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Abstract 

 
 Introduction 

Visualization of chemical phenomena is a 
challenge in chemistry because the visual perception 
of molecular behaviors invisible to the naked eye 
could provide a new insight into molecular dynamics 
and chemical reactions. Although the development 
of optical microscopy has enabled us to obtain some 
images of molecular motions, the connection with a 
sub-micrometer-sized probe, which is several 
hundreds times as large as the molecular machine, would denaturalize the original kinetics and 
dynamics. Alternatively, the correlation between motions and color changes of molecular machines 
holds the promise as a non-invasive estimation method except for light-sensitive molecules.  

Self-assembled molecular architectures have great potential to achieve non-covalent regulation 
of molecular motions. A variety of molecular gearing systems, miniatures of macroscopic gears, 
have been exploited since 1980. Triptycene is one of the most often-used molecules as a 
three-bladed gear, and most of the gearing systems consist of two triptycene gear molecules.  

In this study, I have designed a metallo-molecular gearing system, 1, having a well-defined, 
self-assembled structure and two coordination sites for axial ligands that can regulate the rotating 
velocity of the triptycene gears depending on their bulkiness (Figure 1). 
2,3,6,7,14,15-Hexamethyltriptycene was selected as an enlarged gear part featuring the rigid 
C3-symmetrical structure, which was expected to cause a large rotational barrier enough for easy 
analysis of the rotating velocity. A lantern-type dirhodium-tetracarboxylate complex was used as a 
metal-centered platform for four gears due to its easiness of synthesis and the 
psuedo-D4h-symmetrical structure. The VT-NMR analysis revealed that the rotating velocities in 
solution were markedly affected by the donating properties of coordinating atoms and the bulkiness 
of axial ligands. Moreover, UV-vis absorption spectroscopy indicated that the solution colors, 
namely electronic states of the central dirhodium ions, are significantly affected by the steric factors 
of the axial ligands and therefore strongly correlated with the rotating velocity.  
 
Result and discussion  
Synthesis. A molecular gearing system, 1·L2, was prepared by mixing an ethanolic suspension of 
2,3,6,7,14,15-hexamethyltriptycen-9-yl 
carboxylic acid, rhodium(III) chloride 
trihydrate and sodium carbonate. After 
purification by column chromatography and 
recrystallization from diethyl ether/CH2Cl2, a 
diethyl ether adduct 1·(ether)2 was obtained as 

 
Figure 1. Schematic representation of rotational 
control of a molecular gearing system by axial 
ligand exchange. 

 
Figure 2. Synthesis of the molecular gearing system 
1·L2. 
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green crystals. The axial diethyl ether ligand could be replaced by several types of pyridines to form 
1·L2 [L = py (pyridine), dmap (N,N-dimethyl-4-aminopyridine), min (methyl isonicotinate), mepy 
(2-methylpyridine) and etpy (2-ethylpyridine)] by the addition of two equivalents of the 
corresponding pyridyl ligand in CH2Cl2.  
X-ray crystal structural analysis. Lantern-type structures of the molecular gearing systems 1·L2 
with several types of axial ligands in the crystal state 
were analyzed by XRD measurement. Four gear-shaped 
triptycenyl carboxylates were circularly arranged on the 
dirhodium center and meshed with each other in a 
zigzag conformation. Two axial ligands were bound to 
the dirhodium center along the Rh-Rh bond axis.  

The structural parameters around the axial ligands 
are summarized in Table 1. The deviation among the 
Rh-Rh distances of the pyridyl ligand adducts fell 
within 0.01 Å, and the Rh-L distances were accurate 
within 0.08 Å when the substituents 
at the 2-positions of the axial 
pyridyl ligands varied from proton 
to ethyl. In comparison, the Rh-Rh 
and Rh-L distances of the diethyl 
ether adduct were significantly 
shorter and longer, respectively. The 
bond angles Rh-Rh-N (axial ligand 
donor) reached 15° when the axial 
ligand was the largest 2-ethylpyridine. These changing trends in the distances and angles suggest 
the steric repulsion around the axial ligands.  
NMR study. Lantern-type structures of the molecular gearing systems in CDCl3 were confirmed by 
NMR spectroscopy. The signals of methyl groups at the 2,7,14-positions of triptycene in each 
gearing system were up-field shifted compared with metal-free carboxylic acid. This result comes 
from the shielding effect from benzene rings of 
the adjacent triptycene, suggesting the meshing 
gear molecules stemmed from the lantern-type 
structure.  

VT-NMR measurement at low temperatures 
showed 2:1 splitting of the signals of the blade 
parts of the gear molecules. This indicates that its 
zigzag conformation as observed in the crystal 
state is more stable than a tongue-and-groove 
conformation. The rotating velocity of each 

 
Figure 4. 1H NMR spectra of free carboxylic acid and 
the molecular gearing system 1·(py)2 at 300 K (500 
MHz: CDCl3: 0.1 mM) 

 
Figure 3. ORTEP representation of the X-ray 
structure of 1·(py)2. Hydrogen atoms and 
solvent molecules are omitted for clarity. 

 
Table 1. Table for structural parameters of the molecular gearing 
systems with all axial ligands. 
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complex at a given temperature was estimated by 
comparison with the dynamic NMR simulation. 
Eyring plots determined the activation parameters 
based on the temperature dependence of the rate 
constants for 1·(mepy)2, 1·(etpy)2 and 1·(ether)2: 
ΔH‡(mepy) = 14.5 kcal mol-1 and ΔS‡(mepy) = 106 
cal mol-1 T-1, ΔH‡(etpy) = 17.92 kcal mol-1 and 
ΔS‡(etpy) = 116.7 cal mol-1 T-1, and ΔH‡(ether) = 
11.3 kcal mol-1 and ΔS‡(ether) = 99.3 cal mol-1 T-1, 
respectively. The rotating velocities and activation 
parameters of the gearing system with the other axial 
ligands could not be determined because no splitting 
behaviors were observed even at low temperatures. 
In comparison with the parameters of a pyridine 
adduct as a basis, the electronic modification of the 
pyridyl ligands (dmap and min) could not be very 
effective in controlling the rotating velocity. 
Moreover, bulky substituents at the 2-position of the 
pyridyl ligands (mepy and etpy) caused larger 
changes in the parameters than the type of donor 
atoms (nitrogen vs. oxygen). 
UV-visible spectroscopy. The solution colors of the molecular gearing systems were analyzed by 
UV-visible spectroscopy. A broad absorption band around 500~600 nm was significantly shifted by 
changing the type of the axial ligands. The magnitude of the changes varied in the order of donor 
atoms (~80 nm), the bulkiness (~30 nm), and the electronic property (~10 nm) of the axial ligands. 
When the axial ligands were pyridine derivatives with a nitrogen donor atom, the bulkiness was the 
most influential factor affecting the color changes.    
 
Conclusion 
In conclusion, I have synthesized a molecular gearing system based on a lantern-type dirhodium 

complex. The lantern-type structures of molecular gearing systems in solution and in the crystal 

state were determined by NMR spectroscopy and X-ray analysis. The rotating velocities in solution, 

estimated by VT-1H NMR, were markedly-affected by the donating properties of coordinating 

atoms and the bulkiness of axial ligands, and the velocity changes were accompanied by the color 

changes of each solution. Such correlation would allow for the visualization of molecular motions.  

 
Figure 5. Measurements of the rate constants (k) 
for the 60° rotation process of a molecular 
gearing system 1·(mepy)2 were conducted by 
the dynamic 1H NMR line-shape simulation (Sim). 

 
Figure 6. UV-vis spectra of molecular gear 
complexes (CHCl3 solution: 20 °C: 0.6 mM for 
py, 1 mM for others ). 
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Abbreviations 

 
Ac  acetyl 
aq.  aqueous solution 
ATP  adenosine triphosphate 
Bu  butyl 
ca.  centiare 
Calcd  calculated 
conc.  concentrated 
DMSO dimethyl sulfoxide 
ESI  electrospray ionization 
Et  ethyl 
h  hour(s) 
Hz  hertz 
IPA  2-propanol 
J  coupling constant 
L  ligand 
LRMS low resolution mass spectrometry 
M  metal ion 
M  molar [mol/L] 
Me  methyl 
min  minute(s) 
m/z  mass-to-charge ratio 
n  normal 
NMR  nuclear magnetic resonance 
Ph  phenyl 
ppm  parts per million 
Py  pyridine 
t  tertially 
Tc  coalescence temperature 
THF  tetrahydrofuran 
THT  tetrahydrothiophene 
TLC  thin layer chromatography 
TMS  trimethylsilyl 
TOF  time-of-flight  
UV  ultraviolet 
Vis  visible 
VT  variable temperature  
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1-1. Chemistry of Molecular Rotors and Gear Systems 

 

In 1959, Feynman (Nobel Prize in Physics in 1965) first discussed a concept of nanomachine in 

his lecture There’s Plenty of Room at the Bottom1. He considered the possibility and benefit of 

direct manipulation of atoms with step-by-step miniaturized tools, “I manufacture quarter-size 

tools; and I make, at the one-quarter scale, still another set of hands again relatively one-quarter 

size! This is one-sixteenth size, from my point of view.” Although his top-down process could not 

reach the atomic scale due to the change of predominant forces in the nanoscale world, it is now 

considered that a bottom-up process as seen in molecular machines can achieve his dream. 

Molecular machines are defined as molecules whose mechanical motion can be controlled by 

artificial manipulations. For the last several decades, a great number of researchers have developed 

a variety of molecular machines2. In 2016, the Nobel Prize in Chemistry was awarded jointly to 

Sauvage3, Stoddart4 and Feringa5 “for the design and synthesis of molecular machines” 6. 

In living things, biological molecular machines work to maintain their lives in a cooperative 

manner. ATP synthase produces energy source with unidirectional rotation, myosin is essential for 

locomotion of animals, and kinesin and dynein transport cellular cargo. Recent researches have 

clarified that biological molecular machines take full advantages of uncertainty, which is excluded 

as a noise from macroscopic machines. For example, myosin shows a few steps on an actin filament 

against an ATP molecule7. Although a biological molecular machine is a successful nanomachine, 

an artificial molecular machine that mimics a straightforward macroscopic machine would have a 

potential to achieve nanomachines. 

A gear has been extensively used as a fundamental component in artificial macroscopic 



 8 

machines that conducts propagation of rotation, control of direction and synchronization of motions. 

Recent researches have revealed that a gear function is utilized in nymphs of the flightless 

planthopper insect Issus8 and marine bacterium MO-19, which encourages our use of gears for 

artificial macroscopic machines. Understanding nano-scaled gears would help us to design and 

control motions of artificial molecular machines. When multiple artificial molecular machines are 

connected with each other in a well-defined manner through a nano-scaled gear system, the motions 

would be transformed and synchronized to achieve practical functions. 

A molecular gear system was first reported by Iwamura10 and Mislow11, independently (Figure 

1-1-1a). Their molecular gear systems were composed of two triptycene gear molecules connected 

through a methylene or an ether group on the bridgehead positions. The authors theoretically 

determined 1-2 kcal mol-1 for energy barrier of engaged rotation, and experimentally 32-45 kcal 

mol-1 for energy barrier of slippage rotation. The energy barrier of engaged rotation is generally low 

causing too fast rotation to observe. Mislow’s gear system, in which triptycene gears were 

substituted to increase steric repulsion, is only a gear system in which energy barrier of engaged 

rotation of triptycene gears was determined experimentally. 

A variety of linker structures with different distance and angle between two triptycene gears12,13 

have been reported for tuning the energy barriers of engaged and slippage rotational motions 

(Figure 1-1-1b-g). It was notable that Kira was successful in switching engaged and disengaged 

rotational motions of two triptycene gears which were connected through a difluorosilylene group 

by a fluoride anion, and the gear system showed a clutch function (Figure 1-1-1g)13. This system is 

considered as a molecular machine, in the strict sense, because of its controllable motion by 

artificial manipulation. Molecular gear systems using pentiptycene gears14 and porphyrin gears15 as 
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four-blade gears were also reported. Pentiptycene gears were not prospective because of the low 

energy barrier for slippage rotation (< 6 kcal mol-1). 

 

Considering effects of the distance and angle between two gears on the engaged rotation is 

important for designing molecular gear systems as in the case with macroscopic machines. Multiple 

gear arrangement is also important to develop higher molecular functions as a number of excellent 

engaged gear systems have been used for macroscopic machines. However, only a few molecular 

gear systems composed of three gears10,11,14 have been reported. Iwamura reported a linearly 

arranged gear system (Figure 1-1-2a). Mislow reported circularly arranged three gear systems 

(Figure 1-1-2b,c). The circularly arranged gear systems cannot rotate without slippage rotational 

motion because a gear counterrotates to the adjacent gear. Thus, few systems composed of more 

than three gears have been developed so far. 
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Figure 1-1-1. Molecular gear systems composed of two triptycene gears connected through various linkers 
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1-2. Triptycene 

 

Triptycene is a D3h-symmetrical rigid molecule, which was firstly synthesized by Bartlet in 

194216. After the discovery of a simplified synthetic method, which is Diels-Alder reaction of 

anthracene with benzyne17, its structural features have been more frequently utilized for frameworks 

of molecular rotors. 

Triptycene is a useful component for molecular rotors due to its easy observation of the rotation 

(Figure 1-2-1). When a C2-symmetrical component like a benzene ring is connected to the 

bridgehead position of triptycene, three blades are chemically equivalent under fast rotation but 

inequivalent under slow rotation. The observation of a translation between these two different states 

enables us to estimate the rotational velocity. It is important that both fast and slow rotations lie in 

the observable range of the measuring method. It should be noted that we could observe only a 

one-third rotation, and could not distinguish unidirectional rotation and oscillation. 

 

O

O

Cl
Cl

Ge
Cl
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Figure 1-1-2. Molecular gear systems composed of three triptycene gears connected through various linkers 
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Triptycene is often used not only for a molecular gear system as described above, but also for 

other types of molecular machines (Figure 1-2-2). Kelly reported a molecular rotary motor which 

can unidirectionally rotate by 120° using urethane formation and hydrolysis18. And his group 

further reported a molecular brake in which the rotational rate is decreased due to the steric 

repulsion of a pyridyl group fixed by complexation with an Hg2+ cation19. McGlinchey also 

developed a molecular brake in which the rate is decreased by haptotropic rearrangement20. 
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1-3. Metal Complexes in Molecular Machines 

 

A metal complex is usually consists of a central metal atom or ion and ligands. The type and 

oxidation number of the metal ion affect the character of the coordination bonds between the metal 

and ligands. Control of lability of coordination bonds has been utilized for switching motions in 

molecular machines. Sauvage reported a [2]catenate rotor in which the redox reaction of the central 

copper ion caused exchange of the [2]catenate ligands (Figure 1-3-1a)21. They also reported a 

[2]rotaxane motor with a similar mechanism (Figure 1-3-1b)22. 
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 Metal complexes are also utilized for molecular gear systems as a linker. Richards reported a 

gear system composed of a three-blade and a four-blade gears23 which were connected through a 

cobalt ion (Figure 1-3-2a). This was the first example of the use of cyclopentadienyl scaffold as a 

metal-mediated four-blade gear. Shinkai has developed porphyrin gear systems based on a 

double-decker complex (Figure 1-3-2b)24. The engaged rotation of the complexes was controlled by 

the allonomous changes in the coordination mode of the double-decker complex. These systems are 

also considered as distinct molecular machines. Kobayashi has developed porphyrin gear systems 

on a cavitand scaffold (Figure 1-3-2c)25. The engaged rotation of the complexes was analyzed 

theoretically and experimentally. 
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1-4. Aim of This Study 

 

As described above, a molecular gear system is considered as an important component of 

artificial molecular machines. Although the development of arrangement methods for multiple 

gears and the analytical study on their effects on the engaged rotational motions are important 

issues in this field, the mechanistic details have yet to be revealed. In this study, I chose a metal 

complex as a central stator to arrange multiple triptycene gears in an easily-controllable way. I also 
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chose a substituted triptycene gear to increase the energy barrier of the engaged rotation. 

A dinuclear lantern-type complex was used in this study, whose D4-symmetric structure enables 

arrangement of four gears circularly on the central dinuclear metal-metal bond. I found that the 

enlarged triptycene gear, 2,3,6,7,14,15-hexamethyltriptycen-9-yl groups, incorporated into the 

structure provided useful information to analyze the rotational motions. The axial ligands of the 

lantern-type complex affected the engaged rotation, and this system can be considered as a distinct 

molecular machine (Figure 1-4-1). 

 

 

This thesis consists of three chapters as follows: In chapter 1, the background of molecular gear 

systems and the design concept of metal-based gear systems are described. Chapter 2 describes the 

synthesis and properties of a molecular gear system based on a lantern-type complex, and its 

rotational behaviors with a variety of axial ligands. Chapter 3 includes conclusion of this study and 

perspectives of molecular gear systems based on a metal complex. 

 

 

 

 

 

Figure 1-4-1. Molecular design of a molecular gear system based on a lantern-type complex 
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2-1. Introduction 

 

A lantern-type complex, which is also called a paddlewheel complex, has a structure in which 

four bidentate ligands, usually carboxylates, are coordinated with two metal ions as shown in Figure 

2-1-1a. Since the first structure was reported for copper(II) acetate by van Niekerk and Schoening 

in 19531, a number of examples have been reported which combined various bridging ligands with 

metal ions. The d-orbitals of two late transition metal ions overlap with each other, causing an 

unusual electronic structure of a lantern-type complex. Most of lantern-type complexes represent 

metal-metal bonding depending on the number of d electrons, which have significant influence on 

the contribution of bonding and antibonding orbitals to the bond order as shown in Figure 2-1-1b. 

The equatorial position of the dinuclear metal center is coordinated by bidentate bridging ligands, 

and the two axial positions are usually coordinated by a monodentate ligand for each. With 

multi-monodentate ligands, lantern-type complexes can be linked. In this unique structure, the type 

of axial ligands possibly becomes an important factor to determine the electronic property of the 

dinuclear metal center. 

 

 

A lantern-type dinuclear rhodium(II) complex, which was first reported by Chernyaev in 19602, 

has a single metal-metal bond due to occupied δ* and π* orbitals and an unoccupied σ* orbital. The 

energy level of the σ* orbital is sensitively affected by the orbitals of the axial ligands. The visible 
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Figure 2-1-1. a) A general reaction scheme and b) electronic structure of a lantern-type complex 
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absorption depends on the energy gap of π*-σ* transition of the dinuclear metal center, which leads 

to the color changes depending on the type of axial ligands. The theoretical study of the electronic 

structures, the application to anti-tumor treatment and catalysis for various reactions such as 

decomposition reaction of azo compounds have received attention in recent years. 

Triptycene can be regarded as a bulky and tightly-meshed substituent and a few examples of 

lantern-type complexes with triptycene have been so far reported. Lippard reported a lantern-type 

iron complex protected by bulky triptycene, which gained remarkable stability to water3. Rieger 

used triptycene-9,10-dicarboxylate as a bridging ligand for metal-organic framework, and revealed 

the stabilization by π-π and CH-π interactions between triptycenes4. Noels used a lantern-type 

dinuclear rhodium complex for the investigation of the steric effect on the selectivity for C-H 

insertion reaction of decomposed diazo compounds5. However, none of these studies has 

investigated the dynamic behavior of the complexes in solution or in the solid state. 

 

2-2. Molecular Design of a Metal-centered Circular Gear System 1·L2 

 

A lantern-type complex has favorable characters as a scaffold for regular gear arrangement for 

engaged rotation. In a variety of metals used for a lantern-type dinuclear center, I chose a dinuclear 

Rh(II) complex as a stator of gear systems, which has easy handiness under ambient condition due 

to the high stability in air and moisture. And proper inertness for the bridging ligand exchange gives 

stable observation at room temperature and ligand exchange in refluxing solvents. 

The axial ligands L of a lantern-type complex was supposed to act as a factor to control the 

engaged rotation due to the steric and electronic effects. Axial ligand exchange easily takes place in 
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solution, and this would enable post-tuning of the engaged rotation of the gear system. 

 A triptycene gear was modified for easy observation of the rotation. Expanding the length of 

the blade of gears would enhance the rotational barrier due to the tight steric interactions. Methyl 

groups were chosen as the substituents at appropriate positions of the blade part because of their 

extremely low coordination ability to the dinuclear rhodium center and of synthetic easiness. The 2-, 

3-, 6-, 7-, 14-, and 15-positions of triptycene were methylated reduce the number of structural 

isomers of 9-bromotriptycene, which was a precursor of the corresponding carboxylic acid, because 

triptycene derivatives are mostly synthesized by Diels-Alder reaction of the corresponding 

anthracene and benzyne.  

 

 

 

2-3. Synthesis and Crystal Structure of a Gear System 1·L2 

 

The designed gear system was synthesized according to a little modified method for 

Rh2(CH3CO2)4(H2O)2 and isolated as an ether adduct 1·(ether)2, in which the axial ligands are 

diethyl ether. 9-Bromo-2,3,6,7,14,15-hexamethyltriptycene was synthesized by the Diels-Alder 

reaction of 9-bromo-2,3,6,7-tetramethylanthracene with substituted benzyne derived from 

4,5-dimethylanthranilic acid, and then lithiated by t-butyllithium followed by carboxylation with 

Figure 2-2-1. Schematic illustration and chemical structure of a molecular gear system 1·L2 
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carbon dioxide. The obtained carboxylic acid was reacted with RhCl3·3H2O in refluxing ethanol in 

the presence of sodium hydrogen carbonate for 24 h to afford a mixture of lantern-type dinuclear 

rhodium complexes. After purification by column chromatography and recrystallization by slow 

evaporation from a mixture of dichloromethane and diethyl ether, diethyl ether adduct 1·(ether)2 

was obtained as green crystals in 48% yield. ESI-MS analysis was carried out after addition of a 

sodium iodide solution to a solution of 1·(ether)2 to detect a species as 1·I– in which each axial 

diethyl ether ligand was replaced by an iodide ion. 

The two axial diethyl ether ligands were replaced by several types of pyridine ligands to form 

1·L2 [L = py (pyridine), dmap (N,N-dimethyl-4-aminopyridine), min (methyl isonicotinate), mepy 

(2-methylpyridine), and etpy (2-ethylpyridine)] after addition of two equivalents of the 

corresponding pyridine derivatives in dichloromethane. The crystals of these adducts were obtained 

by the corresponding method (see 2-7 Experimental). 

X-ray crystal structure analyses were carried out for all the six adducts. An X-ray crystal 

structure of the diethyl ether adduct 1·(ether)2 is shown in Figure 2-3-1. The dinuclear rhodium core 

of the lantern-type complex was surrounded by four carboxylate gears meshing with each other, and 

its dinuclear rhodium center was sandwiched between two axial ether ligands along the Rh-Rh bond 

axis.  
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The structural parameters around the axial ligands are summarized in Table 2-3-2. The 

deviation among Rh–Rh distances fell in 0.01 Å, and the Rh–L distances extended 0.08 Å 

according to the change of the substituents from proton to ethyl at the 2-positions of the axial 

ligands. The bending angles of the axial ligands from the Rh–Rh bond axis showed smaller values, 

3.5° and 6.3°, in 1·(py)2 and 1·(min)2, respectively. On the other hand, the bending angle showed 

larger values, 16.2°, 13.6°, and 15.0°, in 1·(dmap)2, 1·(mepy)2, and 1·(etpy)2, respectively. In 

1·(ether)2, the Rh–Rh distance was shorter, and the Rh–L distance was longer than those of the 

complexes with pyridine ligands. 

 

 

Figure 2-3-1. Crystal structure of a molecular gear system 1·(ether)2 

Table 2-3-2. Structural parameters of molecular gear systems 1·L2 
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X-ray crystal structural analyses indicated the steric repulsion between the lantern-type 

complex and the substituents at the 2-positions of the pyridine ligands. The bulkier the axial ligands 

became, the longer the Rh-L distances became and the larger the bending angle became in the 

direction so as to reduce the steric repulsion with the substituents. In 1·(dmap)2, the bending angle 

showed a large value of 16.3° due to the intermolecular π–π interaction between the axial ligands of 

two complexes in the crystal packing as shown in Figure 2-3-3. 

 

 

 

2-4. Visible Absorption Spectroscopy of a Gear System 1·L2 

 

The electronic structures of lantern-type complexes were then examined by visible absorption 

spectroscopy. Visible absorption spectral data of the complexes 1·L2 in CHCl3 are given in Figure 

2-4-1 to compare the effects of the axial ligands on their electronic states. The effects of the type of 

carboxylates bridging Rh-Rh on the electronic states have been studied in detail. It is well known 

for Rh2(RCO2)4·L2 that there are two peaks for absorption around 500~600 nm (band I) and 450 nm 

Figure 2-3-3. Crystal packing of a molecular gear systems 1·(dmap)2 
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(band II) in the visible region, which can be assigned to the allowed transitions, π*→σ* and 

π*→δ*, respectively7. Indeed, the band I was remarkably affected by the type of the axial ligands 

as shown in Figure 2-4-1, while the band II around 450 nm remained almost unchanged. The band 

II of 1·(min)2 was overlapped by a large peak, which would be assigned to an MLCT between the 

dinuclear Rh-Rh center and the axial ligands. In comparison between the axial pyridine ligands with 

a substituent at the 2-position, 1·(py)2, 1·(mepy)2, and 1·(etpy)2, bulkier axial ligands showed the 

absorption at a longer wavelength in the order of 1·(py)2 (527 nm) < 1·(mepy)2 (554 nm) < 

1·(etpy)2 (566 nm). On the other hand, only small electronic effects were observed with the axial 

pyridine ligands, 1·(dmap)2 (red-shift by 7 nm) and 1·(min)2 (blue-shift by 7 nm), which have an 

electron donating dimethylamino group and electron withdrawing methoxycarbonyl group, 

respectively, at the 4-position. It should be noted that the band I for 1·(ether)2 appeared in the 

longest wavelength side (608 nm). This result indicates that the type of donor atoms of the axial 

ligands was one of the most effective factors affecting the absorption wavelength of the dinuclear 

Rh-Rh complexes. The steric repulsion would increase a distance between the axial ligands and the 

dinuclear core, and it would weaken the orbital interaction between them. 
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2-5. NMR Study of a Gear System 1·L2 

 

1H NMR measurements of these obtained complexes were performed in CDCl3. Compared with 

carboxylic acid 2, the signals of methyl groups at the 2,7,14-positions of triptycenes in each 

complex 1·L2 were shifted upfield (Figure 2-5-1). Observed upfield shifts of the signals in the 1H 

NMR spectra are well explained by the shielding effect from the benzene rings of the adjacent 

triptycene parts, indicating a geared structure in the solution state. 

 

 

Figure 2-4-1. Visible absorption spectra of a molecular gear system 1·L2 

Figure 2-5-1. 1H NMR spectra of a molecular gear system 1·(ether)2 and carboxylic acid 2 
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Then, the temperature effects on the rotational behaviors of the triptycene gear parts were 

examined by variable-temperature 1H NMR (VT-NMR) spectroscopy. For instance, the 1H NMR 

spectrum of 2-methylpyridine adduct 1·(mepy)2 at 300 K showed broadened signals assigned to the 

protons a and b (Figure 2-5-2). When the temperature was lowered, all the signals eventually 

became broadened and then split. The spectrum at 260 K showed splitting of all the signals assigned 

to the blades of the triptycene parts. Similar splitting was observed in the spectra of a 

2-ethylpyridine adduct 1·(etpy)2 and 1·(ether)2 (Figure 2-5-3 and Figure 2-5-4). The spectra of a 

pyridine adduct 1·(py)2, an N,N-dimethyl-4-aminopyridine adduct 1·(dmap)2 and a methyl 

isonicotinate adduct 1·(min)2, however, showed no splitting at 220 K. This result suggests that the 

rotational behaviors were markedly affected by the type of axial ligands. VT-NMR measurements 

at low temperatures revealed the stable conformation of the triptycene parts may be a zigzag 

conformation because the signals of the blade split into a 2:1 (upfield/downfield) ratio (Figure 

2-5-5). Although the other tongue-in-groove conformation also showed 2:1 splitting, in that case, 

the signals of a benzene ring of triptycene shielded by two benzene rings of the adjacent triptycene 

parts were expected to shift to upfield shift, and the ratio should become 1:2 (upfield/downfield). 
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Figure 2-5-2. VT-1H NMR spectra of a molecular gear system 1·(mepy)2 and dynamic 1H NMR line shape simulations 

(Sim) using the iNMR software (version 5.3.3) 
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Figure 2-5-3. VT-1H NMR spectra of a molecular gear system 1·(etpy)2 and dynamic 1H NMR line shape simulations 

(Sim) using the iNMR software (version 5.3.3) 
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Figure 2-5-4. VT-1H NMR spectra of a molecular gear system 1·(ether)2 and dynamic 1H NMR line shape simulations 

(Sim) using the iNMR software (version 5.3.3) 

Figure 2-5-5. Illustrations of zigzag and tongue-in-groove conformations 
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The rotational rates of these complexes at a given temperature were determined by dynamic 

NMR experiments. Dynamic 1H NMR line shape simulation was carried out based on the pairs of 

chemical shifts of splitting signals and the chemical exchange rates. When the chemical exchange 

rates are changed, the line shape of the simulated spectrum is changed. The 2:1 splitting signals 

assigned to equatorial and axial blades of triptycene parts were exchanged with each other by 60° 

rotation. The activation energy parameters were determined from the temperature dependence of the 

changes in the spectra of 1·(mepy)2, 1·(etpy)2, and 1·(ether)2. The rotational rates and activation 

parameters for 1·(py)2, 1·(dmap)2, and 1·(min)2 could not be determined because no splitting was 

observed in the NMR measurement at low temperatures due to their fast rotation compared with the 

NMR timescale. As for these three complexes, the activation energy barrier (ΔG‡) can be roughly 

estimated to be lower than 12 kcal mol-1 from the chemical shift gap Δν > 0.1 ppm and the 

coalescence temperature Tc < 220 K according to the following equation from the Eyring equation, 

where Tc is the coalescence temperature6. 

ΔG‡ = 4.55 × 10-3 × Tc{9.97 + logTc - log(500 ×Δν)) [kcal mol-1] 

The rotational rates of the molecular gear complexes with pyridine derivatives were expected to 

vary with the steric effects of the substituents at the 2-positions of the pyridines (Table 2-5-6), 

which would enable steric control by the axial ligands. The activation enthalpies are increased with 

the steric repulsion because the steric repulsion increased the internal energies. The activation 

entropies seemed to have a similar tendency. They would depend on the conformation of the axial 

ligands in the transition state (Figure 2-5-7). In the ground state, the pyridine derivatives could have 

a conformation (asymmetrical pyridine derivatives can have two conformations) because of the 

walls of the axial blades of triptycene gears. In the transition state, the axial ligands could have 
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twice conformations due to the conformational change of the triptycene gears.  

Moreover, further splitting was observed in the spectra of 1·(mepy)2 and 1·(etpy)2 at 220 K 

(Figure 2-4-8). This observation may come from the direction of unsymmetrical axial ligands in the 

slower rotation. 

 

 

 
 

 

 

Table 2-5-6. Thermodynamic parameters of the gearing system 1·L2 

Figure 2-5-7 Conformation of the axial ligands in ground and transition states 
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2-7. Experimental Section 

 

General Procedure 

Unless otherwise noted, solvents and reagents were purchased from TCI Co., Ltd., WAKO Pure 

Chemical Industries Ltd., Kanto Chemical Co., Sigma-Aldrich Co., and Kojima Chemicals Co., 

Ltd., and used without further purification if not mentioned. 

1H, 13C NMR, and other 2D NMR spectra were recorded on a Bruker AVANCE III-500 (500 

MHz for 1H) spectrometer. The following pulse programs were used with default parameters: zg30 

(1H), zgpg30 (13C). Tetramethylsilane was used as an internal standard (δ 0 ppm) for 1H and 13C 

NMR measurements when CDCl3 was used as a solvent. A residual solvent signal was used for 

calibration of 1H and 13C NMR measurements when DMSO-d6 (δ 2.50 ppm for 1H NMR and 39.7 

ppm for 13C NMR) was used as a solventS1. 

Single crystals in paratone-N oil were mounted on a nylon loop. Single crystal X-ray 

crystallographic analyses were performed using a Rigaku RAXIS-RAPID imaging plate 

diffractometer with MoKα radiation (λ = 0.71073 Å), and obtained data were calculated using the 

Crystal Structure crystallographic software package except for refinement, which was performed 

using SHELXL-97 and SHELXL-2013S2. Strains (bond distances, angles, and displacement 

parameters) were applied for disordered solvents. Main backbones were refined anisotropically. All 

hydrogen atoms were replaced geometrically and refined using a riding model. Crystallographic 
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data in this paper can be obtained free of charge from the Cambridge Crystallographic Data Centre 

(http://www.ccdc.cam.ac.uk/data_request/cif). 

ESI-TOF mass data were recorded on a Waters Micromass LCT Premier XE mass spectrometer. 

Unless otherwise noted, experimental conditions were as follows (Ion mode, positive; Capillary 

voltage, 300 V; Sample cone voltage, 30 V; Desolvation temperature, 150 °C; Source temperature, 

80 °C). 

UV-Vis spectra were recorded on a HITACHI U-3500 UV-Vis spectrophotometer. 

 

Synthesis of Molecular Gear System 1·L2 

The molecular gear system 1·L2 was synthesized according to the Scheme 2-7-1. 

4,5-Dimethylanthranilic acid 7S3-S5 and 9-bromo-2,3,6,7-tetramethylanthracene 11S2,S6-S8 were 

synthesized according to the literature procedure with slight modifications. 
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Synthesis of 4,5-Dimethyl-Δ-tetrahydrophthalimide (3)S3 

In a pressure bottle, a mixture of maleimide (4.03 g, 42 mmol) and 2,3-dimethyl-1,3-butadiene 

(10.4 mL, 92 mmol) in dry benzene (80 mL) was heated at reflux for 14 h, and then cooled to room 

temperature. The resulting mixture was evaporated and dried in vacuo to yield imide 3 as a white 

solid (6.57 g, 88%). This crude material was used for the next reaction without further purification. 

1H NMR (500 MHz; CDCl3; 300 K): δ 7.80 (s, 1H), 3.09 (s, 2H), 2.43 (d, J = 14.9 Hz, 2H), 2.23 (d, 

J = 13.9 Hz, 2H), 1.69 (s, 6H); 13C NMR (126 MHz; CDCl3; 300 K): δ 180.1, 127.1, 41.3, 30.6, 

19.5. 

CH2H3C

H3C CH2
+ NH

O

O

NH
H3C

H3C

O

O

NH
H3C

H3C

O

O

H3C

H3C
OH

O

NH2

O

H3C

H3C

H
N

O
O

OHO
Br Br

CH3

CH3

H3C

H3C

H3C

H3C

CH3

CH3

H3C

H3C

CH3

CH3

CH3
CH3

CH3 CH3

S8/I2 NaOH

+

O

O

H3C

H3C

O

O
CH3

CH3 H3C

H3C

O

O
CH3

CH3 H3C

H3C CH3

CH3HI

70 %

3 4

12 2

8 9

5

10

6

11

88 %

CH2H3C

H3C CH2

97 %

S8/I2

PhI(OAc)2

98 %

96 %

H3C

H3C

NH2

OH
O

7

NaOH

95 %

O

PhH, reflux
84 %

decalin, 190°C H2O, 90°C

CH2Cl2, reflux H2O, 60°C

+
EtOH, reflux

88 %
decalin, 190°C AcOH, reflux

CuBr2

CHCl3, reflux

7, amylONO, conc. HCl

48 % (2 steps)
1,2-dichloromethane, reflux

15 %
THF,-78°C

1. t-BuLi
2. CO2
3. HCl

H3CH3C

H3C

L

Rh

O

O
Rh O

O
O

O
O

O

L

CH3H3C

CH3CH3

H3C
H3C

CH3
CH3

CH3
CH3

CH3CH3CH3

H3C CH3

CH3
CH3

H3C CH3

H3C

1·(Et2O)0.66(H2O)1.34

RhCl3 ·3H2O, NaHCO3

EtOH, reflux

Scheme 2-7-1. Synthesis of a molecular gear system 1·L2 



38 

 

 

 

 

 

Synthesis of 4,5-Dimethylphthalimide (4)S3 

To a stirred suspension of imide 3 (6.54 g, 37 mmol) and sulfur (2.90 g, 90 mmol) in diphenyl 

ether (1.5 mL) and decalin (39 mL) was added iodine (42 mg, 0.17 mmol), and then the mixture 

was heated at 190 °C for 15 h. The mixture was cooled to room temperature, filtered, washed with 

ether, and dried in vacuo to yield 4 as an orange solid (5.36 g, 84%). This material was used for the 

next reaction without further purification. 

Figure 2-7-2. 1H NMR spectrum of 3 (CDCl3, 500 MHz, 300 K) 

Figure 2-7-3. 13C NMR spectrum of 3 (CDCl3, 126 MHz, 300 K) 
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1H NMR (500 MHz; CDCl3; 300 K): δ 7.61 (s, 2H), 7.37 (s, 1H), 2.41 (s, 6H); 13C NMR (126 

MHz; CDCl3; 300 K): δ 168.4, 144.3, 130.8, 124.7, 20.8. 

 

 

 

 

 

Synthesis of 2-Carbamyl-4,5-dimethylbenzoic Acid (5)S3 

A mixture of phthalimide 4 (4.94 g, 27.5 mmol) in 1.0 M aqueous NaOH (30 mL, 30 mmol) 

was heated at 90 °C for 1 h. The solution was filtered while hot, cooled to room temperature, and 

then acidified by conc. HCl. The precipitate was collected and dried in vacuo to yield 5 as an 

Figure 2-7-4. 1H NMR spectrum of 4 (CDCl3, 500 MHz, 300 K) 

Figure 2-7-5. 13C NMR spectrum of 4 (CDCl3, 126 MHz, 300 K) 
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orange solid (5.16 g, 97%). This material was used for the next reaction without further purification. 

1H NMR (500 MHz; DMSO-d6; 300 K): δ 12.68 (s, 1H), 7.67 (s, 1H), 7.49 (s, 1H), 7.23 (s, 2H), 

2.27 (s, 3H), 2.26 (s, 3H); 13C NMR (126 MHz; DMSO-d6; 300 K): δ 170.3, 168.2, 139.5, 137.3, 

136.0, 130.0, 128.5, 128.3, 19.2, 19.0. 

 

 

 

 

 

Synthesis of 6,7-Dimethyl-1H-benzo[d][1,3]oxazine-2,4-dione (6)S4 

To a stirred mixture of 5 (17.1 g, 88.5 mmol) in CH2Cl2 (250 mL) was added iodobenzene 

Figure 2-7-6. 1H NMR spectrum of 5 (DMSO-d6, 500 MHz, 300 K) 

Figure 2-7-7. 13C NMR spectrum of 5 (DMSO-d6, 126 MHz, 300 K) 
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diacetate (32.2 g, 100 mmol). The mixture was heated at reflux for 5 h, and then cooled to room 

temperature. After filtration and washing with CH2Cl2 until the liquid phase became colorless, the 

solvents were removed and dried in vacuo to yield dione 6 as an off-white solid (16.5 g, 98%). This 

material was used for the next reaction without further purification. 

1H NMR (500 MHz; DMSO-d6; 300 K): δ 10.50 (s, 1H), 7.67 (s, 1H), 6.92 (s, 1H), 2.29 (s, 3H), 

2.24 (s, 3H); 13C NMR (126 MHz; DMSO-d6; 300 K): δ 160.2, 147.84, 147.78, 140.0, 132.8, 129.1, 

116.1, 108.1, 20.6, 19.0. 

 

 

 

 

Figure 2-7-8. 1H NMR spectrum of 6 (DMSO-d6, 500 MHz, 300 K) 

Figure 2-7-9. 13C NMR spectrum of 6 (DMSO-d6, 126 MHz, 300 K) 
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Synthesis of 4,5-Dimethylanthranilic Acid (7)S3 

A mixture of dione 6 (2.37 g, 12.4 mmol) in 0.5 M aqueous NaOH (100 mL, 50 mmol) was 

heated at 60 °C. After 2 h, the mixture was heated at reflux for 30 min. After cooling to room 

temperature, the mixture was acidified to pH 4 by acetic acid. The precipitate was collected, washed 

by water, and dried in vacuo to yield anthranilic acid 7 as an orange solid (1.94 g, 95%). This 

material was used for the next reaction without further purification. 

1H NMR (500 MHz; DMSO-d6; 300 K): δ 8.31 (s, 2H), 7.43 (s, 1H), 6.52 (s, 1H), 2.11 (s, 3H), 2.06 

(s, 3H); 13C NMR (126 MHz; DMSO-d6; 300 K): δ 169.7, 149.9, 143.1, 131.3, 122.5, 117.3, 107.6, 

19.9, 18.4; LRMS (CH3CN, negative, capillary: 3000 V, sample cone: 30 V): [7·H]+ (C27H25O2) m/z 

166.1 (required, 166.1). 

 

 

 Figure 2-7-10. 1H NMR spectrum of 7 (DMSO-d6, 500 MHz, 300 K) 
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Synthesis of 1,4,58,4a,8a,9a,10a-Octahydro-2,3,6,7-tetramethyl-9,10-anthraquinone (8)S6 

In a pressure tube, a mixture of 2,3-dimethyl-1,3-butadiene (0.90 g, 8.0 mmol) and 

1,4-benzoquinone (217 mg, 2.0 mmol) in ethanol (4 mL) was heated at reflux for 19 h. The mixture 

was cooled with a cold bath, filtered, washed with ethanol, and dried in vacuo to yield 

hydroanthraquinone 8 as a white solid (381 mg, 70%). This material was used for the next reaction 

without further purification. 

1H NMR (500 MHz; CDCl3; 300 K): δ 3.00-2.95 (m, 4H), 2.38 (dd, J = 16.0, 3.4 Hz, 4H), 2.10 (dd, 

J = 15.7, 3.7 Hz, 4H), 1.61 (s, 12H); 13C NMR (126 MHz; CDCl3; 300 K): δ 210.9, 123.5, 44.8, 

30.3, 19.0. 

Figure 2-7-11. 13C NMR spectrum of 7 (DMSO-d6, 126 MHz, 300 K) 
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Synthesis of 2,3,6,7-Tetramethyl-9,10-anthraquinone (9)S6 

To a stirred suspension of hydroanthraquinone 8 (3.05 g, 11.2 mmol) and sulfur (1.61 g, 6.29 

mmol) in diphenyl ether (0.8 mL) and decalin (25 mL) was added iodine (41 mg, 0.16 mmol), and 

then the mixture was heated at 190 °C. When the mixture formed a solid, additional decalin (26 

mL) was added. After refluxing for 5.5 h, the mixture was cooled to room temperature, filtered, 

washed with ether, and dried in vacuo to yield a greenish solid. The solid was ground and added to 

Figure 2-7-12. 1H NMR spectrum of 8 (CDCl3, 500 MHz, 300 K) 

Figure 2-7-13. 13C NMR spectrum of 8 (CDCl3, 126 MHz, 300 K) 
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the filtrate. To the mixture was added iodine (46 mg, 0.18 mmol), and then the mixture was heated 

at 190 °C for 12 h, cooled to room temperature, filtered, washed with ether, and dried in vacuo to 

yield a black solid. The solid was purified by short-path column chromatography (CH2Cl2 as eluent) 

to yield anthraquinone 9 as a greenish solid (2.60 g, 88%). This material was used for the next 

reaction without further purification. 

1H NMR (500 MHz; CDCl3; 300 K): δ 8.03 (s, 4H), 2.43 (s, 12H); 13C NMR (126 MHz; CDCl3; 

300 K): δ 183.6, 143.7, 131.7, 128.1, 20.2. 

 

 

 

 

Figure 2-7-14. 1H NMR spectrum of 9 (CDCl3, 500 MHz, 300 K) 

Figure 2-7-15. 13C NMR spectrum of 9 (CDCl3, 126 MHz, 300 K) 
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Synthesis of 2,3,6,7-Tetramethylanthracene (10)S6 

A degassed mixture of anthraquinone 9 (1.53 g, 5.78 mmol) in 55% hydroiodic acid (15 mL) 

and acetic acid (50 mL) was shielded and heated at reflux for 3 days under argon. After cooling to 

room temperature, the mixture was poured into saturated Na2SO3 solution (200 mL). The solid 

precipitated was collected by a filter, washed with water, and dried in vacuo to yield anthracene 10 

as a greenish solid (1.31 g, 96%). This material was used for the next reaction without further 

purification. 

1H NMR (500 MHz; CDCl3; 300 K): δ 8.15 (s, 2H), 7.70 (s, 4H), 2.45 (s, 12H); 13C NMR was 

not detected due to the low solubility in chloroform-d1. 

 

 

 

Synthesis of 2,3,6,7,14,15-Hexamethyltriptycene-9-carboxylic Acid (2) 

 

To a stirred mixture of anthracene 10 (235 mg, 1.00 mmol) in dry CHCl3 (10 mL) was added 
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Figure 2-7-16. 1H NMR spectrum of 10 (CDCl3, 500 MHz, 300 K) 
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CuBr2 (461 mg, 2.06 mmol) under argon. The mixture was heated at 50 °C for 15 h under argon, 

and then cooled to room temperature. The solution was filtered through a pad of celite, and the 

residue was washed with CH2Cl2 until the washing became colorless. The filtrate was dried over 

Na2SO4, evaporated, and dried in vacuo to yield a yellow-green solid (284 mg). The crude was 

purified by flash column chromatography (φ40 x 75 mm, n-hexane as eluent) to afford a 2:9:1 

mixture of 10/11/11’ as a yellow solid (which would contains about 175 mg of 11 (56%)). The ratio 

was determined by 1H NMR spectrum. The mixture was used in the next step without further 

purification. 

1H NMR of 11 (500 MHz; CDCl3; 300 K): δ 8.20 (s, 2H), 8.16 (s, 1H), 7.69 (s, 2H), 2.51 (s, 6H), 

2.47 (s, 6H). 

 

To a stirred mixture of acid 7 (634 mg, 3.9 mmol) and conc. HCl (0.4 mL) and ethanol (9.4 

mL) with ice bath cooling was added dropwise isoamyl nitrite (1.0 mL, 7.5 mmol). After 3 h, the 

suspension of diazonium carboxylate was decanted with Et2O, and then replaced by dry 

1,2-dichloroethane.  

To a refluxed solution of anthracene derivatives, obtained in the previous step (236 mg 

containing 0.51 mmol of 11, 0.12 mmol of 10, and 0.12 mmol of 11’), and chloromethyloxirane 

(0.5 mL, 6.4 mmol) in dry 1,2-dichloroethane (10 mL) was added the betain suspension. After 

addition of approximately 4 equiv. of the diazonium carboxylate, TLC indicated the disappearance 

of anthracenes. The solution was cooled to room temperature, and washed with saturated aq. 

NaHCO3 (20 mL) and water, and dried over Na2SO4. After evaporation, the crude material was 
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separated by flash column chromatography (φ55 x 75 mm, 100:1 n-hexane/CH2Cl2 as eluent) to 

afford a mixture of triptycene 12 and byproduct 12’ (ca. 93:7 judged by 1H NMR) as a white solid 

(184 mg). This mixture was used in the next step without further purification. 

1H NMR of 12 (500 MHz; CDCl3; 300 K): δ 7.49 (s, 3H), 7.11 (s, 3H), 5.18 (s, 1H), 2.16 (s, 9H), 

2.14 (s, 9H); 13C NMR of 12 (126 MHz; CDCl3; 300 K): δ 142.4, 141.6, 133.9, 132.9, 124.9, 124.2, 

70.9, 52.2, 19.5, 19.2. 

 

To a stirred mixture of 1.5 M solution of t-BuLi in pentane (0.08 mL, 0.12 mmol) and dry THF 

(2 mL) was added dropwise a solution of bromotriptycene 12 (21 mg, 0.05 mmol) in dry THF (2 

mL) at -78 °C under argon. After 15 min, CO2 gas passed through CaCl2 was introduced into the 

reaction container for 5 min, and then the mixture was allowed to warm to room temperature. The 

reaction was quenched with 1.0 M HCl, extracted with CH2Cl2 (5 mL x 3), dried over Na2SO4, 

evaporated, and dried in vacuo to yield a yellow solid (19 mg). The crude material was purified by 

flash column chromatography (φ5 x 30 mm, 100:1 CH2Cl2/MeOH as eluent). The obtained pale 

yellow solid was washed by 5:1 n-hexane/CH2Cl2 to afford 2 as a white solid (2.8 mg, 7% from 10).  

1H NMR (500 MHz; CDCl3; 300 K): δ 7.49 (s, 3H), 7.11 (s, 3H), 5.18 (s, 1H), 2.16 (s, 9H), 2.14 (s, 

9H); 13C NMR (126 MHz; CDCl3; 300 K): δ 142.4, 141.6, 133.9, 132.9, 124.9, 124.2, 70.9, 52.2, 

19.5, 19.2; LRMS (CH3CN, negative, capillary: 3000 V, sample cone: 30 V): 2– (C27H25O2) m/z 

381.2 (required, 381.2). 

OHO
Br

1. t-BuLi

2. CO2
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Synthesis of Molecular Gearing System 1 

Diethyl ether adduct 1·(ether)2
 

A mixture of rhodium(III) chloride trihydrate (227 mg, 0.86 mmol), sodium hydrogen 

carbonate (182 mg, 2.16 mmol) and carboxylic acid 2 (828 mg, 2.16 mmol) in ethanol (20 mL) was 

heated at reflux for 24 h. Then, the solvent was evaporated and the crude was purified by column 

chromatography (φ30 x 90 mm, 10:1 n-hexane/AcOEt as eluent) to give a green solid. The solid 

Figure 2-7-17. 1H NMR spectrum of 2 (CDCl3, 500 MHz, 300 K) 

Figure 2-7-18. 13C NMR spectrum of 2 (CDCl3, 126 MHz, 300 K) 
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was recrystallized from Et2O/CH2Cl2 and dried in vacuo at 150 °C to yield 1·(Et2O)0.64(H2O)1.34 as a 

green solid (376 mg, 48%).  

1H NMR (500 MHz; CDCl3; 300 K): δ 7.78-7.40 (br, 12H), 6.98 (s, 12H), 5.02 (s, 4H), 3.48 (q, J = 

7.0 Hz, 3H), 1.92 (s, 36H), 1.32-1.01 (m, 41H); elemental analysis of 1·(Et2O)0.64(H2O)1.34: Calcd 

for C110.64H109.24O10Rh2: C, 73.63; H, 6.10; N, 0.00. Found: C, 73.71; H, 6.42; N, 0.00; LRMS 

(CHCl3 + NaI in IPA, negative, capillary: 1000 V, sample cone: 10 V): [1·I]– (C108H100O8Rh2I) m/z 

1858.4 (required, 1858.5). 

*Only monoiodite adduct [1·I]– was detected from the molecular gearing systems 1·L2 under the 

same conditions because the axial ligands of 1 are easily exchanged. 

 

 

 

 

Figure 2-7-19. 1H NMR spectrum of 1·(ether)2 (CDCl3, 500 MHz, 300 K) 

Figure 2-7-20. 1H NMR spectrum of 1·(ether)2 (CDCl3, 500 MHz, 220 K) 
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ΔG‡ = 11.4 ± 0.2 [kcal mol–1], ΔS‡ = -0.8 ± 0.8 [kcal mol–1 K–1]. 

 

 

Single-crystal X-ray analysis of 1·(ether)2
 

Crystal suitable for X-ray analysis was obtained by slow evaporation of an Et2O solution of 1. 

Crystal data for 1·(ether)2: C116H120O10Rh2, Fw = 1880.03, green, block, 0.20 x 0.20 x 0.15 mm, 

tetragonal, space group I41/a (#88), a = 20.7033(6) Å, c = 43.948(2) Å, V= 18837.3(9) Å3, Z = 8, 

ρcalcd = 1.326 gcm–3, µ = 4.117 cm–1, T = 93 K, λ(MoKα) = 0.71075 Å, 2θmax = 55.0°, 88138/10783 

reflections collected/unique (Rint = 0.0807), R1 = 0.0508 (I > 2σ(I)), wR2 = 0.1465 (for all data), 

GOF = 1.071, largest diff. peak and hole 0.78/-1.04 eÅ–3. CCDC Deposit number 1442261. 

Figure 2-7-21. Eyring plot of 1·(ether)2 



52 

 

 

 

Pyridine adduct 1·(py)2
 

A 0.1 M pyridine solution in CH2Cl2 (164 µL) was added to a solution of 1·(Et2O)0.64(H2O)1.34 

(14.8 mg, 8.2 µmol) in CH2Cl2 (600 µL) and then evaporated. The solid was recrystallized from 

vapor diffusion of Et2O to a CHCl3 solution, and dried in vacuo to yield 1·(py)2·5H2O as a red solid 

(3.2 mg, 20%).  

1H NMR (500 MHz; CDCl3; 300 K): δ 9.88-9.39 (br, 4H), 7.92 (br, 2H), 7.57 (m, 16H), 6.95 (s, 

12H), 4.99 (s, 4H), 1.89 (s, 36H), 1.01 (s, 36H); elemental analysis of 1·(py)2·5H2O: Calcd for 

C118H120N2O13Rh2: C, 71.58; H, 6.11; N, 1.41. Found: C, 71.34; H, 6.01; N, 1.50. 

Figure 2-7-22. Crystal structure of 1·(ether)2. Thermal ellipsoids set at 50% probability. Color code; C grey, O red, Rh 

green. Hydrogen atoms in the crystal are omitted for clarity. 
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Single-crystal X-ray analysis of 1·(py)2
 

Crystal suitable for X-ray analysis was obtained by slow evaporation of an Et2O/CHCl3 solution 

of 1·(py)2. 

Crystal data for 1·(py)2·2Et2O: C126H130N2O10Rh2, Fw = 2038.23, red, needle, 0.19 x 0.07 x 

0.06 mm, orthorhombic, space group P212121 (#19), a = 18.3091(5) Å, b = 21.6571(5) Å, c = 

27.5325(6) Å, V= 10917.2(5) Å3, Z = 4, ρcalcd = 1.240 gcm–3, µ = 3.611 cm–1, T = 93 K, λ (MoKα) 

= 0.71075 Å, 2θmax = 54.9°, 99867/24851 reflections collected/unique (Rint = 0.1551), R1 = 0.0777 

(I > 2σ(I)), wR2 = 0.1900 (for all data), GOF = 1.073, largest diff. peak and hole 1.83/-1.46 eÅ–3. 

CCDC Deposit number 1442338.  

Figure 2-7-23. 1H NMR spectrum of 1·(py)2 (CDCl3, 500 MHz, 300 K) 

Figure 2-7-24. 1H NMR spectrum of 1·(py)2 (CDCl3, 500 MHz, 220 K) 
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2-Methylpyridine adduct 1·(mepy)2
 

A 0.1 M 2-methylpyridine solution in CH2Cl2 (168 µL) was added to a solution of 

1·(Et2O)0.64(H2O)1.34 (15.1 mg, 8.4 µmol) in CH2Cl2 (600 µL) and then evaporated. The solid was 

recrystallized from vapor diffusion of Et2O and subsequent pentane to CHCl3 solution, and dried in 

vacuo to yield 1·(mepy)2·1.58C5H12 as a red solid (12.6 mg, 74%).  

1H NMR (500 MHz; CDCl3; 300 K): δ 9.50-9.15 (br, 2H), 7.97-7.11 (m, br, 18H), 6.95 (s, 12H), 

4.99 (s, 4H), 3.09 (br, 6H), 1.90 (s, 36H), 1.01 (s, 36H); elemental analysis of 1·(mepy)2·1.58 

C5H12: Calcd for C127.9H132.96N2O8Rh2: C, 75.60; H, 6.60; N, 1.38. Found: C, 75.27; H, 6.65; N, 

1.40. 

Figure 2-7-25. Crystal structure of 1·(py)2. Thermal ellipsoids set at 50% probability. Color code; C grey, N blue, O 

red, Rh green. Hydrogen atoms in the crystal are omitted for clarity.  
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Figure 2-7-26. 1H NMR spectrum of 1·(mepy)2 (CDCl3, 500 MHz, 300 K) 

Figure 2-7-27. 1H NMR spectrum of 1·(mepy)2 (CDCl3, 500 MHz, 240 K) 

Figure 2-7-28. 1H NMR spectrum of 1·(mepy)2 (CDCl3, 500 MHz, 220 K) 
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ΔG‡ = 14.5 ± 1.2 [kcal mol–1], ΔS‡ = 6 ± 4 [kcal mol–1 K–1]. 

 

 

Single-crystal X-ray analysis of 1·(mepy)2
 

Crystal suitable for X-ray analysis was obtained by vapor diffusion of pentane to an 

Et2O/CH2Cl2 solution of 1·(mepy)2. 

Crystal data for 1·(mepy)2: C120H114N2O8Rh2, Fw = 1918.04, purple, block, 0.24 x 0.12 x 0.06 

mm, monoclinic, space group C2/c (#15), a = 39.8848(8) Å, b = 17.5558(4) Å, c = 39.2586(8) Å, β 

= 118.6010(7)°, V= 24134.8(8) Å3, Z = 10, ρcalcd = 1.320 gcm–3, µ = 4.023 cm–1, T = 93 K, λ 

(MoKα) = 0.71075 Å, 2θmax = 55.0°, 112884/27539 reflections collected/unique (Rint = 0.0807), R1 

= 0.0588 (I > 2σ(I)), wR2 = 0.1868 (for all data), GOF = 1.111, largest diff. peak and hole 

1.57/-1.18 eÅ–3. The contribution of the electron density (836.2 electrons/unit cell) caused by 

severely disordered molecules in the void (6555.6 Å3/unit cell) was removed by the SQUEEZE 

function). CCDC Deposit number 1442269.  γ 

Figure 2-7-29. Eyring plot of 1·(mepy)2 
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2-Ethylpyridine adduct 1·(etpy)2
 

A 0.1 M 2-ethylpyridine solution in CH2Cl2 (170 µL) was added to a solution of 

1·(Et2O)0.64(H2O)1.34 (15.3 mg, 8.5 µmol) in CH2Cl2 (600 µL) and then evaporated. The solid was 

recrystallized from vapor diffusion of Et2O and subsequent pentane to CHCl3 solution and dried in 

vacuo to yield 1·(etpy)2 as a red solid (8.8 mg, 53%).  

1H NMR (500 MHz; CDCl3; 300 K): δ 9.50-9.10 (br, 2H), 8.17-7.07 (m, br, 18H), 6.95 (s, 12H), 

4.99 (s, 4H), 3.51 (br, 4H), 1.90 (br, 36H), 0.88 (br, 41H); elemental analysis of 1·(etpy)2·1.58 

C5H12: Calcd for C122H118N2O8Rh2: C, 75.30; H, 6.11; N, 1.44. Found: C, 74.91; H, 6.40; N, 1.44. 

Figure 2-7-30. Crystal structure of 1·(mepy)2. Thermal ellipsoids set at 50% probability. Color code; C grey, N blue, O 

red, Rh green. Hydrogen atoms in the crystal are omitted for clarity.  
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Figure 2-7-31. 1H NMR spectrum of 1·(etpy)2 (CDCl3, 500 MHz, 300 K) 

Figure 2-7-32. 1H NMR spectrum of 1·(tepy)2 (CDCl3, 500 MHz, 260 K) 

Figure 2-7-33. 1H NMR spectrum of 1·(etpy)2 (CDCl3, 500 MHz, 220 K)  
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ΔG‡ = 18.0 ± 0.5 [kcal mol–1], ΔS‡ = 16.6 ± 1.9 [kcal mol–1 K–1]. 

 

 

Single-crystal X-ray analysis of 1·(etpy)2
 

Crystal suitable for X-ray analysis was obtained by vapor diffusion of hexane to an 

Et2O/CH2Cl2 solution of 1·(etpy)2. 

Crystal data for 1·(etpy)2: C122H118N2O8Rh2, Fw = 1946.09, purple, block, 0.27 x 0.07 x 0.06 

mm, triclinic, space group P-1 (#2), a = 27.1860(5) Å, b = 27.8325(5) Å, c = 33.4902(6) Å, α = 

99.9773(7)°, β = 105.8847(7)°, γ = 117.4669(7)°, V= 20250.0(7) Å3, Z = 6, ρcalcd = 0.957 gcm–3, µ = 

2.885 cm–1, T = 93 K, λ (MoKα) = 0.71075 Å, 2θmax = 55.0°, 201921/90027 reflections 

collected/unique (Rint = 0.0871), R1 = 0.0735 (I > 2σ(I)), wR2 = 0.2173 (for all data), GOF = 0.961, 

largest diff. peak and hole 1.05/-1.62 eÅ–3. The contribution of the electron density (1072 

electrons/unit cell) caused by severely disordered molecules in the void (7069 Å3/unit cell) was 

removed by the SQUEEZE function). CCDC Deposit number 1442358.   

Figure 2-7-34. Eyring plot of 1·(etpy)2 
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4-Dimethylaminopyridine adduct 1·(dmap)2
 

A 0.1 M 4-dimethylaminopyridine solution in CH2Cl2 (162 µL) was added to a solution of 

1·(Et2O)0.64(H2O)1.34 (14.7 mg, 8.1 µmol) in CH2Cl2 (600 µL) and then evaporated. The solid was 

recrystallized from vapor diffusion of Et2O to CHCl3 solution and dried in vacuo to yield 1·(dmap)2 

as a red solid (10.6 mg, 66%).  

1H NMR (500 MHz; CDCl3; 300 K): δ 9.47-9.03 (br, 4H), 7.61 (s, 12H), 6.93 (s, 12H), 6.72 (br, 

4H), 4.98 (s, 4H), 3.06 (s, 12H), 1.89 (s, 36H), 1.05 (s, 36H); elemental analysis of 1·(dmap)2: 

Calcd for C122H120N2O8Rh2: C, 74.15; H, 6.12; N, 2.84. Found: C, 73.91; H, 6.15; N, 2.72. 

Figure 2-7-35. Crystal structure of 1·(etpy)2. Thermal ellipsoids set at 50% probability. Color code; C grey, N blue, O 

red, Rh green. Hydrogen atoms in the crystal are omitted for clarity.  
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Single-crystal X-ray analysis of 1·(dmap)2
 

Crystal suitable for X-ray analysis was obtained by vapor diffusion of Et2O to a CHCl3 solution 

of 1·(dmap)2. 

Crystal data for 1·(dmap)2·Et2O·CHCl3: C127H137Cl3N4O9Rh2, Fw = 2175.67, red, block, 0.19 x 

0.12 x 0.10 mm, monoclinic, space group P21/c (#14), a = 17.3805(5) Å, b = 25.1289(7) Å, c = 

25.2907(8) Å, β = 98.6020(8)°, V= 10921.5(6) Å3, Z = 4, ρcalcd = 1.323 gcm–3, µ = 4.361 cm–1, T = 

93 K, λ (MoKα) = 0.71075 Å, 2θmax = 55.0°, 89459/24722 reflections collected/unique (Rint = 

0.1168), R1 = 0.0869 (I > 2σ(I)), wR2 = 0.2291 (for all data), GOF = 1.022, largest diff. peak and 

hole 1.55/-1.42 eÅ–3. CCDC Deposit number 1442286.   

Figure 2-7-36. 1H NMR spectrum of 1·(dmap)2 (CDCl3, 500 MHz, 300 K) 

Figure 2-7-37. 1H NMR spectrum of 1·(dmap)2 (CDCl3, 500 MHz, 220 K) 
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2-Ethylpyridine adduct 1·(min)2
 

A 0.1 M methyl isonicotinate solution in CH2Cl2 (162 µL) was added to a solution of 

1·(Et2O)0.64(H2O)1.34 (14.6 mg, 8.1 µmol) in CH2Cl2 (600 µL) and then evaporated. The solid was 

recrystallized from vapor diffusion of Et2O and subsequent pentane to a CHCl3 solution, and dried 

in vacuo to yield 1·(min)2 as a red solid (14.1 mg, 87%).  

1H NMR (500 MHz; CDCl3; 300 K): δ 10.01-9.74 (br, 4H), 8.17 (br, 4H), 7.54 (s, 12H), 6.95 (s, 

12H), 4.99 (s, 4H), 4.01 (s, 6H), 1.89 (s, 36H), 1.00 (s, 36H); elemental analysis of 1·(min)2: Calcd 

for C122H114N2O12Rh2: C, 73.05; H, 5.73; N, 1.40. Found: C, 72.82; H, 5.81; N, 1.31. 

Figure 2-7-38. Crystal structure of 1·(dmap)2. Thermal ellipsoids set at 50% probability. Color code; C grey, N blue, O 

red, Rh green. Hydrogen atoms in the crystal are omitted for clarity.  
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Single-crystal X-ray analysis of 1·(min)2
 

Crystal suitable for X-ray analysis was obtained by vapor diffusion of pentane to a CHCl3 

solution of 1·(min)2. 

Crystal data for 1·(min)2·CH2Cl2: C123H116Cl2N2O12Rh2, Fw = 2090.99, red, block, 0.25 x 0.21 

x 0.21 mm, monoclinic, space group P21/n (#14), a = 16.3700(3) Å, b = 32.1927(6) Å, c = 

25.1625(5) Å, β = 95.3613(7)°, V= 13202.5(5) Å3, Z = 6, ρcalcd = 1.578 gcm–3, µ = 5.103 cm–1, T = 

93 K, λ (MoKα) = 0.71075 Å, 2θmax = 54.9°, 124074/30107 reflections collected/unique (Rint = 

0.0661), R1 = 0.0519 (I > 2σ(I)), wR2 = 0.1613 (for all data), GOF = 1.044, largest diff. peak and 

hole 0.77/-1.17 eÅ–3. The contribution of the electron density (140.1 electrons/unit cell) caused by 

severely disordered molecules in the void (1805.1 Å3/unit cell) was removed by the SQUEEZE 

Figure 2-7-39. 1H NMR spectrum of 1·(min)2 (CDCl3, 500 MHz, 300 K) 

Figure 2-7-40. 1H NMR spectrum of 1·(min)2 (CDCl3, 500 MHz, 220 K) 
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function). CCDC Deposit number 1442359.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-7-41. Crystal structure of 1·(min)2. Thermal ellipsoids set at 50% probability. Color code; C grey, N blue, O 

red, Rh green. Hydrogen atoms in the crystal are omitted for clarity.  
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Complex 1·(py)2 1·(dmap)2 1·(min)2 

Formula C126H130N2O10Rh2 C127H137Cl3N4O9Rh2 C123H116Cl2N2O12Rh2 

Crystal system orthorhombic monoclinic monoclinic 
Space group P212121 (#19) P21/c (#14) P21/n (#14) 
a/Å 18.3091(5) 17.3805(5) 16.3700(3) 
b/Å 21.6571(5) 25.1289(7) 32.1927(6) 
c/Å 27.5325(6) 25.2907(8) 25.1625(5) 
α/Å 90 90 90 
β/Å 90 98.6020(8) 95.3613(7) 
γ/Å 90 90 90 
V/Å3 10917.2(5) 10921.5(6) 13202.5(5) 
Z 4 4 6 
Dcalc/g cm-3 1.240 1.323 1.578 
T/K 93 93 93 
µ(Mo-Kα)/cm-1 3.611 4.361 5.103 
aGOF on F2 1.073 1.022 1.044 
bR1 [on F, I>2σ(I) 0.0777 0.0869 0.0519 
cwR2 (on F2, all data) 0.1900 0.2291 0.1613 
    

Complex 1·(mepy)2 1·(etpy)2 1·(ether)2 

Formula C120H114N2O8Rh2 C122H118N2O8Rh2 C116H120O10Rh2 
Crystal system monoclinic triclinic tetragonal 
Space group C2/c (#15) P-1 (#2) I41/a (#88) 
a/Å 39.8848(8) 27.1860(5) 20.7033(6) 
b/Å 17.5558(4) 27.8325(5) 20.7033(6) 
c/Å 39.2586(8) 33.4902(6) 43.948(2) 
α/Å 90 99.9773(7) 90 
β/Å 118.6010(7) 105.8847(7) 90 
γ/Å 90 117.4669(7) 90 
V/Å3 24134.8(8) 20250.0(7) 18837.3(9) 
Z 10 6 8 
Dcalc/g cm-3 1.320 0.957 1.326 
T/K 93 93 93 
µ(Mo-Kα)/cm-1 4.023 2.885 4.117 
aGOF on F2 1.111 0.961 1.071 
bR1 [on F, I>2σ(I) 0.0588 0.0735 0.0508 
cwR2 (on F2, all data) 0.1868 0.2173 0.1465 
aGOF = {Σ[w(Fo

2-Fc
2)2]/(n-p)}1/2 (n; number of reflections, p; total number of parameters refined).  

bR1 = Σ(|Fo|-|Fc|)/Σ|Fo|, cwR2 = {Σ[w(Fo
2-Fc

2)2]/ Σ[w(Fo
2)2]}1/2. 

Table 2-7-42. Crystallographic data of 1·L2  
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3-1. Conclusion 

 

 In conclusion, I have constructed a circularly-arranged four-gear system based on a 

lantern-type complex structure with enlarged triptycene gears. The gear system has two axial 

ligands as control units, and they could be replaced with diethyl ether and five pyridine derivatives 

and eventually isolated as single crystals.  

X-ray crystal analyses revealed that the gear parts are meshed with each other around the 

lantern-type dinuclear Rh(II) center in all the crystals. Depending on the type of pyridine ligands 

substituted at the 2-position with proton (1·(py)2), methyl group (1·(mepy)2), and ethyl group 

(1·(etpy)2), the steric repulsion around the axial ligands was found to remarkably affect the 

coordination manner. In fact, the coordination distances and angles depend on the bulkiness of the 

substituents of the pyridine ligands. Their visible absorption spectroscopy demonstrated the 

apparent color changes of the chloroform solutions. This is mainly due to the bulkiness of the axial 

ligands. The information about the structure and the motion in solution was obtained by 1H NMR 

spectroscopy. The circularly arranged four-gear structure as observed with the crystal structure was 

evidenced by the upfield shift due to the shielding effect from the adjacent triptycene gears. VT-1H 

NMR experiments further revealed that the rotational rates of triptycene parts of the gearing system 

depend on the type of the axial ligands.  

These results suggested that chemical modification of the triptycene gear would allow the 

precise control of the rotational rates. The present gearing system would be useful for the control of 

the motions in molecular machines. 
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3-2. Perspectives 

 

For future plan, there are three challenging issues that should be investigated: (1) further 

analysis of the rotational motion, and (2) modularization of the molecular gear system toward 

higher-functioning molecular machines. (1) Further analysis of the rotational motion: effects of the 

electronic modification and the type of the donor atoms of axial ligands on the rotational motion 

should be investigated in detail. The effect of the electronic modification should be demonstrated by 

X-ray crystal structure analysis and VT-NMR experiments where dmap and min modified by 

methyl group at the 2-position are used as the axial ligands. Their electronic effect could be 

clarified by a change of the rotational velocity because the molecular gearing system with 

2-methylpyridine rotates slower than the NMR timescale. The effects of the type of the donor atoms 

on the motion may be examined by similar experiments with O-donor ligands (e.g. water and THF) 

and S-donor ligand (e.g. THT). Preliminary VT-NMR experiments suggested some different effects 

of the type of the donor atoms due to the steric effect on the motion. And slippage rotation should 

be also investigated. The slippage rotation can be observed from the isomerization of the phase 

isomers. A gearing system that exhibits the phase isomerism can be synthesized using a new gear 

molecule that is not C3-symmetrical but line-symmetrical, which may be easily synthesized with 

modified benzyne precursor. Easy observation of the phase isomerism requires a proton peak in a 

unique region or NMR active nucleus for modification of a blade of the triptycene gear. (2) 

Modularization of the molecular gear system toward higher-functioning molecular machines: The 

molecular gear system developed in this study has two expansible points. One is the axial ligand, 

and the other is the bridge-head position of the triptycene gear. The axial ligand is highly designer, 
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and a ligand that can be sterically changed by external stimuli would realize the construction of a 

molecular brake as well as motor of the molecular gear system. The bridge-head position of the 

triptycene gear will be also useful when it is modified with a ligating substituent or another 

expansible substituent. These modified molecular gear system will become a higher-functioning 

molecular machine or a connecter unit of other molecular machines (Figure 3-2-1). 

 The use of the gearing system as a building block of an artificial molecular machine based on 

these three issues would pioneer a new field different from the biotic approach.  

 

 Figure 3-2-1. Modularization using a molecular gear system 1·L2 
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