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Chapter 5

Light-driven Molecular Motors1

Part I: Second Generation

5.1 Introduction

Biomolecular motors in which controlled motion is achieved by the conversion of chemical energy
into mechanical energy have been abundantly found in living organisms.2 Prominent examples are the
ATP-synthase3 and skeletal muscle4 motors which are essential in human beings. Recent studies have
revealed their fascinating structures and functions, which are stimulating scientists to mimic these
processes and to design and construct molecular motors (section 1.3).5 A number of systems have
been manufactured in which movement or change in shape occurs in response to external chemical,
electrochemical, or photochemical stimuli.6 Recently Kelly et al.7 and our group8 reported the first
examples of unidirectional rotary motion in molecular type motors (section 1.3.3).
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Scheme 5.1 Molecular switches and motors.

In our initial design8 helical shaped overcrowded alkenes (biphenanthrylidenes), featuring identical
chiral upper and lower parts, were used. Two photochemical trans-cis isomerizations were each
followed by a thermal irreversible helix inversion and the four-step cycle completed a full,
unidirectional, 360° rotation process.
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To extend our initial machinery, we started the construction of molecular motors with distinct upper
and lower parts (scheme 5.1). They are reminiscent of chiroptical molecular switches9,6j which have
been examined thoroughly with respect to their photochemical and thermodynamic behavior (section
1.2.6). A stereogenic center is created by introducing a methyl substituent at the upper part of the
molecule. Envisioned key aspects of the second generation of molecular motors are: 1) the control of
unidirectional rotary motion by a single stereogenic center, 2) the ability to tune the speed of the
thermal conversion by varying atoms X and Y (chapter 6), and 3) a motor with distinct upper and
lower parts which is suitable for coupling to a surface, necessary for future applications.

In this chapter the construction of such a new type molecular motor (8) is described, as well as the
fundamental principles of performing unidirectional rotary motion.

5.2 Synthesis

The new type of molecular motor 8 contains a chiral 2,3-dihydro-2-methylnaphtho[2,1-b]thiopyran
upper part and a methoxy substituted thioxanthene lower part (scheme 5.3). The synthesis of the upper
part, 2,3-dihydro-2-methyl-1H-naphtho[2,1-b]thiopyran-1-one hydrazone 4, is outlined in scheme 5.2.
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Scheme 5.2 Synthesis of hydrazone 4.

The Michael addition of 2-thionaphthol 1 to methacrylonitrile was performed by refluxing both
compounds in the presence of benzyltrimethylammonium hydroxide (Triton B) to give adduct 2,
which was converted to the cyclic ketone 3 in good yield by the action of polyphosphoric acid (PPA).
Hydrazone 4 was prepared in 60% yield by refluxing ketone 3 in ethanol with a large excess of
hydrazine monohydrate. The lower part, 2-methoxy-9H-thioxanthene-9-thione 6, was prepared by
refluxing 2-methoxy-thioxanthone in toluene in the presence of phosphorous pentasulphide.10

The diazo-thioketone coupling reaction11 proved to be a successful method to connect the upper and
lower part (scheme 5.3). Hydrazone 4 was oxidized to the unstable, deep red, diazo compound 5 with
silver(I) oxide (2 equiv.) in CH2Cl2 at –5 to 0°C. Diazo compound 5 was not isolated but thioketone 6
was added in situ to provide episulfides trans/cis-7 in a fair yield of 60%. Since a non-symmetric
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substituted thioketone 6 was used, a mixture of trans- and cis-episulfides 7 was obtained with a
trans/cis ratio of nearly 1/1 as was determined by 1H NMR. Since separation of trans-7 and cis-7
could not be accomplished, the mixture of trans-7 and cis-7 was used in the next desulfurization
reaction. Refluxing cis/trans-7 in p-xylene, in the presence of Cu-bronze, gave molecular motors
trans-8 (47%) and cis-8 (44%) in a yield of 91%. Trans-8 and cis-8 were separated by HPLC on silica
gel (n-hexane/EtOAc 50/1).
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Scheme 5.3 Synthesis of molecular motors 8.

The new molecular motors trans-8 and cis-8 were characterized by 1H, 13C NMR, and exact mass
determination. The 1H NMR spectra of both isomers indicate that proton absorptions of the methyl
substituents at the 2’-position were shifted upfield to 0.78 ppm (trans-8) and 0.79 ppm (cis-8),
respectively, due to aromatic ring current anisotropy (table 5.1). The protons of both isomers at the 2’-
position were shifted downfield to 4.17 ppm (trans-8) and 4.11 ppm (cis-8), respectively, as a result
of deshielding (table 5.1). The assignment of the trans- and cis-geometry was based on remarkable
differences between the 1H NMR spectra. The absorption of the methoxy substituent at the lower part
was shifted from 3.86 ppm (trans-8) to 3.01 ppm (cis-8) due to a shielding effect by the naphthalene
moiety of the upper part (table 5.1). Coupling constants of H(2’) and H(3’) of 7.3 and 2.9 Hz (trans-8)
and 7.3 and 3.3 Hz (cis-8) were determined (table 5.1) indicating that the methyl groups at the 2’-
position of both isomers adopted a pseudoaxial orientation. This was confimed by X-ray analysis
(section 5.3).

Enantioresolution of (±)-trans-8 and (±)-cis-8 was performed by preparative HPLC (commercially
available Chiralpak OD from Daicel Co. Ltd.) under normal phase conditions using heptane/i-
propanol 99/1 as eluent mixture at room temperature. The combined solutions of second-eluted
enantiomer of trans-8 were concentrated under reduced pressure and the residue was recrystallized
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from n-hexane to give colorless prisms suitable for X-ray crystallographic analysis. Crystals of
enantiomers of cis-8 suitable for X-ray analysis were not obtained.

5.3 Absolute Configuration Determination by X-ray Analysis

A single crystal of second-eluted enantiomer of trans-8 was subjected to X-ray analysis. The crystal
was found to be orthorhombic: space group P212121. The absolute configuration of this enantiomer
was determined to be (2’R)-(M) by Flack’s12 x-refinement (x = –0.07(7)). The X-ray analysis
demonstrated that the methyl substituent at the 2’-position adopted a pseudoaxial orientation, to
minimize steric hindrance, which is in accordance with the results of the 1H NMR study (figure 5.1
and table 5.1).
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Figure 5.1 PLUTO drawing of (2’R)-(M)-trans-8 and structure with adopted numbering scheme.

The geometry of (2’R)-(M)-trans-8 in the solid state is characterized as follows: central double bond,
C(1’)-C(9) = 1.351 Å; bond angles around central double bond, C(8a)-C(9)-C(9a) = 113.22°, C(8a)-
C(9)-C(1’) = 121.73°, C(9a)-C(9)-C(1’) = 124.97° (total angle around C(9) is 359.92°), C(10’b)-
C(1’)-C(2’) = 111.30°, C(10’b)-C(1’)-C(9) = 123.12°, C(2’)-C(1’)-C(9) = 125.48° (total angle around
C(1’) is 359.90°); the dihedral angle between the naphthalene plane of the upper part and the central
double bond, C(10’a)-C(10’b)-C(1’)-C(9) = –56.5°; dihedral angles between thioxanthene plane of
the lower part and the central double bond, C(1)-C(9a)-C(9)-C(1’) = 51.3°, C(8)-C(8a)-C(9)-C(1’) = –
47.7°; dihedral angles of the central double bond, C(8a)-C(9)-C(1’)-C(10’b) = 0.2°, C(9a)-C(9)-C(1’)-
C(2’) = –7.1° (average value is –3.44º), C(8a)-C(9)-C(1’)-C(2’) = 176.85°, C(9a)-C(9)-C(1’)-C(10’b)
= 176.26° (average value is 176.56º). The central double bond is somewhat folded (see figure) and the
carbon atoms deviate from a planar structure. Both carbon atoms of the central double bond are thus
somewhat pyramidalized and possess slight sp3 character. The lower thioxanthene part of the
molecule adopted a folded structure (section 1.1.3)13 to diminish the steric strain around the central

double bond. Together with the boat
conformation of the cyclohexene ring of the
upper part, this is responsible for the helical
shape of the entire molecule.

–7.1°
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5.4 Photochemical and Thermal Behavior of Trans-8 and Cis-8

To elucidate the photochemical behavior of the trans-8 and cis-8 isomers irradiation of both racemic
isomers was performed. Irradiation of a solution of 25 mg of racemic trans-8 in 3 mL of n-hexane/
CH2Cl2 10/1 was carried out at 10°C for 12 h (scheme 5.4) by a high pressure mercury lamp using a
365 nm filter (more details in experimental section and at the end of section 5.6). Solvents were
removed under reduced pressure to give a white solid, which was directly subjected to 1H NMR
analysis. The 1H NMR spectrum revealed that the absorption of the methyl substituents at the 2’-
position was shifted downfield to 1.10 ppm and the signal of the proton at the 2’-position was shifted
upfield to 2.76 ppm (table 5.1). Remarkably, the absorption of the methoxy group at the lower part
was shifted upfield to 2.99 ppm due to shielding by the naphthalene moiety (table 5.1), which means
that trans to cis isomerization occurred by irradiation. The coupling constants of H(2’) and H(3’) were
found to be 12.4 and 7.3 Hz (table 5.1), which proved that the methyl substituent at the 2’-position
adopted a pseudoequatorial orientation. The obtained cis-9 isomer presumably is less stable than cis-8,
because of the steric hindrance between the methyl group of the upper part and the thioxanthene lower
part (vide infra). At the photostationary state (PSS), the ratio of starting material (trans-8) and product
(cis-9) was 14/86.
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Scheme 5.4 Photochemical and thermal behavior of motors trans-8 and cis-8.

Irradiation of a solution of 25 mg of racemic cis-8 in 3 mL of n-hexane/CH2Cl2 10/1 was performed
under same conditions (scheme 5.4) and subsequent removal of solvents gave a white solid. The
methyl group and the proton at the 2’-position were found at 1.17 ppm and 2.74 ppm, respectively (1H
NMR (table 5.1). Again, the absorption of the methoxy group at the lower part shifted downfield (to
3.85 ppm) since it was no longer shielded by the naphthalene moiety (table 5.1). This confirmed a
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trans-geometry. The coupling constants of H(2’) and H(3’) were 12.1 and 7.3 Hz (table 5.1), which
indicated that the methyl substituent at the 2’-position adopted a pseudoequatorial orientation. The
trans-9 isomer presumably is less stable because of the steric hindrance between the equatorial
oriented methyl substituent at the upper part and the thioxanthene lower part. An 11/89 ratio of
starting material (cis-8) and product (trans-9) was found at the photostationary state.

Table 5.1 1H NMR data of second generation of molecular motors, trans-8, cis-9, cis-8, and trans-9,
in CDCl3.

compound chemical shifts (ppm) coupling constants
MeO Me H(2’) JH(2’)-H(3’) (Hz)

trans-8 3.86 0.78 4.17 7.3, 2.9
cis-9 2.99 1.10 2.76 12.4, 7.3
cis-8 3.01 0.79 4.11 7.3, 3.3

trans-9 3.85 1.17 2.74 12.1, 7.3

trans-8, Meax

cis-9, Meeq

cis-8, Meax

∆G‡
photochemical step thermal step

stable stable

less-stable

trans-8, *Meax

Figure 5.2 Schematic energy profile for the photochemical (via excited state *Meax) and the,
subsequent, thermal step of motor trans-8 (same profile applies for the process starting with stable
cis-8). In this schematic profile the energy levels of trans-8 and cis-8 are arbitrarily chosen to be the
same.

Both less-stable cis-9 and trans-9 were heated in n-hexane at 60°C which resulted in complete
conversion into stable cis-8 and trans-8, respectively, according to 1H NMR (scheme 5.4). These
results confirm that the axial orientation (stable cis-8 and trans-8) of the methyl substituent is favored
over the equatorial orientation (less-stable cis-9 and trans-9) and that the photochemical conversions
are therefore energetically uphill processes. The thermal conversions are energy relaxing, however,
heat is required since there is a Gibbs energy of activation (∆G‡) for the helix inversion process (see
energy profile, figure 5.2). The thermal conversions of less-stable cis-9 and trans-9 were performed in
the dark to prevent concomitant photochemical processes. At the same time thermal trans-cis
isomerization processes were not observed.

5.5 X-ray Analysis of Less-stable Trans-9

To determine the stereostructure of the less-stable forms attempts were undertaken to obtain crystals
of cis-9 and/or trans-9. Both irradiated solutions of trans-8 and cis-8 in n-hexane/CH2Cl2 were
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concentrated under reduced pressure at 10°C. The resulting concentrates were kept overnight at 5°C.
Only crystals of racemic less-stable trans-9 were obtained, suitable for X-ray crystallographic
analysis. A single crystal of this material proved to be monoclinic: space group P21/c. As shown in
figure 5.3 the configuration of less-stable trans-9 was (2’R*)-(P*). The X-ray analysis was performed
with racemic material. Therefore, the letters denoting the absolute configuration are marked with a *.
The X-ray analysis showed that an (R)-configuration at the 2’-position at the upper part goes together
with (P)-helicity of the entire molecule. Likewise, an (S)-configuration at the 2’-position at the upper
part goes together with (M)-helicity of the entire molecule.
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Figure 5.3 PLUTO drawing of less-stable (2’R*)-(P*)-trans-9.

Furthermore the X-ray analysis unequivocally established that the methyl substituent at the 2’-
position had an equatorial orientation, which was in accordance with the results of the 1H NMR study
(table 5.1).

The geometrical features of less-stable trans-9 in the solid state are as follows: central double bond,
C(1’)-C(9) = 1.340 Å; bond angles around central double bond, C(8a)-C(9)-C(9a) = 111.33°, C(8a)-
C(9)-C(1’) = 121.81°, C(9a)-C(9)-C(1’) = 126.74° (total angle around C(9) is 359.88°), C(10’b)-
C(1’)-C(2’) = 108.45°, C(10’b)-C(1’)-C(9) = 122.83°, C(2’)-C(1’)-C(9) = 128.60° (total angle around
C(1’) is 359.88°); the dihedral angle between naphthalene plane of the upper part and the central
double bond, C(10’a)-C(10’b)-C(1’)-C(9) = 62.8°; dihedral angles between thioxanthene plane of the
lower part and the central double bond, C(1)-C(9a)-C(9)-C(1’) = –59.4°, C(8)-C(8a)-C(9)-C(1’) =
52.7°; dihedral angles of the central double bond, C(8a)-C(9)-C(1’)-C(10’b) = –8.9°, C(9a)-C(9)-
C(1’)-C(2’) = 0.0° (average value is –4.46°), C(8a)-C(9)-C(1’)-C(2’) = 175.58°, C(9a)-C(9)-C(1’)-
C(10’b) = 175.52° (average value is 175.54°). These geometrical parameters are almost similar to
those of (2’R)-(M)-trans-8.

5.6 CD Studies of Monodirectional Rotation Behavior

The photochemical trans-cis isomerization was also examined by CD spectroscopy. The CD spectrum
of enantiomer (2’R)-(M)-trans-8 exhibits an intense Cotton effect; CD (n-hexane) λext. 350 nm



Chapter 5

100

(∆ε +19.1), 319 (+15.4), 277 (–155.4), 253 (+40.8), and 224 (+98.1) (figure 5.4). Irradiation of the
solution of (2’R)-(M)-trans-8 in n-hexane by a high pressure mercury lamp using a 365 nm filter at
10°C for 1 h resulted in formation of less-stable (2’R)-(P)-cis-9 (more details at the end of this section
and in the experimental section). The photochemical trans-cis isomerization induced an (M)- to (P)-
helicity inversion [figure 5.4, trace (A) to trace (B)] as was evident from the near mirror image CD
effect. Several clear isosbestic points were observed in the CD spectra indicating no degradation
and/or side reactions took place. When the temperature of this solution was raised to 60°C, complete
conversion to stable (2’R)-(M)-cis-8 was observed and the concomitant change in CD absorption
confirmed the helix reversal, from (P)- to (M)-helicity, associated with this thermal conversion [figure
5.4, trace (B) to trace (C)]. Subsequent irradiation of the solution of (2’R)-(M)-cis-8 in n-hexane
resulted in formation of less-stable (2’R)-(P)-trans-9. The change in sign of CD absorption again
indicated that an (M)- to (P)-helicity inversion occurred during the photochemical cis to trans
isomerization [figure 5.4, trace (C) to trace (D)]. When the temperature of this solution was raised to
60°C, a complete conversion to (2’R)-(M)-trans-8 was observed and the CD absorption again changed
sign [figure 5.4, trace (D) to trace (A)]. The inset of figure 5.4 shows the change of ∆ε value at 272
nm as monitored during three full cycles clearly demonstrating the repetitive nature of the rotary
motion.

Figure 5.4 Circular Dichroism spectra of each of the four stages of rotation. Trace (A): (2’R)-(M)-
trans-8; trace (B): (2’R)-(P)-cis-9; trace (C): (2’R)-(M)-cis-8; trace (D): (2’R)-(P)-trans-9. Inset:
changes in ∆ε value during three full rotation cycles monitored at 272 nm.

It should be mentioned that, when identical photostationary states (PSS), as described in section 5.4,
are reached during these CD studies, trace (A) represents the spectrum of pure (2’R)-(M)-trans-8,
trace (B) represents the spectrum of 14% (2’R)-(M)-trans-8 and 86% (2’R)-(P)-cis-9, trace (C)
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represents the spectrum of 14% (2’R)-(M)-trans-8 and 86% (2’R)-(M)-cis-8, trace (D) represents the
spectrum of 2% (2’R)-(M)-trans-8 (14% of 14%), 12% (2’R)-(P)-cis-9 (86% of 14%), 9.5% (2’R)-
(M)-cis-8 (11% of 86%) and 76.5% (2’R)-(P)-trans-9 (89% of 86%). In fact, after three cycles a
mixture of trans-8/cis-8 (both with (M)-helicity) with a ratio of 6/4 was observed due to the non-
quantitative photoequilibria. However, this did not affect the repetitive unidirectional behavior of the
molecules and each photochemical and thermal step still implied a helix inversion.

In comparison with the photochemical experiments described in section 5.4, irradiation times to reach
photostationary states diminished from 12 to 1 h as reported in this section. Experimental parameters
such as light source, distance between light source and sample, applied filter, temperature, and
material of cuvet were all identical. This implies that the intensity of light exposed to the samples
described in section 5.4 and the samples of this section was identical. Thus, the reduction of
irradiation time can only be explained by the difference in solvents and/or concentration of the sample
(section 5.4; solvent: n-hex/CH2Cl2 10/1, conc.: 1.90 × 10–2 M; this section; solvent: n-hex, conc.: 3.0
× 10–5 M). It is unlikely that the difference in solvent is responsible for the reduction of irradiation
time. We expect the reaction rate of photochemical conversions to depend on the amount of photons
entering the solution and on the concentration of motor molecules in the solution. The influence of the
latter can be explained by the fact that the motor molecules cause a significant gradient of photon
density through the solution by their photon absorption. This implies that the higher the concentration
of motor molecules, the lower the average photon density in the solution, leading to a lower average
reaction rate.

5.7 Unidirectional Rotary Motion

Scheme 5.5 shows the different stereoisomers and the dynamic processes that are observed starting
with (2’R)-(M)-trans-8. The experimental results show that the upper naphthothiopyran part
undergoes a full 360° rotation around the central double bond relative to the lower thioxanthene part.
This happens in a counter-clockwise sense when viewed along the central double bond with the lower
part in front. Two photochemical conversions are both energetically uphill processes and generate the
less-stable isomers {(2’R)-(P)-cis-9 and (2’R)-(P)-trans-9} with the less favorable equatorial
orientation of the methyl substituent at the 2’-position.

Each photochemical step is followed by an energetically downhill process quantitatively generating
stable isomers {(2’R)-(M)-cis-8 and (2’R)-(M)-trans-8}. As anticipated, during the two thermal steps
the methyl substituent adopts the more favorable axial orientation and the reverse rotation pathway is
effectively blocked. At the appropriate wavelength (365 nm) and temperature (60°C), a continuous
unidirectional rotation is induced in the system. Compared to the original molecular motor, based on
biphenanthrylidene8 (scheme 5.1), it is remarkable that the presence of a single stereogenic center
(C(2’)) is an essential but sufficient condition to achieve unidirectional rotation.

The two photochemical conversions are equilibria between product and starting material and ratios of
86/14 and 89/11 have been ascertained by 1H NMR spectroscopy. In fact, both thermal conversions
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are equilibria as well and the ratio of starting material versus product is governed by the energy
differences (∆E) between starting material and product. Molecular modeling studies using the
MOPAC93 AM114 program revealed that in both cases the energy difference (∆E) between less-stable
and stable isomer is +4.65 kcal/mol (∆E[2’R)-(P)-cis-9] – ∆E[2’R)-(M)-cis-8] = +4.65 kcal/mol and ∆E[2’R)-(P)-trans-

9] – ∆E[2’R)-(M)-trans-8] = +4.65 kcal/mol). On basis of these figures the population of the less-stable
isomer is negligible (Boltzmann distribution) after both thermal conversions which is in agreement
with the quantitative thermal conversions observed by 1H NMR spectroscopy.
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Scheme 5.5 Unidirectional rotary motion.

5.8 Essential Features for a Unidirectionally Rotating Motor

Now that unidirectional behavior of motors 8 and 9 is proven, the essential features for a successful
unidirectionally rotating motor are summarized here (see scheme 5.6).

- Structures 1 ((2’R-(M)-trans-8) and 3 ((2’R)-(M)-cis-8) in the four-step cycle should be
thermally stable but they should have photochemically interconvertable cis and trans isomers.

- The methyl substituent at the upper part of the molecule must be able to adopt an axial and
equatorial orientation. In addition, there should be a substantial energy difference between the
axial and equatorial orientation since it is the driving force for the two thermal conversions.
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- There must be a fixed configuration at the stereogenic center.

- (P)- and (M)-helicity. This allows the motor to adopt the four different stereoisomic structures
during the four-step unidirectional rotation process.
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Scheme 5.6 Unidirectional rotation observed with motors 8 and 9 and possible undesirable side
processes.

To assure unidirectional rotation the following processes must not take place:

- Thermal cis/trans isomerization.

- Photochemical conversions between structures 2 and 3, and between structures 1 and 4.

- Direct photochemical and/or thermal conversion of structure 1 ((2’R-(M)-trans-8) into
structure 3 ((2’R)-(M)-cis-8), or vice versa.

- Direct photochemical and/or thermal conversion of structure 2 ((2’R)-(P)-cis-9) into structure
4 ((2’R)-(P)-trans-9)), or vice versa.

Despite the fact that we did not observe any of the just-mentioned processes one still has to bear in
mind that the two desired photochemical and two desired thermal conversions are equilibria.
Although the population of less-stable isomers (structures 2 and 4, scheme 5.6) is negligible after both
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thermal conversions, according to the Boltzmann distribution, a minuscule fraction of molecules
‘rotates the other way around’ (see section 5.7).

5.9 Conclusions

Repetitive monodirectional behavior, performed by the second generation of molecular motors, 8 and
9, was demonstrated. Relative to the bottom part (the stator) the upper propeller unit undergoes a
repetitive 360° rotation in four distinct steps with light of the appropriate wavelength. Two

energetically uphill photochemical steps and two energy relaxing
thermal steps complete the four-step unidirectional 360° rotation
around the central double bond as shown by motors 8 and 9. The new
type of motor consists of a distinct upper and lower part, a feature
essential for coupling the motor to a surface. One of the aims is to
study the photochemical and thermal behavior of motor molecules
with a static lower part which is attached to a surface (scheme 5.7).
These studies are currently underway.

Scheme 5.7 Motor molecule attached to a surface.

5.10 Experimental Section

See chapter 2 (section 2.7) for general remarks.

2-Methyl-3-(2-naphthylthio)propiononitrile (2) Under a nitrogen atmosphere, Triton B (0.1 mL,
40% solution in methanol) was added to stirred methacrylonitrile (5 mL, 59.6 mmol) cooled to 0°C.
To this solution, 2-thionaphthol (1, 780 mg, 4.87 mmol) was added and the mixture was stirred for 1 h
at 0°C. The solution was heated to 65°C and stirred overnight at this temperature. After cooling, the
reaction mixture was quenched with aqueous NH4Cl. The water layer was extracted with Et2O (2 × 30
mL). The combined organic layers were washed with brine and dried (Na2SO4). After removal of the
solvents under reduced pressure, the crude product was purified by column chromatography (silica
gel, n-hexane/EtOAc 10/1) to yield propionitrile 2 as a colorless oil (936 mg, 4.12 mmol, 85%). 1H
NMR (200 MHz, CDCl3, 25°C) δ 7.88 (br d, J = 1.2 Hz, 1H), 7.83 – 7.76 (m, 3H), 7.55 – 7.46 (m,
3H), 3.27 (dd, J = 13.7, 7.3 Hz, 1H), 3.09 (dd, J = 13.7, 7.1 Hz, 1H), 2.78 (ddq, J = 7.3, 7.1, 7.1 Hz,
1H), 1.42 (d, J = 7.1 Hz, 3H); 13C NMR (50 MHz, CDCl3, 25°C) δ 133.58, 132.32, 131.06, 129.85,
129.02, 128.27, 127.71, 127.28, 126.81, 126.41 121.51, 38.05, 26.05, 17.23; HRMS calcd for
C14H13NS: 227.0769; found: 227.0771.

2,3-Dihydro-2-methyl-1H-naphtho[2,1-b]thiopyran-1-one (3) To mechanically stirred
polyphosphoric acid (30 mL), heated at 70°C, propionitrile (2, 825 mg, 3.63 mmol) was added. After
addition, the temperature was raised to 110°C and the reaction mixture was vigorously stirred for 3 h
at this temperature. The dark brown mixture was allowed to cool to 70°C and poured on ice (100 g).
After stirring overnight, the water layer was extracted with Et2O (3 × 30 mL). The combined organic
layers were washed with brine and dried over MgSO4. After removal of the solvents under reduced
pressure, the crude product was purified by column chromatography (silica gel, n-hexane/EtOAc

S

S

O O

(CH2)n (CH2)n

Me
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10/1) to give ketone 3 as a yellow oil (774 mg, 3.39 mmol, 93%). 1H NMR (200 MHz, CDCl3, 25°C)
δ 9.08 (dd, J = 8.7, 1.2 Hz, 1H), 7.75 (d, J = 8.7 Hz, 1H), 7.73 (dd, J = 8.1, 1.7 Hz, 1H), 7.58 (ddd, J =
8.7, 7.0, 1.7 Hz, 1H), 7.43 (ddd, J = 8.1, 7.0, 1.2 Hz, 1H), 7.23 (d, J = 8.7 Hz, 1H), 3.27 – 3.08 (m,
3H), 1.39 (d, J = 6.1 Hz, 3H); 13C NMR (50 MHz, CDCl3, 25°C) δ 199.18, 143.94, 133.23, 132.39,
131.61, 128.91, 128.37, 125.63, 125.48, 125.26, 125.01, 42.80, 32.75, 15.28; HRMS calcd for
C14H12OS: 228.0609; found: 228.0613.

2,3-Dihydro-2-methyl-1H-naphtho[2,1-b]thiopyran-1-one hydrazone (4) Under a nitrogen
atmosphere, a stirred solution of ketone 3 (1.80 g, 7.88 mmol) and hydrazine monohydrate (4 mL,
82.5 mmol) in absolute ethanol (4 mL) was refluxed overnight. After cooling, CH2Cl2 (30 mL) was
added to the reaction mixture and the organic layer was washed with water (3 × 30 mL) and brine, and
dried over Na2SO4. After removal of the solvents under reduced pressure, the residue was purified by
recrystallization from Et2O to obtain hydrazone 4 as slightly yellow crystals (1.15 g, 4.75 mmol,
60%). Mp 146.7 – 147.1°C; 1H NMR (500 MHz, CDCl3, 25°C) δ 8.41 (br d, J = 8.4 Hz, 1H), 7.75 (br
d, J = 8.1 Hz, 1H), 7.65 (d, J = 8.4 Hz, 1H), 7.49 (ddd, J = 8.4, 7.0, 1.5 Hz, 1H), 7.41 (ddd, J = 8.1,
7.0, 1.1 Hz, 1H), 7.34 (d, J = 8.4 Hz, 1H), 3.54 (ddq, J = 9.9, 7.0, 6.2 Hz, 1H), 3.20 (dd, J = 12.8, 6.2
Hz, 1H), 2.71 (dd, J = 12.8, 9.9 Hz, 1H), 1.33 (d, J = 7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3, 25°C)
δ 149.33, 135.72, 132.95, 132.09, 130.82, 127.98, 127.71, 126.69, 126.12, 125.90, 125.13, 36.41,
34.00, 14.72; HRMS calcd for C14H14N2S: 242.0878; found: 242.0881.

Mixture of trans- and cis-dispiro[2,3-dihydro-2-methyl-1H-naphtho[2,1-b]thiopyran-1,2’-
thiirane-3’,9”-(2”-methoxy-9”H-thioxanthene)] (trans- and cis-7) Under a nitrogen atmosphere, a
solution of 2,3-dihydro-2-methyl-1H-naphtho[2,1-b]thiopyran-1-one hydrazone (4, 222 mg, 0.92
mmol) in dry CH2Cl2 (10 mL) was cooled to 0°C, whereupon MgSO4 (approximately 300 mg), Ag2O
(400 mg, 1.73 mmol), and a saturated solution of KOH in methanol (0.5 mL) were added
subsequently. The mixture was stirred for 5 min at 0°C and the color of the mixture turned red. After
stirring for 30 min at 0°C, the deep red suspension was filtered into another ice-cooled bulb and the
remaining residue was washed with cold CH2Cl2. The deep red solution was treated with a solution of
2-methoxy-9H-thioxanthene-9-thione10 (6, 238 mg, 0.92 mmol) in CH2Cl2. Nitrogen evolution was
observed and the red color of the solution slowly disappeared. The reaction mixture was stirred
overnight and the reaction temperature was allowed to raise to room temperature. The solvents were
removed under reduced pressure to give a yellow residue. The unreacted thioketone was removed by
column chromatography (silica gel, n-hexane/toluene 10/1). The crude mixture was further purified
by column chromatography (silica gel, n-hexane/EtOAc 50/1) to obtain trans- and cis-episulfide 7
(259 mg, 0.55 mmol, 60%), however, the separation between trans-7 and cis-7 could not be
accomplished. Therefore the mixture of trans-7 and cis-7 was subjected to the next reaction.

Mixture of trans- and cis-2-methoxy-9-(2',3'-dihydro-2'-methylaxial-1'H-naphtho[2,1-
b]thiopyran-1'-ylidene)-9H-thioxanthene (trans- and cis-8) Under a nitrogen atmosphere, a mixture
of trans- and cis-episulfide (trans-7 and cis-7) (259 mg, 0.55 mmol) and 10 eq. of Cu-bronze were
refluxed overnight in p-xylene. The reaction mixture was allowed to cool to room temperature and the
brown copper residue was removed by silica gel filtration and washed with CH2Cl2. The solvents were
removed under reduced pressure to give a mixture of trans- and cis-olefin (trans-8 and cis-8). These
isomers were separated by HPLC on silica gel (n-hexane/EtOAc 50/1) to give trans-8 (115 mg, 0.26
mmol, 47%) and cis-8 (107 mg, 0.24 mmol, 44%). Trans-8: 1H NMR (300 MHz, CDCl3, 25°C) δ 7.57
(d, J = 8.4 Hz, 1H), 7.55 – 7.48 (m, 3H), 7.35 (d, J = 8.4 Hz, 1H), 7.25 (d, J = 6.6 Hz, 1H), 7.15 (d, J
= 2.6 Hz, 1H), 7.09 (ddd, J = 8.1, 6.6, 1.4 Hz, 1H), 6.97 (ddd, J = 8.1, 7.1, 1.1 Hz, 1H), 6.84 (dd, J =
8.8, 2.6 Hz, 1H), 6.73 – 6.67 (m, 1H), 6.41 – 6.34 (m, 2H), 4.17 (ddq, J = 7.3, 7.0, 2.9 Hz, 1H), 3.86
(s, 3H), 3.69 (dd, J = 11.4, 7.3 Hz, 1H), 3.08 (dd, J = 11.4, 2.9 Hz, 1H), 0.78 (d, J = 7.0 Hz, 1H); 13C
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NMR (75 MHz, CDCl3, 25°C) δ 158.35, 138.26, 137.58, 136.51, 134.89, 134.85, 132.66, 131.37,
131.27, 130.72, 128.94, 128.57, 127.48, 127.45, 127.30, 126.40, 125.99, 125.77, 125.43, 125.20,
124.39, 124.33, 113.84, 112.24, 55.56, 37.09, 32.27, 19.17; HRMS calcd for C28H22OS2: 438.1112;
found: 438.1095; cis-8: 1H NMR (300 MHz, CDCl3, 25°C) δ 7.62 – 7.52 (m, 5H), 7.37 (d, J = 8.8 Hz,
1H), 7.33, (dt, J = 7.7, 1.5 Hz, 1H), 7.25 (dt, J = 7.7, 1.5 Hz, 1H), 7.12 (d, J = 8.8 Hz, 1H), 7.11 (br t,
J = 7.0 Hz, 1H), 7.00 (br t, J = 7.0 Hz, 1H), 6.30 (dd, J = 8.4, 2.6 Hz, 1H), 5.92 (d, J = 2.6 Hz, 1H),
4.11 (ddq, J = 7.3, 7.0, 3.3 Hz, 1H), 3.69 (dd, J = 11.5, 7.3 Hz, 1H), 3.06 (dd, J = 11.5, 3.3 Hz, 1H),
3.01 (s, 3H), 0.79 (d, J = 7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3, 25°C) δ 157.60, 139.39, 136.66,
136.46, 135.87, 134.89, 132.60, 131.51, 131.41, 130.90, 127.68, 127.53, 127.45, 127.38, 127.16,
126.67, 125.98, 125.93, 125.43, 125.36, 124.49, 124.33, 114.39, 112.91, 54.81, 37.17, 32.27, 19.24;
HRMS calcd for C28H22OS2: 438.1112; found: 438.1099. Enantioresolution of trans-8 was
accomplished by preparative chiral HPLC (Chiralpak OD (Ø = 10 mm, l = 250 mm) from Daicel Co.
Ltd., heptane/i-propanol 99/1). The second-eluted enantiomer was crystallized from n-hexane to give
colorless prisms (mp 214.9°C) suitable for X-ray crystallographic analysis. Enantioresolution of cis-8
was achieved by preparative chiral HPLC (Chiralpak OD, (Ø = 10 mm, l = 250 mm) from Daicel Co.
Ltd., heptane/i-propanol 99/1).

UV (cis-8): (n-hexane λ (ε)): 213 nm (50500), 248 nm (29100), 266 nm (28200), 321 nm (7400)

UV (trans-8): (n-hexane λ (ε)): 222 nm (51300), 259 nm (35100), 325 nm (8300)

CD ((2’S)-(P)-cis-8): (n-hexane λ (∆ε)): 223 nm (–92.4), 252 nm (–76.1), 276 nm (+120.6), 325 nm
(+2.7), 357 nm (–14.7)

CD ((2’R)-(M)-trans-8): (n-hexane λ (∆ε)): 224 nm (+98.1), 253 nm (+40.8), 277 nm (–155.4), 319
nm (+15.4), 350 (+19.1)

X-ray Crystallography of (2’R)-(M)-trans-8 Enantioresolution of (±)-trans-8 was performed by
preparative chiral HPLC (Chiralpak OD (Ø = 10 mm, l = 250 mm) from Daicel Co. Ltd., heptane/i-
propanol 99/1). The second-eluted enantiomer of trans-8 was recrystallized from n-hexane to give
colorless prisms suitable for X-ray crystallographic analysis. A single crystal (dimensions of 0.25 ×
0.33 × 0.38 mm) was selected for data collection and mounted on an Enraf-Nonius CAD-4F1

diffractometer, interfaced to a Debian-Linux computer (Mo tube, 50 kV, 40 mA, monochromated Mo-
Kα radiation (0.71073 Å), ∆ω = 0.85 + 0.34 tg θ). Unit cell parameters and orientation matrix were
determined from a least-squares treatment of the SET4 setting angles of 22 reflections in the range
16.57° < θ < 20.28°. The crystal data of (2’R)-(M)-trans-olefin 8: C28H22OS2, Mr = 438.61;
orthorhombic; space group P212121; a = 10.201(1), b = 12.274(1), c = 17.431(1) Å; V = 2182.5(3) Å3;
Z = 4; Dx = 1.335 g cm–3. The intensities of three standard reflections, monitored every three hours of
X-ray exposure time, showed no greater fluctuations during data collection than those expected from
Poisson statistics. The structure was solved by Patterson methods and extension of the model was
accomplished by direct methods applied to difference structure factors using the program DIRDIF.
The positional and anisotropic displacement parameters for the non-hydrogen atoms were refined. A
subsequent difference Fourier synthesis resulted in the location of all hydrogen atoms, which
coordinates and isotropic displacement parameters were refined. Final refinement on F2 carried out by
full-matrix least-squares techniques converged at wR(F2) = 0.0992 for 4735 reflections and R(F) =
0.0381 for 4150 reflections with F0 ≥ 4.0 σ(F0) and 367 parameters. The final difference Fourier map
was essential featureless: no significant peaks (0.22(4) e/Å3) having chemical meaning above the
general background were observed. The absolute configuration of this enantiomer was determined to
be (2’R)-(M) by Flack’s12 x-refinement (x = –0.07(7)).
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Photochemical and Thermal Behavior of Trans-8, Cis-9, Cis-8, and Trans-9 Analyzed Using 1H
NMR Spectroscopy (section 5.4).

General Procedure of Irradiation Experiments. Irradiation experiments were carried out with a 200
Watt high pressure mercury lamp (Oriel) using a 365 nm filter (band width = 10 nm, Ø = 5 cm,
Andover Cooperation optical Filters) and a fiber optic. The samples were irradiated in a 1 cm quartz
cuvet and distance to the light source (fiber optic) was approximately 5 cm. After irradiation the
samples were directly analyzed by NMR or CD measurements.

Cis-2-methoxy-9-(2',3'-dihydro-2'-methylequatorial-1'H-naphtho[2,1-b]thiopyran-1'-ylidene)-9H-
thioxanthene (cis-9) Trans-8 (25 mg, 5.70 × 10–2 mmol) was dissolved in 3 mL of n-hexane/CH2Cl2

10/1. This solution was irradiated for 12 h at 10°C. After evaporation of solvents under reduced
pressure, less-stable cis-9 was obtained. 1H NMR showed a 14/86 ratio of starting material (trans-
8)/product (cis-9). Less-stable cis-9: 1H NMR (300 MHz, CDCl3, 25°C) δ 7.63 – 7.58 (m, 4H), 7.45
(br d, J = 8.4 Hz, 1H), 7.42 (d, J = 8.4 Hz, 1H), 7.32 – 7.26 (m, 2H), 7.19 (d, J = 8.4 Hz, 1H), 7.16 (br
t, J = 7.7 Hz, 1H), 7.02 (br t, J = 7.7 Hz, 1H), 6.31 (dd, J = 8.4, 2.6 Hz, 1H), 5.94 (d, J = 2.6 Hz, 1H),
3.51 (dd, J = 10.1, 7.3 Hz, 1H), 3.33 (dd, J = 12.4, 10.1 Hz, 1H), 2.99 (s, 3H), 2.76 (ddq, J = 12.4, 7.3,
7.0 Hz, 1H), 1.10 (d, J = 7.0 Hz, 1H).

The mixture of trans-8/cis-9 14/86 was dissolved in n-hexane and heated at 60°C for 24 h. The
solvent was removed under reduced pressure and 1H NMR revealed a quantitative conversion to stable
isomer cis-8.

Trans-2-methoxy-9-(2',3'-dihydro-2'-methylequatorial-1'H-naphtho[2,1-b]thiopyran-1'-ylidene)-9H-
thioxanthene (trans-9) Cis-8 (25 mg, 5.70 × 10–2 mmol) was dissolved in 3 mL of n-hexane/CH2Cl2

10/1. This solution was irradiated for 12 h at 10°C. After evaporation of solvents under reduced
pressure, less-stable trans-9 was obtained. 1H NMR showed an 11/89 ratio of starting material (cis-
8)/product (trans-9). Less-stable trans-9: 1H NMR (300 MHz, CDCl3, 25°C) δ 7.60 (d, J = 8.7 Hz),
7.57 (d, J = 8.2 Hz, 1H), 7.50 (d, J = 8.7 Hz, 1H), 7.44 (d, J = 8.7 Hz, 1H), 7.41 (d, J = 8.7 Hz, 1H),
7.31 (d, J = 7.7 Hz, 1H), 7.19 (d, J = 2.6 Hz, 1H), 7.13 (br t, J = 7.7 Hz, 1H), 6.99 (br t, J = 7.7 Hz,
1H), 6.85 (dd, J = 8.7, 2.6 Hz, 1H), 6.71 (ddd, J = 7.7, 6.9, 1.1 Hz, 1H), 6.42 – 6.36 (m, 2H), 3.85 (s,
3H), 3.52 (dd, J = 9.9, 7.3 Hz, 1H), 3.32 (dd, J = 12.1, 9.9 Hz, 1H), 2.74 (ddq, J = 12.1, 7.3, 7.0 Hz,
1H), 1.17 (d, J = 7.0 Hz, 3H).

X-ray Crystallography of Racemic (2’R*)-(P*)-trans-9 After irradiation of solution of racemic cis-
8 in n-hexane, the solution was evaporated under reduced pressure to concentrate to half its original
volume. The concentrated solution was cooled to 5°C in a refrigerator to yield colorless block-shaped
crystals of less-stable trans-9 suitable for X-ray diffraction. A single crystal (dimensions of 0.50 ×
0.50 × 0.40 mm) was selected for data collection and mounted on an Enraf-Nonius CAD-4F1

diffractometer, interfaced to a Debian-Linux computer (Mo tube, 50 kV, 40 mA, monochromated Mo-
Kα radiation (0.71073 Å), ∆ω = 1.15 + 0.34 tg θ). Unit cell parameters and orientation matrix were
determined from a least-squares treatment of the SET4 setting angles of 22 reflections in the range
17.90° < θ < 20.10°. The crystal data of (2’R*)-(P*)-trans-olefin 9: C28H22OS2, Mr = 438.61;
monoclinic; space group P21/c; a = 14.570(1), b = 7.376(1), c = 20.858(1) Å; β = 100.904(5)°; V =
2201.1(4) Å3; Z = 4; Dx = 1.324 g cm–3. The intensities of three standard reflections, monitored every
three hours of X-ray exposure time, showed no greater fluctuations during data collection than those
expected from Poisson statistics. The structure was solved by Patterson methods and extension of the
model was accomplished by direct methods applied to difference structure factors using the program
DIRDIF. The positional and anisotropic displacement parameters for the non-hydrogen atoms were
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refined. A subsequent difference Fourier synthesis resulted in the location of all hydrogen atoms,
which coordinates and isotropic displacement parameters were refined. Final refinement on F2 carried
out by full-matrix least-squares techniques converged at wR(F2) = 0.1311 for 4783 reflections and
R(F) = 0.0440 for 3946 reflections with F0 ≥ 4.0 σ(F0) and 368 parameters. The final difference
Fourier map was essential featureless: no significant peaks (0.32(6) e/Å 3) having chemical meaning
above the general background were observed.

A mixture of cis-8/trans-9 11/89 was dissolved in n-hexane and heated at 60°C for 24 h. The solvent
was removed under reduced pressure and 1H NMR revealed a quantitative conversion to stable isomer
trans-8.

Photochemical and Thermal Behavior of (2’R)-(M)-trans-8, (2’R)-(P)-cis-9, (2’R)-(M)-cis-8, and
(2’R)-(P)-trans-9 Analyzed Using CD Spectroscopy (section 5.6).

A solution of (2’R)-(M)-trans-8 in n-hexane (concentration: 3.0 × 10–5 M) was irradiated for 1 h at
10°C. The CD spectrum of the photostationary state confirmed formation of less-stable isomer (2’R)-
(P)-cis-9 and the accompanied (M)- to (P)-helix inversion. Subsequently, the sample was heated to
60°C for 24 h. A CD spectrum revealed a quantitative conversion to stable-isomer (2’R)-(M)-cis-8 and
the accompanied (P)- to (M)-helix inversion.

A solution of (2’R)-(M)-cis-8 in n-hexane (concentration: 3.0 × 10–5 M) was irradiated for 1 h at 10°C.
The CD spectrum of the photostationary state confirmed formation of less-stable isomer (2’R)-(P)-
trans-9 and the accompanied (M)- to (P)-helix inversion. Subsequently, the sample was heated to
60°C for 24 h. A CD spectrum revealed a quantitative conversion to stable-isomer (2’R)-(M)-trans-8
and the accompanied (P)- to (M)-helix inversion.
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