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A molecular motor potentially performing a continuous unidirectional rotation is studied by a multidisci-

plinary approach including organic synthesis, transient spectroscopy and excited state trajectory calcu-

lations. A stereogenic center was introduced in the N-alkylated indanylidene–pyrroline Schiff base frame-

work of a previously investigated light-driven molecular switch in order to achieve the unidirectional

CvC rotary motion typical of Feringa’s motor. Here we report that the specific substitution pattern of the

designed chiral molecule must critically determine the unidirectional efficiency of the light-induced

rotary motion. More specifically, we find that a stereogenic center containing a methyl group and a hydro-

gen atom as substituents does not create a differential steric effect large enough to fully direct the

motion in either the clockwise or counterclockwise direction especially along the E → Z coordinate.

However, due to the documented ultrafast character and electronic circular dichroism activity of the

investigated system, we find that it provides the basis for development of a novel generation of rotary

motors with a biomimetic framework and operating on a picosecond time scale.

Introduction

Rotary molecular motors are molecular devices capable of per-
forming multiple, unidirectional 360° torsional motions as a
response to energy inputs.1 In recent years many efforts have

been devoted to the design and synthesis of new motors
driven by external stimuli such as a reversible chemical reac-
tion or light irradiation.2–6 Among these options, light
irradiation represents an important renewable external energy
source used in so-called rotary light-driven molecular motors
(LDMMs) of the Feringa type.7 In such types of LDMM,1 a
chiral molecule featuring a single exocyclic double bond
undergoes a four step sequential process. This process
includes a unidirectional (clockwise or counterclockwise)
Z → E (or E → Z) double bond photoisomerization, a thermal
conformational change, a second unidirectional E → Z (or
Z → E) double-bond photoisomerization and a final thermal
conformational change resulting in the reconstitution of the
initial reactant through a full 360° double bond rotation.

In the past, our group developed a series of ultrafast rotary
light-driven molecular switches (LDMSs) based on the N-alkyl
indanylidene pyrrolinium (NAIP) framework and designed to
mimic the photoisomerization of the protonated Schiff base of
retinal (rPSB) found in Rhodopsin (Rh): a widely studied ver-
tebrate visual pigment.8–13 NAIP molecules perform a regio-
selective subpicosecond double bond photoisomerization
similar to that observed for the isomerization of the 11-cis
double bond of the rPSB chromophore of Rh.14,15

Furthermore, contrary to other LDMSs, NAIPs have a positive
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charge and, thus, represent alternative charged systems for the
development of synthetic single-molecule rotary LDMMs with
possible applications in various fields such as nanotechnology,
and synthetic biology.16

However, a unidirectionally isomerizing NAIP system,
which would be required to achieve a Feringa’s type LDMM,
has not been developed yet although the design of NAIP-like
systems has been proposed.17,18 To this end, we introduce a
stereogenic center into a NAIP-based LDMS to achieve the new
LDMM 1 (Fig. 1), examine its photoreaction properties using
transient absorption (TA) spectroscopy and rationalize the
corresponding findings by modeling the excited state
dynamics using a small set of nonadiabatic trajectories.

Results and discussion
Design, synthesis and photochemistry

We decided to start from the previously published compound
dMe-MeO-NAIP11,12 (Fig. 1). Contrary to its analogue photo-
switch MeO-NAIP,19 the absence of the methyl group on the
pyrrolinium ring of dMe-MeO-NAIP confers a flat geometry to
the molecule.9,12,19 Therefore, using the skeleton of dMe-
MeO-NAIP for the introduction of a stereogenic center ensures
that the resulting putative out-of-plane deformations are due
to such structure modification and not to pre-existing strain
effects. The synthetic strategy is to include an asymmetric
carbon in the C2′ position. As predicted by the computational
investigation of a related, reduced model compound,20 this is
expected to affect the direction of torsional deformation
associated to the double bond isomerization without changing
the electronic structure of the molecule and in a way similar to
Feringa’s LDMM.1

The retrosynthetic analysis of 1 led us to identify, as con-
venient starting material, the N-Boc pyrrolidinone 2, easily
obtainable from the commercially available pyrrolidin-2-one,
and the synthetically available compound 3 (Fig. 2).21

The synthesis is described in detail in Scheme 1. The initial
aldol condensation reaction of the lithium enolate of com-
pound 2 with the BF3-activated carbonyl group of the indanone
3, followed by dehydratation in acid environment, led to the E
and Z forms of the lactam derivative 4. The latter was protected
as N-Boc derivative to obtain the diastereoisomers 5E and 5Z.

5E/Z was then employed in a one-pot synthesis yielding the
corresponding cyclic imines, through the reduction with
DIBAL-H, followed by dehydration and cleavage of the protec-
tive group using trifluoromethanesulfonic acid to finally
obtain the free base NAIP precursor 6E (negligible amount of
the diastereoisomer 6Z was obtained). This compound, then
provides the photoswitchable 4-(5-methoxy-2-methyl-2,3-
dihydro-1H-inden-1-ylidene)-1-methyl-3,4-dihydro-2H-pyrrol-1-
ium trifluoromethanesulfonate 1E after quaternarization of
the nitrogen atom with methyl triflate.

In this way, we get the chiral switch 1E as a racemic mixture
ready for enantiomeric separation. Unfortunately, at this level
the separation of the two enantiomers by HPLC equipped with
a chiral column failed.

Thus, to obtain the pure enantiomers of compound 1E we
acted at the level of the intermediate 5 (Scheme 2).

Fig. 2 Retrosynthetic analysis of 1.

Fig. 1 Structure of previously reported MeO-NAIP and dMe-MeO-NAIP
LDMSs and of the new chiral compound 1 together with its Newman
projection along the isomerizing double bond representing the desired
unidirectional rotation.

Scheme 1 Synthesis of chiral compound 1.
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The resolved 5E enantiomers were used as starting
materials to carry out the synthesis of compound 1 as
described above. This set of reactions were consistent with the
retention of the configuration of the stereogenic center allow-
ing us to prepare (see Scheme 2) the two enantiomerically pure
switches R-1E and S-1E as confirmed by the circular dichroism
spectra reported in Fig. 3b.

The pure geometric isomer 5E was obtained by classic flash
chromatography and its enantiomeric mixture was resolved by
preparative HPLC. Fig. 3a displays the circular dichroism
spectra of the R and S enantiomers of 5E.

The UV spectrum in MeOH of 1E displays an absorption
maximum at 387 nm (Fig. 4). Then, a solution of 1E/Z (ratio
E/Z = 1/0.05) in CDCl3 was irradiated at room temperature in a
NMR pyrex tube at different wavelengths (λ = 348 nm, 387 nm,
and 428 nm). The photoisomerization reactions were moni-
tored by 1H NMR until the photostationary states are reached.
At this point, the corresponding E/Z compositions were deter-
mined as reported in Table 1.

As shown in the table, distinct compositions were reached
upon irradiation at different wavelengths, demonstrating the
possibility to modulate the isomeric equilibrium. Moreover,
the resulting mixtures were stored at room temperature in the
dark for a few days without observing any significant compo-
sition change.

Photoisomerization dynamics

Transient absorption (TA) spectroscopy was performed on a
racemic mixture of 1 produced as illustrated in Scheme 1, and
dissolved in MeOH. The TA data of two samples of 1 at the

same total concentration but featuring different E/Z isomer
compositions were recorded after 400 nm excitation. By com-
puting the appropriate linear combination of these two data

Fig. 4 Steady-state absorption spectra of the pure 1E isomer (black)
and pure 1Z isomer (red) measured in MeOH together with their differ-
ence (green). The calculated excitation energies (CASPT2 level of
theory) are shown as stick spectra and based on geometries from the
ASEP/MD procedure.

Scheme 2 Synthesis of enantiomerically pure compounds R-1E and
S-1E.

Fig. 3 Qualitative CD spectra of the pure enantiomers of compounds
5E (a) and 1E (b). The difference in shape, loss of mirror image symmetry
and odd features seen in part b are due to instrumental limitations in
measuring low intensities.
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sets (see Experimental section) we have reconstructed the TA
data of the pure diastereoisomers, which are displayed in
Fig. 5 in the form of 2D maps. Fig. 6 presents a selection of TA
spectra (Fig. 6A and B) and TA decay kinetics (Fig. 6C and D)
extracted from these 2D maps.

For both diastereoisomers, we observe at short time delays
very similar spectroscopic signatures of the S1 excited state

essentially composed of stimulated emission (SE, negative
signal coded in blue in the range of 430–580 nm) and excited
state absorption (ESA, positive signal code in red in the range
of 370–420 nm). The intense ESA band overlaps with the less
intense ground state bleach (GSB, negative signal) which is
thus hidden at very short time delays, but is detected as a weak
negative signal between 350 and 400 nm at later times (>0.5 to
1 ps), when the ESA signature has decayed. Concomitant with
the ESA and SE decays, the spectroscopic signature of the
vibrationally hot photoproduct absorptions (PA, positive
signal) emerges after ∼0.5 ps and further rises in the range of
410–450 nm. A priori, since the isomerization quantum yields
are <1, both vibrationally hot E and Z diastereoisomers are pro-
duced upon decay to S0. Fig. 4 shows that both have very
similar absorption spectra at ambient temperature, and it is
known that vibrationally hot molecules have an absorption
spectrum which broadens, in particular towards long
wavelengths.22,23 Hence we interpret this early PA as the signa-
ture of the vibrationally hot, S0 absorption of – a priori – both
isomers. Both TA datasets look very similar until vibrational
cooling has occurred. Only then, i.e. after ∼30 ps, a quasi-static,
vibrationally-relaxed spectrum is observed up to 100 ps for both
molecules (hardly seen in Fig. 5, but evident in Fig. 6).

Fig. 6A and B display a selection of transient spectra for
both isomers. At early times (160 fs), the S1 signatures are the
ESA, maximum at 390 nm for E and 400 nm for Z, and the SE,
maximum at 470 nm (E) or 480 nm (Z). A weak red ESA is also
seen at λ > 600 nm, in particular for Z (Fig. 6B). On the 0.5 ps
time scale, the ESA and SE signatures decay and the vibration-
ally hot PA band rises with a maximum at ∼425 nm (E) and
∼430 nm (Z). After 2 ps, the GSB clearly appears (negative
signal around 370 nm for both isomers) due to the significant
decay of the overlapping ESA. At the same time delay, SE has
also significantly decayed but it is still detectable. After com-
plete decay from S1, further vibrational relaxation occurs in the
vibrationally hot ground state on the several ps time scale until
a quasistationary spectrum is observed (>50 ps). The latter
overlaps with the difference between E and Z static absorption
spectra, thus evidencing the formation of Z when exciting E
and vice versa. From the amplitudes of these quasistationary
differential spectra, and by comparison with other NAIP com-
pounds, we determine that the E-to-Z and Z-to-E photoisomeri-
zation quantum yields are 24% and 20%, respectively.24

The photoreaction kinetics are essentially identical for both
isomers. In particular, Fig. 6C compares the 492 nm traces
indicative of the SE kinetics of both isomers. Interestingly, the
SE signal rises beyond 0.1 or 0.15 ps with a somewhat reduced
slope until it reaches its maximum at ∼250 fs. This rise time is
not limited by the experimental resolution and is indicative of
excited state vibrational relaxation away from the Franck
Condon region on the same time scale. We note that the early,
weak, red ESA decays on this time scale also. Then the SE
decay is well fitted by a biexponential function with time
scales τ1 = 250 to 310 fs and τ2 = 1.3 ps for both isomers. The
time constants and their relative weights are given in Table 2
for each isomer.

Table 1 Photostationary state of compound 1 at different wavelengths

λ (nm) E Z

348 (a) 1 0.97
387 (b) 1 1.25
428 (c) 1 0.34

Fig. 5 Pump-induced absorption change ΔA (coded with a false-color
scale) as a function of probe wavelength (in nm) and pump–probe time
delay (ps) of the pure E (left) and the pure Z (right) isomers of 1 in
MeOH.

Fig. 6 TA data on the E and Z diastereoisomers of 1 in MeOH. Selection
of transient spectra for (A) the pure E and (B) the pure Z compounds. (C)
Kinetic traces at 492 nm (SE) for both isomers and their fit. (D) Kinetic
traces at 374 nm (ESA and GSB) and 427 nm (PA) and their global fit for
the pure E and pure Z isomers.
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Unlike the SE kinetic trace which reveals only the S1 decay
kinetics, the ESA is observed in the same wavelength range as
GSB and PA. Hence the corresponding kinetic trace reveals
time constants pertaining to both excited and ground state
dynamics as we will discuss now. As illustrated in Fig. 6D for
each isomer, the decay of the ESA (at 374 nm) is synchronous
to the rise of the PA (at 427 nm). For both isomers, a rise time
is also clearly resolved in the ESA signal (374 nm) which
becomes maximal after ∼250(±30) fs. Then, the 374 nm and
427 nm traces are fitted simultaneously with a biexponential
function while seeking identical time constants in both traces
(global fitting). The same analysis is repeated independently
on both isomers and yields exactly the same time constants as
seen in Table 2, supporting the conclusion that both isomers
have the same photoreaction kinetics. The first time constant
τ1 = 0.7 ps is common to the decay of the ESA and the rise of
the PA. It is thus attributed to the excited state population
decay and photoproduct formation. This time constant should
be considered as a combination of the two SE decay time con-
stants hence as an average excited state lifetime. The second
time constant τ2 = 4.8 ps is common to further relaxation of
the PA signal (observed at 427 nm after the PA rise) and of the
GSB (observed at 372 nm after the ESA decay). Hence, the
4.8 ps time can be attributed to ground state spectral relax-
ation induced by vibrational relaxation.

Finally, we observe that the traces at 427 nm display oscil-
lations at early times (but beyond the spoiling solvent contri-
butions). These are rapidly damped and have a ∼150 fs oscil-
lation period, corresponding to a 220 cm−1 mode already
reported for the achiral dME-MeO-NAIP.9

Due to its planarity the overall photoreaction dynamics of
compound 1 is actually very similar to that of the non-chiral
dMe-MeO-NAIP, that is in contrast to the vibrationally coherent
scenario reported for the parent MeO-NAIP (which carries a
methyl group on C5 and is non-planar).9

Simulations

The Averaged Solvent Electrostatic Potential/Molecular
Dynamics (ASEP/MD)25,26 protocol was used to calculate the
excitation energies. First, the geometry of MeOH in solution
was determined in an iterative procedure. Both diastereo-
isomers have a nearly planar C1′vC4 bond. However, the E
isomer is slightly more planar, with the dihedral angles

C9′–C1′–C4–C5 and C2′–C1′–C4–C3 deviating by 1.8 and 1.5
degrees, respectively, from the plane. In comparison, the Z
isomer is distorted by 6.0 and 0.4 degrees from planarity for
C9′–C1′–C4–C5 and C2′–C1′–C4–C3.

The excitation energies were calculated using the CASPT2/
CASSCF(10,10)/6-31G* level of theory for the MeOH. The
results are provided in Fig. 4 along with the corresponding
measured quantities. The computed absorption maxima and
relative intensities display the same qualitative order for the E
and Z isomers as their experimental counterparts. However,
the excitation energies are systematically overestimated. The
shift between the E and Z isomer in MeOH solution is in
qualitative agreement with the experiment due to error
cancellation.

In order to study the mechanism of the excited state evol-
ution of the system and complement the experimental data
presented in the previous section, we have computed four non-
adiabatic QM/MM trajectories for each diastereoisomer. We
found that for both R-1E and R-1Z, only 3 out of 4 trajectories
successfully isomerized. While these results indicate that the
isomerization cannot, as expected, be fully efficient, the
trajectory analysis below focuses on the mechanistic details of
the atomic displacements (i.e. on the directionality of the tor-
sional deformation of the rotor with respect to the stator) char-
acterizing the isomerization motion. More specifically, we are
interested to see if the chiral switch shows a preferential clock-
wise or counterclockwise direction of CvC torsional defor-
mation to be associated to the presence of the stereogenic
center.

Representative trajectories for R-1E and R-1Z are illustrated
in Fig. 7 (an unreactive trajectory) and 8 (a reactive trajectory)
respectively. In Fig. 7 the trajectory starts from the FC point on
the second excited state which initially displays the highest
oscillator strength and therefore is the spectroscopic, bright
state. However, only few fs into the simulations there is a tran-
sition between S2 and S1. After such transition, S1 becomes the
bright state as it correlates with the one observed spectroscopi-
cally. However, the initial CASSCF state order is inverted at the
more accurate CASPT2 level of theory (see Experimental
section) which indicates that S1 is always the bright state.
Thus, the initial order is a consequence of the CASSCF level of
approximation which, however, only impacts few fs of the
initial trajectory computation.

When following the evolution along the S1 excited state (see
top panel in Fig. 7) one can see that at ca. 300 fs the S1 and S2
energy gap starts to increase while the S1 potential energy
profile decreases. Subsequently, a conical intersection between
S1 and S0 is reached at 461 fs. The geometrical evolution
associated to these changes can be described in terms of
sequential bond stretching and torsion. First, the C4vC1′ exo-
cyclic double bond undergoes an immediate elongation of
about 0.2 Å and essentially becomes a single bond. This allows
a torsional deformation around the same bond, as shown by
the C9′–C1′vC4–C5 and C2′–C1′–C4–C3 dihedral angles which
increases up to ca. 90 degrees when the conical intersection
region is entered. This deformation constitutes a dominant

Table 2 Fitting results

E E Z Z

λ (nm) 492 (SE) 374 (ESA) and
427 (PA)

492 (SE) 374 (ESA) and
427 (PA)

Rise (ps) 0.25 0.25a 0.25 0.25a

τ1 (ps) 0.31 (40%) 0.7b 0.25 (50%) 0.7b

τ2 (ps) 1.3 (60%) 4.8b 1.3 (50%) 4.8b

a At 374 nm only. bNo relative weight is given for these two time con-
stants since they correspond to different processes, namely S1 lifetime
(τ1) and vibrational relaxation time scale in S0 (τ2).
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contribution to the S1 relaxation coordinate. It is coupled with
the ring inversion motion of the indanylidene and pyrrolinium
rings, as evidenced by the changes of the C1′vC4–C3–C2 and
the C4–C3–C2–N dihedral angles. The ring inversions contrib-
ute to the torsion around C4vC1′ while minimizing the
required space and conserving the position of the center of
mass of both rings during the early stage of the isomerization
dynamics. An analogous evolution was observed during the
isomerization of MeO-NAIP14 and ZW-NAIP (see Fig. 1).27

In the case of the successfully isomerizing R-1Z trajectory
displayed in Fig. 8 we observe that a rotation of more than
180° is predicted to occur in a unique, ultrafast photochemical
step. This is in contrast to the mechanism of the Feringa’s
molecular motor where a 180° rotation requires, in addition to
the initial photochemical step, a rate-limiting, thermally acti-
vated ground state structural rearrangement, before a second
photon may trigger the next half turn in the same rotation
direction.7,28 In our molecular motor, the probability of achiev-
ing a full 360° rotation upon sequential absorption of two
photons resulting in two ultrafast half turns is controlled by
the probability that both diastereoisomers rotate in the same
direction. In a previous theoretical investigation of a related
but simplified compound,20 we demonstrated that the pres-

ence of a single stereogenic center as in compound 1 is indeed
sufficient to increase the probability of a unidirectiotnal
rotation up to 76% for each isomer. Thus, a stereogenic center
may induce a net directionality in the two-step 360° rotation.
With compound 1, we note that, in all R-1Z trajectories, the
rotor shows a preference for twisting in the clockwise direction
(C9′–C1′vC4–C5 and C2′–C1′vC4–C3 dihedrals decreasing in
value), as expected when considering the steric interaction of
the methylene group at C3 with the methyl substituent at C2′.
However, for R-1E in 3 trajectories out of four the rotor is twist-
ing in the opposite counterclockwise direction (C9′–C1′vC4–
C5 and C2′–C1′vC4–C3 dihedrals increasing in value), in spite
of the steric interaction between the vinyl H at C5 and the
same methyl substituent at C2′ (Table 3).

After inspecting Table 3, we also conclude, and this is con-
firmed by inspection of other R-1E trajectories, that the pre-
twist is not a safe criterium to predict the directionality of the
rotation when its magnitude is small (few degrees) and, there-
fore, the system is relatively planar. In this condition, a
London attractive force between the small H atom at position
C5 and the methyl substituent at position C2′ may bias the
counterclockwise directionality.

Although the present number of only four trajectories is not
statistically relevant, e.g. as compared to ensembles of 200 tra-

Fig. 7 An unreactive QM/MM trajectory of compound R-1E (see ESI
movie echiral.006.md.xyz‡). The Franck–Condon excitation takes place
at t = 0 fs. The computed nonadiabatic transition is indicated by a verti-
cal lines at 461 fs. Top: Evolution of the energies for the lowest three
electronic states at the CASSCF/Amber level of theory. Bottom:
Evolution of the dihedral angle of the exocyclic double bond defined in
two different ways.

Fig. 8 A reactive QM/MM trajectory of compound R-1Z (see ESI movie
zchiral.004.md.xyz‡). The Franck–Condon excitation takes place at t = 0
fs. The computed nonadiabatic transition is indicated by a vertical line at
413 fs. Top: Evolution of the energies for the lowest three electronic
states at the CASSCF//Amber level of theory. Bottom: Evolution of the
dihedral angle of the exocyclic double bond defined in two different
ways.

Paper Photochemical & Photobiological Sciences

2264 | Photochem. Photobiol. Sci., 2019, 18, 2259–2269 This journal is © The Royal Society of Chemistry and Owner Societies 2019



jectories in our previous investigation of the reduced model,20

this behavior of the R-1E isomer indicates that the designed
chiral switch may not yield a fully effective unidirectional
rotation consistently with the result reported for the corres-
ponding model compound.20 In other words, our study only
provides information on the existence of certain directionality
preference rather than on their actual statistical impact on the
population behavior.

Conclusion

In the present work we have shown that it is possible to
prepare and spectroscopically characterize a chiral NAIP-based
photochemical switch which could, in principle, behave as an
ultrafast LDMM. We have demonstrated that this compound
undergoes ultrafast E to Z and Z to E photoisomerizations,
with no rate-limiting intermediate step, and with relatively
good quantum yields as compared to the <2% photoisomeriza-
tion quantum yields reported for the Feringa-type molecular
rotary motors.1 However, the analysis of a few trajectories indi-
cates that its unidirectional efficiency may be low or reduced
due to the lack of full unidirectionality especially in the E to Z
photochemical step. More specifically, the two diastereo-
isomers may have opposite (clockwise versus counterclockwise)
predominant rotation direction, thus impairing the direction-
ality of the rotary motion. A qualitative structural analysis indi-
cates that this behavior is possibly due to the differences in
the interaction of the substituents in positions C5 and C3 with
the methyl group in position C2′. Indeed, due to the asym-
metric steric interaction between the methylene group at C3
with the methyl substituent at C2′ the Z isomer would prob-
ably achieve a fully clockwise unidirectional motion. In con-
trast, in the E isomer operates a reduced steric repulsion
between the vinyl H at C5 and the same methyl substituent at
C2′ which may be possibly accompanied by a weak attractive
force. Accordingly, the E diastereoisomer would be directed in
both the clockwise and counterclockwise rotation direction
also consistently with its higher planarity. However, since only
a few trajectories have been computed, this is a mechanistic
rather than a statistical observation.

In spite of the suspected inefficiency, both the TA spectro-
scopic studies and trajectory calculations show that the photo-
isomerizations of the two isomers would conserve the ultrafast

dynamics already documented for the previously reported
achiral analogue LDMS dMe-MeO-NAIP. In one case (see
Fig. 8) we also predicted that the double bond isomerization
could overcome the half-rotation threshold, pointing to a
small or absent barrier controlling the thermal conformational
change usually following the photoisomerization in a
Feringa’s type switch1 and indicating the possibility of achiev-
ing higher rotary speed and directionalities as also pursued by
others in different systems.29 The above results are encourag-
ing as the design and preparation of an efficient LDMM
would mainly require the synthesis of a homologue of 1 dis-
playing at C2′ two suitably designed alkyl substituents (e.g. a
methyl and isopropyl) rather than a methyl substituent and a
hydrogen atom. Furthermore, when preparing a chiral mole-
cular switch which could be investigated by time-resolved elec-
tronic CD experiments, it is necessary to design a chiral system
with a higher CD intensity. These two complementary research
targets are currently carried on in our labs.

Experimental section
Synthesis

All chemicals used were of reagent grade. Yields refer to puri-
fied products and are not optimized. Merck silica gel 60
(230–400 mesh) was used for column chromatography. Merck
TLC plates and silica gel 60 F254 were used for TLC. 1H NMR
spectra were recorded at 400 MHz (Bruker DRX-400 AVANCE
spectrometer) in the indicated solvents (TMS as internal stan-
dard): the values of the chemical shifts are expressed in ppm
and the coupling constants ( J) in Hz. An Agilent 1100 LC/MSD
operating with an electrospray source was used in mass spec-
trometry experiments. Photochemical experiments were
carried out with a photoirradiation system equipped with a
900 W Xenon source and a high radiance monochromator.
The enantiomeric separation of compound 5E was performed
by HPLC (Agilent) equipped with a Chiralpak AD–H (5 μm 46 ×
250 mm) using heptanes/ethanol (8 : 2) as eluent (flow rate of
1.0 mL min−1). CD spectra were recorded in methanol using a
Jasco J-815 CD spectrometer.

3-(5-Methoxy-2-methyl-2,3-dihydro-1H-inden-1-ylidene)pyrro-
lidin-2-one (4). Compound 4 was prepared modifying a pre-
viously reported procedure.30 To a solution of N-Boc-2-pyrrol-
idinone (2) (0.17 g, 0.94 mmol) dissolved in anhydrous THF

Table 3 Non-adiabatic molecular dynamics trajectories for the R-1E and R-1Z isomers. The initial values (degrees) of the dihedrals C9’–C1’–C4–
C5; C2’–C1’–C4–C3 are reported along with the values at the surface hop (i.e. near the CI). R and NR indicate reactive and non-reactive trajectories
respectively. CW and CCW indicate clockwise and counterclockwise isomerization motion respectively

Traj.

R-1Z R-1E

001 002 004 007 001 003 006 007

Initial value +15; −7 −4; 0 −18; +15 −33; −3 +177; −173 −179; +171 +172; +170 +175; +176
Value at CI −82; −81 −78; −94 −73; −100 −99; −102 −112; −69 +91; +88 −90; −98 −127; −62
React. NR R R R R R NR R
Direct. CW CW CW CW CCW CW CCW CCW
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(5 mL), a 1 M solution of lithium hexamethyldisilazide
(LiHMDS) in anhydrous THF (1.08 mL, 1.08 mmol) was added
at −78 °C under a nitrogen atmosphere. After 1 h, a solution of
compound 321 (0.26 g, 1.49 mmol) and BF3·Et2O (1.49 mmol,
188 μL) in anhydrous THF (3 mL) was added dropwise. The
reaction mixture was stirred at −78 °C for 3 h. Then, NH4Cl
(s.s.) was added, and the crude was extracted with CH2Cl2. The
combined organic layers were dried over Na2SO4 and concen-
trated under reduced pressure. The oily residue was dissolved
in CH2Cl2 (10 mL), and trifluoroacetic acid (0.6 mL) was
added. The resulting reaction mixture was stirred at room
temperature for 30 min. Then, NaHCO3 (s.s.) was added and
the crude was extracted with CH2Cl2. The residue was purified
by flash chromatography using ethyl acetate/petroleum ether
(1 : 1) as eluent to obtain compound 4 as white solid (E/Z ratio
= 8 : 2, 0.11 g, yield 48%). 1H-NMR (400 MHz, CDCl3): 1.10 (d,
J = 7.2, 3H minor isomer), 1.18 (d, J = 7.2, 3H major isomer),
2.50 (d, J = 16.0, 1H minor isomer), 2.57 (d, J = 16.0, 1H major
isomer), 2.86–3.26 (m, major and minor isomer), 3.40–3.61 (m,
2H, minor isomer), 3.81 (s, 3H minor isomer), 3.83 (s, 3H
major isomer), 4.21 (m, 1H major isomer), 5.61 (br s, 1H
major isomer), 5.95 (br s, 1H minor isomer), 6.65 (s, 1H minor
isomer), 6.79 (d, J = 8.8, 1H minor isomer), 6.83 (d, J = 8.6, 1H
major isomer), 6.88 (s, 1H major isomer), 7.41 (d, J = 8.6, 1H
major isomer), 9.04 (d, J = 8.8, 1H minor isomer). m/z (ESI):
266 (M + Na+).

tert-Butyl 3-(5-methoxy-2-methyl-2,3-dihydro-1H-inden-1-
ylidene)-2-oxopyrrolidine-1-carboxylate (5). A mixture of com-
pound 4 (0.10 g, 0.41 mmol), di-tert-butyl dicarbonate (0.18 g,
0.82 mmol), N,N-dimethylpyridin-4-amine (DMPA, 0.010 g,
0.082 mmol) in dichloromethane (15 mL) was stirred at room
temperature under argon atmosphere for 18 h. Then, the reac-
tion mixture was washed with water and the organic layer was
dried over sodium sulphate and concentred under reduced
pressure. The residue was purified by flash chromatography
using petroleum ether–ethyl acetate (8 : 2) as eluent to obtain
compound 5 (E/Z ratio = 8 : 2, 0.13 g, 92%) as pale yellow solid.
A racemic mixture of pure E isomer was obtain by flash chrom-
atography using gradient elution from petroleum ether to a
mixture of petroleum ether–ethyl acetate (8 : 2). 5E 1H-NMR
(400 MHz, CDCl3): 1.13 (d, J = 7.2 Hz, 3H), 1.50 (s, 9H), 2.52 (d,
J = 16.4, 1H), 2.78–3.01 (m, 2H), 3.10 (dd, J = 16.4, 7.2, 1H),
3.62–3.73 (m, 1H), 3.76–3.86 (m, 4H), 4.11–4.20 (m, 1H), 6.78
(d, J = 8.8, 1H), 6.83 (s, 1H), 7.36 (d, J = 8.8, 1H). 13C-NMR
(100 MHz, CDCl3) 22.23, 23.80, 27.98, 37.24, 39.59, 43.04,
55.14, 82.06, 110.28, 113.44, 117.68, 127.14, 132.07, 151.09,
151.25, 158.70, 161.39, 167.52. 5Z 1H-NMR (400 MHz, CDCl3):
1.06 (d, J = 6.8, 3H), 1.52 (s, 9H), 2.48 (d, J = 16.4, 1H),
2.71–2.88 (m, 2H), 3.00–3.06 (m, 1H), 3.16 (dd, J = 16.4, 1H),
3.70–3.81 (m, 5H), 6.71–6.77 (m, 2H), 9.08 (d, J = 8.8). 13C-NMR
(100 MHz, CDCl3) 19.91, 24.33, 28.10, 38.90, 41.09, 43.27,
55.27, 82.13, 109.58, 112.11, 112.78, 119.10, 129.89, 131.80,
150.71, 151.12, 158.83, 161.51, 167.03. m/z (ESI): 456
(M + Na+).

4-(5-Methoxy-2-methyl-2,3-dihydro-1H-inden-1-ylidene)-3,4-
dihydro-2H-pyrrole (6). Diisobutylaluminum hydride solution

in hexanes (0.53 mmol, 0.53 mL) was added dropwise to a
cooled (−78 °C) solution of the E/Z mixture of compound 5
(0.12 g, 0.35 mmol) in dry THF (5 mL) under nitrogen atmo-
sphere. After being stirred at −78 °C for 1 h, the reaction
mixture was diluted with H2O (5 mL) and 1 N HCl (5 mL) and
extracted with CH2Cl2. The organic layer was dried over
Na2SO4 and concentred under reduced pressure. The residue
was dissolved in CH2Cl2 (5 mL) and cooled at −20 °C followed
by treatment with trifluoromethanesulfonicacid (3.50 mmol,
305 μL). The resulting solution was stirred for 1 h at 0 °C,
then, NaHCO3 (s.s.) was added, and the mixture was
extracted with CH2Cl2. The organic layer was dried over
Na2SO4 and concentrated under vacuum to give a residue
which was purified by flash chromatography using Et2O on
silica gel conditioned with TEA to obtain compound 6 ((ratio
E/Z = 1/0.05) 66 mg, 68%) as yellow oil. 1H-NMR (400 MHz,
CDCl3): 1.15 (d, J = 6.8, 3H, minor isomer), 1.19 (d, J = 7.2, 3H,
major isomer), 2.53 (d, J = 15.2, 1H minor isomer), 2.57 (d, J =
16.0, 1H, major isomer), 2.67–2.81 (m, minor and major
isomer), 2.80–3.52 (m, minor and major isomer), 3.71–3.90 (m,
minor and major isomer), 4.00–4.21(m, minor and major
isomer), 6.73–6.87 (m, minor and major isomer), 7.38 (d, J =
8.4, 1H, major isomer), 7.45 (d, J = 8.4, 1H, minor isomer),
8.08 (s, 1H, major isomer), 9.17 (s, 1H, minor isomer). m/z
(ESI): 227 (M + H+).

4-(5-Methoxy-2-methyl-2,3-dihydro-1H-inden-1-ylidene)-1-
methyl-3,4-dihydro-2H-pyrrolium (1). Methyl trifluoromethane-
sulfonate (0.22 mmol, 26 μL) was added to a solution of com-
pound 6E (0.050 g, 0.22 mmol) in anhydrous benzene (5 mL).
The reaction mixture was stirred for 1 h at room temperature
under nitrogen atmosphere, then the solvent was removed
under reduced pressure obtaining quantitatively the com-
pound 1E as orange oil. 1H-NMR (400 MHz, CDCl3) (E isomer):
1.28 (d, J = 7.2, 3H), 2.66 (d, J = 16.8, 1H), 3.20–3.37 (m, 3H),
3.69 (s, 3H), 3.74–3.82 (m, 1H), 3.86 (s, 3H), 4.18–4.30 (m, 2H),
6.87–6.92 (m, 2H), 7.46 (d, J = 9.2, 1H), 8.97 (s, 1H). 13C-NMR
(100 MHz, CDCl3): 25.06, 27.36, 39.14, 39.80, 39.89, 55.68,
58.20, 110.37, 115.52, 123.53, 128.31, 130.10, 154.91, 168.54,
169.26. m/z (ESI): 242 (M+). After photochemical reaction
1H-NMR data of the geometric isomer 1Z are derived. 1H-NMR
(400 MHz, CDCl3) (Z isomer): 1.16 (d, J = 6.8, 3H), 2.60 (d, J =
16.8, 1H), 3.09–3.21 (m, 3H), 3.72 (s, 3H), 3.74–3.82 (m, 1H),
3.83 (s, 3H), 4.09–4.18 (m, 2H), 6.80 (s, 1H), 6.92–6.95 (m, 1H),
7.99 (d, J = 8.8, 1H), 9.25 (s, 1H).

Spectroscopy and photochemistry

Transient Absorption Spectroscopy (TAS) is used to study the
photoisomerization dynamics in methanol of a racemate of
the chiral photoswitch 1. The experimental set-up was
described in details in ref. 13. In short, a 400 nm pump pulse
is generated by SHG of the 40 fs, 800 nm fundamental beam
of a 5 kHz amplified Ti:Sa laser system. The probe is a white
light supercontinuum generated at 800 nm in a CaF2 crystal.
Both pump and probe beams are focused into a 0.2 mm-thick
quartz flow cell containing 1 dissolved in MeOH. The sample
is circulated using a peristaltic pump so as to refresh the
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sample between two excitation laser shots. The relative polariz-
ations of pump and probe beam are set to magic angle (54.7°).
The intensity of the pump beam is kept in the linear regime of
excitation, so as to promote the molecule to its first excited
electronic state S1 only.

1H-NMR spectroscopy allows us to determine the relative E
and Z content of the solution used in the TAS experiment. In the
dark at room temperature, the composition of the “dark state”
(DS) solution is 95% E and 5% Z. We split this sample in two
and irradiate one of the two at 333 nm until a photostationary
state (PSS) is obtained. The PSS solution has a composition of
38% E and 62% Z, and no thermally-activated back isomeriza-
tion is observed at room temperature after switching off the
333 nm light. We then perform TAS successively on both DS and
PSS samples, under identical experimental conditions. Knowing
the E : Z composition of both sample, allows us to compute the
appropriate linear combination of both TAS data sets (see ref. 24
for details) and retrieve the TAS data of pure E and pure Z com-
pounds as shown in Fig. 5. Hence both E to Z and Z to E photo-
reactions are investigated separately and compared.

All TAS data presented here are post-processed in order to
compensate for the group velocity dispersion in the probe
beam so as to define accurately the time zero at all wave-
lengths. Quantitative data analysis is performed by fitting the
data with model functions. At very early times, the non-linear
interaction of pump and probe beams in the solvent generates
a time- and wavelength–dependent signal. The latter is
recorded separately in the pure solvent, but cannot be accu-
rately corrected for, and kinetics traces are spoiled at very early
times by this “solvent” signal. Therefore the fits only start after
∼0.1 or 0.15 ps. Despite this difficulty, at various wavelengths,
the signal is observed to rise on a time scale slower than the
experimental time resolution, and a Gaussian shape (more pre-
cisely the error function “erf”) is used to fit this rise. Then
further time evolution is fitted by sums of exponential decay-
ing curves (see e.g. ref. 13, 14 and 16).

Simulations

The explicitly solvated chiral switch model was constructed by
preparing a rectangular box of methanol molecules where
each atom of the switch was at least 10 Å away from the bound-
ary (Fig. 9). In order to compensate the positive charge of the
switch, one chloride ion was added to the solvent box. The
average ground-state configuration of the methanol molecules
(that is, the solvent) was determined according to the following
procedure. The solvent was relaxed by 1000 conjugate-gradient
minimization steps using periodic boundary conditions while
keeping the chromophore (i.e., the solute) fixed in its gas-
phase configuration. The parametrization was based on the
general force field in Amber, while charges were determined
using a restrained electrostatic potential (RESP) procedure31,32

at the HF/6-31G* level of theory. This starting structure was
then used to sample the initial conditions for excited state
molecular dynamics simulations and averaged solvent electro-
static potential/molecular dynamics (ASEP/MD)33 calculations
of the excitation energies.

The initial conditions for the excited state molecular
dynamics simulations were generated according to the follow-
ing protocol. First, a fully classical trajectory of 0.5 ns length
was generated. Then snapshots of the last, equilibrated part
were taken every 10 ps. In order to relax the switch we first run
a ground state hybrid quantum mechanics/molecular mech-
anics (QM/MM) trajectory of 0.5 ps starting from every snap-
shot. This time is sufficient because the switch is relatively
small compared to the solvent. The final structures were then
used to run excited state QM/MM trajectory calculations.

The QM/MM partitioning defined the molecular switch as
part of the quantum mechanics (QM) subsystem and the
remaining methanol as part of the molecular mechanics (MM)
subsystem. The CASSCF method was employed to describe the
QM part, while the Amber parameter were describing the
methanol molecules. We use electrostatic embedding using
the ESPF model.34 The active space comprised the full conju-
gated π-system, namely 10 electrons in 10 π-type orbitals. For
excited state trajectory we have averaged the lowest three roots.
For quantitative calculation of excitation energies we
accounted for dynamic electron correlation by CASPT2 calcu-
lation. The QM/MM calculations were carried out using the
programs Molcas 7.8 35 interfaced with TINKER5.36,37 The
Velocity Verlet algorithm was used for numerical integration of
Newton’s equations of motions with a time step of 1 fs. In
order to detect a non-adiabatic transition, we have used a
deterministic surface hopping algorithm.38

The ASEP/MD simulations were carried out based on the
well-established protocol.31 Briefly, ASEP/MD method is a
sequential QM/MM mechanics (QM/MM) that makes use of
the mean field approximation (MFA).33,39 In this approxi-
mation, instead of considering specific solvent configurations,
the perturbation enters into the solute molecular Hamiltonian
in an averaged way. Consequently, ASEP/MD through the MFA
permits to reduce the number of quantum calculation from
several thousands, as usual in QM/MM40 methods, to only a
few, and the highest levels of theory available at present can be
employed. We have employed the MP2 method to optimize the
geometry in the ground state because it is known to provide
accurate structural parameters.

Fig. 9 Chiral molecule 1 in the methanol solvent.
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