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Abstract: This perspective discusses the important aspects of the design of molecular gear systems based on 
triptycene. Molecular systems are categorized into three classes according to the orientation of the gear axes: 
i) bent (bevel gears), ii) linear, and ii) parallel (spur gears). To date, no examples of molecular gears in which the 
axes of rotation lie in parallel have been reported; correspondingly, the bulk of this report focuses on the factors 
one must evaluate to construct such systems.
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1. Introduction

Artificial molecular rotors,[1] particu-
larly those with potential applications in 
the field of molecular devices[2] and ma-
chines,[3] represent contemporary chemical 
miniaturizations of macroscopic engineer-
ing constructs. Among the most ubiquitous 
components in macroscopic machinery for 
the past two millennia has been the gear,[4] 

which transforms rotational motion from 
one axis to another or into translational 
motion. Substituted triptycene propellers 
(Tp, 1 (Fig. 1)), the most common rotators 
found in molecular gear systems, were first 
shown by Ōki and coworkers[5] to contain 

sterically well-defined blades, as several 
9-substituted derivatives of Tp have high 
energetic barriers to rotation due to the 
meshing of the gear-like parts. In principle, 
Tp units can adopt parallel, bent, or linear 
orientations, the first two mimicking mac-
roscopic spur and bevel gears respectively 
(Fig. 2).[6]

These findings led the groups of Mis-
low[7] and Iwamura[8] independently to uti-
lize Tp-based systems to develop the first 
molecular systems exhibiting dynamic 
gearing,[9] defined as the “special effect on 
the rate or mechanism of a process that may 
be attributed to the intermeshing of a chemi-
cal rotor with a neighboring group”.[10] 

These and all other molecular gears 
that have been synthesized (i.e. the rota-
tors have been held at angles considerably 
higher than 0º) evoke the image of molecu-
lar analogs to macroscopic bevel gears. To 
date, no example of molecular spur gears 
– systems in which the gears have parallel 
axes of rotation – have been reported.[11]

2. Triptycene, Interacting Linear 
Rotators, and Beveled Gearing

A molecule of Tp resembles a three-
blade gear. The molecule has overall D

3h
 

symmetry and contains a three-fold axis of 
rotation that intersects the 9- and 10-posi-
tions (Fig. 3).[12] The height of each blade 
is 7.2 Å, measured as the distance between 
the edges of the van der Waals radii of 
H–C(1) and H–C(4). The length of each 
blade, measured from the axis of rotation 
to the edge of the van der Waals radius of 
H–C(2) and H–C(3), is 5.9 Å. As a conse-
quence of the three-fold axis of rotation, 
the blades are separated by 120º angles. 
The rotational profile of triptycene roughly 
resembles a cylinder, and the largest dis-
tance from the circular edge of this cylin-
der to the intersection of the van der Waals 
surfaces of the two blades is 3.8 Å.[13]

When two rotating triptycene moieties 
are positioned in such a way that their cy-
lindrical gearing profiles overlap, steric 
interactions will be present. Before analyz-
ing the situations in which dynamic gear-
ing occurs, let us consider a few examples 
where the angle between interacting rota-
tors is 180º. The rotational barrier about 
the 9,9’ C–C bond in 9,9’-bitriptycyl[14] 
(2, Fig. 4) was found to be in excess of 54 
kcal/mol.[15] Interestingly, hindered bis(1-
methyltriptycene-9-yl)ethyne (3) was the 
first published compound in which rota-
tional hindrance about a C–C triple bond 
was observed.[16]

Fig. 1.

Fig. 2. Macroscopic 
bevel (left) and 
spur (right) gears. 
Photographs 
courtesy of Emerson 
Power Transmission 
Corporation (www.
emerson-ept.com)
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Rotational properties of other deriva-
tives of bis(triptycen-9-yl)ethyne have 
been studied extensively by Toyota, Ōki,  
and coworkers.[17] Other examples in which 
two rotators interact while being held at an 
angle of 180º are hexasubstituted benzene–
tricarbonylchromium complexes,[18] where 
steric bulk hinders rotation about the Ar–
Cr coordinate covalent bond. The linear 
relationship between the rotators allows 
for debate concerning the relationship 
between the rotators’ rotation. One could 
argue that disrotation is conserved; if ob-
served from a point along the axis, between 
the two rotators, the rotators rotate in op-
posite directions. On the other hand, one 
could argue that rotation of the rotators be-
comes conrotatory at an interacting angle 
of 180º, as both rotators appear to rotate 
in the same direction if such a molecule is 
observed from a distance.

Systems such as 2 and 3 exhibit static, 
not dynamic, gearing.[9] Dynamic gearing 

is achieved when rotation is correlated and, 
correspondingly, when the process through 
which gear slippage occurs requires high-
er energies than correlated rotation. To 
analyze beveled triptycene gears, consider 
(9-Tp)

2
CH

2
 (4, Fig 5), a representative ex-

ample of the systems developed by Mislow 
and Iwamura.[9]

The molecular structure of 4[19] provides 
insight into its function as a remarkably ef-
ficient molecular gear system (Fig. 6). The 
molecule is highly strained, with a bond 
angle C(9)

Tp
–CH

2
–C(9’)

Tp
 equal to 129º. If 

angle vectors are extended to C(10)
Tp

 and 
C(10’)

Tp
, the angle becomes even wider, 

to 138º. The distance from the carbon of 
the methylene group to the center of the 
propeller hub (the point at the center of 

the line connecting C(9) and C(10)) is 2.9 
Å.[20] These geometrical constraints force 
H–C(1) to fit snugly between two benzene 
rings of the adjacent Tp moiety.

Further analysis of 4 reveals steric in-
teractions between the benzene rings on 
each Tp group that do not allow for gear 
slippage without significant bending of the 
blades. Gear slippage requires the bond 
angle centered at the carbon atom of the 
methylene group to open even further than 
in its already strained state. The lowest 
energy ground state of 4 is of C

2
 symme-

try. An approximate C
s
 conformation of 4 

corresponds to a transition state of geared 
rotation, and the transition state to gear 
slippage is of C

2v
 symmetry[21] (Fig. 7). 

The energy difference between the struc-
tures of C

2
 and C

s
 symmetry is calculated 

to be only 0.2 kcal/mol,[22] indicating an 
extremely low energetic requirement for 
gearing. In contrast, gear slippage requires 
significantly more energy, as the C

2v
 struc-

ture lies 30 kcal/mol[23,24] higher in energy 
than the C

2
 conformation. 

In an attempt to quantify the efficiency 
of molecular gears, we introduce two terms: 
gearing fidelity and gearing temperature. 
Gearing fidelity refers to the quotient of 
the rates governing gearing (k

geared rotation
/ 

k
slippage

) at a given temperature, standardized 
at room temperature (298 K). Gear fidelity 
represents the average number of geared 
rotations that takes place per gear slip. 
In the case of 4, standard gearing fidelity 
equals roughly 7·1021, indicating that these 
rotators gear with exceptional efficiency.[25]  
Gearing temperature is the temperature 
under which the rate of gear slippage  
(k

slippage
) is slower than 1 s−1. For 4, the 

gearing temperature is 538 K. These terms 
taken together provide characterization of 
the transfer-of-momentum efficiencies of 
molecular gears and the temperatures at 
which gears slip (particularly useful for 
diastereomerization processes of desym-
metrized systems[23]). 

Fig. 3. Geometrical 
properties of Tp: (left) 
molecular structure 
of Tp as viewed 
perpendicular to 
the three-fold axis; 
(right) scaled drawing 
of triptycene (with 
hydrogen atoms in 
white) and circular 
rotational profile.

Fig. 4.

Fig. 5.

Fig. 6. (top) 
Geometrical 
properties of 4. 
(bottom) Molecular 
structure of 4, 
rendered in capped 
stick (left) and space-
filling (right) models. 
The hydrogen atom 
that is intermeshed 
between the 
benzene rings of the 
neighboring Tp group 
is marked in black.
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tained in the C
s
 conformation, as H–C(2) 

and H–C(3) wedge between two benzene 
rings of the interacting Tp group. In con-
trast, the C

2v
 conformation reduces van der 

Waals contacts to a minimum and places 
four hydrogen atoms close together, likely 
introducing repulsive, destabilizing δ+–δ+ in-
teractions. Further destabilization of the C

2v 
conformation could arise from the presence 
of a vacuum between the four benzene rings. 
Although lack of strong steric interactions 
would certainly imply that gearing fidelities 
be significantly lower than what is observed 
in 4, the propensity to preserve van der Waals 
attractions may favor rotation though the C

s
 

conformation (the transition state for geared 
rotation) in Tp-based systems with parallel 
axes. It is important to note that extending 
the lengths of the blades will not significantly 
change the relative distances between the C

s
 

and C
2v

 conformations. Extending the blade 
length by n extends the Tp–Tp distance of 
the C

s
 and C

2v
 conformations by n (in C

2v
: 

2n·cos(60º) = n).
Assuming that correlated rotation can 

occur in Tp rotators that lie in parallel, de-
signing such a system requires the selection 
of an appropriate combination of stator and 
axles. Suitable stators must be rigid and ca-
pable of projecting substituents in parallel. 
Several classes of compounds can accom-
modate these requirements, so we limit our 
discussion to derivatives of acenes, phe-
nylenes, crescent molecules, and biindenes. 
The distance between the relevant positions 
that project in parallel is also of crucial im-
portance to the design, as the Tp–Tp distance 
must be close enough to allow attractive van 
der Waals interactions to take place but far 
enough to allow the C

s
 conformation to be 

reached without excessive strain.
The various length extents that can be 

obtained from acenes, crescents, phenylenes 
and biindene derivatives are shown (Fig. 
10). As members of the graphene class of 
compounds, complementary acene (except 

3. From Bevel Gears to Spur Gears

To design Tp-based molecular spur 
gears (Fig. 8), one must consider the differ-
ences between the interactions of Tp moi-
eties that are separated by an angle of ∼130º 
and those that lie in parallel. Unlike the case 
of 4, where H–C(1) wedges tightly between 
two benzene rings of the complementary 
Tp moiety, the entire edge of a benzene ring 
would have to fit into this cavity for gear-
ing to take place in parallel Tp rotators. Ac-
cordingly, a major aspect in the design of a 
molecular spur gear is the distance between 
the two axes of rotation (Fig. 9). For gearing 
to occur, either the C

2
 or the C

s
 conforma-

tion must be the minimum energy structure, 
and the C

2v
 symmetry form the maximum 

energy conformation. Accordingly, if the 
conformation with C

2
 symmetry is the 

ground state structure of lowest energy, the 
C

s
 conformation must be the transition state 

to gearing and the C
2v

 structure must be the 
transition state for gear slippage. The mini-
mum distance between the axes of rotation 
is 7.0 Å in the C

2
 conformation, 8.1 Å in the 

C
s
 conformation (transition state to gearing) 

and 7.2 Å in the C
2v

 conformation (transi-
tion state to gear slippage). Gear slippage 
in 4 requires the cores of the Tp groups to 
move apart through significant stretching 
of the Tp–C–Tp angle. However, the op-
posite effect would take place when the Tp 
moieties lie in parallel, as geared rotation 
requires more separation of the core axes 
of the Tp groups than gear slippage. From 
this analysis, it can be concluded that steric 

forces alone will not likely suffice to hinder 
gear slippage.

For gearing to take place between two 
Tp moieties that lie in parallel, the C

s
 con-

formation must be lower in energy than the 
C

2v
 conformation. In the absence of a steri-

cally induced hindrance to gear slippage, 
stabilization of the C

s
 conformation and/or 

destabilization of the C
2v

 conformation must 
take place for gearing to occur with any fi-
delity. The C

2
 conformation minimizes the 

space between the triptycene moieties and 
maximizes contact of the van der Waals sur-
faces. Additionally, attractive edge-to-face 
contacts are present and likely stabilize the 
system.[26] Edge-to-face contacts are main-

Fig. 7. The relative 
energies of 
these symmetric 
conformations 
determine the 
existence and 
efficiency of geared 
rotation.

Fig. 8. Schematic representation of a molecular 
spur gear system with a common stator (a), 
axles (b), and rotators (c).

Fig. 9. Scaled, space-filling representations of 
Tp groups in parallel and minimum axis–axis 
distances in the C2 (left), Cs (center), and C2v 
(right) conformations.

Fig. 10. Distances between indicated positions that project in parallel in potential stators based 
on acene, crescent, phenylene, and biindene derivatives.
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naphthalene) and crescent molecules have 
distances that are roughly identical. The 
distances in phenylenes are similar to those 
of the graphenes, with the exception of phe-
nylene itself. Parallel positions in biindene 
derivatives lie at a distance of ∼8.3 Å, rough-
ly the same distance necessary to achieve the 
C

s
 conformation. Selection of appropriate 

axles is also critical to the system’s ability 
to participate in correlated rotation. The ax-
les must be relatively rigid and linear, and 
alkynes are the most obvious choice.

4. Conclusion

In this short perspective, triptycene and 
beveled molecular gearing were briefly dis-
cussed and considerations for the design of 
molecular spur gears were assessed. In our 
current research, we have begun to design 
and explore synthetic pathways to various 
Tp-scaffold constructs. In addition, we are 
applying computational methods to inves-
tigate mechanistic aspects of Tp-based 
molecular gears in which the axes are par-
allel.
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