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Abstract: Interest has recently intensified in the search for molecular motors and actuators ca-
pable of delivering useful work to nanodevices under the control of electrochemical or photo-
chemical power sources. While many of these man-made molecular machines are designed
to deliver rectilinear motion, very few are proposed for the controlled delivery of rotary mo-
tion on the time scale characteristic of intramolecular rearrangements. The adaptation of
commo-bis-dicarbollide metallacarborane structures to the possible design and synthesis of
such rotary molecular motors is now under investigation. Progress toward this goal will be
reported.
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INTRODUCTION AND BACKGROUND

The advent of nanoscience and its resulting influence in chemistry has generated an abundance of to-
tally new chemical enterprises. One of these is the search for controlled molecular motors that can be
coupled to nanostructures and employed to affect molecular motion and associated functions. Naturally
occurring and man-made molecular motors are well known and frequently reviewed [1]. Two types of
motion are commonly represented: linear motion, as in the case of rotaxane structures [2], and rotary
motion such as that in enzyme systems [3], and multistep synthetic devices such as those described by
Fletcher et al. and Hernandez et al. [4]. While the motional element is a defining characteristic of these
molecular systems, an additional variable of equal importance is the characteristic rate of motion and
response to external control possible with each structure in a defined environment. Thus, one sees mo-
tors that are activated by electron transfer and capable of motion at the speed of molecular rotation and
vibration and, at the other kinetic extreme, motors that require several sequential chemical steps inter-
spersed with material separations.

In 2003, the molecular structure of the bis-dicarbollide subset of metallacarboranes suggested
their possible use in the construction of redox-controlled rotary molecular motors [5]. Foremost among
the possible applications of these species was the nickel bis-7,8-dicarbollide [Ni(C2B9H11)2] structures
having formal nickel oxidation states of +2, +3, and +4 (Fig. 1). The d8 Ni2+ species [Ni(C2B9H11)2]2–

is too easily oxidized by air to be useful in motor construction, while it appeared feasible to consider
the transoid Ni3+ d7 [Ni(C2B9H11)2]1–/cisoid Ni4+ d6 [Ni(C2B9H11)2] redox transformation as the basis
of such a motor that rotates through approximately 180°. The paramagnetic d7 Ni3+ (transoid) and the
diamagnetic d6Ni4+ (cisoid) species were originally reported to be interconvertible by a variety of redox
reactions, including electrochemical, in 1970 [6].
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The idea that the characteristic rotational conformation for each of these two oxidation states per-
sisted in solution at room temperature as well as in the reported crystal structure was strengthened by
the observation of a dipole moment of 6.50 D for the Ni4+ species in benzene solution, the electrophilic
character of this same species leading to crystalline charge-transfer complexes (cisoid Ni4+ component)
[7] with electron-rich π-systems and anions and the identity of the infrared (IR) spectra of the Ni4+

species determined both in solution and the cisoid crystalline state. Later variable-temperature 1H and
11B NMR studies provide no evidence for the rotation of the two 7,8-dicarbollide ligands present in the
Ni4+ structure. Evidence to support the transoid Ni3+ structure in solution has not yet been obtained,
and crystallographic data presented later will confound any conclusion since cisoid, gauche, and tran-
soid structures are observed as the nature and position of the substituent on the 7,8-dicarbollide ligand
is varied. Such results are not unexpected, since electrostatic lattice effects and general cumulative van
der Waals attractions are intense and any preferential transoid stabilization due to weak molecular or-
bital interactions could be easily overcome in the crystalline environment (vide infra).

Preliminary molecular orbital and density functional theory (DFT) calculations [5] were carried
out for the Ni3+ and Ni4+ unsubstituted bis-7,8-dicarbollide structures. Figure 3 presents the results of
total energy vs. dicarbollide rotation for both oxidation states. Figure 4 presents the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) geometrics and energies
also as a function of dicarbollide rotation.
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Fig. 1 A rotary molecular motor based on a unique nickelacarborane.

Fig. 2 A graphical representation of the rotary motor.



As discussed at length in a recent publication [5], the Ni4+ HOMO has covalently linked dicar-
bollide ligands, while the LUMO contains a node at the formal Ni3+ center and associated freedom of
rotation of the dicarbollides. These two sets of computational results support the observed strong pref-
erence of the Ni4+ derivatives for cisoid orientation and suggest that the Ni3+ derivative may be prefer-
entially stabilized in the transoid configuration. This being so, the simple rotary motor shown in Fig. 2
could become a reality. Furthermore, the manipulation of substituents may provide chiral motors that
provide unidirectional rotation specific to both redox steps [5].

© 2006 IUPAC, Pure and Applied Chemistry 78, 1299–1304

Approaches to rotary molecular motors 1301

Fig. 3 Total absolute energy of the (7,8-C2B9H11)2Ni(III) anion and (7,8-C2B9H11)2Ni(IV).

Fig. 4 HOMO and LUMO energy of (7,8-C2B9H11)2Ni(IV) with respect to rotational angle.



TOWARD A MOTOR DEMONSTRATION

The first steps in the demonstration of a rotary motor of the type described here involves the develop-
ment of synthesis routes to substituted 7,8-dicarbollide ligands, which allow the attachment of desired
substituents. Examples of these species are shown in Fig. 5. In these stylized structures the substituent,
A, is assumed to be attached to B- and C-vertices by linker chains of predetermined length determined
by molecular modeling computations. The desired bis-dicarbollide species are readily obtained by the
reaction of the substituted dicarbollide dianions with a nickel salt. Nickel +4/+3 pairs may be intercon-
verted by Fe3+ oxidation and NaBH4 reduction. At the outset, a large number of substituted nickel bis-
7,8-dicarbollide derivatives have been prepared with substituents placed in positions 7,(8); 3; 5(6); and
5,6. Figure 6 illustrates three typical Ni3+/Ni4+ pairs, which demonstrate (as in other examples) a cisoid
relationship of cage carbon atoms in the Ni4+ oxidation state. However, the corresponding Ni3+ deriv-
atives are not exclusively transoid, as expected, but vary between cisoid, gauche, and transoid. Thus,
based upon X-ray structures alone, it is impossible to predict the preferred configuration of substituted
Ni3+ species in solution, although the corresponding Ni4+ derivatives are uniformly cisoid.
Consequently, further progress with the metallacarborane motor concept will depend upon the config-
urations of the Ni3+ members of each redox pair in solution or attached to a surface. Spectroscopic
methods for determining the relative motion of the two dicarbollide rotors will be explored. The first of
these involves the structures such as those shown in Fig. 6 in which the 3-substituent, A, is a pyrene
molecule attached to the dicarbollide cage using a simple linker chain of optimal length. When this
array adapts to a cisoid configuration (Ni4+), the two pyrene π-systems interact to form an excimer
dimer [8], which may be observed using its characteristic fluorescence. When the array is reduced to
form the transoid Ni3+ rotation, this fluorescence, due to intramolecular excimer formation, is lost. This
hypothesis is currently under examination.

Successful demonstration of pyrene-pairing in solution could be followed and ordered rotation
confirmed by attaching two different, but resonant, fluorescent dyes to the motor structure in place of
pyrene. This arrangement would allow the exploration of Forster resonance energy transfer [9] between
the dye molecules, a method widely employed in biochemistry. Energy transfer between the two dye
molecules varies with distance, and a properly selected dye set should signal the gain or loss of inter-
action caused by altering the inter-dye distance during cisoid/transoid interconversions.
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Fig. 5 Substituted dicarbollide ligands for rotary motor.



If the solution studies described above are successful, they will be repeated following the attach-
ment of the motor to a solid surface such as sol gel silica [10]. This methodology is now commonly em-
ployed in photophysical studies.

AN ADVANCED MOLECULAR MOTOR DESIGN

Assuming that in solution the cisoid configuration prevails for nearly all bis-dicarbollide Ni4+ species
and that the corresponding Ni3+ redox partner is biased toward the transoid configuration by only rela-
tively weak forces, the successful synthesis of the bis-dicarbollide nickel motor may depend upon the
enhancement of the stability of the transoid Ni3+ rotamers by the introduction of an additional struc-
tural feature specific for this purpose. As seen below, this modification of the transoid Ni3+ rotamer may
be made complementary to the stabilization of the corresponding Ni4+ rotamer. The result is an ad-
vanced version of the metallacarborane motor design which has noncovalent orthogonal bond stabi-
lization of both the cisoid and transoid motor positions. To accomplish this, use would be made of the
strong π-bonding of an aromatic ring with the cisoid Ni4+ rotamer and a strong hydrogen bond, which
uniquely stabilizes the transoid Ni3+ structure. Figure 7 presents the details of such a proposed motor.
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Fig. 6 X-ray diffraction structures of (a) (3-Ph-7,8-C2B9H10)2Ni(IV), (3-Ph-7,8-C2B9H10)2Ni(III)–; (b) (3-EtO-
7,8-C2B9H10)2Ni(IV), (3-EtO-7,8-C2B9H10)2Ni(III)–; (c) dd(ll) [7(8)-CH3-7,8-C2B9H10]2Ni(IV)], dd(ll) [7(8)-
CH3-7,8-C2B9H10]2Ni(III)–]. 



Use is made of the known strong charge-transfer bonding of the Ni4+species with 4-dimethyl-
aminophenyl groups [7]. Upon one-electron reduction and protonation, the resulting neutral Ni3+

species relaxes this characteristic interaction and the dicarbollide carrying the amide function may ro-
tate to form a H-bond with the protonated dimethylamino group. Synthetic work pertaining to this and
other advanced motors is underway.
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Fig. 7 New motor design with orthogonal noncovalent locks.


