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Summary: The organometallic zwitterion [CoIII(η5-C5H4-
COOH)(η5-C5H4COO)] forms a hydrogen-bonded su-
pramolecular adduct with the cationic acid [CoIII(η5-
C5H4COOH)2]+ in the solid state and shows self-
organization around K+ cations in the mixed system
{[CoIII(η5-C5H4COOH)(η5-C5H4COO)]2}[K]+[PF6]- .

The combination of polyfunctional ligands with the
variable oxidation (hence charge and spin) states of
transition-metal atoms is one of the attractive reasons
for the utilization of organometallic building blocks in
molecular crystal engineering.1 The capacity of a mol-
ecule or ion to form noncovalent bonds with other
molecules allows design of one-, two-, and three-
dimensional arrays.2 The hydrogen bond (HB) is the
interaction of choice in molecular crystal engineering
because it combines strength (a prerequisite of stability)
with directionality (a prerequisite of reproducibility).3
These properties may be altered if the HB is immersed
in the electrostatic field generated by ions in the solid
state.4 It has been demonstrated, for example, that
O-H- - -O and C-H- - -O HB interactions between
anions ought to be described as “supramolecular orga-
nizers” rather than stable bonds.5,6 We have successfully
used polycarboxylic acids to prepare a number of orga-
nometallic solids with predefined architectures and
structural features.4 In our quest for new supramolecu-
lar synthons,7 designed for use in the synthesis of
crystalline materials carrying either the same metal
atom6 or different metal atoms8 in different oxidation/
spin states, we have directed our interest toward the
preparation and study of the HB behavior of the
unusual cationic cobaltocenium dicarboxylic acid [CoIII-

(η5-C5H4COOH)2]+ (see Chart 1).9 In the following we
shall discuss self-assembly and HB interactions in
crystalline [CoIII(η5-C5H4COOH)2]+[PF6]- (1) and in the
cocrystalline salt of the zwitterionic form [CoIII(η5-C5H4-
COOH)(η5-C5H4COO)] (see Chart 1), namely {[CoIII(η5-
C5H4COOH)(η5-C5H4COO)][CoIII(η5-C5H4COOH)2]}+-
[PF6]- (2). Finally, we will discuss the intriguing inter-
actions between zwitterions and K+ cations in {[CoIII-
(η5-C5H4COOH)(η5-C5H4COO)]2}[K]+[PF6]- (3).10
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[PF6]- (3) were obtained from the water residue. Crystals suitable for
X-ray diffraction were selected from the solid residues. Correspondence
between the structures determined by single-crystal X-ray diffraction
and the bulk materials was confirmed by powder diffraction. (b)
Robbins, J. L.; Edelstein, N.; Spencer, B.; Smart, J. C. J. Am. Chem.
Soc. 1982, 104, 1882. (c) Sheats, J. E.; Rausch, M. D. J. Org. Chem.
1970, 35, 3245.

(10) (a) Crystal data are as follows. 1: C12H10CoF6O4P, Mr ) 422.10,
monoclinic, C2/m, a ) 10.99(2) Å, b ) 9.930(10) Å, c ) 7.462(8) Å, â )
120.480(10)°, V ) 702(2) Å3, Z ) 2, dc ) 1.997 g cm-3, µ ) 1.426 mm-1,
θ range 3-23°, 522 measured reflections, 495 independent reflections,
64 parameters, R1(I > 2σ(I)) ) 0.0782, wR2(all data, F2) ) 0.2535. 2:
C24H19Co2F6O8P, Mr ) 698.22, triclinic, P1h, a ) 6.953(2) Å, b ) 11.856-
(9) Å, c ) 11.862(5) Å, R ) 86.98(5)°, â ) 80.55(2)°, γ ) 82.69(4)°, V )
1198(11) Å3, Z ) 2, dc ) 1.935 g cm-3, µ ) 1.550 mm-1, θ range 3.0-
25.0°, 4172measured reflections, 3997 independent reflections, 349
parameters, R1(I > 2σ(I)) ) 0.0472, wR2(F2, all data) ) 0.1607. 3:
C12H9CoF3K0.5O4P0.5, Mr ) 368.16, triclinic, P1h, a ) 5.951(2) Å, b )
7.864(1) Å, c ) 14.298(8) Å, R ) 74.40(3)°, â ) 78.22(3)°, γ ) 74.45-
(2)°, V ) 614.6(4) Å3, Z ) 2, dc ) 1.989 g cm-3, µ ) 1.682 mm-1, θ
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The acid [CoIII(η5-C5H4COOH)2]+ is isoelectronic and
isostructural with the neutral complex [Fe(η5-C5H4-
COOH)2], which is known in two polymorphic modifica-
tions,11 both containing eight-membered HB carboxylic
rings (R2,2(8) in graph set12 notation). In its fully
protonated form, however, the cobaltocenium acid is a
cation (see Chart 1), which poses an intriguing question
as to the effect of the positive charge on the donor and
acceptor HB systems.13 As a matter of fact, the O- - -O
separation within the R2,2(8) rings (2.600(2) Å) in
crystalline 1 is strictly comparable with the value of
2.606 in [FeII(η5-C5H4COOH)2] and slightly shorter than
in the monosubstituted acid [CoIII(η5-C5H5)(η5-C5H4-
COOH)]+ (2.625 Å).14 Figure 1 shows how the cations
form {[CoIII(η5-C5H4COOH)2]+}n HB chains based on
R2,2(8) dicarboxylic rings and how side-by-side chains
form a stepladder two-dimensional cationic superstruc-
ture with the PF6

- anions accommodated between the
steps.

Crystalline 2 and 3 contain the zwitterionic form
[CoIII(η5-C5H4COOH)(η5-C5H4COO)]. 2 is a mixed su-
pramolecular salt in which the cationic unit {[CoIII(η5-
C5H4COOH)(η5-C5H4COO)][CoIII(η5-C5H4COOH)2]}+ re-
sults from the aggregation of the cationic dicarboxylic
acid [CoIII(η5-C5H4COOH)2]+ (present in 1) with the
zwitterionic species [CoIII(η5-C5H4COOH)(η5-C5H4COO)];
crystalline 3 contains dimers of the zwitterionic species
[CoIII(η5-C5H4COOH)(η5-C5H4COO)] templated electro-
statically around the K+ cations (see below).

A focus on the number of protons available for
O-H- - -O bonds allows an easy comparison of the two
systems: the acceptor/donor ratio is 5:3 and 6:2 in 2 and
3, respectively. In 2 there are three O-H- - -O HB’s, the

two outer O- - -O bonds being longer than the inner one
(2.594(5) and 2.609(5) Å versus 2.488(5) Å). This se-
quence of HB results in a kind of “S” sewing together
the four -COO groups, which are tilted with respect to
the C5 plane in order to accommodate the three HB’s,
as shown in Figure 2.

The zwitterions in 3 are linked via twin O-H- - -O
HB’s of the same length (2.454(5) Å), as shown in Figure
3. This separation is not what could be expected for an
interaction between neutral systems (see above) but
rather corresponds to the values observed for most
“negative” HB like interactions.5 The twin-HB pattern
is reminiscent of that between [Fe(η5-C5H4COOH)(η5-
C5H4COOH)]- monoanions (mean O- - -O 2.570(5) Å) in
the structure of [Cr(η6-C6H6)2]+{[Fe(η5-C5H4COOH)(η5-
C5H4COO)][Fe(η5-C5H4COOH)2]0.5}-.8

The most remarkable feature of 3, however, is the
zwitterion self-organization around the K+ cations. As
shown in Figure 3, the K+ cation is encapsulated within
the supramolecular aggregate formed by four zwitteri-
onic moieties and interacts directly with six O-atoms of
the complexes (K- - -O range 2.792(5)-2.857(6) Å).
Electrostatic templating of this sort is unprecedented
in organometallic crystal engineering and is reminiscent
of crown ether complexation15a,b and of the “G-quartets”
formed in the presence of K+ via self-assembly of
guanosine monophosphate.15c The tetrameric unit in 3
is held together by two sets of O-H- - -O and C-H- - -
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Figure 1. (a) The hydrogen-bonded chain formed by [CoIII-
(η5-C5H4COOH)2]+ cations in crystalline 1. Note how the
cations form typical R2,2(8) hydrogen-bonded rings. Paral-
lel chains form a stepladder two-dimensional cationic
superstructure by aligning side-by-side {[CoIII(η5-C5H4-
COOH)2]+}n chains with the PF6

- anions accommodated
between the steps. H atoms are omitted for clarity.

Chart 1

Figure 2. The hydrogen-bonded “dimers” formed between
the zwitterionic complex [CoIII(η5-C5H4COOH)(η5-C5H4-
COO)] and the cationic complex [CoIII(η5-C5H4COOH)2]+ in
crystalline 2. Note the “S” type HB pattern. H atoms are
omitted for clarity.

Figure 3. The K+ cations in crystalline 3 encapsulated,
via six K- - -O interactions, within cages formed by four
zwitterionic complexes [CoIII(η5-C5H4COOH)(η5-C5H4COO]
held together by O-H- - -O (dashed filled lines) and
C-H- - -O (dashed empty lines) HB interactions. The PF6

-

anions form rows between the zwitterion cages.
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O HB’s, these latter arising from the interaction of the
H-atoms of the C5H4 systems with the “free” lone pairs
on the carboxylic oxygens (see Figure 3). Finally, it is
worth mentioning that in all species the PF6

- anions
participate in a large number of “charge-assisted”
C-H- - -F interactions involving the C-H systems of the
acid and zwitterion.16

In this communication we have discussed the intrigu-
ing hydrogen bond features of the organometallic di-
carboxylic cationic acid [CoIII(η5-C5H4COOH)2]+ and of
the zwitterionic form [CoIII(η5-C5H4COOH)(η5-C5H4-
COO)]. All our observations concur to indicate not only
that the positive charge in [CoIII(η5-C5H4COOH)2]+ is
not delocalized over the whole cation and does not affect
the HB capacity of the -COOH groups but also that in
the monodeprotonated zwitterionic species [CoIII(η5-
C5H4COOH)(η5-C5H4COO)] the deprotonated -COO
group appears to “retain” the negative charge and
behaves very much like a carboxylate -COO- system.
Obviously, an assessment of these features requires
quantum chemical calculations.

The difference between the previously used building
blocks [FeII(η5-C5H4COOH)2] and [CoIII(η5-C5H4COOH)2]+

is nontrivial: although they possess the same kind of
intermolecular bonding capacity, the stability of the
oxidized Co(III) state allows formation of a robust
neutral complex upon monodeprotonation. The possibil-
ity of using the same synthon with different interven-
tions of electrostatic interactions promises interesting
applications in the preparation of supramolecular ag-
gregates. This strategy is reminiscent of the “electro-
static templating” strategy.17 Preliminary results ob-
tained from cocrystallization of the zwitterion with
complementary HB systems are extremely encouraging.
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