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Chapter 1  

General Concepts for Nanodevices 
and Nanomachines 

 

 

In the first chapter of this thesis the basic principles for the construction of dynamic 
devices at the nano- and micro-levels are described. The operational mechanisms 
for well-defined dynamic models comprising natural biomolecular and artificial 
synthetic approaches are discussed with respect to the controlled movement and 
the ability to perform transport. The focus of this overview is to illustrate the 
importance of utilization of nanodevices capable of performing an energy 
conversion into the controlled mechanical function. Inevitably, this functioning is 
envisioned for the successful manufacturing of molecular sized machines. Light-
driven unidirectional molecular motors are proposed as means of achieving this 
goal. 
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1.1   Nanomachines and Nanodevices 

The construction of new types of devices has always been crucial for the development of 

our civilization. Inventors derived inspiration and knowledge from examples found in 

nature, and the evolution of device design and construction progressed accordingly. In the 

modern world, new demands for miniaturization of existing macro-objects are driven by 

economical progress. In this quest, the nanoscale is the ultimate goal. The multidisciplinary 

fields of theoretical and applied sciences that study this development have been termed 

“nanotechnology”. Here, the ultimate goal is the control of matter at the molecular level, 

normally 1 to 100 nanometers and the fabrication of devices at this scale.
1
 With this respect, 

nanomachines are mechanical devices of molecular dimensions operating at the nanoscale. 

In nanotechnology research one tries to understand how they operate in order to implement 

them for construction of various mechanical systems within nanodimensions.
2
 This implies 

future applications in a variety of areas with a great importance for humanity: medicine, 

computer and space engineering, etc.
2
  

At the macroscopic scale, a typical device represents a piece of equipment or mechanism 

which is designed to serve a particular purpose or to perform a special function. A machine 

implies any device, which requires energy in order to carry out or assist in performing of 

any type of work. Normally, a device is considered as an assembly comprising several 

components, each of which is intended to carry out a certain function. While individual 

operative component acts independently and performs some simple task, the assembly of 

them enables more complex task to be carry out. For example, the function of a table lamp 

can be considered as a result of operations performed by their components: an ‘on-off” 

switch button and a light emitting center, which are connected together as well as to an 

energy source by means of wires in appropriate manner. In a similar way, the 

nanomachines can be described as systems comprising a certain number of molecular 

components, which are intended to provide a specific function in response to a set of 

instruction.
2
 Likewise, derived ultimately in such a way molecular robots are envisioned to 

be created for performing controlled nanoscale manipulations.
3
  

During the evolution of nano manufacturing, it has become evident that the design of 

nanodevices should address three important issues.
4
 The first issue concerns the appropriate 

manner of miniaturization. In general terms, the dimensions of a certain device can be 

adjusted in two distinctive approaches which are opposite to each other (Figure 1). 

Reducing in size is reached in “top-down” approach and according to the levels of current 

technological progress, only (sub-)micro-sized devices can be produced from larger object. 

In the alternative approach termed “bottom-up”, the fabrication of nanodevice’s 

architectures is achieved by means of gradual increase in dimensions upon connection of 

starting molecular building blocks. In this way, application of synthetic methods opens 

almost unlimited possibilities for engineering and production of assemblies of certain 

dimensions via covalent or non-covalent connections between subunits, especially 

exploiting developments in macromolecular and supramolecular chemistry.
5
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Figure 1. Bottom-up vs. top-down approaches. Adapted from ref 4. 

The second issue addresses energetic aspects with respect to the design of the 

nanosystems. The system may only function in response to an external stimulus i. e. input 

of energy, as according to the terms of the second law thermodynamics, the function (work) 

itself cannot appear from random energetic fluctuations. With respect to the molecular 

level, the operation of devices can be expressed as the repetitive cycle of structural 

changes.
6
 Likewise, this would allow for autonomous

7
 molecular robots carrying out 

directional movement and transport reminiscent of that for macroscopic vehicles. 

The third issue deals with the operational mechanism which is based on the design of the 

associated function. Within recent years, a number of synthetic nanodevices have been 

constructed capable of converting photo, thermal, chemical, and electrical energy input into 

a mechanical function i. e. capable of performing work in a manner similar to their 

macroscopic counterparts. Among the members of our current nanotechnological toolbox 

(Figure 2), molecular switches and motors are of high potential interest due to the 

possibility of controlling their structural conformations in a dynamic fashion.
8
 Thus, the 

incorporation of such subunits into multicomponent systems allows for the conformational 

control of the entire molecular architecture based on a set of energetic instructions.
9
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Figure 2. Nanotechnology’s molecular toolbox. Adapted from ref 8. 

Despite that principles for functioning of nanomachines are often described as those 

adapted for their macroscopic analogs in order to explain their operational mechanics, such 

straightforward comparison can be made only with strong caution. In particular, the control 

of the motion of the macroscopic systems is achieved by the forces which have little 

relevance to the movement at nano-dimensions. Upon reaching the nanoscale, random and 

thermally driven movement called Brownian motion become a dominant factor. This causes 

all components of a nanomechanism to move, vibrate and rotate randomly and incessantly. 

Thus, the major challenge in designing and application of nanomotors is not based on 

achieving motion at normal temperatures, but in regulating of their operation, especially 

their directionality. It is evident that, in order to control movement under turbulent 

conditions, Brownian motion must be either exploited or overcome. 

In this chapter, prospective systems for an achievement of unidirectional motion are 

discussed. Linear protein motors and systems based on them powered by chemical energy 

provided by nature will be addressed first, because they are anticipated to serve as key 

prospects for manufacturing of nanodevices. Progress which has been made towards 

bringing these motors from operating in living cells and solutions to operating in a wide 

range of devices should give rise to similar possibilities for the application of their artificial 

analogs. 

In the following overview the approaches to achieve unidirectional movement for 

entirely synthetic nanomachinery are discussed. Starting from DNA based systems in which 

the releasing and conversion of chemical energy are coupled with controlled displacement 

along the defined track, followed by several artificial nanocars capable of rolling on a 

surface. The character of the motion of these nanoobjects and ability to perform directed 

transport can be regulated in a synthetic manner. The possibility to achieve the control over 

the directions of molecular rolling of these nanovehicles is discussed with respect to the 

introduction of molecular motor unit providing conversion of external energy input into the 
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directed motion. Next to that, the design and dynamics of light-driven unidirectional rotary 

motors based on overcrowded alkenes which will be the main subject of this thesis and will 

be highlighted and illustrated in more detail in order to explore the concepts of their 

operational mechanics.  

 

1.2   Systems Based on Protein Motors 

Biomolecular motors are nanomachines, which convert chemical free energy (released 

upon hydrolysis of ATP) into mechanical work.
9,10

 A number of such motors are 

structurally based on proteins and capable of mobility and transport of cargo for instance, 

through interaction with the actin filaments or microtubules. Under “non-equilibrium” 

conditions, mechanical forces due to fueling with ATP are propagated and amplified by 

structural elements in the proteins and thus giving rise to the directed motion. Dynein and 

kinesin motors walk along the cytoskeletal filaments (called microtubules), which serve as 

tracks in the living cells. In addition, myosins walk along (translocate) actin filaments. The 

recessive “walking” of kinesin motor equipped with cargo along a microtubule is 

schematically represented in Figure 3.
11

 In the first step A, the conversion of ATP into ADP 

provides a detachment of one of the protein “legs” from the track. The control of 

unidirectionality of the movement in such system is realized on the subsequent steps B and 

C (Figure 3). When the nearest binding site (on a right) is identical to that on the other side 

(on a left), the directed movement towards a specific direction (from the cell centre to cell 

periphery) is achieved by influence of the additional driven forces like polarity gradients at 

the different ends of the filamentous track. A situation like this is happening in the living 

cells and described in terms of non-linear thermodynamics in an energy-dependent manner. 
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Figure 3. Schematic representation of kinesin (carrying cargo) “walking” along a 

microtubule. Reproduced from ref 11a and 24. 

In contrast, the operating conditions are changed dramatically in the bulk solutions, 

where no gradient forces at the local environment are present i. e. polarity of the 

microtubules is randomly distributed resulting in random transport direction.
12

 Furthermore, 

the chaotic Brownian motion by many orders of magnitude exceeds the motion produced 

by a solitary biomotor under such conditions. The bioassemblies undergo an enormous 

number of collisions with water molecules within every second driven by thermal noises in 

the surrounding. These lead to the complete dissipation of the produced directional 

transport upon kinesin functioning.
13

 The key towards the successful application of the 

movement can be gained by reducing the degrees of freedom of the component parts of the 

operating system. For example, anchoring of the biomotors at stationary positions allows 

for several of them to operate collectively which would simultaneously increase the total 

produced mechanical force. Such hybrid devices were fabricated by immobilization of 

biomolecular motors onto artificial surfaces. Two different approaches are feasible to 

design molecular shuttles based on kinesin (myosin) and microtubules (actin filaments). 

Either the microtubules are fixed to the surface while the kinesin is mobile similar to cars 

driving on a highway, or the corresponding linear biomotors are bound to the surface and 

the microtubules are propelled by them (Figure 4a).
14

 Coating surfaces with kinesins is very 

convenient for the engineering of the tracks with precisely controlled trajectories and 

interactions, since the surface can be arbitrary patterned in this case.  
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Figure 4. a) Principle for fabrication microdevices for active transport of microtubules and 

actin filaments and b) molecular shuttle built from motor proteins capable of moving cargo 

along engineered paths. Reproduced from ref 14b and 15. 

A number of planar surfaces coated with kinesin motors were designed in order to reach 

directed transport implying future applications in a chip based nanotechnology.
15

 In these 

systems, motors are capable of translating mechanical forces into the movement, expressed 

in dynamic gliding of adsorbed fluorescently labeled microtubules. Velocities of up to 800 

nm/s may be reached for translocation of the microtubules across the surfaces. Furthermore, 

biotinylated microtubules can be used as molecular trains for transporting of streptavidine 

coated cargos attached to the regions of “loading stations” (Figure 4b). It has been shown 

that upon gliding across “loading stations”, microtubules can hook up cargos and transport 

them further to the other areas. 

Moreover, such systems allow for growing of self-assembled structures in a dynamical 

fashion, using biotin-streptavidin interactions.
16

 This is achieved when two types of 

microtubules modified with biotin and streptavidin, separately, are placed on a top of 

surface-bound kinesin layer (Figure 5a). After ATP activation of kinesin, the microtubules 

begin to move rapidly and collide repeatedly with each other. The final “zipping” of these 

microtubules into “nanowires” and “nanospool” architectures is afforded by strong 

connections between biotinylated sites on one microtubule with a streptavidin-filled site on 

another microtubule (Figure 5Figure 5b). 
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Figure 5. a) Schematic depiction of biotinylated microtubules transported by surface-bound 

kinesin proteins and b) formation of linear and circular structures from individual 

microtubules. Reproduced from ref 16. 

In a similar manner, the dynamic transport has been expanded for the fabrication of 

nanoscale probes.
17

 As the stiff nature of microtubules avoids their climbing over steep 

walls, this feature was used for the imaging of the surface topology. Such systems were 

constructed by adsorbing kinesin arrays on polyurethane surface patterned with posts of 10 

µm diameter and 1 µm height (Figure 6a). The movement of fluorescently labeled 

microtubules in this case can be achieved only along accessible planar areas; likewise the 

posts cannot be visited by microtubules moving on the surface between them. The resulting 

fluorescent image reveals the surface coverage with the pattern of dark circular pots which 

can be distinguished from bright fluorescent regions occupied with microtubules (Figure 

6b). Moreover, the advantage of active transport, gained from utilization of adsorbed 

kinesin motors allows for using only one end of the surface for injection of fluorescent 

probes, as the latter would be spread out across the whole area. 
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Figure 6. a) Schematic representation of the concept for moving of microtubules along the 

surfaces decorated with posts and b) fluorescence image showing of visualization of the 

relief of inaccessible pots obtained in such way. Reproduced from ref 17. 

In an addition to pattering of the flat surfaces, biomolecular motors have been used to 

control the traffic of cargos in artificial channels with a bended shape.
18

 Such microfluidic 

devices were engineered by construction of internal walls of the channels with a specific 

geometry (“steep” side-walls) by means of photolithography techniques. In these guiding 

channels, microtubules are failed to reorient themselves and can be transferred 

unidirectionally upon their active transport facilitated by adsorbed kinesin assays. 

Furthermore, exploring the difference in the mobility for differently sized cargoes allowed 

for sorting of fluorescently labeled microtubules upon adding them into the glass circuits 

(Figure 7a). 

In contrast to the systems discussed above, the mobility can be achieved for biomolecular 

motors by changing of the immobilized components. Namely, the microtubules can be 

tethered on a cover slip, while gold nanowires can be coated with kinesin motors.
18a

 With 

this respect, kinesin motors are capable of moving the nanowires along microtubules and 

thus, mimic the way of active transport which takes place in the living cells (Figure 7b). 
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Figure 7. a) Microfabricated circuit with open channels and overhanging walls 

demonstrating movement of microtubules and b) schematic representation of kinesin-driven 

Au nanowire movement along a stationary microtubule. Reproduced from ref 18. 

The operational characteristics of protein based motors are known to be superior to all 

demonstrated miniaturized synthetic engines.
10

 Moreover, these types of biomotors 

generate more force, have better fuel efficiency and are smaller in size than any man-made 

device. Unfortunately, such nanomotors have a number of limitations for the construction 

of devices. The biomotors itself are able to operate only in aqueous environment, under 

right anionic conditions and at room temperature. The functioning of biomotors is difficult 

to modulate synthetically and the constructions of artificial devices at the molecular level 

appeared to be one the most fascinating challenge of up-to-date technology. 

1.3   Synthetic Molecular Devices and Nanomachines 

While it is clear that nature has solved the issue of unidirectionality with respect to the 

kinesin motor in the living cells, in artificial devices this still remains a major hurdle. 

Within the current section, the mechanisms employed for the unidirectional motion in a 

number of synthetic molecular devices are discussed. 

1.3.1   DNA-Based Switchers and Walkers 

The specificity of the interactions between complementary nucleotides, the rigidity of 

short segments of the double helix in contrast to the flexibility of single-stranded segments 

make DNA an ideal material for the fabrication of nanodevices. In such systems, the 

interactions between short strands of DNA can confidently be controlled through 

programming of their base pair composition. These principles are used for the construction 

of synthetic molecular machines from DNA which operate via conformational changes 

upon some external stimulus.
19

 Concerning operational aspects, the function of such a 

device can be achieved by combination of two distinct processes. The first process involves 

binding between complimentary regions of different DNA strands, while subsequent 

restoring of the initial conformation can be gained upon addition of a fuel. Powered with 
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chemical energy released upon double-helix formation, ATP or enzymatic hydrolysis, a 

number of DNA-based devices were modulated in order to accomplish the controlled 

function.
20,21

 

For example, an elegant DNA-based system has been designed that operates as a kind of 

tweezers. The three main DNA strands (A, B and C) (Figure 8.1) are used as structural 

materials for the machine, while additional strands D1 and D2 are used as a “fuel” to drive 

the scissoring mechanism.
20a,21a

 The conversion of the tweezers into a “closed” form is 

achieved upon hybridization of D1 with free ends of strands B and C by dragging them 

together (Figure 8.2). Alternatively, strand D2 binds complementary to the D1 sequence. In 

this case, the energy gained upon the formation of a double-helix waste product D1D2 

provides the reverse repulsion of tweezers into the initial open state. In order to monitor 

such operational mechanism, the strand A is labeled at the 5’ and 3’ ends with TET 

(5’tetrachloro-fluorescein phosphoramidite) and TAMRA (caboxytetramethylrhodamine) 

dyes, respectively. When TET is excited by the laser pulse in the open of the tweezers, it 

fluoresces. Such emission can be quenched by intermolecular energy transfer from TET to 

TAMRA with an efficiency that decreases readily as the distance between these dyes 

increases. In this manner, dye quenching is used to determine the state of the machine. The 

fluorescence intensity drops by a factor of six when the tweezers are closed and returns 

back to nearly the same level in the open forms (Figure 8.3) with a switching time of 

approximately 13 s.  

 

Figure 8. (1) Structure and (2) operation of molecular DNA tweezers; (3) cycling of the 

molecular tweezers monitored by fluorescence techniques. Reproduced from ref 19 and 20. 

Another approach has been used to construct a stepping DNA-based system consisting of 

four components: a walker (W), a track (T), and attachable fuel strands (A1 and A2) and 

detachable fuel strand (B).
22

 Under the external control of A and B strands, the walker 

strides along the decorated track with footholds (Figure 9). The A1 and A2 strands 

specifically anchor the walker to a track by forming helices with the legs. When both legs 

are connected to the track, one of them (A1) can be released upon an addition of the 

complementary strand B. In this way, one trailing leg undergoes a displacement reaction to 

reproduce the waste duplex A1B and becomes free for the next step. To detect walker 

locomotion, all four branches at the track are end-labeled with different dyes whereas the 
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two walker legs are end-labeled with different quenchers to allow a real-time monitoring of 

fluorescence changes associated with each dye. 

 

Figure 9. Schematic of DNA walker locomotion. Reproduced from ref 22. 

A number of approaches have been explored for achieving autonomously processive 

DNA- based devices. With this respect, a simple linear motor capable of performing 

unidirectional movement upon powering with enzymes was built from DNA. The design of 

the machine involves the fragment of DNA (walker), which moves along footholds (A, B, 

C) bound to the track (Figure 10). In the initial state A*, the walker is attached to foothold 

A and has a flexible single-strand region capable of attaching into the overhang of foothold 

B. This process facilitates by means of T4 ligase and results in the formation of the 

fragment AB.
23

 On the next step, the fragment AB can be cut selectively by another PflM I 

enzyme in a such way, that the walker would be transferred into foothold B into the state 

B*. In this state, neighboring foothold C has the same overhanging sequence as foothold A 

and thus, followed addition of T4 ligase provides binding into BC complex. Subsequent 

cleavage of the BC complex facilitated by BstAP I enzyme leads for transporting walker to 

the foothold C. At states A*, B* and C*, the free energy of such device is identical, while 

the unidirectionality of autonomous motion is dictated by the difference in the kinetics 

between PflM I and BstAP I enzymatic processes: the walking in one direction being faster 

than passage into the opposite direction and once B* is connected with C, the walker can 

never return back to A. 
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Figure 10. An unidirectional autonomous DNA walker. Adapted from ref 23. 

By implementation of these principles, a whole family of delicate DNA nanomachines 

have been designed and tested in order to achieve transport of different cargoes.
24

 These 

systems belong to the family of programmable nanodevices capable of accomplishing of 

guided tasks. Their function can be easily adjusted by programming of appropriate 

oligonucleotide sequences, while highly selective enzymatic reactions allow for control of 

the direction for the movement. It should be noted that information embedded in the DNA 

sequence and recognition properties of oligonucleotide sequences are used for the 

construction of complex switching systems capable of performing logic and DNA 

computing.
25

 With this respect, the combination of logic and controlled mobility abilities of 

DNA material seems to be very promising for applications in nanorobotics. 

1.3.2   Single-Molecule Nanocars 

Fully synthetic nanocars belong to a class of molecular machines that resemble 

macroscopic vehicles.
26

 The mobility for several systems is achieved by gliding on the 

surface but distinct feature of nanocars is that they are capable of rolling under external 

stimuli. Like their macroscopic analogs, the design of these molecular systems comprises 

spherical-like wheels which are covalently anchored to the planar central chassis. Fullerene 

and carborane moieties possess near-spherical structures and thus, serve as convenient 

wheels for rolling on surfaces. The electronic nature of these wheels provides the 

opportunity to visualize and induce a motion on metallic surfaces by means of STM. 

Likewise, the character of motion for these molecular objects may be modulated by 

variation of the geometrical aspects for the central chassis. For example, nanocar 1 is 

capable of performing translational movement, while for the trimer 2, the rotational 

movement with respect to the central core is considered (Figure 11).
27

 Such molecular 

design is reflected in detection of the certain trajectories for rolling of molecules 1 across 
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the surface areas, whereas molecules of three-wheeled analog 2 remain at near permanent 

positions due to rotary type of movement. 

 

Figure 11. Design of nanocars 1 and 2, and comparison of their rolling motion on a 

surface. Reproduced from ref 27. 

The practical addressability of members of the nanocar family can be adjusted directly 

upon their synthesis by varying of the corresponding counterparts. For example, fullerene 

wheels provide strong interaction with a gold surface, while p-carboranes facilitate better 

directionality for the molecular movement. By attachment of those wheels together onto a 

single nanocar chassis, the rolling of nanodragster 3 (Figure 12) has been improved towards 

more linear-like motion.
28

 Next to that, porphyrins and metal-complexed porphyrins have 

been observed readily using STM, making them suitable components for nanocars. To 

enable molecular transport on a surface, a porphyrin inner core was used as a chassis of the 

pinwheel 4 (Figure 12).
29

 Thus, the presence of a “host” central moiety should allow for the 

incorporation of “guest” molecules into 4 and then the subsequent transportation of them 

across the surface with STM monitoring. 
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Figure 12. Nanodragster 3 and pinwheel 4. 

Upon applying thermal energy, molecular cars themselves move across the surfaces but 

the thermally induced rolling of these nanovehicles, however, is described in terms of 

Brownian motion. The ideal situation can be realized in nanomachines that can convert 

energy input into controlled motion on a surface. For this reason, functionalization of 

nanocars by means of appropriate photo- and electrosensitive units is highly required. 

Motorized nanocars 5a and 5b (Figure 13) have been proposed to achieve unidirectional 

rolling on surfaces.
30

 It may be envisioned that being equipped with a light-powered 

molecular motor at the core, a paddlewheel-like propulsion across the surface might be 

observed. At the same time, the fullerene wheels (5a) have proved to be incompatible with 

the light-powered motors due to a rapid intermolecular quenching of the photoexcited state 

of the motor moiety by the fullerenes. With this respect, the use of p-carborane wheels (5b) 

offers a suitable solution, in which the photosensitive unit is fully functional in a solution. 

Still, it is challenging to determine whether the motor would have sufficient power to rotate 

and thus propel the nanocar on a surface, and whether the quenching of the motor rotation 

during photolysis might occur via energy transfer to the metallic surface. 
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Figure 13. 1) Motorized nanocars 5a and 5b, and 2) propulsion scheme for their movement 

on the surface a), b) UV light induce motor rotation providing c) sweeping across the 

surface to d) push the nanocar forward. Reproduced from ref 30. 

Another type of light induced motion involves incorporation of an azobenzene moiety in 

the chassis of the nanovehicle 6 (Figure 14).
31

 The cis-trans photoisomerization of the 

azobenzene chromophores could potentially generate a worm-like motion on a surface. It is 

widely accepted that the photoirradiation step from trans to cis configuration has a 

rotational pathway around double bond, whereas the thermal step from cis to trans has an 

inversion pathway.
32

 The combination of these different pathways might help to propel the 

nanoworm in the manner depicted in Figure 14. However, molecule 6 exhibits not 

sufficient photoconversion, suggesting that the distances between the azobenzene and 

fullerene moieties may not be long enough to prevent photoquenching effects. 

 

Figure 14. a) Nanoworm 6 and b) proposed its photoactivated rotational pathway on a 

surface. Reproduced from ref 31. 

Previously discussed systems represent a suitable approach towards the surface operating 

nanomachines. Their construction is achieved in a fully synthetic “Bottom-Up” manner 

providing the advantage of incorporation of other suitable functional moieties in their 

structures. The fullerene wheeled nanocars undergo a thermally induced or electric gradient 
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induced directional motion on a surface. However, light-energy conversion into directional 

movement is still remains a great challenge. The basic operational principles discovered for 

these systems are promising with respect to future applications for the guided transport of 

cargos (atoms and molecules), self-assembling in a solution and on surfaces. 

 

1.3.3   Light-Driven Unidirectional Rotary Motors  

Various approaches towards synthetic molecular machines have been reported, 

functioning by the virtue of rotation around a single or double bond, by conformational 

changes or by changes in non-covalent interactions. Likewise, attempts to modulate the 

translational and rotational motion of different parts of molecules have been described.
9,33

 

Overcrowded alkene-based unidirectional rotary motors are so far the only synthetic 

molecular motors that display unidirectional, full 360º rotation around a central double 

bond that serves as the axis of rotation (Figure 15).
34

 Their function is dependent on some 

unique key features displayed by these structures: an intrinsic helical shape, a double bond 

susceptible to photoisomerization, and a stereogenic center with a methyl substituent that 

adopts the energetically preferred pseudoaxial orientation due to steric hindrance with the 

stator. Two designs were realized for these systems based on overcrowded alkenes. The 

structures of the first generation of molecular motors comprise the connection of two 

identical rotary parts by means of the central alkene bond (Figure 15a). The second 

generation systems feature a symmetrical stator unit which provides a number of 

advantages for synthetic manipulations (Figure 15b). This makes such synthetic motors the 

most appropriate candidates for selective functionalization – an evident requirement for 

their incorporation into a nanomachine.
33
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Figure 15. General structure of the second generation light-driven molecular motors. 

The rotational cycle of the second generation molecular motors is depicted in Figure 

16.
34

 The rotation of the rotor with the respect to the lower stator is achieved in four steps, 

by a combination of two energetically uphill photochemical cis – trans isomerizations each 

followed by an energetically downhill thermal step. 
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Figure 16. Rotational cycle of molecular motor 

7. Reproduced from ref 33a. 

 

 

Figure 17. CD spectra of each four states of 

rotation: (A): (2’R)-(M)-cis-7, (B): (2’R)-(P)-

trans-7, (C): (2’R)-(M)-trans-7, (D): (2’R)-

(P)-cis-7. Reproduced from ref 33a. 

 

Upon irradiation of stable (2’R)-(M)-cis-7 with UV light, cis-trans isomerization occurs 

with concomitant inversion of the entire molecular helix, changing the conformation of the 

rotor. This forces the methyl substituent to adopt a less favored pseudoequatorial 

orientation in (2’R)-(P)-trans-7 with increased energy relatively to the pseudoaxial 

orientation. The formation of this new intermediate can be followed by 
1
H NMR and 

circular dichroism (CD) spectroscopy. To revert to the most favored pseudoaxial 

conformation, the rotor must slip over the stator, again inverting helicity. This process 

results in an irreversible thermal isomerization providing (2’R)-(M)-trans-7. This thermal 

interconversion is dictated by the absolute configuration at the stereogenic centre. The 

successful realization of these two steps completes the first 180° rotation of the stator with 

the respect to the rotor. The inversion of molecular helicity is reflected in the change in the 

main signals of the CD spectra. Molecular modeling calculations show that the energy 

difference between unstable (2’R)-(M)-trans-7 and stable (2’R)-(P)-trans-7 is 4.65 kcal 

mol
-1

.
34a

 

Subsequent irradiation of the stable (2’R)-(M)-trans-7 isomer initiates the second cis-

trans isomerization providing less-stable (2’R)-(P)-cis-7. In analogy with the less-stable 

(2’R)-(P)-trans-7, the methyl substituent in (2’R)-(P)-cis-7 is locked in a high energy 

pseudoequatorial orientation. Likewise, the progress of the photoisomerization can be 

followed by 
1
H NMR and CD spectroscopy, since the molecule undergoes once more a 

change in helicity (from M to P). 

In order to minimize the free energy, the motor should invert its helicity with concurrent 

restoring of thermodynamically favored pseudoaxial orientation of the methyl substituent. 

This results in a second thermal interconversion of the (2’R)-(P)-cis-7 into the stable (2’R)-

(P)-cis-7 and thus, completing the motor rotational cycle of the motor (Figure 16). The 
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changes in helicity of each four states of the rotational mechanism can be conveniently 

monitored by CD spectroscopy (Figure 17). 

The energetic aspects of the motor rotational cycle are depicted in the Gibbs energy 

profile (Figure 18). In the first step, absorption of a photon by stable cis-7 leads to the 

generation of an excited state whose decay provides a photoequilibrium between stable cis-

7 and less-stable trans-7. The ratio between these isomers in the photostationary state (PSS) 

is determined by the relative difference in the absorption coefficients of the participants and 

in values of quantum yields for the corresponding straight and forward photoisomerization 

reactions. An energetically downhill helix inversion quantitatively and irreversibly removes 

the less-stable trans-7 from the photoequilibrium providing stable trans-7. The rate of this 

thermally induced interconversion is dependent on the energy of activation (Ea).
34

 

 

Figure 18. Energy profile of the rotary cycle of 7. Adapted from ref 34b. 

The third and fourth steps of the rotational cycle are similar in nature to the first and 

second steps, respectively. The efficiency of the processive motor rotation is determined by 

two main factors: the favorable ratios of less-stable isomers produced in every PSS and 

speed of their conversion into the corresponding stable forms. Considering kinetic aspects, 

the photoisomerization steps are very fast and the energy barriers for the thermal 

isomerization are the rate-determine factors of the rotation cycle if sufficient energy input is 

introduced into the system.
35

 

Recently, a possibility of photoinduced isomerizations between stable (2’R)-(M)-cis-

7/(2’R)-(M)-trans-7 and less-stable (2’R)-(M)-trans-7/(2’R)-(P)-cis-7 has been examined.
36

 

These processes decrease the efficiency and directionality of the motor. Based on the 

experimental data, the statistical analysis of all possible interconversions between different 

isomers of 7 has revealed that the influence of undesired cross-isomerizations can be 

ignored. Thus, the reaction dynamics and the unidirectionality of the rotational process 

upon simultaneous combination of light and thermal step are achieved by the relative 

energetic difference between stable and unstable forms. Based on this principles, a number 

of the molecular motors based on overcrowded alkenes were designed by varying the rotor 

and stator parts in order to improve their rotary efficiency.
34
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With regard to the aim of applying molecular motors for the construction of molecular 

devices which can convert light energy into function, several systems were modulated in 

which rotor rotation is coupled with motion of auxiliary molecular components. With this 

respect, some dynamical systems are highlighted below in order to explore the way in 

which the derived structural changes upon rotation of the motor are used to control the 

properties of the neighboring environment.
2a,37

 

1.3.4   Systems Based on Light-Driven Molecular Motors 

Several dynamic systems were designed to demonstrate the transmission of motor 

rotation at the molecular level.
33a,37

 For the gearbox 8 (Figure 19), it was shown, that 

unidirectional rotary dynamics can effect free rotation of the attached xylyl moiety.
38

 In this 

system, the control of the thermal rotation of the xylyl functionality is achieved by 

changing the steric hindrance in the “fjord region” upon a 360° cycle. Such results 

demonstrate that coupled molecular rotary movement can be obtained upon incorporating 

motor units into more complex multicomponent systems. 

 
 

Figure 19. Rotary processes in a gearbox 8. Adapted from ref 38. 

Likewise, the change in chirality of the motor molecule during rotation can be used to 

control the helicity of a macromolecular side chain.
39

 In system 9 (Figure 20), no preferred 

helicity can be considered for the macromolecular chain attached to the trans- isomer with 

respect to the naphthalene rotor. The photoisomerization of the motor unit to the less-stable 

cis-form results in a conversion to the favorable M-helical shape of the polymeric side-

chain. Further thermal helix inversion isomerization of the motor units to the cis-form 

induces interchange to the P- macromolecular helicity. Subsequent combination of 

photochemical and thermal isomerizations resets the whole system to the original trans-

isomer. 
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Figure 20. Reversible induction and inversion of the helicity of a polymer backbone by 

molecular motor 9. Reproduced from ref 39. 

The implementation of self-completing moieties can be used to modulate a locking-

unlocking unit for the rotation of motor 10.
40

 In the presence of acid, an amine containing 

anchor connected to the rotor can be threaded into a macrocyclic cavity attached to the 

stator. The forces produced upon rotary movement are too weak to break the host-guest 

bonding and thus, the motor cannot undergo photoisomerization. Addition of base destroys 

the complexation between anchor and the rotaxane, providing unlocking for the photo- and 

thermally induced rotation. 

 

Figure 21. Lockable light-driven molecular motor 10. Adapted from ref 40. 

The control of the properties at the macroscopic level by means of molecular motors has 

been demonstrated by employing liquid crystals.
41

 As a dopant, motor 11 (Figure 22a) can 

induce the cholesteric phase changes in liquid crystal (LC) films. Photoinduced switching 

in the motor helicity is reflected in the changes of the helical organization of the LC films 

with concomitant altering of their colors.
42

 Moreover, the produced reorganization of the 

surface relief of LC film can be used to spin microsized objects. Irradiation of the motor 11 

embedded in the LC matrix (Figure 22b) results in a clockwise rotation of a glass rod 

placed on a top of this film. The rotation of the rod stops when a PPS is reached. In 

addition, a thermal relaxation of the system causes another change of the surface texture, 

providing the rotation of the glass rod in the opposite direction. 
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Figure 22. a) Structure of the motor 11 doped to a liquid-crystal film and b) rotation of a 

glass rod placed on a top of this film, upon irradiation with ultraviolet light (scale bar is 

50µm). Reproduced from ref 41. 

 

The light-induced rotary molecular motors are structurally far less complex than their 

biological analogs and the mode of their functioning can be easily predicted. These 

advantages can be exploited to use these motor species as a more convenient structural 

material for the construction of functioning molecular devices. The unidirectional rotation 

of the rotor part with the respect to the stator serves as a superior source for controlled 

dynamics in such systems. Next to that, the mode of action of such molecular devices can 

be adjusted and improved through appropriate design of motor component in synthetic 

manner. 

1.4   Perspective and Thesis Outline 

Considering the dimensions of molecular devices, it is evident that their function can be 

completely dissipated due to the chaotic Brownian motion.
43

 With this respect, two basic 

principles can be explored towards the design of successfully operating nanomachines. The 

first principle may be considered as “mechanical”. This approach is based on an adaptation 

of the principles existing in macro objects, in which the molecule is designed to be rigid in 

most degrees of freedom except that for directional motion. The function of such 

nanomachines is defined by thermodynamic control: the external stimuli are used to “push” 

the nanomachine through the series of configurational changes. Examples of this approach 

include “gyroscopes” 
44

, nanocars
26

 and molecular rotors.
9
 The second principle is based on 

utilization of chemical processes. In this case, the operational mechanism can be explained 

as a random interchanging throughout a network of several configurational states. In 

contrast to the “mechanical” approach, the function in response to external energy input is 

specified by kinetic control. Examples of such dynamic systems involve DNA walkers 

(Chapter 1.3.1), kinesin based nanodevices (Chapter 1.2), catenanes
45

 and catalytically 

autonomous moving particles and carbon nanotubes.
46

 

The successful demonstration of unidirectional rotary function for light-driven molecular 

motors opens the possibility to employ them as key elements for modulating dynamic 

properties and functions of nanodevices in which the undesired Brownian motion is either 

overcome or exploited. It seems to be very promising to adapt the same principles applied 

for development of biomotor-based devices for the construction of molecular analogs where 

the driving force is generated by synthetic molecular motors. Restriction of degrees of 
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freedom upon anchoring to the surfaces can provide absolute unidirectional rotary motion 

in contract to relative unidirectionality in solution. In this way, surface-immobilized arrays 

of molecular motors are envisioned to be used for achieving of the transport of molecular 

cargoes. On the other hand, unidirectional rotation of the rotor part with respect to the stator 

seems to be a promising tool to achieve the directed movement of the whole nanodevice. In 

this way, the incorporation of the motor species into multicomponent systems can provide 

the transmission of structural changes from the motor towards displacement of the other 

components within one molecule. This in turn can give a nice opportunity to modulate 

systems which capable of walking along the defined tracks upon inducing motor rotation, 

similar to the operation of DNA-walkers. Likewise, by correct choice of the molecular cars 

components and light-driven molecular motor, the control of the motion of a motorized 

molecular car might be achieved. 

The small size of nanomachines makes their produced function at the molecular level to 

be of many orders of magnitude smaller, than the chaotic Brownian motions caused by 

thermal fluctuations. With this respect, certain improvements should deal with the 

increasing of the rotary speed for molecular motors. It is clear, that conversion of light-

energy into directed motion should be of greater magnitude or at least comparable to values 

with Brownian motion when a molecular motor is incorporated in a nanomachine. In order 

to achieve this target, the motor should rotate at sufficiently rapid speed so as to compete 

with undesired chaotic motions in the surrounding environment. 

Additionally, the development of nanosystems featuring cooperatively functioning 

several molecular motors seems to be promising to reduce the influence of Brownian 

motion. In such a way the total mechanical force should be of greater values and thus, 

would compete with thermal random molecular motion in the surrounding environment. 

For this reasons, some designs should be made in order to chemically connect a certain 

number of molecular motors in an appropriate way with respect to one another. 

This thesis emphasizes the progress towards the synthesis of light-driven molecular 

motors and analysis of their rotary function. Simultaneously, during the course of the 

research, certain attempts were undertaken toward engineering of these synthetic motors for 

the construction of light-fuelled dynamic systems followed the concepts discussed above. 

In chapter 2 the synthesis and analysis of rotary behavior for a series of molecular 

motors bearing an acridane stator is described. In these systems, large acceleration in rotary 

speed is achieved by incorporation of the five-membered ring rotor. The ready 

functionalization of the lower acridane stator allows for the retention of its symmetry upon 

undesired photo-induced cis-trans isomerizations. This provides facile means to perform 

subsequent synthetic functionalization and manipulations with these motors. 

In chapter 3, the focus is on synthetic developments towards conveniently 

functionalizing the acridane based ultrafast molecular motors. During the course of the 

research, a set of molecular motors equipped with carboxy, methyl and amine 

functionalities was prepared. Such systems potentially enable subsequent anchoring with 

other functional moieties possessing the desired properties. Additionally, two molecular 

motor units have been linked together with the help of a suitable diamine spacer providing 

a molecular motor bipod (dimer). 
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In chapter 4, the possibilities to use λ-DNA as a scaffold for anchoring of several 

molecular motors into arrays are discussed. For such purposes, an ultrafast acridane based 

molecular motor has been supported with two types of DNA intercalating functionalities: 9-

amino acridine and Oxazole Yellow. Studies employing nanosecond transient spectroscopy 

indicated that the acridine moiety does not prevent a light-induced rotational mechanism in 

the molecular motor, although the intercalation into λ-DNA proved unsuccessful due to 

solubility reasons. Motor Oxazole Yellow conjugates can be conveniently incorporated 

with λ-DNA. However, the proximity to Oxazole Yellow fully disables the light-driven 

operational mechanism of motor due to intramolecular Photoinduced Electron Transfer 

(PET). 

In Chapter 5, studies were carried out to develop a convenient copolymerization method 

for the connection of several synthetic molecular motors along a distinct polymeric chain. 

Kinetic and thermodynamic studies of the rate-determining steps with these systems 

indicate that incorporation of molecular motors units into macromolecular polymeric 

strands does not affect the motor functioning. Additionally, the preparation of perylene di-

imide (PDI) labeled motorized polymers has been developed in order to allow for the 

possibility of visualization of such multichromophoric systems by means of single 

molecule fluorescent spectroscopy. Furthermore, AFM experiments were performed to 

determine their morphology and organization onto surface. 

The use of electroactive systems in general can potentially allow for the construction of 

nanodevices fuelled by electrochemical inputs. Based on this concept, the final Chapter 6 

focuses on the synthesis of dicationic systems based on thiaxanthylidene moieties extended 

by means of 1,4-phenyl and 1,9-anthracene units. It has been revealed that both systems 

undergo reversible two electron reductions of the terminal cationic units. The central 

anthracene unit provides a solvent dependency of the redox and magnetic properties for the 

cationic species. It appears that the steric hindrance, introduced by the spacer, is the source 

of the decoupling of electrons and spin multiplicity interchange, and at the same time the 

inability for the effective synthetic approaches towards the neutral reduced alkene forms. 
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Chapter 2 

Acridane Based Molecular Motors 

 

 

A series of molecular motors featuring a symmetrical acridane stator is reported. 
Photochemical and thermal isomerization experiments confirm that this stator, in 
combination with a thiopyran rotor results in molecular rotary motion in which the 
rate determining thermal helix inversion proceeds effectively only at temperatures 
above 373 K. The introduction of a cyclopentanylidene rotor unit results in a 
decrease in steric hindrance with respect to the stator and as a consequence a 
10

12
 fold increase in the rate of thermal helix inversion is observed. Nanosecond 

transient absorption spectroscopy allows for the thermal processes to be followed 
accurately at ambient temperature. The rotary motor is shown to be able to operate 
at 0.5 MHz rotational frequencies under optimal conditions. 

 

 

 

 

 

 

This chapter has been published in part in: 

Kulago, A. A.; Mes, E. M.; Klok, M.; Meetsma, A.; Brouwer, A. M. Feringa, B. L. 

“Ultrafast Light-Driven Nanomotors Based on an Acridane Stator” J. Org. Chem. 
2010, 75, 666-679. 
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2.1   Introduction 

In a comparison to macroscopic motors, the design of their synthetic molecular analogs 

(Figure 1) represents a fundamental challenge related to physical organic chemistry and 

molecular nanoscience. The forces of the “Brownian hurricane” leading to chaotic 

molecular collisions and vibrations inevitably become significant and lead to the dissipation 

of directional control at the nanoscale levels.
1
 It is clear, that conversion of light-energy 

into directed motion, should be of greater matter of magnitude or at least comparable to 

values with Brownian motion when a molecular motor is incorporated in nanomachine. In 

order to achieve this target, the motor should rotate at sufficiently rapid speed so as to 

compete with undesired chaotic motions in the surrounding environment. Inspired by this, 

some improvements towards the design of alkene-based rotary motors were undertaken 

during the course of an extensive molecular motor program.
2
  

 

Figure 1. General structure of second generation molecular motors. 

The upper stator part undergoes rotation with respect to the lower stator though a 

sequence of two photochemical and two thermal steps in a rotary cycle of the motor. Since 

the rates of photochemical isomerizations were found to be extremely fast, the thermal 

isomerizations are the rate-determining processes for the rotational speed. The thermal step 

comprises sliding of the rotor over the stator in the motor structure. Such process can be 

accelerated by decreasing of the steric hindrance directly in the fjord region (Figure 1). 

Thus, the efficiency of the rotor rotation can be effectively altered by structural 

modification of the both stator and rotor parts.
3
  

 

Figure 2. Designed molecular motors ordered by the efficiency of their thermal conversion 

of the unstable isomers into the corresponding stable isomers at 20 °C. 
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In this way, the combination of different stators with rotors results in a set of molecular 

motors with half life time values varying from months to several nanoseconds (Figure 2).
3
 

In such cases, the dependence between molecular structure and the height of the thermal 

isomerization barrier reveals a strong relationship with conformational aspects. Composing 

relatively flexible upper halves, motors 1 and 2 are present in more stable anti-folded 

conformations. However, the fluorene based motors 3 and 4 bearing five-membered rotors 

adopt a twisted conformation. Such structural aspects provide an appropriate adjustment of 

the rotation rate by reducing the steric hindrance between both structural counterparts. 

Likewise, the use of rotor units based on five-membered rings fused to the alkene in 5 

compared to six-membered analogs 2 enables the resulting ultra-fast molecular motors to 

perform their rotational cycle at MHz frequencies.
4
 In similar examples it was found, that 

the ring fusion at the rotor has a more pronounced effect and leads to a dramatic 

acceleration of the thermal helix inversion step. 

In addition to varying the rotor and stator halves, the increase in the thermal efficiency of 

the motors can be achieved by means of the tuning of effective dR and dS values (Figure 3).
5
 

In the series of motors 2 and 5 it was found that the nature and size of the bridging X and Y 

substituents significantly influence the rate of thermal helix inversion step (Table 1). In this 

manner, the more distinct effects are found upon modification in the upper rotor of the X 

functionality. For example, replacing the larger sulfur atom in 2 with a methylene 

functionality in 2a results in the 300-fold acceleration of the thermal isomerization step. 

The exchange of the bridging atom Y in the rotor has a less pronounced effect. For 

example, interchange of the sulfur atom in the stator of 2 to the smaller oxygen atom (2b) 

affords to slight increase in acceleration.  

 

Figure 3. Molecular motors 

featuring different bridging 

atoms. 

Table 1. Comparison of the kinetic parameters for the 

thermal isomerizations of different motors. 

Motor 
X (length of 

C-X bond) 

Y(length of 

C-Y bond) 
τ1/2(20°C) 

2 S (1.77 Å) S (1.77 Å) 184 h 

2a CH2 (1.54) S (1.77 Å) 0.67 h 

2b S (1.77 Å) O (1.39 Å) 26.3 h 
 

 

Alternatively, the electronic nature of the X and Y substituents also provides appropriate 

tuning of the steric hindrance in the fjord region, especially when the substituents possess 

opposite electronic properties, as found in 6 (Figure 4).
6
 Thus, an introduction of an 

electron-donating nitrogen atom into the rotor part with simultaneous incorporation of an 

electron-withdrawing carbonyl group into the lower stator results in a conjugated chain. 

Such communication between these substituents provides an effective elongation of the 

central alkene bond with a large contribution of the charged resonance form 6a. In this way, 
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reduction in the steric hindrance in 6 results in an acceleration of the thermal helix 

inversion step, which is characterized with a τ1/2 value of 40 s at room temperature. 

 

Figure 4. Structure of 6 and resonance contribution of charged species 6a. 

Additionally, the thermal isomerization step can be facilitated by an increase in the 

bulkiness of the substituent at the stereogenic center as was found for a series of fluorene 

based motors (Figure 5).
7
 An exchange of the methyl substituent in 3 for a more sterically 

demanding isopropyl moiety (3a) results in a slight lowering of the thermal isomerization 

barrier. This effect was even more pronounced upon introduction of tert-butyl group (3b) as 

a τ1/2 value of 5.74×10
-3

 s was found at room temperature. 

 

Figure 5. Increasing the size of the substituent at the stereogenic center accelerates the 

motors (the corresponding half-life time values are given at 20 °C). 

DFT calculations performed for 3 and 3b indicate, that the destabilization effect of the 

larger substituent in this way is reflected in the free energy changes for the corresponding 

stable and unstable isomers. The bulkiness of the tert-buthyl group leads to the slight 

increase in energy for 3b isomers relatively to that of 3, while a simultaneous reduction in 

energy of activation (∆
‡
G) for 3b is also observed. 
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Figure 6. Comparison of free energy profiles for the thermal isomerization of unstable 3 

and 3b isomers. Adopted from ref 7. 

 

2.2   Molecular design 

The successful demonstration of unidirectional rotary motion in molecular motors as 

shown in Figure 1 raised the question whether these structures would be suitable for 

immobilization onto surfaces or incorporated as a part of multicomponent systems. 

Ultimately this will be required if molecular machinery are to be constructed in which the 

dynamic properties are based on the functioning of the rotor. Also the control of the rotary 

speed continues to be an important issue in the design of the motor. For this reason, 

structural modification and functionalization of second generation molecular motors has 

been investigated extensively in our group, and the development of assemblies of light 

driven rotary motors chemically bound to nanoparticles and surfaces has been 

accomplished.
8
 With this respect one challenge should be envisioned that has to be 

addressed for future application of the second generation molecular motors. This involves 

the symmetry of the lower half, while keeping proper substituents for attachment, but 

which would allow to avoid the formation of cis-trans isomers during preparation. On the 

other hand straightforward synthesis of molecular motors with stator parts equally 

functionalized on each sides, rests on a substantial number of synthetic steps while only a 

limited number of convenient substituents for the direct attachment of functional groups are 

available.
9
 For this reason a redesign of second generation molecular motors has focused on 

systems 2 and 5 which displays a symmetrically functionalizable stator without the 

requirement of a large number of synthetic steps. The central Y-atom seems an appropriate 

position to achieve this goal (Figure 2). 
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The N-Boc protected acridane stator was chosen due to its symmetric structure and the 

ability to easily introduce different pending groups, suitable for construction of various 

motor systems after deprotection (Figure 7). 

 

Figure 7. Molecular rotary motors 7 and 8. 

Key to the successful utilization of molecular motors is the possibility to control the rate 

of rotation.
10

 Acceleration of the rotary motion can be achieved by lowering the energy of 

the thermal isomerization barriers as the speed of the full rotation cycle is theoretically 

limited by the rate determining steps of helix inversion.
11

 Recent results indicate that 

decrease of steric hindrance in the fjord region by the substitution of a thiopyran 6-

membered ring based rotor for a cyclopentanylidene 5-membered ring based rotor 

decreases this barrier considerably,
4
 allowing rates for the thermal processes of up to 10

6
 s

-1
 

to be reached. 

 

2.3   Acridane Based Motors Bearing Thiopyran 6-
membered Ring Rotors. 

2.3.1   Synthesis of Second Generation Molecular Motors 

The new type of molecular motors contains a chiral 2,3-dihydro-methonaphtho[2,1-b]-

thiopyran rotor and a N-Boc protected stator (Figure 7). The synthesis of the 2,3-dihydro-

methyl-1H-naphtho[2,1-b]thiopyran-1-one hydrazone 10 has been previously reported from 

cheap and readily available starting materials.
5
 Tert-butyl-9-thioxoacridine-10(9H)-

carboxylate 11a and the 2-methoxy substituted analog 11b as precursors of the stator 

(Scheme 1), were easily prepared in two steps, by initial treatment of the corresponding 

acridin-9(10H)-one 12a or its 2-methoxy derivative 12b
12

 with di-tert-butyl dicarbonate in 

the presence of DMAP as a base. Subsequent conversion to the desired thioketones was 

performed by the use of Lawesson’s reagent in THF at reflux.
13
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Scheme 1. 
a
 

 
a
 Key: (i) MnO2, MgSO4, KOH (sat. aq.)/MeOH/CH2Cl2, 0 ºC, 67-69%; (ii) DMAP, 

Boc2O, CH3CN, RT, 68-70 %; (iii) Lawesson’s reagent, THF, 60 ºC, 80-83%; (iv) (4-MeO-

C6H4)3P, toluene, reflux, 85-89%. 

The diazo-thioketone coupling reaction
14

 has been proven to be a successful method to 

connect the stator and rotor of second generation molecular motors. In the diazo-thioketone 

approach strain between the two parts is gradually introduced via a 1,3-dipolar 

cycloaddition under formation of an unstable five-membered thiadiazolidine moiety, 

followed by a nitrogen extrusion to yield the three-membered episulfide. In a separate step, 

a sulfur elimination process provides the overcrowded alkene. Hydrazone 10 was oxidized 

to the unstable, purple diazo compound 13 using manganese (IV) dioxide in the presence of 

catalytic amounts of base in dichloromethane at 0 ºC, and subsequent addition of thioketone 

11a gave episulfide 14 (Scheme 1). Desulfurization of the intermediate was performed by 

heating at reflux in toluene in the presence of tris(4-methoxyphenyl)phosphine, providing 7 

carrying a symmetrical stator. The use of thioketone 11b in the same sequence provided a 

mixture of cis-9 and trans-9 as a white solid (cis: trans ratio 1.7: 1). This mixture was used 

in the desulfurization reaction to provide a mixture of cis-9 and trans-9. The isomers were 

separated by flash column chromatography (silica gel, n-pentane: ether = 10: 1) to yield 

pure cis-9 (50%) and trans-9 (37%). The new alkenes 7, cis-9 and trans-9 were fully 

characterized by 
1
H and 

13
C NMR spectroscopy and HRMS. The 

1
H NMR spectra of both 

cis-9 and trans-9 display a shift of the methyl substituent at the stereogenic centre to 0.51 

ppm, due to aromatic ring anisotropy. The protons at the 2’-position are found at 3.99 ppm 

(cis-9) and 4.09 ppm (trans-9), respectively, (proton numbering in the stator depicted in 

Scheme 2). The assignment of the trans- and cis-geometry around the central double bond 

was possible based on distinct differences between their 
1
H NMR spectra (Table 1). The 

singlets representing the methoxy substituents are found at 3.35 ppm (trans-9) and 2.73 

ppm (cis-9). To determine the relative orientation of the methyl group at the stereogenic 

centre, 
1
H NMR spectra of both trans- and cis-isomers were studied in details. Coupling 

constants of H(2’) and H(3’) of 2.4 and 6.8 Hz were found, indicating that the methyl 

groups at the 2’-position of both isomers adopt a pseudoaxial orientation.
15

 

Enantioresolution of racemic 7 was performed by preparative chiral HPLC (Chiralpak AD) 
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under normal phase conditions using heptane: 2-propanol = 99: 1 as eluent at 50 ºC. The 

absolute configuration of the second elueted fraction was assigned as (2’R)-(M)-7, by 

comparison of the CD spectrum with those of related compounds.
16

 

Table 2. Selected 
1
H NMR data of 7, 7a, cis-9, cis-9a, trans-9 and trans-9a in toluene-d8 

Compound
 a,b

 
chemical shift, ppm coupling constants 

J H(2’)-H(3’), Hz MeO Me H(2’) proton 

7 - 0.50 3.98 2.44, 6.84 

7a - 0.97 2.27 6.84, 12.21 

cis-9 2.73 0.51 3.99 2.44, 6.83 

cis-9a 2.69 0.97 2.30 7.32, 12.21 

trans-9 3.35 0.51 4.09 2.44, 6.83 

trans-9a 3.28 1.08 2.29 7.32, 12.21 

a
Structures are represented in Schemes 1 and 2; 

b
cis-9a and trans-9a 

represent the less-stable isomers, vide infra. 

2.3.2   Photochemical and Thermal Switching 

The photochemical and thermal isomerization of overcrowded alkenes 7, cis-9 and trans-

9 was studied by 
1
H NMR spectroscopy using racemic mixtures (Figure 8). Irradiation of a 

solution of 7 in toluene-d8 (c = 3.14×10
-3

 M) was performed using UV light at 365 nm at 20 

ºC. A photostationary state (PSS) with a ratio 23: 77 of starting material (7): product (7a) 

was reached after 4 h (Scheme 2). 

Scheme 2. 
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Figure 8. 
1
H NMR spectra (toluene-d8) of a) 7 and b) photostationary state mixture of 7 and 

7a after irradiation at 355 nm. 

The 
1
H NMR spectra of the product 7a resulting from irradiation of 7 displayed a shift of 

the absorption of the methyl substituent at the 2’-position of the rotor to 0.97 ppm. The 

signal of the proton at the 2’-position shifted to 2.27 ppm (Table 2). Coupling constants of 

12.21 and 6.84 Hz were found for H(2’) and H(3’) in 7a, indicating that the methyl 

substituent at the 2’-position of this isomer adopts a pseudoequatorial orientation. Heating 

the photostationary mixture solution to 80 ºC for 12 h resulted in quantitative conversion of 

7a into the stable isomer 7 as the 
1
H NMR spectrum of the initial isomer was fully restored. 

Changing the irradiation wavelength to 312 nm resulted in establishing a different 

photostationary state with a less favorable ratio of 47: 53 of starting material 7: product 7a 

confirming the photoreversible nature of the process.
17

 

In a similar manner the photoisomerization of enantiomerically pure (2’R)-(M)-7 was 

followed using UV/Vis and circular dichroism (CD) spectroscopy (Figure 9). A sample of 

(2’R)-(M)-7 in n-hexane was irradiated at 20 ºC with 365 nm light, resulting in a decrease 

in the absorption in the 312-380 nm range of the UV/Vis spectrum and an inversion of the 

sign of the main CD absorptions at 218, 270 and 346 nm. 
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Figure 9. a) UV/Vis and b) CD spectra (n-hexane) of stable (2’R)-(M)-7 (solid line) and the 

photostationary state mixture of (2’R)-(M)-7 and (2’R)-(P)-7a after irradiation at 312 nm 

(dotted line) and 355 nm (bold line). 

The change in sign of the major CD absorptions reflects the inversion of the M to the P 

helix. As several isosbestic points were observed in both CD and UV/Vis spectra, no 

degradation and/or side reactions occurred during the photochemical isomerization process. 

The kinetic and thermodynamic parameters
18

 of the reverse thermal isomerisation of less-

stable 7a into stable 7 isomer were determined by 
1
H NMR (Figure 10). Monitoring the 

decrease in intensities for the methyl substituents at the 2’-position for 7a accompanied by 

the increase in those for 7 was performed over the range of 333.15 – 383.15 K (Table 3). 

The obtained data were fitted using Eyring plot (Figure 11). 
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Figure 10. First order kinetic plot for the experimental data of thermal conversion of less-

stable 7a, into stable 7, at different temperatures. 
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Figure 11. Eyring plots for the thermal conversions 

of less-stable 7a, cis-9a and trans-9a into stable 7, 

trans-9, cis-9, respectively. 

Eyring plot: 

7a ln (kh/kbT) = -2.699 – 

12789.281/(T×10
3
),  

R
2
 = -0.9989 

cis-9a : ln (kh/kbT) = -10.5817 – 

10139.724/(T×10
3
),  

R
2
 = -0.9987 

trans-9a : ln (kh/kbT) = -8.6329 – 

10616.820/(T×10
3
), R

2
 = -0.9994 

Table 3. Thermal conversion of 7a into 7. 

T, ˚C T, K k, min
-1

 τ1/2, h ∆
≠
G, kJ mol

-1
 

90 363.15 (3.87±0.05)×10
-2

 0.30±0.03 111.7±0.3 

80 353.15 (1.66±0.09)×10
-2

 0.83±0.01 111.6±0.4 

70 343.15 (5.05±0.05)×10
-3

 2.3±0.03 111.2±0.3 

60 333.15 (1.58±0.02)×10
-3

 7.3±0.05 111.1±0.3 

∆
‡
G° = 110.1±0.1 kJ·mol

-1
 (∆

‡
H° = 103.4±0.3 kJ·mol

-1
, ∆

‡
S° = -23.3±0.9 J·mol

-1
·K

-1
, Ea = 

106.3±0.1 kJ·mol
-1

, A = (1.2±0.1)·10
12

 s
-1

, t1/2 (20 ºC) = 1283±163 h, k (20 ºC) = 

(1.5±0.2)·10
-7

 s
-1

). 

Motor molecule 7 contains a symmetric lower half and as a result, just one 

photochemical and one thermal isomerization steps, each accompanied by a helix inversion, 

convert the unstable alkene to its initial stable isomer, making together the photochemical – 

thermal equilibrium during motor functioning. To be able to get more insight into the 

rotation cycle, solutions of asymmetric (MeO-substituents in stator) cis-9 and trans-9 

isomers in toluene-d8 were irradiated with 365 nm light at 0 ºC separately and the progress 

of the reactions was monitored by 
1
H NMR spectroscopy in time. 
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Scheme 3. 
a
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a
 Only (2’R)- enantiomers are shown for clarity. 

Upon irradiation of cis-9 for 0.5 h (Figure 12a), an initial rapid reduction in 

concentration of the starting material was observed with the concomitant appearance of a 

new isomer. The 
1
H NMR spectrum of this newly formed less-stable isomer revealed that 

the absorption of the methyl substituent at the 2’-position was shifted downfield to 1.08 

ppm and the signal of proton at the 2’-position was shifted to 2.29 ppm (Figure 13a). 

Notably, the absorption of the methoxy group at the stator was shifted downfield to 3.28 

ppm, which is close to the absorption of stable trans-9 (3.35 ppm). Coupling constants of 

12.21 and 7.32 Hz were found for the H(2’) and H(3’) protons, indicating that the methyl 

substituent adopts a pseudoequatorial orientation in the newly formed isomer, which was 

assigned to be the less-stable trans-9a isomer (Table 2). However, upon prolonged 

irradiation the concentration of the less-stable trans-9a went through a maximum and then 

decreased, while at the same time the formation of two new isomers was observed. By 

comparison of the 
1
H NMR spectra, one of these was identified as the stable trans-9 isomer. 

The other formed isomer displayed a shift of the methyl substituent at the 2’-position 

downfield to 0.97 ppm. The signals of the proton at the 2’-position were shifted upfield to 

2.30 ppm and the adsorption of the methoxy group at the rotor was shifted upfield to 2.69 

ppm, close to the shift of the initial form, the stable cis-9 isomer (2.73 ppm). This isomer 

was assigned as the less-stable cis-9a. Coupling constants of 12.21 and 7.32 Hz were found 
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for H(2’) and H(3’), indicating the pseudoequatorial orientation of the methyl substituent at 

the stereogenic center (Table 2). 
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Figure 12. Changes of the molar ratios of the isomers (–×– trans-9; –□– cis-9a; –●– trans-

9a; –▼– cis-9) with time upon irradiation of a) cis-9 and b) trans-9 in toluene solutions. 

Prolonged irradiation
19

 led to the establishment of a photostationary state consisting of 

all forms with the ratio of starting stable cis-9: less-stable trans-9a: less-stable cis-9a: 

stable trans-9 of 19 : 41.5 : 29.5 : 10. The same photostationary state was achieved upon 

prolonged irradiation of a solution of stable trans-9. Monitoring the composition of reaction 

mixture upon irradiation of trans-9 by 
1
H NMR spectroscopy revealed a fast rise in 

concentration of less-stable cis-9a at the onset of the isomerization processes. After 

approximately 20 min a maximum amount of cis-9a was reached (Figures 12b and 14, 

Scheme 3), its concentration then decreased due to formation of the other two isomers cis-9 

and trans-9a.  
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Figure 13. 

1
H NMR spectra (toluene-d8) of cis-9 a) before and b) after irradiation at 355 

nm (30 min). 

 
Figure 14. 

1
H NMR spectra (toluene-d8) of trans-9 a) before and b) after irradiation at 

355 nm (30 min). 

The presence of distinct maxima (Figures 12a and 12b) for the initially formed less-

stable isomers in both photochemical reactions indicates that a multicomponent equilibrium 

involving at least four consequent switching processes occurs in these systems (Scheme 3). 

From the kinetic data shown in Figures 10a and 10b it is evident that the fastest steps are 

isomerizations between cis-9 and trans-9a and between trans-9 and cis-9a, as the constant 

ratios of 1: 2 and 1: 3, respectively, are achieved readily (t = 100 min). 
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Figure 15. 
1
H NMR spectra (toluene-d8) of a) the photostationary state achieved upon 

separate irradiation of both cis-9 and trans-9 and b) the mixture of stable isomers after 

thermal isomerization. 

Thermodynamic parameters for the thermal conversion of cis-9a to cis-9 and trans-9a to 

trans-9 were determined by 
1
H NMR spectroscopy by monitoring the decrease of integral 

intensities for the methyl substituents at the 2’-position and the increasing intensity of the 

signal at 0.51 ppm (Figures 15 and 16) in the range of 333.15–383.15 K. The obtained data 

for thermal conversions of cis-9a to cis-9 and trans-9a to trans-9 are summarized in Tables 

4 and 5, respectively (for the corresponding Eyring plots see Figure 11). 
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Figure 16. First order kinetic plots for the experimental data of thermal conversion of the 

less-stable a) cis-9a and b) trans-9a into the table trans-9 and cis-9, respectively, at 

different temperatures. 
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Table 4. Thermal conversion of cis-9a into trans-9. 

T, ˚C T, K k, min
-1

 τ1/2, h ∆
≠
G, kJ mol

-1
 

90 363.15 (1.98±0.03)×10
-2

 0.58±0.01 116.6±0.1 

80 353.15 (9.14±0.02)×10
-3

 1.26±0.02 115.6±0.1 

70 343.15 (3.51±0.03)×10
-3

 3.29±0.03 115.1±0.2 

60 333.15 (1.61±0.03)×10
-3

 7.18±0.02 113.9±0.1 

 

Table 5. Thermal conversion of trans-9a into cis-9. 

T, ˚C T, K k, min
-1

 τ1/2, h ∆
≠
G, kJ mol

-1
 

90 363.15 (3.81±0.04)×10
-2

 0.30±0.02 111.8±0.1 

80 353.15 (1.57±0.06)×10
-2

 0.73±0.01 111.2±0.1 

70 343.15 (7.06±0.06)×10
-3

 1.64±0.03 110.3±0.1 

60 333.15 (2.65±0.02)×10
-3

 4.46±0.02 109.7±0.1 

 

Thus for the conversion of cis-9a to cis-9 the following parameters were determined: 

∆
‡
G° = 107.5±0.2 kJ·mol

-1
 (∆

‡
H° = 81.9±0.6 kJ·mol

-1
, ∆

‡
S° = -87.9±0.9 J·mol

-1
·K

-1
, Ea = 

84.8±0.1 kJ·mol
-1

, A = (5.0±0.1)·10
8
 s

-1
, t1/2 (20 ºC) = 454±62 h, k (20 ºC) = (4.24±0.6)·10

-7
 

s
-1

). For the trans-9a to trans-9 conversion the results were: ∆
‡
G° = 106.7±0.2 kJ·mol

-1
 

(∆
‡
Hº = 86.0±0.3 kJ·mol

-1
, ∆

‡
Sº = -71.4±0.9 J·mol

-1
·K

-1
, Ea = 97.8±0.2 kJ·mol

-1
, A = 

(2.0±0.1)·10
15

 s
-1

, t1/2 (20 ºC) = 323±34 h, k (20 ºC) = (6.90±0.1)·10
-7

 s
-1

). Considering these 

data, it is evident that trans-9a is thermally more labile than cis-9a, which might be 

attributed to the increased steric hindrance between the methoxy substituent on the stator 

and the naphthalene moiety of the rotor, while no significant thermal conversion occurs 

when irradiation is performed at room temperature. Despite this complex photochemical 

isomerization behavior among four isomers, these alkenes can still be considered molecular 

motors, albeit with less efficiency due to minor but non-ignorable photoisomerization 

pathways. The fact that upon prolonged irradiation competing photochemical pathways 

appear is mainly due to the slow thermal isomerization from the unstable to the stable 

isomers.
11
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2.4   Ulrafast Acridane Based Molecular Motors 

2.4.1   Synthesis of Acridane Based Molecular Motors Equipped with Five-
Membered Rotor. 

As was described above overcrowded alkenes containing an acridan-like lower stator 

part bearing N-substituents can act effectively as molecular rotary motors under normal 

conditions only if the conversion of less-stable isomers into stable forms would dominate 

over competing photochemical switching processes. This goal can be achieved by strong 

acceleration of the thermally induced isomerization which indeed dramatically increased in 

response to reduction of steric hindrance between the lower and the upper halves in the 

fjord region of the molecule.
20

 A 2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalene rotor 

was connected to the stators 11a and 11b (Scheme 1), by an alternative diazo-thioketone 

coupling developed in our group.
21

 Using this method, reaction of hydrazone 17 with bis-

(trifluoracetoxy)-iodobenzene
22

 at -50 ºC in dimethylformamide provided diazo-precursor 

18 for the rotor and subsequent addition of thioketone 11a afforded episulfide 19 as a 

colorless solid in 72% yield (Scheme 4). Desulfurization of 19 by heating at reflux in 

toluene solution in the presence of tris(4-methoxyphenyl)phosphine provided 8 with a 

symmetrical stator (Scheme 4). Similarly, a mixture of episulfides cis-20 and trans-20 

(ratio of 2.3: 1) was prepared from thioketone 11b. Because complete separation of trans-

20 and cis-20 was problematic, the subsequent desulfurization reaction was performed 

using the mixture, providing trans-16 and cis-16. These isomers were separated by flash 

column chromatography (silica gel, n-pentane: ether = 10: 1) to yield pure trans-16 (28%) 

as a white solid and cis-16 (56%) as a yellow solid. 

 

Scheme 4. 
a
 

 
a
 Key: (i) PhI(OCOCF3)2, Me2NCHO, -50 ºC, 69-72%; (ii) (4-MeO-C6H4)3P, toluene, 

reflux, 86-90%. 

Alkenes 8, cis-16 and trans-16, were characterized by 
1
H and 

13
C NMR spectroscopy and 

HRMS. The assignment of the trans- and cis-geometry around the central double bond was 

based on by X-ray crystallographic analysis (vide infra). The chemical shifts of selected 
1
H 

NMR absorptions can be found in Table 2. The signals of the methoxy substituents at the 

stator are found at 3.87 ppm (trans-16) and 2.91 ppm (cis-16). The difference in shielding 

by the naphthalene moiety of the rotor part in these compounds explains the shifts of the 
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methoxy absorptions. Importantly in order to demonstrate the unidirectional nature of the 

rotary process, enantioresolution of both (±)-cis-16 and (±)-trans-16 was achieved by 

preparative chiral HPLC (Chiralpak AD) under normal phase conditions using heptane : 2-

propanol = 99 : 1 as eluent at 50 ºC. The absolute configuration of the second eluted 

enantiomer in both cases was assigned (2’S)-(M)-(cis/trans)-16, by comparison of the CD 

data with those of related compounds. Enantioresolution of (±)-8 could not be achieved so 

far. 

2.4.2   Stereochemistry of New Molecular Motors. 

The orientations of the methyl substituent at the 2’-position in the rotor part of 8, cis-16 

and trans-16, was established by 
1
H NMR spectroscopy. 

1
H-

1
H COSY spectrum (Figure 

17) of 8 indicated very weak coupling between H(2’) and one of the H(3’) protons (see 

Figure 18 for adopted numbering scheme). For this reason, direct determination of the 

coupling constants could not be performed. However, the coupling constant of the doublet 

at 2.65 ppm, assigned to one of the H(3’) protons, was found to be 1.65 Hz. It reduced to 

1.42 Hz upon saturation of the H(2’) proton, suppressing the minor coupling. Spin 

simulation
23

 using these data allowed the value of the coupling constant to be estimated at 

around 0.44 Hz. Thus the dihedral angle between this H(3’) and the H(2’) protons should 

be expected to be close to 90º,
24

 which is possible only in the case when H(2’) adopts a 

pseudoequatorial orientation. Therefore an axial orientation of the methyl substituent is 

assumed. Similar parameters were obtained for cis-16 and trans-16 (Table 6).  

 

Figure 17. 
1
H-

1
H COSY spectrum 

of 8 in CDCl3 

Table 6. Selected 1H NMR data of 8, cis-16, trans-16 in 

chloroform-d. 

compound 

chemical shift, ppm (coupling constants, Hz) 

MeO Me (ax) 
H(2’) 

(eq) 

H(3’) 

(eq) 

H(3’) 

(ax) 

8  
0.88 

(6.84) 

4.41 

(6.35, 

15.63) 

3.67 

(6.35, 

15.63) 

2.65 

(15.63) 

cis-16 2.91 
0.88 

(6.84) 

4.42 

(6.34, 

15.63) 

3.65 

(6.34, 

15.62) 

2.67 

(15.62) 

trans-16 3.87 
0.90 

(6.83) 

4.40 

(6.34, 

6.83) 

3.07 

(6.34, 

15.63) 

2.66 

(15.63) 

 

 

In order to confirm the structure and to determine the orientation of the metal substituent 

unequivocally an X-ray structural analysis was performed. Sharp, white needles of racemic 

cis-16 were obtained by slow diffusion of methanol into a saturated solution of cis-16 in 

dichloromethane. The asymmetric unit cell of the monoclinic unit cell was found to contain 



Acridane Based Molecular Motors 

 

  45 

 

 

 

 

 

4. Chapter 2.doc 

two residues.
25

 These residues are denoted residue 1 and 2, and differ in the absolute 

configuration at the stereogenic center. The structure in the solid state of cis-16 (Figures 

18a and 18b) was found to be comparable to that of the previously described motors. The 

length of the central double bond C(1’)-C(9) for both residues 1 and 2 was found to be 1.36 

Å, which is relatively long compared to the value found for the earlier reported second 

generation molecular motors with six-membered ring rotors.
10

 The geometry around the 

central double bond can be characterized as follows (for all the values given: residue 

1/residue 2): bond angles around central double bond C(9a)-C(9)-C(8a) = 109.94º/110.47º, 

C(9a)-C(9)-C(1’) = 124.88º/122.60º, C(8a)-C(9)-C(1’) = 125.02º/126.91º (total angle 

around C(9) is 359.84º/359.98º), C(10b)-C(1’)-C(2’) = 105.65º/105.72º, C(10b)-C(1’)-C(9) 

= 129.45º/127.84º, C(9)-C(1’)-C(2’) = 124.71º/126.13º (total angle around C(2’) is 

359.81º/359.69º; the dihedral angle between the naphthalene plane of the rotor and the 

central double bond C(10a)-C(10b)-C(1’)-C(9) = 30.54º/31.77º; dihedral angles between 

the arene moieties of the stator and the central double bond, C(1’)-C(9)-C(8a)-C(8) = -

51.29º/-45.05º, C(1’)-C(9)-C(9a)-C(1) = 50.48º/44.04º; dihedral angles around central 

double bond C(10b)-C(1’)-C(9)-C(8a) = 169.61º/169.82º, C(2’)-C(1’)-C(9)-C(9a) = 

169.06º/164.31º (average value is 169.34º/167.07º), C(2’)-C(1’)-C(9)-C(8a) = 

16.03º/17.38º, C(10b)-C(1’)-C(9)-C(9a)=5.29º/8.50º (average value is 10.66º/12.94º). 

 (a) 

N
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Figure 18. a) PLUTO drawing and b) chemical structure with adopted numbering scheme 

of racemic cis-16 (one enantiomer shown; this structure does not express the absolute 

stereochemistry of the molecule); c) the conformation around the central double bond 

depicted as the Newman projection. 

The central double bond is therefore considerably twisted, as is depicted schematically in 

the Newman projection in Figure 18c. The lower acridane part of the molecules adopts a 

folded structure (angle between both arene moieties: C(9a)-C(9)-C(8a) = 47.57º/C(4a)-

N(10)-C(5a) = 51.32º) to diminish the steric strain around the central double bond and 

together with the twisted conformation of the cyclopentene ring of the upper part 

determines the helical shape of the entire molecule. From the X-ray data it is evident that 

the methyl substituent attached to the stereogenic carbon atom has a pseudoaxial 

orientation. The torsion angles for C(9)-C(1’)-C(2’)-C(2’C) = -90.39º/-93.30º in both 

residues are in agreement with those based on the 
1
H NMR spectroscopic data. 
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2.4.3   Photochemical and Thermal Behavior of Symmetrically Substituted 
Motor 

Due to the presence of the five-membered ring in the upper half of 8 a considerable 

reduction in the thermal stability of unstable isomer 8a is expected relative to related 

compound 7a.
24

 Irradiation of a solution of racemic 8 in i-pentane at 115 K, followed by 

UV/Vis spectroscopy (Figure 19a), resulted in the formation of a red-shifted maximum 

(λmax=371 nm) accompanied with the presence of clear isosbestic points,
28

 similar to the 

case of the first-generation molecular motors.
26

 The UV/Vis spectrum of the 

photostationary mixture containing 8 and 8a (Scheme 5) was completely restored within 60 

s to that of the initial stable isomer by heating the solution to 130 K, indicative of the clean 

reverse thermal isomerization of 8a to 8.  
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Figure 19. a) UV/Vis spectra at 115 K (i-pentane) of (solid line) and the photostationary 

mixture of 8 and 8a after irradiation with 355 nm light (dotted line) and b) differential 

absorption spectrum of 8a at 115 K. 

As 
1
H NMR spectroscopic determination of coupling constants for 8a is challenging at 

these temperatures, DFT calculations
27

 were performed to obtain information about the 

orientation of the methyl group at the stereogenic centre, while at the same time providing 

information on the relative stabilities of the possible conformers of 8. As shown in Scheme 

5 for the case of the lowest energy isomer of 8, the methyl substituent at the stereogenic 

centre adopts a pseudoaxial orientation to prevent steric hindrance with the stator. The other 

isomer 8a having a methyl group at the upper part in a pseudoequatorial orientation, is less 

stable. The energy difference caused by a strong twist of the central double bond between 

the lower energy isomer of 8 and the higher energy conformation 8a was found to amount 

to +30.5 kJ·mol
-1

, ensuring that the thermal equilibrium between 8a and 8 lies 

quantitatively at the side of 8 at room temperatures. 
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Scheme 5.  

 

∆E = 0 kJ·mol
-1

          ∆E = +30.5 kJ·mol
-1

 

 

A convenient way to study the thermal behavior of 8a is to use time resolved transient 

absorption differential spectroscopy. Using this technique, unstable isomer 8a can be 

generated while following its fate in time, under ambient conditions.
28

 Photoexitation of a 

solution of 8 in n-hexane with a laser pulse of 355 nm at 20 ºC resulted in the formation of 

a transient species
29

 with a maximum absorption at 400 nm which is close to the maximum 

observed by the cryogenic UV/Vis experiment described above (Figures 19b and 20).  
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0.0
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 ∆
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500450400350300

λ/ nm  

Figure 20. Transient absorption spectra (n-hexane) of 8a at 20 ºC generated with a 

nanosecond laser pulse of 355 nm. 

In order to determine kinetic and thermodynamic parameters, the rate of disappearance 

of the absorption of transient 8a was monitored at 400 nm over the temperature range of 

253.15–293.15 K (Table 7). The following data were found for the thermal conversion of 

8a into the stable isomer 8 Eyring and Arrhenius plots (Figure 21): ∆
‡
G°= 37.6±0.1 kJ·mol

-

1
 (∆

‡
H° = 35.2±0.7 kJ·mol

-1
, ∆

‡
S° = -22.4±3.5 J·mol

-1
·K

-1
, Ea = 37.5±0.1 kJ·mol

-1
, A = 

(5.7±0.3)·10
12

 s
-1

, k (20 ºC) = (1.21±0.05)·10
6
 s

-1
, t1/2 (20 ºC) = (5.74±0.17)·10

-7
 s). The 

calculated half-life time of 8a at 115 K (t1/2 (115 K) = 2.29±0.14 h) indicated that reverse 

thermal cis-trans isomerization can be neglected under these conditions. 
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Figure 21. a) Eyring and b) Arrhenius plots for the thermal conversion of 8a into the stable 

isomer 8. 

Table 7. Thermal conversion of 8a into 8. 

T, K τ, s k, s
-1

 ∆
≠
G, kJ mol

-1
 

253.2 (9.26±0.29)×10
-6

 (1.08±0.03)×10
5
 37.27±0.08 

263.2 (5.02±0.16)×10
-6

 (1.99±0.07)×10
5
 37.49±0.08 

273.1 (2.47±0.18)×10
-6

 (4.05±0.03)×10
5
 37.37±0.18 

283.2 (1.43±0.05)×10
-6

 (6.99±0.02)×10
5
 37.55±0.09 

293.1 (8.27±0.32)×10
-7

 (1.21±0.05)×10
6
 37.61±0.09 

 

2.4.4   Unidirectionality of Rotation of Ultra Fast Molecular Motors. 

To be able to identify the four distinct steps that define a full 360º rotary cycle of the 

rotor with respect to the stator as shown in Scheme 6, the photochemical behavior of 

overcrowded alkenes with methoxy-functionalised stator were studied by UV/Vis 

spectroscopy. 
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Scheme 6.  

 

 

250 300 350 400 450 500

+50

+100 1

(C)
(A)

(B)

(C)

(B)

(A)

∆ε

 

λ / nm

0

-50

-100

-150

0

6

4

2

ε
 x

 1
0

4
/ 
d
m

3
 m

o
l-1

 c
m

-1

 

 
250 300 350 400 450 500

(C)

(B)

(C)

 

∆ε

λ / nm

2

(A)
(B)

(A)

+100

+50

0

-50

-100

-150

2

4

6

0

ε
 x

 1
0

4
/ 
d
m

3
 m

o
l-1

 c
m

-1

 

 

Figure 22. UV/Vis and CD spectra of (2’S)-(M)-cis-16 (1) and (2’S)-(M)-trans-16 (2) and 

change in UV/Vis and CD upon irradiation and the inversion of the sign of Cotton effects 

during irradiation in i-pentane at 115 K; a) initial stable isomer, b) at the photostationary 

state, c) mixtures of (2’S)-(M)-cis-16 (1) and (2’S)-(M)-trans-16 after thermal conversions. 

During irradiation of a solution of cis-16 in i-pentane at 115 K continuous formation of a 

new species was observed by a red-shift of the long-wavelength absorption. The formation 

of a less stable isomer was also observed in the UV/Vis spectra upon irradiation of trans-16 

under the same conditions. In both cases increasing the temperature of the solution to 130 K 

resulted in the complete disappearance of the absorptions at 400 nm within 60 s (Figures 

22.1 and 22.2). Changes in the produced spectra compared to the UV/Vis spectra of initial 

cis-16 and trans-16 obtained after this procedure reflect the alteration in composition of the 

sample solution with respect to the original solution, indicative of cis-trans isomerization. 
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To prove the difference in photostationary states, the photochemical trans-cis and cis-trans 

isomerizations were also examined by CD spectroscopy using isolated enantiomers of 

trans-16 and cis-16 (Figures 22.1 and 22.2). Irradiation of the solutions of the stable (2’S)-

(M)-trans-16 and (2’S)-(M)-cis-16 isomers in i-pentane at 365 nm at 115 K over 5 min 

resulted in the formation of the unstable (2’S)-(P)-cis-16a and (2’S)-(P)-trans-16a isomers 

accompanied with a change in sign of the major CD absorptions. This is indicative of the M 

to P helix inversions of the molecules and difference in the photostationary states produced, 

which do not change after prolonged irradiation, confirming that no additional cross-

photoisomerizations, as observed in the case of cis- and trans- alkenes 3 (Scheme 3) occur. 

Furthermore, because several distinct isobestic points were observed in both CD and 

UV/Vis spectra, no degradation and/or side reactions occurred in these photochemical 

trans-cis and cis-trans isomerizations under these conditions. When the solutions were 

heated to 130 K for 10 min and cooled again to the initial temperature complete conversion 

to the mixtures of (2’S)-(M)-trans-16 and (2’S)-(M)-cis-16 with different ratios in each case 

were observed and the concomitant change in CD absorption confirmed the helix reversal, 

from P to M helicity, associated with these thermal interconversions. At the photoequilibria 

ratios between (2’S)-(M)-trans-16: (2’S)-(P)-cis-16a of 20: 80 (Scheme 6, step 3) and (2’S)-

(M)-cis-16: (2’S)-(P)-trans-16a of 42: 58 (Scheme 6, step 1), respectively, were 

determined.
30

 

The kinetic and thermodynamic parameters for the thermal conversion of unstable 

isomers were measured using transient absorption spectroscopy. During thermal 

isomerization of unstable isomers the decrease of transient absorption time traces was 

monitored at 410 nm after excitation of the respective solutions of cis-16a and trans-16a in 

n-hexane with 355 nm nanosecond laser pulse (Figures 23a and 23b) in the temperature 

range of 241.15–295.15 K. The results are summarized in Tables 8 and 9. Thus for unstable 

cis-16a isomer, the following data were determined: ∆
‡
G° = 38.5±0.1 kJ·mol

-1
 (∆

‡
H° = 

28.7±0.7 kJ·mol
-1

, ∆
‡
S° = -33.4±1.9 J·mol

-1
·K

-1
, Ea = 31.0±0.7 kJ·mol

-1
, A = (3.1±0.1)·10

11
 

s
-1

, t1/2 (20 ºC) = (8.25±0.11)·10
-7

 s, k (20 ºC) = (8.40±0.03)·10
5
 s

-1
) and for unstable trans-

16a: ∆
‡
G° = 39.7±0.1 kJ·mol

-1
 (∆

‡
H° = 25.3±0.8 kJ·mol

-1
, ∆

‡
S° = -48.2±2.8 J·mol

-1
·K

-1
, Ea 

= 27.5±0.2 kJ·mol
-1

, A = (4.2±0.1)·10
10

 s
-1

, t1/2 (20 ºC) = (1.32±0.13)·10
-6

 s, k (20 ºC) = 

(5.24±0.04)·10
5
 s

-1
) (for the corresponding Eyring plots see Figure 24) 
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Figure 23. Experimental curves for the thermal conversion of transient a) cis-16a and b) 

trans-16a monitored at 410 nm in time at 295.15 K. 
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Figure 24. Eyring plots for the thermal 

conversions of trans-16a into trans-16 

and cis-16a into cis-16. 

cis-16a : 

ln (kh/kbT) = -3.98223 – 

3459.60028/(T×10
3
), 

R = 0.9990 

 

trans-16a : 

ln (kh/kbT) = -5.87848 – 

3045.65108/(T×10
3
), 

R = 0.9982 

 

 

Table 8. Thermal conversion of trans-16a into trans-16. 

T, K τ, s k, s
-1

 ∆
≠
G, kJ mol

-1
 

295.2 (1.64±0.14)×10
-6

 (6.10±0.05)×10
5
 39.58±0.02 

282.1 (3.05±0.17)×10
-6

 (3.28±0.02)×10
5
 39.17±0.01 

272.9 (4.62±0.53)×10
-6

 (2.16±0.03)×10
5
 38.76±0.01 

262.8 (7.17±0.34)×10
-6

 (1.39±0.07)×10
5
 38.21±0.05 

253.1 (1.15±0.12)×10
-5

 (8.70±0.01)×10
4
 37.71±0.01 

241.2 (2.08±0.24)×10
-5

 (4.81±0.02)×10
4
 37.03±0.02 
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Table 9. Thermal conversion of cis-16a into cis-16. 

T, K τ, s k, s
-1

 ∆
≠
G kJ mol

-1
 

293.2 (1.17±0.12)×10
-6

 (8.55±0.01)×10
5
 38.47±0.04 

283.2 (1.80±0.26)×10
-6

 (5.56±0.08)×10
5
 38.09±0.09 

273.4 (2.90±0.35)×10
-6

 (3.45±0.04)×10
5
 37.78±0.11 

263.4 (5.10±0.27)×10
-6

 (1.96±0.02)×10
5
 37.55±0.09 

252.8 (9.74±0.39)×10
-6

 (1.03±0.05)×10
5
 37.31±0.09 

241.9 (1.64±0.32)×10
-5

 (6.11±0.03)×10
5
 36.66±0.02 

 

The distinct difference in photostationary states observed by CD spectroscopy (Scheme 

6, step 1 and 3) and the thermal stability of trans-16a and cis-16a together with cis-trans 

isomerization represent an unequivocal evidence for the unidirectional rotation of the new 

ultrafast motor. Photoirradiation (365 nm) of the current molecular motor induced a 

working cycle at 20 ºC which consists of (2’S)-(M)-cis-16 : (2’S)-(M)-trans-16 with ratio of 

the 67: 33, respectively, as determined by 
1
H NMR spectroscopy (Figure 25) and HPLC 

analysis.
31

 

 

 

Figure 25. 
1
H NMR spectra (benzene-d6) of a) cis-16, b) trans-16 and c) mixture of cis-16 

and trans-16 in the motor working cycle governed by 365 nm at 295.15 K. 



Acridane Based Molecular Motors 

 

  53 

 

 

 

 

 

4. Chapter 2.doc 

Scheme 6 summarizes the different isomers and the dynamic processes that are observed 

starting from (2’S)-(M)-cis-16. The experimental results show that the upper 5-membered 

rotor undergoes a full 360º rotation around the central double bond in a clockwise sense 

relative to the lower acridane stator with a maximum possible rotational frequency of 0.5 

MHz, strongly dependent on the temperature. Two photochemical conversions are both 

energetically uphill processes and generate the less stable isomers {(2’S)-(M)-trans-16a and 

(2’S)-(P)-cis-16a} with change of the helicity of the entire molecule. Subsequent thermal 

isomerization steps are energetically downhill process generating stable isomers {(2’S)-

(M)-trans-16 and (2’S)-(M)-cis-16}. At the appropriate wavelength (365±40 nm) and 

temperature (20 ºC) a continuous unidirectional ultrafast rotation is induced in this 

molecular motor. 

2.5   Conclusions. 

The thermal and photochemical behavior of two new types of molecular motors featuring 

N-Boc protected nitrogen in the stator part have been prepared. These molecular motors 

were designed for a suitable attachment to N-position of appending groups, which would 

reminiscent the same chemical properties as Boc substituent. The working conditions for 

the second generation motor with a six-membered ring rotor required high temperatures 

(above 373 K) for the thermal pathways to occur at considerable rate. The five-membered 

ring analog displays a dramatic increase in the rate at which these steps occur, enhancing 

the speed of rotation by a factor of 10
12

 at 295.15 K. The new autonomous
32

 nanomotor is 

in principle capable of performing its rotational cycle with 0.5 MHz frequency under 

optimal irradiation conditions.  

2.6   Experimental Part. 

General Experimental Methods. Solvents for extraction and chromatography were 

technical grade. All solvents used in reactions were freshly distilled from appropriate 

drying agents before use.
33

 All other reagents were recrystallized or distilled as necessary. 

Analytical TLC was performed with silica gel 60 F254 plates and visualization was 

accomplished by UV light (254 nm). Flash chromatography was carried out using silica gel 

60 (230-400 mesh ASTM). NMR spectrometers were operating at 399.93 and 499.86 MHz 

for the 1H nucleus or at 100.57 and 125.70 MHz for the 
13

C nucleus. Chemical shifts are 

reported in δ-units (ppm) relative to the residual deuterated solvent signal of CDCl3 (
1
H 

NMR: δ 7.26 ppm; 
13

C NMR: δ 77.0 ppm), C6D6 (
1
H NMR: δ 7.16 ppm) and toluene-d

8
 (

1
H 

NMR: δ 2.09 ppm). For 
1
H NMR the splitting patterns are designated as follows: s 

(singlet), d (doublet), t (triplet), q (quartet), m (multiplet). Melting points are uncorrected. 

CD and UV measurements were performed using Uvasol-grade solvents. Low temperature 

measurements were performed using OPTISTATE 
DN

 Oxford Instruments set up. 

Preparative HPLC was performed on a system consisting of a 213XL sampling injector, a 

306 (10SC) pump, an 811C dynamic mixer, a 805 manometric module, with a 119 UV/Vis 

detector, and 202 fraction collector, using a Chiralcel AD column. Eluation speed was 1 

mL/min. Irradiation experiments were performed with a Spectroline E-series Ultraviolet 
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hand lamp. Photostationary states were ensured by monitoring composition changes in time 

by taking UV/Vis spectra at distinct intervals until no changes were observed. 

Computational procedure included the use of the Gaussian03 and GaussView3
2
 suite of 

programs, choice of unrestricted B3LYP method,
34,35

 6-31G(d) basis set, geometry 

optimization using analytical gradients, visual inspection of the single imaginary frequency. 

The chemicals were purchased from commercial sources. Compounds were named 

according to the IUPAC rules. 

Time-resolved UV/Vis spectroscopy. Nanosecond / OMA set-up. Excitation was 

produced by the third-harmonic of a Nd:YAG laser at 5 Hz (λexc = 355 nm, ~2.0 mJ pulse
–1

, 

FWHM ~2 ns). The laser pulse was aligned to a slit (10×2 mm). The probe light source, a 

low-pressure Xenon flash lamp  at 10 Hz, which irradiated the sample through a 1 mm 

pinhole, about 1 mm from the edge of the cuvette perpendicular to the laser pulse. The 

probe beam was split with a 50/50 quartz beam splitter into a reference beam (Iref) and a 

signal beam (I). The signal beam passed through the sample and both beams were guided 

through optical fibers to a spectrograph, which was coupled to a time-gated intensified 

CCD-camera. The CCD-camera recorded the spectra by opening the gate of the detector for 

5 ns at different time delays after the laser pulse. The differences in light were corrected for 

both fibers by collecting the signal and the reference light without pumping the sample. 

When the sample was introduced, the transient absorption spectra were calculated by the 

logarithm of the intensity of the light aimed at the reference sample holder (I0) divided by 

the intensity of light through the excited volume of the sample (I). The measurement of the 

difference in absorbance was calculated using the following formula: 
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The laser, flash lamp and CCD-camera were synchronized with two pulse generators: a 

programmable pulse generator model and a pulse/delay generator, both controlled by a 

computer. Absorption spectra at different times after excitation were obtained with a time 

resolution of ~5 ns by varying the delay time between the laser pulse and the opening of the 

gate of the detector. 

Monochromatic wavelength set-up. The single wavelength set-up used the same laser 

pulsing the sample (~6 mJ pulse
–1

). The probe light, however, was provided by a Xe lamp 

with lamp housing LAX 1450 and a SVX1450 power supply. The probe light was lead into 

a monochromator and detected by a GaAs photomultiplier connected to a digital 

oscilloscope with a resolution of 50 ns. The monochromator was set at 410 nm. 

 

Synthetic Procedures and Characterization. 

Tert-butyl 9-oxoacridine-10(9H)-carboxylate 21a. N,N-

dimethylpyridin-4-amine (1.83 g, 15 mmol) was added to a mixture of 

acridin-9(10H)-one 12a (1.95 g, 10 mmol) and di-tert-butyl dicarbonate N

O

O O
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(3.27 g, 15 mmol) in acetonitrile (30 mL). The orange solution was stirred at ambient 

temperature for 8 h and kept in addition for 3 h at 60 ºC to allow the reaction to complete. 

After removal of the solvent under reduced pressure the residue was dissolved in ether (100 

mL), and the solution washed with 0.1 M aq. HCl (100 mL), brine (100 mL) and dried 

(Na2SO4). Removal of the solvent followed by chromatography (SiO2, n-pentane: ether = 2: 

1) afforded 21a as a white powder (3.11 g, 10.5 mmol, 70%). mp: 112.5-113.8 ºC. 
1
H-NMR 

(400 MHz, CDCl3) δ = 1.69 (s, 9H), 7.33-7.37 (ddd, J = 1.10, 6.97, 8.06 Hz, 2H), 7.57-7.59 

(dd, J = 1.10, 9.17 Hz, 2H), 7.65-7.69 (ddd, J = 1.46, 6.97, 9.17 Hz, 2H), 8.43-8.45 (dd, J 

= 1.46, 8.07 Hz, 2H); 
13

C-NMR (100 MHz, CDCl3) δ = 27.6 (CH3), 86.2 (C-O), 117.4 

(CH), 122.7 (C), 123.1 (CH), 127.1 (CH), 133.2 (CH), 139.3 (C), 151.7 (C=O), 178.4 

(C=O); m/z (EI, %) = 295 (M
+
, 9.8), 239 (M

+
-

t
Bu+H, 9.6), 195 (M

+
-Boc+H, 64.6), 57 (

t
Bu

+
, 

100). HRMS (EI): calcd. for C18H17NO3 295.12083, found 295.12023. 

 

Tert-butyl 9-thioxoacridine-10(9H)-carboxylate 11a. A mixture of 

tert-butyl 9-oxoacridine-10(9H)-carboxylate 21a (1.98 g, 6.7 mmol) and 

Lawesson’s reagent (3.25 g, 8 mmol) in THF (50 mL) was stirred at 

ambient temperature for 8 h and subsequently heated at reflux for 4 h to 

form a dark green solution. After removal of the solvent under reduced pressure and 

purification of the residue by flash chromatography (SiO2, n-pentane: ether = 6: 1) the 

product 11a was obtained as dark green crystals (1.73 g, 5.6 mmol, 83%). mp: 135-138 ºC 

(sealed capillary). 
1
H-NMR (400 MHz, CDCl3) δ = 1.69 (s, 9H), 7.34-7.38 (t, J =8.43 Hz, 

2H), 7.54-7.56 (d, J =8.43 Hz, 2H), 7.69-7.72 (t, J = 8.43 Hz, 2H), 8.91-8.93 (d, J =8.43 

Hz, 2H); 
13

C-NMR (100 MHz, CDCl3) δ = 27.7 (CH3), 86.9 (C-O), 117.6 (CH), 124.2 

(CH), 130.5 (CH), 131.5 (C), 133.3 (CH), 133.9 (C), 151.4 (C=O), 205.6 (C=S); m/z (EI, 

%) = 311 (M
+
, 24.6), 211 (M

+
-Boc+H, 99.9), 57 (

t
Bu

+
, 100); HRMS (EI): calcd. for 

C18H17NO2S 311.09798, found 311.09918. 

 

 

Tert-butyl 2-methoxy-9-oxoacridine-10(9H)-carboxylate 21b. 

This compound was prepared in analogous way as described for 21a 

starting from 2-methoxyacridin-9(10H)-one 12b
12

 (3.38 g, 15 mmol), 

di-tert-butyl dicarbonate (3.27 g, 15 mmol) and N,N-dimethylpyridin-

4-amine (1.83 g, 15 mmol). 21b was obtained as white crystals (3.32 g, 10.2 mmol, 68%). 

mp: 125-127 ºC (sealed capillary). 
1
H-NMR (400 MHz, CDCl3) δ = 1.67 (s, 9H), 3.93 (s, 

3H), 7.26-7.29 (dd, J =2.93, 9.28 Hz, 1H), 7.33-7.36 (ddd, J =1.46, 6.83, 8.06 Hz, 1H), 

7.59-7.61 (d, J =9.28 Hz, 1H), 7.63-7.67 (ddd, J =1.47, 6.83, 8.79 Hz, 1H), 7.68-7.80 (dd, 

J =1.46, 8.79 Hz, 1H), 7.81-7.82 (d, J =2.93 Hz, 1H), 8.41-8.43 (dd, J =1.46, 8.06 Hz, 

1H). 
13

C-NMR (100 MHz, CDCl3) δ = 27.8 (CH3), 55.8 (OCH3), 85.9 (C-O), 106.5 (CH), 

118.4 (CH), 120.3 (CH), 122.8 (C), 123.2 (CH), 123.2 (CH), 124.2 (C), 127.1 (CH), 134.2 

(C), 139.5 (C), 152.0 (C), 155.8 (C=O), 178.5 (C=O). m/z (EI, %) = 325 (M
+
, 21.0), 269 

(M
+
-

t
Bu+H, 38.5), 225 (M

+
-Boc+H, 100.0), 57 (

t
Bu

+
, 85.9). HRMS (EI): calcd. for 

C19H19NO4 325.13139, found 325.13269. 

N

S

O O

N

O

O O
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Tert-butyl 2-methoxy-9-thioxoacridine-10(9H)-carboxylate 11b. 

This compound was prepared in analogous way as described for 11a 

starting from tert-butyl 2-methoxy-9-oxoacridine-10(9H)-carboxylate 

21b (3.23 g, 9.93 mmol) and Lawesson’s reagent (4.82 g, 11.91 

mmol). Orange powder (2.71g, 7.95 mmol, 80%). mp: 163-165 ºC 

(sealed capillary). 
1
H-NMR (300 MHz, CDCl3) δ = 1.69 (s, 9H), 3.97 (s, 3H), 7.35 (dd, J 

=2.93, 9.28 Hz, 1H), 7.35-7.37 (ddd, J =0.98, 6.83, 8.76 Hz, 1H), 7.51-7.52 (d, J =9.28 

Hz, 1H), 7.57-7.59 (dd, J =0.98, 8.76 Hz, 1H), 7.67-7.71 (ddd, J =1.46, 6.83, 8.30 Hz, 1H), 

8.37 (d, J =2.93 Hz, 1H), 8.93-8.95 (dd, J =1.46, 8.30 Hz, 1H). 
13

C-NMR (100 MHz, 

CDCl3) δ = 27.7 (CH3), 55.8 (OCH3), 86.9 (C-O), 109.7 (CH), 117.7 (CH), 119.4 (CH), 

124.1 (CH), 124.3 (CH), 128.6 (C), 130.7 (CH), 131.1 (C), 132.4 (C), 133.1 (CH), 133.6 

(C), 151.5 (C), 156.6 (C=O), 203.6 (C=O). m/z (EI, %) = 341 (M
+
, 15.3), 285 (M

+
-

t
Bu+H, 

13.8), 241 (M
+
-Boc+H, 100.0), 57 (

t
Bu

+
, 52.2). 

 

Tert-butyl 2''-methyl-2'',3''-dihydro-10H-dispiro[acridine-9,2'-

thiirane-3',1''-benzo[f]thiochromene]-10-carboxylate 14. A mixture 

of 2-methyl-2,3-dihydro-1H-benzo[f]thiochromen-1-one hydrazone 10 

(684 mg, 2.83 mmol) and MgSO4 (2.00 g) in dichloromethane (40 mL) 

was cooled to 0 ºC and activated MnO2 (2.50 g, 28.8 mmol) was added 

in one portion. The mixture was stirred at 0 ºC for 2.5 h in the absence of 

light. The deep red solution of diazo-compound 13 was quickly filtered 

through a plug of cotton into the ice-cooled collecting flask and the remaining residue was 

washed with cold dichloromethane. Thioketone 11a (586 mg, 1.88 mmol) was added 

slowly portion wise to the resulted solution until the evolution of nitrogen ceased. After 

stirring at room temperature for 1 h and removal of the solvent under reduced pressure, the 

crude product was purified by flash chromatography (SiO2, n-pentane: ether = 10: 1). 

Subsequent recrystallization from ethanol (60 mL) afforded pure 8 (660 mg, 1.26 mmol, 

67%) as a white powder. mp: 136-139 ºC (sealed capillary). 
1
H-NMR (300 MHz, CDCl3) δ 

= 1.24-1.27 (d, J =6.96 Hz, 3H), 1.65 (s, 9H), 2.19-2.26 (dd, J =7.68, 12.09 Hz, 1H), 2.68-

2.75 (dd, J =8.79, 12.09 Hz, 1H), 2.83-2.96 (ddq, J =6.96, 7.68, 8.79 Hz, 1H), 6.24-6.29 (t, 

J =7.69 Hz, 1H), 6.41-6.44 (dd, J =1.10, 8.60 Hz, 1H), 6.80-6.86 (dt, J =1.10, 8.79 Hz, 

1H), 7.00-7.03 (d, J =8.42 Hz, 1H), 7.21 – 7.26 (m, 1H), 7.33-7.42 (m, 4H), 7.52-7.57 (t, J 

=7.69 Hz, 1H), 7.66-7.69 (d, J =8.05 Hz, 1H), 7.79-7.82 (d, J =8.05 Hz, 1H), 7.87-7.84 (d, 

J =8.05 Hz, 1H), 8.75-8.78 (d, J =8.79 Hz, 1H). 
13

C-NMR (100 MHz, CDCl3) δ = 21.6 

(CH3), 28.64 (CH3), 36.7 (CH2), 42.4 (CH), 59.6 (C-S), 65.4 (C-S), 81.9 (C-O), 123.292 

(CH), 123.392 (CH), 124.3 (CH), 124.4 (CH), 124.5 (CH), 125.4 (CH), 125.4 (CH), 125.7 

(CH), 126.2 (CH), 127.0 (CH), 127.0 (CH), 127.2 (CH), 128.4 (CH), 129.5 (CH), 129.8 

(C), 130.4 (C), 130.4 (C), 1321.3 (C), 134.4 (C), 138.9 (C), 140.4 (C), 140.9 (C), 152.4 

(C=O). m/z (EI, %) = 523 (M
+
, 94.9), 467 (64.4), 422 (M

+
-Boc+H, 77.4), 211 (66.7), 57 

(
t
Bu

+
, 100). HRMS (EI): calcd. for C32H29NO2S2 523.16395, found 523.16126. 
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Tert-butyl 9-(2-methyl-2,3-dihydro-1H-benzo[f]thiochromen-1-

ylidene)acridine-10(9H)-carboxylate 7. A solution of episulfide 14 

(645 mg, 1.23 mmol) was heated at reflux for 8 h in toluene (100 mL) in 

the presence of tris(4-methoxyphenyl)phosphine (867 mg, 2.46 mmol). 

The reaction mixture was cooled to 60 ºC and after addition of methyl 

iodide (2.00 mL), was stirred at this temperature for an additional 4 h. 

The white precipitate was filtered off and removal of the solvent from 

the filtrate under reduced pressure followed by flash chromatography (SiO2, n-pentane: 

ether = 10: 1) and recrystallization from methanol (50 ml) afforded 7 (514 mg, 1.05 mmol, 

85%) as a white solid. mp: 288-292 ºC (sealed capillary). 
1
H-NMR (500 MHz, CDCl3) δ = 

0.82-0.83 (d, J =6.84 Hz, 3H), 1.68 (s, 9H), 3.18-3.21 (dd, J =2.44, 11.23 Hz, 1H), 3.76-

3.79 (dd, J =6.35, 11.23 Hz, 1H), 4.22-4.27 (ddq, J =2.44, 6.35, 6.84 Hz, 1H), 6.25-6.27 (d, 

J =7.82 Hz, 1H), 6.32-6.35 (t, J =7.81 Hz, 1H), 6.80-6.84 (t, J = 6.83 Hz, 1H), 7.01-7.04 

(t, J =7.32 Hz, 1H), 7.11-7.13 (t, J =8.30 Hz, 1H), 7.26–7.38 (m, 4H), 7.44-7.46 (d, J 

=8.30 Hz, 1H), 7.52-7.54 (d, J = 7.82 Hz, 1H), 7.58-7.59 (d, J =7.32 Hz, 1H), 7.62-7.64 (d, 

J =8.79 Hz, 1H), 7.87-7.89 (d, J =8.30 Hz, 1H). 
13

C-NMR (100 MHz, CDCl3) δ = 18.5 

(CH3), 28.4 (CH3), 30.9 (CH), 37.0 (CH2), 82.0 (C-O), 123.8 (CH), 124.1 (CH), 124.2 

(CH), 124.3 (CH), 124.8 (CH), 125.2 (CH+CH), 125.8 (CH), 125.9 (CH), 126.0 (CH), 

126.7 (CH), 127.0 (CH), 127.6 (CH), 127.7 (CH), 127.8 (C), 130.4 (C), 130.4 (C), 131.4 

(C), 133.5 (C), 134.7 (C), 134.8 (C), 135.1 (C), 138.0 (C), 139.3 (C), 152.3 (C=O). m/z (EI, 

%) = 491 (M
+
, 53.6), 435 (100), 390 (M

+
-Boc+H, 42.4), 57 (

t
Bu

+
, 48.9). HRMS (EI): calcd. 

for C32H29NO2S 491.19189, found 491.19358. Anal. calcd. for C32H29NO2S: C, 77.92; H, 

6.04; N, 2.85; S, 6.46. Found C, 78.03%; H, 6.05%; N, 2.85%; S, 6.49%. 

(2’R)-(M)-7: UV/Vis (n-hexane, 25 ºC, λ (ε×10
4
), nm): 222 (4.33), 260 (2.93), 325 

(0.94), 361 sh (0.36); CD(n-hexane, 25 ºC, λ (∆ε), nm): 222 (-91.8), 253 (-26.03), 275 

(+73.2). 350 (-13.0). 

 

Mixture of Z - and E - tert-butyl 2-

methoxy-2''-methyl-2'',3''-dihydro-10H-

dispiro[acridine-9,2'-thiirane-3',1''-

benzo[f]thiochromene]-10-carboxylate (cis-15 

and trans-15). These compounds were prepared 

according to the procedure described for 14 

starting from 2-methyl-2,3-dihydro-1H-

benzo[f]thiochromen-1-one hydrazone 10 (650 mg, 2.68 mmol) and activated MnO2 (2.50 

g, 28.8 mmol). Tert-butyl 2-methoxy-9-thioxoacridine-10(9H)-carboxylate 11b (426 mg, 

1.25 mmol) was further introduced to react with preformed diazonium compound 7. A 

mixture of cis-15 : trans-15 with ratio of 1.74 : 1 was obtained as a white powder (478 mg, 

0.86 mmol, 69%) and used for the next step. Additional chromatography (SiO2, n-pentane: 

ether = 10: 1) provided each isomer (96% purity by 
1
H-NMR), but complete separation of 

trans-15 and cis-15 could not be accomplished. trans-15 (Rf = 0.3): 
1
H-NMR (500 MHz, 

CDCl3) δ = 1.25-1.26 (d, J =6.84 Hz, 3H), 1.64 (s, 9H), 2.22-2.26 (dd, J =7.81, 12.70 Hz, 

1H), 2.74-2.78 (dd, J =8.79, 12.70 Hz, 1H), 2.92-3.00 (ddq, J =6.84, 7.81, 8.79 Hz, 1H), 

3.87 (s, 3H), 6.26-6.23 (t, J =8.30 Hz, 1H), 6.39-6.41 (d, J =8.30 Hz, 1H), 6.81-6.84 (t, J 
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=8.79 Hz, 1H), 6.90-6.92 (dd, J =2.93, 8.79 Hz, 1H), 7.00-7.02 (d, J =8.30 Hz, 1H), 7.35-

7.41 (m, 4H), 7.52-7.56 (t, J =7.81 Hz, 1H), 7.66-7.68 (d, J =7.81 Hz, 1H), 7.75-7.77 (d, J 

=8.79 Hz, 1H), 8.74-8.75 (d, 8.79 Hz, 1H). 
13

C-NMR (100 MHz, CDCl3) δ = 21.6 (CH3), 

28.7 (CH3), 36.7 (CH2), 42.4 (CH), 55.6 (OCH3), 59.7 (C-S), 65.4 (C-S), 81.7 (C-O), 112.5 

(CH), 114.6 (CH), 123.2 (CH), 123.2 (CH), 124.4 (CH), 124.5 (CH), 125.4 (CH), 125.7 

(CH), 126.1 (CH), 126.5 (CH), 127.0 (CH), 127.2 (CH), 128.4 (CH), 129.6 (C), 130.3 (C), 

131.9 (C), 132.3 (C), 133.9 (C), 134.4 (C), 139.1 (C), 140.9 (C), 152.5 (C), 156.2 (C=O). 

HRMS (EI): calcd. for C33H31NO3S2 553.17451, found 553.17489. cis-15 (Rf = 0.29): 
1
H-

NMR (500 MHz, CDCl3) δ = 1.27-1.28 (d, J =6.97 Hz, 3H), 1.63 (s, 9H), 2.21-2.27 (dd, J 

=8.06, 12.46 Hz, 1H), 2.71 (s, 3H), 2.69-2.74 (dd, J = 8.80, 12.46 Hz, 1H), 2.85-2.94 (ddq, 

J =6.97, 8.06, 8.80 Hz, 1H), 5.98-5.99 (d, J = 2.93 Hz, 1H), 6.37-6.40 (dd, J =2.93, 8.80 

Hz, 1H), 7.04-7.06 (d, J =8.07 Hz, 1H), 7.25–7.21 (m, 2H), 7.40-7.33 (m, 3H), 7.51-7.55 (t, 

J =6.60 Hz, 1H), 7.68-7.70 (d, J =7.70 Hz, 1H), 7.78-7.80 (d, J =7.70 Hz, 1H), 7.85-7.87 

(d, J =8.07 Hz, 1H), 8.78-8.80 (d, J =8.80 Hz, 1H). 
13

C-NMR (100 MHz, CDCl3) δ = 21.7 

(CH3), 28.6 (CH3), 36.8 (CH2), 42.4 (CH), 54.1 (OCH3), 60.0 (C-S), 65.4 (C-S), 81.7 (C-

O), 109.4 (CH), 114.3 (CH), 132.3 (CH), 124.2 (CH), 124.5 (CH), 125.4 (CH), 125.4 (CH), 

125.6 (CH), 126.3 (CH), 127.0 (CH), 127.1 (CH), 128.5 (CH), 129.5 (CH), 130.0 (C), 

130.4 (C), 130.8 (C), 132.2 (C), 132.4 (C), 134.5 (C), 140.7 (C), 141.3 (C), 152.5 (C), 

155.2 (C=O). m/z (EI, %) = 553 (M
+
, 69.9), 497 (51.4), 452 (M

+
-Boc+H, 77.4), 57 (

t
Bu

+
, 

100) HRMS (EI): calcd. for C33H31NO3S2 553.17451, found 553.17498. 

 

 (9Z) - and (9E) - Tert-butyl 2-methoxy-9-

(2-methyl-2,3-dihydro-1H-

benzo[f]thiochromen-1-ylidene) acridine-

10(9H)-carboxylate (cis-9 and trans-9). A 

solution of a mixture of cis-15 and trans-15 

(151 mg, 0.27 mmol) and tris(4-

methoxyphenyl)phosphine (191 mg, 0.54 mmol) 

in toluene (25 mL) was heated at reflux for 8 h. The reaction mixture was cooled to 60 ºC 

and after addition of methyl iodide (4.00 mL) was stirred at this temperature for an 

additional 4 h. The white precipitate was filtered off and the filtrate was concentrated under 

reduced pressure. Alkenes cis-9 and trans-9 were obtained after careful column 

chromatography (SiO2, n-pentane: ether = 10: 1). cis-9 (Rf = 0.5, 71 mg, 0.13 mmol, 50%) 

was obtained as white solid after recrystallization from ethanol (50 mL). mp: 272-276 ºC 

(sealed capillary). 
1
H-NMR (500 MHz, CDCl3) δ = 0.84-0.85 (d, J = 6.84 Hz, 3H), 1.67 (s, 

9H), 2.99 (s, 3H), 3.18-3.20 (dd, J = 2.45, 11.23 Hz, 1H), 3.76-3.79 (dd, J = 6.83, 11.23 

Hz. 1H), 4.21-4.27 (ddq, J = 2.45, 6.83, 6.84 Hz, 1H), 5.76-5.77 (d, J = 2.93 Hz, 1H), 6.36-

6.38 (ddd, J = 1.46, 6.83, 9.77 Hz, 1H), 7.14-7.17 (ddd, J = 1.46, 6.83, 9.28 Hz, 1H), 7.25-

7.28 (m, 1H), 7.31-7.38 (m, 4H), 7.52-7.53 (dd, J = 1.46, 7.81 Hz, 1H), 7.59-7.60 (d, J = 

8.30 Hz, 1H), 7.62-7.63 (d, J = 8.30 Hz, 1H), 7.85-7.87 (dd, J = 1.46, 8.30 Hz, 1H). 
13

C-

NMR (125 MHz, CDCl3) δ = 18.6 (CH3), 28.5 (CH3), 31.0 (CH), 37.1 (CH2), 54.9 (OCH3), 

81.8 (C-O), 110.1 (CH), 113.9 (CH), 124.1 (CH), 124.5 (CH), 124.7 (CH), 125.2 (CH), 

125.2 (CH), 125.2 (CH), 125.9 (CH), 126.1 (CH), 126.8 (CH), 127.5 (CH), 127.6 (CH), 

127.9 (C), 130.5 (C), 130.7 (C), 131.5 (C), 131.5 (C), 133.2 (C), 134.7 (C), 134.8 (C), 
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135.9 (C), 139.6 (C), 152.5 (C), 155.7 (C=O). HRMS (EI): calcd. for C33H31NO3S 

521.20245, found 521.20310. Anal. calcd. for C33H31NO3S: C, 75.49; H, 5.96; N, 2.66; S, 

6.06. Found: C, 75.44; H, 5.96; N, 2.69; S, 6.03. 

 trans-9 (Rf = 0.46, 52 mg, 0.1 mmol, 37%) was obtained as white solid after 

recrystallization from ethanol (50 mL) mp: 292-296 ºC (sealed capillary). 
1
H-NMR (300 

MHz, CDCl3) δ = 0.82-0.83 (d, J = 6.84 Hz, 3H), 1.67 (s, 9H), 3.18-3.21 (dd, J = 2.44, 

11.23 Hz, 1H), 3.74 – 3.78 (dd, J = 6.84, 11.23 Hz, 1H), 3.87 (s, 3H), 4.27-4.32 (ddq, J = 

2.44, 6.84, 6.84 Hz, 1H), 6.24-6.25 (dd, J = 1.46, 7.81 Hz, 1H), 6.30-6.33 (dd, J = 0.98, 

9.70 Hz, 1H), 6.79-6.82 (ddd, J =1.46, 6.83, 9.26 Hz, 1H), 6.88-6.91 (dd, J =2.45, 9.28 Hz, 

1H), 7.01-7.04 (ddd, J =0.98, 6.84, 8.56 Hz, 1H), 7.05-7.06 (d, J =2.45 Hz, 1H), 7.11-7.14 

(dd, J =0.98, 7.81, 8.56 Hz, 1H), 7.28-7.29 (d, J =8.30 Hz, 1H), 7.36-7.37 (d, J =8.30 Hz, 

1H), 7.42-7.43 (d, J = 7.81 Hz, 1H), 7.57-7.59 (d, J =8.30 Hz, 1H), 7.61-7.63 (d, J =8.30 

Hz, 1H), 8.76-8.78 (d, J =9.28 Hz, 1H). 
13

C-NMR (100 MHz, CDCl3) δ = 18.5 (CH3), 28.5 

(CH3), 31.0 (CH), 37.0 (CH2), 55.7 (OCH3), 81.8 (C-O), 111.6 (CH), 111.8 (CH), 123.7 

(CH), 124.1 (CH), 124.2 (CH), 124.3 (CH), 125.2 (CH), 125.8 (CH), 126.0 (CH+CH), 

127.1 (CH), 127.6 (CH), 127.7 (CH), 127.9 (C), 130.4 (C), 130.4 (C), 131.4 (C), 132.8 (C), 

134.60 (C), 134.7 (C), 135.0 (C+C), 138.3 (C), 152.5 (C), 156.5 (C=O). m/z (EI, %) = 521 

(M
+
, 44.8), 465 (100), 420 (M

+
-Boc+H, 47.7), 57 (

t
Bu

+
, 79.7). HRMS (EI): calcd. for 

C33H31NO3S 521.20245, found 521.20370. Anal. calcd. for C33H31NO3S: C, 75.49; H, 5.96; 

N, 2.66; S, 6.06. Found: C, 75.42; H, 5.95; N, 2.69; S, 6.03. 

 

Tert-butyl 2''-methyl-2'',3''-dihydro-10H-dispiro[acridine-9,2'-

thiirane-3',1''-cyclopenta-[a]naphthalene]-10-carboxylate 19. A 

solution of 2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one 

hydrazone 17 (210 mg, 1 mmol) in DMF (20 mL) was cooled to -50 ºC 

and [bis(trifluoroacetoxy)iodo]benzene (398 mg, 1 mmol) was added. 

After stirring for 10 sec, tert-butyl 9-thioxoacridine-10(9H)-carboxylate 

11a (156 mg, 0.5 mmol) was added and temperature of the mixture was 

allowed to reach a room temperature gradually. The mixture was poured into water (200 

mL) and extracted with ether (2×100 mL). The combined organic layers were washed with 

brine and dried (Na2SO4). The organic volatiles were removed under reduced pressure to 

provide an orange oil which was purified by flash chromatography (SiO2, n-pentane: ether 

= 10: 1). Subsequent concentration of combined fractions (Rf = 0.4-0.6) and 

recrystallization of the yellow residue from ethanol (30 mL) afforded pure 19 (177 mg, 0.36 

mmol, 72%) as a white powder. mp: 255-258 ºC (sealed capillary). 
1
H-NMR (500 MHz, 

CDCl3) δ = 1.10-1.11 (d, J = 6.84 Hz, 3H), 1.46 (s, 9H), 1.83-1.88 (dq, J = 6.35, 6.84 Hz, 

1H), 2.30-2.22 (d, J = 15.63 Hz, 1H), 2.99-3.03 (dd, J = 6.35, 15.63 Hz, 1H), 6.71-6.74 (dt, 

J = 0.97, 7.81 Hz, 1H), 6.81-6.84 (dt, J = 1.47, 7.81 Hz, 1H), 7.14-7.16 (d, J = 7.81 Hz, 

1H), 7.17-7.19 (dd, J = 0.97, 7.81 Hz, 1H), 7.20-7.24 (m, 2H), 7.28-7.32 (m, 2H), 7.52-7.59 

(m, 3H), 7.68-7.70 (dd, J = 0.97, 7.81 Hz, 1H), 7.72-7.73 (dd, J = 1.46, 7.81 Hz, 1H), 9.18-

9.20 (d, J =8.78 Hz, 1H). 
13

C-NMR (125 MHz, CDCl3) δ = 20.9 (CH3), 28.2 (CH3), 36.7 

(CH2), 41.6 (CH), 57.9 (C-S), 71.0 (C-S), 81.8 (C-O), 123.4 (CH), 123.6 (CH), 123.8 (CH), 

124.1 (CH), 124.2 (CH), 124.3 (CH), 124.6 (CH), 124.8 (CH), 126.6 (CH), 126.8 (CH), 

127.0 (CH), 127.9 (CH), 128.9 (CH), 129.0 (CH), 131.3 (C), 131.5 (C), 131.5 (C), 132.9 
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(C), 135.4 (C), 139.8 (C), 140.1 (C), 141.5 (C), 151.5 (C=O). m/z (EI, %) = 491 (M
+
, 57.6), 

435 (100), 390 (M
+
-Boc+H, 79.2), 57 (

t
Bu

+
, 93.3). HRMS (EI): calcd. for C32H29NO2S 

491.19189, found 491.19417. 

 

Tert-butyl 9-(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-

1-ylidene)acridine-10(9H)-carboxylate 8. This compound was 

prepared according to the procedure described for 1 starting from tert-

butyl 2''-methyl 2'',3''-dihydro-10H-dispiro[acridine-9,2'-thiirane-3',1''-

cyclopenta[a]naphthalene]-10-carboxylate 19 (170 mg, 0.35 mmol) and 

tris(4-methoxyphenyl)phosphine (147 mg, 0.42 mmol). Treatment of the 

final reaction mixture with methyl iodide (2.00 mL) followed by flash 

chromatography (SiO2, n-pentane: ether = 10: 1) and subsequent recrystallization from 

ethanol (20 mL) afforded pure 2 (138 mg, 0.30 mmol, 86%) as a slightly yellowish powder. 

mp: 213-217 ºC (sealed capillary). 
1
H-NMR (500 MHz, CDCl3) δ = 0.87-0.88 (d, J =6.84 

Hz, 3H), 1.61 (s, 9H), 2.64-2.67 (d, J =15.63 Hz, 1H), 3.65-3.69 (dd, J =6.35, 15.63 Hz, 

1H), 4.38-4.44 (dq, J =6.35, 6.84 Hz, 1H), 6.53-6.56 (t, J =7.81 Hz, 1H), 6.61-6.63 (d, J 

=7.81 Hz, 1H), 6.86-6.89 (t, J =7.81 Hz, 1H), 7.03-7.06 (t, J =7.83 Hz, 1H), 7.07-7.09 (d, J 

=8.30 Hz, 1H), 7.18-7.21 (t, J =7.81 Hz, 1H), 7.23-7.30 (m, 2H), 7.44-7.45 (d, J =8.30 Hz, 

1H), 7.60-7.62 (d, J =7.82 Hz, 1H), 7.71-7.75 (m, 2H), 7.82-7.83 (d, J =8.30 Hz, 1H), 7.88-

7.89 (d, J =7.82 Hz, 1H). 
13

C-NMR (125 MHz, CDCl3) δ = 19.0 (CH3), 28.4 (CH3), 37.9 

(CH), 40.3 (CH2), 81.7 (C-O), 123.8 (CH), 124.0 (C), 124.1 (CH), 124.6 (CH), 125.0 (CH), 

125.2 (CH), 125.3 (CH), 125.4 (CH), 125.9 (CH), 126.0 (CH), 126.6 (CH), 127.1 (CH), 

127.9 (CH), 128.6 (C), 130.0 (CH), 133.1 (C), 135.6 (C), 135.7 (C), 137.3 (C), 138.9 (C), 

139.1 (C), 145.0 (C), 146.2 (C), 152.4 (C=O). m/z (EI, %) = 459 (M
+
, 37.7), 403 (100), 358 

(M
+
-Boc+H, 82.5), 57 (

t
Bu

+
, 63.8). UV/Vis (i-pentane, 25 ºC, λ (ε×10

4
), nm): 232 (6.10), 

277 (1.67), 358 (2.85). HRMS (EI): calcd. for C32H29NO2 459.21981, found 459.22135. 

Anal. calcd. for C32H29NO2: C, 83.63; H, 6.36; N, 3.04. Found: C, 83.65; H, 6.35; N, 3.05. 

 

Mixture of Z- and E- tert-butyl 2-

methoxy-2''-methyl-2'',3''-dihydro-10H-

dispiro[acridine-9,2'-thiirane-3',1''-

cyclopenta[a]naphthalene]-10-carboxylate 

(cis-20 and trans-20). These compounds were 

prepared according to the procedure described 

for 13 starting from 2-methyl-2,3-dihydro-1H-

cyclopenta[a]naphthalen-1-one hydrazone 17 (420 mg, 2 mmol), [bis(trifluoro-

acetoxy)iodo]benzene (796 mg, 2 mmol) and tert-butyl 2-methoxy-9-thioxoacridine-

10(9H)-carboxylate 11b (342 mg, 1 mmol). The mixture of cis-20 and trans-20 isomers of 

2.3: 1 ratio, respectively, was obtained as a yellowish powder (360 mg, 0.69 mmol 69%). 

Additional chromatography (SiO2, n-pentane: ether = 10: 1) provided each isomer (96% 

purity by 
1
H-NMR), but complete separation of trans-20 and cis-20 could not be 

accomplished. cis-20 (Rf = 0.29) : 
1
H-NMR (500 MHz, CDCl3) δ = 1.09-1.11 (d, J =6.84 

Hz, 3H), 1.45 (s, 9H), 1.81-1.87 (dq, J =6.84, 6.35 Hz, 1H), 2.29-2.32 (d, J =15.62 Hz, 1H), 
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2.99-3.03 (dd, J =6.35, 15,62 Hz, 1H), 3.71 (s, 3H), 6.35-6.37 (dd, J =2.92, 8.78 Hz, 1H), 

7.08-7.10 (d, J =8.78 Hz, 1H), 7.15-7.16 (d, J =8.30 Hz, 1H), 7.19-7.32 (m, 6H), 7.54-7.59 

(m, 3H), 7.66-7.68 (d, J =7.82 Hz, 1H), 9.23-9.25 (d, J =8.79 Hz, 1H). 
13

C-NMR (100 

MHz, CDCl3) δ = 20.9 (CH3), 26.3 (CH3), 36.7 (CH2), 41.6 (CH), 55.4 (OCH3), 58.1 (C-S), 

71.2 (C-S), 80.2 (C-O), 113.2 (CH), 113.3 (CH), 123.7 (CH), 124.1 (CH), 124.3 (CH), 

124.4 (CH), 124.4 (CH), 124.6 (CH), 124.7 (CH), 126.9 (CH), 127.1 (CH), 128.0 (CH), 

129.1 (CH), 131.5 (C), 131.5 (C), 131.5 (C), 132.6 (C), 133.0 (C), 133.2 (C), 140.5 (C), 

141.6 (C), 151.6 (C), 155.5 (C=O). HRMS (EI): calcd. for C33H31NO3S 521.20245, found 

521.20278. 

 trans-20 (Rf = 0.28): 
1
H-NMR (500 MHz, CDCl3) δ = 1.10-1.12 (d, J =6.84 Hz, 3H), 

1.45 (s, 9H), 1.92-1.98 (dq, J =6.84, 6.35 Hz, 1H), 2.30-2.34 (d, J =15.62 Hz, 1H), 3.01-

3.05 (dd, J =6.35, 15.62 Hz, 1H), 3.85 (s, 3H), 6.69-6.72 (td, J =1.47, 7.81 Hz, 1H), 6.79-

6.84 (m, 2H), 7.12-7.16 (m, 3H), 7.20-7.23 (t, J =7.81 Hz, 1H), 7.27-7.31 (ddd, J =1.46, 

6.83, 9.76 Hz, 1H), 7.52-7.59 (m, 3H), 7.69-7.71 (dd, J =1.46, 7.81 Hz, 1H), 9, 16-9.17 (d, 

J =8.30 Hz, 1H). 
13

C-NMR (100 MHz, CDCl3) δ = 21.0 (CH3), 28.7 (CH3), 36.8 (CH2), 

58.1 (C-S), 71.2 (C-S), 81.5 (C-O), 41.5 (CH), 55.7 (OCH3), 112.0 (CH), 112.5 (CH), 

123.3 (CH), 123.6 (CH), 123.7 (CH), 124.2 (CH), 124.3 (CH), 124.6 (CH), 125.2 (CH), 

126.6 (CH), 127.9 (CH), 129.0 (CH), 129.1 (CH), 131.2 (C), 131.4 (C), 131.5 (C), 133.0 

(C), 133.5 (C), 137.0 (C), 140.1 (C), 141.6 (C), 151.6 (C), 156.8 (C=O).m/z (EI, %) = 521 

(M
+
, 57.7), 465 (100), 420 (M

+
-Boc+H, 86.8), 57 (

t
Bu

+
, 94.6). HRMS (EI): calcd. for 

C33H31NO3S 521.20245, found 521.20287. 

 

 (9Z)- and (9E)-Tert-butyl 2-methoxy-9-(2-

methyl-2,3-dihydro-1H-

cyclopenta[a]naphthalen-1-ylidene)acridine-
10(9H)-carboxylate (cis-16 and trans-16). 

These compounds were originally prepared as a 

mixture according to the procedure described 

for 7 starting from the mixture of cis-20 and 

trans-20 (300 mg, 0.58 mmol) and tris(4-methoxyphenyl)phosphine (243 mg, 0.69 mmol). 

Repeated flash chromatography (SiO2, n-pentane: ether = 10: 1) performed in the absence 

of light several times followed by additional recrystallization of the each separated isomer 

from propane-2-ol (30 mL) allowed to reach complete separation of cis-16 and trans-16. 

cis-16 (Rf = 0.32, 157 mg, 0.32 mmol, 56%) was obtained as yellowish solid. mp: 198-

201 ºC (sealed capillary). 
1
H-NMR (500 MHz, CDCl3) δ = 0.88-0.89 (d, J =6.84 Hz, 3H), 

1.59 (s, 9H), 2.65-2.68 (d, J =15.63 Hz, 1H), 2.91 (s, 3H), 3.64-3.68 (dd, J =6.34, 15.63 

Hz, 1H), 4.38-4.43 (dq, J =6.34, 6.84 Hz, 1H), 6.07-6.08 (d, J =2.44 Hz, 1H), 6.60-6.62 

(dd, J =2.44, 8.79 Hz, 1H), 6.91-6.94 (t, J =7.81 Hz, 1H), 7.08-7.10 (d, J =8.79 Hz, 1H), 

7.21-7.30 (m, 4H), 7.43-7.45 (d, J =8.30 Hz, 1H), 7.49-7.51 (d, J = 8.79 Hz, 1H), 7.72 (d, J 

=7.81 Hz, 1H), 7.73-7.74 (d, J =8.30 Hz, 1H), 7.79-7.81 (d, J =7.81 Hz, 1H), 7.84-7.86 (d, 

J =7.81 Hz, 1H). 
13

C-NMR (100 MHz, CDCl3) δ =  19.2 (CH3), 28.4 (CH3), 37.7 (CH), 

40.1 (CH2), 55.1 (OCH3), 81.5 (C-O), 110.8 (CH), 113.9 (CH), 123.8 (CH), 124.0 (C), 

124.3 (CH), 124.7 (CH), 124.9 (CH), 125.2 (CH), 125.5 (CH), 126.1 (CH), 126.2 (CH), 
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126.9 (CH), 127.8 (CH), 128.7 (C), 130.0 (CH), 132.4 (C), 132.9 (C), 135.4 (C), 135.5 (C), 

137.8 (C), 139.6 (C), 145.2 (C), 146.1 (C), 152.7 (C), 156.5 (C=O). (2’S)-(M)-cis-10: 

UV/Vis (i-pentane, 25 ºC, λ (ε×10
4
), nm): 255 (2.29), 321 (0.90), 367 (1.94). CD (i-

pentane, 25 ºC, λ (∆ε), nm): 227 (-103.4), 255 (+39.2), 282 (+27.3). 313 (+10.6), 363 (-

2.8). HRMS (EI): calcd. for C33H31NO3 489.23037, found 489.22896. Anal. calcd. for 

C33H31NO3: C, 80.78; H, 6.53; N, 2.83. Found: C, 80.72; H, 6.49; N, 2.79. 

trans-16 (Rf = 0.30, 78 mg, 0.16 mmol, 28%), was obtained as white solid. mp: 199-202 

ºC (sealed capillary). 
1
H-NMR (500 MHz, CDCl3) δ = 0.90-0.91 (d, J =6.83 Hz, 3H), 1.60 

(s, 9H), 2.64-2.67 (d, J =15.63 Hz, 1H), 3.65-3.69 (dd, J =6.34, 15.63 Hz, 1H), 3.87 (s, 

3H), 4.37-4.43 (dq, J =6.34, 6.83 Hz, 1H), 6.51-6.55 (t, J =7.31 Hz, 1H), 6.60-6.62 (d, J = 

7.81 Hz, 1H), 6.83-6.85 (dd, J =2.93, 8.79 Hz, 1H), 6.86-6.89 (t, J =8.30 Hz, 1H), 7.02-

7.06 (t, J =8.30 Hz, 1H), 7.06-7.08 (d, J =8.79 Hz, 1H), 7.18-7.21 (t, J =8.30 Hz, 1H), 7.42 

(d, J =2.44 Hz, 1H), 7.43-7.45 (d, J =8.30 Hz, 1H), 7.59-7.61 (d, J =8.30 Hz, 1H), 7.71-

7.75 (m, 3H). 
13

C-NMR (100 MHz, CDCl3) δ = 19.1 (CH3), 28.4 (CH3), 38.1 (CH), 40.3 

(CH2), 55.7 (OCH3), 81.5 (C-O), 111.1 (CH), 111.2 (CH), 128.8 (CH), 124.0 (C), 124.2 

(CH), 124.5 (CH), 124.7 (CH), 125.3 (CH), 125.9 (CH), 126.0 (CH), 126.5 (CH), 127.1 

(CH), 127.9 (CH), 128.6 (C), 130.1 (CH), 132.7 (C), 135.6 (C), 136.9 (C), 137.2 (C), 139.2 

(C), 145.2 (C), 146.2 (C), 152.6 (C), 156.8 (C=O). m/z (EI, %) = 489 (M
+
, 34.9), 433 (100), 

388 (M
+
-Boc+H, 85.6), 141 (33.7), 57 (

t
Bu

+
, 63.8). (2’S)-(M)-trans-10: UV/Vis (i-pentane, 

-143 ºC, λ (ε×10
4
), nm): 255 (2.72), 321 (0.95), 367 (2.03). CD (i-pentane, -143 ºC, λ (∆ε), 

nm): 226 (-91.0), 258 (+58.5), 277 (+40.4), 363 (-6.5). HRMS (EI): calcd. for C33H31NO3 

489.23037, found 489.22883. Anal. calcd. for C33H31NO3: C, 80.78; H, 6.53; N, 2.83. 

Found: C, 80.69; H, 6.50; N, 2.79. 

Photochemical Behavior of 7, cis-15, and trans-15. 

General Procedure of Irradiation Experiments. Irradiation experiments were carried 

out with a Spectroline 
®
 E-series Ultraviolet hand lamp using 365 nm wavelength mode. 

The samples were irradiated in a standard NMR tube or 1 cm cuvette and the distance to the 

light source was approximately 1 cm. 

Tert-butyl 9-(2-methylequatorial-2,3-dihydro-1H-benzo[f]thiochromen-1-ylidene) 

acridine-10(9H)-carboxylate (1a). 1 (2.71 mg, 5.57×10
-6

 mol) was dissolved in 0.5 mL of 

toluene-d
8
. After irradiation for 4 h at 25 ºC a photostationary mixture was obtained with 

ratio of 14:86 of starting material 7: product 7a. 

Starting 7 : 
1
H-NMR (500 MHz, C7D8, 25 ºC) δ = 0.49-0.51 (d, J = 6.84 Hz, 3H), 1.52 (s, 

9H), 2.64-2.67 (dd, J=2.44, 11.23 Hz, 1H), 3.32-3.36 (dd, J = 6.35, 11.23 Hz, 1H), 3.95-

4.00 (ddq, J = 2.44, 6.35, 6.84 Hz, 1H), 6.12-6.15 (d, J = 7.82 Hz, 1H), 6.53-6.54 (t, J = 

7.81, Hz 1H), 6.58-6.61 (t, J = 6.83, 1H), 6.96-7.17 (m, 4H), 7.27-7.36 (m, 4H), 7.57-7.59 

(d, J =7.32 Hz, 1H), 7.65-7.67 (d, J = 8.79 Hz, 1H), 7.97-7.98 (d, J = 8.30 Hz, 1H). 

Product 7a (chemical shifts deduced by subtraction of absorptions corresponding to the 

starting compound 1 from photostationary state mixture): 
1
H-NMR (500 MHz, C7D8, 25 ºC) 

δ = 0.96-0.97 (d, J = 6.84 Hz, 3H), 1.54 (s, 9H), 2.25-2.32 (ddq, J = 6.83, 6.84, 12.21 Hz, 

1H), 2.98-2.97 (dd, J = 9.76, 12.21 Hz, 1H + dd, J = 9.76, 6.84 Hz, 1H), 6.09-6.12 (t, J = 

7.32Hz, 1H), 6.44-6.46 (d, J = 7.82 Hz, 1H), 6.54-6.58 (t, J = 7.32 Hz, 1H), 6.87-6.90 (t, J 
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= 7.81 Hz, 1H), 7.00-7.03 (m, 1H), 7.06-7.10 (m, 1H), 7.23-7.28 (m, 3H), 7.38-7.45 (m, 

2H), 7.51-7.56 (m, 2H), 7.88-7.86 (d, J = 7.81 Hz, 1H). 

(2’R)-(M)-7: UV/Vis (n-hexane, 25 ºC, λ (ε×10
4
), nm): 222 (4.33), 260 (2.93), 325 

(0.94), 361 sh (0.36); CD(n-hexane, 25 ºC, λ (∆ε), nm): 222 (-91.8), 253 (-26.03), 275 

(+73.2). 350 (-13.0). 

PSS of (2’R)-(M)-7 and (2’R)-(P)-7a after irradiation with 365 nm light : UV/Vis (n-

hexane, 25 ºC, λ (ε×10
4
), nm): 220 (4.56), 261 (3.01), 318 sh (0.84), 361 sh (0.14);      CD 

(n-hexane, 25 ºC, λ (∆ε), nm): 218 (+53.5), 252 (-3.7), 270 (-45.6), 346 (+5.7). 

PSS of (2’R)-(M)-7 and (2’R)-(P)-7a after irradiation with 312 nm light : UV/Vis (n-

hexane, 25 ºC, λ (ε×10
4
), nm): 220 (4.51), 261 (3.00), 318 sh (0.87), 361 sh (0.22);      CD 

(n-hexane, 25 ºC, λ (∆ε), nm): 218 (+24.5), 252 (-8.2), 270 (-19.5), 346 (+1.9) 

(9E) -tert-butyl 2-methoxy-9-(2-methylequatorial-2,3-dihydro-1H-benzo[f]thiochromen-
1-ylidene) acridine-10(9H)-carboxylate (trans-15a): cis-15 (2.05 mg, 3.9×10

-6
 mol) was 

dissolved in 0.5 mL of toluene-d
8
. The composition of the reaction mixture was determined 

during irradiation at definite intervals at 0 ºC. The maximum composition of trans-15a was 

observed after 30 min of irradiation.  

Cis-15 : 
1
H-NMR (500 MHz, C7D8, 0 ºC) δ = 0.51-0.52 (d, J = 6.84 Hz, 3H), 1.53 (s, 

9H), 2.63-2.66 (dd, J = 2.44, 11.23 Hz, 1H), 3.32-3.36 (dd, J = 6.83, 11.23 Hz, 1H), 2.73 (s, 

3H), 3.96-4.04 (ddq, J = 2.44, 6.83, 6.84 Hz, 1H), 6.01-6.02 (d, J = 2.93 Hz, 1H), 6.37-

6.38 (dd, J = 2.93,8.78 Hz, 1H), 6.95-6.98 (m, 1H), 7.04-7.08 (m, 1H), 7.16-7.19 (t, J = 

8.30 Hz, 1H), 7.29-7.37 (m, 4H), 7.46-7.48 (d, J = 8.79 Hz, 1H), 7.67-7.68 (d, J = 8.79 Hz, 

1H), 7.99-8.01 (d, J = 7.82 Hz, 1H). 

Trans-15a (chemical shifts deduced by subtraction of absorptions corresponding to the 

starting cis-3 from mixture with trans-3a): 
1
H-NMR (500 MHz, C7D8, 0 ºC) δ = 1.07-1.09 

(d, J = 6.84 Hz, 3H), 1.57 (s, 9H), 2.25-2.32 (ddq, J = 6.84, 7.32, 12.21 Hz, 1H), 2.63-2.69 

(dd, J = 9.76, 7.32 Hz, 1H + dd, J = 9.76, 12.21 Hz, 1H), 3.28 (s, 3H), 6.09-6.12 (t, J = 

7.32 Hz, 1H), 6.46-6.48 (d, J = 8.79 Hz, 1H), 6.56-6.59 (t, J = 8.30 Hz, 1H), 6.62-6.64 (dd, 

J = 2.93, 8.79 Hz, 1H), 7.00-7.02 (m, 2H), 7.24-7.27 (m, 1H), 7.38-7.43 (m, 3H), 7.54-7.57 

(m, 2H), 7.77-7.76 (d, J = 8.79 Hz, 1H). 

(9Z) -tert-butyl 2-methoxy-9-(2-methylequatorial-2,3-dihydro-1H-benzo[f]thiochromen-

1-ylidene) acridine-10(9H)-carboxylate (cis-15a): trans-15 (1.98 mg, 3.8×10
-6

 mol) was 

dissolved in 0.5 mL of toluene-d
8
. The composition of the reaction mixture was determined 

during irradiation at regular intervals at 0 ºC. The maximum composition of cis-15a was 

observed after 30 min of irradiation.  

Trans-15: 
1
H-NMR (500 MHz, C7D8, 0 ºC) δ = 0.51-0.52 (d, J = 6.84 Hz, 3H), 1.55 (s, 

9H), 2.61-2.63 (dd, J = 2.44, 11.23 Hz, 1H), 3.34-3.37 (m, 4H), 4.04-4.12 (ddq, J = 2.44, 

6.84, 6.84 Hz, 1H), 6.13-6.16 (t, J = 7.33 Hz, 1H), 6.53-6.55 (d, J = 7.81 Hz, 1H), 6.60-

6.63 (t, J = 7.82 Hz, 1H), 6.68-6.71 (dd, J = 2.93, 9.28 Hz, 1H), 6.97-7.02 (m, 3H), 7.28-

7.37 (m, 3H), 7.59-7.60 (d, J = 8.30 Hz, 1H), 7.65-7.67 (d, J = 8.30 Hz, 1H), 7.87-7.88 (d, 

J = 8.79 Hz, 1H). 
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Cis-15a (chemical shifts deduced by subtraction of absorptions corresponding to the 

starting trans-15 from mixture with cis-15a): 
1
H-NMR (500 MHz, C7D8, 0 ºC) δ = 0.96-

0.98 (d, J = 6.84 Hz, 3H), 1.55 (s, 9H), 2.27-2.34 (ddq, J =6.84, 7.32, 12.21 Hz, 1H), 2.69 

(s, 3H), 2.88-2.97 (dd, J = 9.76, 12.21 Hz, 1H + dd, J =9.76, 7.32 Hz, 1H), 5.94 (d, J = 

2.93 Hz, 1H), 6.33-6.36 (dd, J = 2.93, 8.79 Hz, 1H), 6.90-6.93 (t, J = 7.32 Hz, 1H), 7.09-

7.11 (m, 2H), 7.24-7.27 (t, J = 7.33 Hz, 1H), 7.30-7.42 (m, 4H), 7.56-7.58 (m, 2H), 7.89-

7.91 (d, J = 8.30 Hz, 1H). 

Photochemical Behavior of 8, cis-16, and trans-16. 

General Procedure of Irradiation Experiments. Irradiation experiments were carried out 

with a Spectroline 
®
 E-series Ultraviolet hand lamp using 365 nm wavelength modes. The 

concentrations of the solutions were selected to the conditions that in UV/Vis spectra the 

absorptions of the main peaks were in the range of 0.2-0.8 a. e. The samples were irradiated 

in 1 cm cuvette inside an OPTISTATE 
DN

 at a definite temperature range. 

Photochemical isomerisation of 8 into 8a. 

8 : UV/Vis (i-pentane, 115 K, λ (ε×10
4
), nm): 232 (6.10), 277 (1.67), 358 (2.85). 

Photostationary mixture of 8 and 8a after irradiation with 365 nm light : UV/Vis (n-

hexane, 115 K, λ (ε×10
4
), nm): 232 (5.10), 256 sh (3.19), 273 sh (2.32), 418 sh (1.25). 

Photochemical isomerization of cis-16 into trans-16a. 

(2’S)-(M)-cis-16 : UV/Vis (i-pentane, 115 K, λ (ε×10
4
), nm): 255 (2.29), 321 (0.90), 367 

(1.94).  

CD (i-pentane, 115 K, λ (∆ε), nm): 227 (-103.4), 255 (+39.2), 282 (+27.3). 313 (+10.6), 

363 (-2.8) 

Photostationary mixture (PSS1) of (2’S)-(M)-cis-16 and (2’S)-(P)-trans-16a after 

irradiation with 365 nm light: CD (i-pentane, 115 K, 25ºC, λ (∆ε), nm): 237 (+30.0), 262 (-

8.1), 285 (+9.7). 324 (-3.5), 420 (+3.4) 

Mixture of (2’S)-(M)-cis-16 and (2’S)-(M)-trans-16 after heating of PSS1: CD (i-

pentane, 115 K, λ (∆ε), nm): 227 (-95.4), 259 (+28.2), 278 (+19.1). 313 (+6.1), 363 (-4.7) 

Photochemical isomerisation of trans-10 into cis-10a. 

(2’S)-(M)-trans-16 : UV/Vis (i-pentane, 115 K, λ (ε×10
4
), nm): 255 (2.72), 321 (0.95), 

367 (2.03); CD(i-pentane, 115 K, λ (∆ε), nm): 226 (-91.0), 258 (+58.5), 277 (+40.4), 363 (-

6.5) 

Photostationary mixture (PSS2) of (2’S)-(M)- trans -16 and (2’S)-(P)- cis -16a after 

irradiation with 365 nm light: CD (i-pentane, 115 K, 25ºC, λ (∆ε), nm): 244 (+33.1), 262 (-

21.2), 286 (+6.8), 420 (+3.6) 

Mixture of (2’S)-(M)- trans -16 and (2’S)-(M)- cis -16 after heating of PSS2 : CD (i-

pentane, 115 K, λ (∆ε), nm): 227 (-100.5), 259 (+52.4), 278 (+34.4). 313 (+8.7), 363 (-3.8). 
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Chapter 3 
Functionalization of Acridane 
Based Molecular Motors 

 

 

The development of a synthetic approach towards several conveniently 
functionalized acridane based ultrafast molecular motors is outlined in this chapter. 
This methodology is based on the introduction of a N-benzoyl type functional 
moiety in the first synthetic step, with subsequent construction of the molecular 
motor architecture. The benefits of this approach were applied to achieve the 
construction of a set of molecular motors equipped with carboxy, methyl and amine 
functionalities. Such systems can potentially be used as precursors for subsequent 
attachment of the other functional moieties with desirable properties. Furthermore, 
two molecular motor units were linked together with the help of a suitable diamine 
spacer to provide a molecular motor dipod (dimer). 
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3.1   Introduction 

Directed movement of nanometer sized objects across artificial surfaces is a very 

challenging issue from a nanotechnological part of view, as it ultimately would allow for 

the realization of transport at molecular levels. To achieve these goals, a number of nanocar 

systems were designed to function by applying light stimuli (Chapter 1.3.2). The 

operational mechanism for photomechanical conversion in such systems is proposed to 

occur by the transmission of structural changes in light sensitive moieties, into the 

movement of the molecule. Independently from the Tour group, pioneering studies were 

also performed in our group. Systems based on two molecular rotor subunits connected 

together by means of a rigid central scaffold represent the so-called “molecular bicycles” 1 

and 2 (Figure 1).
1
 With this respect, rotating substructures can function as intramolecular 

“wheels” at these near-flat structures, whereas assembling them onto appropriate surfaces 

would allow for partial disabling of Brownian motion. Considering stereochemical aspects 

in 1 and 2, the wheels can rotate in the same directions only in the RS and SR isomers. Such 

cooperative functioning potentially can result in the translational movement of these 

molecules. In the corresponding RR and SS isomers, the motor components rotate in 

opposite directions and thus assuming near rotational movement on a surface. Likewise, the 

speed of molecular “walking” is directly dependent on the rotational frequency of such 

systems and can be effectively tuned by the design of the wheel. For example molecule 1, 

containing ultrafast motor components, should “walk” faster than fluorene analog 2 (Figure 

1). 

 

Figure 1. Potential ”walking” systems based on two molecular motor units. 

Another example of a multi-motor system is molecular motor trimer 3 (Figure 2a).
 2

 The 

light-induced rotational aspects for the motor units in 3 were studied in solution, while 

deposition of such molecules onto a graphite surface revealed formation of stable self-

assembled arrays by means of STM. The structure of the self-organized monolayer 

produced from enantiomerically pure (S)-(M)-(S’)-(M’)-(S”)-(M”)-3 appeared to have large 

ordered areas containing a hexagonal pattern of six spots (Figure 2b). The dimensions of 

each triangular shaped spot (Figure 2c) were in agreement with the calculated dimensions 

of 3. At the same time the central triethynylbenzene-based scaffold follows the symmetry 

and orientation of the underlying graphite surface, defining a clockwise rotational 

symmetry of each hexagonal pattern. Notably, in the monolayer, the chirality of the 

molecule was expressed on both molecular and supramolecular levels. Irradiation can 

provide a change in the total symmetry of the molecule due to the formation of unstable 
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motor arrays with concomitant inversion of their helicity. This would result in a subsequent 

reorganization of initially produced self-assembled stable arrays, which also would be 

expressed in the resulting molecular motion on a surface under appropriate conditions. 

3

(A)

  

Figure 2. (a) Motor trimer 3 and (b) STM image of the produced self-assembled monolayer 

of enantiomerically pure (S)-(M)-(S’)-(M’)-(S”)-(M”)-3 on HOPG; (c) highlighted bright 

spots belonging to single molecules of 3. Adapted from ref 2. 

The systems comprising two or more molecular motor subunits evidently represents a 

very promising field of research, which might allow for controlling the dynamics in such 

multicomponent architectures. However, photo-induced movement across surfaces is very 

challenging, as the success of every event towards making “steps” depends strongly on 

several issues. For instance, in contrast to a bulk solution, photoinduced energy transfer 

towards a surface can lead to an increase in undesired photodegradation and 

photoquenching processes. 

The previous design towards molecular systems 1 and 2 was based on functionalization 

of the rotor part. Connection of the motors through the lower stator part would inevitably 

destroy symmetry of the motor units and would consequently require working under special 

conditions in order to avoid cis-trans photoisomerization. Following this line of reasoning, 

application of nitrogen-containing motors can be more favorable, due to the symmetry of 

their functionalization directly at the nitrogen atom of the stator, envisioned in Chapter 2. 

Another approach towards multicomponent systems comprising several molecular motors 

linked to the central core is discussed in the current chapter. The proposed synthetic 

methodology includes two phases: 1) the synthesis of the target motors equipped with an 

appropriate functional group is performed initially while 2) the subsequent connection of 

motor components to the central core is achieved followed by further synthetic 

manipulation. 
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3.2   Functionalization of Acridane Based Molecular Motors 

A multicomponent system can be schematically depicted as in model 4 (Figure 3), 

comprising a central spacer equipped with several motors. Initially, a synthetic approach 

towards this model involves acridane motor 5, produced upon removal of Boc- protecting 

group from motor 6 (the synthesis and photochemical isomerization properties of this motor 

are discussed in Chapter 2). 

 

Figure 3. Approach towards multicomponent systems based on N-Boc-protected acridane 

based motors. 

In order to prepare the desired acridane motor 5 several attempts were undertaken using 

N-Boc protected 6. However, treatment of 6 with trifluoroacetic acid
3
 resulted in the 

complete disappearance of the starting material within 5 min. The structure of the isolated 

orange material was assigned as acridine based isomer 7 (Scheme 1, m/z = 360 [MH
+
], δ = 

42.5 ppm (
13

C-NMR)). This happened evidently due to the rearrangement in 5, driven by 

aromatization of acridane ring into an acridine moiety and along with a decrease in steric 

hindrance between rotor and stator parts upon the formation of the central single bond in 7.  

Scheme 1. 
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Concurrently, another possibility for chemical modification of N-Boc-substituent in 6 

was undertaken involving mild reductive conditions. Portionwise addition of a slight excess 

of LiAlH4
4
 into a solution of 6 in ether at 0 ºC resulted in the complete conversion of the 

starting material within 15 min. According to the 
1
H-NMR (δ = 3.45 ppm, N-CH3) and MS 

(m/z = 376 [MH
+
]), the structure of the main component of the yellow colored reaction 
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mixture was assigned as 8 (Scheme 1). Treatment of 6 even with a reduced amount of 

LiAlH4 (0.8 eq) provided the mixture of 8 and starting material 6. The formation of 8 is 

most likely caused by simultaneous reductions of both the central alkene bond and carbonyl 

moiety in 6. The strong reactivity of the central alkene bond in 6 towards reduction can be 

considered as a thermodynamically favorable process, which leads to a decrease in strain 

between rotor and stator parts upon formation of 8. 

Due to the ease with which the central alkene bond in 6 is reduced, a new design of 

“connectable” motors had to be devised. The motor needs to be equipped with a suitable 

moiety R (Figure 3) in place of the N-Boc substituent. Thus, the R should comprise a 

suitable functional group capable of being linked into the central spacer in order to afford 

the multi-motor 4 afterwards. Among the variety of candidates for R, alkyl linkers are 

expected to be favorable from both synthetic (to avoid solubility problems) and compound 

characterization (to separate absorptions of the aliphatic linker from aromatic motor protons 

in 
1
H- and 

13
C-NMR) points of view. Previously, the inability of 10-methylacridine-

9(10H)-thione 9 to undergo Barton-Kellogg coupling
 
with diazonium derivatives in DCM 

solutions was explained in terms of limited solubility of this thioketone.
5
 To develop 

optimal conditions, 9
6
 was utilized in an improved Barton-Kellogg reaction when diazo-

compounds were produced upon oxidation of the corresponding hydrazone precursors by 

means of hypervalent iodine reagents.
7
 Following reported procedure,

8
 addition of 9 to the 

mixture of 10 and [bis(trifluoroacetoxy)iodo]benzene 11 at -60 ºC resulted in evolution of 

nitrogen and formation of brown solution. Analysis of the reaction mixture revealed an 

exclusive formation of the unsymmetrical azene 12 (Scheme 2, 
1
H-NMR, HRMS = 

401.18786). It should be mentioned that in this type of reaction, azenes were always found 

as concomitant admixtures for the main episulfide products. Likewise, utilization of less 

reactive oxidant [bis(acetoxy)iodo]benzene 13 for generation of the diazo-compound from 

10 at room temperature afforded only symmetrical azene 14 (Scheme 2). 

Scheme 2. 

 

The Barton-Kellogg coupling can be described as two consecutive reactions (Scheme 3). 

In the first step, 1,3-dipolar cycloaddition provides the thiadiazolidine ring. This process is 

facilitated by proper charge distribution in diazo- and thioketone- components. The 
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subsequent thermally induced rearrangement of the central five-membered ring is driven by 

the extrusion of the stable nitrogen molecule affording the corresponding episulfide moiety. 

Scheme 3. 

 

Thioketone 9 possesses an electron withdrawing C=S functionality conjugated with an 

electron pair on nitrogen atom. Such interplay between these substituents facilitates 

aromatization of 9 into of zwitterionic 9a (Scheme 2) with a localization of positive charge 

on the nitrogen atom.
9
 Considering the favorable charge distribution in thioketone and 

diazo-compounds (Scheme 3), the lack of reactivity for 9/9a in this reaction is attributed 

due to ineffective localization of charges in the corresponding thioketone (Scheme 2). In 

contrast to 9, N-Boc protected analogs provided the desired episulfide (Chapter 2) in a 

similar reaction with 10 and 11. This suggests that substitution at the nitrogen atom with 

electron withdrawing substituents would affect the reactivity for thioketones with diazo-

compounds, as the influence of 9a type structures could be avoided. Thus, carboxy based 

substituents, electronically similar to Boc, would be appropriate candidates for linkers.  

Surprisingly, 10-acetylacridin-9(10H)-one 15 (Scheme 4) could not be derived by 

following the same procedures as that used for the preparation of its N-Boc-analog (Chapter 

2). Only starting materials were isolated upon treatment of acridine-9(10H)-one 16 with 

acetic anhydrate/DMAP mixture. Thus, the preparation of 15 was followed to a known 

procedure.
10

 A clear green solution of anion 17 was obtained after addition of NaH into a 

mixture of 16 in THF, however subsequent injection of acetyl chloride resulted in a starting 

acridone precipitating from the solution. At the same time, the analysis of the reaction 

mixture revealed 18 (Scheme 4, m/z = 376 [MH
+
], 

1
H NMR δ = 5.05 ppm, =CH2) as a 

product of O-acylation of 15 initially produced upon N-acylation of 17. Such result is 

explained by the conversion of 15 into its enol form 15a by means of NaH or 17, with 

subsequent secondary acetylation of oxygen-centered anion. 

 

Scheme 4. 

 

Alternatively, in order to obtain the monoacylated product of 16, the design of carboxy- 

based precursor should be changed towards phenyl substituted type in which enolizable α-

CH atoms next to the carbonyl moiety are absent.  
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Following that concept, a white solid was isolated from the reaction mixture of 4-

methylbenzoyl chloride 19 (Scheme 5) with 17 in THF solution at room temperature. The 

structure of the isolated product was assigned as acridin-9-yl 4-methylbenzoate 20 (Scheme 

5), produced upon acylation of the oxygen in 17a being a resonance structure of the N-

anion 17.
11

 

Scheme 5. 

 

The reasons of such a behavior of anionic species of 17 in its reaction with different 

acylchloride derivatives can be explained on the bases of the HSAB concept.
12

 

Nevertheless, organoaluminium compounds could be used to obtain the N-substituted 

product 16.
13

 Thus, a bright yellow aluminum amide 21 (Scheme 5) was obtained upon 

dropwise addition of solution of trimethylaluminium in toluene to a suspension of 16 in 

benzene. Subsequent addition of 19 resulted in an orange mixture which was kept at reflux 

for 48 h. The desired N-substituted product 22 was isolated as a yellow powder in a 72% 

yield. 

2.02.53.03.54.04.55.05.56.06.57.07.58.08.5
ppm

1

2
CDCl

(A)

(B)

3

 

Figure 4. 
1
H-NMR (400 MHz) spectra of a) 20 and b) 22 in chloroform-d.  



CHAPTER 3 

 

74 

 

 

 

 

 

  5. Chapter 3.doc 

HRMS for isomers 20 and 22 revealed fully identical mass values for the molecular ions, 

whereas the assignment of their structures was possible due to pronounced differences in 

the character of their 
1
H-NMR spectra (Figure 4). 

Likewise, the difference in chemical activity of the 4-methylbenzoyl moiety was also 

found for 20 and 22. Only acridine-9(10H)-thione 20a was isolated as a product upon 

reaction of 20 with Lawesson’s reagent (Scheme 6). 

Scheme 6. 

N

O O
N
H

S

LR*

THF, rt

20

20a
quantitatively

 

In contrast, treatment of 22 with Lawesson’s reagent in a similar manner afforded the 

desired thioketone 23 (Scheme 7) as red-brown powder. Coupling between hydrazone 10 

and thioketone 23 by means of 11 at -60 ºC gave episulfide 24 in a moderate yield (52%). 

Summarizing these results, the presence of an electron withdrawing moiety at the nitrogen 

position in acridine-9(10H)-thiones was important for the successful proceeding of the 

Barton-Kellogg reaction (as it was emphasized above in Schemes 2and 3). The final 

desulfurization of 24 by means of PPh3 provided the title alkene 25 as yellow crystals.  

Scheme 7.
a
 

 
a
 Reagents and conditions: (i) Lawesson’s reagent, THF, reflux, 85-92%; (ii) 2-methyl-2,3-

dihydro-1H-cyclopenta[a]naphthalen-1-one hydrazone, 11, DMF, -50 ºC→ rt, 51-54%; (iii) 

Ph3P, toluene, reflux, 83-84%; (iv) N2H4×H2O, Pd/C ethanol, reflux, 89%. 

 

Alkenes 26 and 27 (Scheme 7) equipped with methylester and amine moieties, 

respectively, were prepared in a similar manner as used for 25 in order to explore a series of 
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substituted of acridane based molecular motors. The details of their synthesis are described 

below. 

The synthesis of motor 26 requires acridine-9(10H)-one 35 as a starting material. For this 

purpose, methyl 4-(chlorocarbonyl)benzoate 28 (Scheme 8) was prepared following a 

known procedure.
 14

 Thus, a partial hydrolysis of 29 provided terephthalic monoester 30, 

which was subsequently treated with thionyl dichloride to afford 28.
 
 

Scheme 8.
 a
 

 
a
 Reagents and conditions: (i) KOH, MeOH, reflux, 87%; (ii) SOCl2, reflux, 98%. 

 

It was reasoned that amino acid 31 (Scheme 9) could be an attractive source for the 

amino functionality in motor 27. Protection of amino-group in 31 provided phthalimide 

32
15

 and subsequent conversion of the carboxyl moiety in 32 to acylchloride functionality 

by means of thionyl chloride yielded 33 (Scheme 9). Unexpectedly, 33 possessed very low 

solubility and thus, commercially available 4-nitrobenzoyl chloride 34 was used as a 

starting material for 27. In this case, the nitro-group in 34 serves as a masked amino 

functionality in alkene 27. 

Scheme 9. 
a
 

NH2

OHO

N

OHO

OO
N

ClO

OOi
ii

31

32 33  
a
 Reagents and conditions: (i) phthalic anhydride, THF, reflux, 74%; (ii) SOCl2, reflux, 

89%. 

The precursors 35 and 36 (Scheme 10) for stators in the corresponding motors, were 

obtained by the reaction of 21 with p-substituted benzoyl chlorides 28 and 34, respectively, 

following the procedure described for 22 (Scheme 5). The remarkable tolerance of the 

organoaluminium compounds with the respect to nitro-containing species in 34 could 

provide additional benefits with these types of reagents. 
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Scheme 10.
 a
 

 

a
 Reagents and conditions: (i) (4-R-C6H4)-COCl, toluene, 80 ºC 70% (R=CO2Me), 76% 

(R=NO2). 

The subsequent synthetic manipulations with 35 and 36 afforded motors 26 and 27a, 

respectively, almost in comparable yields (Scheme 7). Additionally, smooth reduction of 

nitro-moiety in 27a by means of hydrazine/Pd/C system provided exclusively alkene 27, 

almost quantitatively. 

3.3   Synthesis of Molecular Motor Dipod 

The amide bond formation is a widely used synthetic approach for linking several 

molecular counterparts together into more complex structures. This approach seemed to be 

the most optimal in order to combine the two molecular motor units with the help of a 

diamine spacer (Figure 5). 

NHHN

O

O

Motor

Motor

Spacer NH2H2N

O

Motor

Spacer

OH

O

Motor

HO

 

Figure 5. Retrosynthetic analysis of molecule containing two linked motors. 

An efficient way to realize such a transformation is based on the motor bearing a 

carboxyl group. From this line of reasoning, several attempts at ester hydrolysis under mild 

conditions were performed (Scheme 11). Treatment of 26 with lithium hydroxide resulted 

in amine 7 doe to the concurrent cleavage of both amide and ester bonds. Likewise, a test 

reaction for amide coupling between 26 and n-butylamine in the presence of catalytic 

amounts of sodium cyanide
16

 afforded 7 exclusively (Scheme 12). Such results indicate an 

enhanced reactivity for the amide-bond in 26 towards nucleophilic reagents. 
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Scheme 11. 

N

O
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O

N

O

OH

O

OH

H +

7

1. LiOH

H2O, 60oC

2. H3O+

26  

Scheme 12. 

 

Nevertheless, in order to overcome the difficult ester hydrolysis in 26, the direct 

conversion of esters into amide functionalities was achieved by means of organoaluminium 

amides.
17

 Triisobutylaluminium was used to avoid the anticipated solubility problems for 

mediated di(aluminium amide) species. Though, trisubstituted aluminium species bearing 

sterically undemanding substituents are known to coexist as dimers or even higher order 

aggregates with a reduced reactivity.
18

 The reaction of benzene-1,4-diamine 41 with i-

Bu3Al in a toluene followed by addition of a slight excess of 26 provided diamide 42 as a 

white powder (Scheme 13). 
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Scheme 13.
 a
 

 
a
 Reagents and conditions: (i) 

i
Bu3Al, 26, toluene, 80 ºC, 63-66%; (ii) hexanoyl chloride, 

pyridine, THF-DMF, reflux, 92%; (iii) LiAlH4, ether-THF, reflux, 53%. 

 

Due to solubility reasons, the characterization and further spectroscopic studying of 42 

was problematic. In order to increase the solubility of the diamide product, diamine 43 

containing N-hexyl chains was prepared (Scheme 13). Diamine 41 was converted to 

diamide 44 upon treatment with an excess of hexanoyl chloride and DMAP. Reduction of 

diamide 44 by means of LiAlH4 in ether solution
19

 afforded 43.  

Reaction of 43 with 26 under similar conditions as used for the preparation of 42, 

provided the mixture of the desired diamide 45 and monoamide 46 (Scheme 13) in a 5 : 1 

ratio, respectively. The separation between these compounds was achieved by means of 

column chromatography and the diamide 45 was isolated in 63% yield as a white powder. 

The 
1
H-NMR spectra of 45 and 46 were consistent with their structures (Figure 6).  

In the mass spectra of 45, together with the peaks corresponding to the cationic [45+Na]
+
 

and [45+K]
+
 species, the most intense peaks were found at m/z of 896.6 and 359.2. These 

were assigned to the species produced upon cleavage of the amide linker with one of the 
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motors in 45 (Figure 7). Such data serve as an additional evidence for the facile formation 

of 7 from functionalized acridane based motors discussed above. 

0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0
ppm

1

2

(A)

(B)

 

Figure 6. 
1
H-NMR (500 MHz) spectra of a) 46 and b) dimer 45 in chloroform-d. 

 

Figure 7. Fragmentation of 45 observed by mass-spectrometry. 
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3.4   Towards Molecular Motor Trimers 

Though amide coupling proved to be the method of choice for synthetic manipulations 

with acridane based molecular motors, their enhanced reactivity towards nucleophiles 

(Chapter 3.3) should be kept in mind for their successful application in subsequent 

synthetic transformations. In order to construct a system containing three molecular motor 

units connected to the central 1,3,5,-tris(phenyl) benzene core, a similar strategy as for 45 

seems to be appropriate starting from 27. Likewise, for avoiding solubility problems of the 

final amides, support of 27 with iso-butyl chain is desirable as the reactivity of disubstituted 

amines with organoaluminium species is known to be effective as well.
20

 Following 

literature procedures, application of HCOONH4/Pd/C
21a

 or Cu(PPh3)2BH4/H2NSO3H
21b

 

systems for the reductive mono-N-alkylation with 2-methylpropanal resulted in low 

conversions (about 15%) of 27 into 47 (Scheme 14). Nevertheless, optimization of the 

reaction conditions (pH of the solution and reaction time) using sodium cyanoborohydride
22

 

increased the conversion into 47 (77% yield). 

Scheme 14.
a
 

 
a
 Reagents and conditions: (i) 2-methylpropanal, NaBH3CN, methanol, rt, 77%; 

Tripodal linker 48, was prepared with slight modifications to the known procedures.
23

 

Self-condensation of 4-bromacetophenone 49 by means of SiCl4 in methanol,
24

 yielded 

1,3,5-tris(4-bromophenyl)-benzene 50.
25

 Lithiation of 50 with excessive amounts of n-

BuLi, followed by carboxylation with carbon dioxide afforded 1,3,5-tris(4-carboxyphenyl)-

benzene 51 as a white solid. The conversion of 51 into 48 was achieved by treatment with 

oxalyl chloride /THF mixture at high temperatures. 
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Scheme 15.
a
 

 
a
 Reagents and conditions: (i) SiCl4, methanol 0 ºC→ rt, 33%; (ii) n-BuLi, THF, -78 ºC, 

then CO2, 48%; (iii) SOCl2, reflux, 88%. 

Subsequent treatment of 48 with 6 eq. of 47 and slight excess of DMAP in DMF solution 

resulted in the formation of fully insoluble white precipitate, which made characterization 

and subsequent synthetic transformation to be problematic. 

In order to provide better solubility for the final trimer, the equipment of the central 

tripod spacer with alkyl chains was developed using a base-catalyzed
26

 Michael reaction. 

Thus, addition of methyl acrylate 52 into the mixture of 1-(4-hydroxyphenyl)ethanone 53 

and Triton B, resulted in the formation of 4-(4-acetylphenoxy)butan-2-one 54 (Scheme 16). 

Monomer 54 was trimerized afterwards, into the desired trimethyl ester 55 upon treatment 

with SiCl4 in methanol solution.
24

 

Scheme 16.
a
 

  
a
 Reagents and conditions: (i) triton B, -33 ºC→ rt, 54%; (ii) SiCl4, methanol, 0 ºC→ rt, 

33%; (iii) LiOH, MeOH-H2O, 60 ºC, 98%. 

Surprisingly, hydrolysis of the ester functionalities in 55 under mild basic conditions 

afforded 56,
27

 which was isolated as a white powder almost quantitatively doe to a retro 

1,4-addition (Scheme 16). In this situation, the direct amide coupling between ester and 

amine moieties can be used to overcome the encountered problematic preparation of 

mediated acid functionalities (Chapter 3.3). Unfortunately, addition of 55 into the solution 

of (i-Bu)3Al and amine 47 in toluene also provided triphenol 56. The formation of such 

product occurred due to a β-elimination promoted, most likely, by the organoaluminium 
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amide species (Scheme 17). In contrast, sulfur β-analogs of 55 have been reported to be 

stable towards retro-Michael addition.
28

 

Scheme 17. 

 

From the previous findings, it was evident that presence of an extra heteroatom in a side 

chain of central tripod spacer was not suitable for the successful amide coupling under 

nucleophilic conditions. Taking this into account, the preparation of a tripod spacer was 

achieved starting from commercially available 3-phenylpropanoyl chloride 57 (Scheme 18). 

Treatment of 57 with pyridine in a dry methanol solution produced ester 58. Following 

literature procedures, Friedel-Crafts acylation of 58 provided methyl 3-(4-

acetylphenyl)propanoate 59.
29

 Similar to 54, self-condensation of 59 gave tri-ester 60, 

which was subsequently hydrolyzed to the acid 61 (Scheme 18). 

Scheme 18.
a
 

 
a
 Reagents and conditions: (i) MeOH, pyridine, reflux, 93%; (ii) acetyl chloride, AlCl3, 

CCl4, reflux;(iii) SiCl4, methanol 0 ºC→ rt, 36%; (iv) NaOH, MeOH-H2O, then aq. HCl, 

92%; 

Subsequently, several attempts were undertaken in order to synthesize the trimer motor-

containing product by coupling between 61 and an excess of 47. Alteration of the reagents 

(DCC/DMAP, PyBOP/DMAP, (i-Bu)3Al/47, treatment of 61 with oxalyl chloride, and then 

with 47/DMAP) did not give the desired result, as in all these cases a complex mixture of 

several products was produced. Likewise, it appeared impossible even to make conclusions 

about the formation of the desired trimotor-containing product by 
1
H-NMR analyses. In 

addition, a complicated pattern of m/z peaks was found in the mass spectra, most likely due 
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to the relative instability of benzoyl functionalized acridane species, as it was observed for 

45 (Figure 7).  

3.5   Photochemical and Thermal Isomerization Studies 

The UV/Vis profiles of motors 25 and 26 (Scheme 7) appeared to be very similar, 

whereas the intensity of absorption of nitro-motor 27a was found to be significantly lower 

over the 340-375 nm range (Figure 8.1). The value of the molar absorptivity for the dimotor 

containing 45 (ε365 = 3.55·10
4
 M

-1
 cm

-1
) was evidently double that of the monomer 46 (ε365 

= 1.76·10
4
 M

-1
 cm

-1
), confirming that motor components do not influence each other while 

they are connected covalently. 
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Figure 8. UV/Vis spectra of 1) 25 (a), 26 (b) 27a (c) in n-hexane; Inset: expansion of the 

300-450 nm region and 2) amide 45 (solid line), 46 (dotted line) in acetonitrile solutions. 

Upon prolonged photoirradiation (λ = 365 nm) no changes were observed in the UV/Vis 

spectra for solutions of 25, 26 and 45 in n-hexane. Whereas, a slight decrease in the range 

of 350-400 nm was found for samples containing 27a and 46 equipped with nitro and 

amine functionalities, respectively, indicating photoinduced decomposition. 

In order to observe the formation of the corresponding unstable forms mediated the light-

induced rotational mechanism of ultra-fast motors 26 and 45, their photochemical behavior 

was studied by means of ns Transient Absorption Spectroscopy (Chapter 2.4.3).
30

 Upon 

excitation of the sample solutions in acetonitrile the fate of generated transient species were 

monitored within time for both samples. The character of spectrum (Figure 9a) for the 

transient species derived from 26, was found to be very similar as for its Boc analog 

(Chapter 2.4.3), indicating the formation of unstable isomer. 
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Figure 9. a) ns Transient absorption profile after excitation of solution 26 in acetonitrile 

with 365 nm laser pulse and b) first order kinetic disappearance of transient monitored at 

425 nm. 

The intensity of the produced transient was found to decrease monoexponentially within 

a 1 µs time (Figure 9). The calculated half-life time (τ1/2) value of 305±14 ns (at 22 °C) was 

very close to those observed upon irradiation of the N-Boc protected motors, described in 

the Chapter 2. These findings confirm that a proximity of carboxymethyl functionality 

close to the motor moiety does not prevent for the photoisomerization of the central alkene 

bond in 26. 

At the same time, the maximum of absorption for the transient species derived initially 

from sample solutions of motor dimer 45 in hexane appeared at the anticipated wavelength 

around 450 nm (Figure 10a). Subsequent monitoring of the produced absorption intensity 

within a time provided evidence for formation of a new transient species with blue shifted 

maximum around 420±10 nm. The total profile for the transient spectrum monitored at 425 

nm featured biexponential decay with the presence of a “hump” between the two formed 

species (Figure 10b).  

  

Figure 10. a) ns Transient absorption profile after excitation of solution 45 in hexane with 

365 nm laser pulse and b) decay of transient monitored at 425 nm within time. 

The UV/Vis spectra derived for samples 45 before and after laser irradiation were 

significantly different indicating sample decomposition during these experiments. In 

addition to that, the formation of insoluble particles was observed after laser treatment, as 

was found by scattering in UV/Vis spectrum. The ns-Transient Absorption Spectroscopy 

technique required high-concentrated solutions of 45 and this could be destructive for those 

samples, especially using high laser powers. The observation of two transient species 

separated by the hump from each other in a timescale can be rationalized as follows. The 
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first explanation comprises the occurrence of photoinduced side reactions leading to the 

products of polymerization or aggregation processes due to high energy of the used laser. 

The second rational explanation implies that rotations of both motors components in 45 can 

proceed through multiple states. In this way, molecule can have different conformations 

and therefore different transient absorptions. A scenario of complex photophysics including 

both such issues simultaneously can be possible. In addition, the difference in 

photochemical behavior for dimer 45 compare to monomer 26 (and also Boc-protected 

analog (Chapter 2) can be reasoned by photoinduced side reactions, which are caused by 

the amide-based central spacer in it. The photochemical behavior of dimer 45 is not yet 

fully understood at present. 

3.6   Conclusions 

During the course of research, several features were established for the chemical 

behavior of acridane based ultrafast molecular motors. Originally, deprotection of the N-

Boc group from acridane motor resulted in the simultaneous rearrangement leading to a 

loss of the central double bond. A redesign of appropriate substituents at the acridane stator 

and improved synthetic approaches towards the desired motor systems were accomplished. 

The most efficient synthetic approach was found to be based on introduction of the amide 

moiety in the first synthetic step, with further construction of the molecular motor 

architecture. The chemical nature of the acridin-9(10H)-one 16, offered products of both O- 

and N- acylation. The synthesis of the desired N- benzoyl substituted derivatives was 

achieved by application of organoaluminium reagents. The importance of benzoyl type 

substituents at the nitrogen position of acridine-9(10H)-thiones was demonstrated to be 

crucial for the successful Barton-Kellogg coupling, as a key step towards the final products. 

Using this methodology molecular motors equipped with carboxy and amino moieties were 

prepared in order to explore the set of acridane based molecular motors. On the other hand, 

amide type of substituents makes subsequent manipulations with the final motor to be 

problematic. It was found, that the amide functionalities in the final motor substrates were 

not stable in the presence of the most widely used nucleophilic reagents. Nevertheless, the 

desired connection of two motor components could be implemented by means of 

organoaluminium reagents. Summarizing the obtained results, acridane based molecular 

motors still can be anchored with appropriate functional moieties using the methodologies 

developed. 

Additionally, the photoinduced motor function was retained in the motor monomer 26. 

By contrast, the analysis of light-induced rotational process for motor moieties in dimer 45 

revealed complex photophysics.  

3.7   Experimental Part 

General remarks. For the general remarks, see Section 2.6.  
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acridin-9-yl benzoate 20. To a mixture of acridin-9(10H)-one 16 (1.05 g, 

5.38 mmol) in THF (50 mL) under nitrogen atmosphere, NaH (55%, 282 

mg, 6.45 mmol) was added in one portion and the resulted mixture was 

stirred at ambient temperature for 1 h. The clear yellow solution was cooled 

to 0 °C and 4-methylbenzoyl chloride (1.00 g, 6.45 mmol) was injected. 

Stirring was continued for additional 2 h at room temperature. The resulting 

yellow solution was poured into water (100 mL), and extracted with 

ethylacetate (3×50 mL). The combined organic layers were dried over MgSO4, and after 

removing of the solvent under reduced pressure, purification by flash chromatography 

(SiO2, pentane: ether = 2:1) provided 20 (Rf = 0.55) as a while solid (1.03 g, 3.28 mmol, 

61%). mp: 187.2-189.0 ºC. 
1
H-NMR (500 MHz, CDCl3) δ 2.54 (s, 3H), 7.44-7.45 (d, J = 

8.30 Hz, 2H), 7.52-7.55 (dd, J = 6.35, 8.79 Hz, 2H), 7.79-7.82 (ddd, J = 0.97 Hz, 6.83, 

8.79, 2H), 8.02-8.04 (d, J = 8.79 Hz, 2H), 8.28-8.29 (d, J = 8.79 Hz, 2H), 8.32-8.33 (d, J = 

8.30 Hz, 2H). 
13

C-NMR (100 MHz, CDCl3) δ 21.88 (CH3), 119.81 (C), 121.82 (CH), 

125.34 (C), 126.28 (CH), 129.62 (CH), 129.72 (CH), 130.48 (CH), 130.9 (CH), 145.56 (C), 

149.92 (C), 152.02 (C), 164.42 (C); m/z (EI, %) = 312.9 (M
+
, 13.1), 119 (100). HRMS (EI): 

calcd. for C21H15NO2 313.1103, found 313.1111. 

 

10-(4-methylbenzoyl)acridin-9(10H)-one 22. To a stirred mixture of 

acridin-9(10H)-one 16 (5.00 g, 25.61 mmol) in toluene (75 mL), 

trimethylaluminum (12.81 mL, 25.61 mmol, 2 M solution in toluene) was 

added dropwise under a nitrogen atmosphere and the yellow solution was 

kept at 80ºC for 30 min. After that period of time, to the orange reaction 

mixture 4-methylbenzoyl chloride 19 (11.88 g, 76.83 mmol) was added at 

0 ºC and the resulting deep red solution was stirred at 80ºC for 3d. To the black mixture 

DCM (60 mL) was added, and the reaction flask was put in an ultrasound bath for 30 min. 

The black precipitate was filtered off, and the filtrate poured into water (75 mL) and 

extracted with DCM (2×60 mL). The combined organic layers were washed with 40% 

aqueous sodium hydroxide, brine, and dried (Na2SO4). Removal of the organic solvents 

under reduced pressure, gave crude product, which was purified by recrystallization from 

ethanol (60 mL) to yield 22 (5.78 g, 18.44 mmol, 72%) as a yellow powder. mp: 256-258 

ºC. 
1
H-NMR (300 MHz, CDCl3) δ 2.41 (s, 3H), 7.16-7.19 (dd, J = 1.10, 8.79 Hz, 2H), 

7.23-7.26 (d, J = 8.42 Hz, 2H), 7.30-7.35 (ddd, J = 1.10, 6.95, 8.05 Hz, 2H), 7.52-7.58 

(ddd, J = 2.20, 6.95, 8.79 Hz, 2H), 7.70-7.73 (d, J = 8.42 Hz, 2H), 8.55-8.59 (dd, J = 2.20, 

8.06 Hz, 2H). 
13

C-NMR (100 MHz, CDCl3) δ 21.93 (CH3), 116.30 (CH), 121.42 (C), 

122.55 (CH), 127.69 (CH), 129.58 (C), 130.36 (CH), 131.50 (CH), 133.68 (CH), 139.82 

(C), 147.22 (C), 172.32 (C=O), 177.97 (C=O). m/z (EI, %) = 312.9 (M
+
, 14.4), 119 (100.0). 

HRMS (EI): calcd. for C21H15NO2 313.1103, found 313.1112. 

10-(4-methylbenzoyl)acridine-9(10H)-thione 23. A mixture of 10-(4-

methylbenzoyl)acridin-9(10H)-one 16 (5.00 g, 15.96 mmol) and 

Lawesson’s reagent (7.74 g, 19.5 mmol) in THF (75 mL) was stirred at 

ambient temperature for 8 h and subsequently heated at reflux for an 

additional 4 h to provide a dark solution. After removal of the solvent 

under reduced pressure followed by flash chromatography (SiO2, n-
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pentane: EtOAc = 6: 1, Rf = 0.7) 23 (4.47 g, 13.57 mmol, 85%) was obtained as dark green 

crystals. mp: 280-283 ºC (sealed capillary).
1
H-NMR (300 MHz, CDCl3) δ 2.41 (s, 3H), 

7.17-7.20 (d, J = 8.42 Hz, 2H), 7.23-2.26 (m, 2H), 7.32-7.37 (t, J = 7.32 Hz, 2H), 7.56-

7.61 (t, J = 6.95 Hz, 2H), 7.68-7.71 (d, J = 8.42 Hz, 2H); 9.12-9.15 (d, J = 8.42 Hz, 2H). 
13

C-NMR (100 MHz, CDCl3) δ 21.98 (CH3), 116.64 (CH), 123.85 (CH), 128.97 (C), 

129.82 (C), 130.48 (CH), 131.55 (CH), 131.57 (CH), 133.88 (CH), 134.52 (C), 147.75 (C), 

171.80 (C=O), 202.53 (C=S). m/z (EI, %) = 328.8 (M
+
, 16.1), 119 (100.0). Anal. calcd. for 

C21H15NOS: C, 76.6; H, 4.59; N, 4.25; S, 9.73. Found: C, 74.5; H, 4.69; N, 4.08; S, 9.35. 

 

2''-methyl-10-(4-methylbenzoyl)-2'',3''-dihydro-10H-

dispiro[acridine-9,2'-thiirane-3',1''-cyclopenta[a]naphthalene] 24. 

A solution of 2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one 

hydrazone (5.50 g, 26.17 mmol) in DMF (50 mL) was cooled to -50 ºC 

and [bis(trifluoroacetoxy)iodo]benzene 11 (11.25 g, 26.17 mmol) was 

added. After stirring for 10 sec, 10-(4-methylbenzoyl)acridine-9(10H)-

thione (4.31 g, 13.08 mmol) was added and the mixture allowed 

reaching room temperature gradually. The reaction mixture was poured into water (400 

mL) and extracted with either (2×100 mL). The combined organic layers were washed with 

brine and dried (Na2SO4). Removal of the organic volatiles under reduced pressure gave an 

orange oil which was purified by flash chromatography (SiO2, n-pentane: either = 10 : 1, Rf 

= 0.7). Subsequent recrystallization from ethanol (50 mL) afforded 24 (3.47 g, 6.80 mmol, 

52%) as a yellow powder. mp: >300 ºC. 
1
H-NMR (500 MHz, CDCl3) δ 1.13-1.14 (d, J = 

6.84 Hz, 3H), 1.96-2.01 (dq, J = 6.35, 6.84, Hz, 1H ), 2.33-2.36 (d, J = 15.63 Hz, 1H ), 

2.93-2.97 (dd, J = 6.35, 15.63 Hz, 1H), 6.03-6.05 (m, br, 2H), 6.25-6.27 (d, J = 7.81 Hz, 

1H), 6.54-6.58 (d, J = 7.81 Hz, 2H), 6.80-6.84 (t, J = 7.81 Hz, 1H), 7.05-7.07 (d, J = 8.30 

Hz, 1H ), 7.28-7.31 (t, J = 7.82 Hz, 1H), 7.33-7.43 (m, 3H), 7.61-7.63 (d, J = 8.30 Hz, 1H), 

7.65-7.67 (dd, J = 1.47, 7.32 Hz, 1H), 7.74-7.76 (d, J = 7.82 Hz, 1H), 7.91-7.93 (dd, J = 

1.47, 7.82 Hz, 1H), 8.22-8.23 (d, J = 7.81 Hz, 1H), 9.37-9.38 (d, J = 8.31 Hz, 1H). 
13

C-

NMR (100 MHz, CDCl3) δ 21.01 (CH3), 21.34 (CH2), 37.11 (CH), 42.12 (CH3), 58.61 (C), 

72.07 (C), 124.50 (CH), 124.51 (CH), 124.70 (CH), 124.70 (CH), 124.86 (CH), 124.95 

(CH), 125.03 (CH), 125.48 (CH), 126.38 (CH), 127.08 (CH), 127.11 (CH), 127.95 (CH), 

128.00 (CH), 129.22 (CH), 129.88 (CH), 130.04 (CH), 131.33 (C), 131.41 (C), 131.57 (C), 

132.23 (C), 133.20 (C), 135.83 (C), 140.12 (C), 140.40 (C), 141.59 (C), 143.32 (C), 167.36 

(C=O). m/z (EI, %) = 509 (M
+
, 70.8), 390 (M

+
-pTolCO, 97.9), 119 (100). HRMS (EI): 

calcd. for C35H27NOS 509.18133, found 509.17893. 

 

 10-(4-methylbenzoyl)-9-(2-methyl-2,3-dihydro-1H-

cyclopenta[a]naphthalen-1-ylidene)-9,10-dihydroacridine 25. A 

solution of episulfide 24 (3.42 g, 6.71 mmol) and tris(4-

methoxyphenyl)phosphine (3.52 g, 10.00 mmol) was heated at reflux 

for 8 h in toluene (100 mL). The reaction mixture was cooled to 60 ºC 

and after addition of methyl iodide (5.00 mL) was stirred at this 

temperature for an additional 4 h. The white precipitate was filtered off 
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and removal of the solvent from the filtrate under reduced pressure provided the yellow 

residue. This was purified by flash chromatography (SiO2, n-pentane: either = 10: 1 Rf = 

0.8) with subsequent recrystallization from methanol (70 mL) to afford alkene 25 (2.69 g, 

5.64 mmol, 84%) as a yellow precipitate. mp: >300 ºC. 
1
H-NMR (500 MHz, CDCl3) δ 

1.00-1.01 (d, J = 6.84 Hz, 3H), 2.23 (s, 3H), 2.71-2.74 (d, J = 15.14 Hz, 1H), 3.71-3.75 

(dd, J = 6.35, 15.14 Hz, 1H), 4.49-4.54 (dq, J = 6.35, 6.84 Hz, 1H), 6.60-6.63 (td, J = 0.97, 

7.32 Hz, 1H), 6.71-6.72 (dd, J = 0.98, 7.33 Hz, 1H), 6.86-6.89 (ddd, J = 1.47, 6.83, 8.30 

Hz, 1H), 7.02-7.11 (m, 5H), 7.16-7.22 (m, 3H), 7.47-7.48 (d, J = 8.30 Hz, 1H), 7.50-7.51 

(d, J = 8.30 Hz, 2H), 7.73-7.74 (d, J = 7.82 Hz, 1H), 7.77-7.78 (d, J = 7.81 Hz, 1H), 7.90-

7.91 (dd, J = 0.98, 7.82 Hz, 1H), 8.03-8.05 (d, J = 7.81 Hz, 1H). 
13

C-NMR (100 MHz, 

CDCl3) δ 19.68 (CH3), 21.43 (CH3), 37.85 (CH), 40.01 (CH2), 123.74 (CH), 123.93 (C), 

124.42 (CH), 124.62 (CH), 124.88 (CH), 125.02 (CH), 125.23 (CH), 125.59 (CH), 126.01 

(CH), 126.10 (CH), 126.31 (CH), 126.79 (CH), 127.11 (CH), 127.91 (CH), 128.47 (C), 

128.65 (CH), 129.27 (CH), 130.34 (CH), 133.05 (C), 133.26 (C), 134.97 (C), 135.38 (C), 

139.27 (C), 140.77 (C), 140.87 (C), 145.53 (C), 146.28 (C), 168.78 (C=O). m/z (EI, %) = 

477 (M
+
, 74.2), 358 (M

+
-pTolCO, 100), 119 (67.3). HRMS (EI): calcd. for C35H27NO 

477.20925, found 477.20976. Anal. calcd. for C35H27NO: C, 88.04; H, 5.70; N, 2.93. 

Found: C, 87.11; H, 5.72; N, 2.94. 

 

4-(methoxycarbonyl)benzoic acid 30.
 31

 To a gently refluxed solution 

of dimethyl terephthalate 29 (20.00 g, 103 mmol) in methanol (200 mL) 

was slowly added powered KOH (6.92 g, 124 mmol) with intensive 

stirring. After continuous reflux for 6 h, the reaction mixture was cooled 

to room temperature, and the white precipitate was filtered off and dissolved in water (250 

mL). The aqueous solution was filtered through filter paper to remove undissolved residues 

and subsequently acidified with HCl (1 M, aq.) to afford a white precipitate. This was 

filtered off and additionally recrystallized from acetone (50 mL). After drying in air acid 30 

was obtained as a feathery white powder (16.14 g, 89.6 mmol, 87%). 
1
H-NMR (400 MHz, 

dmso-d
6
) δ 3.86 (s, 3H), 8.04 (s, 4H). 

13
C-NMR (100 MHz, dmso-d

6
) δ 52.48 (CH3), 129.36 

(CH), 129.60 (CH), 133.16 (C), 134.82 (C), 165.63 (C=O), 166.57 (C=O). 

 

 methyl 4-(chlorocarbonyl)benzoate 28. The mixture of 4-

(methoxycarbonyl)benzoic acid 30 (15.00 g, 83.26 mmol) and SOCl2 (30 

mL) was heated at reflux for 6 h until a clear solution was provided and 

all the precipitate completely dissolved. Excess of the SOCl2 was 

removed under reduced pressure to give amorphous white precipitate. To this was added 

benzene (15 mL) and the mixture stirred for 15 min, followed by evaporation of the solvent 

under reduced pressure. Additional drying under vacuum afforded 28 (16.21 g, 81.6 mmol, 

98%) as a yellowish powder. 
1
H-NMR (400 MHz, CDCl3) δ 3.97 (s, 3H), 8.17-8.18 (m, 

4H). 
13

C-NMR (100 MHz, CDCl3) δ 52.68 (CH3), 129.94 (CH), 131.12 (CH), 135.81 (C), 

136.51 (C), 165.55 (C=O), 167.84 (C=O). 
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methyl 4-[(9-oxoacridin-10(9H)-yl)carbonyl]benzoate 35. The 

preparation of this compound was achieved by following the same 

procedure as described for the 22. Starting from acridin-9(10H)-one 

19 (5.24 g, 26.84 mmol) in toluene (80 mL), trimethylaluminum 

(14.10 mL, 28.18 mmol, 2 M sol. in toluene) and 4-(1-

methoxyvinyl)benzoyl chloride 28 (16.52 g, 83.20 mmol) the desired 

35 (6.71 g, 18.79 mmol, 70%) was isolated as an orange powder. mp: 

288-292 ºC. 
1
H-NMR (400 MHz, CDCl3) δ 3.93 (s, 3H), 7.21-7.23 (d, J =8.44 Hz, 2H), 

7.34-7.37 (dd, J =0.74, 6.96 Hz, 2H), 7.53-7.54 (dd, J = 1.46, 6.96 Hz, 2H), 8.06-8.09 (d, J 

= 8.43 Hz, 2H), 8.06-8.09 (d, J = 8.43 Hz, 2H), 8.55-8.59 (dd, =7.46, 8.06 Hz, 2H). 
13

C-

NMR (100 MHz, CDCl3) δ 52.69 (CH3), 116.81 (CH), 121.88 (C), 123.23 (CH), 127.88 

(CH), 127.88 (CH), 130.54 (CH), 131.03 (CH), 133.79 (CH), 135.67 (C), 136.19 (C), 

139.70 (C), 165.34 (C), 171.82 (C), 178.06 (C). m/z (EI, %) = 356.9 (M
+
, 19.2), 163.0 

(100.0). HRMS (EI): calcd. for C22H15NO4 357.10008, found 357.09804. 

 

 Methyl 4-[(9-thioxoacridin-10(9H)-yl)carbonyl]benzoate 37. This 

compound was prepared in a similar manner as described for 23 

starting from methyl 4-[(9-oxoacridin-10(9H)-yl)carbonyl]benzoate 

35 (5.47 g, 15.37 mmol) and Lawesson’s reagent (7.43 g, 18.37 

mmol) in THF (50 ml). Flash chromatography (SiO2, n-pentane: 

chloroform: ether = 8: 1: 1 Rf = 0.7)  provided the desired 37 (5.97 g, 

15.98 mmol, 87%) as a red powder. mp: >300 ºC. 
1
H-NMR (300 

MHz, CDCl3) δ 3.93 (s, 3H), 7.21-7.22 (d, J = 8.79 Hz, 2H), 7.35-7.38 (m, 2H), 7.57-7.60 

(dt, J = 1.47, 6.84 Hz, 2H), 7.82-7.83 (d, J = 8.30 Hz, 2H), 8.07-8.09 (d, J = 8.30 Hz, 2H), 

9.07-9.09 (dd, J = 1.47, 8.79 Hz, 2H). 
13

C-NMR (100 MHz, CDCl3) δ 55.72 (CH3), 116.52 

(CH), 124.31 (CH), 130.24 (C), 130.60 (CH), 131.12 (CH), 133.88 (CH), 134.30 (C), 

135.32 (C), 135.98 (C), 165.42 (C), 171.48 (C), 203.78 (C). m/z (EI, %) = 372.9 (M
+
, 21.3), 

163.0 (100.0). HRMS (EI): calcd. for C22H15NO3S 373.07724, found 373.07641. 

 

 methyl 4-[(2''-methyl-2'',3''-dihydro-10H-dispiro[acridine-9,2'-

thiirane-3',1''-cyclopenta[a]naphthalen]-10-

yl)carbonyl]benzoate 39. Following the described procedure for 

24, reaction of 2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-

1-one hydrazone (6.62 g, 31.50 mmol) in DMF (50 mL) at -50 ºC 

and [bis(trifluoroacetoxy)iodo]benzene 11 (13.55 g, 31.50 mmol) 

with subsequent addition of methyl 4-[(9-thioxoacridin-10(9H)-

yl)carbonyl]benzoate 37 (5.88 g, 15.75 mmol) resulted in a red 

colored mixture. The purification of the desired product was achieved by flash 

chromatography (SiO2, n-pentane: ethylacetate = 6 : 1, Rf = 0.4). Subsequent 

recrystallization from ethanol (50 mL) afforded 39 (4.71 g, 8.51 mmol, 54%) as a yellow 

powder. mp: >300 ºC. 
1
H-NMR (500 MHz, CDCl3) δ 1.14-1.15 (d, J = 6.83 Hz, 3H), 1.96-

2.01 (dt, J = 6.35, 6.83 Hz, 1H), 2.34-2.37 (d, J = 15.63 Hz, 1H), 2.92-2.97 (dd, J = 6.35, 

15.63 Hz, 1H), 3.88 (s, 3H), 6.17-6.18 (m, 3H), 6.53-6.56 (ddd, J = 0.97, 7.32, 7.81 Hz, 
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1H), 6.82-6.85 (t, J = 6.84 Hz, 1H), 7.04-7.06 (d, J = 8.30 Hz, 1H), 7.30-7.42 (m, 6H), 

7.65-7.68 (m, 2H), 7.78-7.79 (d, J = 8.30 Hz, 1H), 7.93-7.95 (d, J = 7.81 Hz, 1H), 8.15-

8.17 (d, J = 8.30 Hz, 1H), 9.34-9.36 (d, J = 8.79 Hz, 1H). 
13

C-NMR (100 MHz, CDCl3) δ 

21.04 (CH3), 37.03 (CH2), 42.13 (CH), 52.27 (CH3), 58.35 (C), 71.99 (C), 1 24.41 (CH), 

124.59 (CH), 124.72 (CH), 124.84 (CH), 124.94 (CH), 124.97 (CH), 125.19 (CH), 125.83 

(CH), 126.63 (CH), 127.20 (CH), 177.24 (CH), 128.11 (CH), 128.58 (2xCH), 129.06 

(2xCH), 130.05 (CH), 130.33 (CH), 130.93 (C), 131.37 (C), 139.98 (C), 140.88 (C), 143.15 

(C), 166.30 (C), 166.33 (C). m/z (EI, %) = 553.1 (M
+
, 90.7), 521.2 (40.7), 390.1 (100). 

358.1 (62.5). HRMS (EI): calcd. for C36H27NO3S 553.17115, found 553.17016 

 

 methyl 4-{[9-(2-methyl-2,3-dihydro-1H-cyclopenta[a] 

naphthalen-1-ylidene)acridin-10(9H)-yl]carbonyl}benzoate 26. 

This compound was prepared using the procedure as for 25 upon 

treatment of 39 (4.52 g, 8.16 mmol) with triphenylphosphine (4.28 

g, 16.32 mmol) in toluene (100 mL) solution at high temperature, 

with subsequent addition of an excess of methyl iodide (10.00 mL). 

Flash chromatography (SiO2, n-pentane: ethylacetate = 10: 1) 

followed by recrystallization from methanol (70 mL) afforded 

alkene 26 (3.66 g, 7.02 mmol, 86%) as a yellow precipitate. mp: >300 ºC. 
1
H-NMR (500 

MHz, CDCl3) δ 1.02-1.03 (d, J = 6.83 Hz, 3H), 2.72-2.75 (d, J = 15.63 Hz, 1H), 3.72-3.76 

(dd, J = 6.35, 15.62 Hz, 1H), 3.91 (s, 3H), 4.49-4.54 (dq, J = 6.35, 6.83 Hz, 1H), 6.63-6.66 

(t, J = 7.32 Hz, 1H), 6.72-6.74 (dd, J = 0.97, 7.81 Hz, 1H), 6.87-6.90 (t, J = 7.31 Hz, 1H), 

6.99-7.02 (t, J = 8.30 Hz, 1H), 7.04-7.06 (d, J = 8.30 Hz, 1H), 7.09-7.12 (m, 2H), 7.20-

7.23 (m, 2H), 7.48-7.49 (d, J = 8.30 Hz, 1H), 7.65-7.67 (d, J = 8.30 Hz, 2H), 7.74-7.75 (d, 

J = 8.30 Hz, 1H), 7.78-7.80 (d, J = 8.30 Hz, 1H), 7.92-7.93 (d, J = 7.82 Hz, 1H), 7.97-7.98 

(d, J = 7.82 Hz, 2H). 
13

C-NMR (100 MHz, CDCl3) δ 19.76 (CH3), 37.91 (CH), 40.04 

(CH2), 52.32 (CH3), 123.58 (C), 123.77 (CH), 124.50 (CH), 124.66 (CH), 125.10 (CH), 

125.30 (CH), 125.56 (CH), 125.75 (CH), 126.17 (CH), 126.31 (CH), 126.41 (CH), 126.64 

(CH), 127.32 (CH), 128.01 (CH), 128.45 (C), 128.94 (2xCH), 129.34 (2xCH), 130.54 

(CH), 131.51 (C), 133.09 (C), 134.81 (C), 135.70 (C), 136.61 (C), 138.61 (C), 138.76 (C), 

140.14 (C), 140.44 (C), 146.11 (C), 146.47 (C), 166.28 (C), 167.75 (C). m/z (EI, %) = 521 

(M
+
, 66.9), 358 (100). HRMS (EI): calcd. for C36H27NO3 521.19907, found 521.19655. 

Anal. calcd. for C36H27NO3: C, 82.90; H, 5.22; N, 2.69. Found: C, 82.57; H, 5.30; N, 2.67. 

 

Compounds 32 (74% yield) and 33 (89% yield) were prepared according to literature 

procedures.
15

 

 

 10-(4-nitrobenzoyl)acridin-9(10H)-one 36. The preparation of this 

compound was achieved by following the same procedure as described 

for the 22, starting from acridin-9(10H)-one 19 (5.00 g, 26.01 mmol) in 

toluene (80 mL), trimethylaluminum (14.10 mL, 28.18 mmol, 2 M sol. 

in toluene) and 4-nitrobenzoyl chloride (14.48 g, 78.03 mmol). 
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Recrystallization from ethanol (50 mL) yielded 36 (6.81 g, 19.77 mmol, 76%) as red 

powder. mp: >300 ºC. 
1
H-NMR (300 MHz, CDCl3) δ 7.26-7.29 (m, 2H), 7.36-7.42 (td, J = 

1.09, 6.96 Hz, 2H), 7.54-7.59 (td, J =  1.46, 6.96 Hz, 2H), 7.88-7.92 (d, J =  9.15 Hz, 2H), 

8.24-8.27 (d, J = 9.15 Hz, 2H), 8.54-8.57 (dt, J = 1.46, 8.06 Hz, 2H). 
13

C-NMR (100 MHz, 

CDCl3) δ 117.32 (CH), 122.34 (C), 123.84 (CH), 124.48 (CH), 128.00 (CH), 131.95 (CH), 

133.88 (CH), 138.24 (C), 139.55 (C), 150.99 (C), 170.49 (C), 178.08 (C). m/z (EI, %) = 

343.7 (M
+
, 39.8), 149.8 (100.0). HRMS (EI): calcd. for C20H12N2O4 344.0797, found 

344.0781. 

 

 

10-(4-nitrobenzoyl)acridine-9(10H)-thione 38. This compound was 

prepared in a similar manner as described for 23 starting from a mixture 

of methyl 10-(4-nitrobenzoyl)acridin-9(10H)-one 36 (6.75 g, 19.59 

mmol) and Lawesson’s reagent (9.50 g, 23.50 mmol) in THF (50 ml). 

Flash chromatography (SiO2, n-pentane: chloroform: ether = 8: 1: 1) 

afforded 38 (6.50 g, 18.02 mmol, 92%) as a black powder. mp: >300 

ºC. 
1
H-NMR (400 MHz, CDCl3) δ 7.28-7.30 (d, J = 8.43 Hz, 2H), 7.36-7.40 (t, J = 7.33 

Hz, 2H), 7.56-7.61 (td, J = 1.83, 6.96 Hz, 2H), 7.86-7.88 (d, J = 8.80 Hz, 2H), 8.23-8.26 

(d, J = 8.80 Hz, 2H), 8.09-9.01 (dd, J = 1.83, 8.43 Hz, 2H); 
13

C-NMR (100 MHz, CDCl3) δ 

117.48 (CH), 124.48 (CH), 124.79 (CH), 130.83 (C), 131.25 (CH), 131.99 (CH), 133.80 

(CH), 134.08 (C), 137.71 (C), 151.02 (C), 170.17 (C), 205.02 (C=S); m/z (EI, %) = 359.6 

(M
+
, 51.5), 149.8 (100.0). HRMS (EI): calcd. for C20H12N2O3S 360.0569, found 360.0565. 

 

2''-methyl-10-(4-nitrobenzoyl)-2'',3''-dihydro-10H-dispiro 

[acridine-9,2'-thiirane-3',1''-cyclopenta[a]naphthalene] 40. 

Following the procedure for 24, this compound was prepared by 

reaction of 2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one 

hydrazone (7.47 g, 35.52 mmol), [bis(trifluoroacetoxy)iodo]benzene 

11 (15.27 g, 35.52 mmol) and 10-(4-nitrobenzoyl)acridine-9(10H)-

thione 38 (6.42 g, 17.76 mmol) in DMF (50 mL). Flash 

chromatography (SiO2, n-pentane: ethylacetate: chloroform = 6 : 1 

:1, Rf = 0.55) followed by recrystallization from ethanol (100 mL) afforded 40 (4.90 g, 9.06 

mmol, 51%) as a white powder. mp: >300 ºC. 
1
H-NMR (400 MHz, CDCl3) δ 1.14-1.16 (d, 

J = 6.96 Hz, 3H), 1.95-2.01 (dt, J = 6.23, 6.96 Hz, 1H), 2.35-2.39 (d, J = 15.76 Hz, 1H), 

2.89-2.95 (dd, J = 6.23, 15.76 Hz, 1H), 6.17-6.18 (d, J = 7.70 Hz, 1H), 6.25-6.27 (d, J = 

7.33 Hz, 2H), 6.57-6.62 (t, J = 7.70 Hz, 1H), 8.87-6.91 (t, J = 7.69 Hz, 1H), 7.04-7.06 (d, J 

= 8.07 Hz, 1H), 7.33-7.46 (m, 4H), 7.58-7.60 (d, J = 8.80 Hz, 2H), 7.65-7.69 (m, 2H), 

7.80-7.82 (d, J = 7.70 Hz, 1H), 7.98-8.00 (d, J = 7.70 Hz, 1H), 8.13-8.15 (d, J = 8.06 Hz, 

1H), 9.34-9.36 (d, J = 8.06 Hz, 1H); 
13

C-NMR (100 MHz, CDCl3) δ 21.07 (CH3), 36.99 

(CH2), 42.15 (CH), 58.20 (C-S), 71.91 (C-S), 122.53 (2xCH), 124.83 (CH), 124.46 (CH), 

124.73 (CH), 124.77 (CH), 125.19 (CH), 125.43 (CH), 125.47 (CH), 126.11 (CH), 126.86 

(CH), 127.31 (2xCH), 128.07 (CH), 130.07 (CH), 130.19 (2xCH), 130.67 (CH), 131.33 
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(C), 131.70 (C), 132.73 (C), 133.21 (C), 135.87 (C), 139.73 (C), 140.04 (C), 140.58 (C), 

143.16 (C), 147.96 (C), 165.01 (C); m/z (EI, %) = 540.3 (M
+
, 96.0), 390 (100.0), 141.1 

(55.3). HRMS (EI): calcd. for C34H24N2O3S 540.1508, found 540.1500 

 

9-(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)-

10-(4-nitrobenzoyl)-9,10-dihydroacridine 27a. This compound was 

prepared using the procedure as for 25 upon treatment of episulfide 

40 (4.63 g, 8.56 mmol) with triphenylphosphine (4.49 g, 17.13 

mmol) in toluene (100 mL) solution at high temperature, with 

subsequent addition of an excess of methyl iodide (10.00 mL). Flash 

chromatography (SiO2, n-pentane: ethylacetate = 10: 1, Rf = 0.5) and 

followed by recrystallization from methanol (70 mL) afforded alkene 

27a (3.61 g, 7.11 mmol, 83%) as a yellow precipitate. mp: >300 ºC. 
1
H-NMR (500 MHz, 

CDCl3) δ 1.02-1.03 (d, J = 6.83 Hz, 3H), 2.74-2.77 (d, J = 15.63 Hz, 1H), 3.72-3.77 (dd, J 

= 6.35, 15.63 Hz, 1H), 349-4.54 (dt, J = 6.35, 6.83 Hz, 1H), 6.65-6.68 (t, J = 7.32 Hz, 1H), 

6.74-6.75 (dd, J = 1.46, 7.32 Hz, 1H), 6.86-6.89 (t, J = 7.32 Hz, 1H), 7.00-7.02 (d, J = 8.79 

Hz, 1H), 7.03-7.07 (m, 2H), 7.11-7.14 (t, J = 7.33 Hz, 1H), 7.21-7.27 (m, 3H), 7.48-7.50 

(d, J = 8.30 Hz, 1H), 7.74-7.76 (d, J = 8.79 Hz, 2H), 7.79-7.81 (d, J = 8.30 Hz, 1H), 7.95-

7.97 (m, 2H), 8.16-8.17 (d, J = 8.79 Hz, 2H). 
13

C-NMR (100 MHz, CDCl3) δ 19.84 (CH3), 

37.94 (CH), 40.04 (CH2), 123.31 (C), 123.39 (2xCH), 123.81 (CH), 124.54 (CH), 124.58 

(CH), 125.12 (CH), 125.50 (CH), 125.62 (CH), 126.18 (CH), 126.32 (CH), 126.47 (CH), 

126.54 (2xCH), 127.48 (CH), 128.14 (CH), 128.41 (C), 129.93 (2xCH), 130.74 (CH), 

133.14 (C), 134.62 (C), 135.88 (C), 136.65 (C), 138.48 (C), 139.75 (C), 142.26 (C), 146.55 

(C), 146.22 (C), 148.51 (C), 166.43 (C). m/z (EI, %) = 508.0 (M
+
, 83.9), 358.0 (100.0). 

HRMS (EI): calcd. for C34H24N2O3 508.1787, found 508.1757. Anal. calcd. for 

C34H24N2O3: C, 80.31; H, 4.76; N, 5.51. Found: C, 80.09; H, 4.73; N, 5.66. 

 

(4-{[9-(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-
ylidene)acridin-10(9H)-yl]carbonyl}phenyl)amine 27. A solution 

of alkene 27a (3.45 g, 6.78 mmol) in a mixture of propan-2-ol (500 

mL) and hydrazine monohydrate (20 mL) was heated at reflux for 16 

h in the presence of Pd/C (500 mg, 10%). After the mixture was 

cooled to the room temperature, it was filtered through celite, and the 

yellow filtrate concentrated under reduced pressure. The yellow 

residue was purified by recrystallization from methanol (50 mL) to 

yield 27 (2.89 g, 6.04 mmol, 89%)as a white powder. mp: 278-280 ºC. 
1
H-NMR (500 MHz, 

CDCl3) δ 0.98-0.99 (d, J = 6.84 Hz, 3H), 2.69-2.76 (d, J = 15.63 Hz, 1H), 3.70-3.74 (dd, J 

= 6.35, 15.63 Hz, 1H), 3.88 (br, 2H), 4.48-4.54 (dt, J = 6.35, 6.84 Hz, 1H), 6.51-6.52 (d, J 

= 8.30 Hz, 2H), 6.59-6.62 (t, J = 7.33 Hz, 2H), 6.69-6.71 (d, J = 7.81 Hz, 1H), 6.65-6.88 

(t, J = 7.33 Hz, 1H), 7.03-7.05 (m, 2H), 7.09-7.12 (t, J = 7.33 Hz, 1H), 7.18-7.27 (m, 3H), 

7.45-7.47 (m, 3H), 7.71-7.73 (d, J = 8.30 Hz, 1H), 7.76-7.77 (d, J = 8.30 Hz, 1H), 7.88-

7.90 (d, J = 7.82 Hz, 1H), 8.15-8.17 (d, J = 7.81 Hz, 1H). 
13

C-NMR (100 MHz, CDCl3) δ 

19.68 (CH3), 37.83 (CH), 40.04 (CH2), 113.68 (2xCH), 123.73 (CH), 124.18 (C), 124.37 
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(CH), 124.42 (CH), 124.64 (CH), 124.93 (CH), 125.03 (CH), 125.54 (C), 125.55 (CH), 

126.02 (CH), 126.05 (CH), 126.37 (CH), 126.85 (CH), 127.03 (CH), 127.88 (CH), 128.52 

(C), 130.26 (CH), 131.66 (2xCH), 133.06 (C), 135.06 (C), 135.10 (C), 136.13 (C), 139.70 

(C), 141.53 (C), 145.22 (C), 146.20 (C), 148.81 (C), 168.79 (C). m/z (EI, %) = 478.1 (M
+
, 

30.1), 359.1 (29.3), 120.0 (100.0). Anal. calcd. for C34H26N2O: C, 85.34; H, 5.48; N, 5.85. 

Found: C, 83.43; H, 5.36; N, 5.75. 

 

N-isobutyl-4-{[9-(2-methyl-2,3-dihydro-1H-

cyclopenta[a]naphthalen-1-ylidene)acridin-10(9H)-

yl]carbonyl}aniline 47. 

To a vigorously stirred suspension of (4-{[9-(2-methyl-2,3-

dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)acridin-10(9H)-

yl]carbonyl}phenyl)amine 27 (509 mg, 1.00 mmol) and 2-

methylpropanal (288 mg, 4.00 mmol) in methanol (70 mL) was 

added dropwise a solution of HCl in methanol (1M) until the pH 

of the mixture was adjusted to 4. The clean yellow solution was stirred at 0 ºC for 30 min, 

and then sodium cyanoborohydride (252 mg, 4.00 mmol) was added portionwise over 15 

min. The resulted mixture was kept at room temperature for 48h, and then poured in 

sodium hydroxide solution in water (0.5 M, 100 mL). The aqueous suspension was 

extracted with ether (3x100 mL), the combined organic phases dried (MgSO4) and 

concentrated under reduced pressure. Flash chromatography (SiO2, n-pentane: 

dichloromethane ether = 8: 1: 1) afforded 47 (410 mg, 0.77 mmol, 77%) as a white powder. 

mp: 288-291 ºC. 
1
H-NMR (400 MHz, CDCl3) δ 0.94-0.96 (2d, J = 6.60 Hz, 6H), 0.99-1.00 

(d, J = 6.60 Hz, 3H), 1.79-1.89 (hept, J = 6.60 Hz, 1H), 2.69-2.73 (d, J = 15.40 Hz, 1H), 

2.90-2.93 (t, J = 6.60 Hz, 2H), 3.70-3.75 (dd, J = 6.23, 15.40 Hz, 1H), 3.97-3.99 (t, J = 

5.14 Hz, 1H), 4.49-4.55 (dt, J = 6.23, 6.60 Hz, 1H), 6.40-6.42 (d, J = 8.79 Hz, 2H), 6.58-

6.62 (dt, J = 1.10, 7.33 Hz, 1H), 6.69-6.72 (dd, J = 1.47, 7.70 Hz, 1H), 6.84-6.88 (td, J = 

1.46, 6.96 Hz, 1H), 7.03-7.13 (m, 3H), 7.17-7.22 (m, 3H), 7.46-7.49 (m, 3H), 7.71-7.77 (m, 

2H), 7.88-7.90 (dd, J = 1.10, 7.70 Hz, 1H), 8.21-8.23 (dd, J = 1.10, 8.43 Hz, 1H). 
13

C-

NMR (100 MHz, CDCl3) δ 19.73 (CH3), 20.37(CH3), 28.02(CH), 37.82(CH), 40.02 (CH2), 

51.15 (CH2), 111.11 (2xCH), 123.49 (C), 123.71 (CH), 124.26 (C), 124.26 (CH), 124.40 

(CH), 124.49 (CH), 124.77 (CH), 124.99 (CH), 125.50 (CH), 126.02 (2xCH), 126.37 (CH), 

126.37 (CH), 126.68 (CH), 126.97 (CH), 127.83 (CH), 128.52 (C), 130.19(CH), 131.87 

(2xCH), 133.03 (C), 134.85 (C), 135.14 (C), 135.97 (C), 139.85 (C), 141.78 (C), 145.05 

(C), 146.14 (C), 150.58 (C), 168.93(C). Anal. calcd. for C38H34N2O: C, 85.43; H, 6.41; N, 

5.24. Found: C, 84.87; H, 6.41; N, 5.18. 
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 N,N'-1,4-phenylenebis(4-{[9-(2-

methyl-2,3-dihydro-1H-

cyclopenta[a]naphthalen-1-

ylidene)acridin-10(9H)-

yl]carbonyl}benzamide) 42. 

To a solution of benzene-1,4-diamine 41 

(10.4 mg, 95.9 µmol) in toluene (5mL) 

under nitrogen atmosphere was added 

triisobutylaluminum (1 M sol. in hexane, 

0.24 mL, 239.6 µmol) and the mixture 

was kept at reflux for 1 h. Subsequently, 

methyl 4-{[9-(2-methyl-2,3-dihydro-1H-

cyclopenta[a]naphthalen-1-ylidene)acridin-10(9H)-yl]carbonyl}benzoate 26 (100 mg, 

191.7 µmol) was added in one portion, and the resulting red solution was kept under 

vigorous stirring for 12 h at 80 °C. The yellow solution was quenched with methanol (2 

mL), and the white precipitate was carefully collected. Recrystallization from DMSO (5 

mL) provided diamide 42 (68.8 mg, 63.3 µmol, 66%) as white crystals. mp: >300 ºC 
1
H-

NMR (400 MHz, dmso-d
6
) δ 0.94-0.95 (d, J = 6.60 Hz, 6H), 2.70-2.74 (d, J = 16.13 Hz, 

2H), 3.73-3.79 (dd, J =  6.24, 16.14 Hz, 2H), 4.51-4.54 (m, 2H), 6.61-6.63 (d, J = 7.33 Hz, 

2H), 6.60-6.70 (t, J = 7.30 Hz, 2H), 6.75-6.79 (t, J =  8.06 Hz, 2H), 6.93-6.95 (d, J = 8.43 

Hz, 2H), 7.08-7.12 (t, J =  7.70 Hz, 2H), 7.15-7.31 (m, 8H), 7.58-7.63 (m, 6H), 7.68 (s, 

4H), 7.81-7.83 (d, J = 8.06 Hz, 2H), 7.87-7.92 (m, 6H), 7.96-7.98 (d, J = 8.06 Hz, 2H), 

8.08-8.10 (d, J = 8.06 Hz, 2H), 10.30 (s, 2H). MALDI-TOF (EI): calcd. for C76H54N4O4 

1086.4, found 1086.6. 

 N,N'-1,4-phenylenedihexanamide 44. To a stirred solution of 

benzene-1,4-diamine 41 (2.0 g, 18.5 mmol) and pyridine (1.55 

g, 19. 6 mmol) in a mixture of dry THF (50 mL) and DMF (20 

mL) was added dropwise a solution of hexanoyl chloride (5.00, 

37.1 mmol) in DMF (10 mL) over 20 min. The resulting 

mixture was kept at reflux for 2 h. Subsequently, the solvent 

was removed by evaporation under the reduced pressure and 

yellow colored residue was thoroughly washed with hot water (100 mL). The undissolved 

material was collected, and additionally recrystallized from ethanol (200 mL) to provide 

diamide 44 (5.17 g, 17.0 mmol, 92%) as a white powder. mp: >300 ºC. 
1
H-NMR (400 

MHz, dmso-d
6
) δ 0.85-0.88 (t, J = 6.96 Hz, 6H), 1.25-1.32 (m, 8H), 1.53-1.60 (m, 4H), 

2.23-2.27 (t, J = 7.33 Hz, 4H). 2.23-2.27 (t, J = 7.33 Hz, 4H), 7.47 (s, 4H), 9.76 (s, 2H). 
13

C-NMR (100 MHz, CDCl3) δ 13.91 (CH3), 21.95 (CH2), 24.90 (CH2), 30.95 (CH2), 36.93 

(CH2), 119.41 (CH), 134.61 (CH), 170.98 (C=O). m/z (EI, %) = 484 (M
+
, 100), 380 (MH

+
-

PhCO, 26), 105 (PhCO, 95.7). 

 N,N'-dihexylbenzene-1,4-diamine 43. To a stirred mixture of 

finely powdered LiAlH4 (1.19 g, 31.1 mmol) in a dry ether (20 

mL) was added dropwise a solution of diamide 44 (3.81 g, 12.5 

mmol) in THF (50 mL). After the addition was complete, the 

mixture was additionally refluxed overnight under nitrogen 
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atmosphere. After cooling to room temperature the mixture was carefully poured into ice 

cooled saturated aq. NH4Cl (50 mL) and extracted with ethyl acetate (2x50 mL). The 

combined organic layers were washed with brine (50 mL), dried (MgSO4) and concentrated 

under reduced pressure to provide a yellow residue. This material was recrystallized from 

methanol to yield 43 (1.83 g, 6.63 mmol, 53%) as a white solid. This compound darkened 

upon exposure to air. mp: 211-213 ºC (sealed capillary). 
1
H-NMR (400 MHz, CDCl3) δ 

0.88-0.91 (t, J = 7.33 Hz, 6H), 1.29-1.34 (m, 8H), 1.35-1.41 (m, 4H), 1.56-1.62 (m, 4H), 

3.03-3.05 (t, J = 6.84 Hz, 4H), 3.03-3.05 (t, J = 6.84 Hz, 4H), 6.55 (s, 4H). 
13

C-NMR (100 

MHz, CDCl3) δ 14.05 (CH3), 22.63 (CH2), 26.91 (CH2), 29.77 (CH2), 31.70 (CH2), 45.41 

(CH2), 114.72 (CH), 140.94 (C). m/z (EI, %) = 276 (M
+
, 100). HRMS (EI): calcd. for 

C18H32N2 276.25654, found 276.25718. 

 N,N'-1,4-phenylenebis(N-hexyl-4-{[9-

(2-methyl-2,3-dihydro-1H-

cyclopenta[a]naphthalen-1-

ylidene)acridin-10(9H)-

yl]carbonyl}benzamide) 45. 

To a solution of diamine 43 (26.5 mg, 

95.9 µmol) in toluene (5mL) under 

nitrogen atmosphere was added 

triisobutylaluminum (1 M sol. in hexane, 

0.24 mL, 239.6 µmol) and the mixture 

was refluxed for 1 h. Subsequently, 

methyl 4-{[9-(2-methyl-2,3-dihydro-1H-

cyclopenta[a]naphthalen-1-ylidene)acridin-10(9H)-yl]carbonyl}benzoate 26 (100 mg, 

191.7 µmol) was added in one portion, and the resulted red solution was vigorously stirred 

for 12 h at 80 °C. To the yellow solution was added methanol (2 mL), and the mixture was 

transferred to a column filled with silica gel. Chromatography (pentane: DCM: 

triethylamine = 4:2:1, Rf = 0.64) allowed to isolate monoamide 46 (22.8 mg, 30 µmol) as a 

yellow foam. The combined fractions with Rf = 0.23 were concentrated under reduced 

pressure and the residue was subsequently recrystallized from DCM/methanol (1/1) mixture 

to afford 45 (77.2 mg, 60.4 µmol, 63%) as a white powder. 45: mp: >300 ºC. 
1
H-NMR (500 

MHz, CDCl3) δ 0.79-0.81 (t, J = 6.84 Hz, 6H), 0.95-0.96 (d, J = 6.84 Hz, 3H), 0.97-0.98 

(d, J = 6.84 Hz, 3H), 1.17 (m, 12H), 1.46 (m, 4H), 2.70-2.73 (d, J = 15.62 Hz, 2H), 3.70-

3.74 (m, 6H), 4.47-4.52 (m, 2H), 6.60-6.63 (m, 2H), 6.69-6.71 (m, 2H), 6.82-6.88 (m, 6H), 

9.96-7.09 (m, 8H), 7.14-7.23 (m, 8H), 7.47-7.51 (m, 6H), 7.73-7.74 (m, 2H),7.77-7.79 (d, J 

= 8.30 Hz, 2H), 7.85-7.89 (m, 3H), 7.95-7.97 (d, J = 8.30 Hz, 2H). 
13

C-NMR (100 MHz, 

CDCl3) δ 13.95 (CH3), 19.75 (CH3), 22.43 (CH2), 26.35 (CH2), 27.60 (CH2), 29.69 (CH2), 

31.32 (CH2), 37.83 (CH), 39.99 (CH2), 123.75 (C), 123.80 (CH), 124.47 (CH), 124.66 

(CH), 125.00 (CH), 125.16 (CH), 125.63 (CH), 125.64 (CH), 126.23 (CH), 126.24 (CH), 

126.40 (CH), 126.68 (CH), 127.22 (CH), 128.02 (CH), 128.08 (CH), 128.42 (C), 128.65 

(CH), 128.67 (CH), 130.47 (CH), 130.47 (CH), 133.09 (C), 134.81 (C), 135.54 (C), 136.54 

(C), 137.55 (C), 137.65 (C), 138.92 (C), 140.28 (C), 145.80 (C), 146.43 (C), 166.89 (C=O), 

167.83 (C=O). MALDI-TOF (EI): calcd. for C76H54N4O4+Na
+
 1277.6, found 1278.7. 
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 N-hexyl-N-[4-(hexylamino)phenyl]-4-{[9-(2-methyl-

2,3-dihydro-1H-cyclopenta[a]naphthalen-1-

ylidene)acridin-10(9H)-yl]carbonyl}benzamide 46: mp: 

>300 ºC. 
1
H-NMR (500 MHz, CDCl3) δ 0.84-0.89 (m, 

6H), 0.95-0.96 (d, J = 6.83 Hz, 3H), 1.25-1.35 (m, 12H), 

1.52-1.59 (m, 4H), 2.69-2.73 (d, J = 15.63 Hz, 1H), 2.95-

2.98 (t, J = 7.32 Hz, 2H), 3.69-3.73 (dd, J = 6.35, 15.63 

Hz, 1H), 3.70-3.84 (m, 2H), 4.46-4.51 (dt, J = 6.35, 6.83 

Hz, 1H), 6.33-6.35 (d. J = 8.79 Hz, 2H), 6.58-6.61 (t, J = 

7.82 Hz, 1H), 6.88-6.73 (m, 3H), 6.83-6.86 (t, J = 7.82 

Hz, 1H), 6.96-7.09 (m, 4H), 7.17-7.23 (m, 4H), 7.37-7.39 

(d, J = 8.30 Hz, 2H), 7.46-7.48 (d, J = 8.30 Hz, 1H), 7.73-7.74 (d, J = 8.30 Hz, 1H), 7.77-

7.78 (d, J = 8.30 Hz, 1H), 7.86-7.87 (d, J = 7.81 Hz, 2H). m/z (EI, %) = 765.5 (M+, 62.8), 

407.4 (37.4), 358.3 (100). 

 

Compounds 50 (33% yield), 51 (48% yield) and 48 (88% yield) were prepared according to 

literature procedures.
23, 24, 25

 

methyl 3-(4-acetylphenoxy)propanoate 54. Under nitrogen atmosphere, 

Triton B (0.5 mL, 40% solution in methanol) was added to a stirred methyl 

acrylate (10 mL) cooled to -30ºC. After 1 min, 1-(4-

hydroxyphenyl)ethanone (5.1 g, 37.45 mmol) was added and the mixture 

was stirred for an additional 1 h at 0 ºC and then kept at 45 ºC overnight. 

After cooling, the reaction mixture was quenched with 25 % aq. ammonium 

chloride solution (100 mL). The organic phase was separated, and the water layer was 

extracted with ether (2×50 mL). The combined organic layers were washed with brine and 

dried over sodium sulfate. Removal of the organic solvents under reduced pressure 

provided the crude product. This was purified by flash chromatography (SiO2, n-pentane: 

ethyl acetate = 9: 1, Rf = 0.41) to provide the desired 54 (4.49 g, 20.22 mmol, 54%) as a 

colorless oil. mp: 187.2-189.0 ºC.
 1

H-NMR (400 MHz, CDCl3) δ  2.55 (s, 3H), 2.81-2.85 (t, 

J = 6.23 Hz, 2H), 3.73 (s, 3H), 4.29-4.32 (t, J = 6.23 Hz, 2H), 6.92-6.94 (d, J = 8.80 Hz, 

2H), 7.91-7.93 (d, J = 8.80 Hz, 2H). 
13

C-NMR (100 MHz, CDCl3) δ 26.34 (CH3), 34.14 

(CH2), 51.95 (CH3), 63.48 (CH2), 109.73 (C), 114.16 (CH), 130.54 (CH), 162.33 (C), 

171.14 (C), 196.76 (C). 

 1,3,5-tri-(methyl 3-(4-acetylphenoxy) 

propanoate) benzene 55. To the stirred solution 

of methyl 3-(4-acetylphenoxy)propanoate 54 

(1.81 g, 8.1 mmol) in MeOH (10 mL) under 

nitrogen atmosphere was added dropwise SiCl4 

(2.32 mL, 20.2 mmol) over 15 min. The mixture 

was stirred for 16 h at room temperature and 

slowly poured into ice (50 g). Then the mixture 

was extracted with ether (3×40 mL), the 
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combined organic layers were washed with aq. sol. of NaOH (10%, 50 mL), brine, dried 

(MgSO4) and concentrated to afford a dark brown oil. Subsequent column chromatography 

(SiO2, pentane: ether, Rf = 0.35) yielded 55 (530 mg, 0.86 mmol, 32%) as a yellow oil. mp: 

236-238 ºC.
 1

H-NMR (400 MHz, CDCl3) δ 2.83-2.86 (t, J = 6.23 Hz, 2H), 3.75 (s, 3H), 

4.30-4.33 (t, J = 6.23 Hz, 2H), 7.00-7.02 (d, J = 8.80 Hz, 2H), 7.60-7.62 (d, J = 8.80 Hz, 

2H), 7.64 (s, 1H). 
13

C-NMR (100 MHz, CDCl3) δ 34.40 (CH2), 51.91 (CH3), 63.49 (CH2), 

114.91 (CH), 123.86 (CH), 128.33 (CH), 134.11 (C), 141.73 (C), 158.78 (C), 171.45 (C). 

m/z (EI, %) = 612.0 (M
+
, 100). HRMS (EI): calcd. for C36H36O9 612.2359, found 612.2376. 

 methyl 3-phenylpropanoate 58. To a stirred solution of pyridine (14.6 mL, 

0.181 mol) in methanol (150 mL) at 0 ºC was added 3-phenylpropanoyl 

chloride 57 (25.5 g, 0.151 mol) dropwise over 15 min. The mixture was 

allowed to reach room temperature, stirred for 30 min and additionally kept at 

reflux for 1 h. After cooling to room temperature, the mixture was poured on ice (100 g) 

and extracted with ether (3× 100 mL). The combined organic layers were washed with aq. 

HCl (10%, 100 mL), water (100 mL), aq. solution of NaOH (10%, 100 mL), brine, dried 

(MgSO4). Evaporation of the organic volatiles afforded crude 58 as yellow oil (23.1 g, 

0.140 mol, 93%) which was used for the next step. 
1
H-NMR (400 MHz, CDCl3) δ 2.62-

2.66 (t, J = 7.70 Hz, 2H), 2.94-2.98 (t, J = 7.70 Hz, 2H), 3.67 (s, 3H), 7.19-7.22 (m, 3H), 

7.28-7.31 (m, 2H); 
13

C-NMR (100 MHz, CDCl3) δ 30.02 (CH2), 35.68 (CH2), 51.58 (CH3), 

126.24 (CH), 128.24 (CH), 128.47 (CH), 140.48 (C), 173.30 (C=O). 

methyl 3-(4-acetylphenyl)propanoate 59.
29

 To a three-necked flask equipped 

with a mechanical stirrer and a reflux cooler with a CaCl2 drying tube, under 

nitrogen atmosphere were placed anhydrous AlCl3 (24.3 g, 182.2 mmol) and 

CCl4 (100 mL). To the stirred mixture at 0 ºC were added methyl 3-

phenylpropanoate 58 (13.6 g, 82.8 mmol) and then dropwise acetyl chloride 

(6.51 g, 82.9 mmol). The mixture was refluxed for 4 h under a slow stream of nitrogen, 

cooled to room temperature, then poured cautiously into ice cooled aq. HCl (2M, 300 mL) 

and extracted with ether (3×100 mL). Subsequently, the combined organic extracts were 

washed with aq. HCl (10 %, 2×100 mL), water (2×100 mL), aq. NaHCO3 (10 %, 2×100 

mL) and brine (100 mL) and dried (MgSO4). The organic solvents were evaporated under 

reduced pressure. The column chromatography (SiO2, pentane : ether = 10 : 1, Rf = 0.6) 

afforded 59 (15.2 g, 73.7 mmol, 89%) as a colourless oil. 
1
H-NMR (400 MHz, CDCl3) δ 

2.56 (s, 3H), 2.63-2.67 (t, J = 7.70 Hz, 2H), 2.99-3.03 (t, J = 7.70 Hz, 2H), 3.66 (s, 3H), 

7.28-7.30 (d, J = 8.80 Hz, 2H), 7.87-7.90 (d, J = 8.80 Hz, 2H). 
13

C-NMR (100 MHz, 

CDCl3) δ 26.54 (CH3), 30.80 (CH2), 35.07 (CH2), 51.07 (CH3), 128.49 (CH), 128.64 (CH), 

135.42 (C), 146.14 (C), 172.88 (C=O), 197.71 

(C=O). m/z (ES, %): 207 (MH
+
). 

1,3,5-tri-(methyl 3-phenylpropanoate)benzene 

60. To the ice cooled stirred solution of methyl 3-

(4-acetylphenyl)propanoate 59 (13.2 g, 64.0 mmol) 

in MeOH (100 mL) under nitrogen atmosphere 

SiCl4 (38 mL, 256 mmol) was added dropwise over 

15 min. The mixture was stirred for 16 h at room 

O

O

O

O

O

O

O

O

O

O

O



CHAPTER 3 

 

98 

 

 

 

 

 

  5. Chapter 3.doc 

temperature followed by hydrolysed upon slow pouring into ice (100 g). Then the mixture 

was extracted with ether (3×70 mL) and the combined organic layers were washed with aq. 

NaOH (10%, 100 mL), brine and dried (MgSO4). Evaporation of organic solvents under 

reduced pressure afforded dark brown oil. The product was purified afterwards by column 

chromatography (SiO2, pentane: ether, Rf = 0.4) to yield 60 (4.37 g, 7.68 mmol, 36%) as a 

yellow oil. 
1
H-NMR (400 MHz, CDCl3) δ 2.68-2.71 (t, J = 7.70 Hz, 6H), 3.30-3.04 (t, J = 

7.70 Hz, 6H), 3.70 (s, 9H), 7.30-7.32 (d, J = 8.07 Hz, 6H), 7.60-7.62 (d, J = 8.07 Hz, 6H), 

7.73 (s, 3H). 
13

C-NMR (100 MHz, CDCl3) δ 30.59 (CH2), 35.62 (CH2), 51.66 (CH3), 

124.74 (CH), 127.41 (CH), 128.77 (CH), 139.18 (C), 139.90 (C), 141.99 (C), 173.28 

(C=O). m/z (EI, %) = 564.0 (M
+
, 100). 

 1,3,5-tri-(4-carboxylic acid) benzene 61. To a 

solution of NaOH (1.42 g, 35.4 mmol) in water (50 

mL) -methanol (25 mL) mixture was added 60 (2.01 

g, 3.54 mmol) and the resulted mixture was kept at 

reflux for 10 h. After cooling to room temperature 

the water solution was filtered through paper filter 

and filtrate was acidified with aq. of HCl (35%) and 

extracted with DCM (3×50 mL). The combined 

extracts were washed with brine, dried (MgSO4) and 

concentrated under vacuum. To the resulted yellow oil was added acetonitrile (50 ml)  and 

the solution was concentrated by rotary evaporation and subsequently dried under vacuum 

to yield 61 (1.72 g, 3.26 mmol, 92%) as a yellow powder. mp: 189-201 ºC. 
1
H-NMR (400 

MHz, CDCl3) δ  2.57-2.60 (t, J = 7.33 Hz, 6H), 2.86-2.90 (t, J = 7.33 Hz, 6H), 7.34-7.35 

(d, J = 7.30 Hz, 6H), 7.74-7.75 (d, J = 7.30 Hz, 6H), 7.80 (s, 3H), 12.17 (br, 3H). 
13

C-

NMR (100 MHz, CDCl3) δ 30.02 (CH2), 35.17 (CH2), 123.85 (CH), 127.07 (CH), 128.55 

(CH), 137.97 (C), 140.47 (C), 141.44 (C), 173.79 (C=O). m/z (EI, %) = 522.0 (M
+
, 100). 

                                                      

1 Klok, M. Motors for use in molecular nanotechnology; Ph.D. Thesis: University of Groningen, 2009. 

2 Cnossen, A.; Pijper, D.; Kudernac, T.; Pollard, M. M.; Katsonis, N.; Feringa, B. L. Chem. Eur. J. 2009, 15, 2768-

2772. 

3 a) Kocienski, P. G. Protecting groups; Georg Thieme Verlag Stuttgart; New York, 1984; 192-193. b) Wuts, P. G. 

M.; Greene, T. W. Greene's protective groups in organic synthesis; Wiley-Interscience, 2007. 

4 Lee, S. J.; Terrazas, M. S.; Pippel, D. J.; Beak, P. J. Am. Chem. Soc. 2003, 125, 7307-7312. 

5 de Lange B. Chiroptical molecular switches : Syntheses and application; Ph. D. thesis: University of Groningen, 

1993. 

6 Ammor, S.; Galy, A. M.; Galy, J. P.; Barbe, J. J. Chem. Eng. Data 1986, 31, 374-75. 

7 ter Wiel, M. K. J.; Feringa, B. L. Synthesis 2005, 11, 1789-1789. 

8 ter Wiel, M. K. J.; Vicario, J.; Davey, S. G.; Meetsma, A.; Feringa, B. L. Org. Biomol. Chem. 2005, 3, 28-30. 

9 Vlassa, M.; Kezdi, M.; Goia, I. Synthesis 1980, 850-851. 

10 Adams, J. H.; Gupta, P.; Khan, M. S.; Lewis, J. R. J. Chem. Soc. Perkin 1 1977, 2173-2177. 

11 (a) Musso, H. Chem. Ber. 1971, 104, 1017-1024. (b) Hellwinkel, D.; Melan, M. Chem. Ber. 1971, 104, 1001-

1016. 

OH

O

HO

O

OH

O



Synthesis of Functionalized Acridane Based Molecular Motors 

 

  99 

 

 

 

 

 

5. Chapter 3.doc 

                                                                                                                                       

12 The concept of Hard and Soft Acids and Basis; Carey, F. A.; Sundberg, R. J. Advanced Organic Chemistry, Part 

A: Structure and mechanisms; 4th edition, Chapter 5, Kluwer Academics-Plenum Publishers, 2000. 

13 Brillaud, P.; Maire, Y.; Maire, J. C. New J. Chem. 1995, 19, 1009-1013. 

14 Christian, S.; Rondestvedt, Jr. J. Org. Chem. 1977, 42, 3118-3123. 

15 Lima, L. M.; Castro, P.; Machado, A. L.; Fraga, C. A. M.; Lugnier, C.; de Moraes, V. L. G.; Barreiro, E. J. 

Biiorg. Med. Chem. 2002, 10, 3067-3073. 

16 (a) Hoegberg, T.; Stroem, P.; Ebner, M.; Raemsby, S. J. Org. Chem. 1987, 52, 2033-2036. (b) Kabouche, Z.; 

Bruneau, C.; Dixneuf, P. H. Tetrahedron Lett. 1991, 32, 5359-5362. 

17 a) Rao, V. B.; George, C. F.; Wolff, S.; Agosta, W. C. J. Am. Chem. Soc., 1985, 107, 5732–5739. b) Dolle, R. 

E.; Nicolaou, K. C. J. Am. Chem. Soc., 1985, 107, 1695–1698. c) Basha, A.; Lipton, M.; Weinreb, S. M. 

Tetrahedron Lett. 1977, 48, 4171-4174. d) Solladie-Cavallo, A.; Bencheqroun, M. J. Org. Chem. 1992, 57, 5831-

5834. 

18 (a) Schram, E. P.; Miller, M. M. Inorg. Chim. Acta. 1986, 113, 131-135. (b) Overman, L. E.; Flippin, L. A. 

Tetrahedron Lett. 1981, 22, 195-198. (c) Styron, E. K.; Lake, C. H.; Schauer, S. J.; Watkins, C. L.; Krannich, L. 

K. Polyhedron, 1999, 18, 1595-1602. 

19 Kaczorowski, R.; Gosk, J.; Kulszewicz-Bajer, I.; Twardowski, A. Synt. Met. 2005, 151, 106-113. 

20 Busacca, C. A.; Dong, Y.; Spinelli, E. M. Tetrahedron Lett. 1996, 37, 2935-2938. 

21 (a) Byun, E.; Hong, B.; de Castro, K. A.; Lim, M.; Rhee, H. J. Org. Chem. 2007, 72, 9815-9817. b) Bhanushali, 

M. J.; Nandurkar, N. S.; Bhor, M. D.; Bhanage, B. M. Tetrahedron Lett. 2007, 48, 1273-1276. 

22 (a) Borch, R. F.; Abe, K.; Masamune, S. Org. Synth. 1972, 52, 124-126. (b) Borch, R. F.; Bernstein, M. D.; 

Durst, H. D. J. Am. Chem. Soc. 1971, 93, 2897-2904. 

23 Vasylyev, M. V.; Neumann, R. J. Am. Chem. Soc., 2004, 126, 884–890. 

24 Kotha, S.; Kashinath, D.; Lahiri, K.; Sunoj, R. B. Eur. J. Org. Chem. 2004, 4003-4013. 

25 Palomero, J.; Mata, J. A.; González, F.; Peris, E. New J. Chem. 2002, 26, 291-297. 

26 The chemical stability of 54 towards basic reagents is known Bui, C. T.; Bray, A. M.; Nguyen, T.; Ercole, F.; 

Maeji, N. J. J. Peptide Sci. 2000, 6, 243-250. 

27 de Silva, A.; Ober, C. K. J. Mat. Chem. 2008, 18, 1903-1910. 

28 Sidler, D. R.; Lovelace, T. C.; McNamara, J. M.; Reider, P. J. J. Org. Chem. 1994, 59, 1231-1233. 

29 Skinner, W. A.; Gram, H. F.; Mosher, C. W.; Baker, B. R. J. Am. Chem. Soc. 1959, 81,4639-4643. 

30 The measurements were done in collaboration with the Prof. A. M. Brouwer group (University of Amsterdam). 

31 Rondestvedt, C. S. J. Org. Chem. 1977, 42, 3118-3123. 

 

 

 

 

 

 



CHAPTER 3 

 

100 

 

 

 

 

 

  5. Chapter 3.doc 

                                                                                                                                       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

Chapter 4 
Convenient Attachment of DNA 
Intercalators into Ultrafast 
Molecular Motors 

 

 

The current chapter features possibilities for the construction of DNA-supported 
molecular motor arrays. Towards this goal, the equipment of the ultrafast acridane 
based molecular motors with an intercalator was achieved by means of 9-amino 
acridine and Oxazole Yellow units. Photochemical studies indicate, that the 
acridine moiety does not prevent a light-induced rotational mechanism in molecular 
motor. However, its intercalation into DNA encounters difficulties, due to solubility 
reasons. Motor Oxazole Yellow conjugates can be conveniently incorporated with 

λ-DNA. Unfortunately, a motor unit in proximity to Oxazole Yellow is incompatible 
as the motor function is impaired due to intramolecular Photoinduced Electron 
Transfer (PET).  
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4.1   Introduction 

The unidirectional bio-DNA walkers summarized in Chapter 1.3.1 can be driven solely 

by combination of appropriate enzymes or oligonucleotides, which should be continuously 

supplied into the system.
1,2

 These restrictions can be overcome or at least reduced by 

application of “hybrid” (i. e. bio-synthetic) analogs. With this respect, the modulation of 

synthetic walkers which can perform the movement along a DNA track autonomously 

seems to be very promising for nanobiological applications.
3
 

A possible design of a synthetic walker can be realized by utilization of an appropriate 

light-driven molecular motor (or assembly of several such motors) as a key component for 

the conversion of light-energy into movement. The possibility of using DNA as a track can 

be achieved by implementation of two DNA-active legs linked separately to the rotor and 

stator parts. There are several ways in which organic molecules can interact with DNA.
4
 

The supramolecular approach, namely intercalation,
5
 seems to be a convenient tool to tether 

such walkers to a DNA platform in a thermodynamically and kinetically reversible manner. 

This would allow for modulation of a sequence of attachment-detachment events. 

The idealized operational mechanism of a light-induced walking system is depicted in 

Scheme 1 and comprises movement made by lifting the foot and setting it down in another 

place. It is widely accepted that, the structure of a [DNA –bisintercalator] complex strongly 

depends on the linker length between intercalating units.
6
 When the motor is present in a 

cis- form, binding with double stranded (ds) DNA can be achieved by means of two 

intercalating legs.
7
 

Scheme 1.
a
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a 
Key: Light-driven rotation of the motor is transmitted into molecular walking along a 

DNA track. Such mechanism for mobility is proposed to be accompanied with changes in 

fluorescence upon association - dissociation of the intercalating “legs”. 

In principle, UV-light irradiation should provide rotation in the molecular motor unit and 

produce its trans-isomer (Scheme 1, stage 1). Such structural changes in the motor would 

simultaneously induce the increase in strain between one leg and DNA. The reversibility of 

intercalation would provide the opportunity for one of the legs to dissociate out of the DNA 

basepair in order to reduce the induced strain (Scheme 1, stage 2). This would allow for 

free spinning of the walker around the track (Scheme 1, stage 3). After the subsequent 

thermal and photoisomerization steps the motor unit should return to the initial cis –isomer 

and the previously detached leg can be inserted again into the DNA strand. There are two 

possible events which can occur at this stage: either the leg binds to the same location 

where it was before or it can find a new basepair at which to attach (Scheme 1, stage 4). 

With this respect, an “unproductive” event would return the walker to the initial position, 

while a “successful” binding towards a new place in the track would represent the first 

“step”. Continuous irradiation should bring about both “unproductive” and “successful” 

events. The latter would dominate if the intercalation to a new vacant basepair is 

thermodynamically more favored. With this respect, the walker movement can be arranged 

until the whole dynamic system will reach equilibrium (similar to the operational 

mechanism of Brownian machines).
8
  

Another aspect deals with the tools for detection of such walking. Optical methods based 

on fluorescence detections, successfully applied for bio-DNA walkers (Chapter 1.3.1), 

seem to be the best candidates. For this reason, the system should feature intrinsic changes 

in light emitting properties during the attachment-detachment events. This can be achieved 

by application of an intercalator, which can provide an increase in fluorescence upon 

binding to DNA. In such manner, the “walking” along the track can be monitored by 

“blinking” caused upon striding of the legs of the motor (Scheme 1). 

It is evident that the walking process interferes with the delicate balance between two 

important issues: intercalation to DNA (Chapter 4.1.1.) and behavior of free organic dyes in 

solutions (Chapter 4.1.2.),
9
 which are briefly described below. 

4.1.1   Intercalation 

There are several well-established modes for interaction of organic molecules with 

DNA: covalent binding, electrostatic binding or intercalation.
4,5

 DNA intercalators contain 

planar heterocyclic moieties (Figure 1a), which can insert and stack between the basepairs 

of ds DNA (Figure 1b). The driving force for such processes is due to charge –transfer and 

dipole-dipole interactions between planar intercalators and the DNA duplex. Many 

intercalators have larger electron-deficient properties relative to those of the DNA 

basepairs. It is widely accepted that intercalation binding proceeds in two stages.
4
 Initially, 

the diffusion-driven electrostatic association happens at the exterior of the double helix. 

The subsequent sliding between the basepairs is realized at the next step and forces DNA to 

lengthen. Such association leads to a decrease in the mobility of the DNA-intercalator 

complex relative to that of free DNA.
10

 Likewise, the thermodynamics and kinetics of this 
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process can be determined by monitoring changes in spectroscopic properties (UV/Vis, 

fluorescence, induced CD).
11

 Intercalation is a reversible process and reverse dissociation 

out of the DNA duplex can be tuned by adjustment of the composition of the supported 

buffer solution.
12
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Figure 1. a) Chemical structures of well-defined DNA intercalators and b) arrangement of 

the intercalator in the DNA duplex upon binding process. 

 

Certain cationic dyes
6
 and metallocomplexes

13
 (some of which are represented in Figure 

2) display large fluorescence enhancement upon binding to ds DNA due to the strong 

influence of the surrounding basepairs.  

In aqueous solution, most of the metallocomplexes do not luminescence due to 

deactivation of their excited states through hydrogen bonding.
14

 Insertion into double-

helical DNA evokes the change in local environment of the metallocomplex with 

subsequent unlocking for the photoluminescence mechanism. For example in the case of 

[Ru(phen)2dppz]
2+

 bound to DNA the lifetime of the excited state is approximately 200 ns, 

whereas the free dye has a lifetime for the excited state of 200 ps in aqueous solution.
15

 

Such metal based intercalators are broadly applied for the construction of molecular 

photonic devices capable of performing energy and charge transfer along the rigid DNA 

duplex.
16

 

At the same time, the enhancement of fluorescence quantum yield has other origins for 

members of the cationic cyanine dyes family (Figure 2). The photoexcited state of Oxazole 

Yellow (YO) undergoes a nonradiative decay due to free rotation around the methane 

bridge connecting the quinoline and benzoxazole moieties. An insertion between basepairs 

reduces the mobility and increases the fluorescence lifetime.
17,18

 Such features provide 

detection with high sensitivity of DNA samples by means of a laser-excited confocal 

fluorescence scanning system.
19
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Figure 2. Well-defined metallocomplexes and cationic dyes which increase emission 

properties upon intercalation to dsDNA. 

The affinity towards DNA binding has generated an enhanced interest for extensive 

applications of such compounds in medicine and laboratory studies of structure and 

function based in DNA-hybrids. Likewise, intercalation opens the possibility to employ 

DNA as a rod like platform for the adjustment of different components in a proximity to 

each other for constructions of photonic wires (Figure 3).
20

.  

h

h  

Figure 3. General representation of a DNA-based photonic wire. 

 

4.1.2   Self-Association of Organic Dyes 

Self-association (i. e. aggregation) of organic dyes in solution is a frequently encountered 

phenomenon.
21

 Stacking of several molecules together dramatically changes their 

photophysical properties, which reflects the large spectral shifts relative to the absorption of 

their monomeric forms. 

Cationic –based dyes are among the best known self-associating molecules. Their 

concentration dependent behavior in aqueous solutions often results in the formation of two 

types of agglomerates. The appearance of an intense, sharp, red-shifted absorption band is 

attributed to the formation of J-aggregates.
22

 This type of aggregate involves a head-to-tail 

arrangement of the molecules with collinear alignment of the transition dipole moments. 

On the other hand H-aggregates are characterized routinely by a broader blue-shifted 

absorption and red-shifted emissions band, relative to that for monomers.
 23,24

 The origin of 

blue-shifted absorption upon formation of H-aggregates is explained by the stair-like 

molecular packing with a parallel arrangement of transition dipole moments. H-aggregates 

differ from J-aggregates in average size, which varies from dimers to very large assemblies. 
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H- type aggregates are obtained more readily and they are believed to be an intermediate 

stage on route to organization into J-aggregates (Scheme 2). 

Scheme 2. 

 

 

Self-association of organic dyes is a very important phenomenon which allows for 

obtaining of supramolecular fluorescent structures. For example, amphiphilic cyanine dye 

has been found to form cylindrical double-walled nanotubes in concentrated solution 

(Figures 4a and 4b). The dimensions of such assemblies composing tubular-like J-

aggregates allow for convenient visualization by means of fluorescent techniques on 

surfaces (Figure 4c)
25

 

 

Figure 4. a) Chemical structure of amphiphilic cyanine dye capable of formation b) double-

walled aggregates; c) fluorescent image derived after deposition of the aggregates onto a 

surface. Reproduced from ref 25. 

Aggregation is not only a concentration dependent process, but is also influenced by 

temperature.
26

 For example, heating of the water solution of pseudoisocyanine (Figure 5a) 

leads to a reversible decrease in the intensities of the absorption bands for H- and J-
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aggregates (Figure 5) followed by a simultaneous increase in the intensities of the monomer 

bands. 

N N

I-

(A)

 

 

Figure 5. a) Chemical structure of pseudoisocyanine iodide and b) its absorption spectra 

measured at different temperatures in NaCl/H2O solution. Reproduced from ref 26. 

In the case of the dyes of YO type (Figure 2), the aggregation processes are known to 

overlay with their intercalation into DNA. The UV/Vis profiles of YO-1 and YOYO-1 

(Figures 6a and 6b, respectively) in TBE buffer solutions display very similar 

characteristics with two main absorptions around 457 and 481 nm. The ratios (ε457/ε481) 

between these peaks increases upon incremental addition of concentrated NaCl solution, 

both for YO and YOYO-1. Such changes are assigned to dimerization upon increasing the 

ionic strength of the solution.
27

 

  

Figure 6. Normalized absorption spectra of a) YO and b) YOYO-1 in 50 mM TBE-buffer 

(solid line). Both spectral changes (dotted line) indicate formation of dimer structures upon 

addition of concentrated NaCl buffer. Reproduced from ref 27. 

Likewise, the changes in UV/Vis spectrum of YOYO-1 upon addition of DNA (Figure 

7a) can be described in terms of reorganization of intramolecular sandwich-like H-

aggregates.
28 

The formation of such dimeric assemblies is driven by hydrophobic 
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interactions for free dye in aqueous environment and thus does not occur in organic 

solvents. Upon intercalation, the H-aggregates become destroyed as each of the two 

benzoxazole moieties in the YOYO-1 dye inserts into the DNA strand. The formation of 

{DNA*YOYO-1} complex is reflected by the appearance of a red-shifted maximum at 489 

nm in the UV/Vis spectra (Figure 7a) which is close to the absorption at 475 nm assigned to 

the monomeric form of YO (Figure 6a). Alternatively, emerging blue shifted maxima in the 

emission spectra supports the breaking of dimer-like structures of YOYO-1 upon insertion 

into DNA (Figure 7a).  

  

Figure 7. Change in a) absorption and b) fluorescence spectra of YOYO-1 upon addition of 

dsDNA. Reproduced from ref 28. 

 

4.1.3   Goal of The Research Described in This Chapter  

The walking of the proposed “motorized pedestrian” along a DNA platform (Scheme 1) 

is evidently a very complex process. There are two crucial issues which would support the 

success of the suggested operational mechanism. The fist issue addresses whether or not the 

light-guided motor rotation would be retained in the presence of covalently linked 

photoactive intercalator functionalities. The second issue considers if the intercalators 

would keep their affinity for binding to β-DNA in the presence of the hydrophobic motor 

species. To the best of our knowledge, no studies have yet been undertaken in order to 

modulate “motor-intercalator” systems and investigate their properties. 

With this respect, the construction of DNA-assembly with light-driven molecular motors 

seems to be a reasonable attempt to shed some light on these two key issues discussed 

above. This can be achieved by covalent attachment of only one intercalator unit onto the 

exterior of a molecular motor. Such an approach should bring about the decoration of DNA 

with several molecular motors (Figure 8).  
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Figure 8. General concept of using DNA as platform for attachment of several molecular 

motors.  

A convenient manner for functionalization of acridane based motors is outlined in 

Chapter 3 and these prototypes are considered to be the most synthetically viable precursors 

for such purposes. The benefits of application of ultrafast motors under normal conditions 

have become evident, considering that at high temperatures, close to the melting range of 

DNA, a reversible intercalation process may take place.
29

 Considering the design of the 

intercalator, it is reasonable that such photoactive components should not quench the light-

induced isomerizations of the motor species. Thus, the primary choice of an appropriate 

intercalator requires that its absorption properties would be diminished compared to that of 

the molecular motor. Likewise, spectral changes upon interaction with DNA are required to 

quantify the amount of molecular motors which are bound in the complex. To meet these 

conditions, the intercalator should exhibit very distinct photophysical changes during the 

binding process in order to easily monitor it. Through careful exploration of the 

literature,
6,13

 two appropriate candidates A and B were chosen, which contain 9-amino 

acridine and Oxazole Yellow (YO) moieties, respectively (Figure 9). Among others, these 

motor-intercalator conjugates are not expected to exhibit a significant photo-induced 

damage of DNA strands.
6
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Figure 9. Structures of A and B containing DNA-binding active units. 
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Another important aspect is the choice of ds DNA, which should have a well-determined 

helical structure (the number of basepairs) and should be sufficiently spacious for the 

incorporation of several binding species. Based on the literature, the most prominent DNA 

candidate seems to be λ-DNA.
19b,30,31

 This substrate has a molecular weight of 31.5·10
6
 Da 

and contains 48502 basepairs. Moreover, this DNA is frequently used for AFM and single 

molecule fluorescence studies, which is inevitably necessary for future investigations of the 

walking mechanism. 

 

4.2   Retrosynthetic Analysis 

 

Figure 10. Retrosynthetic analysis. 

Two retrosynthetic pathways are envisioned towards the designed target molecule with a 

generalized structure presented in Figure 9. Both methodologies are based on linking an 

appropriate intercalator to the motor 1 (the synthesis of which is described in Chapter 3) by 

means of amide bond formation. Path 1 requires initial functionalization of the amino-

motor 1 by means of a spacer with subsequent attachment of an appropriate intercalator 

functionality. Path 2 is based on direct amide coupling between motor 1 and an intercalator 

moiety equipped with an appropriate carboxylic group. The choice of the methodology to 

be used is dictated by the stability of intercalators during synthetic transformations. 

4.3   Molecular Motors Containing Acridine Intercalator 

4.3.1   Synthesis 

For the introduction of an acridine type intercalator into the molecular motor moiety path 

1 (Figure 10) seems to be synthetically more versatile. The copper (I) catalyzed 1, 2, 3,-

triazole formation from azides and terminal acetylenes is a powerful synthetic tool which is 

widely used for aqueous linking reactions.
32

 Following this line of reasoning, the acridine 

moiety can be “clicked” with the alkynyl terminated motor at the final stage.
33

 Thus, 9-

aminoacridine derivative 2 (Scheme 3) bearing an azide group with propane spacer was 

synthesized in two steps. Starting from 3-bromopropan-1-ammonium bromide 3, it was 
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converted to the (3-azidopropyl)amine 4 by treatment with sodium azide.
34

 Reaction of 4 

with 9-chloroacridine in the phenol solution
35

 yielded the title azide 2 as a dark-yellow oil, 

which slowly crystallized during handling. 

Scheme 3.
a
 

 
a 
Reagents and conditions: (i) NaN3, H2O, 60°C, 82%; (ii) 9-chloroacridine, phenol, 100 °C, 

84%; 

Considering the enhanced reactivity of N-acylated molecular motors towards even 

mildly basic and acidic reagents (Chapter 3), the amide coupling was first developed for the 

ethyl 4-aminobenzoate 5 analogue. The nucleophilic properties of the amine group in 5 

should be very similar as those in motor 1. DCC-intermediated amide formation
36

 between 

5 and propiolic acid 6 (Scheme 4) unexpectedly failed. A dark brown mixture was provided 

upon portionwise addition of DCC to the solution of 5, 6 and DMAP in DCM at 0 °C. 

Analysis of this reaction mixture revealed no presence of the desired amide derivative 7 

(Scheme 4). Such failure to yield the product can be reasoned by the presence of the 

electron withdrawing carboxyl group in 5 leading to deactivation of the amino functionality 

towards conversion into an amide. Likewise, a number of side reactions can be influenced 

by the low thermal stability of 6 and its reactivity with DMAP.
37

 An alternative synthetic 

route toward 7 can be developed by utilization of the thermally stable 3-

(trimethylsilyl)prop-2-ynoic acid 8 as a “masked” acetylene (Scheme 4), with an additional 

synthetic step for deprotection. Unfortunately, 8 is significantly more expensive, whereas 

high molecular weight terminal alkynes are more accessible and are known to be more 

robust in contrast to 6.
38

 

Scheme 4. 

 

Based on this, rationale treatment of hex-5-ynoic acid 9 with oxalyl chloride provided 

sufficiently stable hex-5-ynoyl chloride 10 (Scheme 5).
38

 Terminal-alkyne containing 

precursor 11 for “click chemistry” was readily obtained by reaction of 10 with 5 in the 

presence of a slight excess of DMAP. The final “clicking” of 11 and 2 was performed in the 

presence of copper (II) sulphate and sodium ascorbate and yielded 12, containing the two 

original moieties bridged together by a 1, 2, 3,-triazole ring. 
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Scheme 5.
a
 

 

a
 Reagents and conditions: (i) oxalyl chloride, benzene, 35 °C, 52%; (ii) 5, DMAP, toluene, 

60 °C, 87%; (iii) 2, CuSO4×5H2O, Na ascorbate, 2-methylpropan-2-ol, 40 °C, 67%; 

The developed procedure for the synthesis of 12 was subsequently used for the 

preparation of 13 (Scheme 6). Motor 1 was converted into amide 14 by treatment with hex-

5-ynoyl chloride 10. Subsequent gentle “clicking” of 14 and 2 provided the desired 13, as a 

light yellow powder, with a total 50% yield. 

Scheme 6.
a
 

a
Reagents and conditions: (i) 10, DMAP, toluene, 60 °C, 84%; (ii) 2, CuSO4·5H2O, Na 

ascorbate, 2-methylpropan-2-ol, 40 °C, 59%. 

The results of 
1
H and 

13
C NMR spectroscopy, HRMS and elemental analysis for 12 and 

13 were consistent with their structures. The 
1
H NMR spectra of these compounds (Figure 

11) comprise a sharp singlet absorption at 7.16 ppm and 7.13 ppm for 12 and 13, 

respectively, which are assigned to the proton in bridged 5-membered heterocycle. In the 
1
H NMR spectrum of 13 (Figure 11a), the absorptions at 2.88 and 4.45 ppm are attributed 

to the protons in the motor part and they are slightly overlapping with multiplets ascribed to 

a aliphatic chains in the linker moiety. Furthermore, in 
1
H NMR spectra of 12 and 13 the 

presence of the distinct broad absorptions at 9.15 ppm and 9.23 ppm, respectively, is 

attributed to an amide functionality. 
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Figure 11. 
1
H NMR (500 MHz) spectra of a) 13 and b) 12 measured in CDCl3. 

4.3.2   Photchemical Properties 

The UV/Vis spectrum 13 (Figure 12, spectrum a) reveals absorptions in the range of 

330-400 nm. They are characteristic for motor and acridine chromophores and are 

overlapping with each other. Likewise, the UV/Vis profile of 13 represents a combination 

of the absorption spectra for acridine 12 and amide-motor 14 (Figure 12, spectra b and c, 

respectively). 
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Figure 12. UV/Vis spectra of a) 13, b) 12 

and c) motor 14 in acetonitrile. 
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Figure 13. Normalized emission (λex= 360 

nm, dotted line) and excitation (λex= 410 nm, 

solid line) spectra of 13 in acetonitrile. 

In the fluorescence spectrum of 13, observed emission maxima at around 405 nm are 

caused by the presence of the acridine functionality (Figure 13).
39

 The excitation spectrum 

of motor 13 (λex= 410 nm, Figure 13) reveals the absence of absorptions at 365 nm for the 

motor functionalities. Likewise, the excitation spectrum of 13 (Figure 13) is very similar to 

the absorption spectrum of the non-motor functionalized acridine 12 (Figure 12, spectrum 

b). This indicates that there is no significant energy transfer communication between the 
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motor and acridine parts in 13 and they both act as independent chromophores. Such 

findings encourage the concept that in this system, upon an input of light stimuli, one part 

of the energy would be consumed to induce motor rotation, while the remaining energy 

would induce fluorescence from the acridine intercalator. Moreover, considering the 

relatively high difference in extinction coefficients between the motor (ε365 = 1.51·10
4
) and 

acridine (ε365 = 0.43·10
4
), the latter should not act as a strong quencher with respect to the 

light-induced rotation of the motor in 13. 

The photochemical behavior of 12, 13 and 14 were studied by means of ns Transient 

Absorption spectroscopy.
40

 Upon excitation of the sample solutions in acetonitrile the 

decrease in the amount of generated transient species was monitored over time, in order to 

determine their stability at room temperature. In the case of the non-motor functionalized 

acridine 12, no long lived transient species were found (Figure 14) and only 

photoluminescence traces were detected, which disappeared within 20 ns after the laser 

pulse. In the case of motor 14, the formation of red shifted transient species was observed at 

425 nm (Figure 15a). Such spectral changes are representative for the formation of unstable 

isomers, which mediate a rotational cycle (Chapter 2). In the case of 14, the produced 

transient species are attributed to the unstable 14a (Scheme 7) and their spectral intensity at 

425 nm reduces monoexponentially (Figure 15b) with a half-life time (τ1/2) value of 305±14 

ns (22 °C). The determined τ1/2 value for 14a is in the same order of micro second 

magnitude as for those found previously for the unstable isomers in the rotational cycle of 

N-Boc protected motors (Chapters 2.4.3 and 2.4.4).  

 

Figure 14. ns Transient absorption profile after excitation of solution acridine 12 in 

acetonitrile with a 365 nm laser pulse. 
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Figure 15. a) ns Transient absorption profile for 14, produced from its solution in 

acetonitrile, after excitation with a 365 nm laser pulse and b) monoexponentional decay of 

transient 14a, monitored at 425 nm. 

Scheme 7. 

 

 

As it was mentioned above, in compound 13 the motor- and acridine-units are expected 

to exhibit independent photoinduced behavior. Indeed, after excitation of 13 in acetonitrile 

solutions the produced transient absorption profile (Figure 16a) represents a combination of 

transient profiles for 2 (Figure 14) and 14 (Figure 15a). The presence of fluorescence traces 

at 450-600 nm is due to the acridine moiety, whereas the maximum around 415 nm is 

attributed to the unstable motor 13a (Scheme 7). The decay of these transient species is 

monoexponentional (Figure 16b) with a τ1/2 value of 339±24 ns (22 °C). 
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Figure 16. a) ns Transient absorption profile for 13, produced from its solution in 

acetonitrile, after excitation with a 365 nm laser pulse and b) monoexponentional decay of 

unstable 13a, monitored at 425 nm. 

The presence of transient species confirms the correct chemical design of 13. In this 

molecule, two types of light active units are linked together and they undergo independent 

and different photochemical processes. UV light irradiation (365 nm) induces a rotation in 

the motor component, which is accompanied with fluorescence, arising from the acridine 

intercalator.
 

9-Aminoacridine derivatives are known to be very strong DNA binding intercalators.
 41 

In a variety of cases, they provide strong binding with DNA in aqueous conditions. 

Addition of even small amounts of organic solvents (like acetonitrile, methanol) can 

influence the DNA structure
42

 and diminish the binding affinity towards acridine type 

intercalaters.
41

 Unfortunately, the solubility of 13 in aqueous phosphate buffer at pH range 

of 6.5- 7.5 appeared very poor even in UV concentration range. Addition of 15 vol. % of 

DMSO to the buffer (pH = 6.5) allowed for preparation of a solution of 13 only with 

concentrations in the 10
-6

 M range. This made problematic to monitor the corresponding 

intercalation process by means of UV/Vis or CD spectroscopy. The poor solubility of 13 in 

water-based buffer is most likely caused by caused by the presence of the rigid 1, 2, 3,-

triazole ring in its structure and large hydrophobic motor part. 

 

4.4   Molecular Motors Connected to Oxazole Yellow (YO) 
Intercalator 

In order to provide monitoring for the intercalation process with λ-DNA, the concept for 

the desired intercalator unit should be changed to a charged species. The motor equipped 

with such species (Figure 8) is expected to possess sufficient solubility in water-organic 

buffers. Likewise, in this case, monitoring of the association process with λ-DNA can be 

done concurrently, by means of UV/Vis and fluorescent techniques. Considering the 

absorption and emission properties, Oxazole Yellow
43

 (YO) or ethidium bromide are 

appropriate candidates (Figure 3). The choice of YO type intercalator is based on three 

considerations: 1) its excitation and emission maxima are distinct from those of ethidium 
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bromide, 2) its fluorescence enhancement upon intercalation exceeds that of ethidium (ca. 

3000-fold vs. 20-fold) and 3) it displays a higher affinity towards binding with a DNA with 

less pronounced sequence-dependency.
43 

4.4.1   Synthesis 

The most attractive synthetic approach seems to be path 2, (Figure 10), in order to 

achieve bridging between a YO-intercalator (Figure 9b) and amine motor 1. Ultimately, this 

route requires the use of YO-derivative containing an active carboxyl group, since 

according to the previous findings (Chapter 4.3.2) the design of the linker should avoid 

structures with rigid rings. Taking into account that the YO dye binds to dsDNA through 

the Oxazole functionality,
28

 the attachment of the linker should be done at the nitrogen of 

non-intercalating side. Thus, the synthetic design comprises equipping the quinoline moiety 

with a carboxymethyl spacer for subsequent attachment to the motor functionality 1. 

The desired Oxazole yellow derivative 15 (Scheme 8) was obtained by slight 

modification of the known literature procedures for preparation of compounds of this type. 

In the first step, 16 was methylated by means of MeI in the presence of potassium 

carbonate
44

 to provide 17, which was subsequently converted into the salt 18, by treatment 

with p-toluenesulfonate.
45

 Likewise, reaction of 4-methylquinoline 19 with tert-butyl 

bromoacetate yielded 20.
46

 A precursor for the lower quinoline half 21 was provided upon 

hydrolysis of 20 in the presence of catalytic amounts of HBr (Scheme 8). 

Scheme 8.
a
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a
 Reagents and conditions: (i) MeI, K2CO3, DMF, rt, 86%; (ii) 4-methylbenzenesulfonate, 

130 °C, 75%; (iii) tert-butyl bromoacetate, EtOAc, reflux, 88%; (iv) HBr, EtOAc, reflux, 

98%; (v) Et3N, DCM, rt, 33%; (vi) 5, PyBOP, DMAP, DMF, rt, 13%; 

Oxazolium salt 18 was allowed to react with 1-(carboxymethyl)-4-methylquinolinium 

bromide 21 in the presence of NEt3 to provide the title asymmetric cyanine dye 15.
 47

 

Keeping in mind the solubility of the cyanine dyes,
48

 the challenging coupling between 15 

and ethyl 4-aminobenzoate 5 was achieved by means of PyBOP/DMAP system in DMF 

solution. According to 
19

F and 
31

P NMR and elemental analysis data, compound 22 was 

isolated as hexafluorophosphate salt due to anionic exchange with a PyBOP. 
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The developed synthetic procedure for the preparation of 22 was used to bridge YO-

intercalator 15 and motor 1. In this manner, 23 (Scheme 9) was obtained as a 

hexafluorophospate salt in 13% yield. 

Scheme 9. 
 a
 

 
a
 Reagents and conditions: (i) 1, PyBOP, DMAP, DMF, rt, ca. 14% 

The 
1
H NMR spectrum (Figure 17) of 23 shows the characteristic absorptions for both 

the motor and the YO-intercalator moieties, indicating that no isomerization or 

decomposition occurs during the challenging amide coupling in the final synthetic step. 

Additionally, an absorption at 10.89 ppm indicates the presence of an amide bridge. 

 

 

Figure 17. 
1
H NMR (500 MHz) spectrum of 23 in DMSO-d

6
. 
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4.4.2   Intercalation with λλλλ-DNA 

The UV/Vis spectra of 23 in a series of solvents (acetonitrile, DCM and DMSO-

phosphate buffer with pH=6.5) are shown in a Figure 18. The UV/Vis profile of 23 is 

essentially the same in all three solvents and the character of the absorption bands is similar 

to that known for the monomeric species of YO dyes (Figure 6a).
27

 Despite the fact that the 

absorption maximum is slightly blue-shifted in DCM compared to the other two solvents, 

which can be attributed to the change in solvent rather than aggregate formation. 
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Figure 18. UV/Vis spectra of 23 in different solvents; Inset: expansion of the 450 to 500 

nm region a) DCM, b) acetonitrile and c) DMSO-phosphate buffer. 

The maximum at 360 nm in UV/Vis is attributed to the presence of the motor moiety and 

it is slightly red shifted compared to the amino-precursor motor 1 in DCM solution. The 

distinct separation of the two main absorptions in the 340-500 nm range should allow 

avoidance of significant light absorption by the YO-moiety upon irradiation at 365 nm in 

order to induce motor rotation.  

Compounds 22 and 23 are derivatives of the YO family of intercalators and binding into 

ds DNA should be accompanied by concurrent changes in both light absorbing and emitting 

properties.
28

 Such properties offer a possibility to apply simultaneously UV/Vis and 

fluorescence spectroscopy techniques. To quantify the complexation with DNA substrates, 

the titration of 22 and 23 into DNA containing samples was checked against titration of the 

compounds into blank buffer solutions. 

The changes in both UV/Vis and fluorescence spectra were monitored upon addition of 

equal amounts of concentrated solution of 22 in DMSO (c= 1.46×10
-4

 M), separately, into 

the cuvettes containing blank buffer and λ-DNA samples. The UV/Vis profile shows a 

constant A485/A460 ratio of 1.43 upon increasing the concentration of 22 in the buffer 

(Figure 19a). This fact allows for exclusion of the possibility of aggregate formation under 

such conditions. Nevertheless, in the course of the titration of 22 into the λ-DNA samples, a 

slight bathochromic shift was observed in the UV/Vis spectra together with a hypochromic 

effect (Figure 19b). Such spectral changes are known in the formation of DNA-intercalator 

complexes with YO-derivatives.
28

 Additionally, the titration was monitored by means of 

fluorescence techniques. A strong increase of emission was observed at 590 nm upon 
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addition of 22 into λ-DNA samples in contrast to the titration into the blank buffer (Figure 

20a). An enhancement of photoemission is known to happen upon intercalation of YO dyes 

into DNA (Chapter 4.1.1).
49

 The fluorescence titration data (Figure 20b) were fitted 

assuming a model for the static (non-sequence dependent) 1:1 binding equilibrium.
50

 Thus, 

the association process between 22 and λ-DNA is characterized by a binding constant (Kas) 

of (1.12±0.06)·10
-5

 M and saturation number of (2.50±0.11)·10
4
. Based on the literature,

44,45
 

relatively small values of Kas can be explained by the influence of DMSO as a co-solvent, 

which affects the structure of the DNA substrate.
42
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Figure 19. Monitoring of the UV/Vis intensity with increasing concentration of 22 in a 

buffer solution: a) in the absence and b) presence of λ-DNA (c= 5.42×10
-5

 bp). 

500 550 600 650 700 750

0

20

40

60

80

100

120

140

160

180

 

P
L
 I

n
te

e
n
s
it
y
 (

a
. 

u
.)

λ , nm

(A)

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2

0

2000

4000

6000

8000

10000

12000

0.0 0.2 0.4 0.6 0.8 1.0 1.2

0

2000

4000

6000

8000

10000

12000

In
te

g
ra

te
d
 P

L
 I

n
te

e
n
s
it
y

 

[22] x 10
-5
, M 

 

(B)

 

Figure 20. a) Emission spectra for the solution of 22 (c= 3.42×10
-6

 M) in buffer, in the 

absence (solid line) and presence (dotted line) of λ-DNA and b) fluorescence titration 

curves: solid line represents fitting according to a 1:1 binding model.
50

 Filled (■) and open 

(□) squares represent titration of 22 into λ-DNA and buffer solutions, respectively.  

Furthermore, a titration of 23 (c= 1.69×10
-4

 M in DMSO) was also performed into the 

blank buffer and λ-DNA sample (c= 5.42×10
-5

 bp) solutions, separately (Figures 21 and 

22). In this case, the changes in UV/Vis spectra were even more pronounced in a 

comparison to the experiment with 22. The UV/Vis profile showed a constant A485/A460 

ratio of 1.5 upon portionwise addition of 23 into the cuvette filled with buffer solution. This 

also indicates no aggregate formation under such conditions. The titration of 23 into λ-
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DNA solution resulted in a splitting of the main absorption at 485 nm in UV/Vis into two 

resolved maxima at 460 nm and 485 nm (Figure 21b). The A485/A460 ratio of 1.03 remained 

constant within a certain concentration range of added 23 and subsequently increased after 

the ratio between [basepairs]/[23] reached a value of about 10. Additionally, monitoring the 

titration of 23 into λ-DNA was achieved by fluorescence techniques. In this case, a strong 

increase in fluorescence was detected during the initial additions of 23 (Figure 22a and 

22b). Nevertheless, after the ratio between [basepairs]/[23] reached a value of about 10, the 

subsequent amounts of added 23 resulted in a decrease in fluorescence intensity (Figure 

22b). In this case, the gradual formation of a precipitate was observed in the cuvette when 

subsequent amounts of 23 were added. 
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Figure 21. The change in UV/Vis intensity with increasing concentrations of 23 a) in the 

absence and b) in the presence of λ-DNA (c= 5.42×10
-5

 bp). 
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Figure 22. a) Emission spectra for solutions of 23 (c= 2.72×10
-6

 M) in the absence (solid 

line) and presence (dotted line) of λ-DNA and b) fluorescence titration curves: solid line 

represents a fit by assuming a 1:1 binding model.
50

 Filled (■) and open (□) squares: titration 

of 23 into λ-DNA and buffer samples, respectively. 

 

The insertion of 23 into the DNA duplex is proposed to happen through cationically 

charged YO-moieties,
28

 whereas the hydrophobic molecular motor functionality seems to 
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remain at the exterior of DNA duplex as no major changes in the absorptions at 365 nm 

observed in UV/Vis (Figures 21a and 21b). Considering the high amount of basepairs 

within individual strand of  λ-DNA (48502 basepairs), one can expect significant change in 

the properties upon intercalation.
51

 In this way, an increase in amounts of 23 inserted into 

the DNA strand results in the enhancement of hydrophobicity for the resulting [λ-DNA*23] 

complexes. When the certain saturation level for the DNA strand is reached upon the 

titration, the formed complexes start to aggregate and precipitate out of solution. Most 

likely, such aggregation is caused by hydrophobic interactions of the motor units in 

[DNA*23] complexes (Figure 23).
6,
 

52
 Nevertheless, values of Kas of (6.47±0.52)·10

-6
 M 

and saturation number of (2.33±0.11)·10
4
 were found for binding of 23 into λ-DNA by 

analysis of the fluorescence titration data.
50

 

 

 

Figure 23. Schematic drawing of aggregation for [DNA*23] complexes produced upon 

intercalation. 

The calculated values of Kas and saturation number for both 22 and 23 are smaller than 

values known for other YO-type intercalators from the literature sources.
27,28,47

 This can be 

explained due to the influence of DMSO as a co-solvent, which might affect the on spiral 

topology of the DNA helix and thus reduces its affinity towards the intercalation.
42

 On the 

other hand, the presence of DMSO is crucial to prepare solutions of reasonable 

concentrations of the intercalators in order to perform titration experiment. In principle, 

titration data suggest the possibility to obtain arrays comprising 1 intercalator functionality 

per 2 basepairs, where [intercalator* DNA] associates would still possess a reasonable 

solubility. 
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4.4.3   Photochemical properties 

In order to investigate the energy transfer between the motor and YO-chromophores in 

23, the excitation and emission spectra of this compound were measured in the absence of 

DNA. According to studies described in Chapter 3.5, the half-life time for the 

corresponding unstable isomer of 23 is expected to be in the microsecond range. Thus its 

influence on steady-state measurements can be fully ignored. Upon excitation at 460 nm, a 

broad emission appears at λmax = 560 nm from the YO-functionality (Figure 24a). Even 

upon excitation at 360 nm, where essentially only the motor absorbs, the fluorescence 

observed was almost entirely from the YO unit. At the same time, the excitation spectrum 

of 23 (λex = 560, Figure 24a) fully resembled its absorption profile (Figure 21a), with two 

characteristic maxima for the motor (around 370 nm) and YO-components (between 450 

nm and 475 nm). These spectral properties are indicative of communication between these 

two chromophores in solution, expressed as an energy transfer from the motor species 

towards the YO-dye. Additionally, the same spectra were measured for 23 in the presence 

of DNA substrate. A strong increase in the emission intensity was found, while the 

character of the excitation spectrum of 23 did not change upon addition of the λ-DNA 

solution (Figure 24b). 
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Figure 24. a) Normalized emission spectrum of 23 in DMSO-phosphate buffer (λex = 460 

nm, dotted line) and excitation spectrum (λex = 560 nm, bold line) and b) normalized 

emission spectrum of [23*λ-DNA] complex in DMSO-phosphate buffer (λex = 460 nm, 

dotted line) and excitation spectrum (λex = 560 nm, bold line). 

Such communication between two chromophores in 23 may result in complex 

photophysical properties of this compound: due to the energy transfer, the YO-intercalator, 

can partially or even completely quench the light-induced rotation of the motor. Thus, ns 

Transient spectroscopy techniques were applied in order to investigate the light-induced 

rotation in 23. After excitation with a 365 nm laser pulse, the produced transient species 

(Figure 25) had a completely different profile, from those obtained for other motors (see 

previous chapters). The transient spectra showed a minimum at 456 nm and a maximum at 

512 nm. This species undergoes first order decay with a life time (τ) value of 420±18 ns (22 

°C). 
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Such shape of the produced transient spectra (Figure 25) is apparently due to 

intramolecular photoinduced electron transfer (PET) between the photoexcited state of the 

motor functionality (which acts as a donor) and the positively charged YO-group (which 

acts as an electron acceptor).
53

 Such a mechanism results in non-radiative dissipation of 

energy from the excited state of the motor, and thus prevents the light-induced motor 

rotation. 

 

  

Figure 25. a) ns Transient absorption profile produced after excitation of solution 23 in 

DMSO-phosphate buffer with a 365 nm laser pulse and b) first order fitting for the 

disappearance of the transient species monitored at 525 nm. 

It is widely accepted that the efficiency of intramolecular PET is strongly dependent on 

two main parameters. The first deals with charge separation which is expressed in the 

difference between the one-electron oxidation potential (Eox) of the donor and the first one-

electron reduction potential (Ered) of the acceptor.
54

 The possibility of PET is diminished 

exponentially upon an increase in the effective distance between donor and acceptor units.
55

 

 

Figure 26. Schematic representation of Photoinduced Electron Transfer in 23.  
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Assuming that the insertion of 23 into the DNA duplex happens through cationically 

charged YO-moieties, the change from aqueous solution to the basepair environment 

(Figure 26) can allow for reduction in the acceptor properties of the intercalator.
4,5,56

 In this 

way, one can expect that DNA binding would prevent PET. However, only traces of 

fluorescence over several ns after laser pulse was found, while the formation of any 

transient species was not observed upon excitation of 23 in the presence of λ- DNA. The 

reasons of such unexpected behavior for 23 when bound to DNA remain unclear and may 

be caused by specific rearrangement of the molecules when they are attached to λ-DNA. 

Likewise, ns transient spectroscopy techniques require working with samples with 

relatively high concentration. Under such conditions, the self-association of [DNA*23] 

complexes into high-order aggregates cannot be excluded (Figure 23). 

4.5   Conclusions 

During the course of this research, the ultrafast acridane based molecular motor was 

conveniently functionalized by means of either 9-amino acridine or Oxazole Yellow 

species. These distinct photoactive components belong to the family of well-established 

DNA-intercalators. The introduction of 9-amino acridine moiety was achieved by a “click” 

reaction. The proximity of the acridine functionality does not prevent a light-induced 

rotational mechanism of the molecular motor, which occurs with τ1/2 = 339±24 ns, as it was 

shown by means of ns Transient absorption spectroscopy. Nevertheless, such a motor 

possesses a limited solubility in aqueous solution, and it appeared problematic to 

investigate its intercalation with the λ-DNA substrate. 

The alternative motor bearing cationic Oxazole Yellow (YO) moiety was derived by 

means of amide coupling. This motor possesses perfect solubility in a water-DMSO buffer 

and its association with λ-DNA was studied by means of UV/Vis and fluorescence 

spectroscopy. Unfortunately, the light-induced rotational mechanism for this motor is 

inhibited due to the intramolecular photoinduced electron transfer (PET). This process 

occurs between motor and the cationic Oxazole species. 

 

Figure 27. A new design for a DNA-binding motor 24. 
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Given this results, several improvements can be proposed towards the appropriate design 

of molecular motors in order to investigate their operational mechanism in the DNA-bound 

state. One of the issues to be addressed is the tuning of the effective intramolecular distance 

between the YO-intercalator and the motor species. In order to avoid the influence of PET, 

it seems more favorable to implement a longer linker. Likewise introduction of hydrophilic 

functionalities should provide better solubility of the desired organic molecules in water 

based systems. On the basis of this criteria, the proper design should resemble a motor 24 

(Figure 27) containing Thiazole Orange functionality. This design simultaneously covers 

several features. The presence of the MEM side –chain should provide better solubility 

while Thiazole Orange (TO)
57

 type intercalator is expected to possess reduced electron 

acceptor properties in contrast to Oxazole Yellow (YO). Additionally, the separation of TO 

and the motor species by a longer spacer should allow for reduction in PET between them. 

 

4.6   Experimental Part 

General experimental remarks. For general synthetic remarks, see Section 2.6. 

λ-DNA was purchased from Fermentas. Phosphate buffer solution was prepared by 

dissolving NaH2PO4*H2O (564 mg, 4 mmol) in a water-DMSO (100 mL/100 mL) mixture, 

with consequent adjustment of the pH to 6.5. 

The intercalation process was monitored by UV/Vis (Jasco V-630 Spectrophotometer) and 

Fluorescent (Jasco FP-6200 Spectrophotometer) spectroscopy, upon addition of equal 

amounts of appropriate intercalator into the buffer  and λ-DNA samples. 

 

N3 NH2  (3-azidopropyl)amine 4.
34,58

 To a solution of 3-bromopropan-1-aminium 

bromide 3 (9.31 g, 42.5 mmol) in water (50 mL) was added sodium azide (1.11 g, 170.1 

mmol) and the mixture was kept at 80 °C for 18 h. After cooling to room temperature, the 

solution was poured into aq. solution NaOH (1 M, 100 mL), and extracted with ether (3x50 

mL). The combined organic layers were washed with brine, dried (MgSO4), and carefully 

concentrated and dried (35 °C) under vacuum to provide the title compound 4 (3.49 g, 

34.85 mmol, 82%) as a colorless oil. 
1
H-NMR (400 MHz, CDCl3) δ = 1.26 (br, 2H), 1.69-

1.76 (p, J= 6.59 Hz, 2H), 2.78-2.82 (t, J= 6.59 Hz, 2H), 3.35-3.38 (t, J= 6.59 Hz, 2H); 
13

C-

NMR (100 MHz, CDCl3) δ = 32.5 (CH2), 39.3 (CH2), 49.1 (CH2). 

 

N-(3-azidopropyl)acridin-9-amine 2.
35

 A mixture of (3-

azidopropyl)amine 4 (2.70 mg, 2.70 mmol), 9-chloroacridine (576 mg, 

2.70 mmol) and phenol (4 g) was placed under nitrogen and heated at 100 

°C for 3h. After cooling to room temperature, diethyl ether (30 mL) was 

added and the mixture was sonicated for 30 min. The diethyl ether was decanted from a 

bright yellow precipitate, and a portion of fresh diethyl ether (50 mL) was added. After 

sonication for 1 h, the hydrochloride salt of 9-[(3-azidopropyl)amino]acridinium was 

N

NHN3
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filtered off, and dissolved in aq. NaOH (1 M, 30 mL) and the aqueous solution was 

extracted with DCM (50 mL). The organic layer was dried over MgSO4, and concentrated 

under reduced pressure to yield the title compound 2 (676 mg, 2.24 mmol, 84%) as a dark 

yellow oil
35

 slowly crystallizing upon standing. This was used for analysis and the next 

synthetic steps. 
1
H-NMR (400 MHz, CDCl3) δ = 1.95-2.02 (m, 2H), 3.48-3.51 (t, J= 6.23 

Hz, 2H), 3.86-3.89 (t, J= 6.60 Hz, 2H), 7.33-7.37 (t, J= 6.60 Hz, 2H), 7.62-7.66 (t, J= 6.60 

Hz, 2H), 8.01-8.03 (d, J= 8.43 Hz, 2H), 8.06-8.09 (d, J= 9.16 Hz, 2H); 
13

C-NMR (100 

MHz, CDCl3) δ = 30.5 (CH2), 48.7 (CH2), 49.6 (CH2), 117.2 (C), 122.9 (CH), 123.6 (CH), 

129.9 (2xCH), 148.7 (C), 151.1 (C); m/z (EI, %) = 277 (M
+
, 100), 205 (70). HRMS (EI): 

calcd. for C16H15N5 277.1327, found 277.1328. 

Cl

O hex-5-ynoyl chloride 10.
38 

To a solution of hex-5-ynoic acid 9 (2.35 g, 20.96 

mmol) in benzene (10 mL) was added DMF (1 drop) and oxalyl chloride (3.99 g, 31.44 

mmol). The mixture was stirred at 25 - 35 °C for 3 h. The solvent was removed under 

reduced pressure, and the residue was distilled under vacuum (bp: 50-55 °C (0.5 mm), [lit
38

. 

39-40 °C (0.4 mm)]) to provide the title compound 10 as a colorless oil (2.13 g, 16.35 

mmol, 52%). 
1
H-NMR (400 MHz, CDCl3) δ = 1.88-1.95 (p, J= 6.96 Hz, 2H), 2.01-2.02 (t, 

J= 2.54 Hz, 1H), 2.78-2.32 (td, J=2.54, 6.96 Hz, 2H), 3.05-3.09 (t, J=6.96 Hz, 2H); 
13

C-

NMR (100 MHz, CDCl3) δ = 19.2 (CH2), 23.6 (CH2), 45.5 (CH2), 70.0 (C), 82.1 (CH), 

173.4 (C=O). 

 

ethyl 4-(hex-5-ynoylamino)benzoate 11. To a solution of ethyl 

amine 5 (500 mg, 3.03 mmol) and DMAP (444 mg, 3.63 mmol) 

in toluene (20 mL) under nitrogen atmosphere at 0 °C was added 

dropwise hex-5-ynoyl chloride 10 (396 mg, 3.03 mmol). The 

mixture was stirred at 60 °C for 16h. Subsequently, the mixture was poured in ice water 

(100 mL), and extracted with ether (3x50 mL). The combined organic extracts were washed 

with aq. HCl (0.25 M, 100 mL), aq. NaOH (0.25 M, 100 mL), brine, dried (MgSO4) and 

concentrated under vacuum. The crude product was further purified by flash 

chromatography (SiO2, pentane: ether: DCM = 5: 1: 1) to provide the title compound 11 (Rf 

= 0.5) as a white powder (744 mg, 2.87 mmol, 87%). mp: 214.3-215.7 ºC. 
1
H-NMR (400 

MHz, CDCl3) δ = 1.36-1.39 (t, J= 6.96 Hz, 3H), 1.91-1.98 (m, 2H), 1.99-2.00 (t, J= 2.93 

Hz, 1H), 2.29-2.33 (td, J= 2.93, 6.96 Hz, 2H), 2.52-2.56 (t, J=6.96 Hz, 2H), 4.32-4.37 (q, 

J= 7.33 Hz, 2H), 7.59-7.61 (d, J= 8.80 Hz, 2H), 7.74 (br, 1H), 7.98-8.00 (d, J= 8.80 Hz, 

2H); 
13

C-NMR (100 MHz, CDCl3) δ = 14.3 (СH3), 17.7 (СH2), 23.7 (СH2), 35.6 (СH2), 

60.9 (СH2), 68.5 (СH), 83.3 (С), 118.7 (СH), 125.6 (С), 130.73 (С), 142.0 (С), 166.2 

(С=O); m/z (ES+, %): 260 (MH
+
), 277 ([M+NH4)]

+
); HRMS (EI): calcd. for 

[
12

C15H18O3N]
+
 260.12812, found 260.12808; Anal. calcd. for C15H17NO3: C, 69.48; H, 6.6; 

N, 5.4. Found: C, 69.51; H, 6.7; N, 5.30.  

 

 

O

O

N
H

O
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ethyl 4-[(4-{1-[3-(acridin-9-ylamino)propyl]-

1H-1,2,3-triazol-4-
yl}butanoyl)amino]benzoate 12. To a mixture 

of CuSO4·5H2O (125 mg, 0.50 mmol) in 2-

methylpropan-2-ol (15 mL) were added ethyl 4-

(hex-5-ynoylamino)benzoate 11 (130 mg, 0.50 mmol) and azide 2 (133 mg, 0.479 mmol). 

After stirring for 5 min, finely powdered Na ascorbate (50 mg, 0.25 mmol) was added and 

the mixture was stirred for 16 h at 40 °C. The reaction mixture was placed in water (100 

mL) and extracted with EtOAc (3×70 mL). The combined organic layers were washed with 

aq. NaOH (0.25 M, 100 mL), brine, dried (MgSO4) and concentrated under vacuum. 

Column chromatography (Al2O3, CH3CN :DCM :MeOH :Et3N = 2: 1: 1: 1) afforded 

fractions (Rf = 0.8), enriched with 12. Subsequent recrystallization from DCM/ether (1: 1) 

afforded 12 (172 mg, 0.32 mmol, 67%) as a light yellow powder. mp: 235.5-237.8 ºC. 
1
H-

NMR (400 MHz, CDCl3) δ = 1.36-1.39 (t, J= 7.33 Hz, 3H), 1.96-2.02 (m, 2H), 2.33-2.38 

(m, 3H), 2.73-2.76 (t, J= 6.60 Hz, 2H), 3.79-3.82 (t, J= 6.60 Hz, 2H), 4.32-4.37 (q, J= 7.33 

Hz, 2H), 4.46-4.50 (t, J= 6.60 Hz, 2H), 7.13 (s, 1H), 7.31-7.34 (t, J= 7.33 Hz, 2H), 7.59-

7.63 (t, J= 8.43 Hz, 2H), 7.71-7.74 (d, J= 8.80 Hz, 2H),7.89-7.91 (br, 2H), 8.07-8.09 (d, J= 

8.43 Hz, 2H), 9.23 (br, 1H); 
13

C-NMR (100 MHz, CDCl3) δ = 14.3 (CH3), 23.9 (CH2), 25.3 

(CH2), 31.4 (CH2), 36.1 (CH2), 48.2 (CH2), 47.6 (CH2), 60. 8 (CH2), 116.9 (C), 118.7 (CH), 

121.7 (CH), 123.2 (CH), 123.4 (C), 125.5 (C), 130.7 (CH), 142.7 (C), 147.2 (C), 152.0 (C), 

166.2 (C), 171.7 (C=O); m/z (ES, %): 538 (MH
+
); HRMS (EI): calcd. for [

12
C31H33O3N6]

+
 

537.26087, found 537.26038; Anal. calcd. for C31H33N6O3: C, 69.39; H, 6.02; N, 15.71. 

Found: C, 69.24; H, 5.84; N, 15.46. 

 

N-(4-{[9-(2-methyl-2,3-dihydro-1H-

cyclopenta[a]naphthalen-1-ylidene)acridin-10(9H)-

yl]carbonyl}phenyl)hex-5-ynamide 14. To a solution of 

amine 1 (350 mg, 0.69 mmol) and DMAP (126 mg, 1.04 

mmol) in toluene (10 mL) under nitrogen atmosphere at 0 

°C was added dropwise hex-5-ynoyl chloride 10 (108 mg, 

0.83 mmol). The mixture was stirred at 60 °C for 16h. 

After that period of time, the mixture was poured in ice 

water (100 mL), and extracted with ether (3x50 mL). The combined organic extracts were 

washed with aq. HCl (0.25 M, 100 mL), aq. NaOH (0.25 M, 100 mL), brine, dried (MgSO4) 

and concentrated under vacuum. The crud product was further purified by flash 

chromatography (SiO2, pentane: ether: DCM = 5: 1: 1, Rf=0.35) to provide the title 

compound 14 (331 mg, 0.58 mmol, 84%). as a white powder. mp: >280 ºC. 
1
H-NMR (400 

MHz, CDCl3) δ = 0.98-1.00 (d, J= 6.97 Hz, 3H), 1.88-1.95 (m, 2H), 1.99-2.00 (t, J=2.57 

Hz, 1H), 2.28-2.32 (td, J=2.57, 6.60 Hz, 2H), 2.48-2.51 (t, J=7.33 Hz, 2H), 2.70-2.73 (d, 

J= 7.33 Hz, 2H), 2.70-2.73 (d, J= 15.77 Hz, 1H), 3.70-3.75 (dd, J= 6.23, 15.77 Hz, 1H), 

4.47-4.54 (dt, J= 6.23, 6.97 Hz, 1H), 6.61-6.64 (t, J= 7.34 Hz, 1H), 6.70-6.73 (dd, J= 7.70 

Hz, 1H), 6.85-6.89 (t, J= 6.97 Hz, 1H), 6.99-7.04 (m, 2H), 7.09-7.11 (m, 2H), 7.18-7.22 

(m, 2H),7.38 (br, 1H), 7.44-7.48 (m, 3H), 7.56-7.58 (d, J= 8.80 Hz, 2H), 7.72-7.78 (m, 

2H), 7.89-7.91 (d, J= 8.06 Hz, 1H), 8.08-8.10 (d, J= 7.70 Hz, 1H); 
13

C-NMR (100 MHz, 

O

O

N
H

O

N

NN

HN N

N

O

N
H

O
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CDCl3) δ = 17.7 (CH2), 19.8 (CH3), 23.7 (CH2), 35.9 (CH2), 37.9 (CH), 40.0 (C), 69.5 

(CH2), 83.3 (C), 118.5 (2xCH), 123.7 (CH), 123.8 (C), 124.5 (CH), 124. 6 (CH), 125.0 

(CH), 125.1 (CH), 125.4 (CH), 125.6 (CH), 126.2 (CH), 126.2 (CH), 126.4 (CH), 126.7 

(CH), 127.2 (CH), 128.0 (CH), 128.5 (C), 130.4 (CH), 130.5 (2xCH), 131.5 (C), 133.1 (C), 

134.9 (C), 135.4 (C), 136. 5 (C), 139.2 (C), 139.8 (C), 140. 8 (C), 145.7 (C), 146.3 (C), 

168.0 (C=O), 170.6 (C=O); m/z (ES, %): 573 (MH
+
); HRMS (EI): calcd. for 

[
12

C40H33O2N2]
+
 573.25366, found 573.25348; Anal. calcd. for C40H32N2O2: C, 83.87; H, 

5.58; N, 4.88. Found: C, 83.69; H, 5.55; N, 4.79. 

 

 

 4-{1-[3-(acridin-9-ylamino)propyl]-1H-

1,2,3-triazol-4-yl}-N-(4-{[9-(2-methyl-2,3-

dihydro-1H-cyclopenta[a]naphthalen-1-

ylidene)acridin-10(9H)-

yl]carbonyl}phenyl)butanamide 13. To a 

mixture of CuSO4·5H2O (67 mg, 0.27 

mmol) in 2-methylpropan-2-ol (15 mL) 

were added alkyne 14 (210 mg, 0.37 mmol) 

and azide 2 (68 mg, 0.244 mmol). After 

stirring for 5 min, finely powdered Na 

ascorbate (16 mg, 0.08 mmol) was added and the mixture was stirred for additional 16 h at 

40 °C. The reaction mixture was placed in water (100 mL) and extracted with EtOAc (3×70 

mL). The combined organic layers were washed with aq. NaOH (0.25 M, 100 mL), brine, 

dried (MgSO4) and concentrated under vacuum. Column chromatography (Al2O3, CH3CN 

:DCM :MeOH :Et3N = 2: 1: 1: 1) afforded fractions predominantly containing 13 (Rf = 

0.74). Evaporation of the solvents from these combined fractions and subsequent 

recrystallization of the solid material from DCM/ether yielded 13 (122 mg, 0.14 mmol, 

59%) as a yellow powder. mp: >280 ºC
 1

H-NMR (400 MHz, CDCl3) δ = 0.96-0.98 (d, J= 

6.60 Hz, 3H), 1.93-2.00 (m, 2H), 2.32-2.36 (t, J= 7.34 Hz, 2H), 2.38-2.42 (m, 2H), 2.88-

2.73 (m, 3H), 3.69-3.74 (dd, J= 6.23, 15.39 Hz, 1H), 3.83-3.86 (t, J= 6.60 Hz, 2H), 4.45-

4.50 (m, 3H), 6.60-6.64 (t, J= 7.34 Hz, 1H), 6.70-6.72 (d, J= 7.70 Hz, 1H), 6.85-6.88 (t, J= 

6.96 Hz, 1H), 6.99-7.04 (m, 2H), 7.02-7.12 (m, 2H), 7.16-7.21 (m, 4H), 7.24-7.28 (m, 1H), 

7.45-7.47 (d, J= 8.44 Hz, 1H), 7.52-7.60 (5H), 7.70-7.77 (m, 2H), 7.83-7.85 (br, 2H), 7.88-

7.90 (d, J= 8.06 Hz, 1H), 8.06-8.10 (m, 3H), 9.15 (br, 1H); 
13

C-NMR (100 MHz, CDCl3) δ 

= 19.8 (CH3), 24.0 (CH2), 25.2 (CH2), 31.1 (CH2), 36.0 (CH2), 37.8 (CH), 40.0 (CH2), 47.1 

(C), 47.6 (CH2), 116.3 (C), 118.6 (2xCH), 121.8 (CH), 123.2 (CH), 123.7 (CH), 123.8 

(CH), 122.8 (C), 124.4 (CH), 124.6 (CH), 125.0 (2xCH), 125.4 (CH), 125.6 (CH), 126.2 

(2xCH), 126.3 (CH), 126.6 (CH), 127.2 (CH), 128.0 (CH), 128.4 (C), 130.3 (CH), 130.4 

(2xCH), 130.9 (C), 131.1 (CH), 133.0 (C), 134.9 (C), 135.4 (C), 136.5 (C), 139.2 (C), 

140.7 (C), 145. 7 (C), 146.4 (C), 147.2 (C), 152.7 (C), 168.3 (C=O), 171.7 (C=O); m/z (ES, 

%): 850 (MH
+
); HRMS (EI): calcd. for [

12
C56H48O2N7]

+
 850.38640, found 850.38574; 

Anal. calcd. for C56H47N7O2: C, 79.13; H, 5.57; N, 11.53. Found: C, 78.77; H, 5.37; N, 

11.28. 

N
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 2-(methylthio)-1,3-benzoxazole 17.
47 

To a solution of 1,3-benzoxazole-2-thiol 

16 (5.10 g, 33.73 mmol) in dry DMF (100 mL) was added K2CO3 (70 g, 50.63 mmol) and 

after stirring at room temperature over 15 min MeI (5.74 g, 40.48 mmol) was added in one 

portion. After stirring for 1 h, the mixture was poured into water (100 mL) and extracted 

with EtOAc (3×100 mL). The combined organic layers were washed with brine (100 mL), 

dried (MgSO4), and the solvent was evaporated under reduced pressure. The dark-brown 

residue was purified by column chromatography (SiO2, pentane :ether = 4 :1, Rf = 0.75) to 

provide the title product 17 (4.79 g, 29.0 mmol, 86%) as colorless oil. 
1
H-NMR (300 MHz, 

CDCl3) δ = 2.76 (s, 3H), 7.21-7.28 (m, 2H), 7.42-7.45 (dd, J= 1.46, 7.68 Hz, 1H), 7.59-7.62 

(dd, J= 1.46, 7.32 Hz, 1H); 
13

C-NMR (100 MHz, CDCl3) δ = 14.47 (CH3), 109.77 (CH), 

118.25 (CH) 123.74 (CH), 124.21 (CH), 141.91 (C), 151.93 (C), 165.65 (C); m/z (ES, %): 

166 (MH+). 

2-mercapto-3-methyl-1,3-benzoxazol-3-ium 4-methylbenzenesulfonate 

18.
47 

The solution of 2-(methylthio)-1,3-benzoxazole 17 (4.05 g, 24.54 

mmol) in methyl 4-methylbenzenesulfonate (9.14 g 49.08 mmol) was kept at 

130 °C under nitrogen atmosphere for 1 h. After cooling to 70 °C, 

cyclohexane (60 mL) was added, and refluxed with vigorous stirring for another 3 h before 

cooling to room temperature. The white solid was recrystallized from acetonitrile (20 mL) 

to afford 18 (6.47 g, 18.41 mmol, 75%) as a white, water sensitive powder. mp: 188-190 ºC 

(lit.
 47

 187.2-189.0). 
1
H-NMR (400 MHz, CDCl3) δ = 2.27 (s, 3H), 3.03 (s, 3H), 4.02 (s, 

3H), 6.99-7.01 (d, J= 7.70 Hz, 2H), 7.49-7.56 (m, 4H), 7.65-7.66 (d, J= 7.33 Hz, 1H), 

7.75-7.77 (d, J= 7.33 Hz, 1H); 
13

C-NMR (100 MHz, CDCl3) δ = 15.0 (CH3), 21.2 (CH3), 

33.4 (CH3), 112.1 (CH), 113.5 (CH), 125.9 (CH), 127.4 (CH), 127.8 (CH), 128.4 (CH), 

131.5 (C), 139.6 (C), 141.4 (C), 149.2 (C), 171.1 (C); m/z (ES, %): 180.3 [M-C7H7O3S]
+
. 

 

1-(2-tert-butoxy-2-oxoethyl)-4-methylquinolinium bromide 20. To a 

solution of 4-methylquinoline 19 (2.01 g, 14.04 mmol) in EtOAc (20 mL) 

was added tert-butyl bromoacetate (3.01 g, 15.44 mmol) and the mixture 

was refluxed for 2 h. After cooling to 0 °C, the white precipitate was 

filtered off, washed with cold EtOAc (5 mL) and air-dried to provide 20 

(4.18 g, 12.36 mmol, 88%) as white, hydroscopic powder. mp: 255.3-257.1 ºC. 
1
H-NMR 

(400 MHz, dmso-d
6
) δ = 1.42 (s, 9H), 3.05 (s, 3H), 6.03 (s, 2H), 8.03-8.08 (t, J= 8.05 Hz, 

1H), 8.16-8.18 (d, J= 9.05 Hz, 1H), 8.23-8.29 (t, J= 8.05 Hz, 1H), 8.33-8.36 (d, J= 9.15 Hz, 

1H), 8.55-8.58 (d, J= 8.42 Hz, 1H), 9.44-9.46 (d, J= 6.22 Hz, 1H); 
13

C-NMR (75 MHz, 

dmso-d
6
) δ = 20.00 (CH3), 27.54 (CH3), 57.56 (CH2), 83.8 (C), 118.9, 122.7, 127.2, 128. 6, 

129.7, 135.5, 137.5, 149.7, 160.4, 165.2 (C=O); m/z (ES, %): 258 ([M-Br]
+
). 

1-(carboxymethyl)-4-methylquinolinium bromide 21. The mixture of 1-

(2-tert-butoxy-2-oxoethyl)-4-methylquinolinium bromide 20 (4.03 g, 11.91 

mmol) and HBr (conc. 1 mL) was refluxed for 0.5 h in EtOAc (20 mL). 

After cooling to 0 °C, the white precipitate was filtered off, washed with 

cold EtOAc (5 mL) and dried on air to yield 21 (3.29 g, 11.67 mmol, 98%) 

as a yellowish powder. mp: >280 ºC; 
1
H-NMR (400 MHz, dmso-d

6
) δ = 3.04 (s, 3H), 6.01 

O

N
+

S

p-TolSO3-

N
+

O

OBr
-
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(s, 2H), 8.03-8.06 (t, J= 7.70 Hz, 1H), 8.15-8.16 (d, J= 5.60 Hz, 1H), 8.23-8.27 (t, J= 7.34 

Hz, 1H), 8.38-8.40 (d, J= 8.80 Hz, 1H), 8.55-8.57 (d, J= 8.43 Hz, 1H), 9.43-9.45 (d, J= 

5.50 Hz, 1H); 
13

C-NMR (100 MHz, dmso-d
6
) δ = 20.0 (CH3), 57.3 (CH2), 119.2 (CH), 

122.7 (CH), 127.1 (CH), 128.6 (C), 129.7 (CH), 135. 5 (CH), 137.5 (C), 149.6 (CH), 160.2 

(C), 167. 6 (C); m/z (ES, %): 202 ([M-Br]
+
); 

 

2-{[1-(carboxymethyl)quinolin-4(1H)-ylidene]methyl}-3-methyl-1,3-

benzoxazol-3-ium bromide 15. To a solution of 2-mercapto-3-methyl-

1,3-benzoxazol-3-ium 4-methylbenzenesulfonate (1.99 g, 5.66 mmol) 18 

and 1-(carboxymethyl)-4-methylquinolinium bromide 21 (2.00 g, 7.08 

mmol) in DCM (100 mL) at room temperature was added triethylamine 

(1.43 g, 14.15 mmol). The resulting red mixture was stirred for 16 h in 

the absence of light. The solvent was removed under reduced pressure 

and the solid residue was dissolved in refluxed methanol (50 mL), and water (200 mL) was 

added. Slow acidification with aq. HBr (1 M, 100 mL) resulted in the formation of orange 

precipitate, which was filtered off, additionally recrystallized from MeOH (30 mL) and 

dried under vacuum to provide 15 (772 mg, 1.86 mmol, 33%) as a red solid. mp: >280 ºC; 
1
H-NMR (500 MHz, dmso-d

6
) δ = 3.80 (s, 3H), 4.79 (s, 2H), 6.17 (s, 1H), 7.31-7.34 (t, J= 

7.82 Hz, 1H), 7.41-7.44 (t, J= 7.82 Hz, 1H), 7.55-7.57 (d, J= 7.81 Hz, 1H), 7.65-7.68 (t, J= 

7.33 Hz, 1H), 7.74-7.76 (d, J= 8.30 Hz, 1H), 7.78-7.80 (d, J= 8.79 Hz, 1H), 7.87-7.88 (d, 

J= 7.82 Hz, 1H), 7.90-7.92 (d, J= 6.84 Hz, 1H), 8.38-8.40 (d, J= 6.83 Hz, 1H), 8.69-8.70 

(d, J= 8.79 Hz, 1H); 
13

C-NMR (125 MHz, dmso-d
6
) δ = 30.3 (CH3), 59.4 (CH2), 72.7 (CH), 

109.1 (CH), 110.3 (CH), 110.7 (CH), 118.7 (CH), 123.3 (C), 123.8 (CH), 125.5 (CH), 

125.7 (CH), 126.2 (CH), 131.5 (C), 132.6 (CH), 138.3 (C), 144.5 (CH), 146.0 (C), 149.5 

(C), 161.2 (C), 166.0 (C=O); m/z (ES+, %): 333 ([M-Br]
+
); 

2-{[1-(2-{[4-(ethoxycarbonyl)phenyl]amino}-2-oxoethyl)quinolin-

4(1H)-ylidene]methyl}-3-methyl-1,3-benzoxazol-3-ium 

hexafluorophosphate 22. To a solution of acid 15 (200 mg, 0.48 m 

mol) in dry DMF (10 mL) under nitrogen atmosphere and exclusion of 

light were added PyBOP (380 mg, 0.73 mmol) and DMAP (90 mg, 0.73 

mmol). The color of the mixture turned red and stirring was continued 

for 5 min. After amine 6 (121 mg, 0.73 mmol) was added, the mixture 

was kept at room temperature for 16 h. After that period of time, the 

orange solution was poured into ether (100 mL) and the orange slurry 

was isolated by centrifugation. The orange precipitate was collected and 

purified by flash chromatography (SiO2, DCM :MeOH = 10:1, Rf = 

0.68) to provide 22 (35 mg, 62.4 µmol, 13%) as an orange powder. mp: >280 ºC; 
1
H-NMR 

(500 MHz, dmso-d
6
) δ = 1.28-1.29 (t, J= 6.84 Hz, 3H), 3.89 (s, 3H), 4.25-4.29 (q, J= 6.84 

Hz, 2H), 5.55 (s, 2H), 6.34 (s, 1H), 7.39-7.42 (t, J= 7.82 Hz, 1H), 7.47-7.50 (t, J= 7.82 Hz, 

1H), 7.65-7.66 (d, J= 7.81 Hz, 1H), 7.69-7.70 (d, J= 7.33 Hz, 1H), 7.74-7.76 (d, J= 8.30 

Hz, 2H), 7.81-7.83 (d, J= 8.30 Hz, 1H), 7.86-7.97 (m, 5H), 8.41-8.43 (d, J= 7.32 Hz, 1H), 

8.76-8.77 (d, J= 8.79 Hz, 1H), 11.21 (s, 1H); 
13

C-NMR (125 MHz, dmso-d
6
) δ = 14.2 

(CH3), 30.6 (CH2), 56.2 (CH2), 60. 6 (CH3), 74.8 (CH), 108.7 (CH), 110.9 (CAr), 111.0 

N

NH

O

PF6
-N+

O

O

O

N
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O
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(CAr), 117.5 (CAr), 118.7 (CAr), 123.0 (CAr), 124.54(CAr), 124.8 (CAr), 126.0 (CAr), 126.0 

(CAr), 126.4 (CAr), 130.4 (CAr), 131.3 (CAr), 133.4 (CAr), 138.1 (CAr), 142.7 (CAr), 1444.7 

(CAr), 146.2 (CAr), 150.2 (CAr), 161.7 (CAr), 165.1 (CAr) (C=O), 165.2 (C=O); 
31

P-NMR 

(162MHz, dmso-d
6
) δ = -143.1 (p, JP-F= 711.31 Hz); 

19
F-NMR (376MHz, dmso-d

6
) δ = -79.5 (d, JF-P= 711.31 Hz); m/z (ES+, %): 480.3 ([M-

PF6]
+
); m/z (ES-, %): 145.1 ([PF6

-
]); Anal. calcd. for C29H26F6N3O4P: C, 55.69; H, 4.19; N, 

6.72. Found: C, 54.78; H, 4.21; N, 6.88. 

 

3-methyl-2-{[1-{2-[(4-{[9-(2-methyl-2,3-dihydro-1H-

cyclopenta[a]naphthalen-1-ylidene)acridin-10(9H)-

yl]carbonyl}phenyl)amino]-2-oxoethyl}quinolin-4(1H)-

ylidene]methyl}-1,3-benzoxazol-3-ium 

hexafluorophosphate 23. To a solution of acid 15 (200 mg, 

0.48 mmol) in dry DMF (10 mL) under nitrogen atmosphere 

and exclusion of light were added PyBOP (380 mg, 0.73 

mmol) and DMAP (90 mg, 0.73 mmol). After stirring for 5 

min amine 1 (349 mg, 0.73 mmol) was added in one portion 

to the red reaction mixture and stirring was continued for 16 

h. After that period of time, the orange solution was poured 

into ether (100 mL) and the orange slurry was isolated by 

centrifugation. Subsequent purification was achieved by 

means of flash chromatography (SiO2, DCM: MeOH = 10: 

1, Rf = 0.68) to provide 23 (122.1 mg, 62.4 µmol, 14%) as an orange powder. mp: >280 ºC; 
1
H-NMR (500 MHz, dmso-d

6
) δ = 0.86-0.88 (d, J= 6.35 Hz, 3H), 2.66-2.69 (d, J= 15.63 

Hz, 1H), 3.72-3.76 (dd, J= 5.86, 15.63 Hz, 1H),3.89 (s, 3H), 4.47-4.51 (dt, J= 5.86, 6.35 

Hz, 1H), 5.46 (s, 2H), 6.34 (s, 1H), 6.60-6.62 (d, J= 7.32 Hz, 1H), 6.65-6.88 (t, J= 7.32 Hz, 

1H), 6.70-6.75 (t, J= 7.33 Hz, 1H), 6.88-6.90 (d, J= 8.79 Hz, 1H), 7.08-7.11 (t, J= 7.32 Hz, 

1H), 7.14-7.22 (m, 3H), 7.24-7.27 (t, J= 7.32 Hz, 1H), 7.39-7.42 (t, J= 7.81 Hz, 1H), 7.48-

7.50 (m, 3H), 7.54-7.58 (m, 4H), 7.65-7.70 (m, 2H), 7.80-7.91 (m, 4H), 7.94-7.95 (d, J= 

7.32 Hz, 1H), 7.99-8.00 (d, J= 7.82 Hz, 1H), 8.06-8.08 (d, J= 7.82 Hz, 1H), 8.36-8.38 (d, 

J= 7.33 Hz, 1H), 8.75-8.77 (d, J= 8.79 Hz, 1H), 10.88 (s, 1H); 
13

C-NMR (125 MHz, dmso-

d
6
) δ = 19.21 (CH3), 30.6 (CH2), 37.3 (CH2), 56.1 (CH3), 74.9 (CH), 108.7 (CAr), 110.9 

(CAr), 111.0 (CAr), 117.5 (CAr), 118.1 (CAr), 122.9 (CAr), 123.3 (CAr), 124.1 (CAr), 124.2 

(CAr), 124.3 (CAr), 124.5 (CAr), 124.6 (CAr), 125.1 (CAr), 125.3 (CAr), 125.6 (CAr), 125.7 

(CAr), 125.9 (CAr), 126.0 (CAr), 126.1 (CAr), 126.3 (CAr), 126.4 (CAr), 126.4 (CAr), 126.7 

(CAr), 127.8 (CAr), 128.3 (CAr), 129.9 (CAr), 130.5 (CAr), 130.8 (CAr), 131.3 (CAr), 132.8 

(CAr), 133.4 (CAr), 134.0 (CAr), 134.8 (CAr), 136.1 (CAr), 138.1 (CAr), 138.8 (CAr), 140.2 

(CAr), 140.3 (CAr), 144.6 (CAr), 145.4 (CAr), 146.1 (CAr), 146.8 (CAr), 150.2 (CAr), 161.7 

(CAr), 164.9 (C=O), 167.4 (C=O). 
31

P-NMR (162MHz, dmso-d
6
) δ = -139.7 (p, JP-F= 711.31 

Hz); 
19

F-NMR (376MHz, dmso-d
6
) δ = -70.5 (d, JF-P= 711.31 Hz); m/z (ES+, %): 793.5 

([M-PF6]
+
); m/z (ES-, %): 145.0 ([PF6

-
]); Anal. calcd. for C54H41F6N4O3P: C, 69.08; H, 

4.40; N, 5.97. Found: C, 68.89; H, 4.43; N, 6.03. 
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Chapter 5 
Construction of Macromolecular 
Systems Based on Light-Driven 
Molecular Motors 

 

 

The current chapter is devoted to research in order to establish a convenient 
copolymerization method for incorporation of several synthetic molecular motors 
within a distinct polymeric chain. The characteristics for the light-induced processes 
indicate no strong influence of the neighboring groups for the operation of motor 
components in the designed macromolecular systems. In addition, perylene di-
imide (PDI) labeled motorized polymers were prepared in order to investigate the 
possibility of visualization of such multichromophoric polymers by means of SMFS. 
AFM experiments were done to determine their morphology and organization on a 
surface.  
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5.1   Introduction 

5.1.1   Macromolecular Systems Containing Photosensitive Azo-benzene 
Unites 

Over the last few decades polymers containing photoresponsive units have gained 

considerable attention due to possibility to change physical and structural properties upon 

application of an external light-stimulus. With this respect, introduction of photosensitive 

units provides the opportunity to transmit structural changes in a local environment towards 

controlling reorganization in the entire macromolecule architecture. Numerous earlier 

examples have been reviewed.
1,
 

2
 Though, even photoswitches dissolved in a polymer 

matrix can affect their surroundings, a greater change in polymer organization is achieved 

upon covalent binding of photoswitchable motifs into the main polymer chain. Among the 

variability of photoswitchable molecules, members of the azobenzene family of switches 

are well studied and various photoresponsive systems based on these were established. In 

some respect, the photoisomerization of azobenzenes resembles those of their alkene-based 

analogs.
3
 Likewise, a simple azobenzene moiety readily undergoes a reversible 

photoisomerization between the thermally stable trans- and meta stable cis-forms (Figure 

1). Irradiation with UV light gives rise to the formation of predominantly cis-isomer, while 

a reverse cis-trans reaction is facilitated by irradiation at longer wavelength or heating. The 

reverse cis-trans thermal relaxation is a first-order kinetic process, with lifetimes of the cis-

form ranging from days to less than a second, dictated by the substitution pattern and the 

local environment. Light-driven interconversion between trans-and cis-azobenzenes is 

accompanied with notable structural changes, which are more significantly explored if the 

substitution is done at the para-positions and thus, leading to the decrease in distance from 

about 9.0 A in the trans-form to 5.5 A in the cis-form.
4
 These main properties make 

azobenzenes essentially useful for designing polymers, which are responsive to external 

light stimuli. 

 

Figure 1. Isomerization of azobenzenes. 

The photoinduced reorganizations in polymers can be divided roughly into three 

hierarchical levels.
2
 The first level can be considered as the internal reorganization of 

chromophores, which is influenced by light polarization. No preferred alignment of 

chromophores can be found in initial material or upon applying circularly polarized light. 

Linearly polarized light induces the azobenzenes units to arrange perpendicular to the 

direction of the light. During such a reorganization of chromophores, the produced motions 
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influence only a local stretching of macromolecular chains that are usually invisible upon 

monitoring of the polymeric film behavior. 

 

Figure 2. Illustration of a) UV-induced isomerization of azobenzene groups attached to 

polymer chains and b) macroscopic movement of the polymer. Reproduced from ref 2. 

The second type of reorganizations is realized at the “nanodomain” level in organized 

materials like liquid crystalline, Langmuir-Blodgett or monolayer films. Upon 

photoisomerization, the structural changes of covalently bound azobenzenes in these 

systems (Figure 2a) are expressed in the movement of the whole domain in a cooperative 

manner. The third type of photoinduced reorganizations in polymeric materials is realized 

at the macro level and gives rise to the massive motion of the whole polymer film (Figure 

2b). The driving forces for such movement are gradients, which are produced by interfering 

with light and generate the intrinsic tension in the material. In order to illustrate the 

achievements done for interconversion of light-energy into mechanical movement, some 

photoresponsive macromolecular systems will be briefly overviewed below. 

The ability to shorten a polymeric chain using light was the first demonstration of 

photomechanical energy conversion in an individual molecule.
5
 A polypeptide was 

modified by incorporation of several photoactive azobenzene units in the singe backbone 

and subsequently attached to a gold AMF probe tip via of cysteine residue (Figure 3). The 

other carboxy-terminal end was covalently attached to a glass sample slide modified with 

amino functionalities. In this convenient manner, the effective length of the polymer strand 

can be selectively increased or decreased upon switching between the trans- and cis- 

azobenzene forms with 429 and 365 nm light, respectively. The force and extension 

produced by a single polymer strand causes the dynamic bending –unbending of the AMF 

tip. In such nanodevice, the mechanical work performed by the polymer chain due to a 

single trans-cis isomerization is estimated to be 4.5×10
-20

 J. 

 

Figure 3. Reversible contraction of azobenzene decorated peptide chain upon irradiation, 

causes distortion of an AFM tip. Adapted from ref 5. 
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At the same time, the photomechanical bending and unbending derived from polymers 

containing nanosized azobenzenes was demonstrated at a micrometer scale. Recently, such 

systems were utilized for a liquid-crystal (LC) network based on covalently linked 

azobenzene monomer 1 and linker 2 (Figure 4).
6
 Light-induced photoisomerization 

provides the cooperative movement of the massive LC domains dictated by rearrangement 

of macromolecular chains towards thermodynamically favorable their alignments. At the 

same time, observed changes in shape of the film upon photoisomerization can be activated 

only when the chromophore’s transition dipole moments are parallel to the polarization of 

the light. The result is that the bending direction of a polymeric film can be modulated by 

using different linearly polarized light.  

 

Figure 4. a) Structures of monomer 1 and crosslinker 2 used for preparation of 4.5 mm×3 

mm×7µm polymeric film and b) bending of the film in different directions in response in 

respond to linearly polarized UV light. Adapted from ref 6. 

The bending-unbending cycle is presented in a sequence of frames in a Figure 4b. Upon 

irradiation with 366 nm light that has a polarization direction at 0°, an initially flat film is 

bent parallel to the direction of light polarization. Irradiation with a visible light (> 540 nm) 

fully reverts to film’s initial flat state. Changing the direction of polarization direction of 

UV light to -45°, -90°, -135° is reflected in the simultaneous change of bending 

anticlockwise direction by 45°, 90°, 135°, respectively, keeping parallel to the direction of 

light polarization. Such fast and strong mechanical response to light in LC films can be 

potentially used for nanomedicine (e.g. nanovalves) applications. 

A number of light-implemented microfluidic systems were modulated by 

functionalization of the surfaces with photochromic azobenzene-containing oligomers 

(Figure 5a).
7
 For such systems, cis-trans photoisomerization of switchable components is a 

main instrument for controlling of surface free energy. The photoinduced geometrical 

changes in the surface-bound oligomers force a difference in the localized dipole moments, 

which in turn give rise to reversible switching of surface wettability. Thus, a local UV 
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irradiation results in a gradient in surface tension over the certain areas of the monolayer. 

Likewise, placed droplet on top can be guided by a light to move across surfaces in a 

preferred direction (Figure 5b). 

 

Figure 5. a) Representation of cis-trans isomerization in azobenzenes attached to the 

surface and b) light-driven transport of benzonitrile droplet on the surface. UV light was 

exposed by at the left edge and the droplet moves to the left side. Reproduce from ref 7. 

An incorporation of photoswitching molecules into molecular binding blocks creates the 

possibility for construction of photoresponsive self-assembled structures, in which the 

growing process or the size of architecture can be controlled by an external light stimulus.
8
 

An optical switching of micellization was reported for a mixture of two polymers, one of 

which contained a photoactive azobenzene together with pyridine functionalities 3 (Figure 

6a) and a supported polybutadiene (CPB) polymer substituted with carboxy moieties. In 

this manner, mixing of 3 and CPB in various ratios provides a soluble network of 

interpolymer complexes through hydrogen bonding between the pyridyl and carboxy 

groups. 
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Figure 6. Schematic representation of a) polymer 3 and b) the photoinduced reversible 

micellization of block-polymer, and changes in the micelle structure. Reproduced from ref. 

8. 

Upon UV irradiation of this complex (Figure 6b), the azobenzene moieties are 

transformed to the polar cis configuration, which makes the polymeric chains aggregate 

into core-shell micelles. Irradiation with visible light causes the micelles to disassociate 

quickly into a transparent interpolymer complex, as the azobenzene cis form returns to the 

trans form. In addition, such micelles can be cross-linked by means of 1,4-diiodobutene. 

The light respond of cross-linked micelles is supplemented with reversible and remarkable 

morphological changes: visible light causes the hollow spheres to return to micelles as a 

result of isomerization in the opposite direction. In has been demonstrated, that this type of 

photoresponsive polymeric hollow shells can be used for the storing and releasing of 

encapsulated polymers (Figure 7).
9
 Such features make photoreversible micellization of 

amphiphilic block copolymers is attractive for drug delivery purposes. 

 

Figure 7. Schematic representation for releasing of fluorescent polymer from 

photoswitchable micelles upon interaction with UV light. Reproduced from ref 9. 
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5.1.2   Molecular Visualization by Means of Single Molecule Fluorescent 
Spectroscopy 

Optical microscopy methods are widely used for monitoring movement produced by 

functioning of biomolecular motors (Chapter 1.2). The limit to which an object can be 

magnified is described in terms of the equation for the Airy pattern (Figure 8).
10

 

NA
x

λ
δ

×
=

61.0
 

Figure 8. Airy pattern equation for the resolution (δx) of microscope with a wavelength (λ) 

and numerical aperture (NA) value of the optical element. 

With this respect, a resolution (δx) of about 200 nm can be reached under the best 

conditions for visualization with light at λ = 400 nm and a numerical aperture (NA) value 

of around 1.4 for the objective. The majority of simple molecules cannot be observed 

directly as their sizes are smaller of these values. SMFS is based on a detection of absorbed 

and emitted photons by molecular emitters which can be divided roughly into two main 

types: individual molecules and their aggregates (excimer like structures). The main 

principles to distinguish between individual molecules and their aggregated states are the 

same as described in the previous Chapter 4.1.2 and they are based on a difference of 

emission properties: i.e. blue and red shift of maxima of emissions. Instead of solvent, in 

the SMFS studies mostly host matrixes of non-fluorescent polymers are used,
11

 which 

additionally allow reducing the degrees of freedom of a single polymer chain, compare to 

the bulk solutions. Similar to the effect of dilution for organic dyes in a solvent media, 

altering the ratio of host matrix and fluorescent polymer allows tuning of excitonic 

behavior and to reach a state of isolated molecules.
12

  

The classical example for the formation of dimer structures accompanied with the 

changes in emission properties was developed for Langmuir-Blodgett (LB) films derived 

upon mixing of 12-(3-perylenyl)dodecanoic acid 4 (Figure 9a) with the nonfluorescent 

arachidic acid 5.
13

 In the presence of 1 mol % of 4 in LB film, the fluorescence spectrum 

(Figure 9b) with green emissions at 450 nm is fully identical to that in a diluted benzene 

solution of 4, indicating the presence only of monomeric molecules “M” schematically 

depicted in Figure 9c. Increasing of the concentration of 4 to 10 mol%, leads to the 

observation of a broad emission at 535 nm attributed to the formation of “D1” excimer 

(Figure 9c and 2b). Subsequent enhancement of amounts of 4 provides the formation of 

another “D2” excimer structures with red emissions at 600 nm (Figures 9b and 9c). 

Likewise, fluorescent decay monitored at different concentrations shows faster decays of 

emissions for excimer “D1” and “D2”structures compare to that of “M”. 
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Figure 9. a) Structures of 4 and 5, b) Fluorescence spectra (top) of 4 in LB films as 

different concentrations (λex= 390 nm) and fluorescence spectra (bottom) of three 

components, schematically drawn in c). Adapted from ref 13. 

At the same time, the close packing of the chromophores can be detected by 

characteristic features derived from exciton coupling. This makes SMFS to be an 

appropriate tool for providing information about the internal organization of chromophores 

in the multichromophoric systems with dendrimeric character.
14

 Likewise, information on 

collective arrangement of chromophores along a single polymeric chain can be gained also. 

For example, perylene-decorated polyisocyanide 6 (Figure 10a) possesses a rigid helical 

structure which is stabilized by hydrogen-bonding network between the amino acid 

residues.
15

 In this architecture, connected perylene units adopt a crossed orientation in four 

parallel stacks providing the possibility for exciton interactions (Figure 10b) along the main 

backbone. Upon spin-coating on the glass surface, as determined by AFM (Figure 11a), 

such chromophoric arrays form single polymer fibers with the lengths between 20 to 120 

nm. 
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Figure 10. a) Structure of perylene -isocynide polymer 6 and monomer 7 and b) schematic 

drawing of organization of perylenes in 6. Adapted from ref 15. 

 

  

  

Figure 11. a) AFM and b) confocal fluorescence images from the same area of polymer 6 

spin-coated on glass (bar = 500 nm). Green and red fluorescent molecules are marked with 

rectangular and cycles, respectively The integrated emission spectra are given in plots c) 

and d) for green and red molecules, respectively. Adapted from ref 15. 

Nevertheless, two types of emissions can be distinguished from confocal fluorescent 

image (Figure 11b) derived from the same area as that for AFM measurements. Green and 

red spots correspond to the species emitting at λ < 590 nm and λ> 590, respectively. The 

correlation between topography and fluorescence images is evident only for the molecules 

emitting in red. Alternatively, the green emissions are assigned to short polyisocyanide 

oligomers containing only a few perylenes, as their integrated emission spectra (Figure 11c) 
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resemble fluorescent spectrum of monomeric isocyanate 7 (Figure 10a) in diluted solutions. 

Likewise red emissions have multi exponentional decay with a minor contribution from a 

decay time equal to that of 7 (τ1=3.9 ns) and a major contribution from longer decay time 

(τ2=19.9 ns). The integrated emission spectra (Figure 11b) derived from red spots have 

characteristic shape as for “D2” excimer structures discussed above (Figures 9b and 9c). 

These emissions arise from excimer-like site interactions between multiple perylenes along 

longer polymeric strands. 

In contrast to confocal imaging, wide field spectroscopy technique allows monitoring of 

dynamics for individual molecules dispersed in polymer matrix. At the temperature near to 

Tg, the massive motion of polymer chains can trigger reorganization of embedded dye 

molecules. Likewise, extremely long (length of 10 µm) chains of perylene-labeled 

polyisocyanide 6 can undergo a thermally driven “gyration” along a concentrated host 

polymer matrix of non-fluorescent polyisocyanide (Figure 12).
16

 Such dynamics is 

expressed in the motion though several bending –unbending cycles and reminiscent 

movement of snake. 

 

Figure 12. Motion of a single polyisocyanide chain labeled with perylene di-imides 

imposed by thermal fluctuations of surrounding of non-labeled polymers. Reproduced from 

ref 16. 

 

Due to limitations in resolutions of optical methods caused by diffraction (Figure 8), the 

molecular movement is possible to observe, obviously, if the fluorescent nanosized objects 

move fast enough and provide relatively large (microsized) displacements. Another 

significant challenge for direct determining of trajectories for the molecular motion on 

surfaces is related to that dyes intermittently cease to emit.
17

 This effect is known as 

photoblinking and makes individual molecules to be invisible within several frames of 

images. In addition, photochemical reactions give rise to permanent photobleaching of 

dyes, leading to the diminishing of number of fluorescent spots during imaging. From this 

line of reasoning, molecular trajectories can be calculated by relevant statistical analysis of 

positions for a fraction of blinking spots within long-time series of imaging.
18

 This 



Construction of Macromolecular Systems Based on Light-Driven Molecular Motors 

 

  147 

 

 

 

 

 

7. Chapter 5.doc 

approach also allows distinguishing between rotational and translational components of 

motion and analyzing them separately. 

Likewise, thermal rolling of nanocars was initially investigated by means of STM only 

on atomically flat and electroconductive surfaces (Chapter 1.3.2). At the same time, SMFS 

was applied to monitor the same motion but for fluorescent spots, showed in sequence of 

frames in a Figure 13. Each spot is aroused from a single dye-containing carborane-

wheeled nanocar 8 (Figure 13a) on nonconductive glass.
19

 At room temperature, nanocars 

end-labeled with the help of tetramethylrhodamine isothiocyanate (TRITC), shows a 

combined translational and rotational motions with the activation energy of 42 ± 5 kJ/mol. 

Thermally-driven wheel-like rolling is provided by rotations of carborane units on surfaces, 

causing the possibility for moving of the majority of 3 nm-long molecules by 2.5 µm 

distances, with an average speed of 4.1 nm/s. In contrast to 8, the bright spots derived for 

three-wheeled analog 9 (Figure 13b) stay at permanent positions, as in this case, 

carborane’s rolling facilitates only rotational movement around the axle crossing the central 

benzene core. 

 

Figure 13. Dye-labeled a) four-wheeled 8 and b) three-wheeled 9 nanocars; c)-f) sequence 

of images (2.3µm ×2.3 µm) for the nanocar 8, demonstrating movement at room 

temperature. Reproduced from ref 19. 

5.1.3   Goal of the Chapter 

The transmission of structural changes from the molecular to the supramolecular and 

macro levels is a powerful mechanism used by nature allowing biomolecular nanomotors to 

perform controlled movement, reminiscent of the dynamics of macroscopic machines.
20

 

Chemically induced motion of molecular subunits within a complex multicomponent 

system leads to the reorganization of whole bio-architectures in a specific direction and 

ultimately results in a cooperative movement and assembling of the complete biological 

structures in a defined way.
21

 Such mechanisms allow for the performance of important 

tasks for bionanomachines, i.e. the directed transport of molecules and charges in a cell. 
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The small size of these solitary bio-nanomotors makes their produced motion at the 

molecular level to be of many orders of magnitude smaller, than the chaotic Brownian 

motions caused by thermal fluctuations.
22

 A number of hybrid systems were modulated on 

the arrays consistent of multiple amounts of bio-nanomotors anchored to the inorganic 

surfaces (Chapter1.2). Such systems have diminished degrees of freedom compare to bulk 

solutions and cooperative function of several nanosized motors allows guiding the directed 

movement of micrometer sized cargo. Nevertheless, the operating of such systems is 

possible only under limited range of certain physiological conditions.
23

 Light-driven 

molecular motors based on overcrowded alkenes seem to be a valuable synthetic alternative 

for bio-nanomotors. The idea of chemical binding of the photoresponsive units was 

brilliantly supported by construction of macromolecular systems based on several 

azobenzenes (Chapter 5.1.1.). The additional control of the movement in such approaches 

might be gained by incorporation of molecular motor units, which would display 

cooperative rotation. It seems that in such a way, the movement of the entire 

macromolecular structures can be preferred in a certain directions, influenced by the 

rotation of the stators. Another aspect deals with the methods for the visualization of the 

produced movement, when such macromolecule placed in an appropriate environment. In 

this respect single molecule fluorescent spectroscopy (SMFS) is a suitable tool of choice 

for this endeavor, allowing for monitoring of dynamical behavior even at the molecular 

level (Chapter 1.5.2).  

The context of the current chapter is devoted to the research performed in order to 

establish a convenient copolymerization method for incorporation of the several synthetic 

molecular motors along a distinct polymeric backbone. Likewise, the operational 

characteristics for the light-induced rotation of motor components were determined for 

these macromolecular systems. Alternatively, the preparation of perylene di-imide (PDI) 

labeled motorized polymers was developed in order to investigate the possibility of 

visualization of such multichromophoric polymers by means of SMFS. Accordingly, AFM 

experiments were done to determine their morphology and organization on a surface. 

5.2   Synthetic Design 

The successful demonstration of rotary motion in individual molecular motors (Chapter 

1.3.4) under appropriate conditions raised the question as to whether the rotational function 

can be retained when several of such light-activated motors are linked in proximity to each 

other to form a multichromophoric system. Among the set of molecular motors
24

 capable of 

performing their rotational cycle on the timescale of days to nanoseconds (Chapter 2.1), the 

motors with a generalized structure 10 (Figure 14) are the most favorable candidates. This 

allows monitoring of rotational dynamics over periods of several minutes at room 

temperature.
25

 Likewise, considering the most appropriate connectivity it seems appropriate 

to create linear-like junctions between the motor components through the symmetrical 

stators, while keeping the possibility for collective rotation of rotary counterparts at the 

exterior along the main polymeric backbone. From this line of reasoning, the design of 

molecular motor has been focused on compound 10 (Figure 14) featuring a fluorene stator 
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functionalized symmetrically with appropriate substituents, as the precursor for 

copolymerization methods. 

 

Figure 14. Retrosynthetic analysis towards molecular motors 10. 

There are two synthetic routes (Figure 14) based on utilization of the Barton-Kellogg 

reaction developed in our group. The choice of the convenient precursors, is determined by 

several factors, the most important of them is the accessibility and stability of the 

corresponding diazo- and thioketo-compounds.
25

 Normally, the stability of 9H-fluorene-9-

thiones derivatives A (Figure 14) is extremely low.
26

 Application of them for the coupling 

reaction become possible only if such thioketones are isolated upon their preparation very 

fast and immediately introduced into the next reaction step. In addition, diazocompound B, 

as a precursor for the rotor part, can be generated at temperatures only as low as -50 ºC.
27

 

Alternatively, the preferable synthetic route towards motors 10 lies in application of diazo-

fluorene C, which is sufficiently stable at room temperature, and the reasonably stable 

thioketone D as precursors.
25a

 

At the same time, two distinct copolymerization techniques can be envisioned. Motor 11 

(Figure 15) bearing a symmetrical stator substituted with hydroxyl moieties seems the best 

candidate for the preparation of polymers containing flexible aliphatic motifs. Polymer 12 

can be prepared by copolycondensation of 11 with equimolar amounts of 5-tert-

butylisophthaloyl dichloride 13.
28

 Alternatively, motor 14 seems to be the appropriate 

precursor for the preparation of polyfluorene (PL) type polymers 15 comprising stiff 

structural aromatic motifs.
29

 Both monomeric precursors 11 and 14 can be obtained starting 

from 2,7-diiodo-9H-fluoren-9-one 16 (Figure 15). 
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Figure 15. Synthetic strategy towards copolymers 12 and 15. 

5.3    Synthesis of Molecular Motors with Fluorene 
Functionalized Stator 

The synthesis of 16 (Scheme 1) was achieved by treatment of 9H-fluoren-9-one 17, with 

a I2/[bis(trifluoroacetoxy)iodo]benzene mixture.
30

 According to the Buchwald procedure,
31

 

substitution of iodine moieties in 16 was catalyzed by CuI/ phenanthroline in ethylene 

glycol providing compound 18. In order to avoid undesired oxidative processes, the 

hydroxyl groups were initially protected by treatment of 18 with dimethylcarbamic 

chloride
32

 in the presence of pyridine to provide substituted fluorenone 19 (in 89% yield) 

bearing N, N-dimethylcarbamate moieties. 

Scheme 1 
a
 

 

a
 Reagents and conditions: (i) I2, PhI(OCOCF3)2, CCl4, reflux, ca. 61%; (ii) ethylene glycol, 

CuI, phenanthroline monohydrate, Cs2CO3, toluene, reflux, ca. 72% ;(iii) Me2NCOCl, 

pyridine, rt, ca. 89% 

The synthesis of motors 14 and 20 with substituted stators is represented in Scheme 2. 

Fluorenones 16 and 19 were converted to the corresponding hydrazone derivatives 21a
33

 

and 21b, respectively, by reaction with hydrazine-monohydrate in ethanol at high 

temperature. In this way, the corresponding fluorenes were found as concomitant products 

due to simultaneous Wolff-Kishner reduction.
34

 In each case, the desired hydrazone was 
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isolated by means of column chromatography in moderate yields (Scheme 2). Treatment of 

21a as well as 21b with manganese (IV) oxide in the presence of catalytic amount of base 

resulted in the formation of stable reddish diazo-fluorenes 22a
35

 and 22b, respectively. 

Likewise, alkenes 14 and 20 were prepared by reaction of thioketone 23
25a

 accordingly with 

22a and 22b. In both cases, the corresponding alkenes were isolated with concomitant 

traces of the intermediate episulfides. In order to obtain the full conversion in the final 

desulfurization step, the reaction mixtures were treated with excess of PPh3 at 75 °C in each 

case. The desired alkenes 14 and 20 were obtained in 48% and 43% yields, respectively, 

starting from the corresponding diazocompounds. 

Scheme 2
 a
 

 

a
 Reagents and conditions: (i) N2H4×H2O, ethanol, reflux 100 min, ca. 73-79% (ii) MnO2, 

KOH, MgSO4, THF, rt, ca. 87-93%; (iii) toluene, PPh3, 75 ºC, ca. 43-48% 
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Figure 16. a) Assignment of the protons in the alkyl chains of 20, b) exploring of 

mesomeric effect for N, N-dimethylcarboxy derivatives; 
1
H NMR spectra of c) 20 and d) 

11, recorded in CDCl3. 

The structural and electronic features (Figures 16a and 16b, respectively) of the 

substituents in 20 are reflected in the corresponding 
1
H NMR spectrum (Figure 16c) The 

magnetic inequivalence for α, α’ and β, β’ proton couples of ethylene side-chain in 20 

(Figure 16a) was observed due to shielding effect of the naphthalene substituent in the 

upper rotor part. In the 
1
H NMR spectrum of 20 (Figure 16c) the protons at α-position (H1 

and H2) appeared to be diastereotopic and two doublets of triplets at 3.09 and 3.12 ppm 

with J = 4.40 and 11.23 Hz, respectively, were found. Additionally, owing to mesomeric 

effect in N, N-dimethylcarboxyl moieties (Figure 16b), absorptions for N-methyl 

substituents at carbamate groups were found at 2.78, 2.89, 2.93, 2.94 ppm (Figure 16c). 

In order to obtain the desired alkene 11, several attempts were undertaking to remove 

protective carbamate groups in 20 under mild reductive conditions in order to avoid 

damaging of the central double bond. Unfortunately, application of LiAlH4, NaBH4 or 

LiAlH(OEt)3 resulted in the formation of a complex mixture of several compounds. The 

appropriate conditions were found by utilization of DIBAL-H. Upon dropwise addition of 
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this reagent for 15 min to the ether solution of 20 at 0 ºC continuous color change from 

yellow to orange was observed. Alkene 11 (Scheme 3) was purified by means of flash 

chromatography and isolated in 72% yield. The 
1
H NMR spectrum of 11 (Figure 16d) 

revealed complete loss of the absorptions attributed to N, N-dimethylcarbamate groups. At 

the same time, the appearance of two new broad peaks at 2.00 and 2.49 ppm was found. 

These broad peaks disappeared upon addition of deuterium oxide and they were assigned to 

the hydroxyl protons in 11. Unexpectedly, alkene 11 appeared to show low stability, 

probably due to the presence of hydroxyl substituents. The 
1
H NMR spectrum showed 

significant amount of decomposition within a few hours for the sample of 11 in chloroform-

d (primary filtered through column filled with basic Al2O3) solution. Such behavior of 11 

made its further utilization problematic for the polycondensation reaction according to 

design described in Figure 15.  

Scheme 3
a
 

 
a
 Reagents and conditions: (i) DIBAL-H, ether, 0 ºC→ rt, 5 min, ca. 72%. 

 

Scheme 4
a
 

 
a
 Reagents and conditions: (i) 4-methoxyphenylboronic acid, Pd(PPh3)4, Na2CO3, Aliquat 

336, toluene-H2O, reflux, 73%. 

The alternative route towards motorized polymers implies the application of di-iodo 

substituted alkene 14 and appropriate bis(boronic ester) as monomers for Suzuki 

copolycondensation.
36

 In order to study this synthetic possibility, a relevant model reaction 

of 14 with (4-methoxyphenyl)boronic acid was performed (Scheme 4). Analysis of the 

reaction mixture was performed by means of 
1
H NMR spectroscopy and revealed full 

conversion of the starting 14 into 21 within 3h. No side products were found even after 

increasing the reaction time up to 56 h indicating the absence of Pd-catalyzed allylic 



CHAPTER 5 

 

154 

 

 

 

 

 

  7. Chapter 5.doc 

isomerizations harming the central alkene bond. Likewise, these findings indicate stability 

of alkenes 10 (Figure 14) towards Pd-catalyst. Bis-phenylsubstituted alkene 21 (Scheme 4) 

was isolated easily as a bright yellow powder in 73% yield. The two phenyl substituents at 

the stator of 21 resemble the substitution pattern of molecular units in the polymer 15 

(Figure 14). Thus, alkene 21 can be used as a control to assess he rotary dynamics in the 

monomer unit. From this line of reasoning, the photochemical and thermal behavior of 21 

was studied in detail. 

 

5.4   Photochemical and Thermal Isomerizations of Fluorene 
Based Motors 

The 
1
H NMR data (Table 1) for the diastereotopic CH2 and the CH protons in the five-

membered ring at the rotor part in 21 are found to be consistent with a pseudoaxial 

orientation of the methyl substituent at the stereogenic center in both enantiomers by 

comparison with those reported previously for motors of type 10.
25

 

Table 1. Selected 
1
H NMR data for the rotor halves in 21 and 21a in toluene-d8 

compound
a
 

Chemical shift, ppm (coupling constant, Hz) 

CH3(1’) H(1’) Ha(2’) Hb(2’) 

21 
1.27 

(6.8) 

4.23  

(5.9, 6.8) 
2.41 (15.1) 

2.26  

(5.9, 15.1) 

21a 
1.51 

(6.4) 

3.77  

(4.4, 6.4, 7.8) 

2.72  

(4.4, 17.1) 

3.04  

(7.8, 17.1) 
a
Structures for the stable (21) and unstable (21a) reference motor are 

presented in Scheme 5. 

 

The resolution of two enantiomers of 21 was achieved by preparative chiral HPLC 

(Chiralpak AD) under normal phase conditions using heptane - propane-2-ol mixture (99:1) 

as eluent at 50 °C. The absolute configuration of isomer in the second collected fraction 

was assigned as (2’R)-(M)-21 by comparison with CD spectra of the related compounds.
37

 

These samples were used further to determine thermodynamic and kinetic aspects of the 

rotational mechanism of this motor. 

The isomerization processes for (2’R)-(M)-21 were followed by UV/Vis and CD 

spectroscopy performing photochemical experiments of a sample in hexane solution at -20 

ºC. The presence of isosbestic points (Figure 17.1) accompanied with the formation a new 

red shifted maxima at around 415 nm upon cis-trans photoconversion of the (2’R)-(M)-21 

were found in the UV/Vis spectra (Figures 17.1 and 17.2). A complete inversion of the 

main CD-signals upon reaching a photostationary mixture indicates a simultaneous change 

in molecular helicity and thus, it indicates the formation of (2’R)-(P)-21a during 

photoinduced alkene isomerization (Scheme 5). 
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Figure 17. 1) CD (top) and UV/Vis (bottom) spectra of (2’R)-(M)-21 and change (shown 

with red arrows) in UV/Vis and the inversion of sign of Cotton effects in CD during 

irradiation in hexane at -20 ºC and after heating to room temperature. (A) initial stable 

isomer, (B) produced photostationary state, (C) after heating to room temperature. 2) 

UV/Vis difference spectrum between produced photostationary state and starting (2’R)-

(M)-21. 

Scheme 5 
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Heating of the irradiated sample back to room temperature, resulted in the reverse 

thermal isomerization process with concomitant restoration of both the CD and the UV/Vis 

spectra, indicating the reverse formation of the initial stable (2’R)-(M)-21. The changes in 

the intensity of the maxima of the absorptions in CD (at 312 nm) and UV/Vis (at 450 nm) 

spectra of the photostationary state mixture (Figure 17, B) were monitored at several 

temperatures over time. The results are summarized in Tables 2 and 3. In this way, the 

values of kinetic and thermodynamic parameters for the first order thermal conversion of 

the unstable (2’R)-(P)-21a to (2’R)-(M)-21 were calculated by means of Arrhenius (Figure 

18) and Eyring (Figure 19) plots. 
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Table 2. Thermal conversion of 21a into 21 monitored by UV/Vis spectroscopy. 

T, ºC T, K k, s
-1

 t1/2, min ∆
‡
G, kJ mol

-1
 

20.00 293.15 (9.92±0.08)×10
-4

 11.65±0.11 88.61±0.02 

30.00 303.15 (3.14±0.04)×10
-3

 3.68±0.09 88.81±0.01 

40.00 313.15 (9.35±0.08)×10
-3

 1.30±0.15 89.87±0.03 

50.00 323.15 (2.32±0.09)×10
-2

 0.50±0.18 89.47±0.04 

∆
‡
G° = 88.52 ± 0.11 kJ·mol

-1
 (∆

‡
H° = 79.11 ± 0.09 kJ·mol

-1
, ∆

‡
S° = -32.12 ± 0.32 J·mol

-

1
·K

-1
, Ea = 81.63 ± 0.09 kJ·mol

-1
, A = (3.6 ± 0.1)·10

11
 s

-1
, t1/2 (20 ºC) = 11.21±0.13 min, k 

(20 ºC) = (1.03±0.08) ×10
-3

 s
-1

); 

Table 3. Thermal conversion of 21a into 21 monitored by CD spectroscopy. 

T, ºC T, K k, s
-1

 t1/2, min ∆
‡
G, kJ mol

-1
 

20.00 293.15 (1.01±0.02)×10
-3

 11.44±0.11 88.57±0.02 

30.00 303.15 (3.09±0.03)×10
-3

 3.73±0.08 88.85±0.02 

40.00 313.15 (9.48±0.06)×10
-3

 1.22±0.18 88.95±0.04 

50.00 323.15 (2.29±0.12)×10
-2

 0.50±0.12 89.50±0.11 

∆
‡
G° = 88.48 ± 0.15 kJ·mol

-1
 (∆

‡
H° = 79.03 ± 0.11 kJ·mol

-1
, ∆

‡
S° = -32.40 ± 0.42 J·mol

-

1
·K

-1
, Ea = 81.55 ± 0.12 kJ·mol

-1
, A = (3.5 ± 0.2)·10

11
 s

-1
, t1/2 (20 ºC) = 11.04±0.95 min, k 

(20 ºC) = (1.05±0.09) ×10
-3

 s
-1

); 
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Figure 18. Arrhenius plots for the thermal conversion of 21a into the stable isomer 21 

monitored by a) UV/Vis and b) CD spectroscopy. 
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Figure 19. Eyring plots for the thermal conversion of 21a into the stable isomer 21 

monitored by a) UV/Vis and b) CD spectroscopy. 

The calculated values of the averaged half-life time t1/2 (min, 20 ºC) of 11.21±0.13 

(UV/Vis) and 11.04±0.95 (CD) are in a good agreement with each other within the 

experimental error of these two spectroscopy methods. These data indicate that avoidance 

of the thermal isomerization and thus, the maximum ratio between unstable (2’R)-(P)-21a/ 

stable (2’R)-(M)-21 isomers can be achieved upon performing the photochemical 

experiments at temperatures as low as -30 ºC.  

To characterize intermediate (2’R)-(P)-21a (Scheme 2), irradiation (λ = 365 ±5 nm) of 

racemic 21 in toluene-d6 solution (Figure 20a) was performed at -40 ºC. In the course of 

photoconversion, an upfield shift to 1.51 ppm (J = 6.4 Hz) for the absorptions 

corresponding to the methyl substituent in the rotor part of a newly formed 21a isomer was 

observed in the 
1
H NMR spectrum (Figure 20b). Other characteristic changes were found 

by the appearance of new absorptions at 2.72 ppm (J = 4.4, 17.1 Hz), 3.03 ppm (J = 7.8, 

17.1 Hz) and 3.76 ppm (J = 4.4, 6.4, 17.1 Hz) attributed to the couples of aliphatic protons 

at the rotor of 21a (Table 1). The analysis of the multiplicity and coupling constants of the 

newly formed NMR absorptions indicates the conformational change from 

pseudoequatorial (in 21) to pseudoaxial (in 21a) for the orientation of the methyl 

substituent at the rotor upon formation of 21a.
25

 The relative ratio 21a/ 21 of 80/ 20 in the 

derived photostationary state mixture at -40 ºC was determined by integration of the 
1
H 

NMR absorptions for the both isomers. The subsequent allowing the solution of the 

photostationary state mixture to reach room temperature within 5 min resulted in a 

complete restoration of the 
1
H NMR spectrum (Figure 20b) into that of the initial stable 21 

(Figure 20a). 
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Figure 20. 
1
H NMR spectra in toluene-d8 at -40 °C of A) 21 before and B) after irradiation 

at 365 nm. Spectrum B was fully restored to A after sample being heated to room 

temperature. 

The pronounced changes in the UV/Vis, CD and 
1
H NMR spectra upon irradiation of 

(2’R)-(M)-21 followed by complete restoration of the original spectrum at elevated 

temperatures are characteristic for a 180º rotational process of the rotor part with respect to 

the stator. This means that 21 serves as an appropriate reference compound for the analysis 

of rotary behavior of motor units when they are incorporated within macromolecular 

structures. 

5.5   Motorized Polymers: Construction and Characterization 

In order to combine several molecular motor-units and form their arrays with rigid 

structures, two distinct spacers were chosen: fluorene type spacer 22 which should result in 

a linear
38

 type copolymer 15 (Figure 14) and xanthene type spacer 23 (Scheme 6) whereas 

the formation of macromolecule 24 is expected. Fluorene -bis(boronic ester) 22 was easily 

prepared from 9H-fluorene according to the literature procedures.
39

 Analogous procedures 

were utilized for synthesis of 23 (Scheme 6). Thus, lithiation of 9H-xanthene 25 with 1 eq. 

of n-butyl lithium at -78 ºC followed by addition of 1 eq. n-octylbromide with subsequent 

additions of another amounts of these reagents afforded 9,9-dioctyl substituted 26. In the 

next step, conversion of 26 into 27 was achieved by means of Friedel-Crafts bromination 

under mild conditions. The final lithiation of 27 with 2.1 equivalents of n-butyl lithium at 

low temperatures, followed by treatment of red colored di-anion species with an excess of 
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2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane afforded xanthene bis(boronic ester) 

23 in a moderate overall yield of 24%. 

Scheme 6
a
 

 

a Reagents and conditions: (i) BuLi, THF, -78 ºC, then n-octylbromide, -78 ºC→ rt,(repeat 

2 times), 76%; (ii) Br2, FeBr3 (cat), dark, CHCl3, 0 ºC→ rt, 98%; (iii) n-BuLi, THF, -78 ºC, 

then 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, -78 ºC→ rt, 32%. 

The macromolecules 15 and 24 (Scheme 7) were prepared by the statistical Suzuki-

polycondensation
36

 of the equimolar amounts of motor 14 and appropriate bis(boronic 

ester) 22 or 23, respectively. The main chain growth process was catalyzed using 

Pd(PPh3)4
40

 in a biphasic mixture of toluene and aqueous Na2CO3/Aliquat 336 solutions 

upon heating at reflux with vigorous stirring for 24 h. The removal of the iodine and 

boronic containing terminal-moieties is important for the stability of the final material 

towards UV-light, as this was found for 1. Thus, the derived copolymers were additionally 

end-capped in the presence of palladium catalyst by heating at reflux for 12 h with excess 

of phenylboronic acid and 4-methylphenyl iodine, separately.  

Scheme 7
a
 

 
a
 Reagents and conditions: (i) Pd(PPh3)4, Na2CO3, Aliquat 336, toluene-H2O, reflux, 48 

h, then phenylboronic acid, reflux, 12 h, then 1-iodo-4-methylbenzene, reflux, 12 h, 44-52 

%;  

The produced material was purified by repetitive precipitation from toluene solutions 

upon addition of a methanol layer. The macromolecules with high molecular weight exhibit 

reduced solubility in organic solvents compare to the low-molecular weight oligomers,
39

 

and thus, the products were additionally fractionalized by their solubility in ether. The 

derived precipitates upon addition of ether into the chloroform solutions were further 

purified followed by continuous extraction from acetone. The resulting high- molecular 
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weight copolymer copolymers 15 and 24 were isolated as dark yellow fibers in 44% yield 

and as an orange powder in 52% yield, respectively. Additionally, using (2’R)-(M)-14 the 

enantiomerically pure version of (2’R)-(M)-24 was prepared. 

A number-average degree of polymerization values ( n ) for the copolymers 15 and 24 

were investigated though 
1
H NMR and gel permeation chromatography (GPS) and the 

result are summarized in Table 3. In the 
1
H NMR spectra of 15 and 24 the absorptions 

appeared to be broad, which is typical for compound with polymeric nature.
41

 No 

significant shifts were observed for protons in the rotor half of motor-units in 15 and 24 

compare to the 
1
H NMR spectrum of 21, indicating no decomposition or changing of the 

structure of the motor happen during copolymerization reaction. The values n  of 22±2 and 

28±2 were estimated for 15 and 24, respectively, on the basis of analyses of their 
1
H NMR 

spectra (Table 4).
42

 Due to the stiff structural motifs
43

 of the macromolecules 15 and 25 

average molecular weights obtained by GPC using polystyrene standards are too high.
44

 

The number-average molecular weight ( nM ) for 15 was determined as 28500 

corresponding to the value n  to be of 38±2. Analogously nM  for 24 was determined as 

34600, anticipating n  to be 46±2. The indexed polydispersity (IPD) for both polymers was 

determined to be around of 1.8, which is consistent with a polycondensation reaction (Table 

4). 

Table 4. Characterization of copolymers 15 and 24. 

Copolymer  15 24 

approximate yield 

(%) 
 44 52 

elemental 

analysis (%)
a
 

C 91.7 (92.0) 89.5 (90.0) 

H 7.9 (7.8) 7.7 (7.8) 

n  (
1
H NMR) 

b
  22±2 28±2 

GPC
c
 

nM  28500 34600 

wM  15600 19200 

IPD 1.83 1.80 

n (GPC) 
d
  38±2 46±2 

a
 Expected from the reaction stochiometry calculated values for the copolymer structures 

are given in parentheses; 
b
 determined by 

1
H NMR; 

c
 Gel-permeation chromatography. 

nM  and wM  are number-average and weight-average molecular weights, referenced 

against a calibration with polystyrene standards. IPD is the polydispersity index; 
d
 

calculated on the basis of nM . 
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Figure 21. Schematic representation of the m/z pattern observed in the mass spectra of 

oligomers 24. 
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Figure 22. Assignment of the peaks derived from the mass spectra of samples containing 

the low-molecular weights of 24. 

 

The composition of the low-molecular samples of 24 in ether fractions was investigated 

by means of MALDI-TOF MS.
45

 The majority of m/z peaks in the mass spectra were 

observed as cationized [M+K]
+
 species. In the derived pattern, sets of three peaks with the 

relative differences m/z of 342 (X unit) and 405 (Y unit) between the central peak and two 

accompanied satellites can be gathered into distinguished groups (Figure 21). Thus, three 

peaks within every group were assigned to the presence of A, B, and C oligomers (Figure 



CHAPTER 5 

 

162 

 

 

 

 

 

  7. Chapter 5.doc 

22). In addition, the neighboring groups were repetitively separated one from another by 

the constant m/z value of 747 corresponding to the single XY motif. The observed pattern 

in the mass-spectra is in accordance with the anticipated statistical step-growth mechanism 

of Pd-catalyzed polycondensation.
46

 Whereas, the absence of m/z peaks corresponding to 

the oligomers containing phenyl-phenyl or phenyl-hydrogen terminal moieties indicates 

that the breaking of chain-growth by ligand exchange with the catalyst does not take place, 

at least during the initial course of the copolymerization process.
47

 Mass values higher than 

6442 corresponding to the molecular fragments with the value n  of higher than 8 were not 

possible to determine due to the limitations of mass techniques towards copolymers 

comprising of stiff units, such as for 24.
46

 

5.6   Photochemical and Thermal Isomerizations of Covalent 
Motor Oligomers 

To provide the evidence for retention of the light-driven motor rotation along the 

polymeric backbone, the changes upon photochemical isomerization of molecular units in 

the macromolecules 15 and 24 were monitored separately, in dichloromethane solutions by 

means of UV/Vis spectroscopy (Figure 23). Upon irradiation (λ= 365±5 nm) of both 

samples, the formation of red-shifted maxima in each UV/Vis spectra were observed, 

similar as for photochemical cis-trans isomerization of 21. The differential UV/Vis 

between produced photostationary states 15a and 24a (Scheme 8) and initial sample in case 

of 15 and 24, respectively had the profile like it was found for formation PPS in case of 21a 

(Figure 17.2) indicating the formation of structural motifs with unstable motor components 

upon irradiation. Additionally, inversion of the main signals in the CD spectrum upon 

irradiation samples of (2’R)-(M)-24 in dichloromethane solutions was observed (Figure 

23.2), proving that in the photostationary state 24a (Scheme 8) the number ( y ) of less 

stable-motor units with M-helicity is preferred with respect to the amount of stable units 

with P-helicity ( x < y ). 
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Figure 23. 1) Differential UV/Vis (top) and UV/Vis (bottom) spectrum of 15 and 2) CD 

(top) and UV/Vis (bottom) spectra of 24. Change (shown with red arrows) in UV/Vis and 

the inversion of sign of Cotton effects in CD during irradiation in dichloromethane solution 

at -20 ˚C and after heating to room temperature. (A) initial copolymer, (B) produced 

photostationary state, (C) after heating to room temperature. 

The gradual decrease in the intensity of maximum UV/Vis absorptions from the 

photostationary states produced from 15 and 24, separately (Scheme 8), was monitored 

within time at several temperatures, to determine kinetic and thermodynamic parameters for 

the thermal conversion of unstable motor units into their stable forms. The results are 

summarized in Tables 5, 6 and 7. 

Scheme 8
a
 

 

 
a
For racemic 15 only one enantiomer is shown. 
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Table 5. Thermal conversion of 15a into 15 monitored by UV/Vis spectroscopy. 

T, ºC T, K k, s
-1

 t1/2, min ∆
‡
G, kJ mol

-1
 

20.00 293.15 (8.25±0.02) ×10
-4

 14.00±0.19 100.28±0.01 

30.00 303.15 (2.47±0.02) ×10
-3

 4.67±0.15 101.02±0.02 

40.00 313.15 (7.07±0.03) ×10
-3

 1.64±0.18 101.70±0.02 

50.00 323.15 (1.52±0.02) ×10
-2

 0.76±0.15 102.97±0.03 

∆
‡
G° = 89.0.4 ± 0.21 kJ·mol

-1
 (∆

‡
H° = 73.65 ± 0.16 kJ·mol

-1
, ∆

‡
S° = -52.21 ± 0.55 J·mol

-

1
·K

-1
, Ea = 77.24 ± 0.08 kJ·mol

-1
, A = (4.9 ± 0.3)·10

10
 s

-1
, t1/2 (20 ºC) = 13.89 ± 0.20 min, k 

(20 ºC) = (8.32 ± 0.09) ×10
-4

 s
-1

); 

Table 6. Thermal conversion of 24a into 24 monitored by UV/Vis spectroscopy. 

T, ºC T, K k, s
-1

 t1/2, min ∆
‡
G, kJ mol

-1
 

20.00 293.15 (7.23±0.09)×10
-4

 15.97±0.14 89.38±0.04 

30.00 303.15 (2.11±0.03)×10
-3

 5.49±0.11 89.82±0.02 

40.00 313.15 (5.92±0.03)×10
-3

 1.95±0.09 90.18±0.02 

50.00 323.15 (1.33±0.02)×10
-2

 0.77±0.09 90.65±0.02 

∆
‡
G° =89.42 ± 0.19 kJ·mol

-1
 (∆

‡
H° = 76.13 ± 0.09 kJ·mol

-1
, ∆

‡
S° = -45.17 ± 0.21 J·mol

-1
·K

-

1
, Ea = 78.73 ± 0.07 kJ·mol

-1
, A = (7.5 ± 0.2)·10

10
 s

-1
, t1/2 (20 ºC) = 16.23 ± 0.12 min, k (20 

ºC) = (7.12 ± 0.07) ×10
-4

 s
-1

); 

Table 7. Thermal conversion of 24a into 24 monitored by CD spectroscopy. 

T, ºC T, K k, s
-1

 t1/2, min ∆
‡
G, kJ mol

-1
 

20.00 293.15 (7.30±0.08)×10
-4

 15.82±0.15 89.36±0.02 

30.00 303.15 (2.10±0.01)×10
-3

 5.50±0.11 89.83±0.02 

40.00 313.15 (5.82±0.06)×10
-3

 1.99±0.10 90.23±0.04 

50.00 323.15 (1.44±0.04)×10
-2

 0.80±0.21 90.55±0.11 

∆
‡
G° = 89.38 ± 0.15 kJ·mol

-1
 (∆

‡
H° = 75.86 ± 0.08 kJ·mol

-1
, ∆

‡
S° = -45.21 ± 0.17 J·mol

-

1
·K

-1
, Ea = 78.69 ± 0.06 kJ·mol

-1
, A = (7.4 ± 0.1)·10

10
 s

-1
, t1/2 (20 ºC) = 16.44 ± 0.15 min, k 

(20 ºC) = (7.18 ± 0.08) ×10
-4

 s
-1

); 

 

The values of thermodynamic parameters for the thermal conversions of 15a into 15 and 

24a into 24 were calculated by means of Arrhenius and Eyring plots (Figures 24, 25 and 

26). The values of t1/2 (min, 20 ºC) of 13.89 ± 0.20 and 16.23 ± 0.12 for 15a and 24a, 

respectively, are very close to that found for 21a indicating no strong influence of 

neighboring groups is present with the respect to the motor units bound covalently together. 
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Figure 24. a) Arrhenius and b) Eyring plots for the thermal conversion of 15a into 15 

monitored by UV/Vis spectroscopy. 
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Figure 25. Arrhenius plots for the thermal conversion of 24a into 24 monitored by a) 

UV/Vis and b) CD spectroscopy. 
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Figure 26. Eyring plots for the thermal conversion of 24a into 24 monitored by a) UV/Vis 

and b) CD spectroscopy. 
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The presence of the several distinct isosbestic points in both CD and UV/Vis spectra 

indicates that no degradation and/or side reactions occur under these conditions. The 

similarities found for 15, 24 and reference motor monomer 21 upon photochemical and 

thermal conversions indicate that the operational mechanism for the rotary functioning is 

retained for the molecular motor units located in close proximity to each other and to 

surrounding of linkers (Scheme 8). In both experiments the combination of light-induced 

followed by the thermal isomerizations results in repetitive changes in the spectral 

properties. These are representative for the preservation of the repetitive rotational process 

of the rotor parts arranged along the main polymeric backbone in 15 and 24. 

Distinct emission properties of the final copolymers are considered desirable, since it 

would enable their visualization by means of fluoresce detection techniques (Chapter 

5.1.2). Although strong light emission properties are typically observed for π-conjugated 

type polymers,
48

 motorized macromolecules 15 and 24 in a solution show negligible 

fluorescence. Such quenching effects are most likely due to significant overlap between the 

emission spectrum of the linker (fluorene or xanthenes) and absorption bands of the non-

emitting motors of 4 (Figure 23).
49

 Nevertheless, the emission quenching is also an 

advantage in that it means that the photochemistry of the motor units is preserved. 

 

5.7   Synthesis of PDI Fluorescent Label 

Several approaches have been adopted to increase the emission properties of 

macromolecules using cross-linked structures or by binding strong fluorescent 

chromophores into polymer side chain or by means of end-capping.
50

 In order to avoid the 

quenching of the photochemical cis-trans isomerization of the motor units, fluorescent label 

28 (Figure 27) was designed. Monomer 28 comprises perylene diimide (PDI) dye 

connected to the dibromosubstituted fluorene moiety and thus address two main issues: 1) 

28 can be readily inserted into the main polymeric strand of 24 upon copolymerization; and 

2) owing to higher photostability and low absorption coefficient for PDI in the range of 

350-380 nm, the quenching of the photochemical cis-trans isomerizations of the motor 

units should be minimized.
51,52

 Two different retrosynthetic pathways can be considered 

towards 28. Each of them implies the convergent synthesis of two units R1/R2 and R3/R4 

(Figure 27), and binding them together at the final stage. 
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Figure 27. Two retrosynthetic paths towards PDI-label 28. 

Most focus was placed on route A as it requires less synthetic steps towards retrons R1 and 

R2. 

Starting (1-hexylheptyl)amine
53

 29 was synthesized (Scheme 9) by reductive ammination 

of tridecan-7-one 30. 

Scheme 9
a
 

 
a
 Reagents and conditions: (i) CH3COONH4, NaBH3CN, MeOH, 56 h, c.a. 92%. 

 

Perylenebisimide 31 (Scheme 10) was obtained in three steps, following a literature 

procedures.
54

 Perylene-3,4:9,10 tetracarboxylic bisanhydride 32 was converted to tetra-

potassium salt by reaction of 32 with 5 eq. of KOH in water and subsequently acidified 

with H3PO4 to provide monopotassium salt of intermediate perylene-3,4:9,10 

tetracarboxylic acid. This compound was subsequently converted into 

perylenetetracarboxylic anhydride monopotassium salt 33 upon storing at 100 ºC under 

reduced pressure. Treatment 33 with ice-cooled aqueous ammonia solution, followed by 

acidification and heating at 100 ºC resulted in a cyclization of ammonia salt to amide 34
55

. 

The anhydride moiety in 34 was further converted into imide functionality by reaction with 

29 in 1H-imidazole solution at 165 °C. The resulting soluble bis-amide 31
56

 was derived as 

a brightly red powder. 
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Scheme 10
a
 

 
a
 Reagents and conditions: (i) KOH (aq), reflux, then H3PO4 (aq), then 100 ºC, 80%; (ii) 

NH3 (aq), 0 ºC→ 100 ºC, then HCl (aq), then 100 ºC, 86%, (iii) 29, 1H-imidazole, 150º C, 

46%. 

The synthesis of fluorene derivative 35 (Scheme 11) was developed as for the retron R2 

(Figure 27). 9H-Fluorene 36 was initially converted into 9-octylfluorene 37 under the base 

mediated alkylation
57

 conditions in 1-octanol solution. Subsequent bromination of 37 

provided dibromosubstituted 38
51b

 in 88% yield.
 
Alkylation of the 38 with 10 eq. of 1.8-

dibromooctane under alkaline phase-transfer conditions afforded the desired 8’-bromooctyl 

derivative 35
44a

 in 64% yield.
 
 

Scheme 11
a
 

i ii

H17C8
Br

8

Br Br

H17C8

35

H17C8

38

iii

3736

BrBr

 
a
 Reagents and conditions: (i) octan-1-ol, KOH, reflux, 85%; (ii) Br2, I2 (cat), dark, DCM, 0 

ºC→ rt, 96%; (iii) 1,8-dibromooctane, aq. NaOH, Aliquat 336, 80 ºC, 64%. 

In order to perform the final synthetic step towards 28a, perylene 31 was deprotonated 

by means of NaH to provide a deeply green colored solution of the amide-anion (Scheme 

12).
58

 After addition of 35 was complete at -60 °C, only starting amide 31 was recovered 

from the red reaction mixture. Likewise the 
1
H NMR spectra showed complete 

disappearance of the starting 35. At the same time, dropwise addition of a solution n-BuLi 

in hexane to the red solution of 31 in THF at -45 ºC lead to the color changes of the 

solution to green, indicating a presence of anion species. Reverse change in color to red was 

observed after addition of 35. Nevertheless analysis of products by 
1
H NMR and mass 

spectrometry of this reaction revealed only the presence of starting 31 together with a 

product of nucleophilic addition of n-BuLi to 31 (m/z = 631) as a perylene containing 

compounds. No stating 35 was recovered. An attempt to apply alkaline phase-transfer 

conditions for the reaction between 31 and 35 also failed as only staring materials were 
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recovered (Scheme 12). In order to test the reaction conditions, an attempt was undertaken 

to switch strategy to retron R3 type (Figure 27). Perylene amide anion
58

 was allowed to 

react with an excess of 1.8-dibromooctane (Scheme 12). But in this case also no formation 

of product 39 was observed. The reasons of the inability to form of 39 and 28a are not 

understood currently. It might be, that facile β-elimination of the alkylbromide moieties 

happens in the presence of perylene amide anions. 

Scheme 12 

 

Being not able to realize the synthesis of PDI-label 28a following by path A (Figure 27), 

the synthetic strategy was changed towards alternative route B (Figure 27), which implies 

construction the final molecule 28b starting from retrons R3 and R4. Following this line, 

di-imide substituted perylene 40 (for the retron R3) was synthesized in four steps (Scheme 

13). Initially, 32 was converted by reaction with slight excess of amine 29 into the 

symmetrical bisamide 41.
53

 Partial hydrolysis of 41 towards 42 appeared to be difficult to 

perform, as such reactions proceed without easily accessible thermodynamic or kinetic 

controls and result in a mixture of several compounds depending on the amount of base 

used and the reaction time. Optimized conditions were found as follows: heating at reflux a 

solution of 41 in tert-butanol in the presence of 3.5 eq. of KOH for 100 min. After that 

period of time, quenching of the reaction mixture with an excess of acetic acid provided 

insoluble material, which was isolated by filtration and kept at 100 ºC under reduced 

pressure in order to cyclize the acidic groups at 3,4-positions into the anhydride moiety.
 59

 

The desired anhydride 42
53

 was isolated by column chromatography in 13% yield. Further 

treatment of 42 with 6-aminohexan-1-ol provided the non-symmetrically disubstituted 

perylene diamide 43 (Scheme 13).
 60

 Subsequent conversion of the alcohol 43 by means of 

Ph3P·NBS provided bromo-perylene derivative 40 as a red powder. 
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Scheme 13
a
 

 
a
 Reagents and conditions: (i) 29, 1H-imidazole, 150º C, 89%; (ii) KOH, 2-methylpropan-2-

ol, reflux 3 h, then CH3COOH (aq), then 100º C, 13%; (iii) 6-aminohexan-1-ol, 1H-

imidazole, 150º C, 96%, (iv) Ph3P·NBS, rt, 92%; 

To combine the perylene unit in 40 with an appropriate fluorene moiety R4 (Figure 27), 

the dibromo-fluorene 38
44a

 (Schemes 11 and 14) was deprotonated by means of n-BuLi at -

75 °C. The resulting red-colored anion species were further allowed to react with 40 

(Scheme 14, route 1). Unexpectedly, this reaction gave a mixture of several compounds: the 

structure of the main component appeared difficult to elucidate by NMR techniques. A 

peak with m/z of 1114 was found in mass spectra of the main perylene containing product, 

whereas the isotopic distribution pattern for this peak indicated the absence of bromine 

moieties. This result can be explained taking into account that bromine moieties in 38
44a

 

might be to some extend sensitive to basic conditions giving rise to an elimination reaction 

or Br/Li exchange to happen. In order to overcome difficulties described above, the order 

for synthetic sequence was exchanged. Namely, 40 was allowed to react with stable (9-

octyl-9H-fluoren-9-yl) anion produced from 9-octylfluorene 37 (Scheme 11). In this 

manner, perylene-fluorene derivative 44 (Scheme 14) was obtained and following 

dibromination of the fluorenyl moiety provided the desired 28b as a bright red powder in 

9% overall yield starting from 32. The structure of 28b was confirmed by 
1
H and 

13
C NMR, 

mass-spectrometry and elemental analysis. 
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Scheme 14
a
 

 
a
 Reagents and conditions: Route 1: (i) n-BuLi, THF, -78º C, then 40, -78º C→ rt, Route 2: 

(i) n-BuLi, THF, -78º C, then 40, -78º C→ rt, 95%, (ii) Br2, I2 (cat), dark, DCM, 0 ºC→ rt, 

88%. 

As anticipated, in the UV/Vis spectra of 28a (Figure 28) the main absorptions appear in 

the visible region with (λmax = 460, 490, 527 nm) while over the 340-360 nm region the 

molar absorptivities are very low, which is required for the light-induced alkene 

isomerizations of the motors. The determined value for the photoluminescence quantum 

yield (Φpl) of 0.78 indicated that perylene units retained their emission properties in 28a 

(λem = 537, 576 nm). 
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Figure 28. Absorption and normalized emission spectra (λex = 460 nm) of 28a in 

chloroform. 
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5.8    Synthesis of Fluorescently Labeled Motorized Polymer 

The desired 45 (Scheme 15) possessing the PBI units randomly separated along the main 

backbone was prepared by statistical Suzuki-polycondensation,
 61

 starting from a mixture of 

three different monomers. Initially, Pd-catalyzed coupling between 28b and 23 (in a 1 to 11 

ratio, respectively) was performed in a biphasic mixture of toluene and aqueous 

Na2CO3/Aliquat 336 solutions for 4 h at high temperature. The required 10 equivalents of 

14 were added afterwards, and the copolymerization process was continued for 24 h 

(Scheme 15). Excess of phenylboronic acid and 1-iodo-4-methylbenzene were used as end-

capping reagents, which were added separately. The resulting material was isolated by 

repeated precipitations by addition of methanol layers into the solutions of the reaction 

mixture in toluene, followed by continuous extraction from acetone. Copolymer 45 was 

obtained as a red-brown powder in 46% isolated yield. 

Scheme 15
a
 

O

N

N

O O
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CH3
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C8H17H17C8

i

14

C8H17H17C8

BrBr
47

 
a
 Reagents and conditions: (i) Pd(PPh3)4, Na2CO3, Aliquat 336, toluene-H2O, reflux, 48 h, 

then phenylboronic acid, reflux, 12 h, then 1-iodo-4-methylbenzene, reflux, 12 h, 40-46 %; 
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A similar synthetic procedure was used for the preparation of copolymer analog 46 

(Scheme 15) which contained no motor units by performing Suzuki-polycondensation using 

dibromo-fluorene 47. 

The loadings of PDI units in the copolymers 45 and 46 were investigated through carbon, 

hydrogen and nitrogen elemental analysis and shown to be consistent with a chemical 

composition similar to the used monomeric feed. In the 
1
H NMR spectra of a sample 45 in 

chloroform-d signals for protons of motor-unit appeared to be broad and resembled the 

same character as for single motor 21 (Scheme 14).
41

 The characterization of both 45 and 

46 by MALDI-TOF MS
62

 analysis was problematic, as in all cases even peaks 

corresponding to oligomers or starting materials were not observed. Since the GPC-

determined nM  is around 80600 (with IPD of 2.73) and 40100 (with IPD of 2.69), an 

average number of 2 is expected for the amounts of PDI units per polymer chain in 45 and 

46, respectively. 

5.9   Photochemical Properties of Fluorescently Labeled 
Polymers 

The UV/Vis spectra of 46 in chloroform (Figure 29a) solutions consist of two main 

absorptions with λmax = 360 nm attributed to the poly(fluorene-xanthene) units and λmax = 

526 nm caused by the presence of PDI dye. Absorption intensity at these two maxima show 

linear dependence with the concentration of 46 in solution, demonstrating no aggregate 

formation under these conditions.
63
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Figure 29. a) Absorption and b) normalized excitation (λex = 576 nm, solid line) and 

emission (λex = 350 nm, dotted line) spectra of 46 in toluene solution. 

 

Nevertheless, the interaction between PDI dyes and poly(fluorene-xanthene) main chain 

in the 46, become evident from emission and excitation spectra. Upon excitation with 460 

nm light, the emission at λmax = 535, 576 nm (Φpl= 0.10) mainly from perylene dyes were 

observed (Figure 29b), which is close to the emission maxima of fluorescence label 28b 
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(Figure 28). Upon excitation with 350 nm, (close to the absorption maxima of the fluorene 

chromophore) two main characteristic emissions at λmax = 387 nm (from fluorene units, 

Φpl= 0.20) and λmax = 535, 576 nm (from perylene dye) were found. At the same time, in 

the excitation spectrum (Figure 29b) of 46 (λex = 576 nm, the second fluorescent maxima 

attributed to the perylene units) is fully identical to that in absorption spectrum (Figure 

29a). This fact indicates that in 46 PDI and fluorene chromophores are in a strong 

communication with each other which is expressed in the presence of FRET between them 

schematically drawn on Figure 30. 

 

Figure 30. Schematic drawing photochemical processes in motorized 45 and non-

motorized 46 oligomers upon interaction with a light. 

The UV/Vis profile (Figure 31.1) solutions of 45 in chloroform consists of three 

characteristic absorptions: λmax = 340 nm attributed to the main polymeric chain, shoulder 

λmax = 412 nm due to the presence of motor-units and absorption at λmax = 530 nm caused 

by the presence of PDI dye. The emission spectrum of 45 (Figure 31.3) was predominantly 

observed in the 500-700 nm region (λmax= 537, 577 nm) nearly identical to that of 28b 

(Figure 28) with a quantum yield of photoluminescence Φpl = 0.03. The character of 

absorption and emission spectra of 45 does not show a concentration and thermal 

dependency excluding the aggregate or excimer-like structures formation in solution.
63
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Figure 31. 1) UV/Vis, 2) differential UV/Vis and 3) normalized emission (λex = 460 nm) 

spectra of copolymer 45 (toluene solution) and change (shown with red arrows) in both 

spectra during irradiation in toluene solution at -10 °C and after removal of UV-light 

source. (A) initial copolymer, (B) produced photostationary state, (C) after heating to room 

temperature. 

In order to observe and characterize the light-induced rotation for the motor components 

in 45, the changes in UV/Vis and emission spectra (Figure 31) were monitored 

simultaneously, upon irradiation (λ = 365 nm) of this sample in a toluene solution. 

Disappearance of the absorption (sh) at 412 nm of the original spectrum of 45 and the 

formation of a new red shifted maxima at 452 nm was observed. Likewise, presence of 

clear isosbestic points in UV/Vis indicates that only a single equilibrium between stable 

and less-stable motor components occurs within a polymeric chain, during 

photoisomerization. Simultaneous moderate reduction of quantum yield of 

photoluminescence Φpl = 0.02 was found in the emission spectrum of 45 upon reaching the 

photostationary mixture (Figure31.3). Heating the sample to room temperature resulted in a 

complete restoring of both spectra to the original form.  

The changes in the intensity UV/Vis spectra of photostationary states produced from 45 

were monitored at 400 nm within time at several temperatures. Kinetic and thermodynamic 

parameters determined for the thermal conversion of unstable into stable motor units are 

summarized in Table 8. 
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Table 8. Thermal conversions of 45 at the photostationary state monitored by UV/Vis 

spectroscopy. 

T, ºC T, K k, s
-1

 t1/2, min ∆
‡
G, kJ mol

-1
 

20.00 293.15 (1.01±0.04) ×10
-3

 11.44±0.21 88.57±0.03 

30.00 303.15 (3.45±0.04) ×10
-3

 3.35±0.18 88.58±0.04 

40.00 313.15 (8.59±0.03) ×10
-3

 1.34±0.19 89.21±0.04 

50.00 323.15 (2.28±0.05) ×10
-2

 0.51±0.25 89.52±0.05 

∆
‡
G° = 89.0.4 ± 0.21 kJ·mol

-1
 (∆

‡
H° = 77.24 ± 0.18 kJ·mol

-1
, ∆

‡
S° = -38.21 ± 0.68 J·mol

-

1
·K

-1
, Ea = 79.76 ± 0.09 kJ·mol

-1
, A = (2.4 ± 0.3)·10

11
 s

-1
, t1/2 (20 ºC) = 11.89 ± 0.20 min, k 

(20 ºC) = (9.72 ± 0.15) ×10
-4

 s
-1

); 

The values of thermodynamic parameters for thermal conversions of the polymer at the 

photostationary state produced from 45 were calculated by means of Arrhenius and Eyring 

plots (Figure 32).  
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Figure 32. a) Arrhenius and b) Eyring plots for the thermal conversion of photostationary 

states produced from 45 monitored by UV/Vis.  

The value of t1/2 (min, 20 ºC) of 11.89 ± 0.20 is very close to that obtained for 21a and 

indicates independency of thermal behavior of motor units in proximity of the PDI dye. The 

derived transient UV/Vis profile (Figure 31.2) for the produced photostationary mixture 

was found at the same wavelengths as that obtained for the monomer 21a/21 (Figure 17.2), 

whereas the spectral range over 540-650 nm remained unaffected. This is indicative for the 

observation of cis-trans photoisomerization of motor units which does not affect on the 

absorbance of the PDI chromophores. Thus array 45 possesses light emitting properties 

along with repetitive rotation of motor units (Figure 30) upon applying UV-light and 

thermal energy sources. 
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According to the literature sources
51b

 the quantum yield of photoluminescence (Φpl) for 41 

(Scheme 13) is determined to be around 1. Measured
64

 Φpl values are summarized in Table 

9 for PDI containing compound discussed above. By analysis of these data, it seems that 

with an increasing of amount of covalently attached fluorene units in the system, the values 

of Φpl decrease. The simultaneous moderate reduction in the quantum yield of 

photoluminescence (Φpl = 0.02) in the emission spectra found upon reaching of the PSS for 

45 (Figure 31.3) is rationalized as being due to quenching of the fluorescence of PDI upon 

the formation of the unstable motor units by means of PET. The occurrence of such a 

mechanism was found previously for other motor-PDI containing systems.
52

 

Table 9. Measured values of for the PDI containing compound. 

Compound λmax (nm)
a
 

Referenced 

compound
b
 

λex (nm) 
Emission 

range (nm)
c
 

Φpl 
d
 

28b 
460. 490, 

527 
Rhodamine 123

e
 420 475-800 0.78 

46 
347, 460, 

490, 526; 

9,10-diphenyl 

anthracene 
f
 

350 330-500 0.19 

Rhodamine 123 
e
 460 475-800 0.09 

45 
340, 412(sh), 

491, 528 
Rhodamine 123

 e
 460 475-800 0.03 

photostationary 

state obtained 

for 45 

336, 452, 

493, 530 
Rhodamine 123

 e
 460 475-800 0.02 

a 
absorption maxima in UV/Vis spectra of toluene solutions; 

b
 reference compound, used 

with known quantum yield of photoluminescence (Φpl);
c
 emission range used to 

determine integrated fluorescence intensity; 
d
 quantum yield of luminescence, 

e
 Φpl = 

0.90
65a

; 
 f 

Φpl = 0.90
65b

;
 

5.10   Atomic Force Microscopy (AFM) and Wide-Field 
Spectroscopy (WFS) 

The aim of AFM and WFS experiments was to determine the morphology and 

organization of 45 on a surface. AFM images
66

 (Figures 33a and b) display ring-shaped 

structures upon drop casting a sample of 1 × 10
-8

 M solution of 45 in toluene onto freshly 

cleaved mica. AFM topography image (Figure 33c) shows exclusively the presence of well-

organized toroidal structures (doughnut-like shapes)
67

 over a 2 × 2 µm area, that are highly 

uniform in shape and diameter. The average diameter of such assemblies is 115±15 nm and 

the ring width is 40±15 nm.
68

 The apparent height of the toroids (Figure 33d) is 

approximately 1.2±0.5 nm. Drop-casting from solutions of 45 in chloroform showed similar 

structures. Spin-coating toluene solutions of 45 also showed the presence of toroidal 

shapes, indicating that the formation of these structures occurs rather fast compared to the 

time scale of drying. The coverage is less dense; reflecting the smaller quantity of polymer 

deposited giving that spin-coating rapidly reduces the quantity of solution deposited on the 

surface before drying is complete. Such assemblies, possess a high thermal stability, even 

after keeping the mica samples for 24 h at 120 °C 
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Figure 33. a), b) AFM images of the ring-shaped assemblies, obtained after drop casting a 

sample of 1 × 10
-8

 M solution of 45 in toluene on mica c), height profiles for the line 

selections on a) and d) averaged geometric characterization of a toroid. 

 

Figure 34. Fluorescent image obtained after drop casting a sample of 1 × 10
-8

 M solution of 

45 in toluene onto mica. 

Imaging of the same sample by means of WFS revealed the formation of a network 

consisting of isolated blinking
69

 bright fluorescent dots (Figure 34) over large areas in the 
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micrometer range.
70

 No single-strands of 45 can be detected from AFM data due to the 

small size of the polymeric backbones.
15

 Likewise, such aggregation of 45 into toroidal 

structures, is likely to driven by π-π stacking of the PDI units on the surface.
53,71

 

5.11   Confocal Spectroscopy 

SMFS techniques are appropriate methods to overcome the problem of inhomogeneity of 

polymers on the surfaces, by utilizing additional host-matrix polymer.
11

 Multiple bright 

spots (Figure 35a) caused by the fluorescence of PDI units in 45 were observed during 

confocal spectroscopy imaging of the samples in a polybutyl methacrylate (PBMA, nM = 

10200, Tg = 23 ºC) matrix.
70

 When a 1 × 10
-10

 M solution of 45 and 2 mg/mL solution of 

PBMA in toluene were mixed together and spin-coated onto quartz slide, the integrated 

emission profiles (λex = 480 nm) of the majority of the spots revealed broad maxima 

emission band around 590 nm. They were arbitrary called as red emitters (Figure 35b). The 

fluorescence decay is multiexponentional, with a main contribution of two values of τ1 = 

4.3 ns and τ2 = 0.8 ns (Figure 35c). 

 
  

Figure 35. a) confocal fluorescence images (10 µm × 10 µm, 128 × 128 pixels, 45 

embedded in PBMA matrix) and b) integrated over 5 s spectra of “red” and “green” 

emissions measured from squared and circled spots, respectively, in a); c) measured 

exponentional decays of fluorescence time from the spots. 

These features are representative for red emissions arising from excimer-like species of 

the polymer, a phenomenon known to occur upon π−π stacking of perylene molecules and 

aggregate formation.
13,15,72

 Reducing the concentrations of the original polymer 45 in the 

co-polymer sample solution in toluene to 1 × 10
-12

 M, allowed for the detection of well-

defined spots with narrower distribution in fluorescence intensity.
13,15

 The amount of red-

emitters with λmax = 590 nm, considerably decreased, as the emission profiles measured 

from fluorescent spots (green emitters, Figure 35a) revealed maxima of emissions mainly at 

540 nm. The integrated emission spectrum line of green emitters (Figure 35b) is relatively 

at the near identical wavelengths as for the emission maxima derived from steady state 

measurements in bulk solutions of 45 (Figure 31.3, line A). The decays for the most of 

emissions with λmax < 590 nm are mono-exponentional with an average value of τ = 5.0 ns 

(Figure 35c). From these findings, the red emitters were assigned to high-order aggregates 
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of 45, likewise fluorescence of green emitters are most likely caused by the less associated 

aggregates containing a few of perylene units. These results indicate, that in spite of low 

values of Φpl, the SMFS can be a method of choice in order to detect and track trajectories 

of motorized polymer 45. 

5.12    Dynamical Behavior of PDI Labeled Motorized Polymer 

In order to track movement of motorized polymeric chains, samples of diluted solutions 

of 45 in a PBMA matrix were studied by means of WFS techniques.
70

 Blinking bright spots 

(Figure 36) caused by fluorescence arising from PDI labeled motorized polymer, were 

monitored a function of time by making movies. The excitation conditions were altered 

among the following three cases: a) excitation only with 488 nm laser in order to induce 

fluorescence from PDI; b) excitation only with 405 nm laser in order to induce rotations of 

motor units; and c) irradiation with both 488 nm and 405 nm lasers to provide 

simultaneously two processes, which are photochemically different in nature (Figure 30). 

The frames taken under b) conditions were fully dark, indicating the requirement of using 

laser with λex = 488 nm for detection of emitting spots. For a set of samples the movies 

were recorded by changing the excitation condition following the sequence: a → c → b → 

c → a → c → a → b → a. The same experiments were done also for samples of 46. In all of 

these experiments, the majority of spots stayed at the stationary positions. The idea is that 

the distribution of positions should become broader after c) irradiations, compared with a). 

The results are inconsistent however, as such broadening of the distribution was not clearly 

observed for 45 in PBMA matrix (Figures 36a and b). Likewise, the statistical analysis was 

done by fitting the data obtained by 2D Gaussian and no significant difference between the 

results obtained for 45 and non- motorized 46 were found. Occasionally, some fast moving 

molecules were observed. Such movements, however, were too fast and unlikely caused by 

the rotation of the molecular motors. These fast moving spots were likely to be unitary 

molecules of 45 accidently situated near/at the matrix-air interface of the sample, which had 

high mobility due to lack of a surrounding matrix. 

   

Figure 36. a) The absolute coordinates of the fluorescent spots derived from 46 in PBMA 

matrix, b) and c) the change in the relative coordinates upon irradiation with λ = 488 nm 

and λ = 488 nm and 405 nm, respectively. 
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5.13   Conclusions 

The synthesis of macromolecular systems based on chemically bound molecular motors 

was developed by means of Suzuki polycondensation. This method was successfully 

applied for the preparation of PDI labeled macromolecules in a route comprising a total of 

16 steps. It was shown, that motor units were capable to perform a rotational cycle in the 

presence of UV-light source and under appropriate temperature in bulk solutions. The 

presence of several photoactive units in such conjugated multichromophoric arrays 

provided complexity for photochemical motor functioning. Likewise, kinetic and 

thermodynamic parameters for the rotational processes in motorized macromolecules were 

similar to those as measured for motor-monomer. This was indicative of a lack of strong 

influence of neighboring linkers for thermal conversions of motor rotational cycles. Still, 

the observation of isolated single strands for macromolecules placed onto the mica surface 

was impossible due to relatively small sizes of the polymeric backbone. Additionally, a 

correlation between topography in the AFM and fluorescence signals confirms the strong 

tendency of the PDI labeled macromolecule to undergo aggregation. Despite of the low 

value for fluorescent quantum yield of dye labeled motorized macromolecules, their 

visualization became possible by means of single molecule fluorescent techniques. Single 

occasional moving objects were found upon imaging, but the majority of the fluorescent 

spots for such motorized arrays remained at their positions and no light –induced 

movement could be proved. The speed of rotor rotations with respect to the stator is limited 

by the rate of the thermal isomerization step. From this line of reasoning, fluorene based 

nanomotors with values t1/2 (20 ºC) of around 11 min are unlikely to undergo significant 

displacement under the constraints of the resolution for optical methods (Figure 8). 

Increasing of the rotational frequency of molecular motor units at normal conditions could 

allow more pronounced observation of their induced cooperative function expressed in the 

movement of fluorescent spots upon WFS imaging in a timescale of photobleaching. With 

this respect systems 47a and 47b (Figure 37) comprising ultra-fast nanomotors
24b, c

 seem to 

be the ideal candidates for the detection of nanomotor-guided movement at the 

macromolecular level. 

  

Figure 37. Fluorescent macromomolecular systems 47a and 47b bearing ultra-fast 

nanomotor motifs. 
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5.14   Additional Motor Studies 

To expand the possibility of Barton-Kellogg coupling, the preparation of overcrowded 

alkenes 48 (Figure 38), containing fluorine substituent at the rotor part, was investigated. 

One can expect, that due to the close values of Van der Waals radii for H (1.2) and F (1.47) 

substituents, compound 48 would retain the motor function described for 10.
73

 There are 

known examples of enantioselective base-or acid-catalyzed fluorination of substituted 

indan-1-ones 49, which potentially can allow performing enantioselective synthesis of 

molecular motors starting from fluorinated analogs 50 (Figure 38).
74

 This fact, in principle 

can provide a good basis for the concept of enantioselective synthesis of molecular motors. 

 

Figure 38. Synthetic route towards fluorinated alkenes 48. 

The activity of indan-1-ones towards electrophilic fluorinating agents strongly depends 

from their substitution pattern of the aromatic ring. Several catalytic systems were tested in 

order to obtain ketone 50 starting from 49.
 75

 Application of Selectfluor as a fluorine source 

in a combination with chiral additives (S-proline
76

, quinine
77

) under various conditions 

(acetonitrile, THF, TFA or base) gave no evidence for the formation of the desired product. 

Treatment of 49 with LDA at -70 °C, followed by addition of N-fluoroquininium 

tetrafluoroborate
78

 (F-QN-BF4) provided 50 in 56% yield (Scheme 16). Following a well-

developed method for the preparation of 23 applications of the same conditions for 51 

failed, likewise changing the temperature and reaction time gave no evidence of the 

formation desired thioketone species and only starting material 50 was isolated. From 

previous findings, thioketone 29 is known to be merely stable and slowly hydrolyze into 49 

upon storing at room temperature during prolonged time. Hence, one can expect that 

affinity of 51 towards hydrolysis would be enhanced due to the influence of strong electron 

withdrawing fluorine substituent in a neighborhood of C=S functionality. Considering the 

electronic effects, the presence of methoxy substituent, with strong donating effect might 

increase stability of the corresponding thioketones. With this respect, ketone 52 was 

prepared starting from 53
75

 following the developed procedure. Unfortunately, only starting 

52 was recovered from its reaction mixture with LR and no formation of thioketone 53 

could not be detected, even at high temperatures. 
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Scheme 16
a
 

 

 
a
Reagents and conditions: (i) a) LDA, -60 ºC, THF, b) F-QN-BF4 -60 ºC→ rt, 50-56%. 

On the other side, the lack of utilization of Peterson olefination to derive the central 

alkene bond in molecular motors was explained in terms of the presence of protons at the 

α-position next to the carbonyl moiety in 49. This would make [9-(trimethylsilyl)-9H-

fluoren-9-yl]lithium
79

 54 (Scheme 16) to act as a base and form the corresponding enolate 

from 49, instead of nucleophilic attack to the carbonyl groups. On the other hand, such 

enolate formation is impossible in case of 52, while affinity towards nucleophiles is 

increased by the presence of fluorine moiety. Following a general procedure,
80

 portionwise 

addition of 52 into solution of 54 in THF at -60 °C, did not result in a formation of 48. 

Starting material 52 and 9H-fluoren-9-yl(trimethyl)silane were isolated from the reaction 

mixture.
 
On the basis of these results, one can conclude that besides the acidity of the 

protons in the starting ketones, steric factors play a significant role for the successful 

formation of the alkene functionalities. For the more detailed explanation of the Peterson 

coupling, see Chapter 6.5. 

The synthetic advantages for Suzuki coupling (Chapter 2.2) were expanded further by 

preparation of di-anthracene substituted motor 55 (Scheme 17). Anthracene-borone ester 

56
81

 has been prepared by a standard procedure starting from 57. Reaction of di-iodomotor 

14 with slight excess of 57 provided 55 in 64% yield. This compound is attractive to 

examine how steric effects influence the motor functioning by arrangement of the bulky 

anthracene substituents around the central alkene bond. Free rotation of anthracene units in 

55 is hindered by naphthalene substituents at the upper rotor part. It was anticipated that the 

induced light- and thermally-driven stator rotation can lead to the directionally controlled 

rotation of anthracenes in a side chain. 
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Scheme 17.
a
 

 
a
 Reagents and conditions: i) n-BuLi, THF, -78 ºC, then 2-isopropoxy-4,4,5,5-tetramethyl-

1,3,2-dioxaborolane, -78 ºC→ rt, 82%; (ii) 14, Pd(PPh3)4, Na2CO3, Aliquat 336, Toluene-

H2O, reflux, ca. 64%. 

Even more complex transmission of light-induced rotor rotation due to substituents at the 

stator part
82

 is envisioned in motor 58 containing two trypticene-units (Scheme 18). 

Synthetic attempts toward preparation of this molecule were made also. Follow by the 

procedure described by Friedman
83

 the stable diazo 59 was prepared starting from 

anthranilic acid 60 by treatment with isoamyle nitrate. Further portionwise addition of 2-

diazoniumbenzoate 59 to a gently refluxing solution of alkene 55 under argon in 1,2-

dichloroethane
84

 or 1,2-epoxypropane
85

 unfortunately gave no evidence of 2+4 addition, as 

only starting compound 55 was recovered from the reaction mixture. An attempt to 

generate the corresponding benzyne intermediate in situ by addition of i-amyl nitrate and 60 

to the solution of 55 in THF upon heating at reflux 
86

 also did not result in the formation of 

desired trypticene moieties. 

Scheme 18
a
 

 
a
 Reagents and conditions: i) i-AmONO, TCAA (cat), THF, rt, ≈ 80%; (ii) 55, 

ClCH2CH2Cl, reflux. 

The lack of Diels-Alder reaction can be reasoned by major steric effect caused by the 

rotor part on anthracenes in 55. An alternative route towards preparation of 58, can be 

developed starting from functionalization of di-iodofluorene 16 to provide 60 and 

subsequent conversion into 61 (Scheme 19). Nevertheless, the solubility of 58 is expected 

to be low, due to the large number of rigid aromatic rings, and additional substitution of the 

rotor part with alkyl chains is probably required. 
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Scheme 19
a
 

 
a
 Reagents and conditions: 56, Pd(PPh3)4, Na2CO3, Aliquat 336, Toluene-H2O, reflux, ca. 

71%. 

As the preparation of monomer 12 was problematic (Chapter 2.1), an alternative route 

towards copolymer containing motor subunits joined through flexible aliphatic linkers, can 

be developed. Towards this goal, alkene 62 (Scheme 20) was readily prepared by double 

lithiation of 14 with 2 eq. of n-BuLi, followed by reaction with carbon-dioxide. In 

principle, the subsequent condensation of 62 with ethylene glycol could provide copolymer 

63. 

 

Scheme 20.
a
 

 
a
 Reagents and conditions: i) n-BuLi (2.5 eq), THF, -78 ºC→ rt → -78 ºC, then dry CO2 

(bubbling), 64%. 

5.15   Experimental Part 

General remarks. For the general remarks, see Section 2.6. 

MALDI-TOF mass spectra were recorded with a Voyager System 6363. The instrument 

was equipped with a nitrogen laser (337 nm wavelength; operated at a frequency of 5 Hz), 

and a time-lag focusing unit. Spectra were acquired in the reflection mode at an 

accelerating voltage of 20 kV. All spectra were recorded in the positive ion mode. The 

samples for the measurement were prepared according to the described procedure
87

 using 

α-cyano-4-hydroxycinnamic acid or ditranol as a matrix.  

Gel permeation chromatography (GPC) measurements were performed in THF on a 

LC-system according to universal calibration using a viscometer and a refractive index 

detector. The columns were calibrated using narrow disperse polystyrene standards. 
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Kinetic and thermodynamic parameters were determined on the bases of experimental 

data obtained by monitoring the disappearance of selected absorption bands in the UV/Vis 

and CD spectra at least at four different temperatures.
88

 

The photoluminescence quantum yields (Φpl) were calculated using the equation:  
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where Φpl is the photoluminescence quantum yield, A is the absorbance at the excitation 

wavelength, F is the area under the corrected emission peak, η is the refractive index of the 

solvent for the standard (st) and measured compound (x).
89

 The gradients (Fst/Ast) and 

(Fx/Ax) were determined for at least 5 samples for each compound with absorptions between 

0.01 and 0.09 by plotting of F versus A for each compound. As the standard was used 

Rhodamine 123 (Φpl = 0.90 in ethanol) and 9,10-diphenyl anthracene(Φpl = 0.90 in 

ethanol).
65

 The experimental error associated with the determined quantum yields was 

estimated to be within 10%. 

AFM measurements were performed under ambient conditions in tapping mode using a 

Molecular Imaging PicoScan Le atomic force microscope. Silicon cantilevers with a 

resonance frequency of ~260 kHz were used.  Multiple samples were imaged with different 

tips.  Samples were prepared by either drop-casting 2 µl of a solution of 45 or 46 in 

chloroform (~0.001 mg/ml) or spin-coating at 3000 RPM 2 µl of a solution of 45 or 46 in 

toluene (~0.001 mg/ml) for 1 minute onto freshly cleaved muscovite mica and allowed to 

dry overnight. 

Wide-field fluorescence imaging was performed using an inverted optical microscope 

(IX71, Olympus) equipped with a CCD camera (ImagEM, Hamamatsu). For the samples in 

polymer matrices, a 100x oil immersion objective (N.A. =1.3, PlanFluorite, Olympus) was 

used, while for the drop-cast samples on mica, a 90x air objective (N.A. =0.6) was used. 

The 488 nm light from a diode-pumped solid-state laser was used as the excitation resource 

(to excite the PBI chromophores). For the sample preparation see part of AFM 

measurements. 

Single Molecule Fluorescence Spectroscopy As an excitation light source, the frequency 

doubled output (488 nm, 8.18 MHz, 0.8 ps FWHM) of a mode-locked Ti:Sapphire laser 

(Tsunami, Spectra Physics) was used to excite the single crystal. The excitation light, 

circularly polarized by use of a Berek polarization compensator (New Focus), was directed 

by using a dichroic beam splitter into the oil-immersion objective (Olympus, 1.3 N.A., 

100×) of an inverted microscope (Olympus IX70) equipped with a scanning stage (Physics 

Instruments). The excitation power was adjusted with a neutral density wheel at the 

entrance port of the microscope. The fluorescence was collected by the same objective, 



Construction of Macromolecular Systems Based on Light-Driven Molecular Motors 

 

  187 

 

 

 

 

 

7. Chapter 5.doc 

filtered (400 nm longpass, Chroma Technology) and focused onto an avalanche photo-

diode (SPCMAQ- 15, EG & G Electro Optics). Scanning images were obtained using an 

excitation power of 10 W/cm2 or 20 W/cm2 and for each pixel the intensity was integrated 

over 2 ms. For the decay measurements, the APD-detector was used as described above, in 

combination with a time correlated single photon counting card (Becker & Hickl, SPC 

830). A diluted solution of 45 or 46 in toluene was mixed 1:1 with a matrix/toluene 

solution. The concentration of the matrix polymer was 1% (w/w) in the resulting mixture, 

while the concentration of 45 was tuned in a certain range covering 3 orders of magnitude. 

The mixture solution was then spin-coated on a clean cover slip at ∼3000 rpm to yield the 

sample for measurement. PBMA (Mn = 10200, Mw/Mn = 1.06, Tg = 23 °C) was used as a 

matrix. 

Dynamical behavior of PDI labeled motorized polymer45 and 46 was investigated by 

means of wide-filed fluorescence microscopy. In this case, the excitation conditions were 

altered among the following three cases: a) excited with 488 nm laser light only; and b) 

excited with 405 nm laser light only (no fluorescence detected) ; and c) irradiated with both 

488 nm and 405 nm lasers. For each sample a movie was taken within 1 minute by 

changing the excitation condition following the sequence:  a → c → b → c → a → c 

→ a → b → a. The profiles of the diffraction-limited fluorescence spots were fitted by 

means of 2D Gaussians in order to determine the positions of the corresponding fluorescent 

nanoobjects. 

Synthetic Procedures and Characterization 

2,7-diiodo-9H-fluoren-9-one 16. To a stirred suspension of 9H-fluoren-9-

one 17 (9.01 g, 50.0 mmol) in CCl4 (70 mL) were added finely divided 

iodine (12.69 g, 50.5 mmol) and bis[trifluoroacetoxy]phenyliodine (23.65 

g, 55.00 mmol). The reaction mixture was vigorously stirred for 12 h at room temperature. 

The orange precipitate was filtered, washed several times on the filter with cold pentane to 

remove the excess of iodine and recrystallized from ethanol to provide 16 (13.18 g, 30.5 

mmol, 61 %), as an orange powder. mp: 201-202 ºC (lit.
30

 203-204 ºC); 
1
H-NMR 

(500MHz, CDCl3) δ = 7.27-7.28 (d, J = 7.81 Hz, 2H), 7.82-7.84 (dd, J = 1.46, 7.81 Hz, 

2H), 7.96 (d, J = 1.46 Hz, 2H); 
13

C-NMR (100MHz, CDCl3) δ = 94.45 (C), 122.08 (CH), 

133.47 (CH), 134.74 (C), 142.88 (C), 143.38 (CH), 190.91 (C=O); m/z (ES, %): 433 

(MH
+
). 

 

 2,7-bis(2-hydroxyethoxy)-9H-fluoren-9-one 18. A 

mixture of 2,7-diiodo-9H-fluoren-9-one 16 (4.00 g, 9.26 

mmol), CuI (364 mg, 1.9 mmol), phenanthroline 

monohydrate (756 mg, 3.81 mmol) and anhydrous cesium 

carbonate (8.75 g, 50 mmol) were placed in a Schlenk 

vessel containing magnetic stirring bar, and after addition 

of ethylene glycol (14 g, 26.9 mmol) and toluene (2 mL) the reaction flask was sealed and 

the reaction mixture was stirred at 120 °C for 48 h. After cooling to room temperature, the 

mixture was poured into brine (100 mL) and extracted with ethyl acetate (3×80 mL). The 

combined organic layers were washed with aq. solution of HCl (10%, 50 mL), brine (100 

O

II

O

OO

HO OH
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mL), dried (MgSO4) and concentrated under reduced pressure. Column chromatography 

(SiO2, toluene: EtOAc: DCM: MeOH = 1: 1: 0.7: 0.3, Rf = 0.3) provided 18 (2.0 g, 6.67 

mmol, 72%) as an orange oil, which crystallized upon prolonged standing at room 

temperature. mp: 162-165 ºC;
1
H-NMR (400 MHz, dmso-d

6
) δ = 3.69-3.70 (m, br, 4H), 

4.02-4.04 (t, J =5.13 Hz, 4H), 4.89-4.91 (m, br, 2H), 7.05-7.08 (m, 4H), 7.52-7.55 (dd, J 

=2.57, 6.23 Hz, 2H); 
13

C-NMR (100 MHz, dmso-d
6
) δ = 61.45 (CH2), 69.24 (CH2), 108.15 

(CH), 118.31 (CH), 122.21 (C), 135.09 (C), 143.61 (C), 157.42 (C), 168.17 (C=O); m/z (EI, 

%) = 300 (M
+
, 100). 

 

 (9-oxo-9H-fluorene-2,7-diyl)bis(oxyethane-2,1-diyl) 

bis(dimethylcarbamate) 19. To a solution of 2,7-bis(2-

hydroxyethoxy)-9H-fluoren-9-one 18 (1.92 g, 6.4 mmol) in 

dry pyridine (20 mL, 0.25 mol) was added 

dimethylcarbamic chloride (5 mL, 54 mmol) dropwise over 

5 min at 0 ºC. The resulting mixture was warmed to room 

temperature and after stirring for 4 h was poured into ice 

(100 g) and extracted with ether (3x50 mL). The combined organic layers where washed 

with an aq. solution of HCl (10%, 100 mL), dried (MgSO4) and concentrated under reduced 

pressure. The product was purified by recrystallization from ethanol (40 mL) to provide 19 

(2.52 g, 5.70 mmol, 89%) as orange crystals. mp: 256-259 ºC; 
1
H-NMR (500MHz, 

CDCl3) δ = 2.90 (s, 6H), 2.92 (s, 6H), 4.19-4.21 (t, J =5.13 Hz, 4H), 4.40-4.42 (t, J =5.13 

Hz, 4H), 6.94-6.07 (d, J =2.20, 8.43 Hz, 2H), 7.16-7.17 (d, J =2.20 Hz, 2H), 7.27-2.29 (d, J 

=8.43 Hz, 3H); 
13

C-NMR (100 MHz, CDCl3) δ = 40.12 (CH3), 66.52 (CH2), 67.17 (CH2), 

108.05 (CH), 118.22 (CH), 124.15 (CH), 136.21 (C), 145.73 (C), 157.60 (C), 158.69 

(C=O), 169.11 (C=O); m/z (EI, %) = 442 (M
+
, 100). 

 

2,7-diiodo-9H-fluoren-9-one hydrazone 21a. To 2,7-diiodo-9H-

fluoren-9-one 17 (13.00 g, 30.05 mmol) was added ethanol (200 mL) 

and hydrazine hydrate (75 mL). The resulted slurry was heated at reflux 

for about 1.5 h until the starting material completely disappeared (TLC 

control, n-pentane: ether = 100: 1). The reaction mixture was cooled to 0 ºC and the formed 

orange precipitate was filtered off, washed with ethanol (50 mL) and dried in air. 
1
H NMR 

analyses of the precipitate showed that it contained an admixture of 2,7-diiodo-9H-

fluorene
90

 as a side product of Wolff-Kishner reduction.
34

 In order to remove it, the 

precipitate was placed on the top of a column filled with silica gel, washed several times 

with ether and subsequently washed with hot chloroform. The yellow chloroform collective 

fractions were concentrated under reduced pressure to give 21a (10.57 g, 23.7 mmol, 79%) 

as a yellow solid. mp: 245-246 ºC; 
1
H-NMR (400MHz, CDCl3) δ = 6.51 (br, 2H), 7.36-7.38 

(d, J = 7.70 Hz, 1H), 7.49-7.51 (d, J = 8.06 Hz, 1H), 7.65-7.67 (dd, J = 1.83, 7.70 Hz, 1H), 

7.75-7.78 (dd, J = 1.46, 8.06 Hz, 1H), 8.07-8.08 (d, J = 1.46 Hz, 1H), 8.22-8.23 (d, J = 

1.83 Hz, 1H); 
13

C-NMR (100MHz, dmso-d
6
) δ = 95.58 (C), 93.97 (C), 122.06 (CH), 122.83 

(CH), 127.83 (CH), 130.49 (C), 130.49 (C), 132.55 (CH), 134.70 (C), 134.98 (C), 135.08 

O

OO

O

O

O

O
NMe2 Me2N

N

II

NH2
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(CH), 136.55 (CH), 137.24 (C), 139.87 (C); m/z (ES, %): 447 (MH
+
); Anal. calcd. for 

C13H8I2N2: C, 35.01; H, 1.81; N, 6.28. Found: C, 34.52; H, 1.74; N, 6.03. 

 

 

 (9-hydrazono-9H-fluorene-2,7-diyl)bis(oxyethane-2,1-diyl) 

bis(dimethylcarbamate) 21b. This compound was prepared and 

isolated using the same procedure as described above for 21a, starting 

from ketone 19 (2.25 g, 5.08 mmol), ethanol (50 mL) and hydrazine 

hydrate (10 mL). The product 21b (1.69 g, 3.71 mmol, 73%) was 

isolated an orange powder. mp. 155-157 ºC, dec.
1
H-NMR (400 MHz, CDCl3)  δ = 2.90 (s, 

6H), 2.92 (s, 6H), 4.17-4.22 (m, 4H), 4.37-4.44 (m, 4H), 6.40 (br, 2H), 6.84-6.88 (td, J 

=2.80, 8.06 Hz, 1H), 6.88-6.92 (dd, J =2.20, 8.06 Hz, 1H), 7.17-7.18 (d, J =2.20 Hz, 1H), 

7.23-7.24 (d, J =2.20 Hz, 1H), 7.30-7.41 (d, J =8.06 Hz, 1H), 7.46-7.47 (d, J =2.20 Hz, 

1H);
 13

C-NMR (100 MHz, CDCl3) δ = 36.30 (CH3), 66.52 (CH2), 67.17 (CH2), 110.97 

(CH), 114.31 (CH), 114.90 (CH), 131.17 (C), 142.10 (C), 155.24 (C), 156.48 (C), 157.88 

(C); m/z (EI, %) = 457 (M
+
, 100). 

 

9-diazo-2,7-diiodo-9H-fluorene 22a. To a solution of 2,7-diiodo-9H-

fluoren-9-one hydrazone 21a (10.00 g, 22.42 mmol) in THF (150 mL) 

under a nitrogen atmosphere were added consequently MgSO4 (10 g) and 

KOH (3 mL, sat. sol. in ethanol) and MnO2 (5.85 g, 67.26 mmol) at 0 ºC. 

The mixture was stirred for 2 h at room temperature in the absence of light. The inorganic 

solids were filtered off using double paper filter, and washed with ether (3 × 50 mL). The 

combined organic filtrates were concentrated under reduced pressure at 40 ºC to provide 

22a (9.20 g, 20.85 mmol, 93%) as a red-brown powder. mp. 114-116 ºC, dec., (lit.
35

 117 ºC, 

dec.); 
1
H-NMR (400MHz, CDCl3) δ = 7.27-7.28 (d, J = 7.81 Hz, 2H), 7.82-7.84 (dd, J = 

1.46, 7.81 Hz, 2H), 7.96 (d, J = 1.46 Hz, 2H); 
13

C-NMR (100MHz, CDCl3) δ = 91.65 (C), 

122.39 (CH), 127.93 (CH), 129.87 (C), 133.57 (CH), 134.49 (C); m/z (ES, %): 445 (MH
+
); 

Anal. calcd. for C13H6I2N2: C, 35.17; H, 1.36; N, 6.31. Found: C, 35.49; H, 1.32; N, 6.04. 

 

 (9-diazo-9H-fluorene-2,7-diyl)bis(oxyethane-2,1-diyl) 

bis(dimethylcarbamate) 22b This compound was prepared and 

isolated using the same procedure as described above for 22a, starting 

from hydrazone 21b (1.55 g, 3.39 mmol), THF (40 mL), MgSO4 (2 g), 

KOH (0.5 mL, sat. ethanol sol.) and MnO2 (1.47 g, 16.95 mmol). The 

product 22b (1.34 g, 2.95 mmol, 87%) was isolated as a red powder. mp. 258-262 ºC, dec. 
1
H-NMR (400 MHz, CDCl3) δ = 2.90 (s, 6H), 2.92 (s, 6H), 4.18-4.25 (t, J =5.13 Hz, 4H), 

4.38-4.48 (t, J =5.13 Hz, 4H), 6.78-6.79 (d, J =2.20 Hz, 2H), 6.94-6.97 (dd, J =2.20, 8.43 , 

2H), 7.19-7.21 (d, J =8.43 Hz, 2H); 
13

C-NMR (100 MHz, CDCl3) δ = 36.40 (CH3), 66.63 

(CH2), 68.35 (CH2), 109.64 (CH), 114.32 (CH), 125.38 (CH), 132.86 (C), 135.44 (C), 

156.18 (C), 157.88 (C); m/z (EI, %) = 455 (M
+
, 100). 
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2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalene-1-thione 23.
25a

 A 

mixture of ketone 49
91

 (2.54 g, 12.94 mmol) and Lawesson’s reagent (6.28 g, 

15.53 mmol) in benzene (50 mL) was heated at reflux under nitrogen 

atmosphere for 2.5 h. After cooling to room temperature, the precipitate was filtered off, 

washed with dry benzene (10 mL) and the combined filtrates were concentrated under 

reduced pressure. Flash chromatography (SiO2, n-pentane, Rf=0.84) provided thioketone 23 

(2.36 g, 11.13 mmol, 86%) as a greenish-blue oil. To avoid slow hydrolysis into the initial 

ketone this compound was stored at -20 ºC; 
1
H-NMR (500MHz, CDCl3) δ = 1.50-1.51 (d, J 

= 7.32 Hz, 3H), 2.89-2.93 (dd, J = 2.44, 18.07 Hz, 1H), 3.12-3.18 (ddq, J = 2.44, 6.84, 7.32 

Hz, 1H), 3.48-3.53 (dd, J = 6.84, 18.07 Hz, 1H), 7.51-7.53 (d, J = 8.30 Hz, 1H), 7.55-7.58 

(td, J = 0.97, 7.32 Hz, 1H), 7.89-7.91 (d, J = 8.30 Hz, 1H), 8.04-8.06 (d, J = 8.30 Hz, 1H), 

10.10-10.12 (d, J = 8.30 Hz, 1H); 
13

C-NMR (100MHz, CDCl3) δ = 21.73 (CH3), 39.82 

(CH2), 55.58 (CH), 123.70 (CH), 124.25 (CH), 126.65 (CH), 128.59 (CH), 130.14 (C), 

130.24 (CH), 133.24 (C), 136.54 (CH), 138.75 (C), 158.54 (C). 

 

 

 

2,7-diiodo-9-(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-

ylidene)-9H-fluorene 14. To a solution of 2-methyl-2,3-dihydro-1H-

cyclopenta[a]naphthalene-1-thione 23 (1.61 g, 7.58 mmol) in toluene (80 

mL) under a nitrogen atmosphere was added 9-diazo-2,7-diiodo-9H-

fluorene 22a (5.00 g, 11.37 mmol) and the resulting mixture was 

gradually heated to 75 ºC and stirred for 12 h at this temperature. After this period, the 

reaction mixture was cooled to room temperature, and triphenyl phosphine (2.10 g 8.02 

mmol) was added the mixture subsequently heated at reflux for 8 h. Methyl iodide (0.62 

mL, 10 mmol) was added at room temperature and reaction mixture was kept at reflux for 

an additional 4 h to fully convert unreacted triphenyl phosphine into insoluble 

methyl(triphenyl)phosphonium iodide. The yellow precipitate was filtered off and washed 

with ether (20 mL). The solvents from the combined filtrates were removed under reduced 

pressure, and the residue was purified by flash chromatography (SiO2, n-pentane : toluene = 

4:1, Rf=0.75). Additional recrystallization from DCM/ methanol provided 14 (2.89 g, 4.85 

mmol, 48%) as yellow crystals. mp. 258-260 °C; 
1
H-NMR (400MHz, CDCl3) δ = 1.40-1.42 

(d, J = 6.60 Hz, 3H), 2.80-2.84 (d, J = 15.40 Hz, 1H), 3.56-3.61 (dd, J = 5.87, 15.40 Hz, 

1H), 4.25-4.31 (dq, J = 5.87, 6.60 Hz, 1H), 6.93-6.94 (d, J = 1.47 Hz, 1H), 7.39-7.42 (ddd, 

J = 1.47, 5.86, 8.06 Hz, 1H), 7.46-7.48 (d, J = 8.06 Hz, 1H), 7.52-7.54 (dd, J = 1.46, 7.70 

Hz, 2H), 7.55-7.57 (d, J = 8.07 Hz, 1H), 7.59-7.61 (m, 2H), 7.70-7.72 (dd, J = 1.46, 8.06 

Hz, 1H), 7.97-7.09 (m, 2H), 8.30-8.31 (d, J = 1.47 Hz, 1H); 
13

C-NMR (100MHz, CDCl3) 

δ = 19.31 (CH3), 41.94 (CH2), 45.15 (CH), 91.53 (C), 92.61 (C), 120.38 (CH), 121.24 

(CH), 123.88 (CH), 125.63 (CH), 126.98 (CH), 187.01 (CH), 127.64 (C), 128.95 (CH), 

129.39 (C), 131.96 (CH), 132.63 (C), 133.07 (CH), 135.10 (CH), 135.31 (CH), 135.38 (C), 

135.51 (CH), 137.74 (C), 138.31 (C), 138.34 (C), 141.26 (C), 148.21 (C), 154.17 (C); Anal. 

calcd. for C27H18I2: C, 54.39; H, 3.04. Found: C, 54.18; H, 3.02. 

 

S
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 [9-(2-methyl-2,3-dihydro-1H-

cyclopenta[a]naphthalen-1-ylidene)-9H-

fluorene-2,7-diyl]bis(oxyethane-2,1-diyl) 

bis(dimethylcarbamate) 20. This compound 

was prepared and isolated according to the 

procedure described for 14 by reaction of 

thioketone 23 (474 mg, 2.23 mmol) in toluene 

(20 mL) with diazo-compound 22b (1.22 g, 

2.68 mmol). Triphenyl phosphine (525 mg, 2.00 

mmol) was added after reaction was complete followed by heating at reflux for 8 h. Methyl 

iodide (0.16 mL, 2.51 mmol) was added at room temperature and the reaction mixture was 

additionally heated at reflux for 4 h. Flash chromatography (SiO2, n-pentane: toluene : 

EtOAc = 4:1: 2, Rf=0.3) allowed obtaining 20 (582 mg, 0.96 mmol, 43%) as an orange 

powder; mp: 281-283 °C, dec.; 
1
H-NMR (500 MHz, CDCl3) δ = 1.40-1.42 (d, J =6.83 Hz, 

3H), 2.75 (s, 3H), 2.78 (s, 3H), 2.89 (s, 3H), 2.94 (s, 3H), 3.07-3.11 (m, 1H), 3.30-3.34 (m, 

1H), 3.54-3.58 (dd, J =5.37, 15.14 Hz, 1H), 4.00-4.02 (t, J =4.88 Hz, 2H), 4.30-4.33 (m, 

3H), 4.49-4.51 (t, J =4.88 Hz, 2H), 6.26-6.25 (d, J =1.96 Hz, 1H), 6.79-6.81 (dd, J =1.94, 

8.30 Hz, 1H), 6.94-6.96 (dd, J =1.95, 8.30 Hz, 1H), 7.35-7.38 (t, J =8.31 Hz, 1H), 7.43-

7.46 (t, J =6.84 Hz, 1H), 7.51-7.52 (d, J =8.31 Hz, 1H), 7.53-7.54 (d, J =1.95 Hz, 1H), 

7.57-7.58 (d, J =8.30 Hz, 1H), 7.60-7.62 (d, J =8.30 Hz, 1H), 7.77-7.79 (d, J =8.30 Hz, 

1H), 7.90-7.94 (m, 2H);
13

C-NMR (100 MHz, CDCl3)  δ = 19.03 (CH3), 35.69 (CH3), 35.83 

(CH3), 36.23 (CH3), 36.33 (CH3), 41.77 (CH2), 44.95 (C), 63.46 (CH2), 63.81 (CH2), 65.79 

(CH2), 66.98 (CH2), 111.05 (C), 111.39 (CH), 113.23 (CH), 115.72 (CH), 118.80 (CH), 

119.28 (CH), 123.98 (CH), 125.03 (CH), 126.57 (CH), 127.50 (CH), 128.65 (CH), 129.48 

(C), 130.95 (CH), 132.44 (C), 133.04 (C), 133.73 (C), 135.87 (C), 138.05 (C), 140.90 (C), 

147.31 (C), 151.07 (C), 156.06 (FC), 156.25 (C), 156.63 (C), 157.60 (C); HRMS (EI): 

calcd. for C37H38N2O6 606.2730, found 606.2735. 

 

 

2,2'-[[9-(2-methyl-2,3-dihydro-1H-

cyclopenta[a]naphthalen-1-ylidene)-9H-fluorene-2,7-

diyl]bis(oxy)]diethanol 11. To a solution of alkene 20 

(121 mg, 0.20 mmol) in a dry ether (5 mL) was added 

DIBAL-H (1.6 M solution in hexane, 0.63 mL, 1.00 mmol) 

dropwise over 5 min at 0 ºC and then stirred at this 

temperature for 15 min. The orange solution was poured 

into ice (25 g) and the mixture was extracted with EtOAc 

(3x 25 ml). The combined organic layers were dried 

(MgSO4) and concentrated under reduced pressure. Column chromatography (SiO2, 

toluene: EtOAc: DCM: MeOH = 1: 1: 0.7: 0.3, Rf = 0.3) provided 11 (2.0 g, 6.67 mmol, 

72%) as an orange oil, which crystallized upon prolonged standing at room temperature. 

mp: 162-165 ºC, dec; 
1
H-NMR (500 MHz, CDCl3) δ = 1.39-1.41 (d, J =6.84 Hz, 3H), 2.00 

(br, 1H), 2.43 (br, 1H), 2.74-2.77 (d, J =15.14 Hz, 1H), 2.74-2.77 (d, J =15.14 Hz, 1H), 

OO

O O
N

O

N

O

OO

HO OH

11
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3.00-3.03 (m, 1H), 3.20-3.26 (m, 1H), 3.54-3.58 (m, 3H), 4.02-4.03 (m, 2H), 4.19-4.21 (m, 

2H), 4.29-4.33 (dt, J =6.35, 6.84 Hz, 1H), 6.25 (d, J =2.44 Hz, 1H), 6.76-6.79 (dd, J =1.95, 

8.30 Hz, 1H), 6.92-6.94 (dd, J =2.44, 8.30 Hz, 1H), 7.36-7.38 (dt, J =0.94, 6.84 Hz, 1H), 

7.44-7.47 (t, J =0.95, 6.84 Hz, 1H), 7.49-7.50 (d, J =8.30 Hz, 1H), 7.53-7.54 (d, J =1.95 

Hz, 1H), 7.57-7.60 (m, 2H), 7.77-7.79 (d, J =8.30 Hz, 1H), 7.90-7.92 (d, J =7.81 Hz, 1H), 

7.93-7.94 (d, J =7.82 Hz, 1H); 
13

C-NMR (100 MHz, CDCl3)  δ = 19.15 (CH3), 41.98 

(CH2), 45.14 (CH), 61.23 (CH2), 61.64 (CH2), 68.93 (CH2), 70.01 (CH2), 111.49 (CH), 

113.50 (CH), 115.62 (CH), 118.94 (CH), 119.46 (CH), 124.09 (CH), 125.15 (CH), 126.69 

(CH), 127.73 (CH), 128.74 (CH), 129.79 (C), 130.51 (C), 131.01 (CH), 132.69 (C), 133.39 

(C), 134.08 (C), 136.14 (C), 138.37 (C), 141.17 (C), 147.40 (C), 151.21 (C), 156.83 (C), 

157.82 (C); m/z (EI, %) = 464 (M
+
, 100). 

 

2,7-bis(4-methoxyphenyl)-9-(2-methyl-2,3-

dihydro-1H-cyclopenta[a]naphthalen-1-

ylidene)-9H-fluorene 21. To a solution of di-

iodo alkene 14 (120.0 mg, 201 µmol) in toluene 

(4 mL) were added (4-methoxyphenyl)boronic 

acid (33.7 mg, 222 µmol), Na2CO3 (1 mL, 2M 

aq. sol.) and Aliquat 336 (30.2 mg). The mixture was saturated with nitrogen for 15 min at 

room temperature and Pd(PPh3)4 (7.1 mg, 3 mol. %) was carefully added and the resulting 

mixture was heated at reflux for 18 h. After that period, the mixture was cooled and poured 

into a mixture of methanol/ water (50 mL, 1/ 1), and extracted with ether (2×50 mL). The 

combined organic layers were dried (MgSO4) and concentrated under reduced pressure. 

Flash chromatography (SiO2, toluene : n-pentane = 1:4, Rf=0.55) afforded the desired 

product, which was additionally dissolved in dichloromethane and recrystallized by slow 

diffusion of methanol layer to provide 21 (81.8 mg, 147 µmol, 73%) as yellow crystals. mp: 

238-240 °C; 
1
H-NMR (500MHz, CDCl3) δ = 1.48-1.49 (d, J = 6.84 Hz, 3H), 2.78-2.81 (d, 

J = 15.14 Hz, 1H), 3.56-3.61 (dd, J = 5.37, 15.14 Hz, 1H), 3.76 (s, 3H), 3.89 (s, 3H), 4.42-

4.47 (dt, J = 5.36, 6.84 Hz, 1H), 6.67-6.71 (m, 4H), 6.95 (m, 1H), 7.85-7.87 (d, J = 8.79 

Hz, 2H), 7.42-7.45 (m, 2H), 7.56-7.61 (m, 3H), 7.66-7.68 (d, J = 8.79 Hz, 2H), 7.77-7.79 

(d, J = 7.82 Hz, 1H), 7.87-7.89 (d, J = 7.81 Hz, 1H), 7.93-7.95 (d, J = 8.30 Hz, 2H), 8.04-

8.06 (d, J = 7.82 Hz, 1H), 8.20 (m, 1H); 
13

C-NMR (100MHz, CDCl3) δ = 19.32 (CH3), 

41.95 (CH2), 45.25 (CH), 55.23 (CH3), 55.38 (CH3), 113.72 (CH), 114.33 (CH), 119.14 

(CH), 119.90 (CH), 122.62 (CH), 124.06 (CH), 124.27 (CH), 125.08 (CH), 125.31 (CH), 

125.81 (CH), 126.95 (CH), 127.62 (CH), 127.65 (CH), 128.12 (CH), 128.88 (CH), 129.94 

(C), 130.49 (C), 131.09 (CH), 132.74 (C), 133.75 (C), 134.59 (C), 136.29 (C), 137.84 (C), 

138.05 (C), 138.57 (C), 139.53 (C), 140.65 (C), 147.47 (C), 151.21 (C), 158.61 (C), 159.04 

(C); m/z (EI, %) = 556.3 (M
+
, 100). HRMS (EI): calcd. for C41H32O2 556.2402, found 

556.2370. 

 

 9,9-dioctyl-9H-fluorene S1. This compound was prepared according to the 

published procedure
39

 starting from fluorene 17 (5.05 g, 30.38 mmol). The 

crude product was purified by column chromatography (SiO2, n- pentane, Rf = 

O O

H17C8 C8H17
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0.88) to give S1 (10.56 g, 27.04 mmol, 89%) as white powder. mp. 33-35 ºC (lit.
 39

 34-37 

ºC); 
1
H-NMR (400MHz, CDCl3) δ = 0.75-0.79 (m, 4H), 0.95-0.98 (t, J = 7.13 Hz, 6H), 

1.24-1.35 (m, 20H), 2.12 (m, 4H), 7.40-7.44 (m, 6H), 7.81-7.83 (d, J =4.35 Hz, 2H); 
13

C-

NMR (CDCl3, 100MHz) δ = 14.09, 22.64, 23.77, 29.05, 29.26, 30.11, 31.84, 40.46, 55.01, 

119.64, 122.78, 126.70, 126.98, 141.15, 150.63. 

 2,7-dibromo-9,9-dioctyl-9H-fluorene 47. This compound was 

prepared according to the published procedure
39

 starting from 9,9-

dioctyl-9H-fluorene S1 (9.89 g, 25.32 mmol). The crude product was 

purified by flash chromatography (SiO2, n -pentane, Rf = 0.84) to provide 47 (13.33 g, 

24.31 mmol, 96%) as a white solid. mp: 53-54 ºC(lit.
 39

 51-54 ºC); 
1
H-NMR (CDCl3, 

400MHz) δ = 0.54-0.64 (m, 4H), 0.81-0.83 (t, J =7.13 Hz, 6H), 1.04-1.028 (m, 20H), 7.43-

7.47 (m 4H), 7.51-7.53 (d, J =8.12 Hz, 2H). 
13

C-NMR (CDCl3, 100MHz) δ = 14.01, 22.62, 

23.68, 29.11, 29.17, 29.91, 31.82, 40.19, 55.64, 121.03, 121.47, 126.16, 130.20, 131.18, 

152.7. 

 

 2,2'-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(4,4,5,5-

tetramethyl-1,3,2-dioxaborolane) 22. This compound was 

prepared according to the published procedure
39

 starting from 

2,7-dibromo-9,9-dioctyl-9H-fluorene 47 (5.02 g, 9.13 mmol). The crude product was 

purified by flash chromatography (SiO2, n-pentane, Rf = 0.56) to provide 22 (3.40 g, 5.30 

mmol, 58%) as a white solid. mp: 128-129 ºC (lit.
 39

 127-128 ºC); 
1
H-NMR (400MHz, 

CDCl3) δ = 0.50-0.60 (m. 4H), 0.80-0.81 (t, J =7.13Hz, 6H), 0.96-1.23 (m. 20H), 1.39 (s, 

24H), 1.95-2.05 (m, 4H), 7.71-7.73 (d, J =8.05 Hz, 2H), 7.74-7.75 (d, J =1.05 Hz, 2H), 

7.80-7.81 (dd, J =1.05, 8.05 Hz, 2H); 
13

C-NMR (100MHz, CDCl3) δ = 14.02, 22.66, 23.55, 

24.91, 29.15, 29.90, 31.82, 40.05, 55.25, 83.74, 119.30, 119.41, 128.83, 133.51, 143.72, 

150.39. 

9,9-dioctyl-9H-xanthene 26. To a solution of 9H-xanthene 25 (4.00 g 

21.95 mmol) in THF (100 mL) under nitrogen atmosphere at -78 ºC was 

added dropwise n-butyllithium (13.72 mL (1.6 M in hexane), 22.01 mmol). 

The resulting orange mixture was stirred at -78 ºC for 30 min, and a solution of 1-

bromooctane (4.25 g, 22.00 mmol) in THF (10 mL) was added dropwise at -78 ºC. The 

solution was allowed to warm to room temperature and was stirred for 1 h. The mixture 

was cooled again to -78 ºC and n-butyllithium (13.72 mL (1.6 M in hexane), 22.01 mmol) 

was added dropwise. The resulting red mixture was kept at -78 ºC for 45 min, and after 

addition of 1-bromooctane (4.25 g, 22.00 mmol) in THF (10 mL) the cooling bath was 

removed and the mixture was stirred at room temperature for 2 h. The reaction mixture was 

poured into water (200 mL) and extracted with ether (3×100 mL). The combined organic 

extracts were washed with brine (100 mL) and dried (MgSO4). The solvents were removed 

under reduced pressure. The excess of 1-bromooctane was removed by distillation 

(44ºC/0.3 mmHg). Flash chromatography (SiO2, n-pentane, Rf =0.89) afforded 26 (6.78 g, 

16.68 mmol, 76 %) as a colorless oil; 
1
H-NMR (500MHz, CDCl3) δ = 0.82-0.84 (t, J = 

7.32, 6H), 0.84-0.88 (m, 4H), 1.08-1.17 (m, 16H), 1.18-1.25 (m, 4H), 1.90-1.93 (m, 4H), 

7.00-7.01 (d, J = 7.82 Hz, 2H), 7.05-7.08 (t, J = 7.32 Hz, 2H), 7.17-7.20 (dt, J = 7.33, 1.46 

O
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Hz, 2H), 7.28-7.30 (dd, J = 1.46, 7.82 Hz, 2H); 
13

C-NMR (100MHz, CDCl3) δ = 14.08 

(CH3), 22.60 (CH2), 24.74 (CH2), 29.20 (CH2), 29.24 (CH2), 29.94 (CH2), 31.79 (CH2), 

42.13 (CH2), 45.34 (C), 115.95 (C), 122.94 (C), 125.62 (C), 126.18 (CH), 127.11 (CH), 

151.73 (C); HRMS (EI): calcd. for [
12

C29H41O]
+
 405.31519, found 405.31448; 

 

2,7-dibromo-9,9-dioctyl-9H-xanthene 27. This compound was 

prepared following the procedure for 47, staring from  9,9-dioctyl-

9H-xanthene 26 (6.50 g, 15.98 mmol). Flash chromatography (SiO2, 

n-pentane, Rf = 0.83) afforded 27 (8.84 g, 15.66 mmol, 98 %) as a colorless solid. mp. 45-

47 ºC; 
1
H-NMR (500MHz, CDCl3) δ = 0.82-0.83 (t, J = 7.32, 6H), 1.09-1.17 (m, 20H), 

1.20-1.25 (m, 4H), 1.82-1.86 (m, 4H), 6.86-6.88 (d, J = 8.79 Hz, 2H), 7.27-7.29 (dd, J = 

2.44, 8.79 Hz, 2H), 7.34-7.35 (d, J = 2.44 Hz, 2H); 
13

C-NMR (100MHz, CDCl3) δ = 14.08 

(CH3), 22.59 (CH2), 24.62 (CH2), 29.10 (CH2), 29.12 (CH2), 29.65 (CH2), 31.75 (CH2), 

42.79 (CH2), 45.28 (C), 115.61 (C), 117.91 (C), 127.34 (C), 128.92 (CH), 130.46 (CH), 

150.40 (C); HRMS (EI): calcd. for [
12

C29H39O
79

Br2]
+
 561.13621, found 561.13562; Anal. 

calcd. for C29H40Br2O: C, 61.71; H, 7.14. Found: C, 61.03; H, 7.13. 

 

9,9-dioctyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-9H-xanthene 23. This compound was 

prepared following the procedure for 22, staring from 2,7-

dibromo-9,9-dioctyl-9H-xanthene 27 (8.52 g, 15.1 mmol). 

Flash chromatography (SiO2, n-pentane, Rf = 0.55) provided 23 (3.18 g, 4.83 mmol, 32%) 

as a colorless solid; mp 131-133 ºC; 
1
H-NMR (400MHz, CDCl3) δ = 0.79-0.82 (t, J = 6.97, 

6H), 1.06-1.21 (m, 12H), 1.35 (s, 24H), 1.95-2.00 (m, 4H), 6.96-6.98 (d, J = 8.06 Hz, 2H), 

7.61-7.63 (dd, J = 1.46, 8.06 Hz, 2H), 7.71-7.72 (d, J = 1.46 Hz, 2H); 
13

C-NMR (100MHz, 

CDCl3) δ = 14.06 (CH3), 22.56 (CH2), 24.64 (CH2), 24.89 (CH3), 29.04 (CH2), 29.10 (CH2), 

29.65 (CH2), 31.17 (CH2), 42.07 (CH2), 45.17 (C), 83.53 (C), 115.36 (CH), 125.31 (C), 

133.43 (CH), 133.91 (CH), 153.96 (C); HRMS (EI): calcd. for [
12

C41H65O5
11

B2]
+
 

659.50126, found 659.50122; Anal. calcd. for C41H64O2B2: C, 74.77; H, 9.80. Found: C, 

74.72; H, 9.81. 

General procedure for preparation of polymers by Suzuki polymerization.
61

 

To a solution of 2,7-diiodo-9-(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-

ylidene)-9H-fluorene 14 (1 eq), corresponding boronic acid ester (1 eq) in toluene (6 mL) 

were added aq. solution of Na2CO3 (1 mL, 2M) and Aliquat 336 (~ 20 mg). The solution 

above was saturated with nitrogen for 15 min under vigorous stirring at room temperature, 

and Pd(PPh3)4 (3 mol. %) was added in one portion. The mixture was stirred at 90 - 95 ºC 

for 24 h. The end groups were capped by heating at reflux for 12 h with phenylboronic acid 

(1 eq) and subsequently heating at reflux for 12 h with 1-iodo-4-methylbenzene (1 eq). 

After that period the mixture was cooled and poured into methanol (25 mL). The crude 

polymer was filtered, washed with excess methanol and dried. The polymer was dissolved 

O
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BrBr
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in toluene/chloroform mixture (5 mL, 1/1) and precipitated in acetone. The precipitate was 

collected, washed with acetone, and dried under vacuum. 

αααα-phenyl, ωωωω-4-methylphenyl-poly[-9'-(2-methyl-2,3-dihydro-1H-

cyclopenta[a]naphthalen-1-ylidene)-9,9-dioctyl-9H,9'H-2,2'-difluorene-7,7’-diyl] 15. 
According to the general procedure, starting from 2,7-diiodo-9-(2-methyl-2,3-dihydro-1H-

cyclopenta[a]naphthalen-1-ylidene)-9H-fluorene 14 (100 mg, 0.168 mmol), 2,2'-(9,9-

dioctyl-9H-fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) 22 (107.77 mg, 

0.168 mmol), Pd(PPh3)4 (5.81 mg, 5.03 µmol), phenylboronic acid (20.48 mg, 0.168 

mmol), 1-iodo-1-iodo-4-methylbenzene (36.63 mg, 0.168 mmol); Polymer 15 (54.2 mg, 

44%) was obtained as a dark-yellow fibers. mp. >300 °C; Mw (GPC): 15600 (IPD = 1.83); 

Anal. calcd.: C, 92.0; H, 7.8. Found: C, 91.68; H, 7.91. 

αααα-phenyl, ωωωω-4-methylphenyl-poly[(9,9-dioctyl-9H-xanthene-2,7-diyl)-(9-(2-methyl-
2,3-dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)-9H-fluorene-2,7-diyl)] 24. 

According to the general procedure, starting from 2,7-diiodo-9-(2-methyl-2,3-dihydro-1H-

cyclopenta[a]naphthalen-1-ylidene)-9H-fluorene 14 (100 mg, 0.168 mmol), 9,9-dioctyl-

2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-xanthene 23 (114.98 mg, 0.168 

mmol), Pd(PPh3)4 (5.81 mg, 5.03 µmol), phenylboronic acid (20.48 mg, 0.168 mmol), 1-

iodo-4-methylbenzene (36.63 mg, 0.168 mmol); Polymer 15 (65.4 mg, 52%) was obtained 

as an orange powder. mp. >300 °C; Mw (GPC): 34600 (IPD = 1.80); Anal. calcd.: C, 90.0; 

H, 7.8. Found: C, 89.56; H, 7.73. 

αααα-phenyl, ωωωω-4-methylphenyl-poly[(9,9-dioctyl-9H-xanthene-2,7-diyl)-((2’R)-(P)-9-(2-

methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)-9H-fluorene-2,7-diyl)] 

(2’R)-(P)-24. According to the general procedure, starting from (2’R)-(P)-2,7-diiodo-9-(2-

methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)-9H-fluorene (2’R)-(P)-14 

(20.1 mg, 33.58 µmol), 9,9-dioctyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-

9H-xanthene 23 (22.1 mg, 33.58 µmol), Pd(PPh3)4 (1.00 mg, 0.87 µmol), phenylboronic 

acid (4.09 mg, 33.58 µmol), 1-iodo-4-methylbenzene (7.32 mg, 33.58 µmol). Polymer 

(2’R)-(P)-14 (13.2 mg, 17.62 µmol, 54%) was obtained as an orange powder. mp. >300 °C; 

Mw (GPC): 34600 (IPD = 1.80); Anal. calcd.: C, 90.0; H, 7.8. Found: C, 88.92; H, 8.03. 

 

 

Synthesis of Perylene Derivatives 

 Perylene-3,4,9,10-tetracarboxylic acid monoanhydride 

monopotassium carboxylate 33. This compound was 

prepared according to a literature procedure,
 54

 starting from 

perylene-3,4,9,10-tetracarboxylic acid dianhydride 32 (10 g, 

25.5 mmol). The title 32 (9.53 g, 21.17 mmol, 83%) was 

obtained as a dark red powder and used for the next steps. mp > 300 °C; FT-IR (KBr, cm
-1

): 

3437, 3065, 2460, 1935, 1770, 1727, 1593, 1508, 1407, 1376, 1342, 1315, 1302, 1232, 

O

HOOC

KOOC

O

O
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1211, 1183, 1151, 1122, 1017, 939, 854, 818, 809, 766, 740, 687, 641, 612, 536, 499, 485, 

463, 450, 436, 442, 415.  

 

 Perylene-3,4,9,10-tetracarboxylic-3,4-anhydride-9,10-

imide 34. This compound was prepared according to a 

literature procedure,
 55

 starting from perylene-3,4,9,10-

tetracarboxylic acid monoanhydride monopotassium 

carboxylate 32 (5.61 g, 12.51 mmol). Compound 34 (4.21 g, 

10.76 mmol, 86%)was obtained as a dark red powder and used for the next steps; mp > 300 

°C; FT-IR (KBr, cm
-1

): 3061, 1779, 1758, 1969, 1618, 1594, 1507, 1427, 1403, 1371, 1319, 

1271, 1230, 1180, 1153, 1143, 1023, 860, 810, 736, 655, 454. 

NH2

 1- hexylheptylamine 29.
53

 To the solution of dihexyl 

ketone 30 (5.02 g, 25.21 mmol) and ammonium acetate (20.4 g, 259 mmol) in methanol (80 

mL) was added sodium cyanoborohydride (1.12 g, 17.82 mmol). After stirring at room 

temperature for 56 h, the reaction was quenched by adding dropwise a solution of HCl in 

methanol (1 M, 20 mL). The solution was then concentrated under reduced pressure, and 

obtained solid was dispersed in water (300 mL) and adjusted to pH=11 with KOH. The 

resulting mixture was extracted with ether (3×70 mL), combined organic phases dried 

(MgSO4) and concentrated with a rotary evaporator to afford 29 (4.61 g, 23.12 mmol, 92%) 

as pale yellow oil; 
1
H-NMR (400 MHz, CDCl3)  δ = 0.88 (t, J =0.66 Hz, 6H), 1.18-1.33 (m, 

16H), 1.37 (m, 4H), 2.67 (m, 1H). 

 

 N-(1-Hexylheptyl)-perylene-3,4:9,10-
tetracarboxylic diimide 31. This compound was 

prepared following a literature procedure,
 56

 starting 

from 1- hexylheptylamine 29 (1.63 g, 8.13 mmol) and 

perylene-3,4,9,10-tetracarboxylic-3,4-anhydride-9,10-

imide 34 (2.00 g, 5.11 mmol). Column chromatography (SiO2, CHCl3:AcOH = 10:1, 

Rf=0.82) allowed to obtain 29 (1.35 g, 2.35 mmol, 46%) as a red powder; mp > 300°C; FT-

IR (KBr, cm
-1

): 3065w, 2956m, 2926m, 2856m, 1696m, 1696s, 1660s, 1594s, 1437m, 

1403m, 1374w, 1344s, 1273m, 1247w, 1176w, 811w, 743w, 655m; 
1
H-NMR (400MHz, 

CDCl3) δ = 0.80-0.84 (t, J =6.60 Hz, 6H), 1.22-1.36 (m 16H), 1.83-1.91 (m, 2H), 2.17-2.29 

(m, 2H), 5.14-5.22 (m, 1H), 8.61-8.68 (m, 8H), 8.85 (br, 1H); m/z (EI, %): 572 (M+, 41.3), 

390 (100%). 

 

9-octyl-9H-fluorene 37. This compound was prepared following a literature 

procedure,
 57

 starting from 9H-fluorene 36 (5.03 g, 30.26 mmol), octanol-1 (30 

mL) and sodium (699 mg, 30.27 mmol). The crude product was purified by 

means of flash chromatography (SiO2, hexane, Rf=0.88) to yield 37 (7.16 g, 25.72, 85%) as 

transparent oil, slowly crystallized at room temperature; mp: 32-34 °C (lit
57

. 33-35 °C); 
1
H-

OHN

O

OO

O

NHN
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NMR (400MHz, CDCl3) δ = 0.94-0.96 (t, J =7.03 Hz, 3H), 1.23-1.40 (m, 12H), 2.03-2.11 

(m, 2H), 4.04 (t, J =5.87 Hz, 1H), 7.36-7.38 (t, J =7.21 Hz, 2H), 7.42-7.44 (t, J =7.23 Hz, 

2H), 7.57-7.59 (d, J =7.21 Hz, 2H), 7.81-7.82 (d, J =7.20 Hz, 2H); 
13

C-NMR (CDCl3, 

400MHz) δ = 14.12 (CH3), 25.72 (CH2), 29.293 (CH2), 29.43 (CH2), 30.01 (CH2), 31.84 

(CH2), 33.08 (CH2), 47.50 (CH), 119.66 (CH), 124.28 (CH), 126.73 (CH), 126.81 (CH), 

141.12 (C), 147.62 (C). 

 

2,7-dibromo-9-octyl-9H-fluorene 38. The synthesis of this compound 

was accomplished following a literature procedure,
51b

 starting from 9-

octyl-9H-fluorene 37 (1.98 g, 7.11 mmol), ferric chloride (26 mg, 162 

µmol) and bromine (2.00 mL, 40.1 mmol). Flash chromatography (SiO2, n-pentane, Rf = 

0.90) afforded 38 (2.98 g, 6.83 mmol, 96 %) as a colorless solid; mp: 77-80 °C (lit.
 51b

 79-

81 °C); 
1
H-NMR (400MHz, CDCl3) δ 0.85-0.88 (t, J =7.33 Hz, 3H), 1.10-1.26 (m, 12H), 

1.93-1.99 (m, 2H), 3.93-3.96 (t, J =5.50 Hz, 1H), 7.47-7.50 (ddd, J =0.74, 1.83, 8.07 Hz, 

2H), 7.55-7.57 (d, J =8.06 Hz, 2H), 7.61-7.62 (dd, J =0.74, 1.83 Hz, 2H); 
13

C-NMR 

(100MHz, CDCl3) δ = 14.10 (CH3), 22.63 (CH2), 25.36 (CH2), 29.28 (CH2), 29.28 (CH2), 

29.81 (CH2), 31.79 (CH2), 32.63 (CH2), 47.48 (CH), 121.10 (CH), 121.14 (C), 127.64 

(CH), 130.21 (CH), 139.10 (C), 149.29 (C). 

 

N, N’-Bis(1-hexylheptyl)perylene-3,4,9,10-

tetracarboxylbisimide 41. This compound was prepared 

following a literature procedure,
53

 starting from 1- 

hexylheptylamine 29 (3.03 g, 15.17 mmol) and perylene-

3,4,9,10-tetracarboxylic acid dianhydride 32 (2.51 g, 6.40 mmol). Flash chromatography 

(SiO2, chloroform, Rf=0.88) afforded 41 as a red powder (5.78g, 7.65 mmol, 89%); mp. 

>300 °C; 
1
H-NMR (400MHz, CDCl3) δ = 0.80-0.84 (t, J =6.60 Hz, 12H), 1.21-1.36 (m, 

32H), 1.82-1.89 (m, 4H), 5.14-5.22 (m, 2H), 8.56-8.64 (m, 8H). 

 

 N-(1-Hexylheptyl)perylene-3,4,9,10-tetracarboxyl-3,4-
anhydride-9,10-imide 42.

 53
 N, N’-Bis(1-hexylheptyl)perylene-

3,4,9,10-tetracarboxylbisimide 41 (2.02 g, 2.68 mmol) was 

suspended in 2-methylpropan-2-ol (80 mL) containing 

potassium hydroxide (618 mg, 85%, 9.38 mmol). The mixture was heated with vigorous 

stirring and kept under reflux for 100 min. After cooling the solution to room temperature, 

acetic acid (60 mL) was added, continuing stirring. After 1 h, aq. solution of HCl (2M, 30 

mL) was added followed by stirring over night. The resulting precipitate was filtered off 

(4A filter), washed thoroughly with water until the pH of washings turned to be neutral. 

The collected solid was dried in vacuum at 60 ºC over night. Flash chromatography (SiO2, 

dichloromethane) was used to isolate the title compound (195 mg, 0.34 mmol, 13%) as dark 

red solid. mp. >300 °C; 
1
H-NMR (400MHz, CDCl3,) δ = 0.80-0.84 (t, J =6.60 Hz, 6H), 

1.21-1.36 (m 16H), 1.83-1.91 (m, 2H), 2.17-2.29 (m, 2H), 5.14-5.22 (m, 1H), 8.61-8.68 (m, 

8H);
13

C-NMR (100MHz, CDCl3) δ = 14.02 (CH3), 22.61 (CH2), 27.69 (CH2), 29.23 (CH2), 

H17C8
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31.78 (CH2), 32.38 (CH2), 55.01 (CH), 118.90 (C), 122.97 (CH), 123.82 (CH), 124.37 (C), 

126.39(C), 126.62 (C), 129.36 (C), 131.51 (CH), 131.70 (C), 133.37 (C), 133.41 (CH), 

136.18 (C), 159.70 (C=O), 163.69 (C=O). 

 

 N-(1-hexylheptyl)-N’-(6-hydroxyhexyl)-

perylene-3,4:9,10-tetracarboxylic diimide 43. 

A mixture of N-(1-hexylheptyl)perylene-

3,4,9,10-tetracarboxyl-3,4-anhydride-9,10-imide 

42 (188 mg, 0.33 mmol), 6-aminohexan-1-ol (500 mg, 4.27 mmol) and 1H-imidazole (2.52 

g, 36.80 mmol) was stirred at 150 ºC for 4 h. The reaction mixture was then cooled to 90 ºC 

and ethanol (50 mL) was added. After cooling to room temperature the red solution was 

poured in a solution of HCl (conc. 15 mL) in water (200 mL) and subsequently extracted 

with dichloromethane (3×50 mL). The combined organic fractions were washed with aq. 

saturated sodium bicarbonate solution (100 mL), brine (100 mL) dried (MgSO4) and 

concentrated under reduced pressure. Flash chromatography (SiO2, dichloromethane: 

acetone: methanol = 10:1:1, Rf=0.82) afforded 43 (213 mg, 0.32 mmol, 96%) as deeply red 

powder; mp. >300 °C; 
1
H-NMR (400MHz, CDCl3) δ = 0.81-0.85 (t, J = 6.60 Hz, 6H), 

1.25-1.48 (m, 20H), 1.59-1.64 (m, 2H), 1.73-1.76 (m, 2H), 1.88-1.93 (m, 2H), 2.23-2.29 

(m, 2H), 3.65-3.68 (t, J = 7.33 Hz, 2H), 4.08-4.12 (t, J = 7.33 Hz, 2H), 5.13-5.20 (m, 1H), 

8.18-8.20 (d, J = 8.07 Hz, 2H), 8.27-8.33 (m, 4H), 8.50 (m, 2H); 
13

C-NMR (100MHz, 

CDCl3) δ = 14.04 (CH3), 22.59 (CH2), 22.25 (CH2), 26.67 (CH2), 26.98 (CH2), 27.89 (CH2), 

29.24 (CH2), 31.75 (CH2), 32.34 (CH2), 32.53 (CH2), 40.36 (CH2), 54.85 (CH), 62.69 

(CH2), 122.56 (CH), 122.68 (CH), 122.72 (C), 125.76 (C), 128.79 (C), 129.18 (C), 130.81 

(CH), 133.69 (C), 134.01 (C), 162.91 (C=O); HRMS (EI): calcd. for C43H49O5N2 673.3636, 

found 673.3636. 

 

 N-(1-hexylheptyl)-N’-(6-bromohexyl)-

perylene-3,4:9,10-tetracarboxylic diimide 40. 

To a solution of perylene diimide 43 (900 mg, 

1.34 mmol) in dichloromethane (20 mL) was 

added PPh3 (702.2 mg, 2.68 mmol) followed by NBS (477.04 mg, 2.68 mmol) at 0 ºC. The 

resulting solution was stirred under nitrogen at 0 ºC for 10 min and then at room 

temperature for 1 h. The reaction mixture was quenched with NaHCO3 (sat. aq. sol. 150 

mL) and the aqueous layer was extracted with DCM (3×50 mL). The combined organic 

layers were washed with Na2S2O3 (10% aq. sol., 80 mL) and brine (50 mL), dried (MgSO4) 

and filtered. The inorganic residue was washed with hot chloroform on the filter, and the 

combined filtrates were carefully concentrated under reduced pressure. The crude product 

was purified by flash chromatography (SiO2, DCM: acetone = 20:1, Rf=0.65) to provide 40 

as a deeply red solid (907 mg, 1.23 mmol, 92%); mp. >300 °C; 
1
H-NMR (400MHz, CDCl3) 

δ = 0.82-0.85 (t, J = 6.96, 6H), 1.24-1.36 (m, 16H), 1.44-1.57 (m, 4H), 1.69-1.76 (m, 2H), 

1.82-1.95 (m, 4H), 2.21-2.29 (m, 2H), 3.40-3.43 (t, J = 6.96 Hz, 2H), 4.06-4.10 (t, J = 7.33 

Hz, 2H), 5.13-5.20 (m, 1H), 8.11-8.13 (d, J = 8.06 Hz, 2H), 8.21-8.23 (d, J = 8.07 Hz, 2H), 

8.25-8.27 (m, J = 8.07 Hz, 2H), 8.47 (m); 
13

C-NMR (100MHz, CDCl3) δ = 14.05 (CH3), 
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22.59 (CH2), 26.26 (CH2), 26.98 (CH2), 27.79 (CH2), 27.84 (CH2), 29.25 (CH2), 31.75 

(CH2), 32.34 (CH2), 32.64 (CH2), 33.77 (CH2), 40.33 (CH2), 54.84 (CH), 122.50 (CH), 

122.62 (CH), 122.67 (C), 125.69 (C), 128.73 (C), 129.14 (C), 130.72 (2×CH), 133.60 

(2×C), 133.92 (2×C), 162.79 (4×C=O); HRMS (EI): calcd. for C43H48O4N2
79

Br 735.2792, 

found 735.2791. 

 

9-octyl-9’-(N-(1-hexylheptyl)-

perylene-3,4:9,10-tetracarboxylic 

diimide N’-hexyl-9H-fluorene 44. To a 

stirred solution of 9-octyl-9H-fluorene 37 

(152 mg, 0.544 mmol) in THF (25 mL) was slowly added n-butyllithium (0.34 mL, 1.6 M 

in hexane, 0.544 mmol) at -78 ºC. The deeply red solution was stirred for 20 min at this 

temperature and then a solution of N-(1-hexylheptyl)-N’-(6-bromohexyl)-perylene-

3,4:9,10-tetracarboxylic diimide 40 (201 mg, 0.272 mmol) in THF (7 mL) was injected 

dropwise, and the cooling bath was removed. After the reaction mixture gradually reached 

room temperature, it was quenched with aq. NH4Cl (sat. 5 mL), poured into water (200 mL) 

and extracted with DCM (2×100 mL). The combined organic phases were washed with 

brine (100 mL) and dried (MgSO4). After removing the solvents by rotary evaporation, the 

residue was purified by column chromatography (SiO2, DCM, Rf=0.70) to give 44 (241 mg, 

0.258 mmol, 95 %) as a dark-brown powder. mp. >300 °C; 
1
H-NMR (400MHz, CDCl3) δ = 

0.55-0.65 (m, 4H), 0.79-0.85 (m, 9H), 1.02-1.40 (m, 32H), 1.51-1.56 (m, 2H), 1.88-2.00 

(m, 6H), 2.22-2.30 (m, 2H), 3.98-4.02 (t, J = 7.33 Hz, 2H), 5.15-5.22 (m, 1H), 7.26-7.34 

(m, 6H), 7.67-7.68 (d, J = 1.83 Hz, 2H), 8.20-8.22 (d, J = 8.43 Hz, 2H), 8.30-8.33 (m, 4H), 

8.53 (m, 2H); 
13

C-NMR (100MHz, CDCl3) δ = 14.04 (CH3), 14.05 (2xCH3), 22.55 (CH2), 

22.59 (2xCH2), 23.69 (CH2), 23.73 (CH2), 26.80 (CH2), 26.96 (2xCH2), 28.04 (CH2), 29.17 

(2xCH2), 29.24 (2xCH2), 29.85 (CH2), 30.00 (CH2), 30.01 (CH2), 31.73 (2xCH2), 31.76 

(2xCH2), 32.35 (CH2), 40.24 (CH2), 40.37 (CH2), 40.44 (CH2), 54.82 (CH), 54.90 (C), 

119.58 (2xCH), 122.60 (2xCH), 122.68 (2xCH), 122.78 (2xCH), 122.83 (2xC), 125.85 

(2xC), 126.63 (2xCH), 126.94 (2xCH), 128.83 (2xC), 129.25 (2xC), 130.82 (4xCH), 

133.82 (4xC), 134.00 (4xC), 141.01 (2xC), 150.52 (2xC), 162.83 (4C=O); HRMS (EI): 

calcd. for 
12

C64H73O4N2, 933.55649 found 933.55665. 

 

 

 2,7-dibromo-9-octyl-9’-(N-(1-

hexylheptyl)-perylene-3,4:9,10-

tetracarboxylic diimide N’-hexyl-9H-
fluorene 28b. A solution of bromine (110 

mg, 0.691 mmol) in DCM (5 mL) was 

added dropwise to the stirred solution of 9-

octyl-9’-(N-(1-hexylheptyl)-perylene-3,4:9,10-tetracarboxylic diimide N’-hexyl-fluorene 44 

(210 mg, 0.255 mmol) and iodine (10 mg, 39.4 µmol) in DCM (20 mL) at 0 ºC in the dark. 

After addition was complete, the mixture was stirred at room temperature in the dark for 

additional 1 h, and quenched with aq. NaHSO3 (sat, 5 mL). The aqueous phase was 

N

O

O

N

O

O

H13C6
n

H13C6
n

N

O

O

N

O

O

H13C6
n

H13C6
n

Br

Br
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separated and extracted with DCM (3x100 mL). The combined organic phases were dried 

(MgSO4) and the solvent evaporated under reduced pressure. The crude product was 

purified by column chromatography (SiO2, DCM, Rf=0.68) to provide 28b (244 mg, 0.224 

mmol, 88%) as an orange-red powder. mp. >300 °C; 
1
H-NMR (400MHz, CDCl3) δ = 0.55-

0.64 (m, 4H), 0.80-0.84 (m, 9H), 1.04-1.38 (m, 32H), 1.54-1.62 (m, 2H), 1.83-1.95 (m, 

6H), 2.20-2.29 (m, 2H), 4.06-4.10 (t, J = 7.33 Hz, 2H), 5.15-5.22 (m, 2H), 7.41-7.44 (m, 

4H), 7.49-7.51 (d, J = 8.80 Hz, 2H), 8.49-8.64 (m, 8H); 
13

C-NMR (100MHz, CDCl3) δ = 

14.05 (2xCH3), 14.06 (CH3), 22.59 (CH2), 23.58 (CH2), 23.61 (CH2), 26.75 (CH2), 26.94 

(CH2), 27.99 (CH2), 29.13 (CH2), 29.16 (CH2), 29.23 (CH2), 29.68 (CH2), 29.83 (CH2), 

31.73 (CH2), 31.75 (CH2), 32.37 (CH2), 40.12 (CH2), 40.17 (CH2), 40.43 (CH2), 54.80 

(CH), 55.63 (C), 121.14 (CH), 121.46 (C), 122.85 (CH), 122.95 (CH), 123.08 (C), 126.11 

(CH), 126.20 (C), 126.28 (C), 129.20 (C), 129.45 (C), 130.13 (2xCH), 131.22 (CH), 134.20 

(C), 134.24 (C), 134.46 (C), 139.03 (C), 152.43 (C), 163.18 (C=O); HRMS (EI): calcd. for 

C64H71O4N2
79

Br2 1089.37849, found 1089.37855. 

General procedure for preparation PDI polymers by Suzuki polymerization.
61

 

To a solution of 9,9-dioctyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-

xanthene 23 (11 eq) and 2,7-dibromo-9-octyl-9’-(N-(1-hexylheptyl)-perylene-3,4:9,10-

tetracarboxylic diimide N’-hexyl-9H-fluorene 28b (1 eq) in toluene (6 mL) were added aq. 

solution of Na2CO3 (1 mL, 2M) and Aliquat 336 (~ 20 mg). The solution above was 

saturated with nitrogen for 15 min under vigorous stirring at room temperature, and 

Pd(PPh3)4 (3 mol. %) was added in one portion. The mixture was stirred at 90 - 95 ºC for 3 

h. After cooling to room temperature 14 or 47 (10 eq) was added, and heating at reflux was 

continued for 48 h. The end groups were capped by heating at reflux for 12 h with 

phenylboronic acid (1 eq) and subsequently heating at reflux for 12 h with 1-iodo-4-

methylbenzene (1 eq). After that period the mixture was cooled and poured into methanol 

(25 mL). The crude polymer was filtered, washed with excess methanol and dried. The 

polymer was dissolved in toluene/chloroform mixture (5 mL, 1/1) and after continuous 

extraction from acetone, the precipitate was collected, washed with acetone, and dried 

under vacuum. 

 

αααα-4-methylphenyl, ωωωω-phenyl–poly[(9-(2-methyl-2,3-dihydro-1H-

cyclopenta[a]naphthalen-1-ylidene)-9H-fluorene-2,7-diyl)-(9,9-dioctyl-9H-xanthene-

2,7-diyl)-(9-octyl-9’-(N-(1-Hexylheptyl)-perylene-3,4:9,10-tetracarboxylic diimide N’-
hexyl-9H-fluorene-2,7-diyl)] 45. According to the general procedure, initially 9,9-dioctyl-

2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-xanthene 23 (121.49 mg, 0.184 

mmol) was allowed to react with 2,7-dibromo-9-octyl-9’-(N-(1-hexylheptyl)-perylene-

3,4:9,10-tetracarboxylic diimide N’-hexyl-9H-fluorene 28b (18.30 mg, 16.77 µmol,) in the 

presence of Pd(PPh3)4 (6.01 mg, 5.20 µmol), aq. solution of Na2CO3 (1 mL, 2M) and 

Aliquat 336 (18 mg) in a in toluene (6 mL) at reflux for 4 h. After that period of time, 2,7-

diiodo-9-(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)-9H-fluorene 14 

(100 mg, 0.168 mmol) was added and heating at reflux accompanied with vigorous stirring 

was continued for 48 h. Phenylboronic acid (20.48 mg, 0.168 mmol) and 1-iodo-4-

methylbenzene (36.63 mg, 0.168 mmol) were used as end-capping groups. Polymer 45 
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(58.3 mg, 46%) was isolated as a red-brown powder. mp. >300 °C; Mw (GPC): 80600 (IPD 

= 2.73); Anal. calcd.: C, 89.1; H, 7.9; N, 0.32. Found: C, 88.61; H, 7.85; N, 0.27. 

αααα-4-methylphenyl, ωωωω-phenyl–poly[(9,9-dioctyl-9H-fluorene-2,7-diyl)-(9,9-dioctyl-9H-

xanthene-2,7-diyl)-(9-octyl-9’-(N-(1-Hexylheptyl)-perylene-3,4:9,10-tetracarboxylic 

diimide N’-hexyl-9H-fluorene-2,7-diyl)] 46. According to the general procedure, initially 

9,9-dioctyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-xanthene 23 (121.49 

mg, 0.184 mmol) was allowed to react with 2,7-dibromo-9-octyl-9’-(N-(1-hexylheptyl)-

perylene-3,4:9,10-tetracarboxylic diimide N’-hexyl-9H-fluorene 28b (18.30 mg, 16.77 

µmol,) in the presence of Pd(PPh3)4 (6.01 mg, 5.20 µmol), aq. solution of Na2CO3 (1 mL, 

2M) and Aliquat 336 (18 mg) in a in toluene (6 mL) at reflux for 4 h. Afterwards, 2,7-

dibromo-9,9-dioctyl-9H-fluorene 47 (91.97 mg, 0.168 mmol) was added and heating at 

reflux accompanied with vigorous stirring was continued for 48 h. Phenylboronic acid 

(20.48 mg, 0.168 mmol) and 1-iodo-4-methylbenzene (36.63 mg, 0.168 mmol) were used 

as end-capping groups. Polymer 45 (52.1 mg, 40%) was isolated as a red-brown powder. 

mp. >300 °C; Mw (GPC): 40100 (IPD = 2.69). 

 

 2-fluoro-2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one 50. To 

a solution of diisopropylamine (0.68 mL, 0.48 mmol) in THF (5 mL) at -60 ºC 

- was added n-butyllithium (0.3 mL (1.6 M in hexane), 0.48 mmol), and after 

stirring for 15 min, 2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one 49
75

 (90 mg, 

0.46 mmol) was added in one portion. After stirring for 30 min, N-fluoroquininium 

tetrafluoroborate
78

 (276 mg, 0.68 mmol) was added and cooling bath was removed to allow 

the reaction mixture to reach room temperature. After continuous stirring for 30 min, the 

reaction mixture was poured into sat. aq. solution of NH4Cl (30 mL), and extracted with 

ether (2×30 mL). The organic extracts were washed with aq. HCl (10% sol., 30 mL), brine 

(50 mL) and dried (MgSO4). The crude product was purified by column chromatography 

(SiO2, n- pentane: ether = 6:1, Rf = 0.60) to give the title 50 (58 mg, 0.27 mmol, 59%) as 

colorless oil. 
1
H-NMR (500MHz, CDCl3) δ =  1.67-1.71 (d, J =22.95 Hz, 3H), 3.37-3.42 

(dd, J =10.25, 17.58 Hz, 1H), 3.52-3.60 (dd, J =17.58, 21.98 Hz, 1H), 7.47-7.49 (d, J =8.30 

Hz, 1H), 7.58-7.61 (dt, J =1.47, 6.83 Hz, 1H), 7.69-7.72 (dt, J =0.98, 7.32 Hz, 1H), 7.90-

7.91 (d, J =7.81 Hz, 1H), 8.11-8.13 (d, J =8.30 Hz, 1H), 9.06-9.07 (d, J =8.30 Hz, 1H); 
13

C-NMR (CDCl3, 100MHz) δ =  21.72-21.98 (d, J =26.84 Hz, CH3), 40.65-40.89 (d, J 

=24.53 Hz, CH2), 94.69-96.52 (d, J =184.03 Hz, CF), 123.59 (CH), 124.10 (CH), 127.08 

(CH), 127.7 (C), 128.35 (C), 129.48 (CH), 129.56 (C), 132.88 (C), 137.43 (CH), 153.22 

(C), 201.29-201.48 (d, J =19.17 Hz, C=O). 

 

2-fluoro-5-methoxy-2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-

1-one 52. This compound was prepared following the same procedure as 

described for 50, starting from 5-methoxy-2-methyl-2,3-dihydro-1H-

cyclopenta[a]naphthalen-1-one 53
78

 (104 mg, 0.46 mmol). Column chromatography (SiO2, 

n- pentane: ether = 4:1, Rf = 0.55) provided 52 (63 mg, 0.26 mmol, 56%) as colorless oil. 
1
H-NMR (400MHz, CDCl3,) δ = 1.64-1.70 (d, J =23.10 Hz, 3H), 3.29-3.36 (dd, J =10.63, 

17.60 Hz, 1H), 3.45-3.55 (dd, J =17.60, 21.63 Hz, 1H), 4.09 (s, 3H), 6.74 (s, 1H), 7.53-

O

F

CH3

F

O

MeO
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7.57 (J =1.01, 6.96 Hz, 1H), 7.67-7.72 (td, J =1.46, 6.96 Hz, 1H), 8.25-8.27 (d, J =8.43 

Hz, 1H), 9.02-9.05 (d, J =8.43 Hz, 1H); 
13

C-NMR (100MHz, CDCl3,) δ = 21.79-22.06 (d, J 

=26.84 Hz, CH3), 41.11-41.36 (d, J =25.31 Hz, CH), 56.16 (CH3), 94.80-96.62 (d, J 

=183.26 Hz, C), 101.28 (CH), 121.05 (C), 122.67 (CH), 124.01 (CH), 125.35 (C), 126.48 

(CH), 129.89 (CH), 130.71 (C), 156.05 (C), 163.02 (C), 199.30-199.49 (J = 19.17, C=O); 

m/z (EI, %) = 244.3 (M
+
, 100). 

 

2-(9-anthryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 56. To a solution of 

9-bromoanthracene 57 (1.01 g, 3.89 mmol) in THF (40 mL) under nitrogen 

atmosphere at -78 ºC was added dropwise n-butyllithium (2.92 mL (1.6 M in 

hexane), 4.67 mmol). The yellow solution was stirred at -78 ºC for 30 min 

and 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (869 mg, 4.67 mmol) was added 

rapidly and the resulting mixture was warmed to room temperature and stirred for 4 h. The 

mixture was poured into ice water (200 mL) and extracted with ether (3×100 mL). 

Combined organic extracts were dried (MgSO4) and after removing solvents by rotary 

evaporation the residue was purified by flash chromatography (SiO2, n-pentane: ether = 25: 

1, Rf=0.65) to provide 56 (970 mg, 3.19 mmol, 82%) as a colorless solid. mp. 137-139 °C 

(lit.
81

 138-140 °C); 
1
H-NMR (400MHz, CDCl3) δ = 1.46 (s, 12H), 7.57-7.71 (m, 4H), 7.93-

7.95 (dd, J =7.70 Hz, 1H), 8.40 (s, 1H), 8.87-8.72 (m, 2H), 8.82-8.85 (m, 1H);
 13

C-NMR 

(100MHz, CDCl3) δ = 24.97 (CH3), 83.85 (C), 122.46 (CH), 122.59 (CH), 126.12 (CH), 

126.41 (CH), 126.69 (CH), 127.72 (CH), 129.08 (CH), 129.32 (CH), 129.89 (C), 130.98 

(C), 131.87 (C), 134.45 (C), 138.12 (CH); HRMS (EI): calcd. for [
12

C20H22O2
11

B]
+
 

305.1707, found 305.1705. 

 

9,9'-[9-(2-methyl-2,3-dihydro-1H-

cyclopenta[a]naphthalen-1-ylidene)-9H-fluorene-

2,7-diyl]dianthracene 55. A mixture of 2,7-diiodo-9-

(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-

ylidene)-9H-fluorene 14 (250 mg, 419 µmol) and 2-(9-

anthryl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 56 

(306 mg, 1.00 mmol) and of Na2CO3 (178.1 mg, 1.68 

mmol) and ethanol (0.3 mL) in of toluene: DME: water 

(6 mL, 3: 2: 1) was bubbled with nitrogen over 15 min 

under vigorous stirring. After that Pd(PPh3)4 (14.56 mg, 12.6 µmmol) of was added and 

mixture was heated at reflux for 18 h. The reaction mixture was poured into water (50 mL) 

and extracted with ether (3 × 50 mL). Combined organic layers were dried (MgSO4) and 

concentrated under reduced pressure. After flash chromatography (toluene: n-pentane = 1: 

3, Rf=0.76) the title compound was dissolved in DCM (1 mL) and slow diffusion of 

methanol layer yielded desired alkene (187 mg, 268 µmol, 64%) as a yellow solid. mp. > 

300 °C; 
1
H-NMR (500MHz, CDCl3) δ = 1.28-1.29 (d, J =6.35 Hz, 3H), 2.67-2.70 (d, J 

=15.13 Hz, 1H), 3.53-3.57 (dd, J =5.86, 15.14 Hz, 1H), 4.33-4.39 (dt, J =5.86, 6.35 Hz, 

1H), 7.01-7.03 (m, 2H), 7.42-7.48 (m, 3H), 7.56-7.78 (m, 12H), 7.84-7.86 (d, J =7.32 Hz, 

1H), 7.89-7.92 (m, 2H), 7.97-8.00 (m, 2H), 8.07-8.08 (d, J =7.32 Hz, 1H), 8.10-8.12 (m, 

B
OO
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1H), 8.18-8.19 (d, J =7.81 Hz, 1H), 8.23 (s, 1H), 8.61-8.63 (m, 1H), 8.65-8.67 (d, J =8.30 

Hz, 1H), 8.78-8.80 (d, J =7.82 Hz, 1H), 8.84-8.86 (d, J =7.81 Hz, 1H); 
13

C-NMR (CDCl3, 

100MHz) δ = 118.40 (CH), 119.64 (CH), 122.34 (CH), 122.57 (CH), 122.67 (CH), 122.97 

(CH), 123.97 (CH), 125.20 (CH), 125.77 (CH), 126.14 (CH), 126.23 (CH), 126.26 (CH), 

126.52 (2xCH), 126.59 (2xCH), 126.83 (CH), 126.88 (CH), 126.94 (CH), 127.07 (CH), 

127.15 (CH), 127.23 (CH), 127.48 (CH), 127.59 (CH), 128.51 (CH), 128.74 (CH), 129.04 

(CH), 129.18 (CH), 129.29 (CH), 129.61 (C), 129.92 (C), 129.98 (C), 130.21 (C), 130.34 

(C), 130.73 (C), 130.82 (C), 131.26 (CH), 131.40 (C), 131.55 (C), 131.67 (C), 132.72 (C), 

136.14 (C), 138.17 (C), 138.37 (C), 138.74 (C), 139.04 (C), 139.49 (C), 139.55 (C), 140.22 

(C), 147.80 (C), 152.08 (C). HRMS (EI): calcd. for 
12

C55H36 696.2812, found 696.2804. 

 

 2-diazoniobenzoate 59.
83

 This compound was prepared according to the 

published procedure, starting from anthranilic acid 60 (6.84 g, 50 mmol) 

trichloroacetic acid (60 mg, 0.36 mmol), and isoamyl nitrite (9.61 g., 0.82 mmol). 

(Caution! Compound 59 should not be allowed to become dry.) The white powder of 59 

(≈ 80% yield) was then washed with. 1,2-dichloroethane (2x5 mL) and the solvent-wet 

material was used in subsequent steps.  

 

2,7-di-9-anthryl-9H-fluoren-9-one 60. This 

compound was prepared according to the procedure 

described for 21, starting from 2,7-diiodo-9H-fluoren-

9-one 16 (648 mg, 1.5 mmol) and 2-(9-anthryl)-

4,4,5,5-tetramethyl-1,3,2-dioxaborolane 56 (1.00 g, 3.3 

mmol), Na2CO3 (534 mg, 5.0 mmol) and Pd(PPh3)4 

(43.68 mg, 37.8 µmmol) of was added and mixture was heated reflux for 18 h. 

Chromatography (toluene: n-pentane = 1: 3, Rf=0.85) and additional recrystallization from 

ethanol (50 mL) provided 60 (567 mg, 1.1 mmol, 71%) as a pale foam. mp. >300 °C; 
1
H-

NMR (400MHz, CDCl3,) δ = 7.58-7.76 (m, 14H), 7.92-7.98 (m, 6H), 8.74-8.76 (d, J =8.07 

Hz, 2H), 8.80-8.82 (d, J =8.07 Hz, 2H)
 13

C-NMR ( 100MHz, CDCl3) δ = 120.41 (CH), 

122.57 (CH), 123.09 (CH), 126.09 (CH), 126.71 (CH), 126.76 (CH), 126.92 (CH), 126.99 

(CH), 127.59 (CH), 128.76 (CH), 130.15 (C), 130.60 (C), 130.74 (C), 131.38 (C), 134.70 

(C), 136.43 (CH), 137.42 (C), 141.98 (C), 143.34 (C), 193.69 (C=O). HRMS (EI): calcd. 

for [
12

C41H25O]
+
 533.18999, found 533.19019.  

 

 

9-(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-

1-ylidene)-9H-fluorene-2,7-dicarboxylic acid 62. To a 

stirred solution of 2,7-diiodo-9-(2-methyl-2,3-dihydro-

1H-cyclopenta[a]naphthalen-1-ylidene)-9H-fluorene 14 

(250 mg, 0.42 mmol) in THF (70 mL) cooled to -78 °C 

was added n-butyllithium (0.73 mL (1.6 M in hexane), 

1.05 mmol) and stirred was continued for 10 min, and after that period of time the cooling 

COOHHOOC

O

N2
+

COO
-
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bath was removed to allow the reaction mixture reach room temperature for 15 min. After 

cooling to -78 °C reaction mixture was poured into finely crashed dry ice (5 g) and after 

being warmed to room temperature the residue was poured in sat. aq. solution of NaOH (15 

mL). Undissolved material was filtered off, and filtrate was acidified dropwise with aq. HCl 

solution (0.1 M) until pH reach 1. The yellow precipitate was filtered off and recrystallized 

from acetone (15 mL) to provide 62 (116 mg, 0.27 mmol, 64%) as bright yellow foamy 

powder. mp> 300 °C; 
1
H-NMR (400MHz, dmso-d

6
) δ = 1.35-1.37 (d, J =6.60 Hz, 3H), 

2.82-2.86 (d, J =15.76 Hz, 1H), 3.58-3.63 (dd, J =5.50, 15.76 Hz, 1H), 4.29-4.36 (dt, J 

=5.50, 6.60 Hz, 1H), 7.28-7.34 (m, 2H), 7.47-7.51 (m, 2H), 7.72-7.74 (d, J =8.06 Hz, 1H), 

7.85-7.87 (d, J =8.06 Hz, 1H), 8.05-8.13 (m 4H), 8.16-8.18 (d, J =8.06 Hz, 1H), 8.66 (s, 

1H); 
13

C-NMR (400MHz, dmso-d
6
) δ = 19.25 (CH3), 41.54 (CH2), 45.20 (CH), 120.22 

(CH), 120.90 (CH), 124.20 (CH), 124.94 (CH), 125.62 (CH), 126.13 (CH), 126.61 (CH), 

127.13 (CH), 127.91 (C), 128.22 (CH), 128.38 (CH), 129.08 (C), 129.12 (CH), 130.33 (C), 

132.11 (CH), 132.36 (C), 134.69 (C), 137.01 (C), 139.69 (C), 141.50 (C), 141.89 (C), 

148.65 (C), 154.09 (C), 166.91 (C), 167.54 C); m/z (ES, %): 431 ([M-H]
-
), 215 ([M-2H]

2-
). 

 

 

Photochemical behavior of 11. 

General Procedure of Irradiation Experiments. Irradiation experiments were carried out 

with a Spectroline 
®
 E-series Ultraviolet hand lamp using 365 nm wavelength mode. The 

samples were irradiated in a standard NMR tube or 1 cm cuvette and the distance to the 

light source was approximately 1 cm. 

2,7-bis(4-methoxyphenyl)-9-(2-methylequatorial-2,3-dihydro-1H-

cyclopenta[a]naphthalen-1-ylidene)-9H-fluorene (21a): 21 (2.71 mg, 4.87×10
-6

 mol) was 

dissolved in 0.5 mL of toluene-d
8
. After irradiation for 12 h at -40 ºC a photostationary 

mixture was obtained with ratio of 20:80 of starting material 11: product 21a. 

Starting 21 : 
1
H-NMR (500 MHz, C7D8, -40 ºC) δ = 1.26-1.27 (d, J = 6.83 Hz, 3H), 2.39-

2.42 (d, J = 15.13 Hz, 1H), 3.24-3.28 (dd, J = 5.86, 15.13 Hz, 1H), 3.28 (s, 3H), 3.42 (s, 

3H), 4.20-4.25 (dt, J = 6.83, 5.86 Hz, 1H), 6.66-6.68 (d, J = 8.78 Hz, 2H), 6.81-6.83 (d, J 

= 8.30 Hz, 2H), 6.92-6.93 (d, J = 8.30 Hz, 2H) Hz, 2H not observed due to overlapping 

with solvents peaks, 7.25-7.30 (m, 2H), 7.45-7.47 (d, J = 8.79 Hz, 1H), 7.59-7.66 (m, 4H), 

7.70-7.72 (d, J = 7.81 Hz, 1H), 7.77-7.81 (m, 2H), 8.05-8.07 (d, J = 8.30 Hz, 1H), 8.31 (s, 

1H). 

Product 21a (chemical shifts deduced by subtraction of absorptions corresponding to the 

starting compound 21 from photostationary state mixture): 
1
H-NMR (500 MHz, C7D8, -40 

ºC) δ = 1.50-1.52 (d, J = 6.35 Hz, 3H), 2.70-2.74 (dd, J = 4.40, 17.09 Hz, 1H), 3.01-3.06 

(dd, J = 7.82, 17.09 Hz, 1H), 3.15 (s, 3H), 3.33 (s, 3H), 3.75-3.79 (m, 1H), 6.99-6.71 (d, J 

= 8.30 Hz, 1H), 63.87-6.88 (d, J = 7.81 Hz, 1H), 6.94-6.96 (d, J = 8.79 Hz, 1H), 7.23-7.25 

(m, 1H), 7.32 (m, 1H), 7.51-7.52 (d, J = 7.82 Hz, 1H), 7.57-7.62 (m, 2H), 7.68-7.73 (m, 

3H), 7.77-7.84 (m, 2H) 8.18-8.19 (m, 2H). 
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(2’R)-(M)-21: UV/Vis (n-hexane, -10 ºC, λ (ε⋅10
4
), nm): 252 (4.40), 298 sh (3.61), 331 

(4.05), 385 (2.00); CD(n-hexane, -10 ºC, (∆ε), nm): 224 (-19.2), 240 (+76.0), 302 (-62.8), 

342 (-22.9),406 (+4.5) 

PSS of (2’R)-(M)-21 and (2’R)-(P)-21a produced after irradiation with 365 nm light : 

UV/Vis (n-hexane, -10 ºC, λ (ε⋅10
4
), nm): 258 (4.35), 310 (4.20), 331 sh (3.80), 408 (1.59); 

CD (n-hexane, -10 ºC, λ (∆ε), nm): 224 (+23.5), 244 (-30.7), 312 (+31.0), 428 (-10.5). 
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Chapter 6 

Synthesis and Electrochemical 
Properties of Extended 
Thiaxanthylidene Dications 

 

 

The synthesis and characterization of dicationic systems based on 
thiaxanthylidene moieties extended by means of additional bridging aromatic units 
(1,4-phenyl or 1,9-anthracene) are outlined in this chapter. Both dications undergo 
reversible two electron reduction. The central anthracene unit provides a solvent 
dependency of the redox and magnetic properties for the cationic species. It 
appears that the steric hindrance introduced by the spacer is the source of the 
decoupling of electrons and spin multiplicity interchange, and at the same time the 
lack of effective synthetic approaches to the neutral reduced alkene forms. 

 

 

 

 

 

 

This chapter has been published in part in: 

Kulago, A. A., Browne, W. R.; Feringa, B. L. Manuscript in preparation. 
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6.1   Introduction 

Controlled conformational behavior and dynamic stereochemistry around a central 

double bond makes molecular switches
1
 based on overcrowded bistricyclic aromatic motifs 

attractive candidates for mechanical molecular systems (Figure 1). The interplay of strain 

and delocalization effects in the “fjord region” 
2
 in these compounds can be easily tuned by 

the size and electronic effects of appropriate X and Y atoms. Activated structural variations 

in these compounds lead to the observation of concomitant reversible changes in the color 

of these compounds upon applying of external stimuli in the form of temperature 

(thermochromism),
3
 pressure (piezochromism)

4
 or UV light at low temperatures 

(photochromism).
5
 The most considerable attention is gained thermo- and photochromic 

overcrowded alkenes which can function as chiroptical molecular switches.
6
 

 

Figure 1. General structure of bistricyclic aromatic alkenes. 

For the dithioxanthylene (Figure 1, X= Y = S) class of molecular switches, it is common 

to adopt an anti-folded conformation due to thermodynamically favorable arrangement the 

aromatic rings around the central double bond in order to reduce the steric hindrance in the 

“fjord region”.
7
 However for 1 (Scheme 1) in solution, non-thermochromic properties are 

reasoned by relatively high energetic barrier (27.4 kcal/mol) for the corresponding thermal 

isomerization reaction.
8
 Nevertheless, a metastable non-fluorescent isomer 1a (Scheme 1) 

with a syn-folded conformation can be produced almost quantitatively in a photochemical 

fashion.
9
 

Scheme 1. 
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Figure 2. a) ORTEP drawing of 1
2+

 and b) cyclic voltammetry for electrochemical 

interconversion between 1
2+

 and 1. Reproduced from ref 10. 

Next to that, electrochemical oxidation of 1 in bulk solution provides stable red 

fluorescent cation 1
2+

, with near perpendicular orientations of the tricyclic aromatic 

moieties (Figure 2a).
10

 The cyclic voltammetry shows quantitative electrochemical 

interconversion between 1
2+

 and 1 at room temperature. Such process is accompanied with 

large geometrical changes, which are responsible for the hysteresis (Eox = 1.21 V, Ered = 

0.36 V) observed in this system. The electrochemical reduction of 1
2+

 performed at 

temperatures as low as 263 K, provides meta stable isomer 1a, through formation of a 

transient form 1b with a twisted conformation around the central double bond. Likewise, 

oxidation of 1a leads to the complete reformation of 1
2+

. Such interplay of photo-, 

electrochemically and thermally induced structural interconversion of 1 makes it to work as 

a three-state switch, accompanied with a reversible changes in luminescent properties. 

Originally, the detailed understanding of photochemical and thermal isomerizations of 

overcrowded alkenes served as a basis to allow for discovering of unidirectional light-

driven molecular motors.
11

 It seems reasonable to explore the reversible electrochemical 

behavior reported for 1 towards more complex systems, comprising similar redox moieties. 

This is envisioned finally to allow construction of the unidirectional molecular motor which 

can be governed electrochemically using STM techniques.
12

 Following this line of 

reasoning, the electrochemical behavior of extended analogs of 1
2+

 is potentially of high 

interest. The derived reversible formation of the alkene bonds upon exchange in the 

electronic structure of terminal thioxanthylene moieties (like in 1) would involve the 

structural changes in the conjugated central aromatic spacers. In this way, the dynamic 

distortions of all comprising components can be controlled in the same manner as that upon 

1/1
2+

 switching. Additionally, the extension of electroactive units by means of the central 

units would also provide an increase in the molecular dimensions and thus, simultaneous 

improvement can be gained for imaging of these molecules by means of single molecule 

detection techniques.  

6.2   Role of a Bridging Spacer on Terminal Units 

There has been much interest in the design of organic materials which are suited for 

electron transfer and electron storage.
13

 With this respect biaryls, oligoarylenes and 
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polyarylenes play a double role: they serve as chromophores and electrophores, together 

with providing sufficient conjugated interaction between terminal electroactive units 

(Figure 3).
14

 Such conjugation is expected to create a single extended π-system with an 

energetically lowered HOMO-LUMO gap. At the same time, interruption of such 

conjugation caused by strong steric hindrance leads to electronically uncoupling of π-

subunits.
15

 The extended π-systems should give rise to a complete charge delocalization 

described in terms of a single minimum energy potential, while conjugatively hindered 

molecules should exhibit two or several minima, where the charge distribution depends on 

the kinetics of electron transfer between the energetic minima.
16

 Such differentiation of 

conjugation in bridged electrophores leads to the classification of multichromophoric 

materials into conducting polymers (molecular wires) and redox addressable polymers.
13b

 

Evanescent conjugative interaction between π-subunits can lead to the strongly inhibited 

spin-spin pairing in a ground state, providing so called non-Kekule structures.
17

 

Compounds possessing such properties are promising candidates for nanometer-sized 

organic ferromagnets. 
18

 

 

Figure 3. General representation of a system containing two electroactive units. 

For example, chemical (Na/ Hg) reduction of 2
2+

 (Scheme 2), where N-octylpyridinium 

units linked with the help of a biphenyl spacer provides a convenient way for the 

preparation of neutral alkene 2.
19

 The cyclic voltammetry of 2
2+

 shows reversible two-

electron interconversion at -1.48 V, providing neutral species 2 (Figure 4a). However, 

energetic stabilization gained by converting of an extended chain along quinoid rings in 2 

into aromatic rings in non-Kekule 2
●●

 (Scheme 2), versus the energy lost by breaking one 

π-bond, give rise to an equilibrium between these forms. The concomitant delocalization of 

radical centers in 2
●●

 most likely is responsible for two reversible one electron reductions at 

-2.49 (to 2
2●-

) and -2.86 V (to 2
2-

) (Figure 4a). 

Scheme 2.   Scheme 3. 
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Likewise, a reduction of the hexamer analog 3
6+

 leads to the formation of 3, containing a 

more stericaly overcrowded chair-cyclohexane-like core (Scheme 3).
20

 The large structural 

conformational changes accompanied this transformation require at least one pair of CH 

groups on the neighboring pyridyl moieties to twist past each other. Such sterically 

demanding processes are responsible for the stepwise conversion of 3
6+

 into the initial 

dicationic species 3
2+

 (Figure 5) upon a reversible single four-electron reduction at 1.14 V 

(Figure 4b). For the charged form 3
2+

, a twisted conformation is predicted to be 

energetically favorable. Subsequently, 3
2+

 can be reduced in a separate two-electron step at 

-1.33 V to neutral 3. Similarly, an increase in the steric repulsion between the 

electrochemically active units in radilene 4 (Figure 5) is found to be responsible for the 

observation of stepwise oxidation to its tetracationic form.
21

 

  

Figure 4. Cyclic voltammetry for electrochemical interconversion a) 2
2+
→2→2

2●-
 b) 

3
6+
→3

2+
→3 (the wave at 0 V is due to ferrocene internal standard). Reproduced from ref 19 

and 20. 

  

Figure 5. Structures of 3
2+

 and radilene 4. Adapted from ref 21. 

It was shown using a series of anthrylenes of the general structure 5 (n=0-20) presented 

in Figure 6a, that reduction with potassium in solution under high vacuum provides the 

corresponding stable paramagnetic polyanions.
22

 The delocalization and localization of 

charges and radical centers in such oligo-(9,10-anthrylene)s systems can be controlled by 

changing of their substitution pattern and the polarity of the solution. Introduction of bulky 

substituents forces anthracene linkers to adopt a sterically favorable conformation with a 

near orthogonal arrangement with respect to each other. In the case of oligomer with n=20, 
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this leads to the interruption of spin coupling and carrying of a spin by almost every 

repeating unit (Figure 6b).  

  

Figure 6. a) Oligo-(9,10-anthrylene)s 5 and b) representation of high-spin formation in 

such systems. Adapted from ref 22. 

In the case of 5 with n=2 oxidation with SbCl5 results in the formation of a radical cation, 

for which a complete spin delocalization is observed, compare to the corresponding radical 

anion formed upon reduction in THF. 

The equilibrium (similar to 2/2
●●

) between a diamagnetic quinoid and a paramagnetic 

benzoid diradical forms in extended p-quinones depends on the degree of extension and 

substituent effects. p-Terphenoquinones 6 and 7 are shown in Figure 7. While tetraphenyl 

p-terquinone 6 exists as a paramagnetic compound exhibiting strong electron spin 

resonance (ESR) signals due to radical structure,
23

 tetra-t-butyl analog 7 shows 

diamagnetism due to a nearly planar arrangement of units.
24

 However, the introduction of 

flat benzo groups onto the central quinoid spacer results in the increase in the steric 

congestion and results in a relatively high energy barrier between the quinoid and diradical 

forms 8 and 8
●●

, respectively (Scheme 7). Such structural modifications provide the relative 

stability for pramagnetic 8
●●

 which can be generated photochemically from starting 8. The 

repetitive magnetic switching between interconversions of quinine 8 and diradical 8
●●

 

forms can be monitored by means of ESR spectroscopy upon turning “on” and “off” the 

UV-light source (Scheme 4).
25

 

 

Figure 7. p-Terquinones 6 

and 7. 

Scheme 4. 

..

 

Phenothiazines are another known class of electrochemicaly active compounds
26

, which 

can undergo one-electron oxidation to provide the corresponding stable (almost) planar 

cation radicals.
27

 In the case of highly symmetric compound 9 (Figure 8a) where 

phenothiazine moieties are extended by means of the central anthracene bridge, two well 

separated reversible one-electron oxidations are observed at 574 and 874 mV (Figure 8b).
28

  

Such splitting of the oxidation waves in cyclic voltammogram is indicative that the 

oxidation process of 9 is phenothiazine centered and proceeds as a consequence of 
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intramolecular electronic coupling. In this way, the oxidation of one of the phenothiazinyl 

unit influences the oxidation of the remaining unit in the mediated monocationic species. 

Likewise, the same electronic communication between terminal units via the central spacers 

is found for the perylene bridged analog 10 (Figure 8a). 

 

NNS S

10

9

N SNS

(A)

 

Figure 8. a) Chemical structures of bis(phenothiazines) separated by means of anthracene 9 

and perylene 10 spacers, b) cyclic voltammogram for 9. Adapted from ref 28. 

Structural design of the spacer provides the additional benefits of exploration of the 

formation of radical centers upon electrochemical conversions of the terminus cationic 

units. Dicationic systems 11
2+

 and 12
2+

 comprise dixanthyl and dithioxanthyl moieties, 

respectively, connected with a 2,2’-diphenyl ether linker (Scheme 5).
29

 Each cationic 

species in these compounds undergo a facile and reversible one-electron reduction 

providing in total, long lived diradical species 11
●●

 and 12
●●

 under an argon atmosphere. 

The cyclic voltammetry shows the appearance of one wave for reduction of dixanthyl 11
2+

 

at 0.29 V, but stepwise reduction for 12
2+

 at 0.26 and 0.05 V (Figure 9a). The difference in 

redox behavior can be attributed due to the rapid disproportionation of initially formed 

dixanthyl cation radical 11
+●

 into 11
2+

 and diradical 11
●●

. However, such process is less 

likely in the case of 12
+●

, due to spin density localization provided by sulfur centers.
30
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Scheme 5. 

 

 

Figure 9. Voltammograms of a 

two-stage reversible reduction 

to 12
2+

 a) under argon, and b) 

under oxygen. Adapted from ref 

29. 

In contrast to the inert atmosphere, only irreversible reduction waves are observed in the 

both compound when their solutions are saturated with oxygen, indicating the formation of 

peroxide diradical species 11O2
●●

 and 12O2
●●

 (Scheme 5). According to the voltammogram 

the formation of these oxygen containing species occurs stepwise. The trapping of 

molecular oxygen is due to the corresponding initially formed cation monoradicals 11
+●

 and 

12
+●

 as in the case of 12
+
, the second reduction wave is slightly shifted to the more negative 

potentials under oxygen compared to the reduction of 12O2
+●

 under argon (Figure 9b). 

Furthermore, the resulting diradicals 11O2
●●

 and 12O2
●●

 undergo ring closing providing 

nine-membered cyclic peroxides 11a and 12a, respectively. These compounds were 

isolated successfully upon chemical reduction of 11
2+

(BF4
-
)2 and 12

2+
(BF4

-
)2 by means of 

zinc powder in acetonitrile.  

Alternatively, the substitution pattern of the central spacer plays an important role on the 

multiplicity of the terminal cationic and radical species. Separation by means of a m-

phenylene spacer
31

, allows for minimizing the electrochemical conjugation between the 

cationic units. Alternatively, stabilization of a singlet ground state is found for the m-

phenylenediphenothiazine dication 13
2+

, in contrast to the p-substituted analog 14
2+

 (Figure 

10), for which a triplet ground state is more favorable.
32

 Furthermore, at the ground state of 

the m-phenylene bridged diradicals, spin multiplicity exhibits heteroatom dependence as it 

is found for dixanthyl 15
●●

 and dithioxanthyl 16
●●

 (Figure 10) derived upon reduction of 

the corresponding dications.
30

 At low temperatures, the accumulation of the corresponding 

radicals give rise to the equilibrium between diamagnetic σ- and π- dimers, which is 

manifested in the decrease of ESR signal intensities. Likewise subsequent photolysis leads 

to the bond cleavage in such dimers, producing diradicals. Curie plots for both species 

indicate, that diradical 15
●●

 is present with triplet orientation of the spins in the ground 
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state, in contrast to the dithioxanthyl analog 16
●●

, whereas a singlet state is more favorable. 

The reason for this is most likely due to more favorable delocalization of the lone pair 

electrons at sulfur compare to oxygen atoms.
30

 For example, it was calculated, that 

thioxanthyl diradical 16
●●

 (Figure 10) possessed a high spin density simultaneously at 

sulfur and C(α) atoms. These findings indicates that in each of thioxanthyl moieties there 

are two centers (sulfur and C(α) atoms), which has strong affinity to maintain uncoupled 

electrons. The realized in such a way conjugation with the central spacer unit provides 

additional stabilization by the mixing of several resonance structures for 16
●●

. 

   

Figure 10. Chemical structures dications 13
2+

 and 14
2+

, and diradicals 15
●●

 and 16
●●

. 

6.3   Synthetic Design 

On the basis of analysis of the literature, it is apparent that the aromatic central spacer 

plays a significant role on the properties of connected electroactive units. The 

electrochemical properties can be considerably dependent on the structural requirement of 

the connecting spacer. Likewise in order to minimize steric hindrance, the ability towards 

orthogonal-like alignment of the central linker facilitates the decoupling of electrons in the 

terminal moieties. With respect to dithioxanthyl species, the presence of conjugation can 

result in favorable spin delocalization in a system due to additional stabilization of the 

produced high-spin species. Such communication through the central spacer is reflected in 

splitting of redox waves in the voltammogram derived for the corresponding 

electrochemical process at the terminal units. 

As an electrochemical reduction of 1
2+

 (Scheme 1) into the corresponding alkene 1 was 

well studied in our group before, it seems to be promising to investigate analogous 

dicationic systems, where thiaxanthylidene moieties are extended by means of additional 

aromatic bridging units. In a such manner, the electrochemical reduction of cationic centers 

into the corresponding neutral forms could be accompanied with the formation of alkene 

bonds involving the central spacer. To achieve such transformation, preparative bulk 

electrolysis can be used only if the difference in redox potentials of the system is large 

enough. 

It is well known, that molecules containing rigid thioxanthene-fragments possess a low 

solubility and thus, certain difficulties for purification and analysis of these compounds is 

envisioned. Considering this fact, the most suitable target compounds are thioxanthene 

derivatives equipped with merely sized alkyl-groups, in order to avoid solubility problems. 

Two distinct candidates containing strongly coupled cationic fragments by means of phenyl 
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(17
2+

) and anthracene (18
2+

) spacers were chosen, in order to examine the influence of the 

aromatic bridge on electrochemical manipulation with two cationic parts.  

 

 

The synthesis of 17
2+

(BF4
-
)2 and 18

2+
(BF4

-
)2, (Figure 11) and also attempts towards the 

preparation of their neutral forms 17 and 18, respectively, are outlined in this chapter. 

Figure 11. Structures of extended dicationic analogs 17
2+

 and 18
2+

 of 1
2+

 and the 

corresponding neutral alkenes 17 and 18, respectively. 

6.4   Extended Thiaxanthylidene Dications 

6.4.1   Synthesis 

Thioxanthenone 19 (Scheme 6) was first converted to the derivative 20, which contains 

reactive iodine functionalities. In the next synthetic step, the substitution of iodine moieties 

in 20 by means of n-pentanol and ethanol under improved Buchwald’s conditions provided 

thioxanthenones 21a and 21b, respectively. 

Scheme 6.
a
 

 
a
Reagents and conditions: (i) I2, HIO3, CCl4, H2SO4, CH3COOH, reflux, 71%; (ii) ROH 

(R=Et, C5H11), CuI, phenanthroline monohydrate, Cs2CO3, toluene, 120 °C, 64-67%; 

Treatment of 1,4-dibromobenzene 22 with 2 eq. of BuLi at low temperature, and 

subsequent addition of 2 eq. of 19 resulted unexpectedly only in the formation of 23a – a 

product of mono lithiation of 22 (Scheme 7). This observation can be indicative that 

lithiation of the initially produced 4-bromophenyl anion can be problematic, even though 

1,4 –di(bromomagnesium) benzene is well known compound.
33

 Nevertheless, the treatment 

of isolated 23a with additional 2 eq. of BuLi following by reaction with 2 eq of 19, 

afforded the desired diol 24a which was isolated as a white powder. The conversion of 24a 

into 17a
2+

(BF4
-
)2 was achieved upon addition of a slight excess of HBF4 in acetone solution 
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(Scheme 7). The resulting 17a
2+

(BF4
-
)2 was isolated as a bright red powder. As it was 

anticipated, the solubility of 17a
2+

(BF4
-
)2 in most of organic solvents appeared to be very 

poor. Alternatively, the dark green tetra(ethoxy) substituted analog 17b
2+

(BF4
-
)2, which is 

more soluble, was synthesized in two steps starting from 19 and 21b (Scheme 7). 

 

Scheme 7.
a
 

 
a
Reagents and conditions: (i) a. BuLi (2eq), THF, -60 °C, b. 19 or 21b (2eq), -60 °C→0 °C, 

70-72%; (ii) a. BuLi (2eq), THF, -60 °C, b. 19 or 21b (2eq), -60 °C→0 °C, 79-83%; (iii) 

HBF4, acetone, 98%; 

Scheme 8.
a
 

 
a
Reagents and conditions: (i) a. BuLi (2eq), THF, -60 °C, b. 21a or 21b (2eq), -60 °C→0 

°C, 70-72%; (ii) HBF4, acetone, 72%; 

On the other hand, treatment of 9,10-dibromoanthracene 25 with 2 eq. of BuLi at low 

temperature, and subsequent addition of 2 eq of 21a, provided a complex reaction mixture. 

Flash chromatography afforded the desired diol 26a which was derived in 70% yield 

(Scheme 8). Acidification of with 26a a slight excess of HBF4 in acetone solution, with 

subsequent precipitation upon slow injection of ether afforded the title compound 

18a
2+

(BF4
-
)2 as a dark-blue solid. Tetra(ethoxy) substituted analog 18b

2+
(BF4

-
)2 was 

obtained starting from 25 and 21b in a similar way as that for 18a
2+

(BF4
-
)2. It should be 

mentioned, that diols 26a and 26b appeared to be very sensitive even to the traces of acid 

and after fast flash chromatography on silica they were isolated as light –brown glasses. 

Complete characterization of diol 26a was problematic, and it was used for the next 

synthetic step without additional purification. The title compounds 18a
2+

(BF4
-
)2 and 

18b
2+

(BF4
-
)2 were additionally purified by repetitive precipitation from acetonitrile 

solutions upon addition of ether. 
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6.4.2   Spectroscopic Properties 

The reversibility for formation of the starting diols from 17b
2+

(BF4
-
)2 and 18b

2+
(BF4

-
)2 

can have important influences on spectroelectrochemical properties on these dicationic 

compounds. In order to obtain an overview of the possibility of such processes, the 

corresponding reactions were studied in details. Initially, the formation of 17b
2+

(BF4
-
)2 and 

18b
2+

(BF4
-
)2 from the starting diols 24b and 26b, respectively, was monitored by UV/Vis 

spectroscopy. Upon addition of a solution of HBF4 in acetonitrile to the solution of 24b in 

the same solvent a strong increase in maxima at 296, 428 and 553 nm was observed (Figure 

12a). These absorptions are characteristic for the cationic thioxanthene species.
10

 Likewise, 

the color of the solution in cuvette turned slightly red. The resulting spectrum was fully 

identical to the UV/Vis of 17b
2+

(BF4
-
)2. Subsequent addition of the solution of 

tetrabutylammonium hydroxide (Bu4NOH) into the solution of 17b
2+

(BF4
-
)2 resulted in the 

complete disappearance of the characteristic absorptions in a visible region (Figure 12b). 

The produced UV/Vis profile was fully identical to the UV/Vis spectrum derived for diol 

24b. 
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Figure 12. Changes (shown with arrows) in UV/Vis (acetonitrile) upon a) addition of HBF4 

to 24b and b) addition of Bu4NOH to 17b
2+

(BF4
-
)2. 

Scheme 9. 

 

Such reversible changes in UV/Vis upon consecutive additions of basic and acidic 

solutions are indicative for the reversible acid-base mediated equilibrium between 24b and 

17b
2+

(BF4
-
)2 (Scheme 12). The presence of isosbestic points at 220, 256 and 279 nm in 

both experiments (Figures 12a and b), indicates only an equilibrium between two species in 
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these systems The absence of absorptions attributed to monocation 17bOH
+
 (mediated the 

conversion of 24b→17bOH
+
→17b

2+
) can be explained by rapid disproportionation into 

thermodynamically more stable 24b and 17b
2+

.  

The UV/Vis spectra of 26b and 18b
2+

(BF4
-
)2 have characteristic absorptions in the region 

of 352 - 407 nm, attributed to the anthracene spacers in their structures. Portionwise 

addition of HBF4 to the solution of diol 26b in acetonitrile, resulted in the UV/Vis profile 

identical to that of 18b
2+

(BF4
-
)2 with concomitant increase in the absorption maxima at 257 

and 293 nm and the formation of new absorptions at 435 and 553 nm in the visible region 

(Figure 13a) indicating the change in thioxanthenes towards cationic species.
10

 

Nevertheless, restoring of the UV/Vis spectrum into that of diol 26b did not happen upon 

addition of the excess of Bu4NOH into the solution of 18b
2+

(BF4
-
)2, in acetonitrile. In the 

resulting UV/Vis profile, the formation of new species with a new absorption maximum 

around 625 nm was observed (Figure 13b). This indicates irreversible acid mediated 

formation of 18b
2+

(BF4
-
)2 starting from 26b (Scheme 9).  
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Figure 13. Changes (shown with arrows) in UV/Vis (acetonitrile) upon a) addition of HBF4 

to 26b and b) addition of Bu4NOH to 18b
2+

(BF4
-
)2. 

In a separate experiment, the solution containing diol 26b and Bu4NOH was bubbled 

with air. The derived UV/Vis profile revealed the formation of exclusively the same species 

as those found in upon treatment of 18b
2+

(BF4
-
)2 with Bu4NOH. Thus, the irreversible 

formation of 18b
2+

(BF4
-
)2 from the corresponding diol is reasoned by instability of the latter 

towards air under basic conditions.  

These important results imply that the investigations with dicationic compounds should 

be performed under appropriate conditions in order to avoid undesirable conversions into 

the corresponding diols. 

Likewise, all four dications 17/18 (a,b)
2+

 were found to be non-fluorescent in acetonitrile 

solution.  

6.4.3   Electrochemistry, EPR and NMR Spectroscopy 

In order to investigate the possibility of electrochemical reduction of extended 

bisdithioxanthylidene cations, the electrochemical behavior of 17b
2+

(BF4
-
)2 and 18b

2+
(BF4

-
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)2 was studied by means of thin-layer cyclic voltammetry (scan rate 10 mV s
-1

) using 0.1 M 

TBAP solutions as a supporting electrolyte. 

In the case of 17b
2+

(BF4
-
)2 in acetonitrile solutions a single two-electron reduction wave 

was observed at the potentials Ered = 119.9 mV (Figure 14a). The reversible two-electron 

oxidation of the resulting species was found at Eox = 153.9 mV. Both potentials were 

shifted (Ered = 72.9 mV, Eox = 144.9 mV) upon changing solvent to DCM (Figure 14b). 

These electrochemical reduction processes can be attributed to an occurrence of the 

simultaneous reduction of both cationic parts (i. e. no influence of localized radical center 

formed upon initial reduction of one of the terminus on the reduction process for the 

remaining cationic unit) or very fast disproportionation of intermediated cation radical 

17b
●+

species into dication 17b
2+

and neutral [17b]* forms. 
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Figure 14. Thin-layer cyclic voltammetry (10 mV s
-1

) of phenyl bridged 17b
2+

(BF4
-
)2 using 

0.1 M TBAP in a) CH3CN, b) DCM. 
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Figure 15. Thin-layer cyclic voltammetry (10 mV s
-1

) of anthracene bridged 18b
2+

(BF4
-
)2 

using 0.1 M TBAP in a) CH3CN, b) DCM. 

The electrochemical behavior of anthracene bridged 18b
2+

(BF4
-
)2 manifested itself in a 

more pronounced dependence on the solvent. The cyclic voltammogram in acetonitrile 

solutions showed a single two-electron reduction wave at Ered = -23.1 mV, with a 

subsequent single two-electron oxidation at Eox = 78.9 mV upon reverse cycling towards 

positive potentials (Figure 15a). Likewise, changing the solvent to DCM resulted in an 

appearance of two separated one-electron reduction waves at E
1

red = -4.1 mV and E
2

red = -

133.1 mV with concomitant splitting of oxidative potentials at E
1

ox = -54.1 mV and E
2

ox = 
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70.9 mV (Figure 15b), in contrast to those in acetonitrile solution. The solvent effect on the 

electrochemical behavior can be due to several reasons. In actonitrile solutions, the 

electrochemical activities of cationic centers in 18b
2+

 are very similar to those as observed 

for 17b
2+

.The solvent DCM most likely facilitates the spin delocalization of uncoupled 

sulfur electron pairs through the anthracene unit (similar to bisdithioxanthylidene dicationic 

12
2+

, Scheme 5, Part 6.2), leading to the stabilization of intermediate 18b
●+

, expressed in 

separation of reduction waves. The small red/ox difference for 17b
2+

/[17b]* (CH3CN: ∆E = 

36 mV, DCM: ∆E = 72 mV) and 18b
2+

/[18b]* (CH3CN: ∆E = 102 mV, DCM: ∆E = 204 

mV) makes performing bulk reductive electrolysis of these compounds problematic. 

Nevertheless, spectroelectrocemical measurements can shed light on the effect of the 

structure of spacer units in neutral [17b]* and [18b]* forms. Especially monitoring the 

absorptions at 352- 407 nm range in UV/Vis, will provide the information over the fate of 

anthracene bridge (i. e. possibility of quinoid-like structure) upon electrochemical reduction 

of 18b
2+

 in both solvents. 

Alternatively, the additional insight on the solvent dependence of an electronic structure 

of 17b
2+

 and 18b
2+

 was obtained by means of EPR spectroscopy. In the EPR spectra (77 K) 

of 17b
2+

(BF4
-
)2 measured in both acetonitrile (Figure 16a) and chloroform (Figure 16b) an 

intense EPR signal was observed, indicating the paramagnetic nature of this dication. In 

contrast to 17b
2+

(BF4
-
)2, a strong EPR signal for 18b

2+
(BF4

-
)2 was observed only in 

acetonitrile matrix (Figure 17a), while in chloroform this compound showed fully 

diamagnetic character (Figure 17b). 
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Figure 16. EPR spectra (77 K) of 17b
2+

(BF4
-
)2  measured in a) acetonitrile and b) 

chloroform. 
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Figure 17. EPR spectra (77 K) of 18b
2+

(BF4
-
)2  measured in a) acetonitrile and b) 

chloroform. 

Additionally, the change in the electronic structure induced upon change in the supported 

solvent was also observed in 
1
H NMR spectra of 18b

2+
(BF4

-
)2. In chloroform-d, the 

absorptions corresponding to the aromatic protons were found as highly resolved 

multiplets, which were consistent with the proposed its structure (Figure 18a). By contrast, 

only two broad resonance peaks with integral intensity 1: 1 were observed in aromatic 

region of 
1
H NMR spectrum of 18b

2+
(BF4

-
)2 measured in acetonitrile-d

3
 (Figure 18b). 

These absorptions at 7.23 and 7.31 ppm are most likely attributed to the protons at the 

anthracene moiety. The broadness of these absorptions accompanied with the complete 

broadening of the absorptions attributed to the protons in aliphatic chains are most likely 

caused due to the decoupling of electrons in the thiaxanthylidene units (which is in 

agreement with EPR spectroscopy).
34

 The resonances for the protons of terminal aromatic 

rings were not observed at all, assuming the localization of radical centers on them. 

However singlet radical species should not exhibit the broadening of the 
1
H NMR signals 

and it is possible that another spin state of 18b
2+

 (i. e. a triplet radical) is thermally 

accessible in acetonitrile and in equilibrium with the singlet state, responsible for the 

observed broadening in the 
1
H NMR spectrum. In order to prove such solvent-dependency 

for radical multiplicity in 18b
2+

, the Electron Spin Resonance (ESR) measurements are 

required. A singlet diradical should display no ESR spectrum, while a triplet diradical has a 

distinctive ESR pattern.
35

 

 

Figure 18. 
1
H NMR (400MHz, 25 °C) spectra of 18b

2+
(BF4

-
)2, measured in a) chloroform-

d and b) acetonitrile-d
3
. 
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6.4.4   X-ray Analyses 

To get information over the arrangement of the three moieties with respect one to another 

in the structure of dication 18
2+

 an X-ray analysis was performed. Crystals suitable for X-

ray analysis were derived only in the case of 18b
2+

(BF4
-
)2 containing ethyl side-

functionalities, upon slow diffusion of an ether layer into solution in acetonitrile. At the 

same time, the crystals for 18a
2+

(BF4
-
)2 and 18a

2+
(PF6

-
)2 were isolated as very thin plates, 

probably due to the presence of more flexible pentyl chains and it was problematic to 

further investigate them. 
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Figure 19. a) ORTEP drawing and b) adopted atom numbering scheme for 18b
2+

. 

From X-ray data (Figure 19a), it is evident that 18a
2+

 has a pseudo C2v symmetry. The 

two terminal thiaxanthylidene parts are structurally equal and connected to the central 

anthracene unit with bonds C(8)-C(15) and C(8a)-C(15a) with distances of 1.49 Å (Figure 

19b). All three tricyclic units are nearly planar, as the values of torsion angles C(3)-C(2)-

S(1)-C(14) = 179.6°, C(13)-C(14)-S(1)-C(2) = 178.1°, C(8)-C(7)-C(2)-S(1) = 2.8°, C(8)-

C(9)-C(14)-S(1) = 3.7° are close to the values for planar arene moieties. This indicates that 

sulfur atoms lie in the same planes as both benzene moieties in the thiaxanthylidenes. The 

fusion of the central heterocyclic ring in the terminal cationic species is characterized in the 

angles C(2)-S(1)-C(14) = 105.2°, C(7)-C(8)-C(9) = 124.0° with the average distance for all 

of the four C-S bonds of 1.70 Å. In the structure of the anthracene unit, the distances of 

C(16)-C(16a) and C(19)-C(19a) bonds are 1.43 Å, which are of higher values as those 

found for the other C-C bonds. This is indicative for the slight elongation of the central ring 

in anthracene towards thiaxanthylidenes. The calculated values for the torsion angles C(7)-

C(8)-C(15)-C(16)/ C(10a)-C(9a)-C(8a)-C(15a) of 100.1° and C(7a)-C(8a)-C(15a)-C(16a)/ 

C(10)-C(9)-C(8)-C(15) of 98.6° indicate that the both terminal units adopt pseudo 

perpendicular orientation with respect to the central spacer unit in order to minimize the 

steric hindrance in this structure. 

6.4.5   Discussion 

As it is found for 16 (16
●●

) (Figure 10, part 6.2),
30

 the spin density on the bridging 

carbons C(α) is even of high values compare to that on the sulfur substituents in the 

thioxanthyl radicals due to dynamic spin polarization effect.
36

 In turn, this effect is known 

to afford stabilization of triplet states for the corresponding radicals. In the case of 16, such 

delocalization of the radical center leads to the perpendicular alignment of one or two 

thioxanthyl moieties with respect to the central spacer. From the X-ray data for 18a
2+

, a 
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similar situation is found for the pseudo orthogonal arrangement between thiaxanthylidenes 

and the central anthracene units. This fact could support the spin density distribution 

between C(8a)/C(8) carbon and S(1a)/S(1) sulfur centers. EPR spectroscopy suggests the 

decoupling of the electrons on the sulfur atoms in 18
2+

 and in addition to broadening of the 
1
H NMR absorptions, allows for proposing of a triplet form X (Figure 20) in the presence 

of acetonitrile. In contrast to that, the obtained results from EPR and 
1
H NMR 

measurements indicate the switching of multiplicity towards a radical form of 18
2+

 

possessing a singlet character upon changing the supported solvent to DCM. Three possible 

forms Y, Z, and P (Figure 20) with varying spin orientations can represent the singlet state 

of 18
2+

. The non-Kekule structures usually observed for the separation of reduction waves 

as those found for the singlet 18a
2+ 

in the DCM solution (Figure 20b) can be a good basis to 

propose the presence of the singlet forms Y and/or P under these conditions. Alternatively, 

the sterically favorable near orthogonal arrangement of the terminal units in these forms 

should be influenced by dynamic spin polarization effect.
30

 Better structural stabilization 

for each of radical centers of the three main units in 18
2+

 can be provided in form P, 

implying the benzylic character of C(15) and C(15a) atoms. Nevertheless, calculations
37

 of 

energy stabilization between singlet and triplet states for all X, Y, Z, and P forms 

concomitantly with ESR spectroscopy would provide more information about the realistic 

spin composition in the singlet state of 18
2+

. 

 

Figure 20. Proposed X, Y, Z and P forms for 18
2+

 type cation (the charges in all forms are 

assumed to be delocalized). 

6.5   Towards Neutral Alkenes 

The relatively small differences in the E
2

ox/E
1

red 204 mV mV (DCM) and 102 

mV(CH3CN) upon the redox behavior of 18b
2+

(BF4
-
)2 (Part 6.4.3) indicate that the bulk 

reductive electrolysis of this dicationic species towards the corresponding alkene type 18 

(Figure 11) is problematic to perform. Thus, the construction of the alkene moieties via the 

synthetic approach can be more appropriate way to derive 18. With this respect, the strategy 

implying of stepwise addition of terminal thioxanthene-like moieties into the central 

dihydroatracene unit seems to be the most promising. 

Following this route, 21a was converted to the thioketone 27 (Scheme 10) by standard 

treatment with Lawesson’s reagent in THF. Subsequent diazo-thioketone coupling between 

27 and 10-diazoanthracen-9(10H)-one
38

 in a toluene solution provided episulfide 28, which 
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was subsequently dezulfurized by means of tris (4-methoxyphenyl)-phosphine to afford 

alkene 29. 

 

Scheme 10.
a
 

 
a
Reagents and conditions: (i) Lawesson’s reagent, THF, reflux, 95%; (ii) Toluene, 80 °C, 

70%; (iii) tris (4-methoxyphenyl)-phosphine, 80 °C, 91%; 

In order to achieve the second alkene bond using Barton-Kellogg coupling, the 

remaining carbonyl functionality in 29 should be converted into the corresponding 

thioketone or hydrazone moiety.  

Following this approach, the treatment of a solution of the 29 with Lawesson’s reagent 

(LR) or phosphorous pentasulfide (P2S5) in toluene or THF to provide an intensely green 

colored reaction mixture. Such changes in color are typically assigned to the formation of 

thioketones. Nevertheless, only starting 29 was isolated almost quantitatively from the 

produced reaction mixture. This can be attributed to the fact, that thioketone 30 (Scheme 

11) might exhibit enhanced reactivity towards the reverse hydrolysis upon its isolation. All 

attempts in order to isolate 30 even under anhydrous conditions failed. Alternative 

treatment of 29 with hydrazine monohydrate under reflux provided abundant mixture of 

compounds. The main component among them was identified as 31 (by 
1
H NMR the 

presence of characteristic doublet at 4.64 ppm known for previously synthesized 

compounds of these type,
39

 and mass-spectral data: m/z = 546.5, [M]
+
). 

Scheme 11. 

 
a
The structures represent identified products. Yields were not determined. 

Optimizations of the reaction conditions (temperature: 20 °C, solvent: ethanol, and time: 

48 h) in order to minimize the Wolff-Kishner reduction allowed for the isolation of samples 

containing desired 32. The 
1
H NMR (characteristic broad singlet at 6.14 ppm) and MS (m/z 
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= 575.5, [MH]
+
) data, which were in agreement with the presence of hydrazone 32 as a 

main component. Still, the isolation of 32 in a pure state was problematic. 

Alternatively, attempts to obtain the precursors with the desired hydrazone or thioketone 

moieties were made starting from keto-episulfide 28. The treatment of this compound with 

LR or P2S5 (Scheme 12) resulted in the formation of thioketone 27, which was a product of 

the retro – Barton-Kellogg coupling.
40

 The reaction of 28 with hydrazine monohydrate at 

60 °C in ethanol solution afforded 31 (Scheme 15), as a product of concurrent Wolff-

Kishner reduction and desulfurization processes.
41

 

Scheme 12.
a
 

 
a
The structures represent identified products. The corresponding yields were not 

determined. 

The inability to perform diazo-thioketone coupling caused by the unusual chemical 

behavior of keto-functionalities in 29 and 28, prompted to test other methods, which were 

more sensitive to the substrate nature. The McMurry
42

 reaction upon treatment of 29 with 

“Zn-TiCl4”, resulted only in the isolation of the starting material while the coupling product 

33 (Scheme 13) could not be detected. It was found previously that a number of the 

symmetrically disubstituted alkenes, comprised bistricyclic aromatic moieties were derived 

via McMurry reaction. The same type of coupling was found unsuccessful for the 

preparation of dithioxanthylene 34 (Scheme 14) from the initial 19. The quenching of the 

“Zn-TiCl4” catalyst by means of the sulfur containing precursors 29 and 19 can be a reason 

for the inability to achieve the preparation of the corresponding alkenes 33 and 34, 

respectively, under these conditions. 

Scheme 13. 
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Peterson olefination
43

 is another powerful synthetic tool known for the preparation of 

unsymmetrically substituted alkenes in an one-pot fashion. Initially, this approach was tried 

on a couple of test reactions. For this reasons, the required 9H-thioxanthene 35 was 

prepared starting from 19 upon reduction with sodium in ethanol solution. Deprotonation of 

35 with n-BuLi (1 eq.) with subsequent treatment by means of TMSCl (1 eq.) afforded the 

trimethyl(9H-thioxanthen-9-yl)silane 36 (Scheme 14). Without isolation step, this 

compound was additionally treated with the second equivalent of n-BuLi and subsequently 

19 (1.1 eq.) was injected into the reaction mixture. After keeping the reaction mixture for 

18 h, the desired alkene 34 was isolated as a white powder in 83% yield. In a similar 

manner, utilization of 10-methylacridin-9(10H)-one as a keto-precursor in the reaction with 

[9-(trimethylsilyl)-9H-thioxanthen-9-yl]lithium (derived after deprotonation of 36 with n-

BuLi, Scheme 14) provided unsymmetrically substituted alkene 37 as a yellow green 

powder in 78% yield. In a similar manner, exchanging of the keto- and methylene 

precursors, namely, starting from 10-methyl-9,10-dihydroacridine 38
44

 and 19 afforded 

alkene 37 in a comparable yield of 38% (Scheme 14). Such results are indicative that no 

strong influence of the electronic character for the substituent (S or N) in the corresponding 

keto-precursors is present towards the nucleophilic attack of α-trimethylsilylcarboanions. 

Scheme 14.
a
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a
Reagents and conditions: (i) Na, ethanol, reflux, 74%; (ii) a. BuLi (1eq), THF, -60 °C, b. 

Me3SiCl (1eq), -60 °C→0 °C, 85%; (iii) BuLi (1eq), THF, -60 °C, d. 19, -60 °C→0 °C, 

80%; (iv) a. BuLi (1eq), THF, -60 °C, b. 10-methylacridin-9(10H)-one (1eq), -60 °C→0 

°C, 78%; (v) a. BuLi (1eq), THF, -60 °C, b. Me3SiCl (1eq), -60 °C→0 °C, c. BuLi (1eq), 

THF, -60 °C, d. 19, -60 °C→0 °C, 83%, 

According to these findings, the Peterson approach seems a very convenient alternative 

with the respect to the diazo-thioketone coupling, as it requires less number of the synthetic 

steps and avoids time and solvent consuming separation of intermediate episulfides from 

the abundant mixtures of side-products. Likewise, this approach can be considered as a 

suitable alternative for the McMurry reaction.  

Stimulated by the success of Peterson coupling upon preparation of the alkenes 34 and 

37, alternative attempts were undertaken to use this method for the preparation of the bis-

alkene compounds 41a and 41b (Scheme 15). These compounds are similar structurally to 

18 (Figure 11).  
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To avoid a low solubility, thioxanthene 39 equipped with alkyl side chains was prepared 

by reduction of the corresponding ketone 21a (Scheme 15). Subsequent treatment of 39 

with n-BuLi (1 eq.) followed by injection of chloro(trimethyl)silane provided 40, which 

seems to be the most suitable candidate for preparation of double alkene type 41a, b 

(Scheme 15). Nevertheless, only starting materials were isolated after the reaction of ketone 

29 with the anion produced from 40. Similar attempt to perform a double Peterson 

olefination for the preparation of 41b starting from quinone 42 (derived from 43
45

) also 

failed (Scheme 15). According to the 
1
H NMR and TLC analyses, only starting materials 40 

and 42 were present in the derived reaction mixture. In the literature it is known that 

affinity of anthraquinones towards organolithium species significantly depends on the steric 

demands of the substituents in the latter.
23

 Likewise, anthraquinones show a relatively low 

reactivity with respect to the Wittig-Horner reagents.
46

 Considering these facts, the 

bulkiness of trimethylsilyl moiety in 40 most likely prevents the formation of carbon-

carbon bond due to the steric effects upon the reaction of the corresponding anionic species 

with anthraquinone 42 (Scheme 15). 

Scheme 15.
a
 

 
a
Reagents and conditions: (i) Na, ethanol, reflux, 75% (ii) a. BuLi (1 eq.), THF, -60 °C, b. 

Me3SiCl (1 eq)., -60 °C→0 °C, 76%; (iii) BuLi (1 eq.), THF, -60 °C, then 29 or 42, -60 

°C→0 °C; (iv) 1-bromopentane, K2CO3, DMF, reflux, 60%;  

On the other hand, the arrangement of a sulfur electron donating atom with respect to the 

strong electron acceptor carbonyl functionality in the structure of 29 might favor 29a 

(Figure 21a). The maximum of emission in photoluminescence spectra of 29 shows 

pronounced solvent dependency (Figure 21b, the difference in the emission of about 100 

nm upon changing hexane for DMSO). It is known that the solvatochromic shift of some 

organic molecules is correlated with the dielectric constant, donor and Taft’s numbers of 

the solvent. These parameters reflect the extent of the dipole-dipole interactions in the 

solution and acceptor properties of the solvent towards hydrogen bonding, respectively.
47

 A 

increase in the polarity of solvent facilitates polarization of the molecule. With respect to 

the observed solvent dependent emission of 29, such an increase in the polarity of solvent 

most likely enhance contribution of the dipolar “thioxanthenylium-anthracenolate” 29a. 

The formation of such aromatic push-pull structure is favored, as it provides a decrease in 

the steric hindrance at the “fjord region” of 29.
3b,48

 Thus, utilization of relatively high polar 

ether, THF and DMSO to perform synthetic transformations with carbonyl functionality in 

29 is very unfavorable as 29a can be dominated in these solvents. Moreover, the inability to 
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perform McMurry and Peterson reactions with 29 (discussed above) could be rationalized 

by the contribution of 29a under such conditions. 
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Figure 21. a) Proposed resonance form of 29a and b) normalized PL spectra (λ ex=380 nm) 

of 14 in a series of solvents (λ 
max

em, nm) n-hexane (482), toluene(503), ether(508), 1,4-

dioxane (514), ethylacetate (520), acetone (545), chloroform (560), acetonitrile (569), dmso 

(577). 

6.6   Conclusions 

The synthesis of dicationic systems comprising terminal cationic thioxanthyl moieties 

extended by means of benzene (17
2+

a, b (BF4
-
)2) and anthracene (18

2+
a, b (BF4

-
)2) central 

spacers was accomplished (Figure 22). As was shown in this study, the electrochemical 

behavior of such systems revealed a dependency from the steric demands of the central 

bridging spacer unit. Both cations underwent a reversible single two electron reduction 

acetonitrile solution. Based on the corresponding EPR spectra, a paramagnetic character for 

the both dications indicated the presence of their triplet states under these conditions. This 

is most likely due to decoupling of electrons on the sulfur substituents in the terminal 

cationic units. In contrast, with an anthracene central spacer as in dicationic 18
2+

a a loss of 

the EPR signals upon changing solvent to DCM is observed. This was indicative for 

interchange of the total spin multiplicity from the triplet to a singlet state in anthracene 

based system 18
2+

a and most likely caused by alteration of the cation-solvent interactions 

(upon changing dipolar aprotic CH3CN to DCM). The concomitant splitting of the redox 

waves for 18
2+

a in DCM solution indicated the electronic communication between these 

two electroactive termini. Such communication most likely is explained in terms of the 

delocalization of uncoupled electrons though the central spacer in such system providing 

radicals of non-Kekule type. However, calculations of the energy of stabilization of singlet 

and triplet states for all possible forms of 18
2+

a are required to unequivocally assign the 

spin orientations and localizations in these compounds. 
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Figure 22. Dicationic dithioxanthylenes 17
2+

 and 18
2+

 extended by means of phenyl and 

anthracene spacers and the corresponding neutral alkenes 17 and 18, respectively. 

The relatively small differences in the potentials E
2

ox/E
1

red 204 mV mV (DCM) and 102 

mV(CH3CN) upon the redox behavior of 18a
2+

(BF4
-
)2 (Part 6.4.3) indicated that the bulk 

reductive electrolysis of this dicationic species into the corresponding alkene type 18a 

(Figure 22) expected to be challenging due to the ease of reverse oxidation processes. Thus, 

the preparation of the neutral alkene was tried to achieve through a number of synthetic 

approaches. The failure of Barton-Kellogg and McMurry couplings most likely was caused 

by the presence of anthraquinone type moieties in the intermediate compounds. Such 

moieties are known to possess the special reactivity of the carbonyl group. In a set of test 

reactions, Peterson olefination afforded satisfactory results upon the preparation of 

overcrowded bistricyclic aromatic alkenes. The inability to apply such conversions for the 

construction of the desired double alkene structure 18a was rationalized by both the steric 

and electronic features of the starting materials. (Figure 23a). 

The main improvement for the preparation of the compounds with double alkene 

moieties can be considered towards the adjustment of the electron-acceptor properties of 

the central spacer. Higher electron-acceptor affinity of the central unit can provide an 

increase in the reactivity of the corresponding ketone type species upon stepwise 

introduction of terminated thioxanthenes using Barton-Kellogg or Peterson methods. Thus, 

2,3,7,8-tetramethylpyrazino[2,3-g]quinoxaline-5,10-dione 43
49

 and pyrido[3,4-

g]isoquinoline-5,10-dione 44
50

 (Figure 23b) seems to be the most favorable candidates for 

using them as the precursors, in place of anthraquinone derivatives 42 and 29. 

  

Figure 23. a) Calculated minimum energy conformation for 18a. b) proposed tricyclic 

spacers 43 and 44, possessing stronger electron accepting properties compare to 42 and 29. 
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6.7   Experimental Part 

General remarks. For the general remarks, see Section 2.6.  

Electrochemistry. Electrochemical measurements were carried out in CH2Cl2 or CH3CN 

containing 0.1 mol/L of Bu4NPF6 in a classical three-electrode cell by cyclic voltammetry 

(CV). The working electrode was a glassy carbon disk (3 mm in diameter), the auxiliary 

saturated calomel electrode (SCE) and the pseudoreference electrode a Pt wire. The cell 

was connected to an CHI 6606 running on a personal computer. All potentials are given vs. 

saturated calomel electrode (SCE). 

2,7-diiodo-9H-thioxanthen-9-one 20. Finely powdered 9H-thioxanthen-

9-one 19 (5.30 g, 25.0 mmol) and I2 (7.61g, 30.0 mmol) were placed in a 

mixture of acetic acid (40 mL), CCl4 (3 mL) and H2SO4 (96%, 2 mL) and 

after vigorous stirring for 15 min, HIO3 (6.04 g, 34.3 mmol) was added and the mixture was 

refluxed for 16 h. After cooling to room temperature, the yellow precipitate was filtered off, 

thoroughly washed with cold ethanol (2×50 mL), dried on air and recrystallized from 

toluene (300 mL) to provide the title compound 20 (8.23 g, 17.8 mmol, 71%) as a yellow 

powder. mp: > 300 ºC; 
1
H-NMR (400 MHz, CDCl3): 7.31-7.33 (d, J =8.43 Hz, 2H), 7.89-

7.91 (dd, J =2.20, 8.43 Hz, 2H), 8.92-8.93 (d, J =2.20 Hz, 2H); m/z (EI, %) = 463.6 (M
+
, 

100); HRMS (EI): calcd. for C13H6OSI2 463.8229, found 463.8218; Anal. calcd. for 

C13H6OSI2: C, 33.65; H, 1.30. Found: C, 33.10; H, 1.27. 

 

2,7-bis(pentyloxy)-9H-thioxanthen-9-one 21a. A mixture of 

2,7-diiodo-9H-thioxanthen-9-one 20 (4.23 g, 9.12 mmol), CuI 

(695.5 mg, 3.65 mmol), phenanthroline monohydrate (1.45 g, 

7.32 mmol) and anhydrous cesium carbonate (16.56 g, 50 mmol) were placed in a Schlenk 

vessel containing a magnetic stirring bar. After addition of pentan-1-ol (25 mL, 230 mmol) 

and toluene (15 mL) the reaction flask was sealed and the reaction mixture was stirred at 

120 °C for 48 h. After cooling to room temperature, reaction mixture was poured into water 

(100 mL) and extracted with ethyl acetate (3×80 mL). Combined organic layers were 

washed with aq. solution of HCl (10%, 50 mL), brine (100 mL), dried (MgSO4) and 

concentrated under reduced pressure. Column chromatography (SiO2, pentane: ethyl acetate 

= 10: 1, Rf = 0.4) provided the title compound 21a (2.24 g, 5.83 mmol, 64%) as a yellow 

light crystals. mp: 265-268 ºC;
 1

H-NMR (400MHz, CDCl3) δ = 0.93-0.97 (t, J =7.34 Hz, 

6H), 1.36-1.52 (m, 8H), 1.81-1.88 (p, J =6.60 Hz, 4H), 4.09-4.12 (t, J =6.60 Hz, 4H), 7.24-

7.27 (dd, J =2.56, 8.80 Hz, 2H), 7.48-7.50 (d, J =8.80 Hz, 2H), 8.06-8.07 (d, J =2.56 Hz, 

2H); 
13

C-NMR (100MHz, CDCl3) δ = 14.02 (CH3), 22.46 (CH2), 28.17 (CH2), 28.81 (CH2), 

68.44 (CH2), 110.94 (CH), 122.89 (CH), 127.21 (CH), 129.21 (C), 129.57 (C), 157.76 (C), 

179.42 (C); m/z (EI, %) = 383.8 (M
+
, 100), 243.8 (46.6); HRMS (EI): calcd. for C23H28O3S 

348.1759, found 384.1767. 
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2,7-diethoxy-9H-thioxanthen-9-one 21b. This compound was 

prepared followed the same procedure as described for 21a, 

starting from 2,7-diiodo-9H-thioxanthen-9-one (20) (4.23 g, 9.12 

mmol), CuI (695.5 mg, 3.65 mmol), phenanthroline monohydrate (1.45 g, 7.32 mmol), 

anhydrous cesium carbonate (16.56 g, 50 mmol) and ethanol (25 mL). Chromatography 

(SiO2, pentane : ethylacetate = 10 : 1, Rf = 0.5). The title compound 21b (1.83 g, 6.11 

mmol, 67%) was obtained as a yellow powder. mp: 233-236 ºC; 
1
H-NMR (400MHz, 

CDCl3) δ = 1.46-1.49 (t, J =6.97 Hz, 6H), 4.16-4.22 (q, J =6.97 Hz, 4H), 7.24-7.27 (dd, J 

=2.94, 8.80 Hz, 2H), 7.49-7.51 (d, J =8.80 Hz, 2H), 8.07-8.08 (d, J =2.94 Hz, 2H); 
13

C-

NMR (100MHz, CDCl3) δ = 14.69 (CH3), 63.59 (CH2), 110.87 (CH), 122.88 (CH), 127.23 

(CH), 129.26 (C), 129.55 (C), 157.54 (C), 179.35 (C=O); HRMS (EI): calcd. for 

[C17H17O3
32

S]
+
 301.0893, found 301.0892. Anal. calcd. for C17H16O3S: C, 67.98; H, 5.37. 

Found: C, 67.59; H, 5.38. 

 

9-(4-bromophenyl)-9H-thioxanthen-9-ol 23a. To a solution of 1,4-

dibromobenzene 22 (472 mg, 2 mmol) in THF (30 mL) under nitrogen 

atmosphere at -60 °C was added dropwise n-butyllithium (2.5 mL (1.6 M in 

hexane), 4 mmol). The cooling bath was removed and the reaction mixture 

was allowed to reach room temperature under vigorous stirring. The orange 

mixture was cooled again to -60 °C and 9H-thioxanthen-9-one 22 (849 mg, 4 

mmol) was added in one portion. The mixture was stirred at room temperature for 8 h, 

quenched with aq. solution of NH4Cl (1 mL) and poured into water (50 mL). Organic layer 

was separated and aqueous layer was extracted with ethyl acetate (3×50 mL). Combined 

organic layers were washed with brine, dried (MgSO4), and carefully concentrated under 

reduced pressure. Ethanol (15 mL) was added to the formed brown residue and the mixture 

was heated at reflux for 15 min and cooled to room temperature. Undissolved material was 

filtered off, and the filtrate was concentrated. Column chromatography (SiO2, pentane : 

ethyl acetate = 16 : 1, Rf = 0.6) afforded the title compound 23a (532 mg, 1.44 mmol, 72%) 

as a white crystals. mp: 100-103 ºC; 
1
H-NMR (400MHz, CDCl3) δ = 2.82 (s, 2H), 9.87-

6.90 (d, J =8.80 Hz, 2H), 7.27-7.32 (d, J =8.80 Hz, 2H + td, J =1.47, 7.70 Hz, 2H), 7.36-

7.40 (td, J =1.47, 7.70 Hz, 2H), 7.43-7.45 (dd, J =1.10, 7.70 Hz, 2H), 7.96-7.98 (dd, J 

=1.47, 7.70 Hz, 2H); 
13

C-NMR (100MHz, CDCl3) δ = 76.48 (C-O), 121.88 (C), 126.02 

(CH), 126.66 (CH), 126.65 (CH), 127.56 (CH), 128.67 (CH), 131.12 (CH), 131.33 (C), 

139.40 (C), 142.43 (C); m/z (EI, %) = 398.0 (M
+
, 23.2), 396.0 (M

+
, 20.8), 353.0 (M

+
-OH, 

100.0), 351.0 (M
+
-OH, 100.0). 

 

9-(4-bromophenyl)-2,7-diethoxy-9H-thioxanthen-9-ol 23b. 

This compound was prepared following the same procedure as 

described for 8a. Starting from 1,4-dibromobenzene 22 (472 mg, 

2 mmol), n-butyllithium (2.5 mL, (1.6 M in hexane), 4 mmol), 

and 2,7-diethoxy-9H-thioxanthen-9-one 21b (900 mg, 3 mmol). 

Column chromatography (SiO2, pentane : ethyl acetate = 16 : 1, Rf 

= 0.45) afforded the title compound 23b (640 mg, 1.41 mmol, 70%) as a white crystals. mp: 

S

O

OO

Br

S

OH

Br

S

OO
OH



Synthesis and Electrochemical Properties of Extended Thiaxanthylidene Dications 

 

  237 

 

 

 

 

 

8. Chapter 6.doc 

105-108 ºC; 
1
H-NMR (400MHz, CDCl3) δ = 1.41-1.45 (t, J =6.96 Hz, 6H), 2.73 (s, 1H), 

4.05-4.10 (q, J =6.96 Hz, 4H), 6.83-6.86 (dd, J = 2.93, 8.44 Hz, 2H), 6.89-6.91 (d, J =8.44 

Hz, 2H), 7.27-7.29 (d, J =8.43 Hz, 2H), 7.30-7.32 (d, J =8.43 Hz, 2H), 7.57-7.58 (d, J 

=2.93 Hz, 2H); 
13

C-NMR (100MHz, CDCl3) δ =14.83 (CH3), 63.79 (CH2), 77.09 (C), 

112.17 (CH), 114.12 (CH), 122.02 (C), 123.10 (C), 127.84 (CH), 128.81 (CH), 131.14 (C), 

141.17 (C), 141.87 (C), 158.23 (CH); m/z (ES+) = 439 ([M-OH]
+
); Anal. calcd. for 

C23H21O3SBr: C, 60.4; H, 4.6; S, 7.0. Found: C, 61.0; H, 4.6; S, 7.1. 

 

9,9'-(1,4-phenylene)bis(9H-thioxanthen-9-ol) 24a. To a solution of 9-(4-

bromophenyl)-9H-thioxanthen-9-ol 21a (400 mg, 1.08 mmol) in THF (25 

mL) under nitrogen atmosphere at -60 °C was added dropwise n-butyllithium 

(0.81 mL (1.6 M in hexane), 1.3 mmol). The cooling bath was removed and 

the reaction mixture was allowed to reach room temperature under vigorous 

stirring. The red mixture was cooled again to -60 °C and 9H-thioxanthen-9-

one 19 (276 mg, 1.3 mmol) was added in one portion. The mixture was 

stirred at room temperature for 8 h, quenched with aq. solution of NH4Cl (2 mL) and 

poured into water (50 mL). Organic layer was separated and aqueous layer was extracted 

with ethyl acetate (3×50 mL). Combined organic layers were washed with brine, dried 

(MgSO4), and carefully concentrated under reduced pressure. Column chromatography 

(SiO2, pentane : ethyl acetate = 8 : 1, Rf = 0.5) and additional recrystallization from 

chloroform (5 mL) afforded the title compound 24a (450 mg, 896 mmol, 83%) as white 

crystals. mp: 112-115 ºC; 
1
H-NMR (400MHz, CD3CN) δ = 2.69 (br, 2H), 6.77 (s, 4H), 

7.72-7.26 (td, J =1.46, 7.33 Hz, 4H), 7.30-7.34 (td, J =1.46, 7.33 Hz, 4H), 7.36-7.38 (dd, J 

=1.47, 7.70 Hz, 4H), 7.93-7.95 (dd, J =1.47, 7.70 Hz, 4H); 
13

C-NMR (100MHz, CDCl3) 

δ = 76.60 (C-O), 125.93 (CH), 126.27 (CH), 126.57 (CH), 126.68 (CH), 127.31 (CH), 

131.44 (C), 139.69 (C), 142.74 (C); m/z (EI, %) = 502.2 (M
+
, 31.6), 213.0 (100); HRMS 

(EI): calcd. for C32H22O2S2 502.1061, found 502.1040; Anal. calcd. for C32H22O2S2: C, 

76.46; H, 4.41; S, 12.76. Found: C, 75.64; H, 4.32; S, 12.97. 

 

9,9'-(1,4-phenylene)bis(2,7-diethoxy-9H-thioxanthen-9-ol) 24b. 

This compound was prepared following the same procedure as 

described for 9a. Starting from 8b (601 mg, 1.31 mmol) n-

butyllithium (1.8 mL, (1.6 M in hexane), 2.88 mmol), and 2,7-

diethoxy-9H-thioxanthen-9-one 21b (590 mg, 1.97 mmol). 

Column chromatography (SiO2, pentane : ethyl acetate = 8 : 1, Rf 

= 0.4) afforded the title compound 24b (702 mg, 1.03 mmol, 79%) 

as a white crystals. mp: 128-131 ºC; 
1
H-NMR (400MHz, CDCl3) δ = 1.83-1.86 (t, J =6.96 

Hz, 12H), 3.09 (s, 2H), 4.45-4.50 (dq, J =1.10 Hz, 6.97, 8H), 7.22-7.25 (dd, J =2.93, 8.43 

Hz, 4H), 7.68-7.70 (d, J =8.43 Hz, 4H), 7.71 (s, 4H), 7.97-7.98 (d, J =2.93 Hz, 4H); 
13

C-

NMR (100MHz, CDCl3) δ = 14.82 (CH3), 63.68 (CH2), 77.14 (C), 112.04 (CH), 114.06 

(CH), 123.08 (C), 126.77 (CH), 127.61 (CH), 141.34 (C), 142.33 (C), 158.13 (C); m/z 

(ES+) = 661.4 ([M-OH]
+
); Anal. calcd. for C40H39O6S2: C, 70.8; H, 5.6; S 9.5. Found: C, 

69.9; H, 5.5; S 9.3. 
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9,9'-(1,4-phenylene)bis(9H-thioxanthyl) di(tetrafluoroborate) 

17a
2+

(BF4
-
)2. To a solution of 9,9'-(1,4-phenylene)bis(9H-thioxanthen-9-ol) 

24a (350 mg, 697 mmol) in acetone (5 mL) under vigorous stirring at room 

temperature was added aqueous solution of HBF4 (~8 M, 1mL) in acetone 

(5 mL). The mixture was cooled to 0 °C and under stirring to the red 

solution was added ether (15 mL). The red precipitate was filtered off, 

washed with cold acetone (3 mL) and dried in vacuum. Yield = 438 mg 

(683 mmol, 98%). mp: > 300 ºC; 
1
H-NMR (400MHz, CD3CN) δ = 7.94 (s, 4H), 8.20-8.24 

(t, J = 8.44 Hz, 4H), 8.47-8.50 (t, J =8.49 Hz, 4H), 8.59-8.61 (d, J =8.43 Hz, 4H), 8.89-

8.91 (d, J =8.44 Hz, 4H); m/z (ES+) = 234 ([M-2(BF4
-
)]

2+
); m/z (ES-) = 87 (BF4

-
). 

 

9,9'-(1,4-phenylene)bis(2,7-diethoxy-9H-thioxanthyl) 

di(tetrafluoroborate) 17b
2+

(BF4
-
)2. To a solution of 9,9'-(1,4-

phenylene)bis(2,7-diethoxy-9H-thioxanthen-9-ol) 24b (300 

mg, 442 µmol) in acetone (2 mL) under vigorous stirring at 

room temperature was added solution of HBF4 (conc., 1 mL) 

in acetone (3 mL). The mixture was cooled to 0 °C and stirred 

for 15 min. Ether (20 mL) was added and the formed purple 

precipitate was filtered off, washed with cold ether (5 mL) and dried in vacuum. Yield = 

354 mg (433 µmol, 98%), green powder. mp: > 300 ºC; 
1
H-NMR (400MHz, dmso-d

6
) δ = 

1.30 (br, 12H), 4.01 (br, 8H), 6.67 (br, 4H), 6.84 (br, 4H), 7.22 (br, 4H), 7.48 (s, 4H); m/z 

(ES+) = 322.2 ([M-2(BF4
-
)]

2+
); m/z (ES-) = 87 (BF4

-
); Anal. calcd. for C40H36B2F8O4S2: C, 

58.70; H, 4.43; S 7.84. Found: C, 57.87; H, 4.31; S 7.88. 

 

9,9'-anthracene-9,10-diylbis(2,7-diethoxy-9H-thioxanthen-9-

ol) 26b. This compound was prepared followed the same 

procedure as described for 24b, starting from 9,10-

dibromoanthracene 25 (336 mg, 1.0 mmol), THF (25 mL), n-

butyllithium (1.31 mL (1.6 M in hexane), 2.1 mmol), 2,7-

diethoxy-9H-thioxanthen-9-one 21b (661 mg, 2.2 mmol). The 

title compound 26b (536 mg, 69%, 693 µmol) was obtained as a 

white powder. mp: mp: > 200 ºC dec.;
 1

H-NMR (400MHz, CDCl3) δ = 1.07-1.11 (t, J 

=6.97 Hz, 12H), 2.94 (br, 2H), 3.53-3.61 (2t, J =6.97 Hz), 3.66-3.74 (2t, J =6.97 Hz), 6.53 

(br, 4H), 6.80-6.82 (dd, J=2.94, 8.44 Hz, 4H), 7.02 (br, 4H), 7.39-7.41 (d, J =8.44 Hz, 4H), 

9.10 (br, 4H); 
13

C-NMR (100MHz, CDCl3) δ = 14.40 (CH3), 63.41 (CH2), 81.85 (C), 

114.70 (C), 116.14 (CH), 120.98 (C), 123.37 (CH), 127.10 (CH), 127.72 (CH), 131.44 (C), 

136.19 (C), 141.22 (C), 157.41 (C); m/z (ES+) = 761.4 ([M-OH]
+
); Anal. calcd. for 

C48H42O6S2: C, 74.01; H, 5.43; S, 8.23. Found: C, 73.81; H, 5.35; S, 8.14. 
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9,9'-anthracene-9,10-diylbis[2,7-bis(pentyloxy)-9H-
thioxanthyl] di(tetrafluoroborate) 18a

2+
(BF4

-
)2. To a solution 

of 9,10-dibromoanthracene 25 (336 mg, 1.0 mmol) in THF (25 

mL) under nitrogen atmosphere at -60 °C was added dropwise 

n-butyllithium (1.31 mL (1.6 M in hexane), 2.1 mmol). The 

cooling bath was removed and the reaction mixture was allowed 

to reach room temperature under vigorous stirring. The red 

mixture was cooled again to -60 °C and 2,7-bis(pentyloxy)-9H-thioxanthen-9-one 26a (846 

mg, 2.2 mmol) was added in one portion. The mixture was stirred at room temperature for 8 

h, quenched with aq. solution of NH4Cl (1 mL) and poured into brine (50 mL). The organic 

layer was separated and aqueous layer was extracted with ethyl acetate (3×50 mL). 

Combined organic layers were dried (MgSO4), and carefully concentrated under reduced 

pressure. The mixture was separated by column chromatography (SiO2, pentane: ethyl 

acetate = 8: 1). The fraction with Rf = 0.4 was collected, carefully concentrated under 

reduced pressure and dissolved in acetone (5 mL). Then solution of HBF4 (~8M, 1mL) in 

acetone (5 mL) was added dropwise at 0 °C and the purple solution was stirred for 15 min. 

The precipitate, formed upon addition of ether (20 mL) was filtered off, washed with ether 

(5 mL) and dried in vacuum to yield the title compound 18a
2+

(BF4
-
)2 (785 mg, 72%, 723 

µmol) as a purple powder. mp: > 300 ºC; 
1
H-NMR (400MHz, CDCl3) δ = 0.76-0.80 (t, J 

=7.33 Hz, 12H), 1.16-1.20 (m, 16H), 1.52-1.55 (p, J =6.60 Hz, 8H), 3.78-3.81 (t, J =6.60 

Hz, 8H), 6.87-6.88 (d, J =2.20 Hz, 4H), 7.22-7.24 (dd, J =2.93, 6.97 Hz, 4H), 7.46-7.49 

(dd, J =2.93, 6.97 Hz, 4H), 8.04-8.07 (dd, J =2.20, 9.54 Hz, 4H), 9.02-9.04 (d, J =9.54 Hz, 

4H); 
13

C-NMR (100MHz, CDCl3) δ =13.82 (CH3), 22.25 (CH2), 27.76 (CH2), 28.01 (CH2), 

69.09 (CH2), 111.59 (CH), 125.99 (CH), 128.88 (CH), 129.05 (CH), 129.34 (C), 130.55 

(CH), 131.73 (C), 133.23 (C), 141.92 (C), 159.64 (C), 160.93 (C); m/z (ES) = 456.5 ([M-

2(BF4
-
)]

2+
); 

 

9,9'-anthracene-9,10-diylbis[2,7-diethoxy-9H-thioxanthyl] 

di(tetrafluoroborate) 18b
2+

(BF4
-
)2. To a solution of 9,9'-

anthracene-9,10-diylbis(2,7-diethoxy-9H-thioxanthen-9-ol) 

26b (502 mg, 644 µmol) in acetone (2 mL) under vigorous 

stirring at room temperature was added solution of HBF4 

(conc., 1 mL) in acetone (3 mL). The mixture was cooled to 0 

°C and stirred for 15 min. Ether (20 mL) was added and the 

formed purple precipitate was filtered off, washed with cold ether (5 mL) and dried in 

vacuum. Yield = 414 mg (451 µmol, 70%), green powder. mp: > 300 ºC;
 1

H-NMR 

(400MHz, dmso-d
6
) δ = 1.09 (br, 12H), 3.93 (br, 8H), 7.41 (br, 8H); m/z (ES+) = 372.4 

([M-2(BF4
-
)]

2+
); m/z (ES-) = 87 (BF4

-
); Anal. calcd. for C48H40B2F8O4S2: C, 62.76; H, 4.39; 

S, 6.98. Found: C, 61.99; H, 4.32; S, 6.95. 
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2,7-bis(pentyloxy)-9H-thioxanthene-9-thione 27. To a solution 

of 2,7-bis(pentyloxy)-9H-thioxanthen-9-one 21a (1.09 g, 2.83 

mmol) in THF (50 mL) was added powdered Lawesson’s reagent 

(1.38 g, 3.40 mmol) and the mixture were stirred at rt overnight and then refluxed for 4 h to 

complete reaction. Half of the solvent was evaporated under reduced pressure and the final 

dark solution was placed on a column. Flash chromatography (pentane: ethyl acetate = 10: 

1, Rf = 0.8) provided the desired compound 27 (1.08 g, 2.69 mmol, 95%) as a brown orange 

crystals. mp: 271-274 ºC; 
1
H-NMR (400MHz, CDCl3) δ = 0.94-0.97 (t, J =7.33 Hz, 6H), 

1.37-1.53 (m, 8H), 1.82-1.89 (p, J =6.60 Hz, 4H), 4.10-4.13 (t, J =6.60 Hz, 4H), 7.25-7.28 

(dd, J =2.93, 8.80 Hz, 2H), 7.49-7.51 (d, J =8.80 Hz, 2H), 8.59-8.60 (d, J =2.93 Hz, 2H); 
13

C-NMR (100MHz, CDCl3) δ = 14.03 (CH3), 22.47 (CH2), 28.21 (CH2), 28.80 (CH2), 

68.35 (CH2), 114.82 (CH), 122.72 (CH), 124.58 (C), 127.24 (CH), 137.65 (C), 158.33 (C), 

206.63 (C); m/z (EI, %) = 399.7 (M
+
, 100); HRMS (EI): calcd. for C23H28O2S2 400.1531, 

found 400.1513. 

 

2'',7''-bis(pentyloxy)-10H-dispiro[anthracene-9,2'-thiirane-

3',9''-thioxanthen]-10-one 28. To a solution of 2,7-

bis(pentyloxy)-9H-thioxanthene-9-thione 27 (920 mg, 2.30 

mmol) in toluene (50 mL) at room temperature was added 10-

diazoanthracen-9(10H)-one
39

 (761 mg, 3.45 mmol) in one 

portion. Reaction mixture was stirred at 80 °C overnight and 

then concentrated under reduced pressure. Column chromatography (SiO2, toluene: ethyl 

acetate = 4: 1) doesn’t allow to reach full separation of the title compound from byproducts. 

The solvent from orange fraction (Rf = 0.6) was evaporated, and the residue was 

recrystallized from MeOH (80 mL) to yield the title compound 13 (954 mg, 1.61 mmol, 

70%) as a white solid. mp: > 300 ºC; 
1
H-NMR (400MHz, CDCl3) δ = 0.94-0.98 (t, J =7.33 

Hz, 6H), 1.36-1.49 (m, 8H), 1.75-1.82 (p, J =6.97 Hz, 4H), 3.89-3.98 (m, 4H), 6.44-6.47 

(dd, J =2.56, 8.43 Hz, 2H), 6.98-6.91 (d, J =8.3 Hz, 2H), 7.14-7.21 (m, 6H), 7.54-7.56 (dd, 

J =1.47, 7.33 Hz, 2H), 7.99-8.01 (dd, J =1.47, 7.33 Hz, 2H); 
13

C-NMR (100MHz, CDCl3) 

δ = 14.05 (CH3), 22.45 (CH2), 28.14 (CH2), 28.88 (CH2), 58.57 (C), 66.63 (C), 68.42 

(CH2), 113.22 (CH), 116.36 (CH), 126.67 (CH), 127.59 (CH), 127.73 (CH), 128.26 (CH), 

128.53 (C), 130.55 (CH), 134.36 (C), 137.47 (C), 138.54 (C), 157.54 (C), 184.83 (C); m/z 

(EI, %) = 592.1 (M
+
, 100.0). 

 

10-[2,7-bis(pentyloxy)-9H-thioxanthen-9-ylidene]anthracen-

9(10H)-one 29. A solution of episulfide 13 (850 mg, 1.43 mmol) 

was refluxed for 12 h in toluene (50 mL) in the presence of 

tris(4-methoxyphenyl)phosphine (755 mg, 2.15 mmol). Reaction 

mixture was heated to 60 °C and after addition of methyl iodide 

(2 mL) was stirred at this temperature for additional 4 h. The 

yellow precipitate was filtered off, washed with ether (20 mL) and removal of the solvent 

from the combined filtrates under reduced pressure followed by flash chromatography 

(SiO2, n-pentane: either = 10: 1, Rf = 0.7) and recrystallization from methanol (70 mL) 
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afforded desired 28 (729 mg, 1.30 mmol, 91%) as a yellow precipitate. mp: > 300 ºC; 
1
H-

NMR (400MHz, CDCl3) δ = 0.88-0.91 (t, J =6.97 Hz, 6H), 1.26-1.31 (m, 8H), 1.53-1.59 

(m, 4H), 3.32-3.38 (dt, J =6.60, 9.16 Hz, 2H), 3.56-3.62 (dt, J =6.60, 9.16 Hz, 2H), 6.37-

6.38 (d, J =2.56 Hz, 2H), 6.75-6.78 (dd, J =2.56, 8.43 Hz, 2H), 7.01-7.03 (dd, J =2.56, 

8.43 Hz, 2H), 7.01-7.03 (dd, J =1.47, 8.07 Hz, 2H), 7.16-7.20 (td, J =1.47, 7.30 Hz, 2H), 

7.34-7.38 (td, J =1.10, 7.70 Hz, 2H), 7.47-7.49 (d, J =8.43 Hz, 2H), 8.12-8.14 (dd, J =1.10, 

8.07 Hz, 2H); 
13

C-NMR (100MHz, CDCl3) δ = 13.98 (CH3), 22.24 (CH2), 27.98 (CH2), 

28.59 (CH2), 67.91 (CH2), 114.34 (CH), 115.69 (CH), 126.44 (CH), 127.51 (C), 127.63 

(CH), 128.14 (C), 128.67 (CH), 129.78 (CH), 130.06 (CH), 133.93 (C), 137.27 (C), 138.80 

(C), 157.55 (C), 186.58 (C); m/z (EI, %) = 560.4 (M
+
, 100.0); HRMS (EI): calcd. for 

C37H36O3S 560.2385, found 560.2424; Anal. calcd. for C37H36O3S: C, 79.3; H, 6.5. Found: 

C, 78.9; H, 6.4. 

 

 9H-thioxanthene 35. To a suspension of 19 (276 mg, 1.30 mmol) in ethanol 

(50 mL) was added sodium (629 mg, 27.4 mmol) in small species during 15 

min. The mixture was additionally stirred under reflux until excess of sodium completely 

dissolved. The yellow solution was cooled and poured into water (100 mL) and extracted 

with ether (3× 50 mL). Combined organic extracts were washed with brine, dried (MgSO4) 

and concentrated. The residue was recrystallized from methanol (20 mL) to provide the 

desired compound 35 (191 mg, 962 µmol, 74%) as a pale powder. mp. 130-132 ºC (lit
51a

 

129-130 ºC); 
1
H-NMR (400MHz, CDCl3) δ = 3.92 (s, 2H), 7.24-7.26 (dd, J =4.0. 6.6 Hz, 

2H), 7.26-7.28 (dd, J =4.0, 6.6 Hz, 2H), 7.36-7.39 (d, J =6.60 Hz, 2H), 7.49-7.50 (d, J 

=6.60 Hz, 2H).
49b 

 

trimethyl(9H-thioxanthen-9-yl)silane 36. To a stirred solution of 9H-

thioxanthene 35 (1.22 g, 6.15 mmol) in THF (50 mL) at -78 °C was added 

dropwise n-butyllithium (3.91 mL (1.6 M in hexane), 6.25 mmol). After 

addition was complete, the cooling bath was removed and the mixture was allowed to stir at 

room temperature for 15 min. TMSCl (685 mg, 6.3 mmol) was added to the red-colored 

solution at -78 °C, and cooling bath was removed again. The slightly yellow solution was 

stirred at room temperature for additional 1 h, then quenched with aq. solution of NH4Cl 

(sat., 50 mL) and extracted with ether (3×50 mL). Combined organic extracts were dried 

(MgSO4) and concentrated to provide a yellow residue which was further recrystallized 

from ethanol (50 mL) and dried. The title compound 36 (1.41 g, 5.23 mmol, 85%) was 

obtained as a white powder. mp. 101-103 °C; 
1
H-NMR (400MHz, CDCl3) δ = -0.01 (s, 

9H), 3.64 (s, 1H), 7.03-7.05 (td, J =1.6, 6.8 Hz, 2H), 7.09-7.11 (dd, J =1.6, 6.8 Hz, 2H), 

7.12-7.16 (td, J =1.6, 7.6 Hz, 2H), 7.23-7.20 (dd, J =1.6, 7.6 Hz, 2H);  

 

10-methyl-9,10-dihydroacridine 38. NaBH4 (700 mg, 18.42 mmol) was 

added portionwise over 15 min to a solution of 10-methylacridinium methyl 

sulfate
52

 (5.62 g, 18.42 mmol) in a mixture of ethanol (30 mL) and water (15 

mL). The mixture was stirred at room temperature for 8 h and then poured into water (100 

S

S

SiMe3

N
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mL) and extracted with ether (3×50 mL). Combined organic extract were dried (MgSO4) 

and concentrated under reduced pressure. The residue was recrystallized from hexane (50 

mL) to provide the title 38 (2.52 g, 12.9 mmol, 70%) as a white crystals. mp.98-99 °C (lit
53

 

99 °C);
 1
H-NMR (400MHz, CDCl3) δ =  3.05 (s, 2H), 3.71 (s, 3H), 6.38-6.55 (m, 4H), 7.00-

7.19 (m, 4H). 

 

10-methyl-9-(9H-thioxanthen-9-ylidene)-9,10-dihydroacridine 37 (starting 

from 38). To a stirred solution of 10-methyl-9,10-dihydroacridine 38 (300 

mg, 1.54 mmol) in THF (40 mL) cooled to -60 °C was added n-butyllithium 

(0.97 mL (1.6 M in hexane), 1.54 mmol). The brown solution was allowed to 

reach room temperature, stirred for15 min, and then cooled again to -60 °C 

and TMSCl (165 mg, 1.54 mmol) was added. After stirring for 15 min, to the colorless 

solution was added n-butyllithium (0.97 mL (1.6 M in hexane), 1.54 mmol) and the orange 

mixture was kept at room temperature for 30 min and then cooled to -50 °C, whereupon 

finely powdered 9H-thioxanthen-9-one 19 (326 mg, 1.54 mmol) was added in one portion. 

The cooling bath was removed and the mixture was stirred at room temperature for 10 h. 

The yellow solution with green fluorescence was poured in aq. solution of NH4Cl (sat., 200 

mL) and extracted with DCM (3×100 mL). Combined organic extracts were dried (MgSO4) 

and concentrated to provide the yellow residue which was further recrystallized from 

ethanol (250 mL) and dried. The title compound 20 (480 mg, 1.23 mmol, 80%) was 

obtained as a yellow greenish powder. mp: 263-265 °C; 

10-methyl-9-(9H-thioxanthen-9-ylidene)-9,10-dihydroacridine 37. (starting from 35). 

Followed to the procedure above, starting from 9H-thioxanthene 35 (198 mg, 1.00 mmol), 

n-butyllithium (0.69 mL (1.6 M in hexane), 1.1 mmol), TMSCl (119 mg, 1.1 mmol) and 

10-methylacridin-9(10H)-one (210 mg, 1.01 mmol). Yield = 303.8 mg (0.78 mmol, 78%) 

yellow greenish powder. m.p 262-265 °C;
 1

H-NMR (400MHz, CDCl3) δ = 3.57 (s, 3H), 

6.66-6.70 (td, J =1.10, 7.70 Hz, 2H), 6.81-6.83 (dd, J =1.47, 7.70 Hz, 2H), 6.94-6.99 (m, 

4H), 7.05-7.07 (d, J =8.06 Hz, 2H), 7.10-7.14 (m, 2H), 7.18-7.22 (m, 2H), 7.53-7.56 (dd, J 

=0.73, 7.70 Hz, 2H); 
13

C-NMR (100MHz, CDCl3) δ = 33.45 (CH3), 109.75 (C), 112.24 

(C), 119.96 (CH), 123.29 (C), 125.72 (CH), 126.17 (CH), 127.57 (CH), 127.67 (CH), 

128.28 (C), 129.03 (CH), 129.29(CH), 136.58 (C), 137.45 (C), 144.10 (C); HRMS (EI): 

calcd. for [
12

C27H19N
32

S]
+
 389.12327, found 389.12326; 

 

 9,9'-bithioxanthene 34. To a stirred solution of 9H-thioxanthene 35 (305 

mg, 1.54 mmol) in THF (40 mL) cooled to -60 °C was added n-butyllithium 

(0.97 mL (1.6 M in hexane), 1.54 mmol). The orange solution was allowed to 

reach room temperature, stirred for15 min, and then cooled again to -60 °C 

and TMSCl (165 mg, 1.54 mmol) was added. After stirring for 15 min, to the 

colorless solution was added n-butyllithium (0.97 mL (1.6 M in hexane), 1.54 mmol) and 

orange mixture was kept at room temperature for 30 min and then cooled to -50 °C, 

whereupon finely powdered 9H-thioxanthen-9-one 19 (326 mg, 1.54 mmol) was added in 

one portion. The cooling bath was removed and the mixture was stirred at room 

temperature for 10 h. The white precipitate was filtered off and dried. Additional 

N

S

S

S
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recrystallization from the mixture benzene-hexane provided the title compound 19 (501 mg, 

1.28 mmol, 83% ) as a white powder. mp: 248-250 °C (lit
39

 248-250 °C);
 1

H-NMR 

(400MHz, CDCl3) δ =  6.80-6.82 (dd, J =1.1, 6.6 Hz, 4H), 6.89-6.93 (td, J =1.1, 2.46, 8.0 

Hz, 4H), 7.11-7.15 (td, J =1.1, 2.46, 8.0 Hz, 4H), 7.53-7.55 (dd, J =2.46, 6.6 Hz, 4H); 

 

2,7-bis(pentyloxy)-9H-thioxanthene 39. To a suspension of 

21a (500 mg, 1.30 mmol) in ethanol (50 mL) was added 

sodium (629 mg, 27.4 mmol) in small pieces during 15 min. 

The mixture was additionally stirred under reflux until excess of sodium completely 

dissolved. The yellow solution was cooled and poured into water (100 mL) and extracted 

with ether (3× 50 mL). Combined organic extracts were washed with brine, dried (MgSO4) 

and concentrated. The residue was recrystallized from methanol (20 mL) to provide the 

desired compound 39 (361 mg, 975 µmol, 75%) as a pale powder. mp: 195-198 ºC. ; 
1
H-

NMR (400MHz, CDCl3) δ = 0.91-0.95 (t, J =6.96 Hz, 6H), 1.34-1.46 (m, 8H), 1.74-1.81 

(m, 4H), 3.78 (s, 2H), 3.92-3.95 (t, J =6.60 Hz, 4H), 6.72-6.75 (dd, J =2.57, 8.44 Hz, 2H), 

6.88-6.89 (d, J =2.57 Hz, 2H), 7.30-7.32 (d, J =8.44 Hz, 2H); 
13

C-NMR (100MHz, CDCl3) 

δ =14.02 (CH3), 22.44 (CH2), 28.17 (CH2), 28.94 (CH2), 40.05 (CH2), 68.22 (CH2), 112.71 

(CH), 114.47 (CH), 125.30 (C), 127.61 (CH), 137.96 (C), 158.30 (C); 

 

[2,7-bis(pentyloxy)-9H-thioxanthen-9-yl](trimethyl)silane 40. 

To a stirred solution of 2,7-bis(pentyloxy)-9H-thioxanthene 39 

(200 mg, 0.55 mmol) in THF (30 mL) at -78 °C was added 

dropwise n-butyllithium (0.98 mL (1.6 M in hexane), 0.61 mmol). After the addition was 

complete, the cooling bath was removed and the mixture was allowed to stir at room 

temperature for 15 min. TMSCl (66 mg, 0.61 mmol) was added to the red-colored solution 

at -78 °C, and the cooling bath was removed again. The slightly yellow solution was stirred 

at room temperature for an additional 1 h, then quenched with aq. solution of NH4Cl (sat., 

50 mL) and extracted with ether (3×30 mL). Combined organic extracts were dried 

(MgSO4) and concentrated to provide the yellow residue which was further recrystallized 

from ethanol (25 mL) and dried. The title compound 40 (181.8 mg, 0.42 mmol, 76%) was 

obtained as a white powder. mp. 162-165 °C; 
1
H-NMR (400MHz, CDCl3) δ = 0.01 (s, 9H), 

0.91-0.95 (t, J =6.96 Hz, 6H), 1.35-1.47 (m, 8H), 1.73-1.80 (m, 4H), 3.54 (s, 1H), 3.87-

3.97 (m, 4H), 6.61-6.62 (d, J =2.56 Hz, 2H), 6.64-6.67 (dd, J =2.56, 8.43 Hz, 2H), 7.15-

7.17 (d, J =8.43 Hz, 2H); 

 

2,6-bis(pentyloxy)anthra-9,10-quinone 42. A mixture of 2,6-

dihydroxyanthra-9,10-quinone 40 (1.00 g, 4.16 mmol), 1-

bromopentane (2.1 mL, 16.64 mmol), and K2CO3 (4.12 g, 29.14 

mmol) in DMF (30 mL) was refluxed for 10 h. The orange-

brown mixture was poured into water (100 mL) and extracted with ether (3×50 mL). 

Combined organic layers were washed with aq. solution of NaOH (40%, 100 mL), dried 

(MgSO4) and concentrated under reduced pressure. The orange residue was recrystallized 

S

OC5H11H11C5O

S

SiMe3

OC5H11H11C5O

O

O

OC5H11
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from ethanol (40 mL) to provide the title compound 42 (949 mg, 2.50 mmol, 60%) as a 

brightly yellow powder. mp: > 300 ºC 
1
H-NMR (400MHz, CDCl3) δ =  0.93-0.97 (t, J 

=6.97 Hz, 6H), 1.36-1.53 (m, 8H), 1.82-1.89 (m, 4H), 4.13-4.16 (t, J =6.60 Hz, 4H), 7.20-

7.23 (dd, J =2.57, 8.80 Hz, 2H), 8.21-8.23 (d, J =8.80 Hz, 2H); 
13

C-NMR (100MHz, 

CDCl3) δ = 13.99 (CH3), 22.40 (CH2), 28.08 (CH2), 68.79 (CH2), 110.50 (CH), 120.88 

(CH), 126.95 (C), 129.62 (CH), 135.82 (C), 164.02 (C), 182.29 (C=O); 

                                                           

1 (a) Feinga, B. L. Molecular Switches, Wiley-VCH, 2001. (b) Sandström, J.in: The chemistry of double-bonded 

functional groups, Supplement A3, (Ed. S. Patai), Wiley, New York, 1997, 1253-1280. 

2 Biedermann, P. U.; Stezowski, J. J.; Agranat, I. Eur. J. Org. Chem. 2001, 15-34. 

3 (a) Levy, A.; Pogodin, S.; Cohen, S.’ Agranat, I. Eur. J. Org. Chem. 2007, 5198-5211. (b) Biedermann, P. U.; 

Stezowski, J. J.; Agranat, I. Chem. Eur. J.2006, 12, 3345–3354. (c) Samat, A.; Lokshin, V. in Organic 

Photochromic and Thermochromic Compounds (Eds.: J. C. Crano, R. J. Guglielmetti), Springer, New York, 1999, 

2, 415-60. 

4 Fanselow, D. L.; Drickamer, H. G. J. Chem. Phys. 1974, 61, 4567–4574. 

5 (a) Bouas-Laurent, H.; Dürr, H. Pure Appl. Chem. 2001, 73, 639–665. (b) Laarhoven, W. H. in Photochromism, 

Molecules and Systems (Eds.: H. Dürr, H. Bouas-Laurent), Elsevier, Amsterdam, 1990, 270–313. 

6 (a) Feringa, B. L.; Schoevaars, A. M.; Jager, W. F.; de Lange, B.; Huck, N. P. M. Enantiomer 1996, 1, 325-335. 

(b) Jager, W. F.; de Lange, B.; Schoevaars, A. M.; van Bolhuis, F.; Feringa, B. L. Tetrahedron: Asymmetry 1993, 

4, 1481-1497. 

7 Mills, N. S.; Burns, E. E.; Hodges, J.; Gibbs, J.; Esparza, E.; Malandra, J. L.; Koch, J. J. Org. Chem. 1998, 63, 

3017-3022. 

8 Feringa, B. L.; Jager, W. F.; de Lange, B. Tetrahedron Lett. 1992, 33, 2887-2890. 

9 (a) Fischer, E. Rev. Chem. Intermed. 1984, 5, 393-422. (b) Korenstein, R.; Muszkat, K. A.; Fischer, E. J. 

Photochem. 1976, 5, 345-353. 

10 Browne, W. R.; Pollard, M. M. de Lange, B.; Meetsma, A. Feringa, B. L. J. Am. Chem. Soc. 2006, 128, 12412-

12413. 

11 (a) Feringa, B. L. Acc. Chem. Res. 2001, 34, 504–513. (b) Feringa, B. L. J. Org. Chem. 2007, 72, 6635–6652 

12 (a) Kudernac, T.; Katsonis, N.; Browne, W. R.; Feringa, B. L. J. Mater. Chem., 2009, 19, 7168-7177. (b) 

Horinek, D.; Michl, J. Proc. Natl. Acad. Sci. USA 2005, 102, 14175-14180. (c) Zheng, X. L.; Mulcahy, M. E.; 

Horinek, D.; Galeotti, F.; Magnera, T.F. ; Michl, J. J. Am. Chem. Soc. 2004, 126, 4540-4542. (d) Magnera, T. F.; 

Michl, J. Top. Curr. Chem. 2005, 262, 63-97. 

13 (a) Baumgarten, M.; Huber, W.; Müllen, K. Adv. Phys. Org. Chem. 1993, 28, 1-44. (b) Bohnen, A.; Rader, J.; 

Müllen, K. Synth. Met. 1992, 47, 37-63. 

14 (a) Baumgarten, M.; Müllen, K. Top. Curr. Chem. 1994,169, 1-103. (b) Müllen, K. Pure Appl. Chem. 1993, 65, 

89-96. (c) Müller, U.; Adam, M.; Müllen, K. Chem. Ber. 1994, 127, 437. (d) Müller, U.; Mangel, T.; Müllen, K. 

Macromol. Rapid Commun. 1994, 115, 43-53. 

15 (a) Koch, K.-H.; Müllen, K. Chem. Ber. 1991, 124, 2091. (b) Bohnen, A.; Koch, K.-H.; Liittke, W.; Müllen, K. 

Angew. Chem., Int. Ed. 1990, 29, 525-527. (c) Becker, B.; Bohnen, A.; Ehrenfreund, M.; Wohlfarth, W.; Sakata, 

Y.; Huher, W.; Müllen, K. J. Am. Chem. Soc. 1991, 113, 1121-1127. 

16 a) Zhou, G.; Baumgarten, M.; Müllen, K. J. Am. Chem. Soc., 2007, 129, 12211–12221; b) Bernhardt, S.; 

Baumgarten, M.; Wagner, M.; Müllen, K. J. Am. Chem. Soc., 2005, 127, 12392–12399. 



Synthesis and Electrochemical Properties of Extended Thiaxanthylidene Dications 

 

  245 

 

 

 

 

 

8. Chapter 6.doc 

                                                                                                                                                    

17 (a) Miller, J. S.; Epstein, A. J.; Reiff, W. M. Chem. Rev. 1988, 88, 201–220. (b) Murata, H.; Takahashi, M.; 

Namba, K.; Takahashi, N.; Nishide, H. J. Org. Chem. 2004, 69, 631-638. (c) Pogodin, S.; Agranat, I. J. Org. 

Chem. 2003, 68, 2720-2727. 

18 (a) Nishide, H.; Ozawa, T.; Miyasaka, M.; Tsuchida, E. J. Am. Chem. Soc. 2001, 123, 5942-5946. (b) Nishide, 

H.; Doi, R.; Oyaizu, K.; Tsuchida, E. J. Org. Chem. 2001, 66, 1680-1685. (c) Nishide, H.; Takahashi, M.; 

Takashima, J., Pu, Y.-J.; Tsuchida, E. J. Org. Chem. 1999, 64, 7375-7380. (d) Fukuzaki, E.; Nishide, H. J. Am. 

Chem. Soc. 2006, 128, 996-1001.  

19 Porter, W. W., III; Vaid, T. P.; Rheingold, A. L. J. Am. Chem. Soc. 2005, 127, 16559-16566. 

20 Han, Z.; Vaid, T. P.; Rheingold A. L. J. Org. Chem. 2008, 73, 445-450. 

21 (a) Horner, M.; Huning, S. Liebigs Ann. Chem. 1983, 642-657. (b) Horner, M.; Huning, S. Ressig, H. U. Liebigs 

Ann. Chem. 1983, 658-667. 

22 (a) Mueller, U.; Baumgarten, M. J. Am. Chem. Soc. 1995, 117, 5840-5850. (b) Baumgarten, M.; Müller, U.; 

Bohnen, A.; Müllen, K. Angew. Chem. Int. Ed. 1992, 31, 448-451. 

23 Dimroth, K.; Umbach, W.; Blöcher, K. H. Angew. Chem. Int. Ed. 1963, 2, 620-621. 

24 (a) West, R.; Jorgenson, J. A.; Stearley, K. L.; Calabrese, J. C. J. Chem. Soc. Chem. Commun. 1991, 1234-1235. 

(b) Boldt, P.; Bruhnke, D.; Gerson, F.; Scholz, M.; Jones, P. G.; Bär, F. Helv. Chim. Acta, 1993, 76, 1739-1753. 

25 Kurata, H.; Tanaka, T.; Oda, M. Chem. Lett. 1999, 28, 749-750. 

26 (a) Krämer, C. S.; Zeitler, K.; Müller, T. J. J. Tetrahedron Lett. 2001, 42, 8619-8624. (b) Krämer, C. S.; 

Zimmermann, T. J.; Sailer, M.; Müller, T. J. J. Synthesis 2002, 1163-1170. (c) Sailer, M.; Nonnenmacher, M.; 

Oeser, T.; Müller, T. J. J. Eur. J. Org. Chem. 2006, 423-435. 

27 Uchida, T.; Ito, M.; Kozawa, K. Bull. Chem. Soc. Jpn. 1983, 56,577-582 and references cited therein. 

28 Franz, A. W.; Rominger, F.; Müller, T. J. J. J. Org. Chem., 2008, 73, 1795–1802. 

29 Suzuki, T.; Nishida, J.-I.; Ohkita, M.; Tsuji, T. Angew. Chem. Int. Ed. 2000, 39, 1804-1806.  

30 Okada, K.; Imakura, T.; Oda, M.; Kajiwara, A. Kamachi, M.; Yamaguchi, M. J. Am. Chem. Soc. 1997, 119, 

5740–5741. 

31 As it was shown on nitroxide di-radadicals: a) Kanno, F.;Inoue, K.; Koga, N.; Iwamura, H. J. Am. Chem. Soc., 

1993, 115 , 847–850. b) Tanaka, M.; Matsuda, K.; Itoh, T.; Iwamura, H. J. Am. Chem. Soc., 1998, 120, 7168–

7173. and m-phenylenes: c) Amiri, S.; Schreiner, P. R. J. Phys. Chem. A, 2009, 113, 11742–11749. 

32 Martín, N.; Segura, J. L.; Ortí, C. S. Viruela, P. M.; Albert, R. V. A. Vidal-Gancedo, F. H. C.; Rovira, C.; 

Veciana, J. J. Am. Chem. Soc. 1996, 118, 3041–3054. 

33 (a) Shapiro, B. L.; Mohrmann, L. E. J. Phys. and Chem. Ref. Data 1977, 6, 919-991. (b) Gideon, F.; Shlomo, D.; 

Sadao, K. J. Phys. Chem. 1968, 72, 953-961. 

34 The character of the 1H NMR spectra resented on Figure 18b, did not change upon increasing or decreasing of 

the temperature. 

35 Wertz, J. E.; Bolton, J. R. Electron Spin Resonance; Chapman and Hall: New York, 1986. 

36 (a) Kollmar, H.; Staemmler, V. J. Am. Chem. Soc. 1977, 99, 3583- 3587. (b) Kollmar, H.; Staemmler, V. Theor. 

Chim. Acta 1978, 48, 223- 239. (c) Borden, W. T. In Diradicals; Borden, W. T., Ed.; Wiley- Interscience: New 

York, 1982, 1-72. (d) Dewar, M. J. S.; Wasson, J. S. J. Am. Chem. Soc. 1971, 93, 3081-3083. 

37 (a) Haas, Y.; Zilberg, S. J. Am. Chem. Soc., 2004, 126, 8991–8998. (b) Pogodin, S.; Agranat, I. J. Am. Chem. 

Soc., 2003, 125, 12829–12835. 

38 Raasch, M. S. J. Org. Chem. 1979, 44, 632-633. 



Chapter 6 

 

246 

 

 

 

 

 

  8. Chapter 6.doc 

                                                                                                                                                    

39 de Lange B. Chiroptical molecular switches : Syntheses and application; Ph. D. thesis: University of 

Groningen, 1993. 

40 (a) Barton, D. H. R.; Willis, B. J. Chem. Soc., Perkin Trans.1 1972, 305-310. (b) Buter, J.; Wassenaar, S.; 

Kellogg, R. M. J. Org. Chem. 1972, 37, 4045-4060 

41 Maybe because of hydrazine monohydrate can facilitate the formation of alkenes starting from episulfides. 

42 (a) Duan, X.-F.; Zeng, J.; Lü, J.-W.; Zhang, Z.-B. J. Org. Chem., 2006, 71, 9873-9876. (b) Zeng, D. X.; Chen, 

Y.Synlett, 2006, 490-492. 

43 (a) Magnus, P.; Roy, G. Organometallics, 1982, 1, 553-559. (b) Ager, D. J. Org. React. 1990, 38, 1-223. (c) 

Barrett, A. G. M.; Hill, J. M.; Wallace, E. M. Flygare J. A. Synlett, 1991, 764-770. 

44 Motoyoshiya, Jiro, Tokutake, K.; Kuroe, M.; Yoshioka, S.; Nishii, Y.; Aoyama H. Heterocycles, , 2004, 63, 

1667-1672. 

45 Fages, F.; Desvergne, J.-P.; Bouas-Laurent, H. Bull. Soc. Chim. Fr. 1985, 5, 959-964. 

46 Chen, G.; Zhao, Y. Tetrahedron Lett. 2006, 47, 5069-5073. 

47 (a) Shibata, T.; Hirooka, T.; Kuchitsu, K. Chem. Phys. Lett. 1975, 30, 241-244. (b) Gutmann, V.; Schmid, R. 

Coord. Chem. Rev. 1974, 12, 263-293. (c) Kamlet, M. J.; Taft, R. W. J. Am. Chem. Soc. 1976, 98, 377-383. 

48 Pijper, D.; van Delden, R. A.; Meetsma, A. Feringa, B. L. J. Am. Chem. Soc. 2005, 127, 17612–17613. 

49 Sendt, K.; Johnston, L. A.; Hough, W. A.; Crossley, M. J.; Hush, N. S.; Reimers, J. R. J. Am. Chem. Soc. 2002, 

124, 9299–9309. 

50 Bolitt, V.; Mioskowski, C.; Reddy, S. P.; Falck, J. R.: Synthesis 1988, 5, 388-399. 

51 (a) Cadogan, J. I. G.; Hutchison, H. S.; McNab, H. J. Chem. Soc., Perkin Trans. 1, 1988, 2875-2879. (b) Zhu, X. 

Q.; Dai, Z.;Yu, A.; Wu, S. Cheng, J. P. J. Phys. Chem. B, 2008, 112, 11694–11707. 

52 (a) Varveri, F. S.; Nikokavouras, J.; Mantaka-Marketou, A. E.; Micha-Screttas, M. Monatshefie für Chemie 

1989, 120, 967-971. (b) Ostovic, D.; Lee, I. S. H. R.; Roberts, M. G.; Kreevoy, M. M. J. Org. Chem. 1985, 50, 

4209-4211. 

53 Maskiewicz, R.; Sogan, D.; Bruice ,T. C. J. Am. Chem. Soc. 1979, 101, 5355-5364. 



   

Summary 
Motors are core components for many devices designed to convert energy into 

mechanical motion. These devices are widely incorporated in various machines and serve 

as the key elements that enable mobility. The ability to transmit the power derived by 

motors upon consumption of fuel allows machines to perform their ultimate goal – the 

directed transport of cargo. The design and construction of new types of devices (e.g. 

motors) has always been central in the development of civilization. In the modern world, 

new demands for minituarization of existing macro-objects is driven by economical 

development. With this respect, the nanoscale is the ultimate goal. Fabrication of 

nanomachines – the mechanical devices of molecular dimensions operating at the nanoscale 

is one of the most challenging tasks of modern science. 

In contrast to macroscopic motors, the design of their analogs at the molecular level 

represents a fundamental challenge both to physical organic chemistry and molecular 

nanoscience. In particular, whereas the control of the motion of the macroscopic systems is 

achieved by forces  such as inertia, gravity and friction, these have little relevance to the 

movement at nano-dimensions. Upon reaching the nanoscale, random thermally driven 

movement called Brownian motion become a dominant factor. This causes all components 

of a nanomechanism to move, vibrate and rotate randomly and incessantly. Thus, the major 

challenge in designing and application of nanomotors is not based on achieving motion at 

ambient temperatures, but in the regulation of their operation, especially their directionality. 

It is evident that, in order to control movement under turbulent conditions, Brownian 

motion must be either exploited or overcome. 

Among the known molecular motor systems, this thesis is focused on overcrowded 

alkene-based rotary motors. These are synthetic molecular motors that display 

unidirectional, 360° rotation around a central double bond that functions as axle of rotation 

(Figure 1). Their function is dependent on some key features displayed by these structures: 

an intrinsic helical shape, an alkene moiety that can undergo photoisomerization, and a 

stereogenic center with a methyl substituent in the rotor part that adopts an energetically 

preferred pseudoaxial orientation due to steric hindrance with the stator unit. The 

unidirectional rotation of the upper rotor with the respect to the lower stator is achieved 

though a sequence of two photochemical and two thermal steps in a rotary cycle of the 

motor.  

 

Figure 1. General structure of overcrowded alkene-based rotary motors. 

In Chapter 1, an overview of prospective principles for the construction of nanosized 

machines and devices is described. The main focus of this chapter is application of 

molecular motors for achieving of the unidirecionality of the motion in these systems with 

potential respect to dynamic transport. Emphasis is placed on the systems that utilize the 
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dynamic motion produced by biomolecular motors and in particular, principles for the 

functioning of their synthetic nanomachinery: DNA-based walkers, surface-rolling 

molecular cars, and molecular motors. The later part of this chapter provides a short 

overview of the function of light-driven unidirectional rotary motors based on overcrowded 

alkenes and systems which were modulated on the basis of these engines. 

The forces of the “Brownian hurricane” leading to chaotic molecular collisions and 

vibrations inevitably become significant and lead to the dissipation of directional control at 

the nanoscale level. It is clear, that conversion of light-energy into directed motion, should 

be of greater magnitude or at least comparable to Brownian motion, when a molecular 

motor is incorporated within nanomachine. In order to achieve this target, the motor should 

rotate at a sufficiently rapid speed so as to compete with undesired chaotic motions in the 

surrounding environment. Based on this, in Chapter 2, the synthesis and detailed analysis of 

the rotary behavior of a series of molecular motors featuring a symmetrical acridane stator 

is reported. Photochemical and thermal isomerization experiments confirm that this stator, 

in combination with a thiopyran rotor (1, Figure 2) results in molecular rotary motion in 

which the rate determining thermal helix inversion proceeds effectively only at 

temperatures above 373 K. The introduction of a cyclopentanylidene rotor unit (2, Figure 2) 

results in a decrease in steric hindrance with respect to the stator and as a consequence a 

10
12

 fold increase in the rate of thermal helix inversion is observed. Nanosecond time 

resolved transient absorption spectroscopy allows for the thermal processes to be followed 

accurately at ambient temperature. The new autonomous nanomotor is in principle capable 

of performing its rotational cycle with a frequency of 0.5 MHz under optimal irradiation 

conditions. 

 

Figure 2. Molecular rotary motors 1 and 2. 

On the other hand, a general strategy to introduce suitable functional groups that allow 

anchoring of rotary motors for incorporation into multicomponent mechanical systems is 

also highly warranted. In Chapter 3, the synthesis of a set of molecular motors with a 

symmetrically functionalized acridane stator designed for attachment of appending groups 

was developed. The most efficient synthetic approach was found to be based on 

introduction of the amide moiety. Using this methodology molecular motors equipped with 

carboxy (3, Figure 3) and amino (4, Figure 3) moieties were prepared in order to explore 

the set of acridane based molecular motors. The retention of the light-induced rotational 

functioning for motor moieties in proximity of the anchoring groups was studied by means 

of nanosecond time resolved transient absorption spectroscopy. Additionally, a dimer (5, 
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Figure 3) comprising two motor species covalently connected by means of amide linker 

was prepared using the developed methodology. 

 

Figure 3. Acridane-based molecular motors equipped with carboxy (3) and amino (4) 

moieties, and dimer (5) comprising two motor species. 

In Chapter 4, the convenient functionalization of ultrafast acridane based molecular 

motor with either 9-amino acridine (6, Figure 4) or Oxazole Yellow (7, Figure 4) units was 

designed. These distinct photoactive components belong to the family of well-established 

DNA-intercalators and can be potentially used for anchoring DNA strands with several 

molecular motors. It was found, that a proximity of the acridine functionality does not 

prevent a light-induced rotational mechanism of the molecular motor, which occurs with 

τ1/2 = 339±24 ns, as it was determined using ns-transient absorption spectroscopy. 

 

Figure 4. Ultra fast molecular motors 6 and 7 equipped with DNA-intercalator species. 

The alternative motor bearing cationic Oxazole Yellow (YO) moiety possesses full 

solubility in a water-DMSO buffer and its association with λ-DNA was studied by means 

of UV/Vis and fluorescence spectroscopy. Unfortunately, the light-induced rotational 

mechanism for this motor is inhibited due to the intramolecular photoinduced electron 

transfer (PET) which occurs between the motor and the cationic oxazole species. 

A concept of chemical binding of several molecular motors deserves attention. 

Additional control of the movement in such approaches might be gained by incorporation 

of molecular motor units, which would display cooperative rotation. It seems that in such a 

way, the total force produced by collective functioning of several motor-species can be 

competitive with the undesired Brownian motion, likewise the movement of the entire 



Summary 

 

250 

 

 

 

 

 

  Summary 

macromolecular structures can occur in a specific directions, influenced by the rotation of 

the stators. Based on this, in chapter 4 the synthesis of macromolecular systems based on 

chemically bound molecular motors was developed by means of Suzuki polycondensation. 

This method was successfully applied for the preparation of fluorescently labeled 

macromolecules in a route comprising of a total 16 steps. It was shown, that motor units 

were capable of performing a rotational cycle upon irradiation with UV-light at appropriate 

temperatures in bulk solutions. Importantly, it was found that there is no significant 

intramolecular interaction between the motor units despite their proximity through the main 

polymeric backbone. This was indicative of a lack of strong influence of neighboring 

linkers for thermal conversions of motor rotational cycles. Likewise, the visualization of 

dye labeled motorized polymer (8, Figure 5a) became possible by means of single molecule 

fluorescent techniques (Figure 5b). 

 

Figure 5. a) Structure of dye labeled motorized polymer 8 and b) confocal fluorescence 

image (10 µm × 10 µm, 128 × 128 pixels, obtained for a sample of 8 embedded in a non-

fluorescent PBMA matrix. 

 

Originally, the detailed understanding of photochemical and thermal isomerizations of 

overcrowded alkenes served as a basis to allow for discovering of the unidirectional light-

driven molecular motors. With this respect, Chapter 6 describes the synthesis of dicationic 

systems comprising terminal cationic thioxanthyl moieties extended by means of phenyl 

(9
2+

, Figure 6) and anthracene (10
2+

, Figure 6) central spacers in order to investigate the 

possibility to manipulate the structural changes in these systems with respect to 

electrochemical processes. As it was shown in this study, the electrochemical behavior of 

such systems revealed an effect of the steric demands of the central bridging spacer unit in 

the reduction of these compounds into the corresponding neutral alkenes 9 and 10 (Figure 

6), respectively, undergo with interchange of spin multiplicity on both cationic terminus. 

Such a spin-spin communication most likely can be rationalized by the delocalization of 

uncoupled electrons though the central spacer in such system assuming radicals of non-

Kekule type.  
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Figure 6. Dicationic dithioxanthylenes 9
2+

 and 10
2+

 extended by means of phenyl and 

anthracene spacers and the corresponding neutral alkenes 9 and 10, respectively. 

Nevertheless, X-ray analysis of anthracene bridged 10
2+

 revealed almost orthogonal 

arrangement of both terminal thioxanthyl moieties with respect to the central spacer, 

whereas according to the calculation, the neutral form 10 is expected to have only slightly 

bended central spacer. Thus, the desired interconversion between 10
2+

/10 can be 

accompanied by dramatic structural rearrangement of all comprising electroactive units. 

In summary, this thesis presents the design, synthesis, and study of new rotary 

molecular motors based on overcrowded alkenes. These nanomotors were designed in order 

to incorporate them and their rotary function in multicomponent systems. The rotary 

mechanism for the most described motors was characterized in details by themodynamic 

and kinetic parameters of their functioning. Many important properties and current 

limitations of such light-driven molecular motors in the presence of other covalently bound 

photoactive groups were identified. The most significant issue deals with the undesired 

energy and photoinduced electron transfer processes, which can reduce efficiency or even 

fully inhibit the rotational motion. These systems might form the basis of future 

applications of the molecular motors included construction of more complex dynamic 

molecular devices and motorized nanovehicles. 
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Samenvatting 
Motoren zijn kern (belangrijke) comp onenten voor veel apparaten, ontworpen om 

energie om te zetten in mechanische beweging. Deze apparaten zijn wijdverspreid 

ingebouwd in verschillende machines en dienen als kern elementen die mobiliteit creëren. 

Het vermogen om de kracht die motoren ontlenen aan het verbruik van brandstof over te 

brengen stelt machines in staat om hun ultieme doel – het gerichte transport van goederen – 

uit te voeren. Het ontwerp en de constructie van nieuwe types machines (eg motoren) is 

altijd centraal geweest in de ontwikkeling van beschaving. In de moderne wereld, nieuwe 

eisen voor de miniaturisering van bestaande macro-objecten wordt aangedreven door 

economische ontwikkeling. In dit opzicht is nanoschaal het ultieme doel. Fabricatie van 

nanomachines - de mechanische apparaten van moleculaire afmetingen die op nanoschaal 

opereren - is een van de meest uitdagende taken van de moderne wetenschap. 

In tegenstelling tot macroscopische motoren, het ontwerp van hun analogen op 

moleculair niveau vormt een fundamentele uitdaging voor zowel fysisch-organische chemie 

en moleculaire nanowetenschap. In het bijzonder, dat de controle van de beweging van de 

macroscopische systemen bereikt wordt door krachten zoals traagheid, wrijving en 

zwaartekracht, deze echter weinig relevant zijn voor de beweging in nano-dimensies . Bij 

het bereiken van de nanoschaal, is willekeurige thermisch gedreven verkeer genoemd 

Brownse beweging uitgegroeid tot een dominante factor. Dit zorgt ervoor dat alle 

componenten van een nanomechanism willekeurig en onophoudelijk bewegen, trillen en 

draaien. Zo is de grote uitdaging in het ontwerp en de toepassing van nanomotoren niet 

gebaseerd op het bereiken van beweging bij omgevingstemperaturen, maar in de regulatie 

van hun werking, met name hun gerichtheid. Het is duidelijk dat, met het oog op beheersing 

van de bewegingen onder turbulente omstandigheden, Brownse beweging moet ofwel 

worden uitgebuit of overwonnen. 

Onder de bekende moleculaire motor systemen, is dit proefschrift gericht op de overvolle 

alkeen gebaseerde roterende motoren. Dit zijn synthetische moleculaire motoren die 

eenrichtingsverkeer, 360 ° rotatie weergegeven rond een centrale dubbele binding die 

fungeert als as van rotatie (Figuur 1). Hun functie is afhankelijk van een aantal belangrijke 

kenmerken weergegeven door deze structuren: een intrinsieke rechte vorm, een alkeen-

groep bevatten, die foto isomeratie kunnen ondergaan, en een stereogenic centrum met een 

methyl substituent in de rotor deel dat een bijvoorkeur energetisch pseudo-axiale oriëntatie 

aanneemt als gevolg van sterische hinder met de stator eenheid. De uniedirectionele rotatie 

van de bovenste rotor met betrekking tot de lagere stator wordt verwezenlijkt door een 

opeenvolging van twee fotochemische en twee thermische stappen in een roterende cyclus 

van de motor. 

 

Figuur 1. Algemene structuur van de overvolle alkeen gebaseerde roterende motoren. 
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In hoofdstuk 1 wordt een overzicht van de aspirant-beginselen voor de bouw van 

machines en apparaten nanometerafmeting beschreven. De belangrijkste focus van dit 

hoofdstuk is de toepassing van moleculaire motoren voor het bereiken van de 

unidirecionaliteit van de beweging in deze systemen met betrekking tot potentiële 

dynamisch vervoer. De nadruk wordt gelegd op de systemen die gebruik maken van de 

dynamische beweging geproduceerd door briomoleculaire motoren en in het bijzonder, de 

beginselen voor de werking van hun synthetische nanomachinerij: DNA-gebaseerde 

wandelaars, oppervlakte- rollende moleculaire auto's, en moleculaire motoren. Het laatste 

deel van dit hoofdstuk geeft een kort overzicht van de functie van door licht aangedreven 

uniedirectionele roterende motoren op basis van overvolle alkenen en systemen die werden 

gemoduleerd op basis van deze motoren. 

De krachten van de "Brownse orkaan" die leiden tot chaotische moleculaire botsingen en 

trillingen worden onvermijdelijk aanzienlijk en leiden tot het verdwijnen van directionele 

controle op een nanoschaal niveau. Het is duidelijk, dat de omzetting van lichtenergie in 

gerichte beweging van een grotere omvang dient te zijn of tenminste vergelijkbaar aan de 

Brownse beweging, als een moleculaire motor is opgenomen in een Nanomachine. Om dit 

doel te bereiken, moet de motor draaien op een voldoende hoge snelheid om te kunnen 

concurreren met ongewenste chaotische bewegingen in de omgeving. Op basis van deze is 

in hoofdstuk 2 de synthese en de gedetailleerde analyse van het roterende gedrag van een 

reeks van moleculaire motoren met een symmetrische acridane stator gemeld. 

Fotochemische en thermische isomerisatie experimenten bevestigen dat deze stator, in 

combinatie met een thiopyran rotor (1, Figuur 2) resulteert in moleculaire roterende 

beweging in welke het tempo bepalend voor de thermische helix inversie alleen 

doeltreffend verloopt bij temperaturen boven 373 K. De invoering van een 

cyclopentanylidene rotor eenheid (2, Figuur 2) resulteert in een daling van de sterische 

hinder met betrekking tot de stator en als gevolg wordt een 10
12

-voudige toename in het 

percentage van de thermische helix inversie waargenomen. Nanoseconde tijdsgeresolveerde 

transiënt absorptie spectroscopie maakt het mogelijk dat thermische processen nauwkeurig 

worden gevolgd bij kamertemperatuur. De nieuwe autonome nanomotor is in beginsel 

geschikt om haar rotatiecyclus met een frequentie van 0,5 MHz onder optimale straling 

omstandigheden uit te voeren. 

 

 

Figuur 2. Moleculaire roterende motoren 1 en 2. 
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Aan de andere kant, een algemene strategie die geschikte functionele groepen 

introduceert die de verankering van roterende motoren voor inbouw in multicomponente 

mechanische systemen mogelijk maakt, is ook zeer gerechtvaardigd. In hoofdstuk 3, was de 

synthese van een reeks van moleculaire motoren met een symmetrisch gefunctionaliseerde 

acridane stator ontworpen voor de bevestiging van toevoegen van groepen ontwikkeld. De 

meest efficiënte synthetische aanpak bleek te zijn gebaseerd op de invoering van de amide-

groep. Met behulp van deze methode werden moleculaire motoren uitgerust met carboxy 

(3, Figuur 3) en aminozuren (4, Figuur 3) moieties bereid om de set van acridane gebaseerd 

moleculaire motoren te verkennen. Het behoud van de lichtgeïnduceerde roterende werking 

voor motor moieties in de nabijheid van de verankering groepen werd bestudeerd door 

middel van een nanoseconde tijdsgeresolveerde transiënt absorptie spectroscopie. Daarnaast 

is een dimeer (5, Figuur 3) bestaat uit twee soorten motor covalent met elkaar verbonden 

door middel van amide linker voorbereid met behulp van de ontwikkelde methodologie. 

 

Figuur 3. Op Acridane basis moleculaire motoren uitgerust met carboxy (3) en aminozuren 

(4) moieties en dimeer (5) bestaand uit twee motor soorten 

 

Figuur 1. Ultrasnelle moleculaire motoren 6 en 7 uitgerust met DNA-intercalator soorten. 

In hoofdstuk 4, is het handig functionaliseren van ultrasnelle acridane gebaseerde 

moleculaire motor met een 9-amino acridine (6, Figuur 4) of Oxazole Yellow (7, Figuur 4) 

eenheden ontworpen. Deze afzonderlijke fotoactieve onderdelen behoren tot de familie van 

gevestigde DNA-intercalators en kunnen mogelijk worden gebruikt voor het verankeren 

van DNA-strengen met verschillende moleculaire motoren. Het bleek, dat een nabijheid van 

de acridine functionaliteit, geen lichtgeïnduceerde roterende mechanisme van de 
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moleculaire motor belet, die optreedt met τ1/2 = 339±24 ns, zoals het was bepaald met 

behulp van ns-transiënt absorptie spectroscopie. 

Het alternatief Motor bevattende kationische Oxazole Yellow (YO), bezit volledige 

oplosbaarheid in een water-DMSO buffer en zijn associatie met λ-DNA werd bestudeerd 

door middel van UV / Vis fluorescentie spectroscopie. Helaas wordt de licht-geïnduceerde 

roterende mechanisme voor deze motor geremd als gevolg van de intramoleculaire 

fotogeïnduceerde elektronen overdracht (PET), die plaatsvindt tussen de motor en de 

kationische oxazoolringen soorten. 

Een concept van chemische binding van een aantal moleculaire motoren verdient 

aandacht. Extra controle van de beweging in een dergelijke benaderingen kan worden 

opgedaan door incorporatie van de moleculaire motor units, die coöperatie rotatie zouden 

weergeven. Het lijkt erop dat op een zodanige wijze, de totale kracht geproduceerd door 

collectieve werking van verschillende motor-soorten kunnen concurreren met de 

ongewenste Brownse beweging, ook kan de beweging van het gehele macromoleculaire 

structuren in een specifieke richting optreden, beïnvloed door de rotatie van de statoren. Op 

basis van dit, wordt in hoofdstuk 4 de synthese van macromoleculaire systemen op basis 

van chemisch gebonden moleculaire motoren ontwikkeld door middel van Suzuki 

polycondensatie. Deze methode werd met succes toegepast voor de bereiding van 

fluorescent gelabelde macromoleculen in een route bestaande uit in totaal 16 stappen. Er 

werd aangetoond, dat de motorische eenheden in staat waren het uitvoeren van een 

roterende cyclus na bestraling met UV-licht bij de juiste temperatuur in grootte 

oplossingen. Belangrijker,  er werd vastgesteld dat er geen significante intramoleculaire 

interactie tussen de motor units bestaat, ondanks hun nabijheid door de voornaamste 

polymere ruggengraat. Dit was tekenend voor een gebrek aan sterke invloed van 

aangrenzende linkers voor thermische conversie van de motor draaiende cycli. Eveneens, 

werd de visualisatie van kleurstof gemotoriseerde polymeer (8, Figuur 5a) mogelijk door 

middel van afzonderlijke molecule fluorescentie technieken (Figuur 5b). 

 

Figuur 2. a) Structuur van de kleurstof gemerkt gemotoriseerde polymeer 8 en b),  m, 

128 × 128 pixels,µ m × 10 µconfocale fluorescentie beeld (10 µm × 10 µm, 128 × 128 

pixels verkregen voor een steekproef van 8 ingebed in een niet-fluorescerende PBMA 

matrix). 



  257 

 

 

 

 

 

Samenvatting 

Oorspronkelijk, diende het tot in detail begrijpen van fotochemische en thermische 

isomerizations van de overvolle alkenen als basis om het mogelijk te maken om de 

unidirectionele licht-aangedreven moleculaire motoren te ontdekken. In dit opzicht 

beschrijft hoofdstuk 6 de synthese van dicationic systemen met terminale kationische 

thioxanthyl groepen verlengd door middel van phenyl (9
2+

, Figuur 6) en antraceen (10
2+

, 

Figuur 6) centrale afstandhouders met het oog op het onderzoeken van de mogelijkheid tot 

manipuleren van de structurele veranderingen in deze systemen met betrekking tot de 

elektrochemische processen. Zoals werd aangetoond in deze studie, bleek het 

elektrochemische gedrag van dergelijke systemen een effect van de sterische eisen 

(sterische hinder) van de centrale overbrugging spacer eenheid in de vermindering van deze 

verbindingen in de overeenkomstige neutrale alkenen 9 en 10 (Figuur 6), respectievelijk 

ondergaan met uitwisseling van spin veelvoud aan beide kationische terminus. Een 

dergelijke spin-spin communicatie kan het meest waarschijnlijk worden gerationaliseerd 

door de delokalisatie van de afgekoppelde elektronen door de centrale spacer in een 

dergelijk systeem met veronderstelling van niet-radicalen Kekule type. 
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Figuur 3. Dicationic dithioxanthylenes 9
2+

 en 10
2+

 verlengd door middel van phenyl en 

antraceen spacers en de bijbehorende neutrale alkenen 9 en 10, respectievelijk. 

Niettemin, Röntgen-stralen analyse van antraceen overbrugd 10
2+

 bleek bijna 

orthogonale ordening van zowel terminal thioxanthyl groepen met betrekking tot de 

centrale spacer, terwijl volgens de berekening de neutrale vorm 10 naar verwachting slechts 

een licht gebogen centrale spacer zal hebben. Derhalve kan de gewenste interconversie 

tussen de 10
2+

/10 vergezeld gaan met dramatische structurele herinrichting van alle 

bestaande electroactive eenheden. 

Samenvattend, dit proefschrift presenteert het ontwerp, de synthese, en de studie van 

nieuwe roterende moleculaire motoren op basis van overvolle alkenen. Deze nanomotoren 

werden ontworpen met het oog deze en hun functie op te nemen in roterende systemen met 

meerdere componenten. Het roterende mechanisme voor de meest beschreven motoren 

werd in detail gekenmerkt door thermodynamisch en kinetische parameters van hun 

werking. Veel belangrijke eigenschappen en de huidige beperkingen van dergelijke 

lichtbaangedreven moleculaire motoren in de aanwezigheid van andere covalent gebonden 

fotoactieve groepen werden geïdentificeerd. De belangrijkste kwestie handelt over de 

ongewenste energie en fotogeïnduceerde elektronen overdrachts processen, die 

doeltreffendheid kunnen verminderen of zelfs de rotatiebeweging volledig kunnen remmen. 

Deze systemen zouden de basis kunnen vormen van toekomstige toepassingen van de 

moleculaire motoren met inbegrip van bouw van meer complexe en dynamische 

moleculaire apparaten en gemotoriseerde nanovoertuigen. 
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