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Figure1l (Color online) (a) Molecular shuttle of bistable [2]rotaxane; topological illustration of [2]rotaxane (b), [2]catenane (c) and molecular trefoil

knot (first synthesis by Sauvage in 1989) (d)
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Figure2 (Color online) Efficient synthesis of the [2]catenate based on template effect
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Figure 3 (Color online) Topologica illustration of Some complex and
elegant molecules: (a) Solomon's rings; (b) Olympic rings; (c) Borro-
mean rings; (d) molecular pentafoil knot; (€) star of david catenane
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Figure4 (Color online) (a) The first molecular muscles; (b) the first molecular elevator
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Figure5 (Color online) (a) Molecular gears; (b) molecular gyroscopes; (c) Feringa's Molecular Motors; (d) cartoon illustration of the rotation process

from down view of the molecular motors
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Progressin artificial molecular machines
L1 Sheng-Hua, ZHANG Ying-Ming & LIU Yu

Department of Chemistry, Collaborative Innovation Center of Chemical Science and Engineering, Nankai University, Tianjin 300071, China

The Nobel Prize in Chemistry 2016 was awarded to Jean-Pierre Sauvage, Sir J. Fraser Stoddart and Bernard L. Feringa
for their pioneering research of synthetic molecular machines. This article briefly reviews the history of molecular
machines and classifies them as trangationally molecular machines and rotationally molecular machines (molecular
motors), which consists of five parts as below. (1) Hypothesis and realization of artificial molecular machines: the
guestion and answer between Feymann and Stoddart beyond time. In Feymann’s 1959 lecture, entitled” There’s Plenty of
Room at the Bottom”, he proposed some problems of manipulating and controlling things at a small (hano) scale, and
envisaged a bottom-up strategy to fabricate small (molecular) machines. When Feymann had gone three years later, in
1991, Stoddart realized that controlling the movement of one molecular component in [2]rotaxane is key technology for
building molecular machines. And in 1994, Stoddart had achieved his proposal and made controllable molecular shuttle
based on bistable [2]rotaxane which is a protocol of translationally molecular machines. For the facile construction of
rotaxane-like interlocked molecules, there is another story in next part. (2) Molecular machines and supramolecular
chemistry: teacher-student relationship of Lehn and Sauvage. The first discovery of [2]catenane and [2]rotaxane by
statistical approaches in quite low yield was reported in 1960s, which had created a new subject—"chemical topology”.
In 1970s, the chemistry of association between two or more chemical species had risen up, which was defined as
“supramolecular chemistry” by Lehn. Sauvage, the student of Lehn, firstly introduced the concept of supramolecular
chemistry into the synthesis of [2]catenane in 1983. This so-called “template effect” strategy of pre-association of
synthetic fragment greatly improved the synthesis of [2]catenane, [2]rotaxane and even multiply interlocked ring systems.
Stoddart praised him as “the master of chemical topology”. (3) Mechanically interlocked molecules and trandationally
molecular machines: profound friendship between Sauvage and Stoddart. Several elegant structures of interlocked
systems were synthesized, such as trefoil knot, Solomon’s rings, Olympic rings, Borromean rings, molecular pentafoil
knot and Star of David catenane. Sauvage named those interlocked systems as “ mechanically interlocked molecules’” and
Stoddart named the interlocked links as “mechanical bonds’. The friendship between Sauvage and Stoddart promoted the
development of trandationally molecular machines based on mechanically interlocked molecules, such as molecular
muscles, molecular elevators and so on. David Leigh, the student of Stoddart, also made a [2]rotaxane for
sequence-specific peptide synthesis, which bring potential applications for molecular machines. He also made some
molecular motors based on [2]catenanes in 21st century, but those works are out of Nobel Prize. (4) Intramolecular
rotation and molecular motors. Feringa stands on the shoulders of giants. The motor is the key of a machine, which
converts one form of energy into mechanical energy. And biological molecular motors play a vital role in life science
such as myosin, kinesin, dynein and ATP synthase. The intramolecular rotation is a good pattern for synthetic molecular
motors but it is not easy to control the direction of rotation. In 1999, Feringa had engineered isomerisable double bonds
and asymmetries in one molecule, which obtained unidirectional rotation by cycles of light irradiation and thermal
relaxation. Using these overcrowded chiral akenes, Feringa developed several generations of motors, and the rotation
frequency could be dramatically increased up to 12 MHz. He also assembled molecular motors in different ways which
made molecular propeller, nanocar and so on. (5) The perspective of artificial molecular machine. The principle of
fabricating molecular machines is constructing the far from equilibrium systems by ratchet mechanism. In the past
quarter century, Nobel laureates bring the artificial molecular machines from imagination to realization. We do believe
that intelligent molecular machines, such as molecular robotics and even molecular lives, will integrate into our lives and
change our world in the future.

molecular machines, chemical topology, mechanical bond, molecular motors
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