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A Proof-of-Principle Design for Through-Space
g Transmission of Unidirectional Rotary Motion by Molecular

Photogears**

Enrique M. Arpa,*® Sven Stafstrom,”

The construction of molecular photogears that can achieve
through-space transmission of the unidirectional double-bond
rotary motion of light-driven molecular motors onto a remote
single-bond axis is a formidable challenge in the field of
artificial molecular machines. Here, we present a proof-of-
principle design of such photogears that is based on the
possibility of using stereogenic substituents to control both the

Introduction

Following the pioneering work by the 2016 Chemistry Nobel
Prize laureates Sauvage” Stoddart” and Feringa,® a major
challenge in exploiting artificial molecular machines™ for useful
functions is realizing controllable transmission of molecular
motion within such entities.”’ In this paper, we demonstrate
and explain how molecular photogears of a particular design
are able to transmit, through space and with control of
directionality, the rotary motion of a light-driven molecular
motor around a double bond into a rotation of a passive
receiver unit around a single bond.

Although efforts to develop molecular gears have been
ongoing for more than 40 years,”” few of the designs put forth
to date are powered by an external energy source. Rather, most
designs rely on passive, thermal activation and cannot enforce
a preferred direction of motion, because of random thermal
fluctuations (Brownian motion). Hence, they cannot perform
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relative stabilities of two helical forms of the photogear and the
double-bond photoisomerization reaction that connects them.
The potential of the design was verified by quantum-chemical
modeling through which photogearing was found to be a
favorable process compared to free-standing single-bond
rotation (“slippage”). Overall, our study unveils a surprisingly
simple approach to realizing unidirectional photogearing.

mechanical work."™ One possible solution to this problem is to
exploit molecular motors with the ability to convert the energy
from an external source into directed mechanical motion,*"
such as light-driven rotary motors.”

As for actual transmission of photoinduced rotary motor
motion to a remote bond axis, notable steps have been taken
by Dube and co-workers,*=® using hemithioindigo (HTI)-based
motors.® For example, in 2020, these authors realized this goal
by introducing a chain linkage between the rotating moieties
(Figure 1).°¥ As for transmitting such motion through space
(without a chain linkage), the hallmark of true molecular
gearing,”® the Dube group later (in 2022) managed to induce a
120° C—C rotation of a triptycene motif from the 180° C=C
rotation (photoisomerization) of a HTI motor (Figure 1).5
However, no control of the direction of the rotations could be
exerted, likely because of the absence of a chiral element.

Following this brief overview, the aim of this work is to
identify key structural requirements for constructing molecular
photogears that can achieve through-space transmission of the
double-bond rotary motion of a light-driven molecular motor
onto a single-bond axis, with full control of directionality. To
this end, we use a computational approach (see Computational
Methods), which is fitting as inherent challenges® in exper-
imental probing of such motion have so far rendered these

Dube 2020

Dube 2022

Figure 1. Molecular-motor complexes designed by the Dube group.®*?

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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requirements elusive. Also, in this regard, it may be noted that
quantum-chemical modeling has provided many valuable in-
sights for the design of efficient light-driven molecular motors
and related molecular devices."”

Results and Discussion

Our proof-of-principle design of a functional molecular photo-
gear is shown in Figure 2. Henceforth, the moiety that under-
goes a photoinduced double-bond rotation is denoted as
“rotor”, the single-bond rotating fragment as “propeller”, and
the linking fragment as “stator”. Furthermore, the two dihedral
angles used to measure the rotations of the rotor and propeller
relative to the stator are denoted ¢zs and ¢y, respectively.
Notably, the design draws upon previous work by combining a
1,8-diazafluorene rotor (fluorene is a motif in potent light-driven
overcrowded-alkene motors"'") with a propeller obtained by
replacing the phenyl groups in Dube’s 2022 triptycene motif®™®
(Figure 1) with Me-substituted imidazole-tautomeric rings. An-
other difference between the current and Dube’s 2022 designs
lies in the parallel (a so-called spur gear®) and intersecting
(bevel gear™) directions of the two rotation axes, respectively.

As will be shown and discussed in more detail below, our
design owes its functionality to several of its specific compo-
nents. The propeller Me groups introduce three stereogenic
carbon centers and preserve the C; symmetry of the propeller.
The stator OH group, attached to another stereogenic carbon
center, offers the possibility for an intramolecular hydrogen
bond with the rotor. The stator fluorine atom introduces
electronic repulsion between its lone pairs and those of the
propeller nitrogen atoms, which helps ensure that the ¢pg
values at the potential-energy minima are small (see below). In
fact, without the fluorine, these values would be much larger
(ca. 60°) and prevent the close spatial contact between the
rotor and propeller needed for gearing.

Because of its C,, symmetry, a 180° rotation of the rotor
through a C=C photoisomerization and a subsequent thermal
helix inversion (THI) produces an identical structure. Thus, the
core molecular-motor function of our photogear design is
based on a two-stroke mechanism. This holds true regardless of
any propeller rotation, as the propeller is C; symmetric. Hence,
only two minima are possible for the photogear, exhibiting
either M or P helicity. This is an important feature in that the

Figure 2. Design of a functional molecular photogear developed in this
work, shown in its M helical form. The rotor, propeller and stator parts are
colored blue, red and black, respectively. These color codes are used
throughout the paper. The rotor-propeller distance is measured between
the dotted C atoms.
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number of undesirable side reactions is intrinsically fewer than
in a system with several minima. Using density functional
theory (DFT), the optimized geometries of the two helices are
shown in Figure 3, alongside their ¢zs and ¢, values.

Given that the rotor-propeller distance (Figure 2) has proven
to be a key parameter for the design of thermally driven
molecular gears featuring triptycene propellers,®®™ it is notable
that these distances in the optimized M and P helices (6.80 and
6.81 A, respectively) are very close to those (6.79 and 6.80 A)
obtained from molecular dynamics (MD) simulations"? with the
PM6 method™ (see Section 1 in the Supporting Information).
While such distances are markedly shorter than those deemed
optimal for thermal gearing,®® for photogears this is advanta-
geous in that it allows the rigidity of the rotor-stator double
bond to disfavor an undesirable, free-standing single-bond
rotation of the propeller-so-called propeller “slippage” (see
Section 2 in the Supporting Information).

Based on the M and P helices, DFT calculations were then
carried out to explore the photochemical (in the bright S,
excited state) and thermal (in the S, ground state) reactions
governing possible gearing and slippage processes. The results
are presented in Figure 4, which shows key points on the
corresponding potential energy surfaces (PESs): minima, tran-
sition states (TSs) and one conical intersection (Cl). Because of
the aforementioned symmetries, each of the four corners in
Figure 4, indicated with purple circles, are chemically identical
and represent the more stable (by 1.8 kcalmol™) M helix.
Starting from the bottom-left corner, the pathways to reach the
other three corners correspond to three distinct processes:
propeller slippage (top left), rotor slippage (bottom right) and
gearing (top right).

For propeller slippage, the calculations yield a small barrier
of 6.4 kcalmol™". Although this prevents gearing starting from
the M helix, it does not prevent gearing starting from the P
helix, for which (as we will see) the slippage barrier is
considerably higher. Thus, as long as the P helix can be formed
from the M helix through a facile photoisomerization process,
the smallness of the slippage barrier for the M helix is not
detrimental to gearing. In this light, it is pleasing to note that
the M—P photoisomerization does indeed appear to have the
required characteristic. Specifically, the calculations predict that
population of the S, state of the M helix, which has a vertical
energy of 67.9 kcalmol™, by an excitation localized at the rotor-

M helix (0.0)

b, =-13° ¢, =+24° b, =-1° &, =+157°

Figure 3. Optimized geometries of the photogear helices, with H atoms
omitted for clarity and relative electronic energies given in parentheses
[kcalmol™"].
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Figure 4. Key points on the S, and S, PESs of the photogear, with relative
electronic energies given in bold font [kcalmol™'] and with each of the four
purple corner points representing the M helix. Thermal/photochemical
processes are indicated with solid/dashed grey arrows, whose directions
indicate the directions of rotations. Gibbs free energies and energies
including solvent effects are given in Figures S2 and S3, respectively (see
Section 2 in the Supporting Information).

stator double bond (see Section 3 in the Supporting Informa-
tion) allows the rotor to undergo a completely barrierless
rotation. In fact, this can be inferred from the finding that an
excited-state geometry optimization started at the vertical
Franck-Condon (FC) point of the M helix brings the system
close to a much lower-lying (by 67.9—43.7 =24.2 kcalmol™") S,/
So Cl, at which the rotor has gone through a considerable 67°
rotation. This Cl occurs at ¢ps=91° (s =24+ 67 =91°), which
enables both formation of the P helix and a back-reaction to
the M helix upon internal conversion (IC) to the S, state.

If the P helix is formed, then three thermal reaction
pathways can be envisioned. In one, propeller slippage occurs
with a barrier of 12.2 kcalmol™, almost twice that of the
aforementioned 6.4 kcal mol™" barrier for the M helix. Thus, the
rotor is a better “brake” for the propeller in the P helix than in
the M helix (see Section 2 in the Supporting Information). In a
second pathway, a THI and concurrent rotor slippage would
produce the M helix. However, from the calculations, this
pathway is energetically inaccessible, as indicated with a
yellow-red cross in Figure 4. Instead, the M helix can be formed
in a third pathway if the THI involves proper gearing-that is,
propeller rotation induced by rotor rotation-in place of rotor
slippage. In fact, with a barrier of only 9.4 kcalmol™, this is the
preferred pathway for the P helix. Accordingly, combined with
the facts that a) this pathway closes the M—P—M reaction
cycle, b) the rotor rotation has the same direction as during the
M—P photoisomerization (toward increasing ¢gs values), and
c) the rotor rotation controls the direction of the propeller
rotation (toward increasing ¢,s values), this means that the
overall mechanism in Figure 4 is indeed that of a functional
molecular photogear.

As for providing a quantitative estimate of the efficiency of
a photogear of this kind, which is a separate issue in its own
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right and beyond the scope of the present proof-of-principle
study, it should be noted that also light absorption of the P
helix brings the system to the aforementioned Cl, which means
that the M—P photoisomerization is reversible. Consequently,
in order to obtain such an estimate, the P/M distribution in the
photostationary state is an important factor. Regarding the
gearing mechanism, Figure 4 reveals an asynchronous process
where the propeller rotation lags behind the rotor rotation. This
is shown in greater detail in Section2 of the Supporting
Information, which also includes a brief discussion of the so-
called gearing fidelity.**”

Given that the gearing is thermal but occurs as a direct
result of the photoisomerization of the M helix into the less
stable P helix, it is desirable to understand how the S, dynamics
following IC at the S,/S, Cl can be made to favor formation of
the P helix over back-reaction to the M helix. In the absence of
any chiral elements, one would have expected these two
outcomes to be equally probable. However, the present photo-
gear design does contain chiral elements thanks to the
propeller Me groups and the stator OH group, and the idea
with the former is that they might favor the desired outcome
by introducing steric repulsion between the rotor and the
closest Me at the Cl. To evaluate this idea, 100 MD trajectories
from the ClI were simulated at the PM6 level, following
benchmarking relative to DFT (see Section 4 in the Supporting
Information). Encouragingly, from the 61:39 P:M formation
ratio observed among these trajectories in Figure 5, the strategy
appears to have been successful. Here, it should be emphasized
that these percentages are not estimates of the respective
photoisomerization quantum yields (which would require non-
adiabatic MD simulations from the FC points), but rather
measures of the bias in the S; dynamics for the formation of the
P helix.

To further elucidate how the propeller Me groups and the
stator OH group contribute to the function of the photogear
design, DFT calculations and PM6 MD simulations were also
performed using two simplified models, each lacking one of
these components (see Section 5 in the Supporting Informa-

180--'|"'|"4'|"'|

150 |
120 [ v |

90 H.

Pgs (°)

60 |

30

0 200 400 600 800 1000
t (fs)
Figure 5. Changes in the ¢y dihedral angle along 100 MD trajectories

starting from the S,/S, Cl of the photogear, with trajectories in green/purple
font forming the P/M helix. The inset represents the structure of the CI.
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tion). From these investigations, a number of key results
emerge. First, regarding the stabilization of the M helix over the
P helix, this is due to the presence of an intramolecular
hydrogen bond between the OH group and the rotor in the M
helix. In fact, removal of the OH group leads to the P helix
being preferred and removal of the Me groups increases the
relative stability of the M helix.

Second, regarding the M—P photoisomerization, simula-
tions of the IC-induced S, dynamics in the system lacking the
Me groups provide further evidence that these are indeed
responsible for the 61:39 P:M formation ratio achieved by the
full system, as without them, all trajectories return to the M
helix (see Section 5 in the Supporting Information). Moreover,
from analogous simulations of the system lacking the OH
group, this group is actually seen to have a negative effect on
the P formation, with the P:M ratio increasing from 61:39 to
90:10 upon its removal. Yet, the OH is still a critical component,
as without it, the P helix is also the most stable one. Thus,
without the OH, the system would predominantly populate the
P helix and have less propensity to undergo the full M—P—M
reaction cycle needed for gearing. Altogether, these findings
are summarized in a qualitative fashion in Figure 6, which helps
illustrate how the full photogear design derives its unique
function from a combination of kinetic and thermodynamic
effects attributable to the propeller Me and stator OH groups,
respectively.

Having verified the potential of this new way of realizing
through-space transmission of unidirectional rotary motion in a
molecular photogear, it should be emphasized that the specific
molecular system in which we have demonstrated this trans-

Full
hv
A
M
No Me,
hv
A
M
No OH,
hv
A
M

Figure 6. Schematic representation of the Sy and S, PESs of the full
photogear (top), upon removal of the propeller Me groups (middle), and
upon removal of the stator OH group (bottom). In each case, the pathway
highlighted in pink is the preferred one. The results underlying these
representations are given in Section 5 of the Supporting Information.
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mission is by no means an optimal photogear. Indeed, given
the undeveloped nature of the field, the key focus of this work
has been to present a proof-of-principle design of molecular
photogears, rather than to necessarily find the best possible
photogear. In our opinion, this is a sensible approach, as there
is no reason to believe that the underlying gearing mechanism
cannot be implemented by other molecular systems based on
this design than that considered herein. Thus, it is our hope
that the design can serve as a framework/blueprint for the
construction of many different (and better) photogears of this
type. To this end, our future efforts in the field will be directed
at computational screening of stator-rotor-propeller core struc-
tures and stereogenic substituents for their ability to realize
high-fidelity photogearing within this framework. One impor-
tant constraint that will be introduced in the screening, which
naturally has not been considered in the present proof-of-
principle study, is synthetic feasibility. For example, this may
require the use of a less elaborate stator moiety than that
employed herein. In light of the enormous challenge to make
progress on the design of functional molecular photogears by
experimental studies alone, such computational endeavors
appear particularly valuable.

Conclusions

In summary, we have presented an approach for transmitting
the directional double-bond rotary motion of light-driven
molecular motors through space onto a remote single-bond
axis in molecular photogears. The approach is based on the
possibility of using stereogenic substituents to control both the
relative stabilities of two helical forms of the photogears and
the double-bond photoisomerization reactions that connect
these forms. By subjecting the approach to quantum-chemical
evaluation, the desired gearing process was found to have a
smaller barrier than the undesired, free-standing single-bond
rotation process with which it competes. Altogether, this work
puts forth a simple solution to a long-standing problem in the
field of artificial molecular machines.

Computational Methods

The DFT calculations for the mapping of the S, ground and S,
excited states of the systems under study were carried out with
the M06-2X functional,™ using time-dependent density func-
tional theory (TD-DFT)"™ for the S, state. Geometry optimiza-
tions, localization of minimum-energy S,/S, Cls, frequency
calculations and intrinsic  reaction coordinate  (IRC)
calculations'® were done with the cc-pVDZ basis set, whereas
single-point calculations were done with the larger cc-pVTZ
basis set. Potential-energy minima and TS structures were
characterized as stationary points having only real vibrational
frequencies or one imaginary vibrational frequency along the
relevant normal mode, respectively. Based on the calculated
frequencies, Gibbs free energies at room temperature were
derived within the standard ideal-gas and rigid-rotor approx-

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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imations. UV-Vis and electronic circular dichroism (ECD) absorp-
tion spectra were computed using vertical S,—S, excitation
energies and oscillator strengths obtained from TD-M06-2X/cc-
pVTZ single-point calculations.

Except where otherwise noted, all DFT calculations were
carried out in the gas phase. However, in complementary
calculations summarized in Section 2 of the Supporting Infor-
mation, the SMD continuum solvation model"” was employed
to account for both dichloromethane and water solvent
environments.

Following benchmark tests described in Section 4 of the
Supporting Information, all MD simulations were performed
with the semiempirical PM6 method"™ within the framework of
the atom-centered density matrix propagation (ADMP)
method."”? All simulations were carried out at room temper-
ature and with initial nuclear geometries and velocities sampled
from a Wigner distribution of calculated harmonic vibrational
frequencies. For the estimation of the rotor-propeller distances
in the full photogear, the frequencies were calculated in the S,
state at the optimized geometries of the M and P helices. Then,
50 trajectories with different initial conditions were run for 2 ps
with an integration time step of 0.25 fs. The first 1000 fs were
used for equilibration, whereafter the rotor-propeller distance
was measured at each time step of the final 1000 fs. For the
simulations of the S, dynamics following IC at the S,/S, Cl, in
turn, the frequencies were calculated in the S, state at the
located minimum-energy Cl. Then, 100 trajectories with differ-
ent initial conditions were run for 1 ps with a time step of
0.25 fs. The ¢y dihedral angle was measured at each time step
of the simulations.

Cls were located with the SHARC 2.0 package"® interfaced
with the ORCA 4.2.1"" and Gaussian 16 packages.”” All other
calculations were done using Gaussian 16 alone. As for the
procedure to locate the Cls as minimum-energy Cls, it should
be mentioned that other structures along the Cl seams may
also be photochemically relevant (albeit more difficult to
locate). Herein, this possibility is accounted for in an indirect
fashion by starting the simulations of the S, dynamics following
IC from each of the 100 different structures obtained by the
Wigner sampling.

Supporting Information

Further tables, figures, analyses and data (Cartesian coordinates
and energies of optimized geometries) are provided in the
Supporting Information.

Acknowledgements

We acknowledge financial support by the Swedish Research
Council (grants 2019-03664 and 2022-06442), the Olle Engkvist
Foundation (grant 204-0183) and the Carl Trygger Foundation
(grant CTS 20:102). The computations were enabled by
resources provided by the National Academic Infrastructure for
Supercomputing in Sweden (NAISS) and the Swedish National

Chem. Eur. J. 2024, 30, €202303191 (5 of 6)

Infrastructure for Computing (SNIC) at the National Super-
computer Centre partially funded by the Swedish Research
Council (grants 2022-06725 and 2018-05973).

Conflict of Interests

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available in
the supplementary material of this article.

Keywords: density functional calculations - isomerization
molecular devices - molecular gears - photochemistry

J.-P. Sauvage, Angew. Chem. Int. Ed. 2017, 56, 11080-11093.

J. F. Stoddart, Angew. Chem. Int. Ed. 2017, 56, 11094-11125.

B. L. Feringa, Angew. Chem. Int. Ed. 2017, 56, 11060-11078.

a) V. Balzani, A. Credi, F. M. Raymo, J. F. Stoddart, Angew. Chem. Int. Ed.
2000, 39, 3348-3391; b) W. R. Browne, B. L. Feringa, Nat. Nanotechnol.
2006, 1, 25-35; ¢) E.R. Kay, D. A. Leigh, F. Zerbetto, Angew. Chem. Int.
Ed. 2007, 46, 72-191; d) J. M. Abendroth, O. S. Bushuyev, P. S. Weiss, C. J.
Barrett, ACS Nano 2015, 9, 7746-7768; €) S. Erbas-Cakmak, D. A. Leigh,
C.T. McTernan, A. L. Nussbaumer, Chem. Rev. 2015, 115, 10081-10206;
f) F. Lancia, A. Ryabchun, N. Katsonis, Nat. Chem. Rev. 2019, 3, 536-551;
g) S. Corra, M. Curcio, M. Baroncini, S. Silvi, A. Credi, Adv. Mater. 2020,
32, 1906064; h) D. Dattler, G. Fuks, J. Heiser, E. Moulin, A. Perrot, X. Yao,
N. Giuseppone, Chem. Rev. 2020, 120, 310-433.

[5] a) P. Stacko, J. C. M. Kistemaker, T. van Leeuwen, M.-C. Chang, E. Otten,
B.L. Feringa, Science 2017, 356, 964-968; b) M. Baroncini, A. Credi,
Science 2017, 356, 906-907; c) E. Uhl, S. Thumser, P. Mayer, H. Dube,
Angew. Chem. Int. Ed. 2018, 57, 11064-11068; d) E. Uhl, P. Mayer, H.
Dube, Angew. Chem. Int. Ed. 2020, 59, 5730-5737; e) A. Gerwien, F.
Gnannt, P. Mayer, H. Dube, Nat. Chem. 2022, 14, 670-676.

[6] a) Y. Kawada, H. Iwamura, J. Org. Chem. 1980, 45, 2547-2548; b) W. D.

Hounshell, C. A. Johnson, A. Guenzi, F. Cozzi, K. Mislow, Proc. Natl. Acad.

Sci. USA 1980, 77, 6961-6964; c) H. Iwamura, K. Mislow, Acc. Chem. Res.

1988, 21, 175-182; d) A. M. Stevens, C.J. Richards, Tetrahedron Lett.

1997, 38, 7805-7808; e) D. K. Frantz, K. K. Baldridge, J. S. Siegel, Chimia

2009, 63, 201-204; f) C.-Y. Kao, Y.-T. Hsu, H.-F. Lu, I. Chao, S.-L. Huang,

Y.-C. Lin, W.-T. Sun, J.-S. Yang, J. Org. Chem. 2011, 76, 5782-5792;

g) D. K. Frantz, A. Linden, K. K. Baldridge, J.S. Siegel, J. Am. Chem. Soc.

2012, 134, 1528-1535; h) G. Chen, Y. Zhao, Org. Lett. 2014, 16, 668-671;

i) F. Huang, G. Wang, L. Ma, Y. Wang, X. Chen, Y. Che, H. Jiang, J. Org.

Chem. 2017, 82, 12106-12111; j) G. Erbland, S. Abid, Y. Gisbert, N.

Saffon-Merceron, Y. Hashimoto, L. Andreoni, T. Guérin, C. Kammerer, G.

Rapenne, Chem. Eur. J. 2019, 25, 16328-16339; k) W.-H. Soe, S.

Srivastava, C. Joachim, J. Phys. Chem. Lett. 2019, 10, 6462-6467; ) X.

Jiang, S. Yang, M. J. Jellen, K. N. Houk, M. Garcia-Garibay, Org. Lett. 2020,

22, 4049-4052; m) K. H. A. Yeung, T. Kiihne, F. Eisenhut, M. Kleinwéchter,

Y. Gisbert, R. Robles, N. Lorente, G. Cuniberti, C. Joachim, G. Rapenne, C.

Kammerer, F. Moresco, J. Phys. Chem. Lett. 2020, 11, 6892-6889; n) M. J.

Jellen, 1. Liepuoniute, M. Jin, C. G. Jones, S. Yang, X. Jiang, H. M. Nelson,

K. N. Houk, M. A. Garcia-Garibay, J. Am. Chem. Soc. 2021, 143, 7740-

7747; o) Y. Gisbert, S. Abid, C. Kammerer, G. Rapenne, Chem. Eur. J.

2021, 27, 12019-12031.

a) N. Koumura, R. W. J. Zijlstra, R. A. van Delden, N. Harada, B. L. Feringa,

Nature 1999, 401, 152-155; b) N. Koumura, E. M. Geertsema, M.B.

van Gelder, A. Meetsma, B.L. Feringa, J. Am. Chem. Soc. 2002, 124,

5037-5051; ¢) V. Garcia-Lépez, D. Liu, J. M. Tour, Chem. Rev. 2020, 120,

79-124; d) D.R.S. Pooler, A. S. Lubbe, S. Crespi, B. L. Feringa, Chem. Sci.

2021, 12, 14964-14986.

[8] a) M. Guentner, M. Schildhauer, S. Thumser, P. Mayer, D. Stephenson,
P.J. Mayer, H. Dube, Nat. Commun. 2015, 6, 8406; b) R. Wilcken, M.
Schildhauer, F. Rott, L. A. Huber, M. Guentner, S. Thumser, K. Hoffman, S.

[7

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85U8017 SUOWIOD 8A11e81D) 3|qeot|dde auy Aq peusenob afe sajoie O ‘88N JO Sa|nJ o Akeid18U1|UO /8|1 UO (SUONIPUOD-PUR-SLLIBY/LID" A 1M ARIq 1 BUIUO//:SdNL) SUORIPUOD PUe SWie | 8U18eS *[202/60/€T] Uo ARiqiauluo Ae|im ‘BiseAlun Buidosul Aq T6TE0£202 Weyo/200T 0T/I0p/wod Ao |im Az jpuljuoadoune-Als iweyo//sdny wouy pepeojumod ‘Z ‘g0z ‘S9/ETZST


https://doi.org/10.1002/anie.201702992
https://doi.org/10.1002/anie.201703216
https://doi.org/10.1002/anie.201702979
https://doi.org/10.1002/1521-3773(20001002)39:19%3C3348::AID-ANIE3348%3E3.0.CO;2-X
https://doi.org/10.1002/1521-3773(20001002)39:19%3C3348::AID-ANIE3348%3E3.0.CO;2-X
https://doi.org/10.1038/nnano.2006.45
https://doi.org/10.1038/nnano.2006.45
https://doi.org/10.1002/anie.200504313
https://doi.org/10.1002/anie.200504313
https://doi.org/10.1021/acsnano.5b03367
https://doi.org/10.1021/acs.chemrev.5b00146
https://doi.org/10.1038/s41570-019-0122-2
https://doi.org/10.1021/acs.chemrev.9b00288
https://doi.org/10.1126/science.aan4353
https://doi.org/10.1002/anie.201804716
https://doi.org/10.1002/anie.201913798
https://doi.org/10.1038/s41557-022-00917-0
https://doi.org/10.1021/jo01300a069
https://doi.org/10.1073/pnas.77.12.6961
https://doi.org/10.1073/pnas.77.12.6961
https://doi.org/10.1021/ar00148a007
https://doi.org/10.1021/ar00148a007
https://doi.org/10.1016/S0040-4039(97)10042-9
https://doi.org/10.1016/S0040-4039(97)10042-9
https://doi.org/10.2533/chimia.2009.201
https://doi.org/10.2533/chimia.2009.201
https://doi.org/10.1021/jo2009017
https://doi.org/10.1021/ja2063346
https://doi.org/10.1021/ja2063346
https://doi.org/10.1021/ol403295q
https://doi.org/10.1021/acs.joc.7b01864
https://doi.org/10.1021/acs.joc.7b01864
https://doi.org/10.1002/chem.201903615
https://doi.org/10.1021/acs.jpclett.9b02259
https://doi.org/10.1021/acs.orglett.0c01029
https://doi.org/10.1021/acs.orglett.0c01029
https://doi.org/10.1021/jacs.1c01885
https://doi.org/10.1021/jacs.1c01885
https://doi.org/10.1002/chem.202101489
https://doi.org/10.1002/chem.202101489
https://doi.org/10.1038/43646
https://doi.org/10.1021/ja012499i
https://doi.org/10.1021/ja012499i
https://doi.org/10.1021/acs.chemrev.9b00221
https://doi.org/10.1021/acs.chemrev.9b00221
https://doi.org/10.1039/D1SC04781G
https://doi.org/10.1039/D1SC04781G

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202303191

Oesterling, R. de Vivie-Riedle, E. Riedle, H. Dube, J. Am. Chem. Soc. 2018,
140, 5311-5318; c) C. Petermayer, H. Dube, Acc. Chem. Res. 2018, 51,
1153-1163; d) M. Baroncini, S. Silvi, A. Credi, Chem. Rev. 2020, 120, 200~
268.

[15] M. E. Casida, M. Huix-Rotllant, Annu. Rev. Phys. Chem. 2012, 63, 287-323.
[16] C. Gonzalez, H. B. Schlegel, J. Phys. Chem. 1990, 94, 5523-5527.
[17] A.V. Marenich, C.J. Cramer, D. G. Truhlar, J. Phys. Chem. B 2009, 113,

6378-6396.

[9] B.L. Regen-Pregizer, A. Ozcelik, P. Mayer, F. Hampel, H. Dube, Nat. [18] a) S. Mai, P. Marquetand, L. Gonzalez, WIREs Comput. Mol. Sci. 2018, 8,

Commun. 2023, 14, 4595. e1370; b) S. Mai, M. Richter, M. Heindl, M. F. S. J. Menger, A. J. Atkins, M.

[10] a) C. Garcia-Iriepa, M. Marazzi, F. Zapata, A. Valentini, D. Sampedro, L. M. Ruckenbauer, F. Plasser, M. Oppel, P. Marquetand, L. Gonzélez, “SHARC
Frutos, J. Phys. Chem. Lett. 2013, 4, 1389-1396; b) G. Marchand, J. Eng, . 2.0: Surface Hopping Including Arbitrary Couplings—Program Package
Schapiro, A. Valentini, L. M. Frutos, E. Pieri, M. Olivucci, J. Léonard, E. for Non-Adiabatic Dynamics”, can be found under http://www.sharc-
Gindensperger, J. Phys. Chem. Lett. 2015, 6, 599-604; c)J. Wang, B. md.org, 2018 (accessed 24 February 2023).
Oruganti, B. Durbeej, Phys. Chem. Chem. Phys. 2017, 19, 6952-6956; d) B. [19] F. Neese, WIREs Comput. Mol. Sci. 2012, 2, 73-78.
Oruganti, J. Wang, B. Durbeej, Org. Lett. 2017, 19, 4818-4821; e)B. 0] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J.R.
Durbeej, J. Wang, B. Oruganti, ChemPlusChem 2018, 83, 958-967; f) M. Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li,
Filatov, M. Paolino, S.K. Min, K.S. Kim, J. Phys. Chem. Lett. 2018, 9, M. Caricato, A.V. Marenich, J. Bloino, B.G. Janesko, R. Gomperts, B.
4995-5001; g) B. Oruganti, P.P. Kalapos, V. Bhargav, G. London, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg, D.
Durbeej, J. Am. Chem. Soc. 2020, 142, 13941-13953; h) J. Wang, B. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng, A.
Oruganti, B. Durbeej, Org. Lett. 2020, 22, 7113-7117; i) L. Le Bras, R. Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega,
Berthin, I. Hamdi, M. Louati, S. Aloise, M. Takeshita, C. Adamo, A. Perrier, G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J.
Phys. Chem. Chem. Phys. 2020, 22, 6942-6952; j) D.R.S. Pooler, R. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven,
Pierron, S. Crespi, R. Costil, L. Pfeifer, J. Léonard, M. Olivucci, B.L. K. Throssell, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark,
Feringa, Chem. Sci. 2021, 12, 7486-7497; k) M. A. Kochman, T. Gryber, B. J.J. Heyd, E.N. Brothers, K. N. Kudin, V.N. Staroverov, T.A. Keith, R.
Durbeej, A. Kubas, Phys. Chem. Chem. Phys. 2022, 24, 18103-18118; ) M. Kobayashi, J. Normand, K. Raghavachari, A. P. Rendell, J. C. Burant, S. S.
Filatov, M. Paolino, R. Pierron, A. Cappelli, G. Giorgi, J. Léonard, M. Huix- lyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene, C. Adamo, R. Cammi,
Rotllant, N. Ferré, X. Yang, D. Kaliakin, A. Blanco-Gonzdlez, M. Olivucci, J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J. B. Foresman, D. J.
Nat. Commun. 2022, 13, 6433. Fox, Gaussian 16, Revision C.01, Gaussian, Inc., Wallingford CT, 2016.

[11] J. Bauer, L. Hou, J. C. M. Kistemaker, B. L. Feringa, J. Org. Chem. 2014, 79,
4446-4455.

[12] H.B. Schlegel, J. M. Millam, S.S. lyengar, G. A. Voth, A. D. Daniels, G. E.

Scuseria, M. J. Frisch, J. Chem. Phys. 2001, 114, 9758-9763.

[13] J. J. P. Stewart, J. Mol. Model. 2007, 13, 1173-1213.
[14] Y. Zhao, D. G. Truhlar, Theor. Chem. Acc. 2008, 120, 215-241.

Manuscript received: October 10, 2023
Accepted manuscript online: October 31, 2023

Version of record online: December 4, 2023

Chem. Eur. J. 2024, 30, €202303191 (6 of 6)

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85U8017 SUOWIOD 8A11e81D) 3|qeot|dde auy Aq peusenob afe sajoie O ‘88N JO Sa|nJ o Akeid18U1|UO /8|1 UO (SUONIPUOD-PUR-SLLIBY/LID" A 1M ARIq 1 BUIUO//:SdNL) SUORIPUOD PUe SWie | 8U18eS *[202/60/€T] Uo ARiqiauluo Ae|im ‘BiseAlun Buidosul Aq T6TE0£202 Weyo/200T 0T/I0p/wod Ao |im Az jpuljuoadoune-Als iweyo//sdny wouy pepeojumod ‘Z ‘g0z ‘S9/ETZST


https://doi.org/10.1021/jacs.8b02349
https://doi.org/10.1021/jacs.8b02349
https://doi.org/10.1021/acs.accounts.7b00638
https://doi.org/10.1021/acs.accounts.7b00638
https://doi.org/10.1021/acs.chemrev.9b00291
https://doi.org/10.1021/acs.chemrev.9b00291
https://doi.org/10.1021/jz302152v
https://doi.org/10.1021/jz502644h
https://doi.org/10.1039/C6CP08484B
https://doi.org/10.1021/acs.orglett.7b02257
https://doi.org/10.1002/cplu.201800307
https://doi.org/10.1021/acs.jpclett.8b02268
https://doi.org/10.1021/acs.jpclett.8b02268
https://doi.org/10.1021/jacs.0c06327
https://doi.org/10.1021/acs.orglett.0c02436
https://doi.org/10.1039/C9CP06590C
https://doi.org/10.1039/D1SC01105G
https://doi.org/10.1039/D2CP02143A
https://doi.org/10.1021/jo500411z
https://doi.org/10.1021/jo500411z
https://doi.org/10.1063/1.1372182
https://doi.org/10.1007/s00894-007-0233-4
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1146/annurev-physchem-032511-143803
https://doi.org/10.1021/j100377a021
https://doi.org/10.1021/jp810292n
https://doi.org/10.1021/jp810292n
http://www.sharc-md.org
http://www.sharc-md.org
https://doi.org/10.1002/wcms.81

	A Proof-of-Principle Design for Through-Space Transmission of Unidirectional Rotary Motion by Molecular Photogears
	Introduction
	Results and Discussion
	Conclusions
	Computational Methods
	Supporting Information
	Acknowledgements
	Conflict of Interests
	Data Availability Statement


