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Abstract: Molecular machines are at the frontier of both biology and chemistry. 

The ability to control motion at the molecular level and emulating the mechanical 

movement of biological systems is a major step towards dynamic molecular 

systems, and the development of responsive and adaptive materials is currently of 

great research interest. Over the past decades, amazing progress has been seen 

towards the design of molecular machines including light-induced unidirectional 

rotation of overcrowded alkenes, unidirectional rotation in mechanically 

interlocked catenanes, and directional linear movement in rotaxanes. However, the 

feasibility of inducing unidirectional rotation about a single C–C or a C–N bond as a 

result of chemical conversion, i.e. inducing controlled rotatory movement due to a 

chemical transformation, has been a challenging task so far. In this chapter, an 

overview of approaches towards the design, synthesis, and dynamic properties of 

different classes of atropisomers which can undergo controlled switching or 

rotation under the influence of a chemical stimuli will be given. They are 

categorized into molecular switches, rotors, and motors according to their type of 

responses. Furthermore, the perspective will be centered on building sophisticated 

molecular machines which can perform autonomous unidirectional rotation fueled 

by chemical stimuli and challenges are given for the design of future chemically 

driven molecular machines.  
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1.1 Introduction  

In his lecture "There's Plenty of Room at the Bottom", Richard Feynman presented 

the challenge to build a functioning electric motor that would fit inside a 1/64-inch 

cube.1 Although he did not have to wait long, his desire of thinking small has laid 

the foundation of the modern era of nanotechnology and set the stage for scientists 

to control motion at the molecular scale. Since then, numerous artificial molecular 

machines have been designed and synthesized,2-7 and one of the noteworthy 

discoveries is the unidirectional light-driven rotatory motor based on an 

overcrowded alkene developed by our group.8 The combination of photo-induced 

isomerization and thermal helix inversion processes results in unidirectional rotary 

cycles. Following this discovery, various structural modifications have resulted in 

the molecular engineering of generations of light-driven molecular motors,9, 10 and 

their unique motions have been exploited in many potential future applications 

such as transporters i.e. molecular nanocar,11 supramolecular assemblies,12, 13 

responsive materials,14 functional surfaces,15 chiral catalysts,16 and biohybrid 

systems.17 Later, Sykes and co-workers presented a single-molecule electric motor 

that successfully converts electrical energy to a directional rotation.18 Apart from 

the artificial molecular machines, Mother Nature produces its own machines that 

are responsible for muscle contraction, cellular cargo transportation and ATP fuel 

production among others. Myosins, kinesins, and dyneins are well-known examples 

where motor proteins operate efficiently to sustain fundamental processes of life.19 

It is noteworthy that these biological motors consume chemical energy derived 

from the hydrolysis of adenosine triphosphate (ATP) for their mechanical work.20-23 

Another category of biological rotatory motors is ATP synthase which catalyses ATP 

formation from adenosine diphosphate (ADP).24 The rotatory motion, which is an 

essential process to produce ATP is powered by the flow of hydrogen ions across 

the membrane.25 As we can learn from these biological molecular machines, 

conversion of chemical fuels is an effective strategy for inducing continuous 

molecular motions and mechanical function in living systems. Taking this as an 

inspiration, various research programs have been initiated for the development of 

artificial molecular machines driven by chemical stimuli.9, 26, 27 These biomimetic 

systems have a lot of potential to realize for the future molecular machinery. In this 

chapter, we highlight the most recent developments of chemically driven molecular 

machines which perform directional rotation around a single covalent bond.  

Before going into detail, we define here the terminology used throughout 

this Chapter (Figure 1.1). In general, a molecular machine (switch, rotor, or motor) 

consists of a rotating unit called a rotator, which rotates around a stationary part 
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of the molecule, defined as a stator. Both the rotator and the stator are connected 

by an axle. In a molecular switch, the rotator unit can reversibly change its position 

between two or more stable states (Figure 1.1a). This switching can happen when 

an external stimulus (such as light, chemical fuel, temperature, or electricity) is 

applied. In contrast, a molecular rotor does not have a single ground state where 

the rotator stops spinning at a specific temperature (generally at room 

temperature). In this case, the rotation is considered as ‘free’ and nondirectional, 

and, in some cases the rotational speed is regulated by external chemical stimuli 

(Figure 1.1b). When control of directionality is added to the motion of molecular 

switching or 360° clockwise or counter-clockwise rotation can be achieved, we call 

such unidirectional switches molecular motors (Figure 1.1c). Unidirectional rotation 

becomes possible for instance when a chiral auxiliary is present in the close vicinity 

of the motor axle by creating a diastereomeric relationship between forward and 

backward rotation.28, 29 In a similar manner, we can define a unidirectional rotor as 

an autonomous molecular motor (like a rotating earth) (Figure 1.1d).  
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Figure 1.1. a)-d) Schematic illustrations of different controlled movements and types 

of molecular machines. They consists of a rotator (green) and stator (orange) unit 

which held together with an axle (black). e) Illustrative examples on the early 

pioneering developments of restricted molecular rotation about a C–C single bond 

which resulted in various applications in the area of asymmetric catalysis and 

molecular machines.  

In order to control the rotational barrier, rate, and direction of rotation about a 

single covalent bond, atropisomers are often selected as the basis, owing to their 

restricted rotation around the axle. The term “atropisomerism” was first 

introduced by Kuhn in 193330, but the existence of axial chirality was already 

discovered in 1922 by Christie and Kenner.31 Many pioneering studies on optical 

activity as a consequence of restricted rotation of biphenyls, have been done by 

Mislow.32-34 Unlike ethane which undergo free rotation at room temperature due 

to the low barrier of rotation, a restricted rotation can also observed around C(Sp2)–

C(Sp3) and C(Sp3)–C(Sp3) bonds, respectively (See Figure 1.1e). Following the 

pioneering work by Siddall, Oki, Mislow, Iwamura, Nakanishi, Yamamoto,35 and 

others,36 many molecular gears37 and propellers38, 39 were developed. The 

importance of axially chiral compounds has drastically changed since 1980, when 

BINAP was introduced by Noyori for the asymmetric hydrogenation of olefins.40  

Following this pioneering discovery, numerous excellent ligands and catalyst with 
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an axially chiral biaryl backbone have been synthesized and applied in a large 

variety of asymmetric transformations.41-44  

The configurational stability and the rotation about the chiral axle of atropisomers 

depend on several factors such as (i) bulkiness parameter (A-value) of the 

substituents closest to their rotational axle;45, 46 (ii) annexistence of a bridge which 

interconnects the ortho-substituents;47 (iii) photochemical or chemically induced 

processes that facilitate atropisomerisation.48 Taking into account these key factors, 

this chapter aims at highlighting various designs, structural features, and 

operational mechanisms of the distinct artificial molecular machines where 

chemical responses (such as hydrogen bonding, metal coordination, pH changes 

and covalent bond formation) cause rotatory movements. Our discussion starts 

from nondirectional chemically driven molecular switches and rotors. In the latter 

part of the chapter, an overview of the design and generation of various types of 

unidirectional molecular motors is given. Finally, a future perspective of 

development of autonomous molecular motors is presented. It is worth noting that 

there are sophisticated designs of chemically driven molecular machines other than 

axially chiral molecular systems, for example, mechanically interlocked 

catenanes,49 ferrocene containing molecular switches and rotors,50 and gear-

shaped metal porphyrin based rotors51 which are discussed in detail in several 

excellent reviews.52 In addition to the chemically induced rotation, control of 

movements around C–C single bonds of biaryls have also been realized using an 

external photo-switchable groups attached to the molecule.53, 54   

1.2. Chemically driven molecular switches  

In the following section, various types of molecular switches will be discussed. They 

are categorised according to the following principles based on the parameters used 

to achieve directional motion i.e. molecular switching: i) through a modulation of 

H–bonding; ii) solvent-assisted conformational control; iii) pH-responsive switching 

in biaryls; and iv) through ion binding.  

Stimuli-responsive molecular switch 

The hydrogen bond provides a unique electrostatic non-covalent interaction 

between a hydrogen atom (that is covalently bound to a more electronegative 

atom) and an electronegative atom bearing a pair of electrons (such as nitrogen, 

oxygen, and halogens).55, 56 They are categorized as weak bonds and the bond 

strength is adequate for modulating molecular geometries and assemblies.57 

Through the process of evolution, Nature has created various nano-scale self-
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assembled H-bonded based systems to achieve functions essential for life. 

Prominent among these are the proteins as well as the double-stranded DNA 

helices, controlled by the presence of multiple hydrogen bonding between Watson-

Crick base pairs.58, 59 Taking inspiration from biological systems, various 

sophisticated artificial molecular systems have been constructed where hydrogen 

bonds are used for creating supramolecular assemblies,60-64 engineering molecular 

packing in crystals,65 and tuning material properties.66 Over the past decades, 

hydrogen bonds have played an important role in design of artificial molecular 

systems and several molecular machines that exhibit rotation upon manipulation of 

this weak interaction were developed.67, 68 Here, various well-designed examples of 

molecular switches, where the precise control of hydrogen bonding is used for their 

conformational changes, were introduced. It is worth noting that the Aprahamian 

group developed a hydrazone-based acid/base activated switches that show E/Z 

isomerisation by controlling the hydrogen bonding.69 70 

In 2009, Shimizu et. al. reported an axially chiral diacid switch Rac-1a as 

shown in Scheme 1.1.71 The central C–N single bond rotation is hindered due to the 

intrinsic high rotation barrier at room temperature. When heated at 100 °C, the 

rotation around the single bond becomes feasible by overcoming the associated 

barrier of rotation. Upon addition of a chiral guest such as quinine and quinidine, 

the diacid forms a diastereomeric complex through hydrogen bonding between the 

amine and the carboxylic acid. A directional bias can be created by transferring the 

chirality of the guest to the diacid, producing one of the stereoisomers preferably. 

Then upon cooling the molecular switch to room temperature, the C–N bond 

rotation is restricted again while keeping the chiral information intact. After removal 

of the chiral guest, the original racemic state can be reobtained by heating the 

diacid at high temperature. This reversible chiral switch is robust and 

writing/erasing is repeatable because these processes are carried out using non-

covalent interactions and the molecular complex can be applied as a chiral memory 

device.  
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Scheme 1.1. Molecular switch Rac-1a regulated by hydrogen bonds. Reproduced 

with permission from Ref 71, Copyright 2012, American Chemical Society. 

A combination of hydrogen bonding and OH/π interaction has been used to 

control the axial conformation of cannabidiol derivative 2, by simply tuning the 

solvent polarity (Scheme 1.2).72 NMR studies together with theoretical calculations 

revealed that an intramolecular OH/ π bond is the key interaction to induce the M 

conformation in an apolar solvent (chloroform). On the other hand, in a polar 

solvent (THF), CH/O hydrogen bonds are proposed to become dominant to afford 

mainly the P conformation.  

Scheme 1.2. Conformational control of a cannabidiol derivative by solvent polarity. 

Reproduced with permission from Ref 72, Copyright 2019, American Chemical 

Society. 

Hydrogen bonding can be strongly dependent on the solvent-solute 

interaction.73 The group of Luis synthesized peptidomimetic cyclophanes and, 

through variable-temperature NMR (VT-NMR) studies and theoretical modelling, 
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noticed that the aromatic ring switches show distinct rotary behaviour in different 

solvents (Scheme 1.3). In an apolar solvent, the rotor shown in Scheme 1.3 has a 

preference for a conformation in which intramolecular hydrogen bonds stabilize the 

ground state, and has a high energy barrier for the rotation of the aromatic ring. In 

contrast, a polar solvent can break the intramolecular hydrogen bonds and solvate 

both the ground state and the transition state effectively, reducing the rotational 

barrier (Scheme 1.3). Taking advantage of this system, the authors demonstrated 

control of the rotation rate by introducing methanol as an additive to a chloroform 

solution of the compound. Due to the increased solvent polarity, three-fold 

accelerated rotation was achieved in the presence of 5% v/v of methanol. 

    

    

Scheme 1.3. The effect of polar solvents on the energy barrier of the aromatic ring 

rotation of peptidomimetic cyclophanes. Reproduced with permission from Ref 73, 

Copyright 2006, American Chemical Society. 
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Controlling conformational changes based on change in pH is an active area of 

research since similar principles are found to be essential in biological systems.74-76 

In the following section, the few advances made towards acid- or base-driven 

molecular rotation around C–C bond are presented.  

 An excellent example of a pH responsive switch was developed by Yoshizawa 

et al.77 A cis-trans isomerization through rotation around an aryl-aryl bond was 

achieved in an anthracene trimer-based switch trans-4 upon addition of a base 

(Scheme 1.4). Anthracene trimer 4, featuring four biaryl single bonds was obtained 

into its pure atropisomeric form by four synthetic steps. At room temperature, 

atropisomerisation is restricted due to the steric hindrance imposed by the ortho-

substituents in the central aromatic units (Scheme 1.4a).  

 

 

Scheme 1.4. a) Base controlled switching of geometry by controlling rotation in 

anthracene trimer 4. b) Mechanism of the cis-trans isomerization via a quinoid type 

planar conformation. Reproduced with permission from Ref 77, Copyright 2009, 

Royal Society of Chemistry. 
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However, upon deprotonation of one of the hydroxyl group with a base (NaOH), 

trans-anthracene trimer 4 can be selectively transformed to the cis isomer (with 

the cis/trans ratio of 9:1) through 180° rotation around the single bond. 

Mechanistically, this rotation around an aryl-aryl bond occurs via a planar transition 

state as shown in Scheme 1.4b. A planar quinoid-type transition state is stabilized 

through extended conjugation between the two aromatic rings when one of the 

hydroxyl groups gets deprotonated upon addition of a base. As a result, the barrier 

of rotation is greatly reduced and favors the formation of the cis-isomer. Similar cis-

trans isomerization is also observed in basic methanol solution, albeit with rather 

poor selectivity (cis:trans 2:3). According to the authors, the change in isomer ratio 

can be attributed to the hydrophilic nature of the exterior in the cis form, which is 

stabilized by solvent-solute interaction when water is used as a solvent, favoring 

the formation of cis isomer.  

A different design of a biaryl-based switch, catalyzed by both acid and base, which 

shows variable photoluminescence has been developed. The key feature of their 

design is that the luminescence from the biaryl lactone 5a/5b can be switched 

on/off by reversible conversion between the open and closed forms (shown in the 

Scheme 1.5a).78 

 

Scheme 1.5. a) Schematic representation of a pH driven biaryl switch b) Change in 

photo luminescence upon switching. Reproduced with permission from Ref 78, 

Copyright 2012, Elsevier. 

The luminescence derived from intramolecular charge transfer (ICT)79, 80 in organic 

molecules are important especially in advance optical materials.81-83 The degree of 

charge transfer in a π-conjugated donor (D)–acceptor (A) dyads (D–π–A) is heavily 

influenced by the extent of π-conjugation, and acid/base-responsive structural 

change may alter the photoluminescence properties. Biaryl switches 5a and 5b with 

a D–π–A interaction between R1 and R2 in the planar state, result in an intense ICT 

band (356 nm for 5a and 317 nm for 5b) due to the π orbital overlap which 
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facilitates the electron transport between the two aryl rings. However, upon 

hydrolysis with a base (tetrabutylammonium hydroxide), diminution of the ICT 

band is observed due to formation of a non-planar dianionic carboxylate (Scheme 

1.5a). This is attributed to the partial reduction of conjugation between the aryl 

rings where the arene rings are moved out of the plane (partially twisted) in order 

to avoid an anion-anion repulsion and steric hindrance. Upon addition of an acid, a 

ring closing reaction reformed the planar forms. This switching behavior was also 

monitored with their associated photoluminescence properties. As shown in 

Scheme 1.5b, the lactones 5a and 5b in the planar form displayed faint green and 

light blue luminescence, respectively, which can be quenched by addition of a base. 

As expected, the planar lactones reformed by addition of an acid (HCl or TFA), 

recovering the photoluminescence properties.  

Hamilton and co-workers introduced a pH-responsive biaryl-type conformational 

switch based on a multifunctional diphenyl-acetylene 6 (Scheme 1.6).84 In solution 

(CD2Cl2, 298 K), the electron-donating character of p-NMe2 present in one of the 

amide moieties weakens the H-donating capabilities of Ha, shifting the equilibrium 

towards 6 with a ratio of 1.3:1. This due to the strong H-bonding between the 

carbonyl of the carboxylic ester group and Hb. In contrast, the electron-donating 

ability of p-NMe2 can be quenched via protonation upon addition of trifluoroacetic 

acid (TFA), which resulted in almost complete conversion towards 6-H+ (99:1). The 

authors further extended their design towards a series of benzamido-

diphenylacetylene (DPA) molecular switches in which the relative hydrogen bonding 

capabilities of two amide groups determine the extent of switching.85-87  

 

Scheme 1.6. A 180° rotation about the acetylene axis by modulating H-bonding 

interaction. Reproduced with permission from Ref 84, Copyright 2011, John Wiley 

and Sons. 

Allosteric regulation of binding sites in biological machines is of high importance 

because more dynamic and complex control of the enzyme activity are permitted 

(Scheme 1.7).88 Because of the binding of cations and anions into the receptors, 
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they can also be used in sensing, self-assembly, extraction, transport, and catalysis. 

In order to mimic the biological ion pumps and following pioneering studies of 

Shinkai on azobenzene based receptors89, several photo-switches were 

developed90-95 with the ability to uptake and release various cations and anions to 

some extent. As an alternative approach, Zhao and co-workers reported the design 

of an aryl-triazole foldamer 7, in which an acid/base-mediated uptake and release 

of halide (mainly chloride) anions occur with high selectivity.96 As shown in Scheme 

1.7, helical foldamer 7, owing to its close-shaped cavity, displays a strong affinity 

towards halide anions. Upon deprotonation of the resorcinolic O–H group with an 

organic base (DBU), foldamer 7 transforms into an open conformation (7-2H), 

through the reformation of hydrogen-bonding network. In the open conformation 

(7-2H), due to the electrostatic repulsion between the halide anion and the 

resorcinolate oxyanions, the halide ion is released (Scheme 1.7b). This simple 

acid/base triggered conformational switch provides a basis for the future design of 

chemical stimuli driven receptors for anion regulation97, 98 (For related approaches 

on receptor chemistry see97-102 and for application in photoswitchable asymmetric 

catalysis see103, 104).  

 

Scheme 1.7. A 180° rotation about the acetylene axis by modulating H-bonding 

interaction. Reproduced with permission from Ref 96, Copyright 2015, John Wiley 

and Sons. 
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Metal-coordination/based molecular switch 

Metal ions are among the most effective additives that can facilitate controlled 

molecular motions. In this section, illustrative examples of molecular machines 

exploiting metal coordination are given. Before going into details, major distinctive 

features and advantages based on coordination complexes are noted:  

i) First, coordination bonds are often dynamic and reversible in nature, therefore 

formation and cleavage of coordination bonds can be achieved with simple 

chemical manipulations such as adding a metal ion source, additional ligand treating 

with base/acid or via redox control.4, 6  

ii) A coordination compound is synthesized by hybridization of an inorganic metal 

ion and an organic ligand. Due to the abundant variety of these building blocks, a 

countless number of complexes have been studied, which enables one to select a 

desired motif suitable for the purpose of designing a molecular machine. 

 iii) Metal ions often possess multiple valence states that account for their different 

properties. Thus, fine tuning of the redox state of a metal centre in a complex can 

directly alter the stability of its coordination bonds, reactivity, stereochemistry, and 

also physical properties. As a result, different geometries can be achieved due to 

different ligand binding mode by shuttling between two different metal redox 

states.105  

Due to the above-mentioned characteristics using coordination chemistry, 

the installation of a metal binding site in the design of a molecular machine can be 

highly beneficial to manipulate nano systems. 

Barboiu and Lehn used metal coordination4, 6, 105 in a supramolecular system to 

demonstrate chemically driven molecular extension and contraction motion via 

multiple Caryl–Caryl bond rotations.106 Molecular strands featuring alternating 

sequences of pyridine and pyrimidine (8a and 8b) as shown in Scheme 1.8 were 

designed. The non-coordinated N-ligands 8a and 8b prefer the transoid 

conformations which lead to helical structures stabilized by π-π interactions. Upon 

complexation with lead(II), the structure unfolds in order to adopt a tridentate 

binding mode, changing the conformation of the heterocyclic oligomer into a rigid 

and linear structure as shown in Scheme 1.8 (8a’ and 8b’). In this case, the cisoid 

conformations are induced by tridentate metal ion coordination. This structural 

switch can be reversed by a metal ion-trap (cryptate), or acid and base, which 

extracts lead ions from the metal-complexes and unfolding in a helical structure.  
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Scheme 1.8. Molecular strands switchable between the extended and contracted 

forms. Reproduced with permission from Ref 106, Copyright 2002, National 

Academy of Sciences. 

Fe3+-sensitive ligand 9 comprising imidazo-quinazoline fluorophores was 

introduced as a conformational switch (Scheme 1.9a).107 FeCl3 was used to induce 

single bond rotations to convert the switch to a different conformation (9’) which is 

stabilized by hydrogen bonding between an iminium NH and a chloride ion. The 

authors propose a possible mechanism of this structural switching where HCl 

generated from an aqueous solution of FeCl3 induces the H-bonding interaction in 

9a as shown in Scheme 1.9b. Multiple coordination sites in the multidentate ligand 

structure were used in the design for the formation of Fe-complex 9b upon addition 

of FeCl3. Subsequently, HCl generated may reduce Fe3+ to Fe2+ and destabilize the 

coordination bonds and as result dissociation of the iron from 9b gives free ligand 

9’. Upon this structural change, the intense photoluminescence band associated 

with the complex 9’, becomes bathochromically shifted (Scheme 1.9c). As a 

consequence this unique compound can function simultaneously as a 

conformational switch and a fluorimetric switch concurrently. 
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Scheme 1.9. a) Fe3+-sensitive molecular fluorimetric switch. b) Fluorogenic changes 

between 9 and 9’. Reproduced with permission from Ref 107, Copyright 2014, Royal 

Society of Chemistry. 

 Schmittel et al. developed a multifunctional and reversible bimetallic 

nanoswitch and applied it to switchable catalysis, mimicking the behaviour of 

calcium/calmodulin-dependent protein kinase II (Scheme 1.10).108 Molecular switch 

10a has a zinc porphyrin core and a pyridylpyrimidine (py-pym) unit connected to a 

rotatable rod. In this design, an axial ligand (piperidine) and a copper-chelating 

ligand (phenanthroline) are also present. With copper(I) ions, phenanthroline 

shields the py-pym arm by forming a heteroleptic complex and inhibits axial 

coordination of pym to the zinc centre. In this state, piperidine is bound to the Zn 

porphyrin core. When the copper ion is removed from the system by addition of 

another ligand 10b, which strongly binds to the Cu ion, the pyrimidine nitrogen 

works as a stronger axial ligand and binds to the zinc centre, kicking out the 

piperidine ligand from the system (10a’). The authors utilized this chemical  
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Scheme 1.10. Catalytic nanoswitch regulated by metal coordination. Reproduced 

with permission from Ref 108, Copyright 2012, John Wiley and Sons. 

response to regulate the Knoevenagel condensation reaction in which 

transformation the released piperidine acts as a base catalyst (Scheme 1.10). 

The redox properties of copper-bipyrimidine complexes to control the 

rotation of a pyrimidine ring of an axially chiral ligand were explored by Nishihara 

and co-workers. A heteroleptic copper complex 11 was prepared using a 

phenanthroline with bulky groups and the ring inversion of the 

methylpyridylpyrimidine ligand was studied. Complex 11 exists in two forms i.e. 11a 

and 11b, with different biaryl geometries (Scheme 1.11a). Through an oxidation 

process, the authors showed that the change in the relative stability of the i- and o-

isomers promotes ring inversion to give a different i/o ratio. At the Cu(II) state, the 

o-isomer is preferably formed because of the square-planar coordination geometry 

of the metal centre. Oxidation and reduction of 11 was achieved via a chemical 

approach. The complex can be oxidized from Cu(I) to the Cu(II) state with 

ammonium hexanitratocerate(IV), and by addition of decamethylferrocene as a 

reductant, the original state can be retrieved with reduction of Cu(II) to Cu(I). 

Utilizing these rotamers, the electron transfer-gating behaviour to an electrode was 
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successfully regulated by controlling the molecular rotation. In several follow up 

complex based on different solvents and counterions.109  

 

Scheme 1.11. Redox-active switch based on copper-bipyrimidine complex. 

Reproduced with permission from Ref 110, Copyright 2013, Royal Society of 

Chemistry. 

studies,109-112 a molecular switch with two redox centres was designed which 

showed regulated intramolecular electron transfer capability.111 Another study 

demonstrated regulation of pyrimidine ring orientation in a heteroleptic copper. 

 Apart from the modification of inter- or intra-molecular interactions, singlet 

oxygen can be used as ‘fuel’ in order to perform switching around the C–C bond as 

shown in bisarylanthracene 12. Singlet oxygen can be generated by visible-light 

photoirradiation of triplet oxygen in the presence of a photosensitizer. Linker and 

coworkers developed a bisarylanthracene that work as a molecular rotary switch 

(12 in Scheme 1.12).113, 114 Photooxygenation of trans-12 with singlet oxygen takes 

place at the anthracene core and generates endoperoxide 12b, which exclusively 

exists as the cis-isomer (cis-12). Based on the proposed photooxygenation 

mechanism,115 the authors hypothesized that electrostatic interaction between an 

incoming oxygen and the methoxy substituents (See Scheme 1.12b) is the reason 
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for the formation of only the cis-isomer of 12. Heating the cis-isomer produces 

trans-12 and consequently forces the C–C single bond to rotate to preferably form 

the thermodynamically favored trans-isomer with the trans/cis ratio of 90:10. 

Therefore, photo-oxygenation and thermal treatment resulted in a reversible 

molecular switch.  

 

Scheme 1.12. a) Bisarylanthracene rotary switch responsive to singlet oxygen. b) 

Possible electrostatic interactions in the radical intermediate Int-12. Reproduced 

with permission from Ref 109, Copyright 2007, John Wiley and Sons. 

1.3. Controlling the speed of molecular rotors 

Manipulation of the rotational speed of molecular rotors and motors is another 

important goal in molecular nanoscience.27, 116-120 In this section of the chapter, we 

will highlight single bond molecular rotors with the ability to control their speed of 

rotation by external chemical input.  

Building on their studies on solvent controlled motion (See Scheme 1.1), Shimizu 

and co-workers developed several molecular rotors connected by C–N bond which 

have guest-controlled tunability of their rotation rates (Scheme 1.13).37,38 For 

instance, when a urea group is installed at an N-arylsuccinimide rotor 13a, the 

rotation rate around the C–N axle can be accelerated upon binding of an acetate 

guest (Scheme 1.13).121 In the proposed mechanism, the acetate complex features 

a partially pyramidal imide carbonyl carbon which relieves the steric strain in the 

transition state. On the other hand, when phenol substituents were employed (13b), 

a guest molecule can slow down the rotation speed of N,N’-diaryl 

naphthalenediimides by two-orders of magnitude.122 In this case, the diol has a low 

rotational barrier because of the intramolecular hydrogen bond with the imide 

carbonyl which stabilizes the planar transition state for the C–N rotations. Note that 

similar molecular design principles for acceleration of rotation are also found in 
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other examples, including macrocyclic cyclophanes and N-(substituted aryl)-

thiazoline-2-thione atropisomers.73, 123 In all cases addition of a guest such as acetic 

acid, acetone and dimethylsulfoxide may disrupt the intramolecular hydrogen 

bonds and modulate the rotation rate according to their hydrogen-bond-accepting 

ability. 

 

 

Scheme 1.13. a) and b) Molecular rotors regulated by hydrogen bonds. Reproduced 

with permission from Ref 121, Copyright 2011, American Chemical Society, and 

Ref122, Copyright 2017, Royal Society of Chemistry.   

Rotation around a Caryl–Naryl single bond in N-quinoline-substituted imides is 

restricted, due to the lone-pair–lone-pair interaction between the imide carbonyl 

and the quinoline nitrogen. Based on this structures a proton-responsive molecular 

rotor was designed in which the rotor rotates 107 times faster upon addition of an 
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acid as a stimulus.124 When methyl sulfonic acid (MeSO3H) is added to 14a, the 

quinoline moiety is protonated, which leads to the formation of an intermediate  

 

 

Scheme 1.14. a) An acid accelerated molecular rotor b) H-bonding interaction 

stabilizes the planar TS. Reproduced with permission from Ref 124, Copyright 2012, 

American Chemical Society. 

14a-H+ (Scheme 1. 14a). This planar transition state (14a-H+-TS) is stabilized through 

an intramolecular H-bonding as shown in Scheme 1.14b, thereby, accelerating the 

rotation speed of the C–N axle; from t1/2= 24 min for the parent rotor (14a) to t1/2= 

2×10-4 s for 14a-H+. 

In 2018, the group of Wang demonstrated modulation of rotational speed 

of a related succinimide molecular rotor around its C–N bond in response to 

external metal cations (15 in Scheme 1.15).125 They combined H-bonding, 

electrostatic repulsion and metal-coordination interactions in their designed rotor, 

and controlled the degrees of the various interactions by using multiple external 

stimuli such as acid/base and metal cations. Rotor 15-H has a high rotation speed 

(104 Hz) at the original state. When deprotonated at the phenol moiety, the rotation 

becomes restricted because of the intramolecular electrostatic repulsion between 

the phenolate anion and the carbonyl groups in 15-. Addition of alkali metal cations 

(Li+ or Na+) introduces an electrostatic bridge between the stator and the rotator 

and lowers the energy barrier for rotation. This acceleration is dependent on the 

radius of the metal cation (10-1 Hz for 15-Na, 100 Hz for 15-Li). As a result, multiple 

stages for rotational speed are achieved.  
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Scheme 1.15. a) Succinimide molecular rotor with tunable rotation speed via 

chemical stimuli. b) An illustration of the molecular rotor which can mimic a 

macroscopic electric fan. Reproduced with permission from Ref 125, Copyright 2018, 

Springer Nature. 

Very recently, another acid/base-driven switchable molecular rotor was developed, 

which can reverse the rotational pathway upon manipulation of the n→π* 

interaction.126 Aldehyde 16, having three substituents at the ortho-positions can 

undergo free rotation around the C–C axle due to a low barrier of rotation with ΔG‡ 

= 12.6 Kcal/mol. This free rotation can follow two different pathways as shown in 

Scheme 1.16a. Because of the stabilization in the planar transition state TS1 through 

a facile n→π* interaction compared to the N, O repulsive interaction (Scheme 1.16a), 

the rotation of rotor 16 occurs following Pathway 1 (where planar 16-TS1 is 

stabilized by 4.2 kcal/mol compared to 16-TS2).  
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Scheme 1.16. a) Rotational pathways of acid accelerated molecular rotor b) DFT 

calculations of two different planar transition sate of 16 c) An acid acid/base 

mediated rotational switch d) DFT calculations of two different planer transition 

sate of 16-H+. Reproduced with permission from Ref 126, Copyright 2021, American 

Chemical Society. 

Interestingly, the rotor rotation around the C–C single bond can be reversed by 

stabilizing the planar TS2 in Pathway 2, using a chemical stimulus. The authors 

introduced another additional competing intramolecular interaction in the form of 

H-bonding by protonating the pyridine nitrogen with an acid. In the protonated 

form of the rotor (16-H+), TS2-16-H+ (9.3 kcal/mol) is stabilized over TS1-16-H+ (16.3 

kcal/mol), thereby rotation takes place following Pathway 2 (Scheme 1.16a). Also, 

in the protonated form the rotor rotates much faster compared to the parent rotor 

16 with the barrier of rotation only 10 kcal/mol due to this facile H-bonding 

interaction.  

Kitagawa and co-workers used a different strategy to develop an acid accelerated 

N-substituted tetrahydroquinoline (axially chiral) based molecular rotor shown in 

Scheme 1.17.127 Rotor 17 forms a stable atropisomer at room temperature with a 

barrier of rotation ∆G≠ = 25.1 kcal/mol.  Upon protonation of the nitrogen center 

present in 17 with an acid, the barrier of the rotation around the C–N single bond 

is dramatically lowered to ∆G≠= 16.3 kcal/mol and racemization is complete in just 



 

 

 

24 Chapter 1 

24 

10 min. A similar behavior was observed in acyclic diarylamines developed by the 

Clayden group.128 This dynamic behavior is attributed to the pyramidalization of the 

nitrogen center involved in the restricted bond rotation. Upon protonation, the 

conversion from sp2 to sp3 decrease the steric demands around the nitrogen atom, 

increasing the freedom for C–N bond rotation. 

 

Scheme 1.17. An acid accelerated molecular rotor. Reproduced with permission 

from Ref 127, Copyright 2015, Royal Society of Chemistry. 

The dynamic nature of coordination bonds (formation and dissociation) can 

directly facilitate molecular switching. The first example of a rotor controlled by 

metal coordination is Kelly’s molecular brake, reported back in 1994 (Scheme 

1.18).129 The rotor consists of a triptycene rotator and a bipyridine metal binding 

unit that are connected though a C–C single bond axleAn intramolecular structural 

and conformational change triggered by metal coordination, causing the rotation of 

a triptycene gear to stop. By forcing the bipyridyl unit into a rigid, planar 

conformation upon coordination, steric clash between the brake and the triptycene 

unit increases the barrier to rotation of the gear was used. Inspired by this 

triptycene-based motif, an indenyl-metal complex (Cr, Mn or Re) directly attached 

to the paddlewheel was designed and aced to regulate the rotation. Using base as 

a chemical stimulus, a haptotropic shift was triggered, moving the organometallic 

core from the far six-membered ring (h6) to the five-membered ring (h5) located 

close to the triptycene. This structural change slowed down the rotation speed of 

the triptycene by ca. 108 times.130, 131 
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Scheme 1.18. Kelly’s molecular brake regulated by metal coordination. Reproduced 

with permission from Ref 129, Copyright 1994, American Chemical Society, and Ref 

126, Copyright 2009, Royal Society of Chemistry.   

In the previous sections, we showed various examples of chemically induced 

acceleration/deceleration of C–C and C–N single bond rotations. Some of these 

concepts were key for the development of chemically-trigger unidirectional motors. 

However, these fascinating small molecular rotors and switches do not undergo 

unidirectional rotation due to the absence of a directional bias and do not qualify 

as molecular rotatory motors. In the remaining part of this chapter, we will discuss 

various key principles required to develop a new class of molecular motors, provides 

illustrate examples and the state of affairs in the design of chemically driven biaryl-

based rotatory motors.  

 

1.4. Design and function of biaryl-based molecular motors. 

In this section the design of molecular rotatory motors and their detailed 

mechanistic and stereochemical features will be presented. The main discussion will 

center on Caryl–Caryl bond rotation in biaryls and the various approaches illustrated. 

For a simple unsubstituted biphenyl, rotation around the axle is often considered as 

“free”, meaning the energy barrier is smaller than the thermal energy at room 

temperature.45, 46 However, when the ortho positions of the phenyl ring are 

substituted with functional groups, the barrier of rotation becomes high enough to 

isolate individual conformers, which are called “atropisomers” .132, 133 In Figure 1.2, 

if A≠B and A’≠B’, stereoisomers at Station I and III are non-superimposable and 

display axial chirality (Figure 1.2a-c). The energy required for the interconversion 

between enantiomers at Station I and III (atropisomerisation) primarily depends on 

the size and the number of substituents at the ortho-positions. In the case of biaryls 

with multiple substituents, rotation is restricted, but atropisomerisation can be  
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Figure 1.2. a) Proposed mechanism for the atropisomerisation of a configurationally 

stable biaryl compound; b) and c) a directed facile atropisomerisation of the bridged 

biaryl; (d) Proposed mechanism for the racemization of (R)-2AA; (e) Schematic 

representation of a biaryl molecular motor.  

achieved under certain conditions, that is a ‘nondirectional’ rotation about the axle. 

One such process is thermal isomerization. Upon heating, biaryls can racemize via 

a sterically preferred anti-transition state where the ortho substituents can pass 

each other. 132-134 This often requires high temperature, sometimes higher than their 

decomposition temperatures. Alternatively, bridging the ortho-substituents can 

reduce the barrier of atropisomerisation, as demonstrated by Bringmann and co-

workers.135 An elegant example of such isomerization process is slow racemization 
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of hydroxyl aldehyde compound (R)-2AA (Figure 1.2d), a four-fold substituted biaryl 

which should be rotationally stable based on the result of theoretical calculations. 

But in reality, (R)-2AA racemizes easily at room temperature. According to the 

authors’ explanation, this is due to the formation of a six-membered lactol 

intermediate as shown in Figure 1.2d. As a consequence, steric interactions 

between the ortho-substituents are greatly reduced and a lower rotational barrier 

is achieved. Inspired by this observation, introducing a chemical bridge between 

ortho-substituents can be a definite motif for promoting atropisomerisation (Figure 

1.2a). Therefore, in order to move from Station I to Station III, atropisomer at 

Station I can be converted to a bridged intermediate (Station II) by replacing the 

ortho-substituents with a single bridging unit (Figure 1.2a). Then the atropisomers 

at Station II will be configurationally labile and helix inversion is ideally possible.48 

Subsequently, ring-opening reaction of the bridging unit leads to the formation of 

atropisomer at Station III, completing 180° rotation. However, using this approach, 

full unidirectionality cannot be obtained because half of the bridged intermediate 

(Station II) returns to Station I, owing to the same ground state energy of the 

enantiomers. To ensure directionality, it is postulated that the introduction of 

additional (point) chirality besides the axial chirality is necessary in the bridging 

Station II. The combination of two different chiral moieties makes atropisomers at 

the Station II diastereomeric in nature. As a result, it creates sufficient 

stereochemical bias and one form of the helical intermediates becomes 

thermodynamically more preferred over the other. And this could possibly result in 

complete directional transformation from Station I to Station III after a ring-

opening reaction. 

The following two strategies can be used to achieve full atropodiastereomerisation 

via a facile chirality transfer from the stereogenic center to the rotational axle. 

i. As shown in Figure 1.2b, the stereochemical information can be transferred 

by introduction of a chiral ligand or a chiral metal complex (C) directly to the 

bridged intermediate in Station II. This ultimately governs the direction of 

the rotation towards the formation of Station III.   

ii. The presence of ‘point chirality’ (A*) in the close vicinity of the axle 

(preferably at one of the ortho positions) can also promote a directed 

rotation from Station I to Station III, as shown in Figure 1.2b. Again, due to 

the presence of two stereochemical element, fixed stereogenic chirality at 

A*center and dynamic axial chirality in the biaryl makes the complexes in 

Station II diastereomeric in nature and control of directionality is expected.   



 

  

29 
Recent Advances in Chemically Driven  

Rotatory Molecular Machines   

29  

 

Designing a chemically-driven molecular motor has been one of the long-standing 

goals of many research groups (For other approaches based on mechanically 

interlocked systems, see49, 136-143, and for chemically driven propulsion systems, 

see144-151). In Figure 1.2e, a schematic illustration of a unidirectional biaryl motor 

cycle is provided, where the rotator (orange) rotates with respect to the stator (blue) 

in an anti-clockwise fashion. A 360° rotational cycle consists of six distinctive steps. 

Note there is hindered biaryl rotation due to the presence of substituents (A, A’, B, 

and B’) but conformation change is possible e.g. bridging A, A’ (step 1) or A’, B (Step 

4). The stepwise switching through steps 1, 2 and 3 affords the first half of the 

unidirectional rotatory cycle (180° rotation, half-turn), where A crosses A’ and B 

passes B’ and similarly steps 4, 5 and 6 are responsible for the second half of the 

rotary cycle (360° rotation, full turn), where B passes A’ and A crosses B’. Step 1 

involves the formation of a configurationally unstable diastereomeric intermediate 

(M)-B by selectively connecting A and A’ through a chemical process, lowering the 

biaryl rotational barrier. Then at Step 2, (M)-B undergoes a thermal helix inversion 

to a stable isomer (P)-B. Selective bond cleavage at Step 3 results in a half turn of 

the motor, forming (P)-A at Station III. In a similar fashion, at Step 4, the selective 

bond formation of A’ and B delivers another configurationally labile bridged 

intermediate (P)-C, and the second thermal helix inversion takes place. By cleaving 

the bridge at step 6, the motor returns back to its original form at Station I and a 

full 360-degree rotation is accomplished.  

Unidirectional rotors by bond formation 

In this section, we discuss the early designs of molecular motors, which eventually 

emerges as a unidirectional switch but failed to fulfill the criteria of a molecular 

motor according to definition discussed in the introduction section. In 1999, Kelly 

and co-workers were the first to observe a unidirectional rotation around a single 

bond by converting chemical energy into rotational energy.152 Their molecular 

design is made up of a three-bladed triptycene unit (having an amine functional 

group) as a rotator and a helicene stator possessing an aliphatic alcohol as shown 

in Scheme 1.19. In the first step of their rotational cycle, by adding phosgene as ‘fuel’ 

under a basic condition, the corresponding amine group is converted to isocyanate 

19b. Then, the inherent thermal rotation (conformational changes) brings the 

triptycene moiety close to the propyl alcohol attached to the helicene unit, giving a 

metastable urethane 19d. Then 19d is transformed into the thermodynamically 

more stable product, 19e, resulting in a 120° rotation via an irreversible rotation 

around the interconnecting C–C bond. Subsequent cleavage of the urethane bond 

affords 19f (enantiomer of 19a). This research work is an important milestone in the  
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Scheme 1.19. A unidirectional 120° rotation using phosgene as ‘fuel’. Reproduced 

with permission from Ref 152, Copyright 1999, Springer Nature. 

early development of a unidirectional rotation about a single bond, and set the 

stage for the further future improved design. With the aim of developing a 

continuously rotating motor, a few changes were made to the initial design. i) Three 

amino groups were installed on each blades of the triptycene rotator unit; (ii) 

Secondly, a DMAP directing group was attached to the helicene stator (20a), with 

the hope that it would selectively deliver the carbonyl chloride moiety to its closest 

amino group.153 If subsequent events follow accordingly as shown in Scheme 1.20, 

then a repetitive unidirectional rotation would be possible. Having demonstrated 

the phosgene-mediated 120° unidirectional rotation in their previous motif, the 

authors sought to investigate the rotational cycle starting from 20a. The amine 

closest to the DMAP unit is expected to react with the N-chlorocarbonylpyridium in 

20b. However, the addition of phosgene to 20a leads to an intermolecular urea 

formation, which gives rise to an undesired polymer formation. A number of further 

experiments were conducted to suppress the polymerization. Although, a selective 

formation of 20g was possible, the formation of the corresponding urethane 20d 

was found to be extremely challenging. This suggests that the rotation around the 

triptycene/helicene axle is restricted due steric interactions between the added 

functional groups.   
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Scheme 1.20. A schematic representation of a possible rotatory molecular motor by 

Kelly and coworkers. Reproduced with permission from Ref 153, Copyright 2007, 

American Chemical Society. 

Later, Branchaud and coworkers envisioned two different concepts towards a 

molecular motor based on a chirality-directed bond rotation in a biaryl system.154, 

155 The key steps in their strategies are a lactonization reaction and a selective ring 

opening with an external nucleophile as shown in Scheme 1.21. In their first design, 

they hypothesized that with the help of a chiral nucleophile, a net 90° rotation of 

the upper ‘arene’ ring can be achieved via a diastereoselective ring opening of cyclic 

lactone 21A (Scheme 1.21a). Subsequently, if the removal of the nucleophile and 

reformation the lactone unit happen in succession without biaryl 

atropisomerisation then a functional motor can be obtained. To realize their 

rotational cycle, they first attempted two different ring opening reactions of lactone 

21A with two chiral nucleophiles, individually (Scheme 1.21b).154 
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Scheme 1.21. (a) A blueprint towards the unidirectional bond rotation around the 

biaryl single bond proposed by Branchaud and coworkers (b) Demonstration of a 

unidirectional 180° rotation using chiral nucleophiles. (c) Rotational behavior of 

lactone (S)-21B bearing an extra asymmetric centre. (Note: All the steps shown in 

Scheme 1.21 were performed using a racemic mixture, but only the rotational 

pathway of (S)-21B is shown for clarity). 

 

First, lactone 21A can be opened diastereoselectively using a chiral lithium amide, 

giving a diastereomeric mixture of both (P)-21Aa and (M)-21Aa in a 3:1 ratio. 

Similarly, using lithium menthoxide as a nucleophile, (P)-21Ac and (M)-21Ac in the 

ratio of 3:2 can also be obtained. In a subsequent recyclization reaction of the 

corresponding phenolates with the unprotected carboxylic acid on the opposite 

side of aryl ring, the two lactones 21Ab, 21Ad were formed. As a result, a 

unidirectional 180° rotation is attained in both cases. One should note that only a 

partial directionality is achieved as the diastereoselectivity of the ring opening steps 

were rather poor. Although it is a promising half turn, the second half turn could 

not be completed as the hydrolysis of both amide 21Ab and ester 21Ad was found 

to be unselective. 

Similar to the previous design, the authors modified their initial design by 

introducing an extra stereogenic center at the benzylic position next to the biaryl 
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axle in (S)-21B (Scheme 1.21c).155 In the anticipated design, the net directed rotation 

can be accomplished with the help of an extra stereogenic center close to the axle. 

First, the cyclic lactone (S)-21B (All the steps shown in Scheme 1.21 were performed 

using a racemic mixture, but only the rotational pathway of (S)-21B is shown for 

clarity) is subjected to a ring opening reaction to form the corresponding amide 

(M,S)-21Ba. The ring opening proceeds with excellent diastereoselectivity (>99%) 

towards (M,S)-21Ba as compared to their previous approach. Immediate 

relactonization of the hydroxyl unit with the unprotected carboxylic acid resulted in 

180° unidirectional rotation, delivering (M,S)-21Bc. Again, chemoselective 

hydrolysis of the amide unit was unsuccessful and full unidirectional rotation was 

not reached. We note that to prove a complete unidirectionality for their first 180° 

rotational cycle a follow up experiment needed to be performed with an 

enantiomerically pure 21B.  

1.5. Molecular motors driven by chemical energy. 

In this section we discuss genuine molecular motors that can undergo repetitive 

unidirectional rotation in response to specific chemical stimuli. Building on 

stereodynamic principles discussed in the previous section,154, 155 our group 

reported the first example of a fully unidirectional, chemically-driven rotatory 

molecular motor based on asymmetric catalysis as the key step to achieve 

directional control. The full rotational cycle also takes advantage of orthogonal 

phenolic protecting groups. The 180° rotation, based on asymmetric catalysis as a 

key step, begins with a bridged lactone 22a (Scheme 1.22).156 In this state due to 

the presence of the bridging unit, aryl rings can undergo biaryl interconversion i.e. 

rotation around the motor axle to give a pair of enantiomers. As shown in step 1, 

an enantioselective reduction (with an enantiomeric ratio of 97:3) opens the ring of 

the cyclic lactone 22a with the help of a chiral CBS catalyst ((S)-2-methyl-

oxazaborolidine). The corresponding acid 22d is then obtained by O-protection with 

an allyl group (step 2) and oxidation of the benzylic alcohol (step 3), resulting in a 

net clockwise 90° rotation. Subsequently, selective removal of a benzylic ether (step 

4) provides again a cyclic bridged lactone i.e. 22f via the lactonization of 22e (step 

5). The combination of these steps corresponds to unidirectional half turn of the 

molecular motor. In a similar process, a sequence of catalytic asymmetric ring 

opening (step 6),  
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Scheme 1.22. First example of a chemically driven rotary molecular motor by 

Feringa and co-workers156. Step 1: (i) Enantioselective ring opening of cyclic lactone 

using (S)-2-methyl-CBS-oxazaborolidine solution then BH3, Step 2: protection with 

allyl bromide, Step 3: Oxidation of benzyl alcohol using CrO3.H2SO4.H2O,then NaClO2, 

Step 4: removal of PMB using Ce(OTf)3, Step 6: Another enantioselective ring 

opening of cyclic lactone using (S)-2-methyl-CBS-oxazaborolidine solution then BH3,  

Step 7: Protection with p-methoxybenzyl chloride Step  8: Oxidation of benzyl 

alcohol with MnO2 then NaClO2, Step 9: removal of allyl ether with Pd(PPh3)4/HCO2H. 

reprotection of benzyl ether (step 7) and oxidation of the benzylic alcohol (step 8), 

gives the other enantiomer 22f as a result of directed 270° rotation from 22a. Finally, 

deprotection of the allyl group (step 9) and spontaneous lactonization regenerate 

the initial bridged lactone 22a, which completes a full 360° rotatory cycle. This net 

directionality of the rotor is solely dependent on the point chirality present in the 

CBS catalyst, meaning that the directionality can be inverted using the other 

enantiomer of the CBS catalyst. Although a proof of principle of 360° unidirectional 
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rotation around a biaryl single is achieved, it should be noted that one cycle of 

rotation in this system goes through ten consecutive steps with >90% 

unidirectionality. 

Recently the group of Zhao and Feringa improved the directionality of the rotation 

with a modified biaryl motif (Scheme 1. 23),157 based on combination of axial an 

central chirality to control directionality. The number of steps for a full rotatory cycle 

are reduced to six and stereochemical directionality exceeded 99%. A stereogenic 

center is introduced at the benzylic position of (S,S’)-23a in order to direct the motor 

rotation. This design contrast with the use of the external chiral catalyst as shown 

in our previous approach featuring enantioselective transformation to control 

directionality. Again two stereochemical elements are present i.e. central and axial 

chirality, necessary to bias rotation by diastereoselective transformation.  

Scheme 1.23. The 360° rotation of a molecular motor via a chiral bridged lactone 

formation by Feringa and Zhao. (A) Hydrolysis using HCl,/MeOH (B) Lactonization 

using EDCI (C) Diastereoselective ring opening using MeONa and protection of 

phenolic hydroxyl group with MOMCl (D) Deprotection of benzyl protecting group 

using Pd/C, H2, (E) Lactonization using EDCI (F) Diastereoselective ring opening using 

MeONa and protection of phenolic hydroxyl group with benzyl bromide. Reproduced 

with permission from Ref 157, Copyright 2020, Elsevier. 

 

The motor cycle begins with deprotection of methoxymethyl group (MOM) of (S,S’)-

23a, after which an intramolecular esterification (lactonization) leads to the 
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formation of a metastable cyclic lactone (S,P)-23c. The newly formed (S,P)-23c is in 

equilibrium with diastereomer (S,M)-23c, which is thermodynamically more stable, 

and a thermal helix inversion of the lactone proceeds at this step. Then, 

diastereoselective ring opening of lactone (S,M)-23c with sodium methoxide and 

subsequent reprotection of the phenolic hydroxyl group results in a 180° rotation 

of the upper phenyl ring containing the carboxylic ester group. The second half turn 

is achieved by the removal of the benzyl group and lactonization using EDCl. The 

resulting bridged lactone, (S,P)-23f, can now undergo another thermal helix 

inversion to the stable atropisomer (S,M)-23f. In a similar fashion, combination of a 

ring opening reaction of (S,M)-23f and reinstallation of the benzyl protecting group 

delivers the starting isomer (S,S)-23a. This molecular rotary motor works in six 

individual steps and a first example to show nearly complete unidirectionality 

(>99%).  

The next challenge in this field is the development of an autonomous molecular 

motor that does not require sequential addition of chemical fuels. Towards this goal, 

our group designed a molecular motor driven by the switching of the oxidation 

states of a Pd-catalyst.158 It should be noted that Pd has a dual role, acting as 

bridging unit to lower the barrier for the biaryl interconversion and as active metal 

center for the C–H and C–Br bond activation. The cycle starts from stable (S,M)-24a 

which does not undergo atropisomerisation due to the high rotation with a 

Δ‡G° = 155 kJ mol–1. It can be however converted to six-membered cyclic 

palladacycle Pd[(R,P)-24a]XL via C–H activation159-165 reaction assisted by sulfoxide 

as a directing group and a Pd(II) catalyst.166 The presence of a sulfoxide stereogenic 

center in the six-membered bridged palladacyle guides a thermal helix inversion to 

the more stable diastereoisomer Pd[(R,M)-24a]XL. A subsequent proto-

depalladation167 reaction provides (S,P)-24a, leading to a net clockwise 180° 

rotation. By switching the oxidation state of the Pd source from (II) to (0), the 

catalyst selectively undergo addition to the C–Br bond and forms oxidative addition 

complex Pd[(R,P)-24b]BrL. Next, another subsequent thermal helix inversion to the 

more stable diastereomer Pd[(R,M)-24b]BrL proceeds. Reintroduction of bromide 

using N-bromosuccinimide (NBS) ‘locked’ the conformation to give the starting 

isomer (S,M)-24a, as a result a directed net 360° rotation is achieved. Follow-up 

experiments are also performed in which the activated Pd(0) catalyst required for 

the oxidative addition step is directly regenerated with an excess amount of 

tricyclohexylphosphine using the remaining Pd reagent from the first half turn.168 

Taking advantage of the Pd(0)-Pd(II) redox cycle in combination with selective C–H 

and C–Br bond activation is an attractive approach towards the development of fully 
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autonomous chemically powered molecular motor. In this study, the full 360° 

rotation cycle completes with an overall yield of 19% over five steps. Clearly there 

is still room for further improvement of the catalytic sequence efficiently, possibly 

by changing the directing group or the transformation methods of the catalysed 

steps. Also, this concept might be extended further towards an electric motor, 

possibly by the use of an electrochemical method to interconvert between the 

metal redox states.  

 

Scheme 1.24. Palladium redox cycle driven molecular motor developed by Feringa 

and coworkers. One full rotational cycle in four steps, Step 1: C–H activation (using 

Pd(OAc)2); Step 2: Reintroduction of C–H bond (using NaBH(OAc)3); Step 3: Oxidative 

addition (Using Pd2(dba)3), Step 4: Reintroduction of C–Br bond (Using NBS).   

Reproduced with permission from Ref 158, Copyright 2016, Springer Nature. 

1.6. Conclusion and prospective  

Three decades of combined efforts by researchers, several ingenious examples of 

chemically driven molecular switches and rotors based on atropisomers have been 

reported. They have all been developed by exploiting chemical interactions such as 

hydrogen bonding, pH response, metal coordination, conformational change 

(rotation) due to bond formation and cleavage in dynamic systems. The introduction 

of responsive features allow molecular motion to some extent to be controlled by 

external chemical stimuli. Next, these fundamental studies laid the ground work for 

future development of molecular machines and three examples of chemically 
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driven functional rotatory molecular motors have been successfully constructed to 

date which demonstrate repetitive unidirectional 360° rotation. Although 

significant progress has been made in this field, there are still major fundamental 

challenges to be addressed. Like biological motor proteins which are powered by 

ATP hydrolysis or a proton gradient, the ultimate goal of artificial chemically driven 

molecular machines is to develop a continuously and autonomously rotating motor 

as we discussed in the introduction section. Here, we provide two possible parallel 

routes for further investigation and future developments to achieve an autonomous 

molecular motor. 

i) Unidirectional molecular rotor: one strategy is to modify the design of molecular 

rotors. They undergo non-stop rotation but it is not directional due to the lack of 

directional bias in the movement of the components. Following the example of 

molecular motors, introduction of a chiral group in the close vicinity of the rotation 

axle of a rotor coupled to a chemical transformation to power the rotation is 

expected to provide unidirectionality to molecular rotors. 

ii) Continuous molecular rotatory motor: the other way is to make the motion of 

molecular motors continuous. The current example show unidirectionality in 

rotation but multiple steps are necessary to achieve full rotation. By reducing the 

number of reaction steps or using a catalytic (transition metal catalysed motor) or 

redox approach (electrochemically driven motor) as shown in Figure 1.3b, 

autonomous motion might be accomplished. 

Other specific key challenges are also listed below. 

Directionality: The major part of the work presented in this chapter is dedicated to 

the acceleration of the rotor speed through a chemical modifications. However, the 

rotational direction is not controlled. The design of alternative rotor structures 

where the nondirectional rotation of an existing rotor could be transformed into a 

unidirectional autonomous rotation, possibly using a chiral auxiliary or chiral 

catalyst, needs to be investigated.  

The number of steps for one full rotation: the major drawbacks of current designs 

of chemically driven molecular motors are the number of steps required to achieve 

one single rotation. Here the light-driven overcrowded alkene motor are so far 

rather unique as upon irradiation they can undergo continuous rotation and push a 

system out of equilibrium. In a different approach an autonomous chemical driven 

catenane-based rotary system has been reported.140 Can similar concepts be used 

in the design of biaryl motors? 
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Time of rotation: other than the number of chemical steps, the time required to 

achieve one full rotation is also a major challenge. Is it possible to use a design of a 

responsive molecular system, in which a manipulation of non-covalent interactions 

through a chemical stimuli leads to a directional rotation? One can take advantage 

of all the rotors discussed in this chapter which can undergo rotation with the help 

of chemical interactions such as hydrogen bonding, pH response, metal 

coordination, and dynamic bond formation and cleavage. None of those molecular 

rotors requires isolation of any intermediate stations. In case one can couple 

chemical transformation to control non covalent interactions, and continuous 

rotation might be possible. 

Catalytic motor: in biological molecular machines the majority of the autonomous 

processes such as assembly, transport and motion are mainly governed by chemical 

catalysis. Despite the tremendous advancement in the field of metal catalysis, a fully 

functional catalytic motor has not been reported so far. Can we ultimately build a 

catalytic motor, where one can switch in a directional manner from one station to 

the other autonomously using a single metal catalyst and fuel as shown in Figure 

1.3b. 

Chemically driven molecular motors to control function: molecular switches and 

motors are an intriguing class of organic molecules that offers a unique opportunity 

to control molecular function by changing the bulk properties of a system with help 

of an external stimuli. The ultimate challenge is to attain those responsive 

properties and adaptive function using their unique directional rotatory motion. As 

discussed earlier, it is fascinating to observe that how nature control movement by 

the conversion of chemical energy into mechanical energy and amplify motion 

along length scale. In this context, notable progress have been made using light 

driven molecular motor.169 

Application of chemically driven motor on surfaces: Although chemically driven 

molecular motors are prepared to operate in the solution, to use them as 

nanomachines, it is ultimately also necessary to mount them on surfaces. In the 

solution the directed motion of a molecular motor is dissipated by the 

nondirectional Brownian motion of the molecules. Although, when molecular 

motors are grafted on a surface Brownian motion is inhibited and an absolute net 

rotation can be achieved, while also synchronization might be possible. The key 

challenges in developing such system is first to anchor them on the surface without 

interfering the rotational cycle. The choice of correct anchoring  
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Figure 1.3. Challenges and prospective a) A roadmap outlining some of the 

challenges, in transforming molecular motors and rotors into autonomous 

molecular motors b) A proposed blue-print of a catalytic molecular motor 

group to attach the motor on a surface of gold or quartz can also be a challenging 

task, keeping in mind that it should not compromise the rotation. 

Biocompatibility: beyond all the challenges mentioned above one major point that 

remains is to develop systems which can perform tasks in biocompatible aqueous 

media in order to allow potential biomedical application.   

Finally, as we discussed in this chapter, we now have better understanding of how 

to design rotors and motors to control molecular motion about a single bond. 

However, for a wider range of applications of these machines further improvements 

are essential. The development of a molecular motors where all the rotational steps 

can be done fast, in particular with the aid of minimal chemical steps, without 

compromising directionality, is of key importance for future developments. 

Furthermore, the proof of principle that are used in the development of switches, 
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rotors, and motors can provide a major source of inspiration for the development 

of novel designs of highly desired fully autonomously operating chemically driven 

rotatory molecular motors. 

 

1.7 Outline of the thesis 

The chirality of a molecule, acquired by the presence of central chirality, axial 

chirality or planar chirality, plays an important role in chemistry ranging from 

medicinal to materials chemistry.170-175 In particular, it is a key parameter for the 

molecular recognition of biologically active molecules with their targets.176, 177 The 

left-handed or right-handed nature of enantiomers of the molecules is responsible 

for this discrimination by the receptors of biomolecules. Moreover, many naturally 

occurring molecules such as amino acids, sugars and biologically relevant molecules 

i.e. DNA, RNA and proteins are also chiral. Therefore, it remains highly desirable for 

synthetic organic chemists to have access to chiral materials. In this context, 

asymmetric synthesis178, 179 using enzymes, organocatalysis and in particular  

catalysis by transition metals has proven to be advantageous, and many widely used 

synthetic methods such as hydrogenation,180 cross-coupling,44, 181-183 C–H 

functionalization, 184-187 and olefin metathesis188 have been developed. These 

asymmetric transformations rely on the use of an external chiral source, whereby 

chirality is transferred to the target compound. Taking inspiration from the control 

of chirality and utilizing many processes that can be mediated by transition metals, 

in this thesis we have discussed various aspects of the chirality transfer for the 

development of directed motion and asymmetric synthesis of several important 

molecules. For example, we have applied it to the development of chemically driven 

rotatory molecular motors based on a biaryl system (where the central chirality is 

transferred to the axial chirality of a biaryl). We have also developed methods for 

the asymmetric synthesis of several important compounds such as chiral phosphine 

and amine derivatives (in which axial chirality is transferred to central chirality). In 

addition to asymmetric transformations, we have successfully employed 

organolithium reagents in a Pd-catalysed process for the synthesis of versatile 

benzylalkynes and substituted allenes. A brief introduction to all chapters of this 

thesis is given below: 

Chapter 2 is an extension of the discussion from the first chapter, in which a design 

of a chemically driven molecular motor based on a biaryl is presented. A chiral 

phosphinate is used as a directing group as well as chiral auxiliary to promote a 
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unidirectional rotation about the C–C single bond of a biaryl. That can be done by 

creating a diastereomeric relationship between forward and backward rotation due 

to the presence of a P-stereogenic center and axial chirality of the biaryl. A 180° 

unidirectional rotation was achieved in 41% overall yield through a C–H activation–

ligand exchange–hydride transfer–reductive elimination.      

Chapter 3 describes our long-standing goal towards the design and synthesis of a 

chemically driven rotatory molecular motor that can function with a catalytic 

amount of a metal complex, avoiding the use of stoichiometric amount of expensive 

metal complexes. In this context, we took advantage of the Rh-catalysed silicon-

based cross-coupling reactions as the key elementary steps to drive the rotational 

cycle of the desired motor. In addition, a tetrasubstituted chiral silane group is used 

to direct the rotation of the motor. The key transformations in this design are a 

chemical bridging between the two ortho substituents from the upper and lower 

biaryl rings via Rh-catalyzed Si–O and C–Si bond formation. 

Chapter 4 describes a fast and efficient Pd-catalyzed cross-coupling of benzyl 

bromides with lithium acetylides. In recent years, many catalytic organolithium-

based cross-coupling reactions have been shown to be powerful methods for C–C 

bond formation. In this work, the cross-coupling of benzyl bromides (sp3) with 

lithium acetylides (sp) is carried out in the presence of a Pd catalyst. This 

transformation is remarkably fast (10 minutes at room temperature) and can be 

performed in the presence of a range of organolithium-sensitive functional groups. 

We also demonstrated the versatility of this transformation on a gram scale and in 

the preparation of some key intermediates used in pharmaceuticals and natural 

products. A comparison with existing methods to access these intermediates 

showcases the remarkable advances in reaction conditions and time for the 

conversion.  

Chapter 5 addresses a fundamental challenge in the use of allenyllithium reagents 

in the Pd-catalyzed cross-coupling reaction with an aryl halide. The major difficulty 

in the use of allenyllithium species is due to the coexistence of four different 

isomeric forms resulting from the equilibrium between allenyl/propargyl lithium 

and 1,3-H,Li rearrangements. In this Chapter, we were able to selectively synthesize 

the highly versatile tri- and tetrasubstituted allenes in high yield, avoiding the 

formation of any propargylic side product. This transformations were done using a 

Pd-catalyzed cross-coupling between aryl bromides and in situ generated 

allenyl/propargyl lithium species, completely avoiding transmetalation and the use 

of Zn, B, or Sn. Preliminary mechanistic studies suggest that this remarkable 
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selectivity in the formation of allenes is due to the formation of a favorable Pd-

allenyl intermediate over an isomeric Pd-propargyl species. Moreover, we could 

start with simple acetylenes by using sequential cross-coupling to access directly 

tetrasubstituted allenes, which would also allow subsequent diversification to 

versatile building blocks such as iodoindenes or vinyl boronates. 

In Chapter 6, we focused on a very different but an important challenge for 

convenient synthesis of P-chirogenic phosphorus compounds. P-chiral phosphine 

compounds are widely used, especially as ligands in asymmetric catalysis as well as 

in materials science, agrochemistry, pharmaceutical science, and in the area of 

oligonucleotide chemistry. Despite the progress in metal-catalysed formation of C–

P bonds using racemic secondary phosphines as well as secondary phosphine oxides 

in recent years, general and flexible methodology for the synthesis of homochiral 

phosphorus stereocenters remains a challenge. To overcome this, we have 

exploited the chirality of BINOL in phosphoramidites to control the 

diastereoselectivity of a Pd-catalyzed arylation of aryl halides and phosphoramidites. 

In addition, we have also demonstrated downstream chemistry to stereospecifically 

convert the phosphorus intermediate formed after the P-arylation step into chiral 

monophosphines. Interestingly, our preliminary mechanistic studies revealed the 

formation of a unique P-chiral amino-phosphonium salt intermediate during the Pd-

catalyzed C–P coupling reaction. In this studies, we were able to resolve some 

existing problems, such as double substitution and decrease in stereoselectivity, 

during the substitution reaction of optically active phosphinates, phosphine oxides 

and phosphines with an organolithium or Grignard reagent. Remarkably, both 

enantiomers of a phosphine oxide could be obtained from a single starting 

phosphoramidite, illustrating a versatile and, most importantly, flexible method for 

easy access to various homochiral P-stereogenic phosphorus compounds. 

Chapter 7 is a continuation of Chapter 6, in which we employed the dual role of 

Pd(II)/Pd(0) redox states for a Pd(II) catalyzed C–H activation reaction to selectively 

functionalize the amino group in phosphoramidite. In this process, the P(III) present 

in the BINOL scaffold was used as the chiral directing group and the axial chirality of 

BINOL was transferred to the C-center of the amino group during a C–H 

acetoxylation process with excellent stereoselectivity. Moreover, with this protocol, 

we have addressed two fundamental existing challenges associated with a C–H 

activation reaction: poor stereoselectivity in a C(sp3)–H functionalization process 

and an oxidant compatibility of the P(III) leading group. Following these preliminary 

studies, an extensive substrate scope and a primarily mechanistic studies will be 
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performed in our laboratory to fully elucidate the high stereocontrol of this 

transformation. 
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