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Chapter 4  

 

Dipyridylethene photochromic 

switches 

 
In this chapter the synthesis and study of the photochromic, thermochromic and proton and 

metal binding properties of new diarylethene switches with pyridines as aryl groups are 

described. Several representatives of this new group of diarylethenes were synthesized, 

containing both perfluorocyclopentene and perhydrocyclopentene as the central bridging 

moiety. The majority of them show the typical photochromic behaviour resulting in a ring-

closed isomer upon UV irradiation and the reverse ring-opening reaction upon exposure to 

visible light. However, the photoconversion is never complete and the open form is always 

present in various amounts at the photostationary state. In certain cases fatigue over 

several switching cycles was observed. All of the new dipyridylethene switches exhibit 

thermochromic behaviour, with the rate of the thermal ring-opening reaction strongly 

dependent on the substituents present in the pyridine rings. A surprising new finding is the 

dependence of the thermochromism on the polarity of the solvent used. The rate of the 

thermal ring-opening reaction decreases with increasing polarity of the solvent. The ring-

closed isomer is ca. 20 times more stable in N,N-dimethylformamide than in the n-hexane. 

Another interesting feature of the dipyridylethene switches is their ability to bind protons 

and metal ions. Besides influencing the UV-vis spectra, the protonation hinders the 

photochromic and thermochromic reactions as well. When an 1:1 complex of the switch 

with a proton or Cu(I) ion is formed, both pyridine moieties bind a positively charged 

species cooperatively, resulting in a photochemically inactive parallel conformation of the 

switch and thus gating of  its photochromic reaction.   
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4.1 Pyridines as new aryl groups for diarylethenes 
 

 The development of new diarylethenes with better photochromic performance, 

high fatigue resistance and other properties such as fluorescence or solid state switching 

resulted in a wide structural diversity of the systems studied
1-11

. The influence of the central 

ethene containing bridging unit on the properties is quite limited as long as it is a cyclic 

system preventing cis-trans isomerisation of the double bond. Most frequently used is 

hexafluorocyclopentene due to its stability and the facile synthesis of its diarylethene 

derivatives
2a

. The substituted aromatic groups attached to this central ethene moiety are 

dictating most of the properties of the whole system. Frequently used aromatic moieties are 

3-thienyl
1
, 3-benzothiophenyl

2
 and 2-thienyl

3
 groups with various substituents. The choice 

for these groups is mainly due to the high thermal stability of the closed form and high 

fatigue resistance of these systems. However diarylethenes with a range of five membered 

heteroaromatic rings such as 3-pyrolyl
4
, 3-furyl

5
, 4-thiazolyl

6
, 4-oxazolyl

7
, 4-pyrazolyl

8
 and 

condensed heteroaromatic rings such as 3-benzofuranyl
9

 or 3-indolyl
10

 have been 

synthesized and their photochromic properties studied (Figure 4.1). Even an indene moiety 

as a carbon analogue of the benzothiophene has been used
11

. Surprisingly, only few 

publications describe diarylethenes with six membered aromatic moieties; phenyl and 

naphthyl
12

 being the only examples. The reason is the high aromatic stabilization energy of 

the benzene ring resulting in the low thermal stability of the closed form which has a 

halflife of only a few minutes at the room temperature. However the naphthyl derivatives 

can withstand even prolonged (>500 h) heating at 70°C
12a

. 
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Figure 4.1 Aromatic moieties used in the construction of diarylethenes. 

 It is possible not only to modify the switching performance through the choice of 

the aromatic moiety, but also to introduce completely new properties. For example, the 

diarylethenes with indole
10

 rings exhibit modulation of fluorescence upon switching. 
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Therefore, we decided to use pyridine as a heterocycle, as it has a prominent place in 

supramolecular chemistry
13

. It is probably the most thoroughly studied heterocycle with an 

enormous number of derivatives described in the literature
14

. Also its proton and metal 

binding properties have been explored and applied in supramolecular systems including 

photochromic switches
15

. The pyridine group was even used in diarylethenes, but only as a 

substituent on the dithienylethene
16

 or dithiazolylethene
6c

 photochromic core. The 

participation of the pyridine directly in the photochemical ring closure would vary its 

properties to a large extent. There are two possible mechanisms that could modify the 

properties of the photochromic dipyridylethene. Both the change in the basicity of the 

nitrogen and the change in the geometry of the system can be used to modulate the proton 

and metal binding abilities of this system. Moreover it would be interesting to examine the 

effect of the electron-deficient heterocycle on the photochromic performance as well as the 

thermal stability, since the majority of the five membered heterocycles commonly used in 

the diarylethenes are electron rich. 

4.2 Synthesis 
 

 In addition to the prevention of cis-trans isomerisation of the ethene moiety by its 

incorporation into a ring system, there is another important structural feature of the 

diarylethenes. The carbons at the ends of the reacting cyclohexatriene core, between which 

the new bond is created in the course of the photochemical reaction, should be substituted. 

This is to prevent the oxidative dehydrogenation that is favourable since it results in an 

aromatic system. The most common substituents on those carbons are methyl groups, 

although other alkyl
17

 groups as well as alkoxy
18

 or even aromatic groups
19

 can be used. To 

avoid the necessity of using two methyl groups next to the carbon that will be attached to 

the central ethene part on each of the two aryl moieties, we have chosen compound 4.3 as 

the synthetically most accessible and structurally the most simple dipyridylethene switch. 

The pyridine is attached to the central hexafluorocyclopentene ring through the C-2 and the 

hydrogen at the C-3 is substituted for a methyl group. 

N NNH2 Br
NaNO2, HBr, Br2

NaOH, H2O
91%

1) n-BuLi, Et2O, -78°C

2)
F8

58%

NN

F2 F2

F2

4.1 4.2

4.3

1) n-BuLi, Et2O, -78°C
2) Bu3SnCl

N SnBu3

4.4

NN

4.5

Br Br

Pd(PPh3)4, CuI
toluene, reflux

41%  

Scheme 4.1 Synthesis of simple dipyridyl-cyclopentenes. 
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 The switch 4.3 can be prepared by the same method as most other diarylethenes 

were prepared. This involves substitution of the two fluorine atoms of the 

octafluorocyclopentene by the lithiated aromatic ring (Scheme 4.1). In our case the bromine 

of 2-bromo-3-methylpyridine 4.2 was exchanged for lithium using n-BuLi in ether at -78°C 

and addition of half equivalent of octafluorocyclopentene to this mixture resulted in the 

formation of the dipyridyl-cyclopentene 4.3 in 58 % yield. The required 2-bromo-3-

methylpyridine 4.2 was prepared from the commercially available 2-amino-3-

methylpyridine 4.1 via diazotation and substitution of the diazonium group by bromide
20

 

(Scheme 4.1). 

 As will be discussed below the dipyridyl-hexafluorocyclopentene 4.3 did not show 

the new properties that were anticipated (i.e. efficient binding of protons and metals), 

therefore it was decided to synthesize its analogue 4.5 with the hydrogens instead of the 

fluorine atoms in the central cyclopentene ring. The switch, containing a central ring with 

sterically less demanding hydrogens instead of fluorines and without the strong electron 

withdrawing effect of the perfluorocyclopentene ring should be more effective in binding 

protons and metal ions. The synthesis of 4.5 was achieved via Stille coupling
21

 of the 3-

methyl-2-tributylstannylpyridine 4.4 with 1,2-dibromocyclopentene (Scheme 4.1). The 3-

methyl-2-tributylstannylpyridine 4.4 was prepared through halogen-metal exchange and 

transmetalation of 2-bromo-3-methylpyridine 4.2.  

 Alkoxy groups have been reported earlier in place of methyl groups at the reactive 

carbons of the central cyclohexatriene system
18

. To explore the effect of electron rich 

substituents on the performance of the otherwise electron poor dipyridyl-

hexafluorocyclopentene, the dipyridyl switch with the methoxy groups 4.8 was synthesized 

(Scheme 4.2). The procedure was the same as for the preparation of 4.3 using 2-bromo-3-

methoxylpyridine 4.7 instead of 2-bromo-3-methylpyridine 4.2 whereas t-BuLi was 

employed instead of n-BuLi. The 2-bromo-3-methoxylpyridine 4.7 was prepared by 

methylation
22

 of commercially available 2-bromo-3-pyridinol 4.6.  

N

OH

Br N

O

Br

NN
O

O

F2

F2

F21) t-BuLi, Et2O, -78°C

2)
F8

38%

K2CO3, MeI
DMF

16h, r.t.
32%

4.6 4.7

4.8  

Scheme 4.2 Synthesis of dipyridylcyclopentene with methoxy groups. 

 The pyridine can be attached to the central cyclopentene ring also through other 

carbon atoms on the pyridine ring, resulting in different positioning of the pyridine 

nitrogens in the resulting switch. For this purpose 3-bromo-2,4,6-trimethylpyridine 4.9
23

, 3-

bromo-2,4-dimethylquinoline 4.10
24

 and 4-bromo-3-methylisoquinoline 4.11
25

 (Figure 4.2) 

were synthesized as precursors for new diarylcyclopentenes. However, the synthesis of the 

corresponding switches was unsuccessful. Several approaches were attempted, including 

the substitution of the fluorines in the octafluorocyclopentene as in the case of the synthesis 

of 4.3 and 4.8 as well as palladium catalysed Stille, Suzuki and Negishi coupling reactions 

analogous to the synthesis of 4.5. Only cyclopentene rings with one aryl group and 

decomposition products were obtained in all the cases. A possible reason is the steric bulk 

imposed on the system by the two methyl groups in close proximity to the reacting carbon. 

This problem is known also for benzene and naphthalene analogues of these compounds for 
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which this additional steric factor has been suspected to be the cause of the low yields of 

the corresponding switches obtained
12a

. 

N

Br

N

Br

N

Br

4.9 4.10 4.11
 

Figure 4.2 Precursors for dipyridylcyclopentene photochromic switches. 

 Another possibility to extend the family of the dipyridyl-cyclopentene switches is 

to introduce substituents on the basic switching units 4.3 and 4.5. There are reports in the 

literature describing the exchange of hydrogen for lithium at the C-2 position of the 

pyridine ring
26

 using n-BuLi in the presence of dimethylaminoethanol as a chelating ligand 

for the lithium. For the switches 4.3 and 4.5 this procedure, however, failed resulting only 

in addition of the BuLi over the double bond of the cyclopentene ring or over the carbon-

nitrogen double bond of the pyridine. To prepare a dipyridyl-cyclopentene switch that can 

be substituted, a new precursor with prebuilt functionality has to be used. The 2,6-dibromo-

3,5-dimethylpyridine 4.13, prepared by bromination of 3,5-dimethylpyridine 4.12
27

, 

contains bromide substituents as reactive sites for further functionalization (Scheme 4.3). It 

is symmetric in order to prevent the formation of a mixture of products after mono-

lithiation and reaction with the octafluorocyclopentene. On the other hand, the methyl 

group next to the bromine in the resulting switch 4.14 may limit the choice of the 

substituents to be introduced at a later stage. 

N
1) n-BuLi, Et2O, -78°C

2)
F8

67%

NN

F2 F2

F2

BrBr

NBr Br

4.12 4.13

4.14

H2SO4, SO3, Br2

150°C, 24h

50%

 

Scheme 4.3 Synthesis of dipyridyl-hexafluorocyclopentene suitable for further 

functionalization. 

 Two derivatization methods for substitution of the bromine of 4.14 were used. The 

first one was based on halogen-metal exchange and subsequent reaction with an appropriate 

electrophile (Scheme 4.4). However, while the photochromic performance of the dibromo 

derivative 4.14 is rather poor, photochromism was not observed for the dialdehyde 4.15 

(vide infra). This behaviour was attributed to the electron withdrawing effect of the 

substituents and therefore the electron donating substituents have been introduced. Since 

the methyl group next to the bromine would not allow effective conjugation in case where 

the bromine would be substituted with phenyl derivatives, five membered electron rich 

heterocycles were used. Thus 2-bromothiophene and 2-bromothiazole were converted to the 

corresponding 2-tributylstannyl derivatives and coupled to the dibromide 4.14 under Stille 

coupling conditions (Scheme 4.4). The new switches, 4.16 with thiophene substituents and 

4.17 with thiazole substituents, were obtained in modest to good yields.  
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Pd(PPh3)4, CuI
toluene, reflux

NN

F2 F2

F2

BrBr

1) t-BuLi, Et2O, -78°C

2) DMF, r.t.

NN

F2 F2

F2

O O

NN

F2 F2

F2

RR

4.16  R =

4.17  R =

S

N

S

RSnBu3

51 %

46%

85%

4.14

4.15

 

Scheme 4.4 Synthesis of the substituted dipyridyl-hexafluorocyclopentene photochromic 

switches. 

4.3 Photochemical behaviour 
 

The UV-Vis spectra of the new dipyridyl-cyclopentene switches (8.10
-5

 M in n-

hexane) show absorption maxima at 265 nm for 4.3 and 217 and 282 nm for 4.5 (Figure 

4.3). The absorbance of dipyridyl-perhydro cyclopentene 4.5 is about 17 nm red shifted 

compared to that of 4.3 however, both compounds show negligible absorbance at 313 nm, a 

wavelength which is commonly used to induce photochemical ring closure in diarylethenes. 

Therefore a UV source with a wavelength of 254 nm was used to study their photochemical 

behaviour.  

NN

F2 F2

F2

4.3

NN

4.5

N N N N

F2

F2

F2254 nm

>420 nm

254 nm

>420 nm

 

Scheme 4.5 Light induced switching of dipyridylcyclopentenes. 

The colourless solution of both 4.3 and 4.5 turned purple upon irradiation with 254 

nm light. This change of colour is caused by the appearance of a new absorption in the 

visible region with a maximum at 514 nm (Figure 4.3) attributed to the closed form of the 

switch (Scheme 4.5). At the same time the intensity of the maximum in the UV region 

decreased. The photostationary state was achieved after 3 min of irradiation. Irradiation of 

those coloured solutions using visible light with wavelengths longer than 420 nm resulted 

in disappearance of the absorption in the visible region and recovery of the original spectra 

of the open forms. The photochemical ring-opening reaction is fast, 30 s of exposure to 

visible light is sufficient to change all of the closed form back to the open form for both 4.3 

as well as 4.5. 
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Figure 4.3 The UV-vis spectra of a) 4.3 (the dipyridyl-perfluorocyclopentene) and b) 4.5 

(the dipyridyl-perhydrocyclopentene ) in the open form (—) and in the photostationary state 

(- - -), measured in n-hexane. 

The irradiation cycles of opening and closing were repeated several times. While 

4.5 shows little fatigue even after 5 switching cycles, in the case of 4.3 photochemical side-

reactions are taking place and some decomposition can be observed already after 3 

switching cycles (Figure 4.4).  

 

 

Figure 4.4 Change of the absorbance at 514 nm during the switching cycles (alternate 

irradiation at 254 nm for 3 min and at >420 nm for 30 s) for a) 4.3 and b) 4.5.  

The ratio of the open and closed forms at the photostationary state was determined 

by NMR spectroscopy, in which the switches were irradiated in deuterated chloroform and 

their ratio in the mixture was obtained by integration of the corresponding signals (Figure 

4.5). The amount of the closed form at the photostationary state was 28% for 4.3 and 38% 

for 4.5. 

 



Chapter 4  

 90 

 

Figure 4.5 
1
H NMR spectra in CDCl3 of a) open form of 4.3 b) photostationary state after 

irradiation of 4.3 for 15 min with 254 nm light.  

 The photochromic performance of the dipyridylethene switch with the 

hexafluorocyclopentene central ring 4.3 was poorer than in the case of dipyridylethene with 

the perhydrocyclopentene central ring 4.5. The switching was accompanied by side 

reactions and the ratio of open/closed forms in the photostationary state was also lower. In 

order to compensate for the electron-withdrawing effect of the fluorinated ring, electron 

donating methoxy groups were introduced instead of the methyl groups on the reactive 

carbons (Scheme 4.2). To our surprise, the resulting dipyridylethene 4.8 was 

photochemically inert and did not show any switching even after prolonged irradiation. The 

same situation was encountered with the dialdehyde 4.15. Switching could not be observed 

using UV light of various wavelengths. 
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Figure 4.6 The UV-vis spectra of 4.14  in the open form (—) and in the photostationary 

state (- - -), measured in hexane. 
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 The dibromide 4.14 was found to be a rather poor photochromic switch. Judged 

from the low absorbance in the visible region obtained after irradiation with the 254 nm UV 

light (Figure 4.6), the ratio of the closed/open form at the photostationaty state is even 

lower than for the dimethyl substituted switch 4.3. The fatigue is so high that 

decomposition is clearly visible even after one switching cycle. Also NMR spectroscopy 

could not be used to determine the composition of the mixture at the photostationary state, 

because upon irradiation at NMR spectroscopy concentration (1mg/ml) decomposition was 

the primary outcome of the experiment. 

 On the other hand, the switches 4.16 and 4.17 with heteroaromatic substituents 

show excellent photochemical behaviour. The absorbance of their open forms is red shifted 

compared to the unsubstituted analogue 4.3 with maxima at 261, 287 and 312 nm for 4.16 

and 233, 286 and 316 nm for 4.17 (Figure 4.7). This allows for the use of lower energy UV 

light at 313 nm for the ring closing reaction. As expected, the ring closure can be observed 

readily as a change in colour of the solution from colourless to blue and appearance of a 

new absorption maximum in the visible region of UV-vis spectra. The maximum of this 

absorption is at 656 nm for 4.16 and 651 nm for 4.17 which is more than 130 nm red 

shifted when compared to the absorption maximum at 514 nm for 4.3. These red shifts can 

be attributed to the presence of an extended conjugated system in the substituted 

dipyridylethenes. Irradiation of this coloured solution with visible light >420 nm results in 

ring-opening reaction and the original spectra were restored. This switching cycle can be 

repeated many times since the fatigue resistance of the switches 4.16 and 4.17 is very good. 

Decomposition could not be observed after 5 switching cycles. The analysis of the 

composition of the irradiated solution at the photostationary state by the 
1
H NMR 

spectroscopy showed that it contains 68% closed form in the case of 4.16 and 67% closed 

form in the case of 4.17. 

 

Figure 4.7 UV-vis spectra of a) 4.16 (the thiophene substituted switch) and b) 4.17 (the 

thiazole substituted switch) in the open form (—) and in the photostationary state (- - , 

measured in dichloromethane. 
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4.4 Thermochromism 
 

 As noted above (part 4.1), the diphenylcyclopentenes are thermally unstable in 

their closed form due to the high aromatic stabilization energy of the phenyl rings
12

. The 

same situation is observed with the dipyridyl-cyclopentenes. All of them are 

thermochromic in their closed form, undergoing a ring-opening reaction in the dark 

(Scheme 4.6). The thermal stability is dependent on the central cyclopentene ring, as well 

as on the substituents on the pyridine moieties and, surprisingly, on the solvent polarity. 

NN

F2 F2

F2

4.3 R1= H; R2=H
4.14 R1= CH3; R2=Br
4.16 R1= CH3; R2=2-thienyl
4.17 R1= CH3; R2=2-thiazolyl

NN

4.5

N N N N

F2

F2

F2254 nm 254 nm

heat heat

R2

R1

R2

R1

R2

R1

R2

R1

 

Scheme 4.6 Light induced ring-closing and thermal ring-opening reactions of dipyridyl-

cyclopentenes. 

 The thermochromic reaction of the dipyridyl-cyclopentene 4.3 with a perfluoro-

cyclopentene central ring is more than two times faster than in the case of 4.5 which has a 

perhydro-cyclopentene central ring. The corresponding half-lives of the thermal ring 

opening are 33 min for the 4.3 and 69 min for the 4.5 at 25°C in hexane. The closed form of 

the dibromo derivative 4.14 is more stable, with a half-life of 5 h and 50 min in hexane at 

25°C; however, the substitution of the electron withdrawing bromines for the more electron 

rich thiophene 4.16 or thiazole 4.17 increased the rate of the thermochromic ring-opening 

reaction enormously. Both switches with hetero-aromatic substituents returned to the open 

state within a few seconds after irradiation was stopped when measured in n-hexane. 

The thermochromic reaction of the 4.16 and 4.17 was studied in detail in order to 

determine their activation parameters. Measurements were performed at four different 

temperatures in acetonitrile. The results are summarized in Table 4.1, Table 4.2 and Figure 

4.8. From kinetic analysis (Figure 4.8), it is clear that the reaction is the first order process, 

as expected. The half-lives of the reactions are very short at the room temperature and 

although the switches are structurally similar, their stability is quite different. At 0°C the 

thiazole substituted dipyridylcyclopentene 4.17 opens thermally more than 40 times faster 

than the thiophene substituted dipyridylcyclopentene 4.16. This is confirmed by the Eyring 

analysis of the kinetic data, which shows almost 10 kJ/mol difference in the activation free 

energies (Table 4.1 and Table 4.2). 
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Figure 4.8 Measurements of the thermochromic ring-opening reaction of switches 4.17 a), 

c), e) and 4.16 b), d), f) in acetonitrile. Decrease at the absorption maximum in the visible 

region as a function of time and temperature a) and b). Determination of the rate constants 

from the logarithmic plot of absorbance vs. time c) and d). Eyring plot to determine the 

activation parameters e) and f). 
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Temperature (°C) rate const. x10
3
 (s

-1
) half-life (s)     

0 0.124 5590  H
≠
= 91.78 kJ/mol 

10 0.536 1293  S
≠
= 17.0 J/mol 

20 2.053 338  G
≠
= 87.13 kJ/mol 

30 7.569 92     

Table 4.1 Kinetic data and activation parameters (at 0°C) for the thermochromic ring-

opening reaction of dipyridylcyclopentene 4.16 in acetonitrile. 

Temperature (°C) rate const. x10
3
 (s

-1
) half-life (s)     

-20 0.294 2358  H
≠
= 81.12 kJ/mol 

-10 1.339 518  S
≠
= 9.3 J/mol 

0 5.463 127  G
≠
= 78.58 kJ/mol 

10 19.16 36     

Table 4.2 Kinetic data and activation parameters (at 0°C) for the thermochromic ring-

opening reaction of dipyridylcyclopentene 4.17 in acetonitrile. 

The thermochromism of 4.16 and 4.17 was studied at sub-ambient temperatures 

due to the high rate of this reaction. Since both compounds precipitated from n-hexane 

upon cooling, a different solvent was used. Surprisingly, changing hexane for acetonitrile 

resulted in decrease of the rate of the thermochromic reaction. The thermochromic reaction 

was followed at 0°C in solvents of different polarity (Figure 4.9). It was found that the 

polarity has indeed a strong effect on the rate of the reaction. The more polar the solvent is, 

the slower the thermal ring-opening reaction. The rate of the reaction in N,N-

dimethylformamide is almost 20 times lower than that in the hexane.  
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Figure 4.9 The dependence of the rate of thermochromic ring-opening reaction of 4.16 (- -) 

and 4.17 (—) at 0°C on the solvent polarity. Solvents in the order of increasing polarity are 

n-hexane, toluene, dichloromethane, tetrahydrofurane, acetone, acetonitrile and N,N-

dimethylformamide (the lines are to guide the eye). 
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The effect of the solvent on the thermochromic reaction has not been reported, to 

the best of our knowledge, for the diarylethenes previously. It is known that the solvent can 

influence the quantum yield of the photochemical ring-closing and to some extent also the 

photochemical ring-opening reaction
28

. However, this effect was attributed to different 

population of the parallel and antiparallel conformations of the switch in the open state
28a

 

and to the solvent viscosity
28d

. Even then the variation in the reaction rate for the 

photochemical ring opening was within a factor of 2. The difference of the reaction rate of 

the thermal ring-opening by a factor of 20 is certainly not expected as it is an 

intramolecular pericyclic process in which the solvent should play only a marginal role. 

The data suggest that the transition state for the thermal ring opening reaction is stabilized 

in non polar solvents, thus decreasing the activation barrier and accelerating the reaction. 

 

4.5 Interaction with protons and metal ions 
 

The main reason for the synthesis of dipyridylethenes was to study their interaction 

with protons and metal ions as a secondary stimulus, besides light, that can alter their 

properties. Several effects can be expected including changes in the absorption spectra, 

modification of the photochemical behaviour and variation of the thermochromic ring-

opening reaction. Different modes of binding of protons or metal ions to dipyridyl-

cyclopentenes are possible. In the open form the pyridine moieties are not electronically 

coupled, thus each of them can bind a positively charged entity, resulting in a 1:2 complex. 

In the closed form the pyridine nitrogens are part of the conjugated system where altering 

the state of one of them would change the binding abilities of the second one. The positive 

charge on one nitrogen should reduce the electron density on the other one resulting in a 

much weaker interaction with the second charged entity. However apart from the electronic 

effects there are also steric effects. The open form can exist in two conformations, the 

antiparallel in which the nitrogens are far away, and the parallel having nitrogens close 

enough to be able to bind one positively charged entity cooperatively, resulting in a 1:1 

complex. The similar cooperative binding of a metal cation was observed for 

dithienylethenes having two crown-ether substituents
29

. 

 

Figure 4.10 Titration of the open form of dipyridylcyclopentene 4.3 with trifluoroacetic 

acid (TFA) in n-hexane a) open form (—), open form + 2 eq. TFA (- - -); b) titration curve. 
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The interaction of the switches with protons was studied using UV-vis spectroscopy. 

The dipyridyl-perfluorocyclopentene 4.3 was titrated with trifluoroacetic acid (TFA) in n-

hexane and the spectra were recorded after addition of each aliquot of 0.1 equivalent of 

acid
30

. The open form showed only a minor change (Figure 4.10a). Upon addition of the 

acid, the maximum in the UV region increased slightly, reaching a maximum after addition 

of 9 equivalents of TFA and the stoichiometry of the complex was found to be 4.3 : TFA = 

1 : 2 (Figure 4.10b). Evidently the binding of a proton is very weak. When the titration was 

repeated in more polar solvents (dichloromethane, acetonitrile) no change could be 

observed until large excess (20 – 50 eq.) of acid was used. Possible explanations for these 

observations might be that the perfluorocyclopentene central ring is decreasing the electron 

density on the nitrogens too much, or the fluorine atoms are too close to the nitrogens, 

causing steric hindrance.  

 Protonation of the closed form of 4.3 was more easily observed (Figure 4.11). Due 

to the thermochromism of this form, it could not be isolated in the pure state and the 

solution irradiated to the photostationary state was used. Addition of the first 0.3 eq. of 

TFA resulted in considerable increase of the absorbance in the UV region and blue shift of 

the peak in the visible region from 514 to 452 nm. Further addition of the acid had a much 

smaller effect. The maximum in the UV region increased further, and the maximum in the 

visible region shifted to longer wavelengths, reaching 543 nm after addition of 3 eq. of 

TFA. Taking into account that the photostationary state contains 28% of the closed form, 

0.3 eq. of acid is sufficient to protonate one nitrogen of the closed form of the switch. The 

protonation of the closed form appears to proceed more effectively than the protonation of 

the open form. The protonation of the second nitrogen of the closed form is more difficult 

due to its conjugation to the, already protonated and thus positively charged, first nitrogen. 

However after addition of the 3 eq. of acid both nitrogens are protonated as can be seen 

from the shift of the absorption maximum in the visible region. The difference in the 

protonation between the open and the closed form can be rationalized considering the 

basicity of the nitrogens. In the open form of the pyridine nitrogen has a pKa close to the 

5.25
31

, while in the closed form the nitrogen belongs to an N- substituted, -unsaturated 

imine (Scheme 4.5) which is more basic with pKa of ca. 7.5
32

 and thus protonation occurs 

more readily. 
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Figure 4.11 Titration of the irradiated solution of dipyridylcyclopentene 4.3 at the 

photostationary state (PSS) with trifluoroacetic acid (TFA) in n-hexane PSS (—), PSS + 0.3 

eq. TFA (- - -), PSS + 3 eq. TFA (
. . . .

). 
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 The protonation has also effect on the photochromic performance of the switches. 

While adding 1 eq. of TFA to the dipyridyl-cyclopentene 4.3 has no effect on the 

photochemical ring-closing and ring-opening reaction, switching in the presence of 2 eq. 

TFA results in 22 % of the closed form and switching in the presence of 4 eq. TFA results 

in 14 % of the closed form at the photostationary state compared to 28% in the absence of 

acid. When 10 equivalents of TFA are added, photochromic ring-closing reaction could not 

be observed. This corresponds with the observation that 9 eq. TFA are necessary to 

protonate all of the sample in the open form (Figure 4.10b). 

 The thermochromic reaction is slowed down considerably upon protonation. 

Adding 0.3 eq. of the acid, an amount sufficient to protonate all the closed form at the 

photostationary state, results in a half-life of the thermal ring opening of 7.6 h which 

indicates that the ring-opening is about 15 times slower for the protonated than for the 

unprotonated form. 

 Switch 4.5, with the perhydrocyclopentene central ring, was expected to show 

better interaction with the protons due to absence of the electron withdrawing and steric 

effects of the fluorine atoms. Indeed the titration of the open form of this switch with TFA 

results in the more pronounced change in the UV-vis spectra (Figure 4.12a). The maximum 

in the UV region is slightly shifting from 277 nm to 274 nm while the absorption is also 

broadening. This process is completed after addition of 1 eq. of TFA. Further addition of 

the acid causes the absorption to regain its original, narrower shape and while its maximum 

remains at the same wavelength, the intensity increases. The titration curve shows a distinct 

maximum after adition of 1 eq. of TFA which means that the complex has a 1 : 1 

stoichiometry probably caused by the cooperative binding of the proton with both nitrogen 

atoms (Scheme 4.7). This would also explain the change in the shape of the peak, which 

would reflect the change in the geometry of the switch that has to adopt a parallel 

conformation. Since there is also a change in the spectra after further addition of acid, a 1 : 

2 complex of 4.5 : TFA is also possible at high acid concentration. In this complex the two 

positively charged nitrogens would repel each other resulting in antiparallel conformation 

of the switch and restoration of the shape of the absorption. 

 

Figure 4.12 Titration of the open form of dipyridylcyclopentene 4.5 with trifluoroacetic 

acid (TFA) in dichloromethane a) open form (—), open form + 1 eq. TFA (- - -), open form 

+ 10 eq. TFA (
. . . .

); b) titration curve. 

 Protonation of the closed form of 4.5 was studied on a mixture of the open and 

closed form in the photostationary state containing 38% of the closed form (Figure 4.13). In 



Chapter 4  

 98 

this case protonation of both forms proceeded simultaneously; therefore it is not possible to 

consider the protonation of only the closed form. Gradual addition of TFA up to 1 

equivalent resulted in a blue shift of the absorption maximum in the UV region from 280 

nm to 274 nm, similar as was observed for the open form of 4.5. At the same time the 

absorption maximum in the visible region shifted from 517 nm to 541 nm as a result of the 

protonation of the closed form. Further addition of the acid resulted in increase in the 

intensity of the aborption in the UV region and additional shift (541 nm to 555 nm) 

accompanied with slight decrease in intensity of the absorption maximum in the visible 

region. Although some isosbestic points could be observed during the titration, their 

analysis was also inconclusive. For example, there are three isosbestic points at 239, 272 

and 298 nm for the spectra of photostationary state of 4.5 with 0 – 0.8 eq. TFA, but the 

same spectra are lacking clear isosbestic point in the visible region despite the fact that the 

spectral lines are crossing each other in this region. The basicity constants of the open and 

closed forms of the switch 4.5 are probably more comparable than in the case of the 

perfluorocyclopentene analogue 4.3, therefore it is not possible to observe the selective 

protonation of only one form in their mixture. 
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Figure 4.13 Titration of the irradiated solution of dipyridylcyclopentene 4.5 at the 

photostationary (PSS) state with trifluoroacetic acid (TFA) in dichloromethane PSS (—), 

PSS + 1 eq. TFA (- - -), PSS + 6 eq. TFA (
. . . .

). 

 The effect of the protonation on the photochemical performance of 4.5 was also 

more pronounced than in the case of 4.3. Already 1 equivalent of the acid was enough to 

suppress the photochemical ring closing reaction to 20% of its original performance. 

Irradiation of this solution resulted in the photostationary state with only 7 % of the closed 

form instead of 38 %. This can be explained again taking into account cooperative binding 

of the proton by both pyridine nitrogens (Scheme 4.7). The addition of 1 equivalent of the 

acid locks most of the molecules in the unfavourable parallel conformation, which cannot 

undergo a photochemical ring-closing reaction. In this way an effective gating of the 

photoreaction through the presence of the protons can be achieved. 

Surprisingly no effect of protonation on the thermal stability of the closed form of 

4.5 was observed, even using large excess of TFA (10 eq.) to ensure effective protonation 

of the closed form. While the thermochromic reaction of 4.3 was largely suppressed by the 

addition of the acid, the rate for the thermal ring opening of the 4.5 remained unchanged. 
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Scheme 4.7 Switching and protonation of the dipyridylcyclopentene 4.5. 

 To study the binding of metal ions to the dipyridylethenes, copper(I) was chosen 

as the metal that binds efficiently to pyridines
33

 and has favourable optical properties. The 

absorption spectrum of copper(I) perchlorate, which was used as a source of Cu(I) shows a 

maximum at 210 nm and this copper salt does not absorb at wavelengths longer than 260 

nm allowing us to clearly distinguish the absorptions of the switches in the spectra. The 

dipyridylcyclopentene with a fluorinated central ring 4.3 shows no interaction with Cu(I) in 

the open as well as in the closed form (based on the UV-vis measurements). Considering its 

weak binding of protons, interaction with the more bulky copper(I) ion is expected to be 

even weaker. On the other hand, the dipyridylcyclopentene 4.5, with a 

perhydrocyclopentene central ring, binds Cu(I) quite efficiently (Figure 4.14) resulting in a 

1:1 complex (Scheme 4.8). The change of the spectral properties is similar to the change 

observed upon binding of a proton. The maximum in the UV region shifts to shorter 

wavelengths from 277 nm to about 267 nm and the absorption also becomes broader. In 

contrast to protonation, further addition of the copper(I) ions has no effect on the spectra 

and the 1:1 complex with cooperative binding of the Cu(I) by both pyridine moieties is the 

only species observed in the solution.  

 

Figure 4.14 Titration of the open form of dipyridylcyclopentene 4.5 with CuClO4 in 

acetonitrile a) open form (—), open form + 1 eq. CuClO4 (- - -); b) titration curve. 
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 The closed form of the switch 4.5 does not interact with Cu(I) ions, which leads to 

the conclusion that binding of the copper(I) ion by only one pyridine is probably to weak 

for the open as well as for the closed form.  

 The effect of the complexation on the photochemical performance of 4.5 was also 

similar to the effect of the protonation. Addition of 1 equivalent of the Cu(I) was enough to 

suppress the photochemical ring closing reaction to less than 30% of its original 

performance. Irradiation of this solution resulted in the photostationary state with only 

10 % of the closed form instead of 38 %. After addition of 4 equivalents of Cu(I) 

photochemical reaction was not observed. Thus the gating of the photochemical ring 

closure (Scheme 4.8) can be achieved by metal ion binding in the same way as was 

observed for protonation. Since Cu(I) does not bind to the closed form of the switch, no 

effect on the thermochromic ring-opening reaction was observed.  
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Scheme 4.8 Complexation gated switching of dipyridylcyclopentene 4.5. 

4.6 Conclusions 
 

 New diarylethene photochromic systems, containing pyridines as aryl moieties, 

were synthesized and their photochromic and thermochromic reactions were studied. These 

new switches show quite efficient photochromic reactions dependent on their substitution 

pattern. However, all of them are thermochromic with the stability of the closed form 

ranging from seconds to hours at room temperature. It was found that some of these new 

dipyridylethene photochromic switches show effective gating of the photoreaction upon 

addition of an acid or metal source. Furthermore, other properties of the switches, such as 

absorbance and rate of the thermochromic reaction, can be tuned by protonation and 

complexation. 
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4.7 Experimental section 
 

General information: 

 

For general information on synthesis, characterization and photochemical studies, see 

Chapter 2. 

 
1,2-Bis-(3-methyl-pyridin-2-yl)-perfluorocyclopentene (4.3) 

To 2-bromo-3-methylpyridine (1.02 g, 5.9 mmol) in dry ether (25 ml ) 

was added, at -78°C under nitrogen, n-BuLi (3.7 ml of 1.6M solution 

in  n-hexane, 5.9 mmol). After stirring for 1h at the -78°C a solution of 

octafluorocyclopentene (0.350 ml, 557 mg, 2.6 mmol) in 5 ml of dry 

ether precooled to at least 0°C was added.The reaction mixture was 

stirred 4 h at the same temperature and then allowed to slowly warm to 

room temperature over 1 h. Water (20 ml) was added, the organic 

layer separated and the aqueous layer extracted with ether (3x20 ml). The combined 

organic extracts were dried over Na2SO4 and the solvent evaporated. After flash 

chromatography (silca gel, n-hexane:ethyl acetate / 5:1), pure product was isolated as a 

white solid (0.552 g, 58%). mp. 139 - 140 °C 
1
H NMR (CDCl3, 300 MHz) 2.14  (s, 6H), 7.17 (dd, J = 4.5, 7.5 Hz, 2H), 7.41 (d, J = 7.5 

Hz, 2H), 8.49 (d, J = 4.5 Hz, 2H). 
13

C NMR (CDCl3, 75.4 MHz) 18.52 (q), 111.67 (t), 116.29 (t), 124.49 (d), 134.07 (s), 

138.46 (d), 141.31 (t), 146.71 (s), 147.37 (d) 
19

F NMR (CDCl3, 188.2 MHz)  -133.33 (t, J = 5 Hz, 2F), -112.82 (t, J = 4.5 Hz, 4F), 

MS (EI): 358 [M
+
]; HRMS calcd. for C17H12F6N2: 358.0904. Found: 358.0928. 

Anal. calcd. for C17H12F6N2: C, 56.99; H, 3.38; N, 7.76. Found: C, 57.00; H, 3.39; N, 7.76. 

 
1,2-Bis-(3-methyl-pyridin-2-yl)-cyclopentene (4.5) 

To 2-bromo-3-methylpyridine (1.72 g, 10 mmol) in 25 ml of dry ether 

was added, at -78°C under nitrogen, n-BuLi (6.9 ml of 1.6M solution 

in n-hexane, 11 mmol) and the reaction mixture was stirred for 1h at 

the same temperature. Then tributyltin chloride (3 ml, 3.6 g, 11 mmol) 

was added and after 30 min the temperature was allowed to rise to r.t. 

while stirring was continued for another 1h. The reaction mixture was 

washed with water (2x10 ml), dried over Na2SO4 and the solvent evaporated to give 3-

methyl-2-tributylstannylpyridine in quantitative yield. This compound was without further 

purification added to a mixture of 1,2-dibromocyclopentene (0.48 ml, 0.9 g, 4 mmol), 

Pd(PPh3)4 (231 mg, 0.2 mmol) and CuI (38 mg, 0.2 mmol) in toluene (50 ml). After heating 

at reflux under nitrogen for 16h the reaction mixture was evaporated to dryness, the residue 

dissolved in ethyl acetate (20 ml), saturated aq. KF (10 ml) was added and the mixture was 

stirred for 1h. The precipitate was filtered out and the filtrate extracted with ethyl acetate 

(3x10 ml). The combined organic layers were dried over Na2SO4 and the solvent 

evaporated. After flash chromatography (silica gel, n-hexane:ethyl acetate \ 4:1), pure 

product was isolated as a white solid (0.413 g, 41%). mp. 109 - 110 °C 
1
H NMR (CDCl3, 300 MHz) (s, 6H), 2.16 (q, J = 7.5 Hz, 2H), 2.99 (t, J = 7.5 Hz, 

4H), 6.95 (dd, J = 4.5, 7.5 Hz, 2H), 7.23 (d, J = 7.5 Hz, 2H), 8.38 (d, J = 4.5 Hz, 2H). 

NN

F2

F2

F2

NN
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13
C NMR (CDCl3, 75.4 MHz)  18.96 (q), 23.46 (t), 38.98 (t), 121.66 (d), 131.38 (s), 

137.86 (d), 140.32 (s), 146.74 (d), 156.92 (s). 

MS (EI): 250 [M
+
]; HRMS calcd. for C17H18N2: 250.1474. Found: 250.1470. 

Anal. calcd. for C17H18N2: C, 81.56; H, 7.25; N, 11.19. Found: C, 81.60; H, 7.31; N, 11.08. 
 

1,2-Bis-(3-methoxyl-pyridin-2-yl)-perfluorocyclopentene (4.8) 

To 2-bromo-3-methoxypyridine 4.7 (610 mg, 3.24 mmol) in dry ether 

(20 ml) was added, at -78°C under nitrogen, n-BuLi (2.4 ml of 1.5M 

solution in n-hexane, 3.6 mmol). After stirring for 1h at the -78°C a 

solution of octafluorocyclopentene (0.2 ml, 318 mg, 1.5 mmol) in 5 ml 

of dry ether precooled to at least 0°C was added, and the reaction 

mixture was stirred 4 h at the same temperature and then allowed to 

slowly warm to room temperature over 1 h. Water (20 ml) was added, 

the organic layer separated and the aqueous layer extracted with ether (3x20 ml). The 

combined organic extracts were dried over Na2SO4 and the solvent evaporated. After flash 

chromatography (silica gel, n-hexane:ethyl acetate / 5:1), pure product was isolated as a 

white solid (488 mg, 38%)   
1
H NMR (CDCl3, 300 MHz) 3.36 (s, 6H), 7.08 (dd, J = 8.4, 1.1 Hz, 2H), 7.27 (dd, J = 8.4, 

4.8 Hz, 2H), 8.30 (dd, J = 4.4, 1.1 Hz, 2H),  
13

C NMR (CDCl3, 75.4 MHz) 55.21 (q), 111.61 (t), 116.40 (t), 118.28 (d), 125.24 (d), 

139.44 (s), 141.48 (d), 154.37 (s). 
19

F NMR (CDCl3, 188.2 MHz)  -133.94 (t, J = 4.5 Hz, 2F), -111.77 (t, J = 4.5 Hz, 4F), 

MS (CI): 391 [M+H
+
]; HRMS calcd. for C17H18F6N2O2: 396.1273. Found: 396.1286. 

Anal. calcd. for C17H18F6N2O2: C, 51.52; H, 4.58; N, 7.07. Found: C, 51.57; H, 4.63; N, 

7.04. 

 
1,2-Bis-(6-bromo-3,5-dimethyl-pyridin-2-yl)-perfluorocyclopentene (4.14) 

To 2,6-dibromo-3,5-dimethylpyridine (5.3 g, 20 mmol) in dry 

THF (60 ml) was added, at -78°C under nitrogen, n-BuLi 

(12.5 ml of 1.6M solution in n-hexane, 20 mmol). After 

stirring for 1h at the -78°C a solution of 

octafluorocyclopentene (1.2 ml, 1.91 g, 9 mmol) in dry THF 

(5 ml) precooled to at least 0°C was added, and reaction 

mixture was stirred 4 h at the same temperature and then 

allowed to slowly warm to room temperature over 1 h. Water 

(50 ml) was added, the organic layer separated and the aqueous layer extracted with ether 

(3x50 ml). The combined organic extracts were dried over Na2SO4 and the solvent 

evaporated. After flash chromatography (silica gel, n-hexane:ethyl acetate / 20:1), pure 

product was isolated as a white solid (3.47 g, 71%). mp. 153-155 °C  
1
H NMR (CDCl3, 300 MHz) 2.16 (s, 6H), 2.30 (s, 6H), 7.28 (s, 2H). 

13
C NMR (CDCl3, 75.4 MHz) 17.68 (q), 21.76 (q), 111.62 (t), 115.99 (t), 133.60 (s), 

136.52 (s), 141.18 (d), 141.40 (s), 143.85 (s). 
19

F NMR (CDCl3, 188.2 MHz)  -132.89 (t, J = 4.5 Hz, 2F), -112.40 (t, J = 4.5 Hz, 4F), 

MS (EI): 544 [M
+
]; HRMS calcd. for C19H14F6N2Br2: 541.9427. Found: 541.9467 

Anal. calcd. for C19H14F6N2Br2: C, 41.94; H, 2.59; N, 5.15. Found: C, 42.04; H, 2.68; N, 

5.18. 
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1,2-Bis-(6-formyl-3,5-dimethyl-pyridin-2-yl)-perfluorocyclopentene (4.15) 

The dibromide 4.14 (200 mg, 0.37 mmol) was dissolved in 

anhydrous diethylether (10 ml) under a nitrogen atmosphere, 

and t-BuLi (0.54 ml of 1.5M solution in hexane, 0.81 mmol) 

was added slowly at -78°C. After the addition was complete 

the reaction mixture was stirred at the same temperature for 

1 h. Subsequently DMF (85 l, 80 mg, 1.1 mmol) was 

added and the mixture was stirred for 1h at r.t. Water (10 ml) 

was added and the mixture was extracted with ethyl acetate (3 x 10 ml). The combined 

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

chromatography (silica gel, n-hexane:ethyl acetate / 8:1) gave 131 mg (51%) of product as 

a white solid. 
1
H NMR (CDCl3, 300 MHz) 2.28 (s, 6H), 2.55 (s, 6H), 7.35 (s, 2H), 10.02 (s, 2H) 

13
C NMR (CDCl3, 75.4 MHz) 18.60 (q), 18.75 (q), 111.69 (t), 116.17 (t), 136.76 (s), 

137.86 (s), 142.39 (d), 144.51 (s), 148.20 (s), 194.60 (d). 
19

F NMR (CDCl3, 188.2 MHz)  -133.09 (t, J = 4.5 Hz, 2F), -112.47 (t, J = 4.5 Hz, 4F). 

MS (EI): 442 [M
+
]; HRMS calcd. for C21H16F6N2O2F6: 442.1116. Found: 442.1101. 

 
1,2-Bis-(3,5-dimethyl-6-thiophen-2-yl-pyridin-2-yl)-perfluorocyclopentene (4.16) 

To 2-bromothiophene (178 l, 300 mg, 1.84 mmol) in 

10 ml of dry ether was added, at -78°C under nitrogen, 

n-BuLi (1.25 ml of 1.6M solution in n-hexane, 2 mmol) 

and the reaction mixture was stirred 1h at the same 

temperature. Then tributyltin chloride (540 l, 650 mg, 

2 mmol) was added and after 30 min the reaction 

temperature was allowed to rise to r.t. and stirring 

continued for another 1h. The reaction mixture was 

washed with water (2x5 ml), dried over Na2SO4 and the solvent evaporated to give 2-

tributylstannylthiophene in quantitative yield. This compound was, without further 

purification, added to the mixture of 1,2-bis-(6-bromo-3,5-dimethyl-pyridin-2-yl)-

perfluorocyclopentene 4.14 (400 mg, 0.74 mmol), Pd(PPh3)4 (17 mg, 0.015 mmol) and CuI 

(3 mg, 0.015 mmol) in toluene (10 ml). After heating to reflux under nitrogen for 4 h a 

second portion of Pd(PPh3)4 (17 mg, 0.015 mmol) and CuI (3 mg, 0.015 mmol) were added 

and heating continued for the next 16 h. Then the reaction mixture was evaporated to 

dryness, the residue dissolved in ethyl acetate (10 ml), saturated aq. KF (2 ml) was added 

and the mixture was stirred for 1h. The precipitate was filtered of and the filtrate extracted 

with ethyl acetate (3x10 ml). The combined organic layers were dried over Na2SO4, filtered 

and the solvent evaporated. After flash chromatography (silica gel, n-hexane:ethyl acetate / 

10:1), pure product was isolated as a white solid (0.187 g, 46%). mp. 243-244 °C 
1
H NMR (CDCl3, 300 MHz) 2.17 (s, 6H), 2.48 (s, 6H), 7.1 (dd, J = 5.1, 3.7 Hz, 2H), 7.22 

(s, 2H), 7.40 (d, J = 5.1 Hz, 2H), 7.47 (d, J = 3.7 Hz, 2H). 
13

C NMR (CDCl3, 75.4 MHz) 17.89 (q), 21.37 (q), 111.90 (t), 116.38 (t), 126.82 (d), 

127.74 (d), 127.84 (d), 130.24 (s), 131.76 (s), 141.71 (d), 143.77 (s), 145.12 (s), 149.02 (s).  
19

F NMR (CDCl3, 188.2 MHz)  -132.93 (t, J = 4.5 Hz, 2F), -112.68 (t, J = 4.5 Hz, 4F), 

MS (EI): 550 [M
+
]; HRMS calcd. for C27H20F6N2S2: 550.0972. Found: 550.0972. 

Anal. calcd. for C27H20F6N2S2: C, 58.26; H, 4.71; N, 5.03. Found: C, 58.21; H, 4.66; N, 5.08. 
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1,2-Bis-(3,5-dimethyl-6-thazol-2-yl-pyridin-2-yl)-perfluorocyclopentene (4.17) 

The same procedure as for the 1,2-bis-(3,5-dimethyl-

6-thiophen-2-yl-pyridin-2-yl)-perfluorocyclopentene 

was followed, using 2-bromothiazole (166 l, 301 mg, 

1.84 mmol) instead of the 2-bromothiophene. The 

product was isolated as a white solid (344 mg, 85 %). 

mp. 125-127 °C 
1
H NMR (CDCl3, 300 MHz) 2.18 (s, 6H), 2.70 (s, 

6H), 7.31 (s, 2H), 7.39 (d, J = 3.3 Hz, 2H), 7.91 (d, J = 3.3 Hz, 2H). 
13

C NMR (CDCl3, 75.4 MHz) 18.00 (q), 20.71 (q), 111.62 (t), 116.27 (t), 121.50 (d), 

132.84 (s), 133.88 (s), 141.34 (s), 142.41 (d), 143.44 (s), 143.96 (d), 147.05 (s), 170.70 (s). 
19

F NMR (CDCl3, 188.2 MHz)  -132.90 (t, J = 4.5 Hz, 2F), -112.73 (t, J = 4.5 Hz, 4F), 

MS (EI): 552 [M
+
]; HRMS calcd. for C25H18F6N4S2: 552.0877. Found: 552.0867. 

Anal. calcd. for C25H18F6N4S2: C, 54.34; H, 3.28; N, 10.14. Found: C, 54.10; H, 3.15; N, 

10.10. 
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