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Summary: The aromatic compounds fluorenone (1) and
4,5-diazafluoren-9-one (2) behave like cyclopentadi-
enones in their reaction with [Cp*Co(C2H4)2] (3a), af-
fording the sandwich-type complexes [Cp*Co(η4-1)] (4)
and [Cp*Co(η4-2)] (5), respectively, whose structures have
been determined by X-ray diffraction. Both complexes
show double-bond fixation in their η2-coordinated six-
membered rings and belong to a new structure type of
mononuclear organometallics. The cobalt-coordinated
ligands 1 and 2 present in 4 and 5, respectively, may be
replaced by two molecules of carbon monoxide. In accord
with their cyclopentadienone-like nature, they are nu-
cleophilic and undergo O-acylation with acetyl chloride,
affording cobaltocenium species.

The six-membered rings in fluorenone (1) are aro-
matic and do not show any significant bond length
alternation.1 The same holds true for 4,5-diazafluoren-
9-one (2).2 Not unexpectedly, therefore, 1 acts as an η6-
arene ligand, forming organometallic complexes such as,
for example, [(η6-1)Cr(CO)3]3 and [(η6-1)FeCp]+.4 For 2,
only Werner type N,N-chelates, but no π-complexes,
have been described to date.5

In contrast to expectations based on their structures,
the reactions of 1 and 2 with [Cp*Co(C2H4)2] (3a)
afforded the air-stable complexes [Cp*Co(η4-1)] (4) and
[Cp*Co(η4-2)] (5), respectively, where 1 and 2 show
cyclopentadienone-like behavior, containing two η2-
coordinated six-membered rings (Scheme 1).6

The structures of both complexes have been deter-
mined by single-crystal X-ray diffraction and are rather
similar to one another (Figure 1).7 The six-membered
rings show a pronounced Kekulé bond localization

(∆dC-C ) 7 pm), the respective C-C bond orders being
ca. 1.3 and 1.7.8 Metal coordination leads to a lengthen-
ing of the C-O bond (1 at 1.217(4) Å1 and 4 at 1.2466-
(18) Å; 2 at 1.213(1) Å2 and 5 at 1.275(2) Å), as is
commonly observed for η4-cyclopentadienone com-
plexes.9 The weakening of this bond upon metal coor-
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(6) Synthesis of 4: a stirred solution of 1 (1.08 g, 6.00 mmol) and 3a
(1.50 g, 6.00 mmol) in toluene (60 mL) was heated to 60 °C for 4 h.
The mixture was cooled to room temperature. Volatile components were
removed in vacuo, and the solid residue was washed with hexane (2 ×
5 mL). The resulting brown microcrystalline solid was dried in vacuo.
Yield: 1.18 g (53%). 1H NMR (CDCl3, 500 MHz): δ 1.14 (s, 15 H, Cp*),
7.24 (m, 2 H), 7.37 (m, 2 H), 7.59 (m, 4 H). 13C{1H} NMR (CDCl3, 125
MHz): δ 6.7 (C5Me5), 83.3 (quat C), 83.8 (quat C), 88.0 (C5Me5), 122.3
(CH), 124.9 (CH), 125.9 (CH), 127.4 (CH), 143.0 (CdO). Anal. Calcd
for C23H23CoO (374.37): C, 73.79; H, 6.19. Found: C, 73.44; H, 6.20.
Synthesis of 5: a stirred solution of 2 (3.64 g, 20.0 mmol) and 3a
(5.00 g, 20.0 mmol) in toluene (100 mL) was heated to 50 °C for 7 h.
The mixture was cooled to room temperature. The precipitate was
filtered off and washed with hexane (2 × 20 mL). The resulting brown
microcrystalline solid was dried in vacuo. Yield: 6.88 g (91%). Anal.
Calcd for C21H21N2CoO (376.35): C, 67.02; H, 5.62; N, 7.44. Found:
C, 66.96; H, 5.41; N, 7.80. 1H NMR (CDCl3, 500 MHz): δ 1.12 (s, 15 H,
Cp*), 7.14 (m, 2 H), 7.95 (m, 2 H), 8.91 (m, 2 H). 13C{1H} NMR (CDCl3,
125 MHz): δ 6.9 (C5Me5), 89.5 (C5Me5), 101.7 (quart. C), 121.4 (CH),
135.0 (CH), 137.6 (CdO), 155.6 (CH).

(7) Single crystals were obtained by slow evaporation of an ethanol
solution. Data were collected at 100 K on a Nonius Kappa CCD
diffractometer using graphite-monochromated Mo KR radiation (0.710 73
Å). Crystal data for 4: C23H23CoO, Mr ) 374.34, monoclinic, space
group P21/c, a ) 6.9000(4) Å, b ) 15.5450(14) Å, c ) 15.9470(14) Å,
â ) 94.207(6)°, V ) 1705.9(2) Å3, Z ) 4, Fcalcd ) 1.458 g cm-3, 2θmax )
60°, µ ) 1.013 mm-1, F(000) ) 784, 40 774 reflections collected, 4977
independent reflections, 4105 reflections with I > 2σ(I), 236 param-
eters, GOF ) 1.041, R1 ) 0.0298 (I > 2σ(I)), wR2 ) 0.0718 (all data),
minimum/maximum residual electron density -0.316/0.405 e Å-3.
Crystal data for 5‚6H2O: C21H21N2CoO‚6H2O, Mr ) 484.42, orthorhom-
bic, space group Pmn21, a ) 18.7670(1) Å, b ) 9.1110(1) Å, c ) 6.7660-
(2) Å, V ) 1156.89(4) Å3, Z ) 2, Fcalcd ) 1.391 g cm-3, 2θmax ) 60°, µ )
0.785 mm-1, F(000) ) 512, 17 475 reflections, 3229 independent
reflections, 3097 reflections with I > 2σ(I), 183 parameters, GOF )
1.048, R1 ) 0.0258 (I > 2σ(I)), wR2 ) 0.0663 (all data), minimum/
maximum residual electron density -0.323/0.335 e Å-3.

(8) Review: Hubig, S. M.; Lindeman, S. V.; Kochi, J. K. Coord.
Chem. Rev. 2000, 200-202, 831-873.

Scheme 1. Synthesis of Compounds 4 and 5
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dination is also consistent with IR spectroscopic data
(νCO (cm-1): 1 at 1715 and 4 at 1564; 2 at 1716 and 5
at 1546). At the same time, the interannular C-C bond
length decreases (1 at 1.475(5) Å1 and 4 at 1.4434(19)
Å; 2 at 1.485(1) Å2 and 5 at 1.441(2) Å). The keto group
in cyclopentadienone complexes is always pointing away
from the metal, the fold angle of the five-membered ring
usually being larger than 10°.9 In the case of 4 and 5,
this angle is considerably smaller than that (4, 4.8°; 5,
2.2°), which is primarily due to the ring annelation.

These experimental findings are in accord with the
results of DFT calculations (B3LYP/ECP-31g(d)),10,11

which show that metal coordination severely affects the
delocalized π-bonds of fluorenone, resulting in a double-
bond fixation in the η2-coordinated six-membered rings.
This bond localization is evident from the LUMO struc-
ture of fluorenone (Figure 2). Similar to the related
cyclopentadienone complexes, electron density is delo-
calized from the electron-rich cyclopentadienylcobalt
moiety into the LUMO of the respective ligand.9a

The coordination of the Cp*Co fragment, η2 to each
six-membered ring,12 is interesting for several reasons.
First, the counterintuitive cyclopentadienone-like coor-
dination of 1 and 2 is unprecedented, with η6-fluorenone
species being the only class of π-complexes of these
ligands known to date. Second, in the case of 5, π-coor-
dination, instead of the formation of an N,N-chelate,
takes place, although such a chelate has been observed
for the closely related [Cp*Co(bpy)],13 which was ob-
tained from the reaction of [Cp*Co(CH2CHSiMe3)2] (3b)
with 2,2′-bipyridine (bpy). Third, only very few examples
of cyclopentadienylcobalt(I) arene complexes have been
described to date.

It is worth addressing the last point in more detail,
since it turns out that 4 and 5 are quite unique in this
context. All cyclopentadienylcobalt(I) arene complexes
known so far belong to one of the following four
categories: (A) mononuclear complexes of the electron-
poor arenes C6(CF3)6

14 and C6(COOMe)6
15 (although

crystal structure determinations have not been reported
for these types of compounds, there is no doubt that the
arene shows η4 coordination in each case); (B) mono-
nuclear complexes of the electron-rich arene C6Me6

16 (it
is generally accepted that this ligand is always η6

coordinated, although no reliable structural data have
been reported); (C) mononuclear complexes of polycyclic

(9) (a) Gleiter, R.; Roers, R.; Rominger, F.; Nuber, B.; Hyla-Kryspin,
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M. B. Organometallics 1984, 3, 284-288. (c) Hoffmann, R.; Hoffmann,
P. J. Am. Chem. Soc. 1976, 98, 598-604.
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1993, 14, 1347-1363.
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Chem. Phys. 1984, 81, 6026-6033. (b) Stevens, W. J.; Krauss, M.;
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Figure 1. Molecular structures of 4 (top) and 5 (bottom).
Selected atomic distances (Å): for 4, Co(1)-C(1) ) 2.2326-
(14), Co(1)-C(2) ) 2.0916(14), Co(1)-C(7) ) 2.0335(14), Co-
(1)-C(8) ) 2.0468(14), Co(1)-C(13) ) 2.0918(14), Co(1)-
C(14) ) 2.0442(14), Co(1)-C(15) ) 2.0555(14), Co(1)-C(16)
) 2.0744(14), Co(1)-C(17) ) 2.0326(14), Co(1)-C(18) )
2.0427(14), C(1)-C(2) ) 1.471(2), C(1)-C(13) ) 1.4723(19),
C(2)-C(3) ) 1.427(2), C(2)-C(7) ) 1.440(2), C(3)-C(4) )
1.356(3), C(4)-C(5) ) 1.424(3), C(5)-C(6) ) 1.361(2), C(6)-
C(7) ) 1.422(2), C(7)-C(8) ) 1.4434(19), C(8)-C(9) )
1.4268(19), C(8)-C(13) ) 1.4372(19), C(9)-C(10) ) 1.363-
(2), C(10)-C(11) ) 1.424(2), C(11)-C(12) ) 1.361(2),
C(12)-C(13) ) 1.423(2); for 5, Co(1)-C(1) ) 2.0319(15), Co-
(1)-C(2) ) 2.0783(15), Co(1)-C(6) ) 2.170(2), Co(1)-C(7)
) 2.0574(16), Co(1)-C(8) ) 2.0526(17), Co(1)-C(9) ) 2.081-
(2), C(1)-N(1) ) 1.3776(15), C(1)-C(2) ) 1.4441(16), C(2)-
C(3) ) 1.4203(17), C(3)-C(4) ) 1.3667(18), C(4)-C(5) )
1.4368(17), C(5)-N(1) ) 1.3142(17).

Figure 2. Structure of the LUMO of fluorenone (1).
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aromatic hydrocarbons such as, for example, anthra-
cene,16e decacyclene,17 and angular [3]phenylene18 (an
η4 coordination of a single six-membered ring is ob-
served in each case); (D) oligonuclear complexes with
bridging arene ligands (an antifacial η4:η4 coordination19

of an arene ring is commonly observed here).20 In view
of these facts, an η4 coordination of a single six-
membered ring might have been expected for 4 and 5.

Metal coordination affects the aromaticity of the
coordinated arenes. In the cyclopentadienylcobalt(I)
arene complexes known so far, at least one metal-
ligand fragment is necessary for the partial dearoma-
tization of a single arene ring.21 In contrast to this, in
the case of 4 and 5 coordination of a single metal-ligand
fragment is sufficient for a multiple dearomatization of
this kind, affecting two arene rings. A comparable coor-

dinative situation has only been described so far for AgI,
where, however, only negligible bond length alternations
(∆dC-C e 1 pm) have been observed.8,22 Not only,
therefore, do compounds 4 and 5 belong to none of the
four categories mentioned above, they also constitute a
new structure type altogether of mononuclear organo-
metallics.

The results of preliminary experiments addressing
the chemical behavior of 4 and 5 are also in accord with
their similarity to cyclopentadienone complexes (Scheme
2).23 4 and 5 in C6D6 solution were reacted in a pressure
NMR tube with an excess of carbon monoxide (2 atm).
The reaction was sluggish at room temperature. After
2 days at 50 °C, however, quantitative formation of
Cp*Co(CO)2 and the respective arene was observed by
1H NMR spectroscopy by comparison with authentic
samples of 1, 2, and [Cp*Co(CO)2] in the same solvent.
Delocalization of electron density into the LUMO of
cyclopentadienones leads to an increase in nucleophi-
licity of the oxygen atom, which is reflected by reactions
with suitable electrophiles, furnishing cobaltocenium
species in the case of cyclopentadienylcobalt(I) com-
plexes.9a In analogy to this, 4 and 5 reacted cleanly and
swiftly with acetyl chloride in methylene chloride,
forming 6 and 7 as brownish yellow solids, whereas 1
and 2 show no reaction with acetyl chloride.
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for [Cp*Co(CO)2] (C6D6, 500 MHz): δ 1.59. 1H NMR for 1 (C6D6, 500
MHz): δ 6.77 (m, 2 H), 6.95 (m, 4 H), 7.55 (m, 2 H). 1H NMR for 2
(C6D6, 500 MHz): δ 6.33 (m, 2 H), 7.33 (m, 2 H), 8.33 (m, 2 H).
Reactions with acetyl chloride: a sample of 4 and 5, respectively, in
CD2Cl2 (ca. 8 mg in ca. 0.5 mL) was prepared in an NMR tube. An
excess of acetyl chloride (ca. 0.05 mL) was added. Quantitative
formation of 6 and 7, respectively, was observed at room temperature
over the course of ca. 5 min. Both compounds were isolated in
analytically pure form by removal of volatile components in vacuo. 1H
NMR for 6 (CD2Cl2, 250 MHz): δ 1.23 (s, 15 H, Cp*), 2.59 (s, 3 H,
COMe), 7.41 (d, J ) 8.5 Hz, 2 H), 7.71 (m, 2 H), 7.87 (m, 4 H). Anal.
Calcd for C25H26ClCoO2 (452.87): C, 66.31; H, 5.79. Found: C, 66.70;
H, 5.83. 1H NMR for 7 (CD2Cl2, 250 MHz): δ 1.31 (s, 15 H, Cp*), 2.69
(s, 3 H, COMe), 7.73 (“d”, apparent J ) 4.8 Hz, 2 H), 8.23 (“d”, apparent
J ) 8.2 Hz, 2 H), 9.34 (“d”, apparent J ) 2.9 Hz, 2 H). Anal. Calcd for
C23H24N2ClCoO2 (454.84): C, 60.74; H, 5.32; N, 6.16. Found: C, 60.99;
H, 5.66; N, 6.25.

Scheme 2. Reactions of Compounds 4 and 5
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