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5.2.2
Combinatorial Condensation Reactions

Cyanines have been known for some time and have found use in a variety of ap-
plications [12], such as photosensitizers for color photography [13], as markers for
flow cytometry [14] in studies and detection of nucleic acids [15] and as photother-
apeutic agents [16]. Asymmetric cyanine dyes (Fig. 5.2) consist of two different
heteroaromatic fragments conjugated by a mono- or polymethine chain. By vary-
ing the length of this chain, the photophysical properties of these dyes can be al-
tered. Synthetically, cyanine dyes are easily accessible by condensation of methy-
lene active a- and g-methylpyridinium salts and amidinium or vinylogous amidi-
nium salts as electrophiles.
An efficient combinatorial solid-phase synthesis of asymmetric cyanine dyes

was developed by Isacsson and Westman [17] using a Rink amide polystyrene
resin. The picolinium and lepidinium salts 6 were linked to the solid-phase
resin by amide coupling, then the benzothiazole derivatives 7 were subsequently
condensed with the coupled picoline and lepidine moieties to give the yellow to
blue (lmax, abs. = 420–590 nm) asymmetric, fluorescent (lmax, em. = 480–650 nm)
cyanine dyes 8 (Scheme 5.2, Fig. 5.3). As a consequence of restricted rotation
upon intercalation, the fluorescence quantum yields increase significantly when
these dyes are bound to DNA.
Closely related to cyanine dyes are stilbazolium salts that are based on the styryl

scaffold. Stilbazolium dyes are a class of fluorescent, lipophilic cations that have
been used as mitochondrial labeling agents and membrane voltage-sensitive
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Fig. 5.1 Anilines 1 and phenols 4 for the combinatorial synthesis of the azo dyes 5.



cyanine dyes

I = Streptocyanines

II = Hemicyanines

III = Closed cyanine

two nitrogens are joined by a polymethine chain

http://en.wikipedia.org/wiki/Nitrogen
http://en.wikipedia.org/wiki/Nitrogen
http://en.wikipedia.org/wiki/Polymethine
http://en.wikipedia.org/wiki/Polymethine
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Fig. 5.2 General structure of asymmetric cyanine dyes.

Fig. 5.3 Asymmetric cyanine dyes 8 synthesized by solid-phase
synthesis (colors in parentheses).

Scheme 5.2 General structure of asymmetric cyanine dyes.
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Fig. 5.2 General structure of asymmetric cyanine dyes.

Fig. 5.3 Asymmetric cyanine dyes 8 synthesized by solid-phase
synthesis (colors in parentheses).

Scheme 5.2 General structure of asymmetric cyanine dyes.
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Scheme 5.3 Diversity-oriented synthesis of stilbazolium dyes 11.

Fig. 5.4 Selected aldehyde (9) and picolinium building blocks (10) for the combinatorial
synthesis of stilbazolium salts.



stilbazolium dyes
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Scheme 5.3 Diversity-oriented synthesis of stilbazolium dyes 11.

Fig. 5.4 Selected aldehyde (9) and picolinium building blocks (10) for the combinatorial
synthesis of stilbazolium salts.
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coumarin dyes

ture–property relationships are often unpredictable and empirical approaches are
better suited for the finding and development of novel lead structures. In 2001
B!uerle’s group implemented Pd-catalyzed coupling reactions into a combinator-
ial approach to novel organic materials, in particular coumarin dyes and oligothio-
phenes [31].
Coumarin dyes not only embody a pharmacologically intriguing class of sub-

stances [32] but also, owing to their intense fluorescence, they have attracted con-
siderable interest as laser dyes [33], as fluorescent tags in biolabeling studies [34],
as emitter layers in organic light-emitting diodes (OLEDs) [35], and as optical
brighteners [36]. For establishing empirical structure–fluorescence efficiency cor-
relations, it is reasonable to exploit the strong electronic influence of substituent
variations at positions 3, 4, 6 and 7 on the coumarin framework (Fig. 5.7) [37].
B!uerle and coworkers [38] suggested and applied Pd-catalyzed cross-coupling

reactions of 3-bromocoumarin derivatives for the generation of coumarin libraries
with a highly diverse substitution pattern. In the case of 3-bromocoumarin (18),
the reaction conditions for combinatorial Heck vinylations with alkenes 19, Suzu-
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Fig. 5.7 Positions on the coumarin scaffold with
major effects on the electronic properties.

Scheme 5.5 Combinatorial Pd-catalyzed coupling reactions with
3-bromocoumarin (18) (for the substituents, see Fig. 5.8).



Suzuki coupling

was sequentially reacted with 2.5 equiv. of the same (hetero)aryl iodide or with 1.0
and 1.2 equiv. of various aryl iodides in dioxane at 80 hC in the presence of bis[-
tris(tert-butyl)]phosphanepalladium(0) and triethylamine to furnish the 2,2-
di(hetero)aryl-substituted vinylsilanes 76 in excellent yields and with virtually
complete stereoselectivity (Scheme 5.15).
Interestingly, the concept of combining two Heck reactions and a cross-cou-

pling reaction sequentially within the same vessel failed with vinylsilanes, but
were successful if another vinyl organometallic was applied as a template. Start-
ing with vinylpinacolyl boronate (77), Yoshida and coworkers [79] reacted 2 equiv.
of (hetero)aryl halide in toluene at 80 hC in the presence of bis[tris(tert-butyl)]phos-
phanepalladium(0) and diisopropylamine to give the double Heck arylation prod-
uct 78, a boronate, which was not isolated (Scheme 5.16). Simply adding 1.1
equiv. of a second (hetero)aryl halide, sodium hydroxide and water concluded
the sequence by a Suzuki cross-coupling and gave rise to the formation of
1,1,2-tri(hetero)arylethenes 79.

2075.3 Novel Multi-component Syntheses of Chromophores

Scheme 5.16 One-pot, three-component synthesis of 1,1,2-tri(hetero)arylethenes 79.

boronic acid must be activated, for 
example with base



Suzuki coupling
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Fig. 5.22 One-pot, three-component synthesis of dumbbell-
shaped and star-shaped 1,1,2-tri(hetero)arylethenes 80 and 81.



2,6-dicyanoanilines: A-D-A

Acceptor–donor–acceptor (Acc–Do–Acc) systems are suitable for obtaining a
long-lived charge separation upon photoinduced intramolecular charge transfer
[64] and, in principle, these molecular systems have recently attracted attention
for the development of single molecule based electronic devices [65].
2,6-Dicyanoanilines 62 (Fig. 5.19) are highly substituted benzene derivatives

and can be considered as simple representatives of typical Acc–Do–Acc systems.
However, synthetically persubstituted arenes are better synthesized by de novo
benzene ring formation. Interestingly, the optical properties of the aniline deriva-
tives 62 have only rarely been documented [66].
Therefore, based on the known cyclocondensation of arylidenemalonodinitriles

and 1-arylethylidenemalonodinitriles in the presence of piperidine to give 1,6-di-
cyanoanilines [66a], Wang and coworkers [67] have developed a straightforward
microwave irradiation-assisted pseudo-four-component synthesis of the anilines
62. Thus, the reaction of (hetero)aromatic aldehydes 63, acyclic and cyclic ketones
64 and 2 equiv. of malononitrile in the presence of triethylamine or piperidine
furnishes, after 2 min of 300 W-irradiation power, 51–63% of 2,6-dicyanoanilines
62 (Scheme 5.12).
From the set of products, two members, 62a and 62b (Fig. 5.20), with the most

intense fluorescence were selected for photophysical evaluation. Inspection of the
maximum emission wavelengths and fluorescence quantum yields in solvents
with different polarities (CH2Cl2, MeOH and THF) reveals a significant solvochro-
micity of the emission maxima that influence the corresponding fluorescent
quantum yields to only a minimal extent.
Additionally, this methodology was transposed to liquid-phase synthesis of 2,6-

dicyanoanilines using poly(ethylene glycol) (PEG) as support, starting with a
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Fig. 5.19 2,6-Dicyanoanilines 62 are simple
representatives of Acc–Do–Acc systems.

Scheme 5.12 One-pot, pseudo-four-component synthesis of 2,6-dicyanoanilines 62.



2,6-dicyanoanilines: A-D-A

PEG-bound terephthalate monoaldehyde 65 (Scheme 5.13). The resulting PEG-
bound 2,6-dicyanoanilines 66 were cleaved by NaOMe–MeOH to afford free poly-
substituted 2,6-dicyanoanilines 62. The products were isolated in good yields (65–
82%) and high purities (89–98%).
Among chromophores with favorable fluorescence properties squaraines [68]

(Fig. 5.21) display narrow and intense absorption bands and fluorescence emis-
sion with high quantum yields (Ff up to 0.9) both at long wavelengths (lmax,abs,
lmax, em i 600 nm) [69]. These spectral characteristics render squaraines attractive
for intracellular probing [70] and as photoreceptors [71] relying on intrinsic bright-
ness [72]. Furthermore, squaraine chromophores exhibit strong and characteristic
exciton interaction [73] due to H-dimer formation [74]. Hence squaraine dyes have
been utilized for some chemosensor designs, for instance by covalently linking

2035.3 Novel Multi-component Syntheses of Chromophores

Fig. 5.20 Strongly fluorescent 2,6-dicyanoanilines 62a and 62b.

Scheme 5.13 Microwave-assisted, one-pot, pseudo-four-com-
ponent liquid-phase synthesis of polysubstituted 2,6-dicyano-
anilines 62.



solvochromicity

vealed that the b-values are surprisingly large for such short dipoles (84a, b0
333 = 31

q 10–30 esu; 84b, b0
333 = 29 q 10–30 esu; Fig. 5.23). With respect to the relatively

low molecular mass, these chromophores display a rather favorable molecular
figure of merit, b0m/Mw, where Mw is the molar mass.
Furthermore, selected push–pull chromophores 84 were investigated by differ-

ential scanning calorimetry (DSC), revealing relatively low glass transition tem-
peratures, Tg, a favorable property for composites in photorefractive materials [83].
Based on the peculiar reactivity of nitrothienyl-substituted alkynes, M!ller and

coworkers [84] developed a one-pot, three-component coupling–aminovinylation
sequence to give push–pull chromophores. Terminal alkynes 85 and sufficiently
electron-deficient heteroaryl halides 86 were transformed under Sonogashira con-
ditions into the expected coupling products, which were subsequently reacted
with secondary amines 83 to furnish the push–pull systems 87 in good yields
(Scheme 5.19). The critical step in this consecutive reaction is the addition of
the amine to the intermediate internal acceptor substituted alkyne. According
to semi-empirical and DFT calculations, the crucial parameters for the success
of the amine addition are the relative LUMO energies and the charge distribution
at the b-alkynyl carbon atom.
The concept of alkyne activation by Sonogashira coupling was successfully ex-

tended to the in situ generation of alkynones that are highly reactive and versatile
synthetic equivalents of 1,3-dicarbonyl compounds. Interestingly, ynones can be
readily synthesized in a catalytic fashion by Sonogashira coupling of an acyl chlor-
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Scheme 5.18 Michael-type addition of secondary amines to
nitrothienyl-substituted alkynes.

Fig. 5.23 Solvochromicity and NLO properties of selected b-
aminovinylnitrothiophenes 84.
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35.1 Introduction

 

Light-induced reversible transformation between two isomers having different absorption spectra is
referred to as photochromism.

 

1,2

 

The two isomers differ from one another not only in the absorption spectra but also in refractive indices,
dielectric constants, oxidation–reduction potentials, and geometrical structures. Therefore, upon irradi-
ation with an appropriate wavelength of light, these properties can be reversibly switched.

Diarylethenes with heterocyclic aryl groups are newcomers to the photochromic field. They belong to
the thermally irreversible (P-type) photochromic compounds. The most striking feature of the com-
pounds is their fatigue resistance.

 

3

 

 The coloration/decoloration cycle can be repeated more than 10

 

4

 

 times
while retaining the photochromic performance. Both properties, thermal stability of both isomers and
fatigue resistance, are indispensable for application to optoelectronic devices, such as devices for memory
and switches. In this chapter, recent research on diarylethene derivatives will be described.

 

35.2 Conformation of Diarylethenes

 

Diarylethenes with heterocyclic aryl groups have two conformations with the two rings in mirror (par-
allel) and C

 

2

 

 (antiparallel) symmetries; the conrotatory photocyclization reaction can proceed only from

A B
hν 

hν '
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Light-induced reversible transformation between two isomers having different 
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the C

 

2 

 

symmetry,

 

4 

 

as shown in Figure 35.1.

 

 

 

The reactivity of the cyclization reaction can be controlled by
controlling the conformations. A diarylethene 

 

1

 

 with terminal carboxylic acid moieties has no photore-
activity because the conformation is fixed in parallel by the intramolecular hydrogen bonds. The molecule
becomes photoreactive by the addition of protic solvents or by elevating the temperature, which breaks
the intramolecular hydrogen bonds. (Figure 35.2).

 

5

 

The cyclization quantum yield can also be improved by controlling the conformations. When the ratio
of the photoreactive antiparallel conformers is increased, the quantum yield is expected to increase.
Introduction of bulky isopropyl groups at the 2 and 2

 

′

 

-positions of the benzothiophene rings enhanced
the ratio of the conformers from 0.65 to 0.94 and increased the quantum yield of the cyclization reaction
from 0.35 to 0.52. The increment of the population of photoreactive conformers accounts for the
enhancement of the yield.

 

6

 

FIGURE 35.1  

 

Anti-parallel and parallel conformations of diarylethene derivatives.

 

FIGURE 35.2  

 

Locking of the conformations by intramolecular hydrogen bonds.
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Fulgides and Related Systems

 

86

 

-3

 

When the cross-conjugated (

 

E

 

)-

 

β

 

-dicyanomethylene derivative 

 

4E

 

 was treated with diisopropylamine,
a new infrared-absorbing photochromic lactone 

 

5E

 

 was obtained. Although the central benzene ring of

 

5C

 

, formed by photocyclization, loses its aromaticity, it could be recovered by an intramolecular charge
transfer from the lone pair of the oxygen atom to the lactone carbonyl oxygen atom (

 

5C

 

’). As a conse-
quence, 

 

5C

 

 has a broad absorption band in the infrared region in toluene. The longest absorption
maximum (

 

λ

 

max

 

 = 776 nm in toluene) was recorded for 

 

6C

 

, whose spectrum (photostationary state (pss)
of 366-nm irradiation in toluene) together with that of 

 

6E

 

 is shown in Figure 86.1.
As an important extension, Heller, Köse, and co-workers developed a general method for the prepa-

ration of this type of photochromic lactone.

 

14

 

 Condensation of a ketone, possessing a methylene adjacent
to the carbonyl group, with an (

 

E

 

)-fulgide by KOBu

 

t

 

 in toluene afforded the phenyl lactone in low yield.
Although the skeleton of the product is the same as 

 

5E

 

, the substituents on the phenyl ring are not limited
to amino and cyano groups. For example, condensation of 4-methoxybenzyl methyl ketone with 

 

2E

 

afforded 

 

7

 

 with a beautiful green color similar to Caledon Jade Green dye upon UV irradiation (

 

λ

 

max 

 

=
622 nm in toluene). Fan et al.

 

15

 

 reported that the absorption maximum of 

 

8C

 

 in acetonitrile was 820 nm.
Similar compounds were also reported by Hosmane et al.

 

16,17
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In the following section, the UV/VIS spectroscopy of azobenzenes, the knowledge of which is a
prerequisite for photochemical isomerization reactions, is described. Conditions and quantum yields of
the photoisomerization will be dealt with in Section 89.3 for the azobenzene molecule and some of its
derivatives. The mechanism of these simple light-induced unimolecular reactions (i.e., the dynamics of
molecular changes) has only recently been studied directly by means of experimental laser spectroscopy
methods. The results obtained thus far are summarized and compared with conclusions from quantum
chemical calculations in Section 89.4. Thermal 

 

Z

 

→

 

E

 

 isomerization reactions influence the concentration
ratio of 

 

E

 

- and 

 

Z

 

-isomers in the photostationary state on irradiation of azobenzenes. They are described
separately in Section 89.5. Finally, a selection of interesting prospective applications of the photoisom-
erism of azobenzenes is presented in Section 89.6.

 

89.2 UV/VIS Spectroscopy of Azobenzenes

 

Rau classified azobenzenes as azobenzene-type, aminobenzene-type, and pseudostilbene-type molecules
according to their UV/VIS spectra, based on different energies for the transitions of n- and 

 

π

 

-electrons
into the 

 

π

 

*-obitals.

 

2,3

 

Azobenzene-Type Molecules

 

The stable 

 

E

 

-isomer of the parent molecule azobenzene shows a low-intensity n

 

→π

 

* band (

 

λ

 

max

 

 = 444nm/

 

ε ≈

 

 440 dm

 

3

 

mol

 

-1

 

cm

 

-1

 

) in the visible (VIS) and a high-intensity 

 

π→π

 

* band (

 

λ

 

max

 

 = 316 nm/

 

ε ≈

 

 22 000)
in the UV

 

5

 

 (see Figure 89.2).

 

 

 

The bands are well separated. Changes in the substitution on azobenzene
by various groups, except for an amino group, and changing the solvent have only minor effects.

 

FIGURE 89.1  

 

E

 

→

 

Z

 

 and 

 

Z

 

→

 

E 

 

isomerization of azobenzene by light (h

 

ν

 

) with quantum yields 

 

Φ

 

E

 

 and 

 

Φ

 

Z

 

, respec-
tively, and 

 

Z

 

→

 

E isomerization

 

 

 

by heat (

 

∆

 

) with the rate constant k

 

iso

 

.

 

FIGURE 89.2  

 

Absorption spectra of 

 

E

 

- and 

 

Z

 

-azobenzene in ethanol. (Adapted from Jaffé, H.H. and Orchin, M.,

 

Theory and Applications of Ultraviolet Spectroscopy

 

, John Wiley & Sons, New York, 1962.)
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4 Introduction

• optical switches;
• optical information storage;
• photochemically switchable enzymatic systems;
• nonlinear optical devices.

Of all these potential applications, a few have been commercially successful
(polymer-based photochromic eyewear, novelty items and security printing inks) or
demonstrated to be useful (fluid flow visualisation). Several others have shown
considerable promise and may very well be utilized in commercial products in the
future.

4. BRIEF ANALYSIS OF THE DIFFERENT CHAPTERS AND
THEIR MAIN TOPICS

Chapter 1 (Spiropyrans ) covers the most intensively studied families of
photochromic compounds.

One of the families, the indolinospiropyrans (e.g. 1 in Scheme 1) is the most

studied of all photochromic families and is at the center of this chapter in which are
described their properties and syntheses as well as the syntheses of key inter-
mediates.

This chapter, with over 200 references, is an extensive survey of the photo-
chromic molecular and supramolecular systems involving the spiropyran entity. It
also serves as an excellent introduction for the individual who does not have a
comprehensive understanding of the phenomenon of photochromism.

Chapter 2 (Spirooxazines) covers close relatives of the spiropyrans which have
been receiving increased interest during the past 15 years because of their excellent
photochromic properties and their resistance to photodegradation or fatigue (Scheme
2). In general, the resistance to fatigue of the spirooxazines is much better than that
of the spiropyrans. Their stability under conditions involving continuous irradiation
has led to their use in various applications, including ophthalmic lenses.

Chapter 3 (Benzo and naphthopyrans or chromenes). This chapter reviews
another important type of thermoreversible photochromic compounds that have
found application in the variable optical transmission materials field, specifically,

Scheme 1
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Scheme 2

ophthalmic lenses. Their development into commercially useful materials has been
fairly recent. The broad absorption bands exhibited by the open forms of the
naphthopyrans (Scheme 3) and heteroannellated naphthopyrans are somewhat
complementary to the absorption bands of the naphthoxazines, leading to color
neutralization when they are used together.

Scheme 3

Their resistance to photooxidation is also good relative to most other families of
photochromic compounds. In this property they are comparable to the spirooxazines,
which again adds to the complementary character of the two families. The color of
the open forms can be tuned over a large range of the visible spectrum, by
substituents on the naphthyl moiety or on the aromatic groups present on the sp!
carbon atom of the pyran ring.

Chapter 4 (Fulgides). The fulgides are a class of photochromic compounds for
which the thermal reversal or decoloration of the colored species is disallowed.
Therefore, the reversion is largely driven photochemically as is illustrated with
compound 4 (Scheme 4). Because of the stability of the colored species toward
thermal reversion, the fulgides have potential application in the field of optical
storage and security printing. Another use, in actinometry, is well known.

Scheme 4
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place in the closed-ring isomer. In other words, the open-ring isomer is the “OFF”
state and the closed-ring isomer is the “ON” state.
By using this principle, the photoswitching of magnetism has been planned

and performed. Molecular magnetism can also be photocontrolled by using the
spin crossover phenomena, which are light-induced excited spin state trapping
(LIESST), light-induced thermal hysteresis (LITH) and ligand-driven light-in-
duced spin change (LD-LISC) [38–47]. In addition to spin crossover systems, sev-
eral other systems using photochromic units have also been reported [48–61].
Here, we focus on the photoswitching of the intramolecular magnetic interaction
based on the photochromism of diarylethenes.

9.3
Synthesis of Diarylethene Biradicals

To realize the above-mentioned systems, we carefully chose suitable switching
units and radical moieties. As an initial attempt, we employed 1,2-bis(2-methyl-
1-benzothiophen-3-yl)perfluorocyclopentene (9a) as a photochromic spin coupler
(Scheme 9.2). Compound 9a is one of the most fatigue-resistant diarylethenes
[21]. Nitronyl nitroxide was chosen for the spin source, because this radical is
p-conjugative. Thus, we designed molecule 10a, which is an embodiment of
the simplified model 8a [37, 62].
The synthesis was performed according to Scheme 9.3. 1,2-Bis(2-methyl-1-ben-

zothiophen-3-yl)perfluorocyclopentene (9a) was formylated with dichloromethyl
methyl ether to give diformyl compound 14, which treated with 2,3-bis(hydroxy-
amino)-2,3-dimethylbutane sulfate followed by sodium periodate. Compound 10a
was obtained and purified by column chromatography and gel permeation chro-
matography (GPC). Recrystallization from hexane–CH2Cl2 gave dark-blue plate
crystals of 10a.
Using this switching unit, several biradical molecules were examined (see

below). In the syntheses of these compounds, diiodo derivative 15 was used as

3339.3 Synthesis of Diarylethene Biradicals

Scheme 9.2 Photochromism of the switching unit, 1,2-bis(2-
methyl-1-benzothiophen-3-yl)perfluorocyclopentene (9a) and its
biradical derivative 10a.
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Scheme 9.3 Synthetic scheme for diarylethene biradical 10a.

Scheme 9.4 Syntheses of diarylethene deri-
vatives using the common diiodo intermedi-
ate. Reagent and conditions: (a) I2, H5IO6,
H2SO4, AcOH, H2O, 76%; (b) Pd(PPh3)4,
4-formylphenylboronic acid, Na2CO3, THF,
H2O, 49%; (c) n-BuLi, B(OBu)3 then
Pd(PPh3)4, 4-formyl–4l-iodobiphenyl,

Na2CO3, THF, H2O, 60%; (d) Pd(PPh3)4,
2-formylthiophene-5-boronic acid, Na2CO3,
THF, H2O, 50%; (e) n-BuLi, B(OBu)3 then
Pd(PPh3)4, 5-iodo–5l-formyl-2,2l-bithiophene,
Na2CO3, THF, H2O, 48%; (f) 2,3-dimethyl-
2,3-bis(hydroxyamino)butane sulfate, metha-
nol then NaIO4, CH2Cl2, 2–15%.
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a common intermediate (Scheme 9.4). Suzuki coupling of diiodo derivative 15
with boronic acid or transformation of 15 to diboronic acid followed by Suzuki
coupling with another iodo compounds gave aryl-coupled derivatives. It should
be noted that the diarylethene skeleton is so robust that many chemical transfor-
mations can be applied. This is an advantage of diarylethenes as a building block
for functional molecules.

9.4
Photoswitching Using Bis(3-thienyl)ethene

Photoswitching behavior was examined for photochromic biradical 10a. A sche-
matic representation is shown in Fig. 9.3.
In solution, 10a showed typical photochromic behavior on irradiation with UV

and visible light (Fig. 9.4). Although the radical moiety has a weak absorption in
the region from 550 to 700 nm, this did not prevent the photochromic reaction.
Almost 100% photochemical conversions were observed in both the cyclization
from the open-ring isomer 10a to the closed-ring isomer 10b and the cyclorever-
sion from 10b to 10a. For the practical use of photochromic devices, high conver-
sion is one of the most important characteristics.
Magnetic susceptibilities of 10a and 10b were measured on a SQUID suscep-

tometer in microcrystalline form. xT–T plots are shown in Fig. 9.5. The data
were analyzed in terms of a modified singlet–triplet two-spin model (the Blea-
ney–Bowers–type), in which two spins (S = 1⁄2) couple antiferromagnetically with-
in a biradical molecule by exchange interaction J. The best-fit parameters obtained
by means of a least-squares method were 2J/kB = –2.2 e 0.04 K for 10a and –11.6
e 0.4 K for 10b. Although the interaction (2J/kB = –2.2 K) between the two spins
in the open-ring isomer 10a was weak, the spins of 10b showed a remarkable
antiferromagnetic interaction (2J/kB = –11.6 K).

3359.4 Photoswitching Using Bis(3-thienyl)ethene

Fig. 9.3 Photoswitching of intramolecular magnetic interaction.
Top, schematic representation; bottom, synthesized molecule.
The thick lines represent the pathway of p-conjugation.

to detect the change of the exchange interaction by ESR spectroscopy, the value of
the interaction should be comparable to the hyperfine coupling constant. There-
fore, biradicals 16 and 17, in which p-phenylene spacers are introduced to control
the strength of the exchange interaction, were designed and synthesized (Scheme
9.5) [63, 64].
As described earlier, when two nitronyl nitroxides are magnetically coupled via

an exchange interaction, the biradical gives a nine-line ESR spectrum. If the ex-
change interaction is weaker than the hyperfine coupling, the two nitroxide radi-
cals are magnetically independent and give a five-line spectrum. In intermediate
situations, the spectrum becomes complex.
Diarylethenes 16 and 17 underwent reversible photochromic reactions by alter-

nate irradiation with UV and visible light. A typical absorption spectral change for
16 is shown in Fig. 9.6. The changes in the ESR spectra accompanying the photo-
chromic reaction were examined for diarylethenes 16 and 17. Figure 9.7 shows
the ESR spectra at different stages of the photochromic reaction of 16a. The
ESR spectrum of 16a showed 15 complex lines. This suggests that the two

3379.4 Photoswitching Using Bis(3-thienyl)ethene

Scheme 9.5

Fig. 9.6 Absorption spectrum of 16 along
with photochromism (ethyl acetate solution,
2.8 q 10–6 M). Bottom (dark) line, open-ring
isomer 16a; top (pale) line, closed-ring iso-

mer 16b; dashed line (coincident with the line
for 16b), in the photostationary state under
irradiation with 313-nm light.

dark line, open-ring isomer; 
pale line, closed-ring isomer

tron transfer and can serve as a stronger magnetic coupler than p-phenylene [65,
66]. Therefore, diarylethenes 18 and 19 having one nitronyl nitroxide radical at
each end of a molecule containing oligothiophene spacers were synthesized
and their photo- and magnetochemical properties were studied (Scheme 9.6).
Photochromic reactions and an ESR spectral change were also observed for 18

and 19 as shown in Fig. 9.8. Table 9.1 lists the exchange interaction between the
two diarylethene-bridged nitronyl nitroxide radicals. For all five biradicals, the
closed-ring isomers have stronger interactions than the open-ring isomers. The
exchange interactions through oligothiophene spacers were stronger than the cor-
responding biradicals with oligophenylene spacers. The efficient p-conjugation in

3399.4 Photoswitching Using Bis(3-thienyl)ethene

Table 9.1 Magnetic interaction between two nitronyl nitroxide
connected by diarylethene photoswitches.

Compound Open-ring isomer Closed-ring isomer
ESR line shape |2J/kB (K)| ESR line shape |2J/kB (K)|

10 9 lines 2.2 9 lines 11.6

16 15 lines
(

1.2 q 10–3 9 lines i0.04

I3 q 10–4

17 5 lines I3 q 10–4 Distorted
9 lines

0.010

18 13 lines
(

5.6 q 10–3 9 lines i0.04

I3 q 10–4

19 5 lines I3 q 10–4 9 lines i0.04

Fig. 9.8 ESR spectral change of 19 along with photochromism
(benzene solution). (a) Open-ring isomer 19a; (b) closed-ring
isomer 19b.

(a) Open-ring isomer 19a; (b) closed-ring isomer 19b.



photoswitches

When a diarylethene dimer is used as a switching unit, there are three kinds of
photochromic states: open–open (OO), closed–open (CO) and closed–closed (CC).
From the analogy of an electric circuit, one may infer that the dimer has two
switching units in series. Diarylethene dimer 24, which has 28 carbon atoms be-
tween two nitronyl nitroxide radicals, was synthesized as shown in Fig. 9.9. When
the two radicals are separated by 28 conjugated carbon atoms, the five- and nine-
line spectra were clearly distinguishable upon irradiation. A p-phenylene spacer is
introduced so that the cyclization reaction can occur at both diarylethene moi-
eties. Bond alternation is discontinued at the open-ring moieties of 24(OO) and
24(CO). As a result, the spin at each end of 24(OO) and 24(CO) cannot interact
with each other. On the other hand, the p-system of 24(CC) is delocalized
throughout the molecule and the exchange interaction between the two radicals
is expected to occur.
Compound 24(OO) was synthesized according to Scheme 9.10. The key step

was the Suzuki coupling of iodo-substituted diarylethene and p-phenylenedi-
boronic acid.
Compound 24(OO) underwent photochromic reaction by alternate irradiation

with UV and visible light. Upon irradiation of the ethyl acetate solution of
24(OO) with 313-nm light, an absorption at 560 nm appeared, as shown in Fig.
9.10. This absorption grew and shifted and the system reached the photostation-
ary state after 120 min. The color of the solution changed from pale blue to red–
purple and then to blue–purple. Such a red spectral shift suggests the formation
of 24(CC). The isosbestic point was maintained at an initial stage of irradiation,

342 9 Diarylethene as a Photoswitching Unit of Intramolecular Magnetic Interaction

Fig. 9.9 Photochromic reaction and schematic illustration of
diarylethene 24. The thick gray lines in the bottom two structures
represent the pathway of p-conjugation.



photoswitches

but it later deviated. The blue–purple solution was completely bleached by irradia-
tion with 578-nm light. Compounds 24(CO) and 24(CC) were isolated from the
blue–purple solution by HPLC. The spectra of 24(OO), 24(CO) and 24(CC) are
also shown in Fig. 9.10. Compound 24(CC) has an absorption maximum at
576 nm, which is red shifted by as much as 16 nm in comparison with its location
in 24(CO).

3439.6 Photoswitching Using an Array of Photochromic Molecules

Scheme 9.10 Reagents and conditions: (a)
n-BuLi, THF then DMF; (b) p-phenylenedi-
boronic acid, Pd(PPh3)4, Na2CO3, THF, H2O;

(c) 2,3-dimethyl-2,3-bis(hydroxyamino)bu-
tane sulfate, methanol then NaIO4, CH2Cl2,
(4.7%, in three steps).

Fig. 9.10 Absorption spectra of 24(OO),
24(CO), 24(CC) and sample in the photosta-
tionary state under irradiation with 313-nm

light. (Reprinted by permission from Journal
of the American Chemical Society 123, 9896,
2001. Copyright American Chemical Society.)

Reagents and conditions: (a) n-BuLi, THF then DMF; (b) p-phenylenediboronic acid, Pd(PPh3)4, Na2CO3, 
THF, H2O; (c) 2,3-dimethyl-2,3-bis(hydroxyamino)butane sulfate, methanol then NaIO4, CH2Cl2, (4.7 %, in 
three steps).
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density localized at the center of both sides of the p-conjugated aryl unit. To solve
the problem, it is necessary to develop new switching systems, in which the ex-
citation density at the switching unit is not strongly reduced. The proposed
new switching molecule has its switching unit located in the middle of the p-con-
jugated chain.
In this section, we propose a new switching unit, in which two radicals are

placed in the same aryl unit and p-conjugated chain is extended from 2- and
5-positions of the thiophene ring in one aryl unit of the diarylethene [70]. The
photochromic reactivity and magnetic switching of the new diarylethene deriva-
tives will be discussed.
Figure 9.12 shows the photochromic behavior of the newly developed diaryl-

ethenes. The photocyclization reaction of the diarylethene unit breaks the p-con-
jugation in 2,5-bis(arylethynyl)-3-thienyl unit due to the change of the orbital hy-
bridization from sp2 to sp3 at the 2-position of the thiophene ring. One of such
molecules is shown in Scheme 9.11. An imino nitroxide radical is introduced
at each end of the 2,5-bis(arylethynyl)thiophene p-conjugated chain and m-phen-
ylene was chosen as a spacer between the radicals and reactive center [71]. A
methoxy group was introduced at the reactive carbon [72]. The magnetic interac-
tion between the two radicals via the p-conjugated chain can be altered by the
photocyclization. The open-ring isomer represents the “ON” state because the
p-conjugated system is delocalized between two radicals, whereas the closed-
ring isomer represents the “OFF” state because the p-conjugated system is dis-
connected at the 2-position of the thiophene ring.

3459.7 Development of a New Switching Unit

Fig. 9.12 Photochromism of diarylethene having a 2,5-arylethynyl-3-thienyl unit.
The thick lines represent the pathway of p-conjugation.

Scheme 9.11


