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ABSTRACT: Chiral N-alkyl imines undergo unidirec-
tional rotation induced by light and heat, thus providing a
new class of molecular motors. Depending on the
conformational flexibility of the stator part (the carbonyl
residue) and the nitrogen inversion barrier of the rotor
part (the amine residue) in the molecule, the operation
mode of the motor can be controlled as either a four- or a
two-step cycling motion of the rotor part.

olecular motors play essential roles in biological processes

like mechanical motion or substrate transport." As a
consequence, many approaches have been explored toward the
design of synthetic molecular motors.” Directional motion can be
realized by molecular asymmetry coupled to directionless
Brownian motion,” with microscopic reversibility as the
organizing principle.* In recent years, unidirectional molecular
motion has been achieved through a sequence of steps involving
various processes of chemical,® photochemical/thermal,®
combined,” or electrical® nature. Especially light-driven single
molecule motors, based on rotation around the C=C bond of
chiral overcrowded olefins, have been shown to be capable of
converting light energy into rotation of the “rotor part” with
respect to the “stator part”.’ Major synthetic work for the
chemical derivatization of overcrowded olefins allowed the
modulation and in-depth understanding of the rotational speed,”
within the scope of the accessibility and characteristics of C=C
bonds.

Compounds containing a C=N double bond combine the
features of olefinic C=C bonds with those of a nitrogen site. It
was conjectured that such compounds present intrinsically the
teatures required for a unidirectional molecular motor by virtue
of the presence of two orthogonal configurational E/Z
isomerization processes, when operating under chiral symmetry
breaking: photo-induced rotation around the double bond, like
in olefins, and thermally activated inversion at the nitrogen site.'”
These features render compounds like imines, oximes, or
hydrazones particularly attractive as core elements of light- and
heat-driven rotational molecular motors.

It is yet crucial to point out the unique thermal and
photochemical properties of these structural elements. The
configurational E/Z stability of imines is mainly dependent on
the imine N-substitution, rather than on the imine C-residues."’
The rate of the uncatalyzed E/Z isomerization by nitrogen
inversion is spread over more than nine powers of ten. Thus, N-
heteroatom derivatives (i.e, oxime ethers) have very high
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inversion barriers and show a marked stability, even at elevated
temperature (AG* > 39 kcal/mol), followed by N-alkyl imines
(AG* > 23 keal/mol) and N-aryl imines as the least stable (AG*
< 23 kcal/mol).""*'* Experimental'® and theoretical'* studies
indicated that the thermal isomerization proceeds by in-plane
nitrogen inversion, NI, (through a linear, lateral shift transition
state) rather than a rotational process. The second requirement
for the implementation of a C=N bond in molecular motors, the
light-induced E/Z isomerization, was first demonstrated at low
temperature.'> Irradiation of imines converts the thermodynami-
cally more stable to the less stable (metastable) form.'®
Theoretical studies indicated that the photochemical isomer-
ization proceeds through out-of-plane rotation via a singlet or
triplet excited state, lying significantly higher in energy (50—60
kcal/mol) than thermal inversion.'” On the basis of the distinct
trajectories in thermal and photochemical pathways, a
combination of light and thermal energy on chiral imines
would lead to a particularly simple and versatile realization of a
molecular motor.'® Preferred light-driven rotation in one
direction stores energy, which is released by thermal nitrogen
inversion.

We herein report the implementation and analyze the
operation of chiral imines as molecular motors. As discussed
above, the unique dynamic features of this class of compounds
allow for the generation of molecular motors based on the two
orthogonal modes of E/Z isomerization about the C=N double
bond, thus expanding the realm of molecular motors by a new
two-step mode of action. Concurrently, it is shown that by
coupling to a further type of molecular motion, namely ring
inversion (RI), a four-step rotation may be achieved, depending
on the conformational ring inversion flexibility of the “stator”
part in the molecule.

Diaryl-N-alkyl imines serve as potential candidates for our
purpose, since they were described to be sufficiently stable
toward thermal E/Z isomerization at ambient conditions.'® In
addition, they may be easily obtained in one step and on gram
scale from commercial precursors. To enable unequivocal
investigation of the dynamic processes, nonplanar dibenzo[a,d]-
cycloheptene was chosen as “stator” part of the molecule. The
barrier for ring inversion of the seven-membered ring depends
mainly on substitution in position 1, 4, 5, and 11 (cf. 1)."
Condensation of commercial (S)-3,3-dimethyl-2-butylamine
(2a) with dibenzo[a,d]cyclohepten-5-one (1) in the presence
of TiCl, yielded imine 3a in a 64:36 diastereomeric ratio (dr).
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Irradiation of a sample of 3a in CD;CN with a high-pressure
mercury lamp (>280 nm) for 2 h changed the dr to 45:55, as
followed by "H NMR. The thermal back reaction of the mixture
after irradiation was observed at 25 °C, yielding the original
distribution of diastereomers after 18 h (Scheme 1).

Scheme 1. Synthesis and Light-Induced Isomerization of
Imine 3
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This back reaction can proceed via two pathways: (A) in-plane
inversion at nitrogen (NI) or by (B) ring inversion (RI) of the
cyclohepatriene moiety (Scheme 2). It is worthy to point out that
both pathways are distinct from the photochemical out-of-plane
rotation around the C=N bond, hence breaking microscopic
reversibility.

Scheme 2. Possible Pathways for Thermal Isomerization of
Imine 3
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ring-inversion (RI)
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Three related imines with differing N-substituents (3b/3c¢/
3d) were obtained by condensation of 1 with (S)-1-phenyl-
ethylamine (2b), 2,2-dimethyl-1-phenylpropan-1-amine (2c), or
(S)-1-napht-1-ylethylamine (2d), in dr = 60:40 for 3b, 90:10 for
3¢, 62:38 for 3d. The assignment of the diastereomers was
accomplished by combination of '"H-NOESY and 'H-COSY (see
Supporting Information, SI). Irradiation of 3b—d in CD,CN
with a high pressure Hg-lamp at 0 °C shifted the dr only slightly
(<5%) because of a fast thermal re-equilibration (<5 min).

To determine the nature of the isomerization, unsymmetrical-
stator derivatives (Sa—d) were prepared by condensation of the
parent ketone 10-methyl-dibenzo[a,d]cyclohepten-5-one (4)*°

Chart 1. Molecular Structures of the Imines Investigated
(Only One Diastereomer Depicted)
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with amines 2a—d. Interestingly, with this stator, clear photo-
chemical isomerization was now observed at room temperature
with all imines, irrespective of the N-substitution. This behavior
supported the RI pathway B for the fast re-equilibration with 3b—
d, since substitution at the cycloheptatriene-ring should strongly
increase the energy of TSg; with only little affect on the barrier of
the N-inversion pathway A (TSy;). Fittingly, the ring inversion
barrier in compounds like 3 was reported to be lower in energy
(20 keal/mol)**¢ compared to the N-inversion barrier in N-alkyl
imines (>23 kcal/mol). In all cases, four diastereomers of imines
5a—d were identified by NMR, according to (P)-trans-S, (P)-cis-
5, (M)-trans-5, and (M)-cis-5 (Scheme 3). The sample

Scheme 3. Effect of Light and Thermal Energy on
Diastereomers of Compound 5d
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composition of the four different diastereomers could be
modified by chromatographic methods, with the enrichment of
specific isomers, thus allowing the investigation of their thermic
and/or photochemical fate. The solid-state molecular structure
of (P)-trans 5d has been determined, confirming its features and
providing also by extension structural information for the other
related compounds (see SI, pp $20—S21).

A mixture of diastereomers 5d consisting of 30% (P)-cis 5d,
60% (P)-trans 5d, 8% (M)-trans 5d, and 2% (M)-cis 5d was
irradiated with a high-pressure Hg-lamp (>280 nm) for 1 h. The
distribution of diastereomers changed substantially to 14% (P)-
cis 5d,23% (P)-trans 5d, 25% (M)-trans 5d, and 38% (M)-cis 5d
(Table 1). By correlation of the differences, it could be concluded
that (P)-cis was transformed into (M)-trans and (P)-trans was
converted to (M)-cis (see Table 1 and Scheme 3).

Table 1. Effect of Light and Thermal Energy on Diastereomer
Distribution of Compound 5d (in %)

condition P-cis P-trans M-trans M-cis
start 30 60 8 2
1 h irradiation 14 23 25 38
difference -16 —-37 +17 +36
48 hat 25 °C 28 29 20 23
difference +14 +6 -5 -15

Such relationships result from the light-induced C=N bond
rotation process. Storing that sample for 2 days at 25 °C led again
to a significant change in distribution (28% (P)-cis 5d, 29% (P)-
trans 5d, 20% (M)-trans 5d, and 23% (M)-cis 5d). As can be
deduced from the relative differences, (M)-trans was converted
to (P)-trans and (M)-cis relaxed to (P)-cis. From these
observations it follows that molecules of type S indeed behave
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as four-step unidirectional rotors. The rotatory motion cycle
consists of alternate photoactivated energetically uphill P/M
isomerization (via C=N bond rotation) and thermally activated
ring inversion (cf. RI-pathway B, Scheme 2). It may be repeated
at will, as was confirmed by submitting the above sample to “light
and heat cycles”, showing essentially the same behavior of a net
directional flux (see SI).

By annealing of a benzene ring at the tricyclic core of 1, the
TSy energy increases significantly to around 38 kcal/mol.*!
Consequently, the RI pathway B should be efficiently blocked
rendering now the NI process A accessible (cf. Scheme 2). In this
regard, imine compound 6 was synthesized. A sample with a
mixture of diastereomers 6 consisting of 59% (M)-cis 6, 11%
(M)-trans 6,16% (P)-trans 6,and 14% (P)-cis 6 was collected and
irradiated with a TLC-lamp at 254 nm for 2 h (Scheme 4 and

Scheme 4. Effect of Light and Thermal Energy on
Diastereomers of Compound 6
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Table 2. Effect of Light and Thermal Energy on Diastereomer
Distribution of Compound 6 (in %)

condition M-cis M-trans P-trans P-cis
start 59 11 16 14
1 h irradiation 40 12 3S 13
difference -19 1 +19 -1
1Shat 60 °C 60 11 14 15
difference +20 -1 21 2

Table 2). The distribution changed to 40% (M)-cis 6, 12% (M)-
trans 6, 35% (P)-trans 6, and 13% (P)-cis 6, confirming in
accordance with the results from compound 5d the conversion of
(M)-cis to (P)-trans by C=N bond rotation. However,
subsequent storing this sample for 2 d at 25 °C did not alter
the diastereomer distribution. Only after heating to 60 °C for 15
h the composition changed, but in clear contrast to the behavior
of compound 5d (to 60% (M)-cis 6, 11% (M)-trans 6, 14% (P)-
trans 6, and 15% (P)-cis 6).

As expected from the relative energies of TSy  and TSy, the N-
inversion, leading from (P)-trans to (M)-cis, was now favored.
Since the thermal in-plane N-inversion is of different symmetry
compared to the photoactivated C=N bond rotation, this
sequence also represents a molecular rotor. With respect to the
four-step mode in Sd, the displacement changes in case of 6 to a
two-step mode of rotation. The initial distribution of the
diastereomers is restored after heating, indicating also here the
repetitive nature of the cycle, which can be repeated without
fatigue.

We have herein described a novel type of unidirectional
molecular motors based on imines, exploiting the specific

characteristics of the C=N double bond in comparison to the
C=C double bond. They present the following main features:
(1) Imines are implemented here for the realization of molecular
motor devices by combination of photo-induced rotation with
two orthogonal thermal processes: NI, which is unique to imines,
and RI, incorporated in the molecular framework, thus
conferring triple motional dynamics to such imine-based
systems; (2) by adjusting the conformational flexibility of the
“stator”, taking into account the thermal characteristics of the
“rotor”, the mode of operation can be either two-step (light power
stroke and thermal relaxation via NI) or four-step (alternating
light power stroke and thermal relaxation via RI); (3) in-plane
nitrogen inversion allows for back-stroke by a single atom
centered process; (4) the speed of rotation is easily controlled by
independent regulation of the rates of the two orthogonal
thermal processes over a wide range via the choice of the imine-
N- and/or imine-C-substituent(s); and (S) the straightforward
synthetic accessibility of imines allows for the exploration of a great
variety of structural and motional features thanks to the easy
preparation of a wide range of derivates, even in large quantities if
needed.

Considering their remarkable features, one may note that the
introduction of imines as molecular motors extends with the two-
step rotation the space spanned by overcrowed olefins into a new
dimension. Furthermore, in view of the possibility to exchange
either component of an imine, the carbonyl or amine subunit,
imine-based motors also offer the intriguing possibility to merge
motional dynamics with constitutional dynamics, thus giving
access in principle to motional dynamic libraries that would
display a variety of molecular motors turning at different speeds.
Investigations in such directions and possible applications are
being pursued in our laboratory and will be reported in due
course.
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