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Chapter 7

Light-driven Molecular Motors1

Part III: Naphthalene Upper Part

7.1 Introduction

The development of the second generation of light-driven molecular motors was presented in chapters
5 and 6. These light-driven molecular motors (scheme 7.1) were able to perform a 360° unidirectional
rotation around the central double bond by a combination of two photochemical and two thermal steps
(chapter 5).2 Furthermore, the Gibbs energy of activation (∆G‡) of the thermal step was adjusted by
varying atoms X, in the upper part, and Y in the lower part of the motor (chapter 6). The speed of
rotation is directly correlated to the height of the Gibbs energy of activation (∆G‡) of the two thermal
steps of the four-step rotary process. During a thermal conversion the upper and lower part of the
motor must move along each other. The more the upper and lower parts are pushed towards each
other by increasing distances d1 and d2 (scheme 7.1) the higher is the steric hindrance in the fjord
region of the motor, which results in higher Gibbs energies of activation (∆G‡).3 Accordingly, the
larger atoms X and Y, and the longer the bond lengths with their surrounding carbon atoms, the
slower the thermal conversion takes place.3
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Scheme 7.1

As depicted in scheme 7.1 the second generation of molecular motors contains a phenanthrene moiety
as the upper part of the molecule. To speed up the rotation process an attempt was undertaken to
decrease the steric repulsion in the fjord region of the motor molecules. The phenanthrene moiety was
replaced and four new molecular motors with a smaller naphthalene moiety as upper part were
synthesized (scheme 7.1). In this chapter the synthesis of the new motors will be presented as well as
their rotation behavior.
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It should be emphasized that changing the upper part from a phenanthrene moiety to a naphthalene
moiety possibly gives rise to an undesired side reaction (scheme 7.2). Upon irradiation, an
intramolecular ring closing reaction, followed by an irreversible oxidative coupling reaction with the
loss of hydrogen, could take place. This reaction is reminiscent of the photochemical conversion of
stilbene into phenanthrene (section 1.2.4).3b,4
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Scheme 7.2 Possible ring closure of molecular motors with naphthalene upper part.

7.2 Synthesis of Overcrowded Alkenes 11 – 14

Four new overcrowded alkenes 11 – 14 with a naphthalene upper part were synthesized analogously
to the second generation of molecular motors described in chapters 5 and 6.
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Scheme 7.3 Synthesis of upper part 2.

Refluxing 2-methyl-3,4-dihydro-1(2H)-naphthalenone (1, commercially available) in ethanol in the
presence of an excess of hydrazine monohydrate afforded hydrazine 2 (upper part) in a yield of 87%
(scheme 7.3). Four different thioketones 3 – 6 were employed as lower parts; the synthesis is
presented in chapter 6, except for thioketone 5, preparation of which is described in the experimental
section of this chapter (section 7.7).5

To couple the upper part with thioketones 3 – 6, hydrazine 2 was converted into its unstable, purple,
diazo analog 2a (scheme 7.4). Because of unstability, diazo compound 2a was not isolated but was
reacted in situ with thioketones 3, 4, 5, and 6, respectively. Thus, episulfides 7 – 10 were obtained in
yields of 30 to 48% (table 7.1). Desulfurization in the usual way with Cu-bronze in refluxing p-xylene
(method A) was only successful for episulfides 7 and 8. Desulfurization of episulfides 9 and 10 was
achieved with PPh3 in refluxing toluene (method B). The desired alkenes 11 – 14 were isolated with
yields between 70 and 95% (table 7.1).
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Scheme 7.4 Synthesis of molecular motors 11 – 14.

Table 7.1 Yields of the diazo-thioketone coupling reaction yielding episulfides 7 – 10. Yields of the
desulfurization reaction giving alkenes 11 – 14. Coupling constants of protons H(2’)eq.

Y episulfide yield
(%)

alkene method yield
(%)

coupling
constants (J (Hz))

S 7 48 11 A 94 H(2’)eq: 6.6, 6.6
C(CH3)2 8 43 12 A 95 H(2’)eq: 6.6, 4.0
CH2CH2 9 45 13 B 71 H(2’)eq: 6.6, 6.2
CHCH 10 30 14 B 70 H(2’)eq: 6.6, 5.9

The new motors 11 – 14 were characterized by 1H, 13C, COSY, and NOESY NMR and high
resolution mass spectrometry. NMR Studies revealed that the methyl substituents at the upper part of
the motors all adopted a pseudoaxial orientation. This followed from coupling constants between 4.0
and 6.6 Hz for the adjacent protons H(2’), confirming their equatorial orientation (table 7.1). This was
assured by X-ray analysis (section 7.3).

7.3 X-Ray Analysis of Overcrowded Alkene 14

Crystals, suitable for X-ray analysis, of overcrowded alkene 14 were obtained be recrystallization
from n-hexane. The PLUTO drawing of overcrowded alkene 14 revealed the methyl substituent at the
upper part of the molecule to adopt an axial orientation which is in accordance with the 1H NMR
studies (table 7.1). In addition, the dibenzoheptene lower part has a folded shape. These findings
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corresponded with structural properties found for the second generation of molecular motors
presented in chapters 5 and 6. Detailed structural features are contemplated in section 7.5.
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Figure 7.1 PLUTO drawing of overcrowded alkene 14. Atom numbering according to IUPAC
nomenclature.

7.4 Photochemical and Thermal Behavior of 11 – 14

The new motors (stable isomers) were first irradiated to obtain their less-stable analogs to investigate
the speed of the reverse, thermal conversion. Motors 11 – 14 have symmetric lower parts with the
consequence that one photochemical and one thermal conversion gives a structure identical to the
starting compound (scheme 7.5) (see also section 6.1).

The motor with the lowest Gibbs energy of activation at room temperature (∆‡Gθ = 21.9 kcal mol–1)
found hitherto performed its thermal conversion at room temperature with a half-life of approximately
40 min (motor 25, chapter 6). Since the steric hindrance in the new class of motors was expected to be
considerably lower than in the motors presented previously (chapter 6), the thermal conversions of
motors 11 – 14 were anticipated to be much faster at room temperature. We therefore decided to
irradiate motors 11 – 14 at –40°C to avoid a direct thermal conversion to the starting compounds and
thus to be able to monitor the formation of the less-stable isomers. The irradiation experiments were
performed in a UV-apparatus cooled to –40°C (see experimental section). The photochemical
conversions were followed by recording UV-spectra at regular time intervals until photostationary
states were reached. In case of a successful photochemical conversion of a stable isomer into a less-
stable isomer, a UV-spectrum of a mixture of the stable and less-stable isomer would be obtained
(photostationary state). By heating such a sample to room temperature, or even higher temperatures,
the UV-spectrum of the stable isomer should come back in case of a successful consecutive thermal
conversion. This approach would only give qualitative indications of formation of less-stable isomers
since pure less-stable isomers were not available, let alone their UV-spectra to calculate ratios at
photostationary states. Quantitative data such as the exact ratios between stable and less-stable
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isomers at photostionary states, were envisioned to be obtained in the next stage only if reversible
processes (i.e. rotation behavior) would be observed during the just-described initial irradiation
experiments.
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Scheme 7.5

Table 7.2 UV-data of motors 11 – 14 at room temperature with n-hexane as solvent.

motor λ (nm)      ∆ε (1000 cm2 mol–1)

11 273 (25600) 321 (10900)
12 297 (16100)
13 274 (14300)
14 224 (41200) 227 (41300) 264 (21800) 277 (23700)

Table 7.3 Irradiation conditions and results. Irradiation experiments were performed in UV-cuvets
with n-hexane as solvent at –40°C, Hg-lamp.

motor conc. (M) filtera PSS result upon heating

11 1.36 × 10–5 313 nm 2 h irreversible product
12 2.53 × 10–5 313 nm 6 min irreversible product
13 2.75 × 10–5 313 nm 2 h irreversible product
14 2.41 × 10–5 313 nm 20 min reversible product

abandwidth of applied filter = 10 nm

The irradiation conditions and results are presented in table 7.3 (more details in experimental section).
Photostationary states were reached in 6 min to 2 h with the use of a 313 nm filter. As indicated in
table 7.3, application of heat to the irradiated samples (to temperatures as high as 60°C for 18 h) did
not lead to reversal to the starting compound in case of motors 11 – 13. Therefore, the conclusion was
drawn that irreversible products were formed instead. Possibly, an irreversible intramolecular ring
closure took place, as discussed in section 7.1. Only motor 14 showed the desired rotation since the
sample underwent reversal, though not complete, toward starting compound by heating at 60°C for 18
h. Irradiation experiments were repeated applying a pyrex filter (>280 nm) and photostationary states
were reached within seconds since a pyrex filter effects light of more intensity than a 313 nm filter
(band width = 10 nm). However, same UV-spectra (i.e. same products) were found as compared to
spectra obtained with the 313 nm filter (table 7.3).
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To characterize the irradiation products, the irradiation experiments were repeated on a larger scale in
NMR-tubes (table 7.4). These experiments were carried out at room temperature since no subsequent
thermal conversions of irradiated samples 11 – 13 were observed during the initial, above-described,
experiments while irradiated 14 required prolonged heating at 60°C for the reverse, thermal
conversion.

Irradiation of compounds 11 and 13 gave indefinite black precipitates and no further attempts were
undertaken to characterize these products. Irradiation of compound 12 revealed a partial conversion to
a single product (15, scheme 7.6). A 47/53 ratio of starting material versus product was established at
the photostationary state.

Table 7.4 Conditions and results of irradiation experiments in NMR-tubes at room temperature.

compound conc. (M) filter solvent PSS ratio
substrate/product b

11 9.8 × 10–3 pyrex toluene-d8 21 ha indefinite product
12 9.5 × 10–3 pyrex benzene-d6 21 h 47/53
13 9.1 × 10–3 pyrex benzene-d6 21 ha indefinite product
14 1.0 × 10–2 pyrex benzene-d6 11 h 32/68

aNo photostationary state was reached but experiments were stopped. bRatios of substrate (compounds 11 – 14)
versus product at PSS.

Meax hν Me Me

12 15a 15

– H2

HRMS: 350.2039 HRMS: 348.1891

Scheme 7.6 Formation of ring closed product 15.

Presumably, an electrocyclic ring closure gave intermediate 15a, which lost hydrogen to yield
compound 15. This sequence of events was foreseen to be a possible but undesired side process as
mentioned in section 7.1 (scheme 7.2).2b,3 Separation of starting material and product was not
attempted since the 1H NMR-spectrum of the mixture already allowed the identification of product 15.
An exact mass spectrum of the reaction mixture showed the appearance of a peak at 348.1891, not
present in the mass spectrum of pure 12, which confirmed the loss of hydrogen.

Irradiation of stable motor 14 for 11 h applying a pyrex filter gave a clean photochemical conversion
to less-stable isomer 14a in a 32/68 ratio (scheme 7.7; see table 7.4 for conditions). Ring closure was
not observed nor formation of any other side product. The isomers 14 and 14a were not separated.
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The 1H NMR-spectrum of the reaction mixture showed the absorptions of both isomers which enabled
characterization of less-stable 14a (table 7.5). 1H NMR revealed that the H(2’)-proton of 14a shifted
to higher field (from 3.34 to 2.68 ppm). Coupling constants of 5.9 and 11.8 Hz were found for H(2’),
which indicated that the adjacent methyl substituent adopted an energetically unfavorable equatorial
orientation. The absorption of the methyl substituent shifted to lower field from 0.61 to 1.00 ppm.
These findings are analogous to results obtained for motors presented in chapters 5 and 6.

Meax Meeq
hν, pyrex

benzene-d6
RT, 11 h

32/6814 14a

Meax∆

140/100

Scheme 7.7 Rotation behavior of motor 14.

Table 7.5 Chemical shift of the methyl substituent and H(2’) of stable 14 and less-stable 14a.
Coupling constants of H(2’) of less-stable 14a. Spectra recorded in benzene-d6.

motor
stable

δ Meax

(ppm)
δ Heq (ppm) and

coupling
constants (Hz)

product
less-

stable

  δ Meeq

  (ppm)
δ Hax (ppm) and

coupling
constants (Hz)

14 0.61 H(2’)eq: 3.34, J = 6.6, 5.9 14a  1.00 H(2’)ax: 2.68, J = 11.8, 5.9

Table 7.6 Thermodynamic parameters of the thermal conversion of isomer 14a into 14.

Ea = 22.6 ± 0.9 kcal mol–1 ∆‡Gθ (20°C) = 25.5 ± 0.1 kcal mol–1

∆H‡ = 21.9 ± 0.9 kcal mol–1 kθ (20°C) = 6.1 (± 1.0) × 10–7 s–1

∆S‡ = –12.2 ± 2.7 cal K–1 mol–1 t1/2
θ (20°C) = 314 ± 50 h

Heating the mixture of stable 14 and less-stable 14a resulted in a quantitative conversion to stable 14
(scheme 7.7). This result confirmed that, similar to the motors presented in chapters 5 and 6, the
thermal conversion is an energetically downhill process and that therefore the preceding
photochemical conversion is an energetically uphill process. The reaction rate of the thermal
conversion was measured at four different temperatures over a temperature range of 40 to 70°C. The
conversions of less-stable 14a into stable 14 were monitored by 1H NMR-spectra recorded at regular
time intervals and the integrals of the absorptions of the two different methyl substituents were
compared to determine the ratio between both isomers. The kinetics revealed that the thermal
conversion is first-order. The obtained energy parameters are presented in table 7.6 (see sections 1.1.6
and 6.5 for detailed information about kinetics).

A question is why motor 12 gave a ring closed product on irradiation and motor 14 showed rotation
behavior. Obviously, the dibenzocycloheptene lower part of 14 is more rigid than the thioxanthene
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lower part of 12. Apparently, the rigidity of motor 14 makes that a cis-trans isomerization is favored
over formation of a ring closed product which would be too sterically demanding.

7.5 Discussion

A remarkably high Gibbs energy of activation at room temperature of ∆‡Gθ = 25.5 ± 0.1 kcal mol–1

was found for the thermal conversion of less-stable 14a into stable 14. The Gibbs energy of activation
(∆‡Gθ) increased by 1.0 kcal mol–1 when compared with the phenanthrene substituted analog, motor
16 (scheme 7.8 and chapter 6).

Meeq

16a

Meax

16

Meeq

14a

Meax∆

14∆‡Gθ = 25.5 ± 0.1 kcal mol-1

∆

∆‡Gθ = 24.5 ± 0.05 kcal mol-1

fjord region

fjord region

Scheme 7.8 Comparison of Gibbs energies of activation at room temperature (∆‡Gθ) of motors 14 and
16.

Table 7.7 Thermodynamic parameters at room temperature of motors 14 and 16.

less-stable
motors

stable
motors

∆‡Gθ

(kcal mol–1)
kθ

(s–1)
t1/2

θ

(h)

14a 14 25.5 ± 0.1 6.1 (± 1.0) × 10–7 314 ± 50
16a 16 24.5 ± 0.05 3.2 (± 0.3) × 10–6 60 ± 5

Table 7.8 Activation parameters of motors 14 and 16.

less-stable
motors

stable
motors

∆‡Gθ

(kcal mol–1)
∆H‡

(kcal mol–1)
∆S‡

(cal K–1 mol–1)

14a 14 25.5 ± 0.1 21.9 ± 0.9 –12.2 ± 2.7
16a 16 24.5 ± 0.05 21.9 ± 0.8 –8.9 ± 2.7

The half-life at room temperature (t1/2
θ) of less-stable 14a was found to be 314 h, which is more than

five times longer than the half-life time (t1/2
θ = 60 h) of less-stable 16a (table 7.7). This is a surprising
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result, since the phenanthrene substituted motor 16 is sterically much more demanding in the fjord
region than motor 14 (with a smaller naphthalene upper part). Evidently, the encountered steric
repulsion during a thermal conversion is not the sole parameter governing the height of the Gibbs
energy of activation (∆‡Gθ).

To find possible additional causes affecting the Gibbs energy of activation (∆‡Gθ) X-ray structures of
motors 14 and 16 were compared (scheme 7.9). The X-ray analysis of motor 16 was presented
previously in section 6.3.
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Scheme 7.9 PLUTO drawings of motors 14 and 16 with numbered atoms according to IUPAC
nomenclature.

Table 7.9 Relevant torsion angles of motors 14 and 16. Torsion angles at identical positions in both
molecules are placed at one row in order to simplify comparison. Atom numbers, however, do differ
since both motors adopt different atom numbering schemes according to IUPAC nomenclature.

folding of lower part

motor atoms torsion angle (°) motor atoms torsion angle (°)
14 1’ – 5 – 5a – 6 62.00 16 4’ – 5 – 5a – 6 57.20
14 1’ – 5 – 4a – 4 –65.37 16 4’ – 5 – 4a – 4 –60.09

folding of central double bond

motor atoms torsion angle (°) motor atoms torsion angle (°)
14 4a – 5 – 1’ – 2’ –4.85 16 4a – 5 – 4’ – 3’ –3.29
14 5a – 5 – 1’ – 8a’ –2.77 16 5a – 5 – 4’ – 4a’ –0.67

conformation of cyclohexene ring
motor atoms torsion angle (°) motor atoms torsion angle (°)

14 5 – 1’ – 8a’ – 4a’ –136.16 16 5 – 4’ – 4a’ – 10a’ –119.55
14 5 – 1’ – 2’ – 3’ –203.61 16 5 – 4’ – 3’ – 2’ –121.02
14 1’ – 8a’ – 4a’ – 4’ –7.21 16 4’ – 4a’ – 10a’ – 1’ 1.13
14 1’ – 2’ – 3’ – 4’ 28.70 16 4’ – 3’ – 2’ – 1’ 2.36
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The relevant torsion angles outlined in table 7.9 indicate that the shape of the dibenzoheptene lower
parts of both motors 14 and 16 do not differ significantly. Folding angles around 60° were established
for both molecules. The same holds for the folding of the central double bond. Comparable torsion
angles were found, not larger than 5°. Considerable conformational differences were found between
the cyclohexene rings of motors 14 and 16. The small torsion angles of atoms 4’ – 4a’ – 10a’ – 1’
(1.13°) and of atoms 4’ – 3’ – 2’ – 1’ (2.36°) as well as the values for torsion angles 5 – 4’ – 4a’ –
10a’ (–119.55°) and 5 – 4’ – 3’ – 2’ (–121.02°) clearly quantify a boat conformation of the
cyclohexene ring of motor 16. This appeared not to be the case for motor 14. Torsion angles of the
cyclohexene ring indicate a conformation much more tending to a twisted boat. Apparently, the severe
steric repulsion in the fjord region of motor 16 enforces the cyclohexene ring to adopt an energetically
unfavorable boat conformation, whereas the lesser steric hindrance in motor 14 gave more
conformational freedom to the cyclohexene ring to allow an energetically favorable twisted boat
conformation.

Preliminary molecular mechanics calculations (MOPAC) have shown that the same conformational
differences exist for unstable isomers 14a and 16a. This implies that 16a adopts an energetically
unfavorable boat conformation while 14a has an energetically more favorable twisted boat
conformation. We therefore suggest that the Gibbs energy at room temperature (∆Gθ) of motor 14a is
‘relatively’* lower than that of motor 16a. The higher Gibbs energy of activation at room temperature
(∆‡Gθ) of motor 14a can now be explained by realizing that during thermal transition, 14a first has to
adopt an energetically unfavorable boat conformation before upper and lower part can pass eachother.
Isomer 16a already has the unfavorable boat conformation which means it can directly start with the
passing movement of upper and lower part during thermal transition. Thus, the energetically more
favorable twisted boat conformation of motor 14a is responsible for a ‘relatively’* low Gibbs energy
at room temperature (∆Gθ) and inflicts the additional, energy consuming,  conformational change 14a
has to make during thermal transition. These two factors are responsible for the fact that the gap
between the Gibbs energy at room temperature (∆Gθ) and the Gibbs energy at transition state
(∆Gθ

transition), which is nothing else but the Gibbs energy of activation at room temperature (∆‡Gθ) (see
figure 7.2), is larger for 14a than for 16a.

Meax

Meeq

thermal step

∆Gθ

∆Gθ
transition

∆‡Gθ

∆Gθ

less-stable isomer

stable isomer

Figure 7.2 Schematic energy diagram of a thermal step.

*At this moment we can only suggest that the Gibbs energy at room temperature (∆Gθ) of motor 14a is
‘relatively’ lower than that of motor 16a. The absolute values have not been determined yet and it could well be
that the ‘absolute’ value of ∆Gθ of 14a is higher than that of 16a.
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Lastly, the results described in this chapter indicate in a preliminary fashion that, in addition to steric
hindrance, different ground state energies (∆Gθ) of molecular motors are another important factor in
determining differences of Gibbs energies of activation (∆‡Gθ) of thermal conversions. The
observation, described in chapter 6, that motors with a (thio)phenanthrene upper part display a strong
correlation between steric hindrance present in the fjord region and the Gibbs energy of activation
(∆‡Gθ) is due to the fact that all these motor molecules have similar shapes and their cyclohexene
rings all adopt a boat conformation. Therefore, ground state energies (∆Gθ) will not differ much and
will not cause drastical differences in Gibbs energies of activation (∆‡Gθ). However, when different
classes of motor molecules are compared (i.e. this chapter: phenanthrene versus naphthalene upper
part) predictions with respect to Gibbs energies of activation (∆‡Gθ) fail since differences in Gibbs
energies at room temperature (∆Gθ) are of such magnitude they become a parameter of influence. In
the near future, molecular modeling studies may be valuable contributions to this matter.

7.6 Conclusions

Four new potential motor molecules with a naphthalene upper part were successfully synthesized.
Upon irradiation only one of them (motor 14) showed rotation behavior. A remarkably high Gibbs
energy of activation at room temperature (∆‡Gθ = 25.5 kcal mol–1) was found for this motor when
compared with its phenanthrene substituted analog (∆‡Gθ = 24.5 kcal mol–1). X-Ray analyses revealed
distinct conformational differences between the cyclohexene rings of the naphthalene and
phenanthrene substituted motors 14 and 16, respectively. These effects were rationalized such that,
apart from steric repulsion in the fjord region, ground state energies (∆Gθ) play another dominant role
in determining Gibbs energies of activation of thermal conversions of molecular motors. Further
studies will be necessary to get more insight in these stereochemical effects.

7.7 Experimental Section

See chapter 2 (section 2.7) for general remarks.

2-methyl-3,4-dihydro-1(2H)-naphthalenone hydrazone (2) Ketone 1 (2.00 g, 12.49 mmol) was
refluxed overnight in a mixture of ethanol (15 mL) and hydrazine monohydrate (15 mL). After
cooling, the ethanol was evaporated in vacuo and the slightly yellow residue was dissolved in diethyl
ether. The organic layer was washed twice with water, dried (Na2SO4), and concentrated in vacuo to
yield pure 2 (1.90 g, 10.92 mmol, 87%) as a yellow oil. 1H NMR (300 MHz, CDCl3, 25°C) δ 7.95 –
8.00 (m, 1H), 7.14 – 7.20 (m, 2H), 7.07 – 7.11 (m, 1H), 5.38 (br, 2H), 3.10 – 3.20 (m, 1H), 2.92 –
3.04 (m, 1H), 2.65 (m, 1H), 1.94 – 2.06 (m, 1H), 1.75 – 1.84 (m, 1H), 1.17 (d, J = 7.3 Hz, 3H); 13C
NMR (50 MHz, CDCl3, 25°C) δ 150.18 (s), 137.22 (s), 132.52 (s), 128.39 (d), 127.64 (d), 126.10 (d),
124.16 (d), 28.46 (t), 25.96 (d), 25.20 (t), 13.65 (q); HRMS calcd for C11H14N2: 174.1157; found:
174.1162.

General procedure for the synthesis of thiiranes (episulfides). Under a nitrogen atmosphere, a
solution of hydrazone 2 (200 mg, 1.15 mmol) in CH2Cl2 (15 mL) was cooled to –10°C. MgSO4 (450
mg), Ag2O (450 mg), and a saturated solution of KOH in methanol (1 mL) were added successively.
After stirring the mixture for 30 min at –10°C a purple solution of the diazo compound was obtained.
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When only an orange or red color was observed more Ag2O and KOH in methanol were added and/or
the temperature was allowed to raise to 0°C. The purple solution was filtered into another ice-cooled
flash and the appropriate thioketone was added. Nitrogen evolution was observed and thioketone was
added until the nitrogen formation stopped and the purple color had disappeared. Stirring was
continued overnight and the reaction temperature was allowed to raise to room temperature. The
reaction mixture was concentrated in vacuo to give a residue ready for further purification.

Dispiro[2-methyl-3,4-dihydro-2H-naphthalene-1, 2’-thiirane-3’, 9’’-(9’’H)-thioxanthene] (7) See
general procedure for synthesis of thiiranes. Starting from hydrazone 2 (200 mg, 1.15 mmol) and
thioketone 3 (182 mg, 0.80 mmol), thiirane 7 was obtained as a white solid (204 mg, 0.55 mmol, 48%
yield based on hydrazone) after recrystallization from ethanol. 1H NMR (300 MHz, CDCl3, 25°C) δ
7.81 (dd, J = 7.3, 1.5 Hz, 1H), 7.73 (dd, J = 7.3, 1.1 Hz, 1H), 7.44 (dd, J = 7.3, 1.5 Hz, 1H), 7.20 –
7.31 (m, 2H), 7.10 – 7.15 (m, 3H), 6.98, (t, J = 7.3 Hz, 1H), 6.83 – 6.91 (m, 2H), 6.66 (t, J = 7.3 Hz,
1H), 2.76 – 2.85 (m, 2H), 2.00 – 2.15 (m, 1H), 1.43 – 1.52 (m, 1H), 1.24 – 1.38 (m, 1H), 0.98 (d, J =
7.0 Hz, 3H); 13C NMR (50 MHz, CDCl3, 25°C) δ 136.98 (s), 135.23 (s), 134.99 (s), 133.96 (s),
133.17 (s), 130.05 (s), 129.97 (d), 128.90 (d), 128.49 (d), 126.55 (d), 125.58 (d), 125.54 (d), 125.24
(d), 125.24 (d), 125.17 (d), 124.81 (d), 124.01 (d), 122.28 (d), 65.05 (s), 64.88 (s), 33.58 (d), 25.32 (t),
22.91 (t), 17.06 (q); HRMS calcd for C24H20S2: 372.1006; found: 372.0991.

9-(2-Methylaxial-3,4-dihydro-2H-naphthalen-1-ylidene)-9H-thioxanthene (11) To a solution of
thiirane 7 (80 mg, 0.22 mmol) in p-xylene (10 mL), Cu-bronze (55 mg, 0.88 mmol) was added. The
resulting suspension was refluxed overnight. The mixture was carefully filtered while hot and the
residue was washed with p-xylene. The filtrate was concentrated in vacuo to yield pure 11 (70 mg,
0.21 mmol, 94%) as a white solid. 1H NMR (500 MHz, benzene-d6, 25°C) δ 7.46 (d, J = 7.0 Hz, 1H),
7.45 (d, J = 7.7 Hz, 1H), 7.40 (d, J = 7.7 Hz, 1H), 7.04 – 6.93 (m, 4H), 6.89 (dt, J = 7.3, 1.1Hz, 1H),
6.81 – 6.77 (m, 2H), 6.71 – 6.67 (m, 2H), 3.78 (ddq, J = 7.0, 6.6, 6.6 Hz, 1H), 2.78 (ddd, J = 15.4, 7.5,
7.2 Hz, 1H), 2.60 (ddd, J = 15.4, 6.4, 6.0 Hz, 1H), 2.16 (dddd, J = 7.2, 6.6, 6.6, 6.4 Hz, 1H), 1.35
(dddd, J = 7.5, 6.6, 6.6, 6.0 Hz, 1H), 0.63 (d, J = 7.0 Hz, 3H); 13C NMR (50 MHz, CDCl3, 25°C) δ
139.05 (s), 138.58 (s), 138.58 (s), 137.11 (s), 135.64 (s), 134.75 (s), 134.07 (s), 133.80 (s), 129.20 (d),
128.16 (d), 126.31 (d), 126.23 (d), 125.74 (d), 125.55 (d), 125.55 (d), 124.62 (d), 124.54 (d), 124.54
(d), 124.42 (d), 123.00 (d), 28.72 (t), 28.58 (d), 25.83 (t), 18.51 (q); HRMS calcd for C24H20S:
340.1286; found: 340.1283.

UV (n-hexane, λ (ε)): 273 nm (25600), 321 nm (10900)

Dispiro[2-methyl-3,4-dihydro-2H-naphthalene-1, 2’-thiirane-3’, 10’’-(9’’,9’’-dimethyl-9’’,10’’-
dihydro-anthracene)] (8) See general procedure for synthesis of thiiranes. Starting from hydrazone 2
(100 mg, 0.57 mmol) and thioketone 4 (70 mg, 0.29 mmol), thiirane 8 (94 mg, 0.25 mmol, 43% yield
based on hydrazone) was obtained as a white solid after recrystallization from ethanol. 1H NMR (300
MHz, CDCl3, 25°C) δ 8.08 – 8.05 (m, 1H), 7.81 (dd, J = 7.7, 1.5 Hz, 1H), 7.59 (dd, J = 7.7, 1.1 Hz,
1H), 7.50 (d, J = 7.7 Hz, 1H), 7.33 – 7.19 (m, 3H), 7.11 – 7.05 (m, 2H), 6.96 – 6.90 (m, 1H), 6.84 (t, J
= 7.3 Hz, 2H), 2.84 – 2.71 (m, 1H), 2.53 (m, 1H), 2.03 (m, 1H), 1.77 (s, 3H), 1.59 – 1.46 (m, 1H),
1.26 (s, 3H), 1.26 – 1.17 (m, 1H), 1.01 (d, J = 7.0 Hz, 3H); 13C NMR (50 MHz, CDCl3, 25°C) δ
147.33 (s), 147.03 (s), 137.99 (s), 137.99 (s), 134.98 (s), 133.85 (s), 132.03 (d), 131.02 (d), 128.34
(d), 127.93 (d), 127.25 (d), 127.17 (d), 126.89 (d), 125.09 (d), 124.58 (d), 124.50 (d), 124.10 (d),
123.07 (d), 66.18 (s), 65.48 (s), 39.39 (s), 35.28 (d), 34.32 (q), 27.91 (q), 24.74 (t), 24.30 (t), 19.09
(q); HRMS calcd for C27H26S: 382.1755; found: 382.1744.
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9,9-dimethyl-10-(2-methylaxial-3,4-dihydro-2H-naphthalen-1-ylidene)-9,10-dihydro-anthracene
(12) To a solution of thiirane 8 (80 mg, 0.21 mmol) in p-xylene (10 mL), Cu-bronze (40 mg, 0.63
mmol) was added. This suspension was refluxed overnight. The mixture was carefully filtered while
hot and the residue was washed with p-xylene. The filtrate was concentrated in vacuo to yield pure 12
(70 mg, 0.20 mmol, 95%) as a light yellow solid. 1H NMR (500 MHz, CDCl3, 25°C) δ 7.56 – 7.54
(m, 1H), 7.51 – 7.50 (m, 1H), 7.42 (d, J = 7.3 Hz, 1H), 7.21 – 7.20 (m, 2H), 7.15 (d, J = 7.7 Hz, 1H),
7.10 – 6.98 (m, 2H), 6.87 – 6.79 (m, 3H), 6.69 (d, J = 7.7 Hz, 1H), 3.97 (ddq, J = 7.0, 6.6, 4.0 Hz,
1H), 2.96 (ddd, J = 15.7, 7.7, 7.5 Hz, 1H), 2.85 (ddd, J = 15.7, 6.2, 6.2 Hz, 1H), 2.44 (dddd, J = 13.2,
7.5, 6.6, 6.2 Hz, 1H), 1.88 (s, 3H), 1.64 (dddd, J = 13.2, 7.7, 6.2, 4.0 Hz, 1H), 1.61 (s, 3H), 0.65 (d, J
= 7.0 Hz, 3H); 13C NMR (50 MHz, CDCl3, 25°C) δ 147.17 (s), 146.51 (s), 140.10 (s), 139.06 (s),
138.41 (s), 136.47 (s), 136.30 (s), 130.74 (s), 130.17 (d), 128. 95 (d), 127.37 (d), 126.94 (d), 126.70
(d), 126.13 (d), 125.90 (d), 124.93 (d), 124.67 (d), 124.40 (d), 123.13 (d), 122.70 (d), 40.31 (s), 30.04
(t), 29.90 (d), 29.62 (q), 27.26 (t), 24.47 (q), 19.44 (q); HRMS calcd for C27H26: 350.2035; found:
350.2039.

UV (n-hexane, λ (ε)): 297 nm (16100)

10,11-Dihydro-dibenzo[a,d]cycloheptene-5-thione (5)5 10,11-Dihydro-dibenzo[a,d]cycloheptene-5-
one (2.00 g, 9.62 mmol) was dissolved in toluene (45 mL). P2S5 (8.60 g, 38.69 mmol, ~4 eq.) was
added and this mixture was refluxed overnight. After cooling, the mixture was filtered and the residue
was washed three times with hot toluene. The combined toluene layers were concentrated in vacuo to
yield a blue oil. The oil was purified by column chromatography (silica gel, n-hexane/CH2Cl2 1/1, Rf

= 0.40 for starting ketone, Rf = 0.80 for product) to yield pure 5 (1.25 g, 55.80 mmol, 58%) as a blue
solid. 1H NMR (300 MHz, CDCl3, 25°C) δ 7.74 (dd, J = 7.7, 1.1 Hz, 2H), 7.34 (dt, J = 7.7, 1.1 Hz,
2H), 7.18 (dt, J = 7.7, 1.1 Hz, 2H), 7.10 (d, J = 7.7 Hz, 2H), 3.16 (s, 4H); 13C NMR (125 MHz,
CDCl3, 25°C) δ 246.53 (s), 149.27 (s), 136.37 (s), 130.88 (d), 129.44 (d), 128.87 (d), 126.18 (d),
33.73 (t); HRMS calcd for C15H12S: 224.0660; found: 224.0669.

Dispiro[2-methyl-3,4-dihydro-2H-naphthalene-1, 2’-thiirane-3’, 5’’-(10’’,11’’-dihydro-5’’H-
dibenzo[a,d]cycloheptene)] (9) See general procedure for synthesis of thiiranes. Starting from
hydrazone 2 (400 mg, 2.30 mmol) and thioketone 5 (412 mg, 1.84 mmol), thiirane 9 (380 mg, 1.03
mmol, 45% yield based on hydrazone) was obtained as yellow crystals after recrystallization from
ethanol. 1H NMR (300 MHz, CDCl3, 25°C) δ 7.81 (dd, J = 7.7, 1.5 Hz, 1H), 7.72 (dd, J = 7.7, 1.5 Hz,
1H), 7.22 – 6.95 (m, 7H), 6.78 (d, J = 8.1 Hz, 2H), 6.60 (t, J = 7.7 Hz, 1H), 3.41 – 3.34 (m, 1H), 3.19
– 2.90 (m, 4H), 2.32 – 2.14 (m, 2H), 1.70 – 1.59 (m, 2H), 1.14 (d, J = 6.6 Hz, 3H); 13C NMR (50
MHz, CDCl3, 25°C) δ 141.26 (s), 138.15 (s), 137.86 (s), 137.27(s), 135.68 (s), 132.43 (s), 131.26 (s),
131.19 (s), 131.15 (s), 129.85 (d), 127.98 (d), 127.71 (d), 127.46 (d), 126.94 (d), 126.77 (d), 125.92
(d), 125.26 (d),124.03 (d), 70.73 (s), 65.71 (s), 34.91 (d), 33.36 (t), 29.75 (t), 26.59 (t), 24.48 (t),
19.04 (q); HRMS calcd for C26H24S: 368.1599; found: 368.1591.

5-(2-Methyl-3,4-dihydro-2H-naphthalen-1-ylidene)-10,11-dihydro-5H-dibenzo[a,d]cycloheptene
(13) To a solution of thiirane 9 (167 mg, 0.45 mmol) in toluene (5 mL), PPh3 (238 mg, 0.91 mmol)
was added. This mixture was refluxed overnight. After cooling, the solvent was evaporated in vacuo
to yield a yellow residue. Column chromatography (silica gel, n-hexane/CH2Cl2 15/2, Rf = 0.41 for
13) gave pure 13 (107 mg, 0.32 mmol, 71%) as a colorless oil which solidified upon standing. 1H
NMR (500 MHz, CDCl3, 25°C) δ 7.26 – 7.14 (m, 4H), 7.09 (d, J = 7.7 Hz, 1H), 7.05 – 6.98 (m, 3H),
6.78 (dt, J = 7.7, 0.7 Hz, 1H), 6.75 – 6.73 (m, 2H), 6.68 (dd, J = 7.7, 1.1 Hz, 1H), 3.61 (ddd, J = 14.1,
12.1, 5.1 Hz, 1H), 3.49 (ddd, J = 16.5, 5.1, 5.1 Hz, 1H), 3.27 (ddq, J = 7.0, 6.6, 6.2 Hz, 1H), 2.97
(ddd, J = 16.5, 12.1, 5.1 Hz, 1H), 2.84 (ddd, J = 14.1, 5.1, 5.1 Hz, 1H), 2.83 – 2.76 (m, 2H), 2.24
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(dddd, J = 13.2, 6.6, 6.6, 6.6 Hz, 1H), 1.47 (dddd, J = 13.2, 6.6, 6.6, 6.6 Hz, 1H), 0.70 (d, J = 7.0 Hz,
3H); 13C NMR (50 MHz, CDCl3, 25°C) δ 143.01 (s), 140.73 (s), 139.76 (s), 138.62 (s), 138.18 (s),
137.29 (s), 135.94 (s), 135.16 (s), 130.82 (d), 130.08 (d), 129.85 (d), 128.28 (d), 127.30 (d), 127.00
(d), 126.90 (d), 126.50 (d), 126.36 (d), 125.86 (d), 125.53 (d), 124.46 (d), 33.18 (t), 31.51 (t), 31.04
(d), 30.53 (t), 27.44 (t), 18.59 (q); HRMS calcd for C26H24: 336.1878; found: 336.1872.

UV (n-hexane, λ (ε)): 274 nm (14300)

Dispiro[2-methyl-3,4-dihydro-2H-naphthalene-1, 2’-thiirane-3’, 5’’(5’’H-dibenzo[a,d]cyclohep-
tene)] (10) See general procedure for synthesis of thiiranes. Starting from hydrazone 2 (200 mg, 1.15
mmol) and thioketone 6 (150 mg, 0.67 mmol), thiirane 10 (126 mg, 0.34 mmol, 30% yield based on
hydrazone) was obtained as a white solid after recrystallization from ethanol. 1H NMR (300 MHz,
CDCl3, 25°C) δ 7.91 (d, J = 7.7 Hz, 1H), 7.78 (d, J = 7.7 Hz, 1H), 7.39 – 7.24 (m, 4H), 7.08 (dt, J =
7.3, 1.1 Hz, 1H), 6.96 (d, J = 11.7 Hz, 1H), 6.88 – 6.84 (m, 3H), 6.68 – 6.44 (m, 3H), 2.97 – 2.71 (m,
2H), 2.30 – 2.18 (m, 1H), 1.44 – 1.36 (m, 1H), 1.27 – 1.18 (m, 1H), 1.02 (d, J = 7.0 Hz, 3H); 13C
NMR (50 MHz, CDCl3, 25°C) δ 138.48 (s), 137.83 (s), 136.57 (s), 134.90 (s), 134.12 (s), 132.21 (s),
131.91 (d), 131.33 (d), 130.19 (d), 129.98 (d), 129.54 (d), 128.38 (d), 127.88 (d), 127.82 (d), 127.74
(d), 126.87 (d), 126.76 (d), 126.42 (d), 126.13 (d), 123.54 (d), 69.92 (s), 65.18 (s), 34.54 (d), 26.75 (t),
24.29 (t), 19.62 (q); HRMS calcd for C26H22S: 366.1442; found: 366.1431.

5-(2-Methylaxial-3,4-dihydro-2H-naphthalen-1-ylidene)-5H-dibenzo[a,d]cycloheptene (14) To a
solution of thiirane 10 (100 mg, 0.27 mmol) in toluene (5 mL), PPh3 (143 mg, 0.54 mmol) was added.
This mixture was refluxed overnight. After cooling, the solvent was evaporated in vacuo to yield an
oily residue. Column chromatography (silica gel, n-hexane/CH2Cl2 5/1, Rf = 0.45 for 14) gave pure 14
(63 mg, 0.19 mmol, 70%) as a white solid. 1H NMR (500 MHz, CDCl3, 25°C) δ 7.44 – 7.33 (m, 4H),
7.25 (dt, J = 8.1, 1.8 Hz, 1H), 7.16 (dt, J = 7.3, 1.1 Hz, 1H), 7.07 – 7.04 (m, 4H), 6.96 (dt, J = 7.3, 1.1
Hz, 1H), 6.83 (dd, J = 7.7, 0.7 Hz, 1H), 6.64 (t, J = 7.7 Hz, 1H), 6.21 (dd, J = 7.1, 1.1 Hz, 1H), 3.23
(ddq, J = 6.6, 6.6, 5.9 Hz, 1H), 2.82 (ddd, J = 15.8, 7.3, 7.0 Hz, 1H), 2.76 (ddd, J = 15.8, 6.6, 6.6 Hz,
1H), 2.24 (dddd, J = 13.2, 7.0, 6.6, 6.6 Hz, 1H), 1.44 (dddd, J = 13.2, 7.3, 6.6, 5.9 Hz, 1H), 0.57 (d, J
= 6.6 Hz, 3H); 13C NMR (50 MHz, CDCl3, 25°C) δ 140.76 (s), 139.76 (s), 139.55 (s), 138.76 (s),
135.27 (s), 135.22 (s), 135.04 (s), 134.42 (s),131.22 (d), 131.14 (d), 130.19 (d), 128.43 (d), 128.18
(d), 128.03 (d), 127.97 (d),127.94 (d), 127.55 (d), 127.05 (d), 126.27 (d), 126.15 (d), 126.15 (d),
124.37 (d), 30.45 (t), 30.21 (d), 27.55 (t), 19.38 (q); HRMS calcd for C26H22: 334.1722; found:
334.1722.

UV (n-hexane, λ (ε)): 224 nm (41200), 227 nm (41300), 264 nm (21800), 277 nm (23700)

Crystal data for 14. C26H22, monoclinic, space group P21/c, a = 7.4391(4), b = 26.165(2), c =
9.2788(6) Å, V = 1804.8(2) Å3, Z = 4, Dx = 1.231 g cm-3. A colorless colored block shaped crystal,
obtained by recrystallization from n-hexane, with the dimensions of 0.480 × 0.300 × 0.210 mm
mounted on a glass filter was aligned on a Bruker SMART APEX CCD diffractometer (Platform with
full three circle goniometer). The crystal was cooled to 90 K using the Bruker KRYOFLEX low-

temperature device. Intensity measurements were performed using graphite monochromated Mo-Kα
_

radiation from a sealed ceramic diffraction tube (SIEMENS). Generator settings were 50 KV/ 40 mA.
wR(F2) = 0.1098 for 3910 reflections and 323 parameters and R(F) = 0.0411 for 3449 reflections with
Fo  4.0 (Fo) criterion of observability.



Light-driven Molecular Motors, Part III

155

Photochemical and thermal conversions of compounds 11 – 14 at –40°C monitored by UV-
spectroscopy. A solution of compound 11 – 14 in n-hexane (UV-concentration) was transferred into a
UV-fluorescence-cuvet. The sample was cooled to –40°C (Peltier element controller) inside the UV-
spectrometer. Subsequently, the sample was irradiated (Irradiation experiments were carried out with
a 200 Watt high pressure mercury lamp (Oriel) using a 313 nm filter (band width ~10 nm, Ø = 5 cm)
(Andover Cooperation optical Filters) and a fiber optic. The distance between cuvet and light source
(fiber optic) was approximately 5 cm). At regular time intervals UV-spectra were recorded to monitor
conversion of starting material into product(s). Irradiation was ceased when UV-spectra did not
change anymore (photostationary state). Subsequently, the sample was allowed to raise to room
temperature and a UV-spectrum was recorded. The sample was left overnight at room temperature
and a UV-spectrum was recorded. Finally the sample was transferred to a flask equiped with a cooler
and refluxed for 24 h. After cooling the sample, another UV-spectrum was recorded. The
concentration of the sample changed to a little extent during this sequence of events. However, shapes
of the spectra could be compared conveniently to draw reliable conclusions.

Irradiation of compound 11. See general procedure. A solution of compound 11 (1.360 × 10–5 M)
was irradiated for 2 h after which the photostationary state was reached. In the UV-spectrum at the
photostationary state maxima were observed at 253, 263, 300, and 378 nm, respectively. After heating
the sample no significant changes in the UV-spectrum were observed anymore.

Irradiation of compound 12. See general procedure. A solution of compound 12 (2.528 × 10–5 M)
was irradiated for 6 min after which the photostationary state was reached. In the UV-spectrum at the
photostationary state maxima were observed at 263, 298, 333, and 348 nm, respectively. After heating
the sample no significant changes in the UV-spectrum were observed anymore. See irradiation
experiments monitored by 1H NMR-spectroscopy for further characterization.

Irradiation of compound 13. See general procedure. A solution of compound 13 (2.745 × 10–5 M)
was irradiated for 2 h after which the photostationary state was reached. In the UV-spectrum at the
photostationary state one maximum was observed at 248 nm. After heating the sample no significant
changes in the UV-spectrum were observed anymore.

Irradiation of compound 14. See general procedure. A solution of compound 14 (2.406 × 10–5 M)
was irradiated for 20 min after which the photostationary state was reached. In the UV-spectrum at the
photostationary state maxima were observed at 228 and 278 nm, respectively. After heating the
sample reversal to the initial UV-spectrum was observed. See irradiation experiments monitored by
1H NMR-spectroscopy for further characterization.

Irradiation experiments with compounds 11 – 14 at room temperature monitored by NMR-
spectroscopy. Irradiation experiments were carried out with a 200 Watt high pressure mercury lamp
(Oriel) using a pyrex filter (>280 nm, Ø = 5 cm) (Andover Cooperation optical Filters) and a fiber
optic. The samples were irradiated in a 5 mm pyrex NMR tube. Irradiation experiments were
performed at room temperature and the distance between tube and light source (fiber optic) was
approximately 20 cm so that the divergent light beam covered the whole solution inside the NMR
tube. After irradiation the samples were directly analyzed by 1H NMR measurements.

Irradiation of compound 11. In an NMR-tube, olefin 11 (2.5 mg, 7.35 × 10–3 mmol) was dissolved
in toluene-d8 (0.75 mL). This solution (9.8 × 10–3 M) was irradiated for 21 h. An indefinite black
precipitate was observed while a 1H NMR-spectrum of the reaction mixture revealed some unreacted
starting material.



Chapter 7

156

7,7,12-trimethyl-7,12,13,14-tetrahydrobenzo[a]perylene (15) In an NMR-tube, olefin 12 (2.5 mg,
7.14 × 10–3 mmol) was dissolved in benzene-d6 (0.75 mL). This solution (9.5 × 10–3 M) was irradiated
for 21 h. 1H NMR revealed a 47/53 ratio of 12/15. No separation of 12 and 15 was achieved but from
the 1H NMR spectrum the signals of 12 and 15 were observed separately. 1H NMR (300 MHz,
benzene-d6, 25°C) (15) δ 8.47 (d, J = 8.1 Hz, 1H), 8.42 (d, J = 8.1 Hz, 1H), 7.66 – 7.60 (m, 3H), 7.55
– 7.45 (m, 3H), 7.30 – 7.24 (m, 2H), 4.61 – 4.58 (m, 1H), 3.43 – 3.31 (m, 1H), 3.15 – 3.12 (m, 1H),
2.35 – 2.26 (m, 1H), 2.09 – 2.04 (m, 1H), 1.87 (s, 3H), 1.38 (s, 3H), 1.10 (d, J = 7.0 Hz, 3H); HRMS
calcd for C27H24: 348.1878; found: 348.1891. 1H NMR (75 MHz, benzene-d6, 25°C) (12) δ 7.39 –
7.37 (m, 3H), 7.18 – 7.15 (m, 2H), 7.12 (d, J = 7.7 Hz, 1H), 7.07 – 7.01 (m, 2H), 6.86 – 6.74 (m, 3H),
6.65 (d, J = 7.3 Hz, 1H), 4.00 – 3.90 (m, 1H), 3.08 – 2.76 (m, 2H), 2.46 – 2.37 (m, 1H), 1.85 (s, 3H),
1.62 – 1.57 (m, 1H), 1.57 (s, 3H), 0.61 (d, J = 7.0 Hz, 3H).

Irradiation of compound 13. In an NMR-tube, olefin 13 (2.3 mg, 6.84 × 10–3 mmol) was dissolved
in benzene-d6 (0.75 mL). This solution (9.1 × 10–3 M) was irradiated for 21 h. A 1H NMR-spectrum of
the reaction mixture revealed unreacted starting material (95%) and an indefinite product (5%) which
was not examined further.

5-(2-Methylequatorial-3,4-dihydro-2H-naphthalen-1-ylidene)-5H-dibenzo[a,d]cycloheptene (14a) In
an NMR-tube, olefin 14 (6.9 mg, 2.06 × 10–2 mmol) was dissolved in benzene-d6 (0.75 mL). This
solution was irradiated for 11 h. 1H NMR revealed a 38/62 ratio of 14 (Meax)/14a (Meeq). Separation
of 14 and 14a was not achieved but from the 1H NMR spectrum the signals of 14 and 14a were
observed separately. 1H NMR (500 MHz, benzene-d6, 25°C) (14a) δ 7.60 (dd, J = 7.3, 1.5 Hz, 1H),
7.53 (d, J = 7.7 Hz, 1H), 7.45 (dd, J = 7.7, 0.7 Hz, 1H), 7.19 – 7.13 (m, 2H), 7.10 – 7.01 (m, 3H), 6.96
– 6.81 (m, 3H), 6.77 (d, J = 7.0 Hz, 1H), 6.72 (d, J = 11.7 Hz, 1H), 6.58 (d, J = 11.7 Hz, 1H), 2.68
(ddq, J = 11.8, 7.0, 5.9 Hz, 1H), 2.59 – 2.54 (m, 2H), 1.73 (dddd, J = 13.1, 7.1, 5.9, 5.9 Hz, 1H), 1.00
(d, J = 7.0 Hz, 3H), 0.95 (dddd, J = 13.1, 11.8, 6.6, 5.9 Hz, 1H).

Kinetic studies of thermal isomerization of less-stable isomer 14a into stable isomer 14 using 1H
NMR spectroscopy. The kinetic conversions of the irradiated samples were measured at four
constant temperatures in the range 40 – 70°C. The irradiation experiments described above were
performed in benzene-d6. However, these thermal kinetic studies were carried out with toluene-d8

since a solvent with a higher boiling point was required. Irradiation in toluene-d8 under same
conditions as described above resulted in ratios close to 38/62 of 14/14a at photostationary states. The
NMR tube containing the sample (~10 mg of compound in 0.75 mL of solvent) was heated in a water
bath and, when measured, immediately cooled to 0°C to stop the reaction. At each temperature, 1H
NMR spectra were recorded at 9 or 10 regular time intervals. The ratios of less-stable form/stable
form were determined by comparison of the integral values of chemical shifts of less-stable form and
stable form. With these ratios, the conversions of the less-stable form into the stable form were
calculated and analyzed applying equations for first-order reaction. The rate constants (k) of
isomerization were determined, and the thermal parameters of activation (∆G‡, Ea, ∆H‡, ∆S‡)
subsequently. Finally the Gibbs energy of activation at room temperature (20°C, ∆‡Gθ), rate constant
at room temperature (20°C, kθ), and half-life at room temperature (20°C, t1/2

θ) were calculated.
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Thermal conversion of 14a into 14. Solvent: toluene-d8. Method: 1H NMR

T/(°C) T/(K) k
(s–1)

t1/2

(h)
∆G‡

(kcal mol–1)

40.05 313.20 7.25 (± 0.37) × 10–6 26.57 25.73 ± 0.06
50.00 323.15 2.23 (± 0.06) × 10–5 8.63 25.84 ± 0.03
60.00 333.15 6.35 (± 0.02) × 10–5 3.03 25.97 ± 0.02
70.00 343.15 1.73 (± 0.03) × 10–4 1.11 26.09 ± 0.02

A = 4.0 × 1010 s–1 ∆‡Gθ (20°C) = 25.5 ± 0.1 kcal mol–1

Ea = 22.6 ± 0.9 kcal mol–1 kθ (20°C) = 6.1 (± 1.0) × 10–7 s–1

∆H‡ = 21.9 ± 0.9 kcal mol–1 t1/2
θ (20°C) = 314 ± 50 h

∆S‡ = –12.2 ± 2.7 cal K–1 mol–1
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