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a b s t r a c t

Molecular switches are used as scaffolds for the construction of controlled molecular rotors. The internal
position of the switching entity in the molecule controls the dynamic behaviour of the rotor moiety in
the molecule. Six new molecular motors with o-xylyl rotor moieties were prepared on the basis of an
overcrowded alkene, and their dynamics were systematically studied by 2D EXSY NMR. Variation of the
(hetero-)atoms in the upper and lower halves of the overcrowded alkene allows fine tuning of the rate of
rotation of the o-xylyl rotor in the lower half of the molecule. For all rotors it was observed that the
rotation barrier for the trans-isomer was higher than that of the corresponding cis-isomer. The results
are analyzed and discussed in terms of differences in steric interactions in the presented system.

� 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

The design of an artificial molecular system that functions as
a tiny machine requires precise control over the mechanical
movements of its components.1 The fascinating biological linear
and rotary motors found in natural systems offer a major source of
inspiration, and the complexity of their structures encourages us to
conceptualize the principles and build entirely synthetic molecular
machines.2 The control over the dynamics and motions in molec-
ular and supramolecular systems is one of the great contemporary
challenges, which might lead to considerable advances in the field
of molecular nanotechnology.3–5 Remarkable progress has been
made in the control of rotary motion in molecular rotors6 and in the
design of a variety of more elaborate, but still rather primitive
mimics of common machinery such as molecular motors,7 eleva-
tors,8 muscles,9 scissors10 and gyroscopes.11

An important starting point for the construction of most of these
devices is to restrict the internal rotational degrees of freedom
within the molecule. This is especially true in the case of a molec-
ular rotor, which is according to the definition of Michl et al. ‘‘a
molecular system in which a molecule or a part of a molecule ro-
tates against another part of the molecule or against a macroscopic
entity such as a surface or a solid’’.6

Our efforts to construct molecular machinery have focused on
the application of the unique properties of overcrowded alkenes.
We have shown that in molecular motors derived from these
molecules a repetitive, 360�, unidirectional rotary motion can occur
by selective movement of the upper part relative to the lower part
: þ31 50 363 4296.
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of the molecule by irradiation and heating.7a,12 In molecular
switches based on overcrowded alkenes, control over the position
and movement over 180� of the upper part relative to the lower
part are exerted by irradiation with light of different wavelengths.13

Using the concepts of molecular motors14 and switches,15 we
designed a system in which two distinct rotating units are coupled
in their movement. We envisioned that the stereochemical re-
strictions of the movement of a molecular motor or molecular
switch can be used to exert control over the dynamics of a rotor
entity in such a molecular system. In molecular rotor 1, the speed of
rotation around the aryl–aryl single bond is varied by changing the
configuration of the central alkene and simultaneously the position
of its naphthalene upper part (Fig. 1).

In the overcrowded alkene 1, the lower part of the molecule has
been used as a scaffold to attach a rotating o-xylyl unit.15 Due to the
proximity of the upper half of the molecule, this o-xylyl moiety is
not rotating freely, but is restricted in its movement. On the NMR
time scale well resolved signals are observed for the methyl groups
of both cis-1 and trans-1 isomers of the o-xylyl rotor. The rotation of
X = Y = S : trans-1 X = Y = S : cis-1

Figure 1. Trans- and cis-isomers of molecular rotor 1.
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biaryl units is slow at ambient temperatures, and no coalescence
temperature could be attained for either isomer of 1. However,
EXSY spectroscopy allowed an accurate determination of the ro-
tation barriers. Although it was anticipated that due to the spatial
orientation of the naphthalene moiety the rate of rotation for trans-
1 would be faster than cis-1, it was surprisingly found that the
speed of rotation in cis-1 was significantly higher. It therefore
appeared that as if a single methylene group was more sterically
demanding than a naphthalene group. These unexpected findings
were confirmed by AM1 calculations performed for this molecule.

To further address this remarkable, and counterintuitive phe-
nomenon, we present here a systematic investigation of structural
parameters, and in particular address the influence of the (hetero-)
atoms X and Y in the crucial bridging positions in upper and lower
halves on the rate of rotation of the o-xylyl rotor. In total, six mo-
lecular rotors were prepared by combining three upper halves
(X¼S, O and CH2) with two lower halves (Y¼S and O). Their ther-
modynamic data were obtained by measuring the kinetics of the
biaryl rotation by EXSY spectroscopy.

2. Results

The molecular rotors 1–6 were synthesized according to pre-
viously described methodology for the construction of these
overcrowded alkenes.16 The key step in the synthesis of these
molecules, depicted in Scheme 1, is the formation of the central
double bond via a two-fold extrusion process. In this diazo-thio-
ketone coupling of upper and lower halves, an in situ generated
diazo compound is reacted with a thioketone in a 1,3-dipolar cy-
cloaddition to yield a thiadiazoline. These intermediates are not
stable, and rapidly eliminate nitrogen to give the corresponding
episulfides. In the final step of the synthesis, the sulfur atom is
extruded by heating the episulfides at reflux in toluene or p-xylene
in the presence of copper powder or triphenylphosphine.

Molecular rotor 1 was prepared according to the published pro-
cedure.15 This procedure was similarly employed for the synthesis of
molecular rotors 2–6. The required hydrazones for the upper half, 7
(X¼S), 8 (X¼CH2) and 9 (X¼O), were synthesized according to lit-
erature procedures.17 Similarly, the thioxanthone lower half 10,
containing a sulfur atom in the Yposition, was prepared according to
the literature procedure.15 For the xanthone lower half 11 (Y¼O), no
literature precedent existed, and a synthetic route was devised
starting from 2-bromoxanthone 12.18 Attachment of the o-xylyl
moiety was accomplished by employing a Suzuki coupling with 2,6-
dimethylphenylboronic acid 13 and Pd(PPh3)4, using Ba(OH)2 as
Br
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Scheme 1. Synthesis of molecular rotors 1–6 featuring a two-fold e
base in a solvent mixture of DME and water. Conversion to the thi-
oketone 11 was readily performed by treating ketone 14 with P4S10

in toluene at reflux.
Oxidation of the hydrazones 7, 8 and 9 to the corresponding diazo

compounds was accomplished using Ag2O as oxidant and KOH as base
in the presence of MgSO4 in CH2Cl2. These in situ generated diazo
compounds were reacted in a 1,3-dipolar cycloaddition with the two
thioketones 10 and 11 to yield episulfides 15–19 in low to excellent
yields (17–97%). The varying yields are mainly due to the unpredict-
able nature of the oxidation reaction of the hydrazones using Ag2O,
the outcome being strongly substrate dependant. Meanwhile, a more
convenient procedure has been developed in our laboratory
using [bis(trifluoroacetoxy)iodo]benzene.19 Sulfur extrusion could
be cleanly effected by heating the episulfides 15–19 in boiling p-xylene
in the presence of copper powder to provide the rotor molecules 2–6
in high yields (80–98%). In all cases, a small preference for the
formation of the cis-isomer over the trans-isomer was found.

The naphthalene upper part of the alkenes 1–6 adopts either
a cis- or a trans-geometry with respect to the rotor in the lower half
of the molecule. The rotor part therefore experiences a different
environment for each isomer. Both geometrical isomers of 1–6 were
readily distinguished by the difference in absorptions in the 1H NMR
spectra of the methyl groups of rotor part. For the cis-isomers, the
difference in the 1H NMR absorptions is relatively large, as can be
seen, for example, for cis-1: d 0.71 and d 1.72 ppm. One methyl
substituent experiences a large influence of the ring current an-
isotropy of the upper half naphthalene moiety, whereas this in-
fluence is much smaller for the other methyl substituent (Fig. 1). For
the trans-1 isomer, the difference in chemical shift for the two
methyl substituents is much smaller (d 1.98 and d 2.23 ppm), as the
deshielding naphthalene moiety is farther away. As stated above,
previous NMR experiments performed with rotor 1 showed that the
energy barriers for the rotation of the o-xylyl moiety were too high
to be accurately determined by coalescence of the 1H NMR signals.
Since 2D EXSY experiments were successfully performed with rotor
1 and the activation energies for the newly synthesized rotors 2–6
were expected to be in the same range, we decided to perform EXSY
measurements on these new rotors to quantify the thermodynamic
parameters for the dynamics of the rotor function.20

The o-xylyl moiety of the rotor part is well suited for EXSY ex-
periments, since it behaves as a two-site exchange system. The
advantages of this two-state system are that the populations are
equal and that the spin–lattice relaxation time is, within error
margins, the same for both methyl substituents. It is important to
record at each temperature, spectra with different mixing times
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Figure 3. Rates of rotation for all measured cis-isomers. In brackets (X,Y) are indicated
the (hetero-)atoms in the upper (X) and lower halves (Y).
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(tm) in order to measure the exchange process in the initial rate
regime (the NOE signal build-up and decay have ideally a bell
shape).21 Recording NOESY spectra is time consuming and in order
to save time the measurements were performed on a mixture of cis-
1–6 and trans-1–6. Moreover, this also ensured identical measuring
conditions for the cis- and trans-isomers allowing direct compari-
son. The EXSY spectra were recorded at 25, 35, 45 and 55 �C.22 At
each temperature different mixing times (typical values of tm were
0.05, 0.1, 0.2, 0.3, 0.5, 0.7, 1.0 and 1.5 s)23 were used, and care was
taken to use only data obtained in the initial rate regime. Where
possible, the average value of the two cross-peaks aAB and aBA was
used in order to minimize the error margin. However, for the trans-
isomers of rotors 4 and 5, both with an oxygen atom in the lower
half, no accurate data could be obtained due to overlap with the
proton absorptions of protons of the six-membered ring in the
upper half of the molecule. From the slope of the plot of tm versus
(aAB/(aAAþaAB)), the rate constant k for the rotation at each tem-
perature was determined for all cis-isomers and all but the pre-
viously mentioned two trans-isomers. These rates are depicted for
various temperatures in Figures 2 and 3.24

In Figures 2 and 3, the rates of rotation for all cis- and nearly all
trans-rotors 1–6 are depicted. At lower temperatures (25 and
35 �C), the rates of rotation were all within a close range, but at
higher temperatures (45 and 55 �C) the differences became more
pronounced. At 55 �C the order of the rate of rotation was going
from a slow to a fast rate of rotation: trans-1 (S,S)<trans-2
(C,S)<trans-3 (O,S)<trans-1 (O,O)<cis-3 (O,S)<cis-2 (C,S)<cis-5
(C,O)<cis-1 (S,S)<cis-6 (O,O)<cis-4 (S,O). From the rate constants
determined by EXSY spectroscopy, the thermodynamic parameters
associated with the activation barrier could be determined using an
Eyring plot. The values of these thermodynamic data are summa-
rized in Table 1 and more data are provided in Supplementary data.

In order to visualize the differences in the thermodynamic pa-
rameters, the Eyring plots of both cis- and trans-isomers of the
rotors 1, 2 and 3 are depicted in Figure 4.

3. Discussion

The most apparent feature of this system is that in all cases the
trans-isomers rotate slower than the respective cis-isomers (Figs. 2
and 3). This remarkable behaviour was also observed and in-
vestigated in detail for rotor 1.15 It was found that in the transition
state of the rotation of the o-xylyl moiety for the cis-isomer of 1, the
naphthalene moiety bends away and hence facilitates the rotation
in the lower half of the molecule. For the trans-1 isomer, it is pro-
posed that in the transition state, the methyl protons of the rotor
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Figure 2. Rates of rotation for all measured trans-isomers of the rotors. In brackets
(X,Y) are indicated the (hetero-)atoms in the upper (X) and lower halves (Y).
become entangled in the ring protons of the upper half of the
molecule, leading to a lower rate of rotation in comparison to the
cis-1 isomer.

By introduction of various hetero-atoms in the upper and lower
half, the steric crowding in the molecule can be directly influenced,
which has a direct impact on the speed of the rotation of the o-xylyl
moiety. The hetero-atoms on the bridging positions are important
for the shape of the molecule. Large atoms like sulfur will push the
aromatic moieties more towards each other than the smaller oxy-
gen atoms, leading to an increase in steric crowding in the so-called
‘fjord-region’ of the molecule.

This can be seen by comparison of the bond lengths in the
molecule; bond lengths of an aromatic ether (C–O) and aromatic
thioether (C–S), as are present in the lower half, were found to be
1.39 Å and 1.77 Å (based on X-ray data) for similar molecules.25 In
the upper half, these bond lengths are for C30–O40–C40a (1.45 and
1.36 Å), for C10–C20–C100 (1.55 and 1.52 Å) and finally for C30–S40–C40a

(1.82 and 1.77 Å). The behaviour of the rotors 1–6 is readily
explained on the basis of steric hindrance and the bond lengths of
the different atoms (O, C, S). Since the length of the carbon–carbon
bonds is approximately in-between the length of carbon–oxygen
and carbon–sulfur bonds, the effect on the rate of rotation is
expected to result in values in between those of sulfur and oxygen
containing rotors.

All cis- and trans-isomers of rotors 1–3 that contain a sulfur
atom in the lower half could be measured by 2D EXSY experiments.
It was expected that the cis-1 (S,S) rotor would rotate slower than
cis-2 (C,S) and cis-3 (O,S), since the larger sulfur atom would push
Table 1
Thermodynamical data for rotors 1–6

DzGq (kJ mol�1)a DzHq (kJ mol�1) DzSq (J K�1 mol�1)

cis-1 (S,S) 80�1 67.4�0.8 �43�3
trans-1 (S,S) 82�2 66�1 �57�4
cis-2 (C,S) 80.5�0.2 67.8�0.1 �43.2�0.3
trans-2 (C,S) 81�2 65�2 �54�6
cis-3 (O,S) 80.7�0.2 66.3�0.2 �49.0�0.5
trans-3 (O,S) 81�1 66.3�0.7 �49�2
cis-4 (S,O) 79.8�0.7 67.1�0.5 �43�2
trans-4 (S,O) b b b

cis-5 (C,O) 80�1 67�1 �44�3
trans-5 (C,O) b b b

cis-6 (O,O) 79.8�0.6 66.8�0.5 �44�1
trans-6 (O,O) 81�1 68.8�0.7 �41�2

In brackets (X,Y) are indicated the (hetero-)atoms in the upper (X) and lower halves (Y).
a T¼293.15 K.
b No data could be obtained due to overlap in the 1H NMR spectrum.
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the upper half naphthalene more towards the rotor than the
smaller carbon and oxygen atoms. However, it was found that cis-1
(S,S) rotated faster than cis-2 (C,S) and cis-3 (O,S), which had the
slowest rate of rotation. Apparently, the large sulfur atom in the
upper half of cis-1 (S,S) bends the naphthalene moiety farther away
from the rotor part, and hence an increased rate of rotation is ob-
served compared to cis-2 and cis-3 with carbon and oxygen atoms
in the upper half. For the rate of rotation of the trans-isomers, this
sequence is reversed and the rate decreases from trans-3 (O,S) to
trans-2 (C,S) and trans-1 (S,S). It appears as if the large sulfur atom
in the upper half of trans-1 (S,S) pushes the two protons at C20,
hence in the a position with respect to the double bond, towards
the rotor part in the lower half. A more dramatic result is to be
expected when the sulfur atoms are replaced by coordinated metal
ions like zinc or palladium, as we have demonstrated for similar
systems.26 In the case of trans-2 (C,S) and trans-3 (O,S) the steric
hindrance is partly relieved and this results in an increased rate of
rotation of the rotor. On the basis of steric hindrance, the expected
order in the rate of rotation is therefore observed: trans-3
(O,S)>trans-2 (C,S)>trans-1 (S,S). Notable is the small difference in
the rate of rotation found between the cis-3 (O,S) and trans-3 (O,S).

Results obtained for the system with a lower half containing an
oxygen atom were less consistent and more difficult to interpret,
since no EXSY data could be obtained for trans-4 (S,O) and trans-5
(C,O) due to the overlap of NMR absorptions of the rotor methyl
groups with the protons of the upper ring of the molecule. When
the argumentation used to explain the different rates of rotation of
the cis-isomers with sulfur atoms in the lower half is applied to the
cis-isomers with an oxygen atom in the lower half, the cis-4 (S,O)
and cis-5 (C,O) isomer being substituted with an oxygen atom
display similar behaviour. cis-4 (S,O) rotates faster than cis-5 (C,O),
as the upper half of cis-4 (S,O) is pushed away further, allowing
a higher speed compared to cis-5 (C,O). cis-4 (S,O) and cis-5 (C,O)
have a slightly increased rate of rotation relative to their sulfur
analogues cis-1 (S,S) and cis-2 (C,S). The oxygen atoms in the lower
half pull the lower part with the rotor better away from the steri-
cally demanding region and therefore a higher rate of rotation is
observed for all oxygen-substituted compounds compared to their
sulfur substituted counterparts.

Not in line with the results for all other rotor molecules is the
behaviour of cis-6 (O,O), containing an oxygen in both upper and
lower halves. This cis-6 (O,O) rotor shows faster rotation than cis-5
(C,O) and is only marginally slower in its rotation than cis-4 (S,O).
On the basis of results shown above, it would have been expected
that a sulfur or carbon atom would have pushed the lower half
farther away than an oxygen atom and allow much faster rotation
for cis-4 (S,O) and cis-5 (C,O) compared to cis-6 (O,O). The only
viable explanation is that the steric hindrance in cis-6 (O,O) is
lowered to such an extent by contraction of the upper and lower
halves that the naphthalene moiety is bent much farther away from
the rotor part allowing a higher rate of rotation. For the trans-iso-
mers substituted in the lower half with oxygen, only trans-6 (O,O)
could be studied. Compared to trans-3 (O,S), only a small rate en-
hancement for trans-6 (O,O) was observed, which is in agreement
with the explanation given above for molecular rotors with a sulfur
atom in their lower halves.

Although in general a clear difference in rate of rotation is ob-
served for the different isomers of the molecular rotors 1–6, the
observed activation barriers are comparable. This makes a discus-
sion difficult using the data that have been obtained from the
Eyring plots, especially since not for all rotors data became available
(two trans-rotors could not be measured). At room temperature the
Gibbs energy of activation for the rotation process is similar for all
molecules, which is obvious taking into account the slow rate of
rotation of all rotor systems at lower temperatures. However, as can
be seen more clearly from Table 1 and Figure 4, the differences in
rate of rotation can be accounted for in terms of enthalpic and
entropic effects. The enthalpy of rotation is in the range of 65�2 to
68.8�0.7 kJ mol�1 and is for all rotors more or less the same.
However, considering only the more complete dataset of rotors
containing a sulfur atom in the lower half, one can see clearly that
the enthalpy of rotation stays largely the same, while the entropy of
rotation causes the differences in the rate of rotation. This effect is
most pronounced for rotors cis-1 (DzSq¼�43�3 J K�1 mol�1) and
trans-1 (DzSq¼�57�4 J K�1 mol�1), gets lesser in the cis-2
(DzSq¼�43.2�0.3 J K�1 mol�1) and trans-2 (DzSq¼�54�6 J K�1

mol�1), and as the entropy is nearly the same for the rotors cis-3
(DzSq¼�49.0�0.5 J K�1 mol�1) and trans-3 (DzSq¼�49�2 J K�1

mol�1): they nearly rotate at the same rate. Visually this is depicted
in Figure 4, in which for all six rotors the same slope was obtained
in the respective Eyring plots, but a difference intercept was
obtained.

4. Conclusions

We have effectively demonstrated that the rate of rotation of an
o-xylyl rotor moiety attached to the lower half of the molecule can
be manipulated effectively by variation of the (hetero-)atoms X and
Y in the upper and lower halves of the rotor molecules 1–6. In all
cases, the rates of rotation of the cis-isomers 1–6 were higher than
the (corresponding) trans-isomers 1–6. This in agreement with
previous findings and can be accounted for by the difference in
steric hindrance. For the trans-isomers, the methyl protons of the
o-xylyl rotor become entangled with the methylene protons of the
upper half, leading to a high energetic barrier in the transition state.
For the cis-isomers, this energetic barrier is lower, since during the
o-xylyl rotation the naphthalene upper part can bend away
effectively.

The rotors 1–3 with a sulfur atom in the lower half are most
easily compared. All cis- and trans-isomers of 1, 2 and 3 could be
measured by EXSY NMR. For two trans-isomers (trans-4 and trans-
5) of the oxygen-substituted rotors (Y¼O) no data could be gath-
ered, as the methyl absorptions of the rotor overlapped with those
of protons in the upper part of the molecule. The rate of rotation
observed was for all rotors: trans-1 (S,S)<trans-2 (C,S)<trans-3
(O,S)<trans-1 (O,O)<cis-3 (O,S)<cis-2 (C,S)<cis-5 (C,O)<cis-1
(S,S)<cis-6 (O,O)<cis-4 (S,O). For the trans-isomer 1–3 the expected
rate differences are readily accounted for on the basis of steric
hindrance. The larger sulfur atoms bend the rotor more towards the
upper part, and the methyl substituents of the rotor become
entangled with the protons of the upper ring. The observed in-
crease in the rate of rotation is therefore logically determined by



M.K.J. ter Wiel, B.L. Feringa / Tetrahedron 65 (2009) 4332–43394336
the size of the bridging atoms: trans-1 (S,S), trans-2 (C,S) and trans-
3 (O,S). It was remarkable to see that the cis-1 (S,S) rotated faster
than cis-3 (O,S) and cis-2 (C,S). This, however, can be explained by
noting that the ‘bigger’ sulfur atom bends the naphthalene moiety
away more effectively in the transition state, leading to a higher
rate of rotation. For the rotors containing a sulfur atom in the lower
half, it could be shown that the differences in speed are caused by
the differences in the entropy of activation for the rotation process.
These entropic effects follow the reasoning that was given on the
basis of steric effects, the trans-isomers being more hindered than
the cis-isomers, as well as the decrease in atom size going from
sulfur to carbon, and finally oxygen.

Comparison of the rotors containing oxygen in the lower half
was more difficult since not all data could be obtained. All oxygen-
substituted cis-isomers 4–6 rotated faster than the respective sulfur
substituted rotors 1–3. However, the behaviour of the cis-6 (O,O)
was unexpected since its rotation should have been much slower
than that of cis-5 (C,O) and cis-4 (S,O).

Currently, investigations are underway to control the movement
of the upper part relative to the rotor by introducing a different
substitution patterns on the lower half of the molecule. This might
allow manipulation of the rate of movement at the molecular level
by irradiation with light.

5. Experimental section

5.1. General

The high-resolution one- and two-dimensional 1H NMR spectra
were obtained using a Varian VXR-300, and a Varian Unity Plus
Varian-500 operating at 299.97 and 499.86 MHz, respectively, for
the 1H nucleus. 13C NMR spectra were recorded on a Varian VXR-
300 operating at 75.43 MHz. Chemical shifts are reported in d units
(ppm) relative to the solvent signals of CHCl3 (1H NMR: d 7.26 ppm)
and CDCl3 (13C NMR: d 77.0 ppm). The splitting patterns are des-
ignated as follows: s (singlet), d (doublet), t (triplet), q (quartet),
and m (multiplet). One-dimensional 1H NMR spectra were recorded
using the acquisition parameters: p/2 pulse width, 6.5 ms; spectral
width, 6.000 Hz; data size, 16 K; recycling delay, 1 s; number of
transients, 32; temperature 298 K. COSY,27 clean-TOCSY (MLEV-
17),28 NOESY21a and HMQC29 experiments were used for the as-
signment of the 1H and 13C NMR resonances when required.30 All
2D spectra were collected as 2D hyper-complex data. After
weighting with shifted sine-bell functions, the COSY data were
Fourier transformed in the absolute value mode using standard
Varian VnmrS/VnmrX software packages. COSY and TOCSY spectra
were accumulated typically with 256 increments and 32 scans per
increment. Two-dimensional phase-sensitive 1H–1H chemical shift
correlation spectra with double quantum filter (DQF-COSY)31 were
obtained with the acquisition parameters: p/2 pulse width, 6.5 ms;
spectral width, 6.000 Hz; recycling delay, 1.0 s. The data were
512 W in the F1 dimension and 1 K in the F2 dimension and were
zero-filled in F1 prior to two-dimensional Fourier transformation to
yield a 1 K�1 K data matrix. The spectra were processed using
shifted sine-bell window functions in both dimensions.

Two-dimensional phase-sensitive 1H–1H nuclear Overhauser
enhancement spectra (NOESYPH)20 for NMR exchange experiments
were collected at 500 MHz using the acquisition parameters similar
to the DQF-COSY. Typically, 1024 increments and 4 scans per in-
crement were accumulated applying a relaxation delay of 1.0 s. The
measurements were conducted at 25, 35, 45 and 55 �C consisting of
an arrayed cluster of mixing times (tm¼0.05, 0.1, 0.2, 0.3, 0.5, 0.7, 1.0
and 1.5 s) per temperature.23,32,33 The initial rate approximation
was used for calculation of rate constants30 for the case of slow
exchange between two equally populated sites and in the absence
of scalar (J-modulated) spin–spin coupling. Peak integrals were
determined by means of integration of the cross- (aAB and aBA) and
auto-signals (aAA and aBB).

Melting points were taken on a Mettler FP-2 melting point ap-
paratus, equipped with a Mettler FP-21 microscope. Optical rota-
tions were measured with a Perkin Elmer 241 Polarimeter. UV–vis
measurements were performed on a Hewlett–Packard HP 8453 FT
spectrophotometer and CD spectra were recorded on a JASCO J-715
spectropolarimeter using Uvasol grade solvents (Merck). MS (EI)
and HRMS (EI) spectra were obtained with a Jeol JMS-600 spec-
trometer. Elemental analyses were performed in the microanalyt-
ical department with a Foss-Heraeus CHN-O-Rapid or a EuroVector
Euro EA Elemental Analyzer. The average value of duplo measure-
ments is reported. Column chromatography was performed on
silica gel (Aldrich 60, 230–400 mesh). Solvents were distilled and
dried before use by standard methodology. Chemicals were used
as-received from Acros, Aldrich, Fluka or Merck.

5.2. General procedure for the synthesis of alkenes 2–6

A solution of the cis–trans mixture of episulfides 15–19 in
p-xylene (10 ml) was heated at reflux overnight in the presence of
copper powder (2 or 3 molar equiv relative to the episulfide). After
cooling, the reaction mixture was filtered and the residue washed
with CH2Cl2. All volatiles were removed under reduced pressure
providing the crude alkenes 2–6 ready for further purification by
column chromatography.

5.2.1. 2-(2,6-Dimethylphenyl)-9-(70-methyl-20,30-dihydro-40(10H)-
phenanthren-40-ylidene)-9H-thioxanthene (2)

The episulfide 15 (80 mg, 0.15 mmol) was treated with copper
powder (200 mg) in p-xylene using the standard procedure giving
alkene 2 as a colourless oil (60 mg, 0.12 mmol, 80%). Purification
was performed by column chromatography (SiO2, heptane/ethyl
acetate¼50:1); 1H (500 MHz, CDCl3) d 0.74 (s, 3H, cis), 1.78 (s, 3H,
cis), 1.93–2.42 (m, 3H, cis; 3H, trans), 2.05 (s, 3H, trans), 2.31 (s, 3H,
trans), 2.39 (s, 3H, trans), 2.42 (s, 3H, cis), 3.00–3.16 (m, 2H, cis; 2H,
trans), 3.38–3.48 (m, 1H, cis; 1H, trans), 6.36–6.37 (d, J¼1.5 Hz, 1H),
6.42–6.50 (m, 2H), 6.60–6.63 (dd, J¼8.1, 1.8 Hz, 1H), 6.83–7.72 (m,
26H); 13C (75 MHz, CDCl3) d 19.3 (q), 20.7 (q), 21.0 (q), 21.1 (q), 21.2
(q), 21.3 (q), 22.1 (t), 22.2 (t), 28.2 (t), 28.6 (t), 124.8 (d), 125.0 (d),
125.4 (d), 125.7 (s), 125.9 (d), 126.1 (d), 126.4 (d), 126.6 (d), 126.65
(d), 126.68 (d), 126.73 (d), 126.80 (d), 126.83 (d), 127.0 (d), 127.2 (d),
127.37 (d), 127.44 (d), 127.52 (d), 127.56 (d), 128.2 (d), 128.5 (d),
128.6 (d), 128.7 (d), 132.0 (s), 132.2 (s), 132.3 (s), 132.7 (s), 132.8 (s),
133.7 (s), 133.8 (s), 133.9 (s), 134.2 (s), 135.1 (s), 135.8 (s), 135.9 (s),
136.1 (s), 136.3 (s), 136.4 (s), 136.47 (s), 136.50 (s), 136.7 (s), 136.8 (s),
137.02 (s), 137.07 (s), 137.12 (s), 138.6 (s), 138.8 (s), 139.0 (s), 139.2
(s), 140.8 (s), 141.2 (s), due to overlap in the aromatic region of the
spectrum eight (d) and two (s) signals were not observed; m/z (EI,
%)¼494 (Mþ, 100); HRMS (EI) calcd for C36H30S: 494.2068, found:
494.2078.

5.2.2. 2-(2,6-Dimethylphenyl)-9-(20,30-dihydro-10H-naphtho-
[2,1-b]pyran-10-ylidene)-9H-thioxanthene (3)

Heating at reflux of the episulfide 16 (60 mg, 0.11 mmol) in p-
xylene in the presence of copper powder (200 mg) gave the alkene
3 as a colourless oil. After purification by column chromatography
(SiO2, heptane/ethyl acetate¼50:1) the oil solidified upon standing
and after washing with ether alkene 3 was obtained as a white solid
(54 mg, 0.11 mmol, 96%); 1H (500 MHz, CDCl3) d 0.70 (s, 3H, cis),
1.72 (s, 3H, cis), 1.95 (s, 3H, trans), 2.21 (s, 3H, trans), 2.47–2.53 (m,
1H, cis), 2.60–2.67 (m, 1H, trans), 3.56–3.61 (m, 1H, cis; 1H, trans),
4.60–4.66 (m, 1H, trans), 4.67–4.72 (m, 1H, cis), 4.84–4.87 (m, 1H,
trans), 4.90–4.93 (m, 1H, cis), 6.49–6.52 (t, J¼7.2 Hz, 1H, trans),
6.64–7.69 (m, 16H, cis; 15H, trans); 13C (75 MHz, CDCl3) d 19.6 (q),
20.7 (q), 20.9 (q), 21.1 (q), 29.0 (t), 29.3 (t), 69.6 (t), 69.7 (t), 117.8 (s),
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118.0 (s), 118.1 (d), 118.5 (d), 122.6 (d), 122.9 (d), 124.4 (d), 124.5 (d),
125.3 (d), 125.5 (d), 126.0 (d), 126.3 (d), 126.6 (d), 126.7 (d), 126.8
(d), 126.9 (d), 127.3 (d), 127.4 (d), 127.5 (d), 127.6 (d), 127.67 (d),
127.71 (d), 127.8 (d), 128.46 (s), 128.54 (s), 129.06 (d), 129.3 (d),
129.92 (s), 130.9 (s), 131.4 (s), 133.1 (s), 134.2 (s), 134.6 (s), 135.9 (s),
136.0 (s), 136.3 (s), 136.36 (s), 136.44 (s), 136.7 (s), 138.6 (s), 139.1 (s),
139.2 (s), 139.4 (s), 140.6 (s), 154.09 (s), 154.14 (s). Due to overlap in
the aromatic region of the spectrum only 24 out of 32 signals for
doublets and 22 out of 28 signals for singlets were observed; m/z
(EI, %)¼482 (Mþ, 100); HRMS (EI): calcd for C34H26OS: 482.1704,
found: 482.1697.

5.2.3. 2-(2,6-Dimethylphenyl)-9-(20,30-dihydro-10H-naphtho-
[2,1-b]thiopyran-10-ylidene)-9H-xanthene (4)

Starting from episulfide 17 (120 mg, 0.23 mmol) using the
standard procedure with p-xylene and copper powder, the alkene 4
(110 mg, 0.23 mmol, 98%) was obtained as a white solid after col-
umn chromatography (SiO2, heptane/ethyl acetate¼50:1); 1H
(300 MHz, CDCl3) d 0.77 (s, 3H, cis), 1.71 (s, 3H, cis), 2.02 (s, 3H,
trans), 2.00–2.28 (m, 1H, cis; 1H, trans), 2.26 (s, 3H, trans), 3.40–
3.58 (m, 2H, cis; 2H, trans), 3.77–3.87 (m, 1H; cis, 1H, trans), 6.28–
7.67 (m, 16H, cis; 16H, trans); 13C (75 MHz, CDCl3) d 19.5 (q), 20.6
(q), 20.9 (q), 21.2 (q), 29.1 (t), 29.6 (t), 29.9 (t), 30.1 (t), 116.0 (d),
116.2 (d), 116.83 (d), 116.86 (d), 122.3 (d), 123.0 (d), 124.11 (d), 124.17
(d), 124.4 (d), 124.6 (d), 124.8 (s), 125.0 (s), 125.2 (s), 125.77 (d),
125.80 (s), 125.95 (d), 126.07 (d), 126.6 (d), 126.7 (s), 126.8 (d), 127.2
(d), 127.4 (d), 127.5 (d), 127.7 (d), 127.82 (d), 127.85 (d), 128.1 (d),
128.2 (d), 128.3 (d), 128.5 (d), 128.8 (d), 129.2 (d), 130.4 (s), 130.8 (s),
131.5 (s), 132.0 (s), 134.3 (s), 135.3 (s), 135.6 (s), 135.98 (s), 136.0 (s),
136.2 (s), 126.3 (s), 136.6 (s), 140.7 (s), 141.1 (s), 152.4 (s), 153.2 (s),
153.3 (s), 154.7 (s), due to strong overlap in the aromatic region five
(d) and five (s) were not observed; m/z (EI, %)¼482 (Mþ,100); HRMS
(EI) calcd for C34H26OS: 482.1704, found: 482.1695.

5.2.4. 2-(2,6-Dimethylphenyl)-9-(70-methyl-20,30-dihydro-40-
(10H)-phenanthren-40-ylidene)-9H-xanthene (5)

Starting from episulfide 18 (120 mg, 0.24 mmol) using the
standard procedure with p-xylene and copper powder, the alkene 5
(100 mg, 0.21 mmol, 89%) was obtained as a white solid after col-
umn chromatography (SiO2, heptane/ethyl acetate¼50:1); 1H
(300 MHz, CDCl3) d 0.79 (s, 3H, cis), 1.72 (s, 3H, cis), 1.85–2.39 (m,
3H, cis; 3H, trans), 2.06 (s, 3H, trans), 2.29 (s, 3H, trans), 2.35 (s, 3H,
trans), 2.39 (s, 3H, cis), 3.00–3.10 (m, 2H, cis; 2H, trans), 3.54–3.58
(m, 1H, cis; 1H, trans), 6.26–6.27 (d, J¼2.0 Hz, 1H, cis), 6.33–6.35 (m,
2H, trans), 6.69–6.71 (dd, J¼8.3, 2.0 Hz, 1H), 6.81–6.82 (d, J¼7.8 Hz,
1H), 6.87–7.48 (m, 10H, cis; 12H, trans), 7.57–7.59 (d, J¼8.3 Hz, 1H,
cis), 7.65–7.67 (d, J¼8.3 Hz, 1H), 7.69–7.71 (d, J¼7.3 Hz, 1H); 13C
(125 MHz, CDCl3) d 19.1 (q), 20.6 (q), 21.0 (q), 21.1 (q), 21.2 (q), 21.4
(q), 21.7 (t), 22.1 (t), 28.4 (t), 28.5 (t), 28.6 (t), 29.0 (t), 116.1 (d), 116.3
(d), 116.7 (d), 122.3 (d), 122.9 (d), 123.1 (s), 124.9 (d), 125.0 (d), 125.2
(s), 125.5 (s), 125.6 (s), 126.0 (s), 126.48 (d), 126.51 (d), 126.54 (d),
126.7 (d), 126.8 (d), 126.9 (d), 127.1 (d), 127.3 (d), 127.4 (d), 127.5 (d),
127.6 (d), 127.7 (d), 127.8 (d), 127.9 (d), 128.3 (d), 128.7 (d), 132.4 (s),
132.8 (s), 133.5 (s), 133.7 (s), 133.8 (s), 134.0 (s), 135.7 (s), 136.2 (s),
136.4 (s), 136.5 (s), 136.6 (s), 137.1 (s), 137.5 (s), 141.0 (s), 141.4 (s),
152.6 (s), 153.4 (s), 153.5 (s), 155.0 (s), due to strong overlap in the
aromatic region seven (d) and six (s) were not observed; m/z (EI,
%)¼478 (Mþ, 100); HRMS (EI) calcd for C36H30O: 478.2297, found:
478.2298.

5.2.5. 2-(2,6-Dimethylphenyl)-9-(20,30-dihydro-10H-naphtho[2,1-
b]pyran-10-ylidene)-9H-xanthene (6)

Heating the episulfide 19 (50 mg, 0.10 mmol) in p-xylene at
reflux in the presence of copper powder (200 mg) gave the alkene 6
as a slightly coloured oil. After purification by column chromato-
graphy the oil solidified and was obtained as a white solid after
washing with small amounts of ether and ethyl acetate (42 mg,
0.09 mmol, 90%); 1H (500 MHz, CDCl3) d 0.83 (s, 3H, cis), 1.70 (s, 3H,
cis), 1.99 (s, 3H, trans), 2.25 (s, 3H, trans), 2.43–2.54 (m, 1H, cis),
2.56–2.67 (m, 1H, trans), 3.69–3.74 (m, 1H, trans), 3.77–3.82 (m, 1H,
cis), 4.54–4.94 (m, 2H, cis; 2H, trans), 6.32–6.37 (m, 1H, trans),
6.52–6.53 (d, J¼1.8 Hz, 1H, cis), 6.57–6.60 (dd, J¼7.9, 1.3 Hz, 1H,
trans), 6.72–6.75 (dd, J¼8.3, 2.0 Hz, 1H, cis), 6.79–6.81 (d, J¼7.3 Hz,
1H, trans), 6.86–7.69 (m, 14H, cis; 13H, trans); 13C (75 MHz, CDCl3)
d 19.5 (q), 20.6 (q), 20.9 (q), 21.2 (q), 29.1 (t), 29.5 (t), 69.3 (t), 69.6
(t), 116.4 (d), 116.6 (d), 116.9 (d), 117.0 (d), 118.4 (d), 118.8 (d), 118.9
(s), 119.2 (s), 122.3 (s), 122.5 (d), 122.7 (d), 122.8 (s), 122.9 (d), 123.0
(d), 124.50 (d), 124.53 (d), 125.3 (d), 125.6 (s), 125.8 (d), 125.95 (s),
126.03 (s), 126.3 (s), 126.4 (s), 126.6 (2�d), 126.7 (d), 126.8 (d), 126.9
(d), 127.3 (d), 127.4 (d), 127.42 (d), 127.47 (s), 127.6 (d), 127.7 (d),
128.0 (2�d), 128.1 (d), 128.2 (s), 128.3 (d), 128.7 (d), 128.8 (s), 128.9
(d), 129.3 (s), 129.8 (d), 129.9 (d), 135.8 (s), 136.1 (s), 136.2 (s), 136.3
(s), 136.3 (s), 136.6 (s), 140.7 (s), 141.2 (s), 152.7 (s), 153.6 (s), 153.6
(s),154.1 (s),154.2 (s),155.2 (s), one carbon (s) was not observed; m/z
(EI, %)¼466 (Mþ, 100); HRMS (EI) calcd for C34H26O2: 466.1933,
found: 466.1924.

5.2.6. 2-Bromo-xanthen-9-one (12)
This compound was prepared according to a two step literature

procedure18 from which the desired 12 was obtained as a white
solid; mp 149.3–150.5 �C (lit. 150 �C); 1H (300 MHz, CDCl3) d 7.38–
7.43 (m, 2H), 7.49–7.51 (d, J¼8.4 Hz, 1H), 7.73–7.82 (m, 2H), 8.32–
8.35 (dd, J¼7.8, 1.6 Hz, 1H), 8.45–8.46 (d, J¼2.6 Hz, 1H); 13C
(75 MHz, CDCl3) d 116.9 (s), 117.9 (d), 119.9 (d), 121.3 (s), 122.9 (s),
124.2 (d), 126.6 (d), 129.0 (d), 135.1 (d), 137.5 (d), 154.7 (s), 155.8 (s),
175.7 (s); m/z (EI, %)¼276 (Mþ, 97), 274 (Mþ, 100), 139 (42); HRMS
(EI): calcd for C13H7

79BrO2: 273.9629, found: 273.9626.

5.2.7. 2-(2,6-Dimethylphenyl)-9H-xanthen-9-one (14)
A solution of ketone 12 (1.2 g, 4.0 mmol) and Pd(PPh3)4 (190 mg,

0.16 mmol, 4 mol %) in DME (30 ml) was stirred under an argon
atmosphere for 30 min. Then were added 2,6-dimethylphenylbor-
onic acid (0.80 g, 5.2 mmol), Ba(OH)2$8H2O (2.7 g, 8.6 mmol) and
water (30 ml). The resulting mixture was heated overnight at
reflux. Water was added and the reaction mixture was extracted
with ether (3�50 ml). The combined organic layers were dried over
MgSO4 prior to removal of the solvent under reduced pressure. The
sticky beige solid obtained was then purified by column chromato-
graphy (SiO2, heptane/ethyl acetate¼16:1, Rf¼0.5) providing ketone
14 as a white solid (0.93 g, 3.1 mmol, 78%, mp 133.0–134.2 �C); 1H
(300 MHz, CDCl3) d 2.05 (s, 6H), 7.13–7.78 (m, 8H), 8.17 (d, J¼1.8 Hz,
1H), 8.36–8.39 (dd, J¼7.9, 1.3 Hz, 1H); 13C (75 MHz, CDCl3) d 20.7 (q),
117.7 (d), 118.0 (d), 121.6 (s), 123.7 (d), 126.4 (d), 126.6 (d), 127.3 (d),
134.6 (d), 135.77 (s), 135.78 (d), 136.7 (s), 139.8 (s), 154.8 (s), 155.9
(s), 176.9 (s), one carbon (s) was not observed due to overlap in the
spectrum; m/z (EI, %)¼300 (Mþ, 100), 299 (62); HRMS (EI) calcd for
C21H16O2: 300.1150, found: 300.1140. Ele. Anal., calcd (%): C, 83.98;
H, 5.37. Found (%): C, 83.82; H, 5.44.

5.2.8. 2-(2,6-Dimethylphenyl)-9H-xanthene-9-thione (11)
Ketone 14 (0.82 g, 2.70 mmol) was heated at reflux overnight in

a suspension of P4S10 (2.0 g, 4.5 mmol) in toluene (25 ml). The sus-
pension was then filtered and the residues washed with CH2Cl2. The
organic volatiles were removed under reduced pressure yielding
a brownish solid, which was purified by column chromatography
(SiO2, heptane/ethyl acetate¼50:1, Rf¼0.6) giving the pure thioketone
11 as tiny green needles (0.72 g, 2.28 mmol, 84%, mp 109.7–
110.7 �C); 1H (300 MHz, CDCl3) d 2.07 (s, 6H), 7.13–7.23 (m, 3H), 7.36–
7.41 (m, 1H), 7.52–7.58 (m, 3H), 7.75–7.80 (m, 1H), 8.57 (s, 1H), 8.74–
8.77 (d, J¼8.1 Hz, 1H); 13C (75 MHz, CDCl3) d 21.0 (q), 118.1 (d), 118.3
(d), 124.6 (d), 127.4 (d), 128.9 (s), 129.7 (d), 129.9 (d), 134.7 (d), 135.9
(s), 136.0 (d), 137.5 (s), 139.9 (s), 149.2 (s), 150.3 (s), 204.4 (s), one (s)
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and one (d) were not observed; m/z (EI, %)¼316 (Mþ, 100), 315 (70);
HRMS (EI): calcd for C21H16OS: 316.09219, found 316.098. Ele. Anal.,
calcd (%): C, 79.71; H, 5.10. Found (%): C, 79.55; H, 4.89.

5.3. General procedure for the synthesis
of thiiranes (episulfides) (15–19)

To a solution of hydrazone 9 (200 mg, 0.94 mmol) in CH2Cl2
(10 ml) under a nitrogen atmosphere were subsequently added
MgSO4 (300 mg), Ag2O (200 mg) and a saturated solution of KOH in
methanol (10 drops) at 0 �C. Stirring this mixture for 30 min at 0 �C
gave a dark red solution. More Ag2O and KOH in methanol were
added if only a slightly red colour was observed. The solution was
then filtered into another ice-cooled flask after which a solution of
the appropriate thioketone in CH2Cl2 was added. Most of the time,
the evolution of nitrogen gas could be observed. Stirring was con-
tinued for 2 h at 0 �C and then for 4 h at room temperature.
Evaporation of the CH2Cl2 gave a black residue that was further
purified by column chromatography.

5.3.1. Dispiro[7-methyl-2,3-dihydro-4(1H)-phenanthrene-4,20-
thiirane-30,900-[200-(2,6-dimethylphenyl)-900H-
thioxanthene]] (15)

Starting from the hydrazone 8 (200 mg, 0.89 mmol) and thio-
ketone 10 a cis–trans mixture in a nearly 1:1 ratio of episulfides 15
was obtained as a slightly yellow foam after column chromato-
graphy (SiO2, heptane/ethyl acetate¼50:1) (80 mg, 0.15 mmol, 17%,
based on the used hydrazone 8). The cis–trans mixture of epis-
ulfides 15 was used immediately in the next step; m/z (EI, %)¼526
(Mþ, 12), 494 (30), 256 (83), 160 (51), 128 (60), 64 (100); HRMS (EI)
calcd for C36H30S2: 526.1789, found: 526.1783.

5.3.2. Dispiro[2,3-dihydro-1H-naphtho[2,1-b]pyran-1,20-thiirane-
30,900-[200-(2,6-dimethylphenyl)-900H-thioxanthene]] (16)

Starting from hydrazone 9 (200 mg, 0.74 mmol) and thioketone
10, thiirane 16 was obtained as a slightly yellow foam after column
chromatography (SiO2, hexane/ethyl acetate¼50:1) as a mixture of
cis- and trans-isomers (150 mg, 0.29 mmol, 31% based on hydra-
zone 9), which was not further separated into its isomers, but di-
rectly used in the next step; m/z (EI, %)¼514 (Mþ, 12), 482 (100);
HRMS (EI) calcd for C34H26OS2: 514.1425, found: 514.1409.

5.3.3. Dispiro[2,3-dihydro-1H-naphtho[2,1-b]thiopyran-1,20-
thiirane-30,900-[200-(2,6-dimethylphenyl)-900H-xanthene]] (17)

Reaction of hydrazone 7 (100 mg, 0.44 mmol) with thioketone
11 in the standard way gave after column chromatography (SiO2,
heptane/ethyl acetate¼50:1) the thiirane 17 as a cis–trans mixture
(140 mg, 0.27 mmol, 72% based on hydrazone). This mixture was
not separated, but directly used in the next step; m/z (EI, %)¼514
(Mþ, 15), 482 (100), 298 (19); HRMS (EI) calcd for C34H26OS2:
514.1425, found: 514.1517.

5.3.4. Dispiro[7-methyl-2,3-dihydro-4(1H)-phenanthrene-4,20-
thiirane-30,900-[200-(2,6-dimethylphenyl)-900H-xanthene]] (18)

Hydrazone 8 (200 mg, 0.89 mmol) and thioketone 11 (180 mg,
0.56 mmol) were allowed to react according to the standard pro-
cedure providing episulfide 18 (220 mg, 0.43 mmol, 77% based on
thioketone). Purification was performed by column chromatogra-
phy (SiO2, hexane/ethyl acetate¼50:1); m/z (EI, %)¼510 (Mþ, 18),
478 (100), 285 (41); HRMS (EI) calcd for C36H30OS: 510.2017, found:
510.2018.

5.3.5. Dispiro[2,3-dihydro-1H-naphtho[2,1-b]pyran-1,20-thiirane-
30,900-[200-(2,6-dimethylphenyl)-900H-xanthene]] (19)

Hydrazone 9 (100 mg, 0.47 mmol) and thioketone 11 (100 mg,
0.32 mmol) were used to synthesize episulfide 19 (120 mg, 0.24 mmol,
67% based on thioketone). Purification was performed by column
chromatography (SiO2, hexane/ethyl acetate¼50:1). The cis–trans
mixture obtained was not separated but directly used in the next step;
m/z (EI, %)¼498 (Mþ, 100), 466 (100); HRMS (EI) calcd for C34H26O2S:
498.1653, found: 498.1647.

Supplementary data

Supplementary data associated with this article can be found in
the online version, at doi:10.1016/j.tet.2009.03.081.
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