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Abstract: In this account, we describe our achievements in the field of technomimetic synthetic nanovehicles

from the first synthetic nanovehicle, a wheelbarrow with two wheels, to the nanocar which qualified for the 2

nd

Nanocar Race. The architecture of these nanovehicles is based on a polyaromatic or phorphyrinic chassis with
ethynyltriptycenyl moiety used as wheels. The rigid and planar chassis also provides us with a potential cargo
platform able to transport atoms or small molecules on surfaces.

1. Introduction

A nanomachine can be defined as a molecule or an assem-
bly of molecular components designed to perform a precise
function in response to a controlled stimulus. Pioneering
achievements from J.-P. Sauvage,1 Sir J. F. Stoddart” and B. L.
Feringa’ opening new perspectives in chemistry, were awarded
by the Nobel prize in 2016, for their control of motions at the
nanoscale consequently leading to the ultimate miniaturization
of machines. Their work over the past three decades is at the
origin of an incredible variety of molecular machines. Among
them, some have been studied collectively in solution such as
syringes,4 scissors,” muscles,® elevators’ or robotic arms® while
others can only be studied at the single molecular scale on an
oriented medium. This is the case for instance with intermo-
lecular gearing system’ for which the rotational motion can
propagate to a neighbor only if they are maintained in close
proximity."’ This is also the case for molecular vehicles, for
which many kinds of surfaces can be used as a deposition sub-
strate and near—field microscopies have been exploited both for
imaging and as an energy source for manipulation.

A nanovehicle is basically a nanomachine able to move
under the control of an external stimulus provided at will, with
directionality at the nanoscale. In this account, we will present
our contribution to this dynamic field from our first technomi-
metic'' prototype mimicking man-made devices with a chassis
connected to wheels, the molecular wheelbarrow'” to the last
generation, a family of dipolar nanocars" ready to compete at
the 2™ Nanocar Race which could be organized in 2022."

2. The Origins: Triptycene Wheel and Wheelbarrow

2.1 Original Question

The synthesis of molecules equipped with wheels started
during a discussion on the manipulation of planar polyaro-
matic molecules (landers") designed to study electronic con-
tact and conduction once in contact with a metallic surface
step edge. These molecules strongly interact with metallic sur-
faces and one way to decrease this interaction has been to
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introduce four legs to alleviate the molecule from the deposi-
tion surface. But even with these legs, the molecules have been
difficult to move on the surface. A physicist colleague came up
with a joke which has been transformed in a new concept, to
replace the legs by “wheels”. After looking seriously at a prom-
ising candidate, we decided to explore the potential of tripty-
cene'® fragments as wheel subunits and soon after, a molecular
wheelbarrow was designed'” and synthesized. "*

2.2 The Ethynyltriptycene Wheel

On a molecular chassis, the wheels are of course one of the
key mechanical elements of a molecular vehicle.” As on the
macroscopic scale, molecular wheels allow the chassis to be
elevated slightly away from the surface decreasing the lateral
diffusion barrier of the nanovehicle by reducing the electronic
interactions. Simple molecular legs might suffice, but in this
case, movement on the surface would need a lot more energy
because it would require a rocking motion from each foot to
move the molecule forward. As in the macroscopic world, rota-
tion around an axis is energetically more favorable.

As wheels, we proposed 9-ethynyltriptycene but other can-
didates have been tested by us and others. Tour’s group used
extensively [60]-fullerene® and carboranes,” ruthenium
organometallic complexes™ and adamantanes.” Feringa syn-
thesized a nanovehicle with four of his famous motors as
wheels™ and Masson used cucurbituril molecules. We also
explored boron-substituted subphthalocyanine® which gave a
very good contrast in the STM image at the dimer scale how-
ever the acetylenic spacer was too unstable to be incorporated
into larger nanovehicles. It must be noted that some groups
proposed nanocar prototypes without wheels.® At the
nanoscale, nanocar properties can be also obtained without
following a technomimetic approach. All these various nano-
car prototypes were able to transform electronic excitation into
controlled movement.

The synthesis of the 9-ethynyltriptycene wheel was
achieved in three steps from 9-bromoanthracene by coupling
with a monoprotected alkyne, followed by a [4+2] addition of
benzyne prepared in situ by reaction of anthranilic acid with
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isopentyl nitrite (Scheme 1). Scheme 2. Synthesis of the first nanovehicle, a molecular

Th £ 3 1) dimethvlsilyl tecti wheelbarrow based on a polyaromatic hydrocarbon
e use of a (3-cyanopropyl)dimethylsilyl protecting chassis equipped with two triptycenyl wheels. Reagents

group, a polar analogue of trimethylsilyl,”” allowed the easy and conditions: (a) KOH, EtOH; (b) di(4-tert—
separation of the triptycene from the unreacted anthracene. butylphenyl)acetylene, Ph-O-Ph; (c) benzeneseleninic
Further deprotection of the silyl group gave the desired 9- anhydride, chlorobenzene; (d) 1,3-bis(4-iodophenyl)-

propan-2-one, KOH, EtOH; (e) di(4-tolyl)acetylene,
Ph-O-Ph; (f) 9-ethynyltriptycene, Pd(PPh3)4 10 mol%,
Cul 20 mol%, piperidine-THF (1 :

: 0
e-@c

ethynyltriptycene.

Scheme 1. Synthesis of the 9-ethynyltriptycene wheel.
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2.3 A Molecular Wheelbarrow

The first question which appeared was “even if the molecule
can move on a surface, can we observe rotation of a wheel on a
surface?” This is not a question that can be easily answered.
The synthesis'® of the first molecular vehicle equipped with a
chassis, two wheels at the front and two legs at the rear
(Scheme 2) was published in 2003.

The wheelbarrow consists of two legs (3,5-di-zert-butyl-
phenyl groups) and two wheels (triptycene groups) connected
to a polycyclic aromatic hydrocarbon (PAH) platform through
ethynyl spacers. The two 3,5-di-tert-butylphenyl legs were
shown to lie perpendicular to the main aromatic board to
minimize interaction with the surface. Moreover, these alkyl

Me

substituents connected to PAHs are also useful to increase sol- 2.4 Rotation of a Molecular Wheel on a Surface
ubility in organic solvents and induce a good contrast in the To study if the rotation of the wheels is possible to observe,
image acquired by the STM. The two 9-triptycenyl wheels we synthesized a dimer of wheels, a model of an axle termi-
were able to freely rotate around the axle thanks to the acety- nated with two ethynyltriptycene wheels (Scheme 3). The dimer
lenic spacers.”® with a butadiyne spacer was obtained via a Glaser homocou-
The synthesis was achieved in twelve steps and an overall pling of the 9-ethynyltriptycene wheel using copper(11) acetate.
yield of 2%. As shown on Scheme 2, our strategy is based on a This model compound has been studied as prototype of a
repetitive double Knoevenagel-Diels—Alder reaction on a dik- wheel dimer.

eto fragment. The first step allowed the connection of the two

. . . . h . hesis of a molecular axle with i 1 wheels.
legs, while the second introduced two iodine atoms to provide Scheme 3. Synthesis of a molecular axle with two triptycenyl wheels

the connection of the ethynyl triptycene wheels through a

double Sonogashira coupling. O
The purpose of this first vehicle was to observe the rota- ‘

tional movement of the two front wheels while keeping the rear (I Cu(OA9), Q

part of its frame away from the surface thanks to the two rear e

to cause a vertical back and forth movement of the front part
of the chassis supporting the two axles and the wheels. When

molecular legs. The rotation of the two front wheels then had ‘

pushed back by the tip of the STM, this rocking motion should Rotation of a wheel on a surface was achieved for the first
have caused a detectable oscillation in the intensity of the tun- time by pushing the molecule with the STM tip at 5K on
nel current passing through the wheels. Cu(111).” The tip was moved across the molecular axle at

Deposition of the molecules turned out to be difficult. constant height as shown on Figure 1, and rotation proven by
Sublimation was used to avoid contamination with solvents the study of the manipulation signal. If rotation is involved,
but only a few molecules survived this harsh process.” Particu- the tunneling current recorded at constant tip height during
larly, thermal fragmentation occurred with a high probability the motion will be totally different to what is expected for the
due to the two thermally sensitive triple bonds. However, we motion of the molecule without rotation. In most cases, it was
successfully imaged a few molecular wheelbarrows on a possible to rotate one wheel, and in a few cases, maybe depend-
Cu(100) surface. Action of the STM tip changed the confor- ing on the precise shape of the tip apex, the rolling motion of
mation but we were unable to move the molecule.” both wheels was observed.
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Figure 1. Rotational motion of triptycene wheels on a metallic

surface. Step 1: the STM tip approaches the molecule; Step
2: the rotation of the wheel starts; Step 3: the STM tip lies
on the other side of the wheel after a 120° rotation.

With this rolling motion proven, four triptycene units were
then integrated into the next generation of 4-wheeled nanove-
hicles, with the aim of increasing mobility on the surface.

3. From Nanovehicles Equipped with Two Wheels to Four
Wheels: Polyaromatic—based Nanocars

3.1 A Nanocar Built on a Planar Polyaromatic Chassis

To accommodate four triptycene wheels, a new chassis
based on a perylene subunit was necessary. Our synthetic
strategy (Scheme 4) started from the synthesis of di(4-iodo-
phenyl)cyclopentadienone obtained from a double Knoevena-
gel reaction between 1,3-di(4-iodophenyl)propan-2-one and
acenaphthenequinone in the presence of potassium hydroxyde

(step a).

Scheme 4. Synthesis of a 4-wheel nanocar. (a) KOH, MeOH; (b)
1,2-bis(3,5-di-zert-butylphenyl)acethylene, Ph—-O-Ph;
(c) FeCl; 25 eq, CH,Cl,-CH;NO, (9 :1); (d) 9-
ethynyltriptycene 10 eq, Pd(PPh;), 10%, Cul 20%,
piperidine-THF (1 : 1).

c
62%)

d

In the second step, a Diels-Alder reaction with 1,2-di(3,5-
di-tert-butylphenyl)acethylene gave, after aromatization by
CO extrusion, the half-chassis (step b) which was dimerized
via a Scholl coupling induced by Fe(III) as oxidant (step c). In
the last step, four ethynyltriptycenyl wheels were attached via a
quadruple Sonogashira coupling to give a planar 4-wheeled
nanocar in 66% yield.

As expected, once deposited on Au(l111), it proved very
difficult to move such a planar nanovehicle due to its strong
interaction of the polyaromatic chassis with the surface.

3.2 A Nanocar Built on a Curved Polyaromatic Chassis

The Scholl reaction is a coupling reaction between two
arene compounds. It allows for increasing the number of cycles
in the produced polyaromatic platform. With some modified
precursors, it was possible to generate a highly—curved chassis.
By replacing the 3,5-di-fert-butylphenyl fragments by 4-tert-
butylphenyl groups, the same synthetic strategy used for the
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planar chassis gave an overcyclized perylene platform bearing
six additional C-C bonds as shown in bold on Scheme 5. By
decreasing the number of tert-butyl groups, the planarity of
contiguous phenyl rings became possible and consequently a
higher number of Scholl-type oxidative coupling have been
achieved. A geometry optimization of this curved chassis is
presented in Scheme 5.

Scheme 5. Synthesis of a curved polyaromatic nanocar. (a) Ph-O-
Ph; (b) FeCl; 25 eq, CH,Cl,-CH;NO, (9 : 1); (c) 9-
ethynyltriptycene 8 eq, Pd(PPh;), 10%, Cul 20%,
piperidine/THF (1 : 1). The additional carbon-carbon

bonds obtained in the Scholl reaction are highlighted in

bold.

! ‘Bu
e
Wy - | e
g

In the last step, the four ethynyltriptycene wheels were
covalently attached via a quadruple Sonogashira coupling to
successfully form the corresponding nanovehicle in 34% yield.
This low yield is a side effect of the solubility of the molecules
containing a lower number of tert-butyl groups. This curva-
ture can be explained by the presence of alternating five and
six-membered rings like in fullerenes and at the extremities of
carbon nanotubes.

This curved nanocar exhibits an intense dark green color
and qualified for the first nanocar race® which was organized
in April 2017 in Toulouse (France).

After deposition on Au(111) by sublimation at 5K, STM
manipulation of this curved nanocar gave a clearer image
compared to the planar ones (Figure 2) with a brighter con-
trast for the four triptycene wheels.” This is due to the reduced
interactions of the curved polyaromatic chassis and this mole-
cule has indeed shown a better mobility on an Au(111) surface
when pushed or pulled.

4. From Pushing to Electric-field Induced Motions

On a surface, the pushing or pulling mode is historically
the original and easiest way to move a molecule.” However,
this always needs a contact between the STM tip and the mol-
ecule, which limits the speed and could damage the nanovehi-
cle. In our research on the rotation of molecular motors, after
having first succeeded in achieving rotation unidirectionally
with a piano-stool ruthenium complex at the single molecular
scale by mechanically pushing the molecule,” three years later
we then succeeded to rotate a self-assembled monolayer of
dipolar europium double-decker by an electric field induced
by the STM tip.” Electric field induced motion is possible not
only on dipolar molecules. The rotation of a propeller shaped
molecule without permanent dipole has also been achieved by
positioning the tip close to the molecule.”” A unidirectional

J. Synth. Org. Chem., Jpn.



Figure 2. Chemical structures of the planar nanocar (A) and the

curved nanocar (B) and the corresponding STM images
showing the pushing of the molecule on a Au(111) surface.
The white line corresponds to 1 nm.

rotation of the propeller has been observed without any
manipulation by the STM tip.

This efficient way to induce motion has been successfully
used by two teams during the first nanocar race™ and showed
its superiority. This is the reason why we designed and synthe-
sized a new family of dipolar nanocars.

5. A Family of Dipolar Nanocars: Porphyrin-based Nanocars

The design and synthesis of a new family of nanocars has
been recently reported.” Their architecture integrates a dipole,
which can be tuned thanks to the strategic combination of
donor and acceptor substituents at the 5- and 15-positions on
its porphyrin backbone. Since the preparation of porphyrins is
very versatile and can give rise to many types of substitution at
the meso position,” we substituted the two remaining meso
positions with our ethynyltriptycene wheels.

In our design, we also need the porphyrin center to be
metalated to avoid partial metalation on the metallic surfaces
used. We selected a zinc(II) center to keep the required neutral-
ity of the molecule and because it is well-known that porphy-
rins can form supramolecular architectures via axial coordina-
tion to a metal center® giving our new nanocars the potential
to load and carry cargo molecules.

Molecules possessing a permanent dipole moment can be
manipulated thanks to their response to an electric field gene-
rated between the STM tip and the surface, but the relationship
between the magnitude of the dipole moment and the mobility
of the molecules still remains unclear. In this study, in order to
clarify the relationship between the magnitude of the dipole
moment and the mobility of molecules, we have designed a
library of nine porphyrin-based nanocars in which various
electron-donating and electron-withdrawing substituents are
introduced as tuning units of their dipole moments. From the
DFT calculations, it was found that the dipole moments of the
nanocars can be tuned in the range of 5.0 to 9.9 D by appro-
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priately selecting the substituents (Table 1). This showed that
the introduction of electron-donating and -withdrawing
groups as perturbation module units, enables us to tune the
dipole moment precisely with a wide range of values.

Table 1. Dipole moment of nanocars evaluated by DFT calculation.
All calculations were performed with the Gaussian09 suite
of programs® in vaccuo, using the WB97XD functional,
taking into account long range interactions and dispersion
corrections with the 6-31G™ basis set, a larger basis set
than the 6-21G™ reported for previous similar com-
pounds.”

92D 94D

CeH1a
+O
CeHiz

OBu

78D 9.7D 99D

OBu

The synthetic strategy to access these nanocars is shown in
Scheme 6. The porphyrins with dissymmetrical substitutions at
the 5 and 15 positions were synthesized by porphyrin ring for-
mation using two kinds of aldehydes and dipyrromethane fol-
lowed by the oxidation of the porphyrinogen intermediate as
described by Lindsey.* Then, bromination at the meso posi-
tion of the porphyrins and coordination of the zinc were per-
formed in two steps. Finally, the desired nanocar was obtained
by Sonogashira coupling with ethynyltriptycene.

Among the synthesized nanocars, it has been possible to
obtain the crystal structure for the system with 3,5-di(zert-
butyl)phenyl group as electron donor and 4-cyanophenyl
group as electron acceptor (Figure 3). In the crystal, a molecule
of methanol, which was used as the crystallization solvent, was
found to be coordinated to the axial position of the central
zinc ion in a classical manner.” This result illustrates the
capacity of our nanocars to potentially serve as nanoplatforms
to load and transport cargo molecules. We are now working on
the construction of novel nanocars that can load and carry
guest molecules on their chassis via various interactions based
on appropriate design of their molecular structure.

6. Conclusion and Perspectives

In summary, we have presented the design and synthesis of
various polyaromatic and porphyrin derivatives conceived by
analogy with macroscopic nanocars in a technomimetic
approach'' by mimicking a real car consisting of wheels and a
chassis as their constitutive motifs.

As for the driving force of the movement of nanovehicles,
we have evolved from direct pushing or pulling with an STM

1053



Scheme 6. Synthesis of porphyrin-based nanocars.
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Figure 3. Single crystal X-ray structure of a porphyrin-based

nanocar. a) Side view showing the coordination of a
methanol molecule to the Zn center; b) Top view. Color
code: C, gray; N, blue; O, red; Zn, mauve.

tip to non—contact addressing via the control of dipolar mole-
cules with locally generated electric fields. Work is now under-
way to investigate the correlation between the amplitude of the
dipole moment of the nanocar and their movability on sur-
faces. Establishing the laws describing the motion of dipolar
molecules under the influence of an electric field induced by an
STM tip is a challenge.
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The more efficient nanocar, i.e. the molecule with the best
compromise between its speed and controllability, will partici-
pate in the second nanocar race which could be organized in
2022.
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