+.
Selected bond lengths [ç] and angles [deg]: Co1–Co1’ 2.9593(10), Co1–
C12 1.776(4), Co1–C13 1.795(4), C12–O3 1.135(4), C13–O4 1.124(4);
C12-Co1-C13 97.90(16), Co1-C12-O3 177.2(3), Co1-C13-O4 177.4(3).

Figure 2. Frontier obitals of 1C+ (top) and 2C+ (bottom). a,c) Co–Co s*-
antibonding orbitals (SOMO). b,d) Co–Co s-bonding orbitals (SOMO-
1).
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neutral parent molecules to radical cations, consistent with
the shortening of C¢O bond lengths upon oxidation. The UV/
Vis absorption spectra of 1C+[Al(ORMe)4]

¢ and 2C+[Al-
(ORH)4]

¢ solutions show two characteristic absorptions in
the region of 520–750 nm (Figure 4). Judging from the time-

dependent DFT (TD-DFT) calculations at UB3LYP/6-311 +

G(d,p)/LanL2DZ (Figure S6 and S7, Tables S3 and S4), these
absorptions are mainly assigned to HOMO(b)!LUMO(b)
and HOMO-2(b)!LUMO(b) electronic transitions. It is
worth mentioning that these spin orbitals are rather delocal-
ized over metal centers and ligands.

Further experimental work leads to an interesting isomer-
ism of the Co–Co hemi-bond as a result of the replacement of
Cp*. The reaction of Cp*Co(CO)2 with a half equiv of
Ag[Al(ORF)4] (ORF = (OC(CF3)3)

[11] resulted in a brown
solution of 3C+[Al(ORF)4]

¢ (Scheme 2). Cooling the solution
of 3C+[Al(ORF)4]

¢ afforded reddish brown crystals, which

were identified as two isomers (anti-3C+ and trans-3C+) with
a 1:1 molar ratio by X-ray crystallographic analysis. Variable-
temperature solution EPR spectra of 3C+[Al(ORF)4]

¢ display
broad signals lacking hyperfine splitting, indicating a rapid
interchange of two isomers in the solution (Figure S2). The
UV/Vis absorption spectrum of 3C+ (Figure S5 in the Support-
ing Information) is similar to those of 1C+ and 2C+. Compared
to those of 1C+ and 2C+, the IR spectrum (Figure S3) of solid 3C+

shows an additional C=O stretching mode at lower frequency
(1863 cm¢1), which is assigned to bridging CO groups. It is
worth noting that only the radical with terminal carbonyls (i.e.
anti-3C+) was found in the previous solution studies.[9a] None-
theless, a similar equilibrium between trans- and anti-bimet-
allic radical cations of osmium was observed during the anode
electrochemical oxidation of Os2Cp*(m-CO)2(CO)2, but this
has not been structurally identified.[15]

Single crystal X-ray diffraction shows that 3C+ is composed
of two distinctly different isomers, anti-3C+ and trans-3C+, which
co-crystallize (Figure 5). The former has the anti conforma-

tion with a Co–Co bond unsupported by bridging carbonyl
ligands, while the latter exhibits a trans configuration with two
bridging CO groups. Similar to 1C+ and 2C+, Co–C(O) bonds
slightly lengthen while OC–Co–CO angles become wider in
anti-3C+ compared to neutral 3. In trans-3C+, Co–C(O) and C¢
O bond lengths of bridging CO are longer than those of
terminal CO. The Co–Co bond length in anti-3C+ (3.074(2) è)
is slightly longer than that in 2C+, while the Co–Co bond length
(2.6208(16) è) in trans-3C+ is close to expected for a Co–Co
single bond.[13]

Figure 3. Experimental (top) and simulated (bottom) EPR spectra for
1C+ and 2C+. a) EPR spectrum of 1 Ö 10¢2 m solutions of 1C+[Al(ORMe)4]

¢

in CH2Cl2 at 273 K. b) EPR spectrum of 1 Ö 10¢2 m solutions of 2C+[Al-
(ORH)4]

¢ in CH2Cl2 at 273 K.

Figure 4. Absorption spectra of 1 Ö 10¢4 m 1C+[Al(ORMe)4]
¢ and 2C+[Al-

(ORH)4]
¢ in CH2Cl2 at 273 K.

Scheme 2. Synthesis of isomeric cobalt radical cations of 3C+.

Figure 5. Thermal ellipsoid (50%) drawings of anti-3C+ and trans-3C+.
Yellow, carbon; green, hydrogen; red, oxygen; blue, cobalt. a) anti-3C+.
Selected bond lengths [ç] and angles [deg]: Co2–Co2 3.074(2), Co2–
C17B 1.783(5), Co2–C18B 1.783(5), C17B–O5B 1.133(6), C18B–O6B
1.128(6); C17B-Co2-C18B 101.0(2), Co2-C17B-O5B 173.7(5), Co2-
C18B-O6B 174.3(5). b) trans-3C+. Selected bond lengths [ç] and angles
[deg]: Co1–Co1 2.6208(16), Co1–C17A 1.951(5), Co1–C18A 1.813(5),
C17A–O5A 1.158(6), C18A–O6A 1.133(6); C17A-Co1-C18A 95.5(2),
Co1-C17A-O5A 138.1(4), Co1-C18A-O6A 176.5(4).
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The observation of two distinct structures is verified by
DFT calculations on single point energies at the (U)B97-D/6-
311 + G(3df,2p)/LanL2DZ level. Anti-3C+ is more less stable
than trans-3C+ but only by about 0.98 kcalmol¢1. In contrast,
anti-2C+ is more stable than trans-2C+ by about 5.2 kcalmol¢1,
which accounts for the experimental observation that anti-3C+

and trans-3C+ coexist in one crystal while only anti-2C+ is found
in the solid state (i.e. 2C+ in Figure 1b). The bonding in anti-3C+

resembles anti-2C+ (Figure S8) with slightly less bond order
caused by the steric and electronic effects. Calculations
indicate an absence of Co–Co bond in trans-3C+ (Figure S9)
despite spin density is largely localized on two cobalt atoms.[16]

We have described the isolation, characterization and
crystal structures of a class of dicobalt metalloradicals (1C+,
2C+, anti-3C+ and trans-3C+). The formation of these dimer
radicals proceeds possibly by a radical-substrate mechanism
(RC+ + R). The long Co–Co bonds in 1C+, 2C+, and anti-3C+ may
be rationalized by a simple three-electron bonding model as
formed by the interaction of a mono-cobalt radical cation
center with lone pair electrons of another cobalt atom,
leading to a bond order of 1/2 or less, analogues to three-
electron s-bonds (Figure S10) of main group elements.[10, 17,18]

To the best of our knowledge, 2C+ and anti-3C+ are the first
stable thus isolable examples that feature an unsupported
metal–metal hemi-bond, and coexisting of anti-3C+ and trans-
3C+ in one crystal is rare in the field of dinuclear metalloradical
chemistry. The work suggests that more stable examples of
metal–metal hemi-bonds may be accessible by using metal
carbonyls together with large and weakly coordinating anions.

Keywords: cations · metalloradicals · metal–metal bonds ·
unsupported bonds · X-ray diffraction
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