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Chapter 2  

  

Dithienylethene photochromic 

switches with resolvable 

atropisomers
1
 

 
The synthesis and study of the properties of new dithienylethene switches with a central 

phenanthrene moiety is described in this chapter. Due to the steric bulk, the free rotation 

around the bond connecting the thiophene with the phenanthrene is sterically hindered and 

the individual atropisomers of these compounds can be isolated by chiral HPLC. Although 

the existence of such isomers was observed also for other diarylethenes by NMR 

spectroscopy, this is the first case where such atropisomers were separated and their 

properties studied. Since there are two thiophene – phenanthrene bonds and the thiophene 

moieties are identical, three isomers exist. These are a pair of enantiomers with an 

antiparallel orientation of the thiophenes and a meso form with a parallel orientation and a 

plane of symmetry. The isomerization barrier was found to be high enough (109 -112 

kJ/mol) to avoid isomerization during the switching process. The meso form is 

photochemically inactive as a result of the parallel orientation of the thiophene moieties, 

while both enantiomers are photochromic and undergo a ring-closing reaction upon UV 

irradiation. The ring opening reaction can be induced by both visible light irradiation as 

well as heat, thus these compounds exhibit also thermochromic behaviour. Observation of 

the switching cycles of the pure enantiomers with CD spectroscopy shows that no 

isomerization takes place during the photochromic or the thermochromic reactions. 

 

                                                 
Part of this chapter has been published: Walko, M.; Feringa, B. L. Chem. Commun. 

2007, 1745-1747. 
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2.1 Atropisomerism 
 

Atropisomers are defined by IUPAC as ―a subclass of conformers which can be 

isolated as a separate chemical species and which arise from restricted rotation about a 

single bond‖.
1
 The archetypal example is a biaryl system with ortho substituents bulky 

enough to prevent free rotation about the aryl-aryl single bond (Figure 2.1).
2
 With the 

proper substitution, i.e. A ≠ B and C ≠ D, the molecule contains a chiral axis and the 

atropisomers consist of an enantiomeric pair. The first report of this type of chirality dates 

back to 1922 and the compound it deals with is 6,6’-dinitro-2,2’-diphenic acid.
3
 The term 

―atropisomerism‖ was introduced a decade later
4
 and has a roots in a Greek language (a 

meaning not and tropos meaning turn). 

There are two effects determining the torsional angle between the two rings: the 

steric bulk of the ortho-substituents which prohibits the rings from being coplanar and 

drives them towards the perpendicular orientation with the minimal steric interaction; and 

the overlap of the π-orbitals which tends to orient the rings coplanar to maximize the 

interaction of the π-orbitals located on both aromatic rings. The result of this opposing 

forces is that even the biphenyl, having the smallest  ortho-substituents possible, i.e. 

hydrogen atoms, is not coplanar in solution and the typical torsional angles for biphenyls 

are between 42° and 90° 
2
. 

A

B D

C A

B C

D

 

Figure 2.1 The enantiomeric pair of biaryls. 

Although the existence of non-zero torsional angle between the two aryl moieties 

and the non-symmetric pattern of their substitution are necessary for the compounds to be 

called atropisomeric, those conditions are not sufficient. There must be also an energy 

barrier separating those two isomers that is high enough to allow their observation and 

isolation. Otherwise they are considered to be only conformers. The border between 

conformers and atropisomers is nevertheless not clear. The arbitrary definition by Oki
5
 

requiring a half-life of at least 1000 s (16min 40s) is insufficient due to temperature 

dependence of the half-life. Thus the racemization barrier can be 93.3 kJ mol
-1

 at 300 K, but 

at 200 K 61.5 kJ mol
-1

 would be enough to reach this half-life. 

Atropisomers can be found in many naturally occurring compounds
6
 mainly in the 

form of axially chiral biaryls. This has led to the development of the stereoselective 

synthetic methodologies for their preparation
7

. They play also a prominent role in 

stereoselective synthesis in the form of chiral ligands many of which contain chiral axis
8
. 

 The importance of atropisomerism for the construction of molecular machines is 

obvious considering that the movement of one part of the molecule with respect to the other 

is often required
9
. The single bond is an ideal shaft for the rotatory movement; however, to 

control its function the movement must be restricted under specific conditions. Many 

excellent examples of this principle can be found in the literature, among them the 

propellers
10

 and gears
11

, ratchet
12

, brake
13

 and motors
14

 (Figure 2.2). 
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Figure 2.2 Molecular machines with functions based on the rotation about a single bond. 

The ratchet 2.1
12

, the gearbox 2.2
15

, and the motor 2.3
14b

. 

Chirality of photochromic systems (see Chapter 1) is a well-studied topic with 

potential applications in nondestructive data storage
16

. The influence of the chirality in 

photochromic compounds on supramolecular systems such as liquid crystals
17

 and gels
18

 

based on such photoresponsive materials have been reported. Several systems based on 

diarylethenes in which the photochemical reaction proceeds in a stereoselective fashion 

were reported including the stereocontrol by the presence of helicene
19

, chirality induced by 

allylic 1,3-strain
20

 or by complexation
16

. 

SS
R R

S
R

S

R

parallel conformationanti-parallel conformation  

Figure 2.3 The two conformations of diarylethenes. 

It is known that photochromic dithienylethenes exist in two conformations; the 

parallel and the antiparallel conformation
21

 (Figure 2.3). Those conformations, in fact an 

diastereomeric pair of atropisomers, can be distinguished by NMR spectroscopy for some 

sterically hindered dithienyl-perfluorocyclopentenes and dithienyl-maleic anhydrides but 

were not observed for dithienyl-perhydrocyclopentenes due to extremely low energy barrier 

of isomerisation. The isomerisation barriers were estimated from the time dependent NMR 

measurement to be 67 kJ/mol and 71 kJ/mol for compounds 2.4 and 2.5, respectively 

(Figure 2.4)
21

. These barriers are too low to allow isolation of the individual atropisomers. 
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Figure 2.4 The first dithienylethene molecular switches for which the atropisomeric 

behaviour was observed and the rotational barrier determined
21

. 

During our search for the structural moieties that can be applied to introduce 

additional functions to diarylethenes we prepared a series of diarylethenes containing 

phenanthrene as the fragment to which the two reacting thienyl groups are attached (Figure 

2.5). The original idea was to introduce chirality by using the phenanthrene with 

substituents in the positions 4 and 5, or using chiral pentacene derived from 2,2’-

binaphthoic acid. To our surprise already this simple model system shows interesting 

stereochemical properties. Due to the bulk of the phenanthrene the rotation around the 

thiophene-phenanthrene single bond is hindered, and the resulting atropisomers are stable 

enough to be isolated and studied at room temperature. 

S SR R

2.6

H

HH

H

 

Figure 2.5 The new phenanthrene-based diarylethene with resolvable atropisomers. 

2.2 Synthesis 
 

The dithienylethenes containing a phenanthrene moiety instead of the common 

cyclopentane were synthesized from diphenic acid (Scheme 2.1) following the route 

described for the dithienylperhydrocyclopentene
22

. Diphenic acid 2.7 was converted into 

the corresponding dichloride through heating in thionyl chloride containing a drop of 

pyridine as a catalyst. After removal of the excess of the thionyl chloride, the dichloride 

was directly used in a Friedel-Crafts acylation with two equivalents of 2-chloro-5-

methylthiophene 2.8. The resulting diketone 2.9 was cyclized using an intramolecular 

McMurry coupling. To our surprise cyclization of this sterically demanding diketone 

proceeded with fair yield (63%) using Zn/TiCl4
23

 while the more active system Zn-

Cu/TiCl3(DME)1.5
24

, commonly used in such cases, failed to give desired product. The 

resulting dichloro derivative 2.10 is an ideal precursor for further functionalization. 
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OO

SSCl Cl
SCl

1) SOCl2, py.(cat.)

2) AlCl3, CH2Cl2 TiCl4, Zn
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S SR R S

OMe

CN2.13 R=

2.14 R=

2.15 R=

2.12 R=

1) n-BuLi, THF, r.t.

2) B(OBu)3

3) R-Br or R-I,

    Pd0, Na2CO3

2.7 2.9

2.10

2.12 - 2.15

2.8

53%

63%

1) n-BuLi, THF, r.t.
2) DMF

S S

2.11

OO
67%

68%

62%

52%

97%

 

Scheme 2.1 Synthesis of the 9,10-bis-dithienylphenanthrene switches. 

 For the introduction of various substituents, halogen-metal exchange with n-BuLi 

was used followed by quenching with DMF to afford the dialdehyde 2.11 or with B(OBu)3 

to give a boronic ester precursor which can be used directly without isolation in Suzuki 

coupling reactions. Several switches 2.12 – 2.15 bearing aryl substituents with different 

electronic properties (donor or acceptor substituted, heteroarene) were synthesised in 52% - 

97% yields. All the compounds were characterized by  
1
H and 

13
C NMR spectroscopy and 

mass spectrometry and their purity was verified using elemental analysis. 

 

2.3 Photochemical behaviour 
 

The photochromic behaviour of the new switches was first tested using irradiation 

with 313 nm UV light. First the dichloro substituted diarylethene 2.10o was examined 

(Scheme 2.2). Its colour changed to purple upon irradiation, but the process was irreversible. 

Irradiation with visible light (> 420 nm) and heating up to 140°C (refluxing xylene) had no 

effect on the coloured solution. A detailed study was performed to explain this phenomenon. 
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S SCl Cl SSCl Cl

313 nm

 
S SCl Cl

any light

2.10o 2.10c 2.16
colourless purpleblue

 

Scheme 2.2 Proposed photochemical pathway for the photolysis of the 2.10o. 

The creation of the purple coloured species is a two step process. After short time 

(1 min.) irradiation of 2.10o a new blue species with an absorbance maximum at 342 nm in 

the UV and at 498 nm and 526 nm in the visible region was formed (Figure 2.6). After 

prolonged irradiation the purple species with a red shifted maximum of the absorbance in 

the visible (552 nm) and an extremely intensive band in the UV region (330 nm, ε = 31000 

dm
3
 mol

-1
 cm

-1
) appeared. The first species can be converted back to the open ring isomer 

by a thermal reaction (24 h at 60°C), which would suggest that it is the expected closed ring 

isomer 2.10c (Scheme 2.2). However, irradiation of this species with visible light did not 

give the open ring isomer but the purple species as the only product as evidenced by the 

existence of isosbestic points at 348 nm and 550 nm (Figure 2.7).  

 

Figure 2.6 The UV-vis spectra of 2.10 (8.8 x 10
-5

 M in benzene) before irradiation (─), 

after 1 min irradiation with 313 nm light (---), after subsequent irradiation with > 420 nm 

light (····) and after complete photolysis (∙−∙−). 
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Figure 2.7 UV-vis spectra of the conversion of 2.10c to 2.16. The spectrum of 2.10c is 

represented by the broken line. Solid lines represent spectra recorded after 1, 3, 5 and 10 

min of irradiation with 436 nm light. 

The proposed structure 2.10c could not be confirmed by the NMR spectra because 

its low concentration in the irradiated solution due to its quick conversion to 2.16. On the 

other hand the purple species could be isolated in a fairly pure form (80-90% purity) after 

4h photolysis of the diluted toluene solution (1 mg/ml) of 2.10o using light from a Xenon 

lamp (300 W output power) equipped with a filter  that transmits only wavelengths over 

300 nm. The mass spectra of the resulting compound shows the same mass as the starting 

2.10o  (M
+ 

= 438) which means that the two species are isomeric.
 
Two different signals 

corresponding to the methyl groups are observed in  the 
1
H NMR spectra of this species 

(2.65 and 2.67 ppm) as well as in the 
13

C NMR spectra (23.5 and 29.9 ppm). This suggests 

that the rearrangement reaction took place resulting in two non-equivalent methyl groups. 

Moreover in the 
13

C NMR spectra two non-equivalent quarternary carbons at 53.1 and 73.7 

ppm are found. Although no final proof of the structure, by means of X-ray crystallographic 

analysis, is available, the spectral data suggest the formation of the product 2.16 (Scheme 

2.2) which was described before for dithienylcyclopentene switches 2.17 and 2.19 by the 

group of Irie
25a

 and Branda
25b

 ( Scheme 2.3). 

In Irie’s report the rearranged product 2.18 is created as a byproduct after many 

switching cycles performed with 2.17. Compound 2.18 was isolated, fully characterized and 

structure proven by the X-ray analysis. It was also noted that its formation is more efficient 

starting from the closed form of the 2.17 while using UV light. Branda studied switching of 

two coupled switches 2.19. After the first photochemical process, a second process was 

observed which, however, could not be attributed to the second switching moiety. It was 

found that the similar rearrangement as in the Irie case is taking place resulting in a stable 

coloured species. In this case it was clear that the rearranged compound 2.20 is created 

from the ring-closed isomer of 2.19 under prolonged UV irradiation. 
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S S S S

F6F6

S SCl
S S Cl

S SCl
S S Cl

> 200 switching
   cycles

30 min UV irradiation

2.17
2.18

2.19
2.20

 Scheme 2.3 Reported cases of photochemical byproduct formation. 

In both reported cases the rearranged compound was thermally and 

photochemically stable, which was also observed for purple species 2.16. Unlike 

compounds 2.17 and 2.19 which can undergo ring closure upon UV light irradiation and 

ring opening after irradiation with visible light, 2.10c does not undergo ring opening 

process and gives 2.16 also after irradiation with the visible light.  

The diarylethene switch 2.10 thus shows quite unique behaviour (Scheme 2.2). It 

undergoes the typical ring-closing reaction under UV light irradiation to give 2.10o, but the 

reverse ring-opening reaction induced by the visible light is absent. Instead rearrangement 

to the 2.16 is observed. However the ring-opening reaction of 2.10c can still proceed 

thermally, upon heating to elevated temperature. 

Bisaldehyde compound 2.11 was found to be photochemically inert and does not 

give a ring closing reaction under any conditions (different wavelength of UV light, 

different solvents and different temperatures were tried). 

S SR R
SSR R

313 nm

 

2.12o - 2.15o

> 420 nm or

2.12c - 2.15c
Open forms Closed forms

S

OMe

CN

2.13 R=

2.14 R=

2.15 R=

2.12 R=

 

Scheme 2.4 Photochemical reactions of 9,10-bis-dithienylphenanthrene switches. 

All the switches with aromatic substituents (2.12 - 2.15) show typical 

photochemical switching behaviour (Scheme 2.4). After irradiation with UV light (313 nm) 

the colourless solutions turned blue and a new broad band appeared in the visible region of 

their UV-vis spectra (Figure 2.8). This new band is assigned to the closed form of a switch 

containing a longer conjugated system and thus lower HOMO - LUMO gap. Irradiation of 
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the coloured solution with visible light (>420 nm) resulted in decoloration and the original 

spectra were restored. The presence of isosbestic points indicates that the transformations 

do not involve any side reaction. The switching cycles were repeated 10 times for each 

sample and no decomposition was observed in contrast to dichloro derivative 2.10 for 

which the formation of the rearranged byproduct was the main photochemical pathway.  

 

Figure 2.8 The UV-vis spectra of a) 2.12 b) 2.13 c) 2.14 and d) 2.15 in the open form (—) 

and in the photostationary state (---). Inset in the panel a) shows detail of the double 

absorption in the visible region. 

 The switching behaviour is comparable to the other known families of 

dithienylethene switches
26

, the dithienyl-perhydrocyclopentenes and dithienyl-

perfluorocyclopentenes (Table 2.1 and Table 2.2). The major difference is the possibility to 

extend the conjugation into the phenanthrene moiety which is responsible for the red shift 

of the absorption maxima of most of the absorptions. In the open state the difference is not 

very pronounced and the lowest energy band is red shifted in average by 8 nm compared to 

the perhydrocyclopentenes and 14 nm compared to the the perfluorocyclopentenes. 

However, the intensity of this band is 2 -3 times higher. In the closed stated the difference 

between perhydrocyclopentenes and phenanthrene switches is on average 68 nm and in 

some cases as high as 87 nm. The red shift compared to the perfluorocyclopentenes in 

much lower, only about 10 nm in average. 
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S SR RS SR RS SR R

H6 F6

Dithienyl-perhydrocyclopentenes Dithienyl-perfluorocyclopentenes Dithienyl-phenanthrenes  

(a) The values are taken from the reference 26. (b) The values are for the thienyl substituent 

Table 2.1 UV-vis spectral data (λmax and  ε x 10
3 
(dm

3
mol

-1
cm

-
1) in parentheses, measured 

in acetonitrile) of various families of dithienylethenes in the open form. 

a) The values are taken from the reference 26. (b) The values are for the thienyl substituent 

Table 2.2 UV-vis spectral data (λmax and  ε x 10
3 

(dm
3
mol

-1
cm

-1
) in parentheses, measured 

in acetonitrile) of various families of dithienylethenes in the closed form. 

Another important observation is that the broad band in the visible region of the 

closed form of the switches is composed of two peaks (inset in the Figure 2.8a)). It is 

possible that this feature is common to other diarylethenes as well, but the small separation 

of the peaks did not allow their resolution. 

The switching process was also followed by NMR spectroscopy in order to 

determine the composition in the photostationary state (the ratio of the closed vs. the open 

form). The 
1
H NMR spectra of the open form of the switches show two signals for the 

protons of the methyl groups on the reactive carbons (Figure 2.9a). These are ascribed to 

the parallel and anti-parallel conformation of the molecule (Figure 2.3) and are also 

observed for the perfluorocyclopentene switches. Upon irradiation a new signal for the 

protons of the methyl group of the closed form appears and gains intensity (Figure 2.9b,c). 

Surprisingly only one of the original signals is decreasing, the second one conserving its 

relative intensity. This can be explained assuming that the interconversion between the 

parallel and anti-parallel forms is slow enough not only at the NMR time scale as observed 

previously
21

, but also on the time scale of the whole irradiation process which generally 

takes about 30 min. This led us to the conclusion that it should be possible to isolate the 

individual atropisomers of diarylethenes and study their chiroptical properties. 

Substituent R Perhydrocyclopentene
 

Perfluorocyclopentene
 

Phenanthrene 

Phenyl 278 (18), 303 (S)
a 

258 (33)
 a
 256 (60), 297 (41) 

4-Methylthienyl 281 (14), 295 (18)
 a,b 

312
 a,b

 257 (61), 314 (37) 

4-Methoxyphenyl 284 (28), 308 (S)
 a 

296 (38)
 a
 255 (64), 302 (48) 

4-Cyanophenyl 229 (31), 300 (35)
 a
 232 (17), 315 (9)

 a
 256 (55), 323 (50) 

Substituent R Perhydrocyclopentene
 

Perfluorocyclopentene
 

Phenanthrene 

Phenyl 527 (8.8)
 a
 588 (12)

 a
 565 (5.7), 586 (5.7) 

4-Methylthienyl 519 (13)
 a,b

 605
 a,b

 581 (8.1); 606 (7.8) 

4-Methoxyphenyl 519 (13)
 a
 593 (18)

 a
 567 (13); 595 (13) 

4-Cyanophenyl 575 (22)
 a
 586 (5.9)

 a
 589 (13), 626 (13) 
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Figure 2.9 
1
H NMR spectra (region of 1.8 – 2.4 ppm) of the phenyl substituted switch 2.12 

during irradiation (313 nm) in toluene-D8 at 0°C. a) open form, b) after 5 min of irradiation 

and c) after 30 min of irradiation. Methyl signals of the unreactive parallel form (●); 

reactive antiparallel form (■); closed form (x). The number next to the signal represents its 

integral normalized to the signal of the parallel form. The strong signal at 2.07 ppm 

represents the methyl group of toluene. 

2.4 Isolation and properties of individual atropisomers 
 

In accordance with the results from 
1
H NMR measurements, the existence of 

atropisomers and their stability at room temperature was confirmed also by chiral HPLC. 

The best resolution was obtained using the Chiracel-AD column (Figure 2.10). The 

resolution of the diastereomers is possible for compounds 2.14 and 2.15 even by 

conventional column chromatography using hexane-benzene mixtures as an eluent. The 

compounds 2.12 and 2.13 are not suitable candidates for resolution due to their low polarity 

and very poor solubility in the nonpolar solvents. Therefore in the further investigations we 

have concentrated on the more polar compounds 2.14 and 2.15 that allow to study their 

properties by UV-vis  and CD spectroscopy, after separation by preparative chiral HPLC. 

 

Figure 2.10 The HPLC traces of a) 2.14 (eluent heptane/isopropanol : 97/3) and b) 2.15 

(eluent heptane/isopropanol 90/10) on a Chiracel-AD (Daicel) coloumn. Two peaks with 

the shortest elution times are the enantiomers, the third peak belongs to the meso form. 
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The mixture of the atropisomers of 2.14 and 2.15 (Figure 2.10) contains three 

isomers (Scheme 2.5), a pair of enantiomers, the R,R and the S,S isomers, which adopt an 

anti-parallel conformation and a meso form, the R,S isomer with a parallel conformation. 

The two peaks with the shortest elution times are the enantiomers as judged by their area 

which is equal and different from the third peak. They are both photochromic and show 

pronounced CD spectra which are mirror images of each other (Figure 2.11). The HPLC 

analysis of the first fraction from the conventional column chromatography shows that it is 

a mixture of those enantiomers. The peak with the longest retention time corresponds to the 

meso form which is photochemically inert and nonchiral as indicated by CD spectroscopy. 

It is also identical with the second fraction obtained by conventional column 

chromatography. The elution order also agrees with the expected polarity of the isomers, 

since the parallel meso form have a higher dipole moment due to parallel orientation of the 

polar substituents and hence a longest retention time. All the three isomers have completely 

identical UV-vis spectra and therefore can not be distinguished by this method. All the 

three isolated isomers are stable and show no signs of isomerization even after a few days 

in solution at room temperature. 

SS
R R

S
R

S

R

S
R

S

R

SSR R S S RR

313 nm >460 nm
 or 313 nm >460 nm

 or 

R,R

R,R (P-helix)
S,S (M-helix)

S,S

OMe

CN

2.14 R=

2.15 R=

1/2 > 1000 h
at r.t.

1/2 > 1000 h
at r.t.

 

Scheme 2.5 Photochemical and thermal isomerization processes of 2.14 and 2.15. 

As can be seen from Scheme 2.5, the ring-closing reaction of one of the 

enantiomers with axial chirality gives rise to two stereogenic centers on the reacting 

carbons as well as to the helical arrangement of the thiophene rings relative to the 
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phenanthrene moiety. Thus the R,R atropisomer in the open form leads after irradiation to 

the closed form having R,R configuration at the stereogenic carbons and the overall P 

helicity of the molecule. The axial chirality of the open form is in this manner translated to 

the central chirality of the closed form. 

The switching of the separated isomers of 2.14 and 2.15 was followed by UV-vis 

and CD spectroscopy. The results are shown in the Figure 2.11. The broad band in the 

visible region observed by UV-vis spectroscopy, corresponding to the closed form of the 

switch, is observed also in the CD spectra. Its origin as a superposition of the two peaks is 

even more pronounced when observed by the CD spectroscopy.  

 

Figure 2.11 The UV-vis spectra a) and b) and CD spectra c) and d) of the anti-parallel 

(photochemically active) isomers of 2.14 a), c) and 2.15 b), d) in n-heptane. The open form 

(—) and the photostationary state (---). In the CD spectra, the lines for the CD spectrum of 

enantiomer with the shortest retention time are thick and the lines for the CD spectrum of 

enantiomer with second shortest retention time are thin. 

 Repetitive switching of both 2.14 and 2.15 was demonstrated and Figure 2.12 

shows several switching cycles as revealed by CD spectroscopy. The observation of several 

switching cycles using CD spectroscopy demonstrates that ring-opening reaction gives 

always the starting isomer (the original CD spectrum is fully restored) which means that 

there occurs no racemization in the open neither in the closed state. The conservation of the 

intensity of the absorptions in the UV-vis spectra as well as in the CD spectra indicate high 

fatigue resistance. 



Chapter 2  

 50 

 

 

Figure 2.12 Switching cycles of compound 2.14 as determined by CD spectroscopy. 

2.5 Racemization of the atropisomers 
 

 Temperature-dependent NMR is a common method to determine the isomerization 

barrier of atropisomers. Due to exceptional stability of the isomers of 2.14 and 2.15 this 

method could not be used. Even at 110°C no sign of coalescence of the signals was 

observed. Other method we have tried was to follow the kinetics of isomerization by NMR 

at various temperatures. However the signals of the protons on methyl groups are too close 

to the signal of the toluene methyl group (toluene-d8 was used as a NMR solvent), which 

causes quite a large error in the measurement. Due to complex kinetic equations which 

require starting with the pure isomer and accurate knowledge of the ratio of the isomers in 

the equilibrium, this method did not provided satisfactory results. Therefore we have 

devised a new method based on the observation of the racemization by the disappearance of 

the CD signal of the mixture enriched in one of the enantiomers. 

  

SS
R R

S
R

S

R

S
R

S

R

R,R Meso S,S

k1

k2
k1'

k2'

 

Scheme 2.6 The racemization pathway (the 3D drawing of meso is chosen arbitrary). 

There are three species in the mixture under equilibrium conditions, the chiral 

enantiomeric forms the ―R,R‖ and the ―S,S‖ together with the nonchiral ―meso‖ form. Their 

mutual interconversions occur via rotation about the single bonds connecting the thiophene 

ring with the phenanthrene unit and consequently are first order reactions. We can assign 

each reaction its rate constant, k1 and k1’ for the reaction producing the meso form starting 
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from the R,R or the S,S form, respectively, and k2 and k2’ for the reverse reactions (Scheme 

2.6). 

 However, in a nonchiral environment the energies of the R,R and the S,S forms are 

equal which means that also their rate constants for the interconversion with the meso form 

will be equal. Thus we can write k1 = k1’ and k2 = k2’.     

 The rate of the change of the concentration of R,R has then two contributions: it is 

depleted by the reaction leading to the meso form with the rate v = k1[R,R] and replenished 

by the reverse reaction v = k2[meso]. The net rate is then described by the equation 2.1. 

]meso[]RR,[
]RR,[

21 kk
dt

d

      2.1 

 The same holds for the change of the concentration of the S,S isomer (Equation 

2.2). 

]meso[]SS,[
]SS,[

21 kk
dt

d

      2.2 

 The rate of the change of the meso isomer is more complicated since it can be 

replenished by the isomerisation of the R,R isomer with the rate v = k1[R,R] as well as of 

the S,S isomer with the rate v = k1[S,S]. The depletion has also two channels which both 

depend on the concentration of the meso form v = k2[meso]. The rate is then described by 

the equation 2.3. 

]SS,[]RR,[]meso[2
]meso[

212 kkk
dt

d

     2.3 

 Our objective was to be able to determine the reaction rates using circular 

dichroism measurements. The isolated enantiomerically pure chiral isomer, either the R,R 

or the S,S, has a characteristic CD spectrum. During the isomerization this signal should be 

decreasing and finally disappear at the point when the equilibrium is reached. The rate of 

the signal decrease is dependent on the rate of the isomerization of the pure isomer to the 

meso form as well as on the reverse reaction and the formation of the opposite enantiomer 

from the meso form. This looks like a very complex kinetics but as shown in the following 

analysis it reduces to a first-order process. 

The circular dichroism Δε of a solution depends on the concentrations of the two 

enantiomers and the molar circular dichroism of one of them, since the molar circular 

dichroism of the other enantiomer is exactly the same but opposite in sign. (Equation 2.4). 

])SS,[]RR,([]SS,[]RR,[ )RR,()RR,()RR,(
   2.4 

 The time dependence of the circular dichroism can be expressed as in equation 2.5. 

dt

d

dt

d

dt

d ]SS,[R][R,
)RR,(

      2.5 

 After substituting the concentration changes of the R,R and the S,S in the equation 

2.5 for the terms from equations 2.1 and 2.2, respectively, equation 2.6 is obtained. 
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])]meso[]SS,[(])meso[]RR,[[( 2121)RR,( kkkk
dt

d

  2.6 

 This equation can be rewritten in the following form (Equation 2.7). 

])SS,[]RR,([)RR,(1k
dt

d

      2.7 

 The right part of equation 2.7 after the –k1 is identical with the right part of the 

equation 2.4. The substitution finally leads to equation 2.8 which is actually equation for 

the first order reaction kinetics in the differential form.     

1k
dt

d

        2.8 

 Integration of this equation leads to the equation 2.9 where the Δε0 is the circular 

dichroism at the beginning of the measurement (i.e. at the t = 0): 

)( tk
o 1e

        2.9 

 The linear version of the same equation which gives the rate constant as the slope 

is represented by  equation 2.10. 

tko 1lnln
       2.10 

 The main advantage of the determination of the rate constant for the isomerization 

by this method is that it is not necessary to have one pure isomer. Any mixture containing 

excess of one of the optically active isomers is sufficient without even knowing their ratio. 

Also the information about the molar circular dichroism of one of the enantiomers is not 

required since only the circular dichroism (Δε0) at the beginning of the measurement 

appears in the equation and even that can be obtained from the intercept. 

 

 

Figure 2.13 The plot of ln(Δε/Δε0) vs. time at different temperatures (from left to right 

70°C, 80°C, 90°C, 100°C) a) for compound 2.14 b) for compound 2.15. The slope 

corresponds to the negative value of the rate constant (-k).  

Using this method, the chiral atropisomers of the compounds 2.14 and 2.15 

separated by the HPLC were studied and the activation parameters of their racemization 



Dithienylethene photochromic switches with resolvable atropisomers 

 53 

reaction determined (Figure 2.13 and Figure 2.14). The Gibbs energy of activation 

ΔG
≠
(racemization) for compound 2.14 was found to be 109.6 kJ.mol

-1
 and for compound 

2.15 111.5 kJ.mol
-1

. The corresponding activation enthalpy (ΔH
≠
) and entropy (ΔS

≠
) are 

97.5 kJ.mol
-1

 and -44.3 J. mol
-1

K
-1

 for 2.14 and 98.8 kJ.mol
-1

 and -46.4 J. mol
-1

K
-1

 for 2.15, 

respectively. The similarity of the values means that substitution on the phenyl rings has no 

effect on the racemization barrier, which is as expected, dictated mainly by steric and not 

by electronic effects. This high Gibbs energy of activation is responsible for the possibility 

of isolation of the individual isomers, giving them a halflife of several thousands of hours at 

room temperature. 

y = -11881x + 18.174

y = -11728x + 18.433

-18

-16

-14

-12

0.0026 0.0027 0.0028 0.0029 0.003

1/T

ln
(k

/T
)

 

Figure 2.14 The Eyring plot for the racemization of the compound 2.14 (●) and 2.15 (■). 

2.6 Thermochromism 
 

The racemization of the closed-form isomers of these photochromic switches could 

not be studied in detail because of their thermochromic behaviour. At elevated temperatures 

and in case of 2.15 even at room temperature these switches return rather quickly back to 

the open form. This can be ascribed to the phenanthrene moiety when the aromaticity in the 

―middle‖ ring is lost upon the ring-closure. Although the stabilization energy of the double 

bond between C9 and C10 of the phenanthrene is quite low due to the conservation of the 

other two aromatic rings, it is high enough to induce thermochromic behaviour of these 

switches. 

Several switching cycles were performed with the n-heptane solution of pure 

enantiomers of the compounds 2.14 and 2.15 in which the ring-closing reaction was carried 

out photochemically (313 nm UV light) and ring-opening reaction thermally (1 h at 40°C 

for 2.14 and 5 min at 20°C for 2.15) (Scheme 2.5). The reactions were monitored by CD 

spectroscopy and no racemization was observed after five cycles (Figure 2.15).  For both 
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compounds the thermal ring-opening was much quicker than racemization in the open-form 

of the switch and possible racemization in the closed-form. 

 

Figure 2.15 Switching cycles of a) 2.14 and b) 2.15. The ring closing reaction was induced 

photochemically by irradiation with 313 nm UV light in n-heptane and ring-opening 

reaction thermally. 

The exact activation parameters of the thermal isomerisation of the closed to the 

open form were obtained by the temperature dependent UV measurements for all four 

compounds 2.12 – 2.15. 

Unlike the racemization barriers, the thermal isomerisation barriers are strongly 

dependent on the electronic effects of the substituents on the central thiophene moieties. As 

can be seen from the table 2.3 the stability of the closed form increases with the electron 

donating properties of the substituents The switch 2.14 with the 4-methoxyphenyl 

substituents has a half-life about 300 times longer that the 2.15 with the 4-cyanophenyl  

substituents. The stability of the closed form of the phenyl 2.12 and 4-methylthienyl 2.13 

substituted switches is between those two extremes, the 4-methylthienyl substituted switch 

2.13 being a little more stable due to its higher electron density. 

 

Table 2.3 The activation parameters for the thermal ring opening of switches 2.12 - 2.15. 

 Similar electronic effects were observed also for the dithienyl-

hexafluorocyclopentenes
27

. While the pyridine substituted switch 2.17 (Figure 2.16) is 

stable for more than two weeks at 60°C, methylation of the pyridine destabilized the closed 

form and compound 2.18 exhibits thermochromic behaviour with the half-life of 247 min at 

60°C. The closed form of the tetracyano compound 2.19, with much stronger electron-

withdrawing substituents, is even less stable with half-life only 3.3 min at 60°C. However, 

the stabilization effect of the electron donating substituents, like in the case of 2.12 and 

2.13 was not be observed for the other dithienylethene families due to their high thermal 

stability. 

Substituent R ΔG
‡
 (kJ/mol) ΔH

‡
 (kJ/mol) ΔS

‡
 (J/mol) half-life at 0°C 

Phenyl 90.2 89.2 -3.60 362 min 

4-Methylhienyl 91.1 91.2 0.30 534 min 

4-Methoxyphenyl 93.9 93.8 -0.36 1816 min 

4-Cyanophenyl 81.2 77.4 -13.9 6.76 min 
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Figure 2.16 Dithienyl-hexafluorocyclopentenes with substituent dependent 

thermochromism. 

2.7 Conclusion 
 

For the first time the individual atropisomers of diarylethene photochromic switches 

were isolated and studied. The exceptionally high barrier of their isomerization (109-112 

kJ/mol) allows separating and studying them at the room temperature.  These new 9,10-

dithienylphenanthrene photochromic switches are ideal candidates for nondestructive 

readout method based on chirality, the only drawback being their themochromism which 

can lead to ring opening. They do not require any additional chiral auxiliaries and the 

chirality is an inherent property of their backbone. The switching cycles can be readily 

monitored by CD spectroscopy.  

2.8 Experimental section 
 

General information: 

 

Unless stated otherwise, starting materials were commercially available and were used 

without further purification. Diethylether and THF were distilled from Na. Melting points 

were determined on Büchi melting point apparatus and are uncorrected, 
1
H NMR were 

recorded on a Varian Gemini-200 spectrometer (at 200 MHz), Varian VXR-300 

spectrometer (at 300 MHz), Varian Mercury Plus spectrometer (at 400 MHz), or Varian 

Unity Plus Varian-500 spectrometer (at 500 MHz). 
19

F NMR were recorded on a Varian 

Gemini-200 spectrometer (at 188.2 MHz). 
13

C NMR were recorded on a Varian VXR-300 

spectrometer (at 75.4 MHz), Varian Mercury Plus spectrometer (at 100.6 MHz), or Varian 

Unity Plus Varian-500 spectrometer (at 125.7 MHz). The splitting patterns are designated 

as follows: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet) and b (broad).. 

Chemical shifts are reported in δ units (ppm) relative to the tetramethylsilane using residual 

solvent peaks as a reference. Coupling constants J are reported in Hz. Mass spectra were 

obtained with a Jeol JMS-600 spectrometer using EI or CI ionization techniques by A. 

Kiewiet. CD spectra were recorded on JASCO J-715 spectropolarimeter equipped with a 

JASCO PFD-350S/350L Peltier type FDCD attachment with a temperature control and 

UV-vis spectra were recorded on Hewlet-Packard HP 8453 FT diode array 

spectrophotometer equipped with an Peltier element, using Uvasol grade solvents. HPLC 

analyses were performed on Shimadzu HPLC system equipped with two LC-10ADvp 

solvent delivery systems, a DGU-14A degasser, a SIL-10ADvp autosampler, a SPD-M10A 
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UV-vis photodiode array detector, a CTO-10Avp column oven and a SCL-10Avp controller 

unit using Chiracel AD (Daicel) column. Preparative HPLC was performed on a Gilson 

HPLC system consisting of a 231XL sampling injector, a 306(10SC) pump, an 811C 

dynamic mixer, a 805 manometric module, with a 119 UV-vis detector and a 202 fraction 

collector using the Chiracel AD (Daicel) column. Irradiation experiments were performed 

using high-pressure Hg lamp (200 W, Oriel) or high-pressure Xe lamp (300 W, Oriel) 

equipped with bandpass filters or fluorescence filters (Andover corporation). For irradiation 

of larger quantities of the compounds (NMR samples, preparative purposes) a handheld 

lamp with 313 and 365 nm UV light (Spectroline E-series) was used. 

 

2-Chloro-5-methylthiophene (2.8)
22

 

2-Methylthiophene (100 ml, 1.03 mol) and N-chlorosuccinimide (152 g, 

1.13 mol) were added to a mixture of benzene (400 ml) and acetic acid 

(400 ml). The resulting suspension was stirred 30 min at room temperature 

and 1 h under reflux. After cooling, aqueous NaOH (300 ml of a 3M 

solution) was added. The water layer was separated from the organic layer which was 

washed with aqueous NaOH (3x300 ml of a 3M solution), dried over Na2SO4 and the 

solvent evaporated in vacuo. The remaining slightly yellow liquid was distilled under 

reduced pressure (50 mm, 75°C) to give 111g (84 %) of the product as a colourless liquid. 
1
H NMR (CDCl3, 300 MHz) 2.30 (s, 3H), 6.40 – 6.42 (m, 1H), 6.58 (d, J = 2.2 Hz, 1H). 

13
C NMR (CDCl3, 75.4 MHz)  15.24 (q), 124.29 (d), 125.68 (d), 126.39 (s), 138.40 (s), 

MS (EI): 131 [M
+
] 

 

2,2'-Bis-(5-Chloro-2-methylthiophene-3-carbonyl)-biphenyl (2.9) 

Diphenic acid (9.69 g, 40 mmol) was suspended in 

SOCl2  (58 ml, 95.2 g, 0.8 mol) and heated to reflux for 

4 h, protected from moisture. The unreacted SOCl2 was 

evaporated and 2-chloro-5-methylthiophene 2.8 (10.6 g, 

80 mmol) in CH2Cl2 (100 ml) was added. The mixture 

was cooled in an ice-bath to 0°C and AlCl3 (13.3 g, 100 

mmol) was added in several portions. After 30 min 

stirring at 0°C the temperature was allowed to rise to r.t. and stirring continued at this 

temperature for 16 h. Ice-cold water was then slowly added to destroy the AlCl3, the 

organic layer was separated and the water layer extracted with Et2O (3x100 ml). The 

combined organic extracts were then dried over Na2SO4 and the solvents evaporated. 

Purification by chromatography (silica gel, n-hexane:ethyl acetate / 9:1) yielded  11.89 g 

(63%) of product 2.9 as a white solid. 
1
H NMR (CDCl3, 400 MHz) 2.49 (s, 6H), 6.75 (s, 2H), 7.33 – 7.41 (m, 6H), 7.47 – 7.52 

(m, 2H). 
13

C NMR (CDCl3, 100.6 MHz)  16.59 (q), 124.94 (s), 127.92 (d), 129.57 (d), 130.29 (d), 

131.76 (d), 132.48 (d), 136.30 (s), 140.29 (s), 141.29 (s), 150.30 (s), 191.92 (s). 

MS (EI): 470 [M
+
]; HRMS calcd. for C36H26S2: 469.9969. Found: 469.9972. 

 

 

 

 

 

SCl

O O SS

Cl Cl
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9,10-Bis-(5-chloro-2-methylthien-3-yl)-phenanthrene (2.10) 

TiCl4 (1.65 ml, 2.85 g, 15 mmol) was added dropwise to Zn-

dust (1.3 g, 20 mmol) suspended in dry THF (25 ml) kept under 

a nitrogen atmosphere. This mixture was heated at reflux for 1 

h, cooled to r.t. and the diketone 2.9 (4.71 g, 10 mmol) was 

added. The mixture was again heated at reflux for 4 h. After 

cooling to r.t. n-pentane (50 ml) was added, the slurry was 

filtered through silica gel pad on a fritted funnel which was 

subsequently washed with Et2O (50 ml). The solvents from the filtrate were evaporated and 

the residue purified by column chromatography (silica gel, n-hexane:toluene / 19:1) to yield 

2.33 g (53%) of product 2.10 as a white solid. m.p. 157-159 °C 
1
H NMR (CDCl3, 300 MHz) 2.00, 2.04 (2s, 6H), 6.56, 6.57 (2s, 2H), 7.55 – 7.73 (m, 6H), 

8.79 (d, J = 8.1 Hz, 2H), 
13

C NMR (CDCl3, 75.4 MHz)  14.25 (q), 122.87 (d), 125.43 (d), 125.59 (s), 125.66 (s), 

127.11 (d), 127.18 (d), 127.24 (d), 127.99 (d), 128.36 (d), 129.18 (d), 130.37 (s), 130.41 (s), 

131.24 (s), 131.38 (s), 132.49 (s), 132.52 (s), 134.82 (s), 134.95 (s), 135.14 (s), 135.48 (s). 

MS (EI): 438 [M
+
]; HRMS calcd. for C24H16S2Cl2: 438.0071. Found: 438.0077. 

Anal. calcd. for C24H16S2Cl2: C, 65.60; H, 3.67. Found: C, 65.20; H 3.59. 

 

The purple species 2.16 
Dichloride 2.10 (10 mg) was dissolved in toluene (100 ml). This solution was stirred and 

irradiated with >300 nm light using a 300 W high-pressure Xe lamp for 3 h. The solvent 

was then evaporated. The product 2.16 is not separable from the remaining reactant 2.10 

neither by chromatography nor by crystallization. However it is ca. 90 % pure allowing to 

measure its NMR spectra and perform mass analysis. 
1
H NMR (CDCl3, 400 MHz) 265 (s, 3H), 2.67 (s, 3H), 7.05 (2s, 2H), 7.26-7.40 (m, 4H), 

7.76 (d, J = 7.7 Hz, 2H), 8.05 (d, J = 7.7 Hz, 2H). 
13

C NMR (CDCl3, 75.4 MHz)  23.47 (q), 29.93 (q), 53.11 (s), 71.72 (s), 119.59 (d), 123.97 

(d), 126.74 (d), 128.23 (d), 128.39 (s), 128.62 (d), 129.93 (s), 132.65 (s), 134.10 (s), 137.86 

(s) 

MS (EI): 438 [M
+
].  

 

9,10-Bis-(5-formyl-2-methylthien-3-yl)-phenanthrene (2.11) 

The dichloride 2.10 (879 mg, 2 mmol) was dissolved in 

anhydrous diethyl ether (15 ml) under a nitrogen atmosphere, 

and n-BuLi (2.5 ml of 1.6M solution in hexane, 4 mmol) 

was added slowly at 0°C. After the addition the reaction 

mixture was allowed to warm to r.t. and was stirred for 1 h. 

Then DMF (0.39 ml, 366 mg, 5 mmol) was added, followed 

by stirring for the next 1 h at r.t. Diluted HCl (10 ml of 1M 

aq. solution) was added and the mixture was extracted with ethyl acetate (3 x 20 ml). The 

combined extracts were dried over Na2SO4 and the solvents evaporated. Purification by 

chromatography (silica gel, n-hexane:ethyl acetate / 3:1) gave 570 mg (67%) of product 

2.11 as a white solid. 
1
H NMR (CDCl3, 300 MHz) 2.16, 2.23 (2s, 6H), 7.39, 7.44 (2s, 2H), 7.48, 7.51 (2d, J = 

7.0 Hz, 2H), 7.59 (dd, J = 7.0, 8.0 Hz, 2H), 7.75 (t, J = 7.0 Hz, 2H),  8.84 (d, J = 8.0 Hz, 

2H), 9.73, 9.75 (2s, 2H) 

S S ClCl

S S

O O
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13
C NMR (CDCl3, 75.4 MHz)  15.29 (q), 15.37 (q), 123.07 (d), 126.69 (d), 126.79 (d), 

127.52 (d), 130.48 (s), 130.53 (s), 130.77 (s), 130.83 (s), 131.82 (s), 137.49 (s), 137.94 (s), 

138.12 (d), 139.69 (d), 140.35 (s), 140.48 (s), 147.94 (s), 148.02 (s), 182.36 (d), 182.48 (d). 

MS (EI): 426 [M
+
]; HRMS calcd. for C26H18O2S2: 426.0748. Found: 426.0750. 

 

General procedure for the Suzuki coupling in the synthesis of the compounds 2.12-

2.15. 
The dichloride 2.10 (879 mg, 2 mmol) was dissolved in anhydrous THF (15 ml) under a 

nitrogen atmosphere, and n-BuLi (2.5 ml of 1.6M solution in hexane, 4 mmol) was added 

slowly at 0°C. Subsequently the reaction mixture was allowed to warm to r.t. and stirred for 

1 h. Then B(n-OBu)3 (1.22 ml, 1.04 g, 4.5 mmol) was added, followed by stirring for the 

next 1 h at r.t. Degassed aq. Na2CO3 (5 ml of 2M solution), Pd(PPh3)4 (46 mg, 0.04 mmol) 

and the corresponding aryl-halide (5 mmol) were added and the mixture was heated at 

reflux for 3 h. Next, water (50 ml) was added and the mixture was extracted with Et2O (3 x 

50 ml). The combined extracts were dried over Na2SO4 and the solvents evaporated. 

Purification by chromatography on silica gel using n-hexane:toluene mixtures as an eluent 

gave pure products as solids in 50-97% yields. 

 

9,10-Bis-[5-phenyl-2-methylthien-3-yl]-phenanthrene (2.12) 
This compound was synthesized according to the 

general procedure using iodobenzene (0.56 ml, 1.02 g, 

5 mmol) as the arylhalide component. Purification 

was performed by chromatography (silica gel, n-

hexane:toluene / 9:1) to give 715 mg (68%) of the 

product as a white solid. m.p. 182-183 °C 
1
H NMR (CDCl3, 400 MHz) 2.10, 2.17 (2s, 6H), 

7.03, 7.04 (2s, 2H), 7.20 – 7.36 (m, 6H), 7.44 – 7.60 

(m, 6H), 7.69 – 7.83 (m, 4H), 8.83 (d, J = 8.4 Hz, 2H), 
13

C NMR (CDCl3, 100.6 MHz)  14.48 (q), 14.56 (q), 122.79 (d), 122.82 (d), 125.45 (s), 

125.57 (s), 125.74 (d), 126.84 (d), 127.09 (d), 127.18 (d), 127.43 (d), 127.57 (d), 128.89 (d), 

128.95 (d), 130.30 (s), 130.36 (s), 131.55 (s), 131.81 (s), 133.22 (s), 133.29 (s), 134.69 (s), 

134.75 (s), 135.82 (s), 136.27 (s) 136.84 (s), 137.25 (s), 139.80 (s). 

MS (EI): 522 [M
+
]; HRMS calcd. for C36H26S2: 522.1476. Found: 522.1487. 

Anal. calcd. for C36H26S2: C, 82.72; H 5.01. Found: C, 82.90; H, 4.96. 

 

9,10-Bis-[5-(5-methylthien-2-yl)-2-methylthien-3-yl]-phenanthrene (2.13) 

This compound was synthesized according to the 

general procedure using 2-bromo-5-

methylthiophene (0.57 ml, 885 mg, 5 mmol) as 

the arylhalide component. Purification was done 

by chromatography (silica gel, n-hexane:toluene / 

9:1) to give 698 mg (62%) of the product as a 

white solid. m.p. 144-146 °C 
1
H NMR (CDCl3, 400 MHz) 2.07, 2.13 (2s, 6H), 

2.45, 2.46 (2s, 6H), 6.61 – 6.65 (m, 2H), 6.80 – 6.87 (m, 4H), 7.54 – 7.60 (m, 2H), 7.68 – 

7.79 (m, 4H), 8.82 (d, J = 8.1 Hz, 2H), 

S S

S S

SS
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13
C NMR (CDCl3, 100.6 MHz)  14.30 (q), 14.35 (q), 15.46 (q), 122.79 (d), 122.88 (d), 

123.11 (d), 125.45 (d), 125.82 (d), 125.91 (d), 126.85 (d), 126.93 (d), 127.08 (d), 127.41 (d), 

127.52 (d), 130.30 (s), 130.36 (s), 131.51 (s), 131.74 (s), 133.05 (s), 133.17 (s), 133.51 (s), 

133.57 (s), 134.76 (s), 135.01 (s), 135.56 (s), 135.62 (s), 136.41 (s), 136.76 (s), 138.58 (s), 

138.67 (s). 

MS (EI): 562 [M
+
]; HRMS calcd. for C34H26S4: 562.0917. Found: 562.0922. 

Anal. calcd. for C34H26S4: C, 72.56; H, 4.66. Found: C, 72.90; H, 4.73. 

 

9,10-Bis-[5-(4-methoxyphenyl)-2-methylthien-3-yl]-phenanthrene (2.14) 

This compound was synthesized according 

to the general procedure using 4-

bromoanisole (0.63 ml, 935 mg, 5 mmol) 

as the arylhalide component. Purification 

was done by chromatography (silica gel, n-

hexane:toluene / 1:1) to give 610 mg (52%) 

of the product as a white solid. m.p. 164-

166 °C 

Ratio of isomers after synthesis; RR,SS/Meso 64/36 

Racemate 
1
H NMR (CDCl3, 300 MHz) 2.17 (s, 6H), 3.83 (s, 6H), 6.90 (d, J = 8.4 Hz, 4H) 6.93 (s, 

2H), 7.44 (d, J = 8.4 Hz, 4H), 7.57 (d, J = 8.1 Hz, 2H), 7.70 – 7.78 (m, 4H), 8.84 (d, J = 8.1 

Hz, 2H), 
13

C NMR (CDCl3, 75.4 MHz)  14.48 (q), 55.48 (q), 114.34 (d), 122.76 (d), 124.62 (d), 

126.72 (d), 126.77 (d), 127.05 (d), 127.47 (d), 127.66 (s), 130.33 (s), 131.85 (s), 133.38 (s), 

134.69 (s), 137.13 (s), 139.61 (s), 158.95 (s) 

MS (EI): 582 [M
+
]; HRMS calcd. for C38H30O2S2: 582.1687. Found: 582.1674. 

Meso form 
1
H NMR (CDCl3, 300 MHz) 2.08 (s, 6H), 3.81 (s, 6H), 6.83 (d, J = 8.4 Hz, 4H) 6.91 (s, 

2H), 7.38 (d, J = 8.4 Hz, 4H), 7.58 (t, J = 7.7 Hz, 2H), 7.70 (t, J = 7.7 Hz, 2H), 7.82 (d, J = 

7.7 Hz, 2H), 8.83 (d, J = 7.7 Hz, 2H), 
13

C NMR (CDCl3, 75.4 MHz)  14.40 (q), 55.47 (q), 114.28 (d), 122.79 (d), 126.22 (d), 

126.76 (d), 127.00 (d), 127.03 (d), 127.60 (d), 127.73 (s), 130.27 (s), 131.60 (s), 133.28 (s), 

135.22 (s), 136.71 (s), 139.56 (s), 158.95 (s) 

MS (EI): 582 [M
+
]; HRMS calcd. for C38H30O2S2: 582.1687. Found: 582.1673. 

Anal. calcd. for C38H30O2S2: C, 78.32; H, 5.19. Found: C, 78.50; H, 5.30. 

 

9,10-Bis-[5-(4-cyanophenyl)-2-methylthien-3-yl]-phenanthrene (2.15) 

This compound was synthesized according 

to the general procedure using 4-

bromobenzonitrile (900 mg, 5 mmol) as the 

arylhalide component. Purification was 

done by chromatography (silica gel, 

toluene) to give 1.12 g (97%) of the 

product as a white solid. m.p. 303-305 °C 

Racemate 
1
H NMR (CDCl3, 300 MHz) 2.21 (s, 6H), 

7.12 (s, 2H), 7.47 – 7.55 (m, 10H), 7.63 – 7.73 (m, 4H), 8.84 (d, J = 8.1 Hz, 2H), 

S S
O O

S S
NC CN
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13
C NMR (CDCl3, 75.4 MHz)  14.62 (q), 110.10 (s), 118.96 (s), 122.94 (d), 125.43 (d), 

127.05 (d), 127.16 (d), 127.26 (d), 127.36 (d), 130.40 (s), 131.27 (s), 132.63 (s), 132.73 (d), 

137.81 (s), 137.91 (s), 138.42 (s), 138.57 (s) 

MS (EI): 572 [M
+
]; HRMS calcd. for C38H24N2S2: 572.1381. Found 572.1379. 

Meso form 
1
H NMR (CDCl3, 300 MHz) 2.14 (s, 6H), 7.13 (s, 2H), 7.47 – 7.62 (m, 10H), 7.71 – 7.77 

(m, 4H), 8.85 (d, J = 8.4 Hz, 2H), 
13

C NMR (CDCl3, 75.4 MHz)  14.63 (q), 110.30 (s), 118.91 (s), 122.99 (d), 125.55 (d), 

127.23 (d), 127.31 (d), 128.45 (d), 128.85 (d), 130.42 (s), 131.18 (s), 132.64 (s), 132.80 (d), 

137.48 (s), 137.72 (s), 138.71 (s), 139.03 (s) 

MS (EI): 572 [M
+
]; HRMS calcd. for C38H24N2S2: 572.1381. Found 572.1378. 

Anal. calcd. for C38H24N2S2: C, 79.69; H, 4.22; N 4.89. Found: C, 79.90; H, 4.26; N, 4.81. 
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