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The review presents the results of the development of an universal approach to the molecular
design of light-sensitive and light-emitting nanosized systems with desired properties based on
unsaturated and macrocyclic compounds. Within the same class of compounds, various nanosized
systems were constructed using a limited number of structural fragments. These nanosized systems are
susceptible to all main types of photoprocesses, such as fluorescence, photodissociation, photo-
isomerization, photocycloaddition, photoelectrocyclization, excimer formation, charge-transfer com-
plex formation, the formation of the twisted intramolecular charge-transfer state (TICT state), and the
electron transfer. The use of photostructural transformations for controlling the complexation and
mechanical movements in molecular devices and machines is discussed. The prospects of application
of the new strategy are exemplified by the design of the previously unknown types of molecular
switches, materials for optical chemosensors, optical data recording and storage media, photo-
switchable molecular devices, and photocontrolled molecular machines.
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Introduction

The bottom-up design, which is also known as the mo-
lecular design or molecular assembly, is one of the main
fields of investigation in nanotechnology.! Important aims
of nanotechnology are to predict the properties of com-
pounds in nanosized systems and develop procedures for
their assembly. Nowadays the new scientific engineering
field called the molecular engineering has started to de-

velop. This field is aimed at designing various-destina-
tion molecular devices and machines. The bottom-up
molecular assembly resulting in the selective formation
of nanosized structures and the presence of light-sensi-
tive fragments are prerequisites for the design of light-
controlled molecular devices and machines.

Molecular devices are defined as structurally orga-
nized and functionally integrated molecular systems,2—6
which can perform certain tasks to achieve useful results.
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Devices operating as a result of the mechanical move-
ment of components relative to each other are commonly
assigned to molecular machines.3’—12 For this purpose,
the components should not be linked by strong chemical
bonds. These types of nanosized systems can be used for
designing molecular mechanisms and machines for ener-
gy generation, conversion, and transformation, as well as
for nanoscale motion, and for constructing nanodevices
for control and diagnostics of nanoscale amounts of ma-
terials and compounds. The above-mentioned fields are
of considerable interest from the point of view of their
application in supramolecular technology and nanotech-
nology.3:13—15 In Russia, they were assigned to critical
technologies, i.e., the synthesis and investigation of new
classes of compounds having physicochemical character-
istics promising for this purpose, as well as the develop-
ment of an approach to the design of these compounds,
are urgent problems.

It is most convenient to control molecular devices
and machines by light, whose wavelength and quantity
can easily be varied.16—21

Light-sensitive systems, which can be considered as
prototypes of molecular devices and machines, play
a great role in living nature. For example, these systems
enable photosynthesis, vision, phototropism in plants,
and bacterial phototaxis. Natural light-sensitive systems
consist of two main units: a photoantenna absorbing a light
quantum and a functional unit, which perceives changes
in the photoantenna after absorption of the light quan-
tum. Hence, in natural light-sensitive systems, the light
acts as a trigger for a number of vitally important pro-
cesses. 2223

Artificial light-sensitive systems are built up in an
approximately the same manner. Although photochro-
mic derivatives of bisanthracenes24 and spiro com-
pounds2’ were studied as photoantennae, azobenzene
derivatives were most often used for this purpose.26 How-
ever, the latter compounds have a principal drawback.
Thus, they can be involved only in frans—cis- and
cis—trans-photoisomerization reactions (Scheme 1).27

Scheme 1

In this respect, compounds containing a carbon—car-
bon double bond have certain advantages. The main ad-
vantage is that they can be involved not only in photo-
isomerization but also, for example, in [2+2] photo-
cycloaddition (PCA) giving rise to cyclobutane deriva-
tives (Scheme 2).28—31

Crown compounds are most often used as functional
units in artificial light-sensitive systems. These are mac-
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rocyclic compounds containing heteroatoms bearing lone
electron pairs, which can form coordination bonds with
metal ions. One of the fundamental properties of these
molecules is that they can undergo self-assembly in solu-
tion with ions or other molecules to form more complex
systems32:33 (Scheme 3).
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have been extensively investigated in
recent years.3435 These compounds
have a hydrophobic electron-donor
cavity. The ability of CB[#n] to form
stable complexes with positively
charged organic molecules in aque-
ous media is of particular interest.

Therefore, photoswitchable molecular devices based
on compounds capable of undergoing photostructural
(photochromic) transformations and crown compounds
can be represented as follows: these are hybrid mole-
cules, which should contain a fragment of unsaturated
compounds adsorbing a light quantum as a photoantenna
and one or two crown ether moieties capable of binding
metal ions (Scheme 4).

If fragments of a crown ether and a photochro-
mic compound are linked to each other by covalent
bonds in such a way that at least one heteroatom of
the macrocycle is conjugated with the chromophore,
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Scheme 4

the self-assembly in solution giving rise to supramolecu-
lar structures would allow changes in the spectroscopic
and photochemical characteristics of the photochro-
mic fragment of the molecule, and the self-assembly of
such crown-containing molecules can, in turn, be con-
trolled by light.
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Rotaxane and pseudorotaxane complexes of un-
saturated compounds and cucurbiturils can serve as
prototypes of photocontrolled molecular machines
(Scheme 5).

Scheme 5

Movement

New types of artificial light-sensitive systems based
on the previously unknown crown-containing and crown
ether-free styryl, bis-styryl, and butadienyl dyes, he-
tarylphenylethylenes, dihetarylethylenes, and stilbenes
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containing a photoswitchable carbon-carbon double
bond, as well as spironaphthoxazines and naphthopyrans
capable of being involved in photoinduced electrocyclic
reactions, satisfy the above-mentioned conditions.

In the first type of systems, viz., in crown-containing
styryl dyes I, we varied the heterocyclic moiety, the sub-
stituents at the nitrogen atom of the heterocyclic moiety,
and the size and nature of the crown ether moieties. The
second type of systems includes bis-crown-containing
styryl dyes II, in which two fragments of the dye are
covalently bridged. In this case, both crown ether moi-
eties can simultaneously be involved in complexation.
Crown-containing hetarylphenylethylenes III containing
various heterocyclic fragments and crown ether moieties
belong to the third type of light-sensitive systems. The
fourth type includes crown-containing butadienyl dyes
IV, in which heterocyclic fragments, the substituent at the
nitrogen atom, and crown ether moieties were varied. In
bis-crown-containing stilbenes V, spironaphthoxazines
VI, and naphthopyrans VII, we varied the size of the crown
ether moieties.

Structures of unsaturated dyes

X-ray diffraction studies of a large series of com-
pounds revealed two characteristic features for the type of
unsaturated dyes under consideration. The distances be-
tween groups and atoms of the dye moiety are smaller
than the sums of their van der Waals radii, which is
indicative of substantial steric strain in the chromophoric
systems (for example, in styryl dye 1 (Fig. 1)).3¢ In spite
of this fact, the chromophoric systems remain planar due
to a high degree of conjugation between different unsatur-
ated fragments of the dyes, as exemplified by butadienyl
dye 2 (Fig. 2).%7

The three-dimensional structure of the crown ether
moiety can be described as a distorted crown (see Figs 1
and 2).
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Complexation reaction

In the first step of investigations performed by our
research group, the self-assembly of crown-containing
styryl dyes involving metal ions was studied. The differ-
ence between crown ether-free dye 3 and crown-contain-
ing dye 4 was found after the addition of metal ions to
solution.38
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Large hypsochromic (toward shorter wavelengths)
shifts of the long-wavelength maximum were observed33
in the absorption spectra of crown-containing dye 4
(Scheme 6).

Fig. 1. Structure of styryl dye #trans-1 projected onto the plane of smallest overlap.
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Fig. 2. Crystal packing of the structural units of butadienyl dye trans,trans-2.

Scheme 6
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These hypsochromic shifts depend on the nature of
metal ions added to solution.38—46 For the dye under
consideration, the largest shift was observed in the pres-
ence of magnesium ions; the smallest shift, in the pres-
ence of barium ions (Fig. 3).38

A more detailed study of this effect for two crown-
containing dyes (4 and 5) and a series of singly, doubly,
and triply charged metal cations revealed the largest shifts
for the highest surface charge density, i.e., for triply
charged cations (Table 1). In a series of cations with
the same charge, the largest shifts were observed for com-
pounds, in which the diameter of the metal ion best

matches the cavity size of the crown ether moiety. For
example, the largest shift for dye 4 was observed in the
presence of magnesium ions; for dye 5, in the presence of
europium ions. Interestingly, the second dye virtually
does not give a hypsochromic shift upon complexation
with a magnesium ion.4!

Table 1. Changes in the long-wavelength absorption max-
ima (AA) of crown-containing dyes trans-4 and trans-5
upon complexation with various metal ions in MeCN

and MeOH
M™(X0), AN¥/nm

trans-4 trans-5

MeCN MeCN MeOH
LiClOy4 15 1 0
NaClO, 11 8 8
KClO, 8 13 2
KSCN 3 11 3
CsClOy4 3 5 4
NH,4CIO, 4 13 4
Mg(ClOy), 42 1 2
Ca(ClOy), 39 26 4
Sr(Cl0y), 33 29 23
Ba(ClOy), 28 27 27
Eu(ClOy); 2 44 3
Tb(ClOy)3 1 34 2

* AL = AL — Ay (Ap and Ap g are the long-wavelength
absorption maxima of the dye and its complex with
the metal ion, respectively).
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Fig. 3. Absorption spectra of crown-containing dye frans-4 (1) and
its complexes with magnesium (2), calcium (3), and barium (4)
cations in MeCN.
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We hypothesized that the hypsochromic shift depends
on the efficiency of metal-ion binding to the dye, which is
known to be quantitatively characterized by the stability
constant. Measurements of the stability constants for
a series of complexes of crown-containing styryl dyes
with metal ions, which were synthesized by our research
group, showed that the constants change in parallel with
the hypsochromic shifts.4” This was exemplified by dye
trans-6. The stability constants (K;) for the complexes
with trans-6 and the changes in the long-wavelength max-
ima (AL) upon complexation with various metal perchlo-
rates are given below.

M2Z* logk, AL/nm
Mg+ 4.5 39
Ca2* 4.0 36
Ba2* 3.7 28

Therefore, the hypsochromic shift can serve as a good
qualitative indicator of the efficiency of metal-ion bind-
ing to dyes.

However, this is not true for dyes containing other
heteroatoms in the macrocycle in addition to oxygen.
As an example, let us refer to dithiacrown-containing
styryl dye 7.

For this dye, the hypsochromic shift upon the addi-
tion of mercury ions is 25 nm, whereas the stability con-
stant is very high (logK = 18).45:48

Fluorescence and excimer formation

Crown-containing styryl dyes have intense deep color
attributed to the presence of an oxygen or nitrogen atom
of the crown ether moiety in the para position with
respect to the double bond and the conjugation of
these atoms with the chromophoric fragment.43
These compounds exhibit weak fluorescence in solution
at room temperature (the fluorescence quantum yield
¢ = 0.002—0.1).4%3% On the contrary, cis isomers of
styryl dyes show no fluorescence at all. The fluorescence
intensity of dyes is substantially higher in viscous solu-
tions or polymeric matrices and increases with decreas-
ing temperatures (up to ¢; = 0.6 at 173 K).4

Our research group obtained interesting results when
studying the complexation of bis-crown-containing dyes.
In this case, two crown ether moieties can simultaneously
be involved in binding of ions with large ionic radii, such
as barium, strontium, and calcium ions, to form sand-
wich complexes31:52 (Scheme 7).

Such molecules are called molecular pincers.
It should be noted that data on sandwich complexes, in
which the crown ether moieties are bound to chro-
mophores, are lacking in the literature. It should also be
noted that the chromophoric systems in the above-men-
tioned sandwich complex are located one above another.
This leads to their interactions, which is reflected in
absorption spectra. Hence, the hypsochromic shifts upon
complexation are abnormally large.

Two-component fluorescence is observed also for
the sandwich complex of 8 with Ba2*. The spectroscopic
properties of the fast component indicate that this com-
ponent is associated with radiative deactivation of the
excited state of one of the chromophoric fragments
involved in the complex. The long-lived component
belongs to an intramolecular excimer that is formed as
a result of an interaction between two chromophoric
fragments of the sandwich complex (the excited fragment
and the fragment in the ground state).52
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@[w@“

(CH2)3 2 ClO,~ Q/O\)
@

0\)

M2+(CI0,),

trans,trans-8

M2+ = Ba2*, Sr2*, Ca2*

Recoordination reaction

In a series of butadienyl dyes, we found a photocon-
trolled molecular device with a switching time of 20 ps.
In the complex of dye 2, the calcium ion forms coordina-
tion bonds with all heteroatoms (Scheme 8). However,
the Ca—N bond is cleaved under light irradiation as

Scheme 8
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a result of photodissociation, and this bond is again formed
after the transition from the excited to the ground state.

Therefore, the Ca—N bond formation is a con-
trolled function in this photoswitchable molecular
device 37:53—56

trans—cis Photoisomerization

Anion-"capped" complexes. In the first step of investi-
gation of our research group, we compared the ability of a
crown-containing dye and a dye containing two methoxy
groups, whose donor effect reproduces the donor effect of
the crown ether moiety, to act as molecular photoswitch-
es. It should be noted that the photochromic characteris-
tics of styryl dyes have not been described. We showed
that both styryl dyes are efficient molecular photoswitch-
es. The forward and backward reactions proceed with
nearly theoretical yields (¢, = 0.5).57 Only in some cas-
es, the geometrical isomerization is accompanied by the
competitive formation of the twisted intramolecular
charge-transfer state (TICT state), which can be effi-
ciently suppressed by complexation.38 In addition, it was
found that the long-wavelength maxima of the frans and
cis isomers differ by only 10—15 nm. Hence it follows
that the photostationary state is always formed under
irradiation.3 However, we succeeded in overcoming this
drawback.

We observed an interesting behavior of styryl dye 9,
which contains the substituent with the terminal sulfo
group having ligand properties at the nitrogen atom.
This group in the trans isomer of the dye cannot
"reach" the metal ion located in the crown ether cavity.
However, this group in the cis isomer forms a ra-
ther strong coordination bond with the metal ion. This
anion-"capped" complex is stable at room temperature3?
(Scheme 9).

The long-wavelength maxima of the trans and cis iso-
mers are substantially different (by almost 70 nm; Fig. 4)
enabling the complete molecular photoswitch from
the frans to the cis isomer and back with high quantum
yields (¢ = 0.5).5

Yet another interesting property of this dye is that its
cis isomer can bind metal ions 500 times more stronger
than the trans isomer. As a result, the complexation,
which is not photosensitive by itself, can be controlled by
light. These supramolecules are commonly called photo-
controlled or photoswitchable molecular devices. There-
fore, we have synthesized the previously unknown photo-
switchable molecular devices based on crown-containing
styryl dyes.57:60—65

The characteristics of photoswitchable molecular de-
vices can be controlled by varying the structure of the
dyes.47:66—69 Eor example, the stability of anion-"capped"
complexes can be varied by varying the length and nature
of the substituent at the nitrogen atom. It should be noted
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Scheme 9
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that the formation of anion-"capped" complexes is
the ion-selective reaction. For example, dye 10 forms the
stable anion-"capped" complex with a calcium ion
(Scheme 10), but it does not give an analogous complex
with a magnesium ion.”® Dithiacrown-containing dye 11
forms the anion-"capped" complex with a mercury ion,
but it does not give the complex with a calcium ion having
a similar size.48:71

We obtained particularly impressive results for aza-
crown-containing styryl dye 12. In this case, the com-
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Fig. 4. Absorption spectra of dyes frans-9 (1) and cis-9 (2) and their
complexes with a magnesium cation, (frans-9)-Mg?" (3) and
(cis-9) - Mg2* (4), in MeCN (n = 3).

plexation constant increases by more than three orders of
magnitude on going from the frans to the cis isomer, and
a change in the position of the long-wavelength maxi-
mum is as large as 160 nm (Scheme 11).72.73
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Scheme 11
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A more detailed study of the behavior of crown-con-
taining styryl dyes in the presence of metal ions and under
irradiation showed that the processes in solution are rath-
er complex (Scheme 12). In the presence of metal ions,

Scheme 12
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the dyes are self-assembled to form dimeric complexes,
in which styryl dyes undergo photoisomerization, two
light quanta being required for the complete isomeriza-
tion of the dimeric complexes to anion-"capped" com-
plexes. The resulting anion-"capped" complexes can again
be converted into the frans isomers under light irradia-
tion at shorter wavelengths.18—20,47

In the second step of investigation, we studied, the
self-assembly of nanosized systems from crown-contain-
ing styryl dyes through hydrogen bonding.

Cation-"capped" complexes. Crown ethers are known
to bind primary ammonium ions via three hydrogen bonds
with the ammonium group. The introduction of a long
alkylammonium substituent at the nitrogen atom of
the heterocyclic moiety of styryl dyes enables the synthe-
sis of stable cation-"capped" complexes in solution as
a result of intramolecular complexation with the involve-
ment of hydrogen bonds and in the absence of metal ions
(Scheme 13).74

Scheme 13

Cation-"capped" complex of the cis isomer

Pseudorotaxane complexes. A new field of our re-
search is concerned with the self-assembly of photoswit-
chable molecular machines based on unsaturated and
macrocyclic compounds. Pseudorotaxane complexes of
cucurbiturils and unsaturated viologen analogs can serve
as prototypes of such molecular machines. It appeared
that cucurbiturils form rather stable complexes with these
compounds (Scheme 14).75

We studied the three-dimensional structure of the
pseudorotaxane complex by X-ray diffraction (Fig. 5). It
should be noted that the macrocycle can be mechanically
moved along the axis of the guest molecule.” It was of
interest to examine the possibility of photocontrolling
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Scheme 14
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these mechanical movements. This was done for the pseu-
dorotaxane complex of cucurbituril with a diquinolyleth-
ylene derivative. Under light irradiation, the cis isomer
of the unsaturated compound with cucurbituril, viz.,
cis-14+ CB[8], was formed (Scheme 15).76

The three-dimensional structure of this complex was
studied by X-ray diffraction (Fig. 6), and it was shown

Scheme 15
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that the mechanical movement in the cavity of the macro-
cycle can easily be performed.”®

Fig. 5. Structure of the complex trans-13 - CB[7] in two projections (molecule 13 is disordered over two positions).



Molecular meccano for nanosized systems

Russ.Chem.Bull., Int.Ed., Vol. 57, No. 7, July, 2008 1335

Fig. 6. Structure of the complex cis-14 - CB[8].

[2+2] Photocycloaddition reactions

Dimeric and pseudodimeric complexes. In solution, the
complexes of trans isomers of dyes exist as dimers.2:77
Hence, we hypothesized that the double bonds in these
complexes can be located in proximity to each other.
Consequently, the [2+2] cycloaddition would be expect-
ed to proceed under photoirradiation. Actually, we ob-
tained a photoproduct after prolonged irradiation. Ac-
cording to the NMR data, this compound is a cyclobu-
tane derivative (Scheme 16). The UV spectrum of the
cyclobutane derivative, which was prepared by photoly-
sis of the complex of trans-9 with a Mg2* cation, is shown
in Fig. 7. In this case, the only isomer of eleven theoreti-
cally possible isomers was produced, i.e., the reaction
was completely stereospecific.”8:7?

The cyclobutane derivative was found to be quantita-
tively recovered to the starting dimeric complex after
photoirradiation at shorter wavelength. In addition,
the complexation constant of the cyclobutane derivative
with the metal ion was found to be substantially larger
than that of the frans isomer of the dye. Therefore, in this
case the complexation is controlled by light, i.e., the
dimeric complex is also a photoswitchable molecular
device with the controlled complexation function. Un-
like the anion-"capped" complex, the resulting cyclobu-
tane derivative belongs to a new type of ditopic host
molecules.

The total cycle of transformations of cyclobutane de-
rivatives in solution is presented in Scheme 17. There-

Scheme 16
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Dimeric anti-head-to-tail
complex

Cyclobutane derivative
with Mg?2*

H H

Cyclobutane derivative

Q is the benzocrown ether moiety;
. is the benzocrown ether moiety with Mg2*;

I> is the benzothiazolium moiety; /™y is —(CH5)3S03~

fore, using metal ions, we can assemble dimeric com-
plexes, perform the PCA reaction in these complexes,
and again disassemble, if desired, nanosized systems to
the starting components.18—20,80,81

It is interesting that the formation giving rise to
cyclobutane derivatives is very sensitive to slightest
structural changes of the starting dyes (Scheme 18).7
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Fig. 7. Absorption spectrum of the cyclobutane derivative prepared
by photolysis of the complex of frans-9 (n = 3) with a magnesium
cation at a wavelength A = 365 nm in MeCN.

The quantum yields of the PCA reaction of the com-
plexes of styryl dyes with the Ca?" cation (see Scheme 18)
are given below.

n m (0] n m (0]
3 1 0.001 3 2 0.0004
4 1 0.01 4 2 0.06

It can be seen that the change in the length of
the substituent at the nitrogen atom of the heterocyclic

18

D,0

—Caz2+

—(CH,),S03~
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moiety by only one methylene group leads to a change
in the quantum yield of the PCA reaction by a factor
of 150.70

Therefore, for the cycloaddition reaction to be effi-
cient, the position of one dye molecule with respect to
another one in a nanosized system should be very finely
adjusted.

From the point of view of using styryl dyes in molecu-
lar electronics, it is extremely important that the com-
pounds can be involved in various photochemical trans-
formations, i.e., they should have multiphotochromic
properties. We synthesized and studied such mole-
cules.%8:% Dye 15, which can form an anion-"capped"

complex and can be involved in the PCA reaction, and
dye 16, which can give only an anion-"capped" complex,
are shown in Scheme 19.

We studied crown-containing styryl dyes 17, which
give only cycloaddition products and do not form anion-
"capped" complexes upon photoirradiation (Sche-
me 20).58:82 [t appeared that these dyes give only one
cyclobutane derivative of eleven theoretically possible
isomers, i.e., the reactions are stereospecific; however,
the three-dimensional structures of these cyclobutanes
differ from those described above. We attempted to re-
veal the factors responsible for this behavior. The NMR
study of the reaction mixture showed that this mixture

Scheme 19
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Scheme 20

17

hv D,0
e E—
,M92+

Dpep=0.13
=0.01

syn-Head-to-tail
CI)retro-PCA

n=2—4

contains both types of dimeric complexes (syn-head-to-
tail and anti-head-to-tail). However, only the former
complex gives the cycloadduct upon photoirradiation.

Studies of the three-dimensional structures of these
dimeric complexes by molecular mechanics methods
showed that the most favorable arrangement of the dou-
ble bonds with respect to each other is observed only in
the first type of complexes. In the second type of dimeric
complexes, not only the double bonds but also the planes
of the dyes are mutually perpendicular, i.e., these dimer-
ic complexes cannot be involved in the [2+2] cycloaddi-
tion reaction for steric reasons.”%:83

The introduction of an alkylammonium substituent at
the nitrogen atom of the heterocyclic moiety of styryl
dyes allows the preparation of dimeric complexes in the
absence of metal ions as a result of spontaneous self-
assembly of dye molecules in solution (Scheme 21).84.85

Scheme 21

Monomer Dimeric complex

The structure of the dimeric complex was confirmed
by NMR data. The formation of the dimeric complexes is
accompanied by upfield shifts of almost all proton signals
of the double bonds and aromatic fragments of the dyes.

syn-Head-to-tail anti-Head-to-tail

This is possible only if the fragments of the dyes are
located one above another. The competitive titration
showed that all styryl dyes under study exist in solution as
dimeric complexes. Their high stability (logK; up to 8.03)
is apparently attributed primarily to hydrogen bond-
ing.84.85

The three-dimensional structures of the dimeric com-
plexes were established by X-ray diffraction. It should be
noted that the conjugated fragments of the dyes are nearly
or almost parallel to each other and that the arrangement
of the double bonds in the molecules is favorable for the
PCA reaction. Figure 8 exemplifies the dimeric complex
of dye 18.34

It is not surprising that attempts to perform the ste-
reospecific PCA reaction of this dye and its closest struc-
tural analogs in solution failed (Scheme 22). Our investi-
gations showed that the presence of the propylammoni-
um substituent, the pyridine or quinoline fragments, and
the 18-crown-6-ether moiety is most favorable for this
reaction (Table 2).84.85

The dimeric complex of dye 18 was involved in
the PCA reaction without decomposition by irradiating

Scheme 22

syn-Head-to-tail syn Isomer
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Fig. 8. Structures of the dimeric complex of dye 18 with the cyclobutane derivative prepared by the topochemical reaction.

a single crystal of the complex. This is a rare case for
topochemical reactions, which is apparently associated
with the fact that the space occupied by the starting dimer-
ic complex is rather large and suitable in shape for
the formation of cyclobutane (see Fig. 8). Taking into
account this property, one would expect that crystals of
these new photosensitive nanosized systems can be used
for data recording and storage.84:86

We suggested that a sufficient condition for the con-
struction of nanosized systems, in which the PCA reac-
tion can be performed, is that one component of the
complex contains an alkylammonium substituent. Ap-
parently, the stacking interactions in such pseudodimeric
complexes provide the favorable orientation of the unsat-
urated fragments of the components for their involve-
ment in the PCA reaction.

Actually, the addition of one component to another
led to substantial upfield shifts of almost all proton sig-
nals of the double bonds and aromatic fragments in

the NMR spectra of the dyes, which indicates that the
components in the complex are located one above anoth-
er (Scheme 23).85:87

Measurements of the stability constants of the
pseudodimeric complexes showed that these constants
depend only slightly on the nature of the substituents in
the benzene ring of the propylammonium derivatives of
styryl dyes. The stability constants are sufficiently high
for the PCA reaction to proceed efficiently.

Under irradiation, pseudodimeric complexes gave
cyclobutane derivatives, one of numerous possible iso-
mers being obtained in all cases (Scheme 24). This is
indicative of a decisive role of the supramolecular preor-
ganization for the stereospecific photoreaction.

It was of interest to study the influence of the second
C=C bond in crown-containing butadienyl dyes on their
complexation ability and photochemical properties.
The addition of magnesium ions to these dyes afforded
complexes, which undergo trans—cis isomerization un-
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Table 2. Yields of cyclobutane derivatives after irradiation of dyes in MeCN (the duration of irradiation was 4 h)

Yield (%) Dye Yield (%)
Y, O o©
100 = = ° ° 33
2Clo,” Q—o o—)
18 /
o
100 ° 0
2CIo, \ Q_ o—)
NH,
(— O
40 C 0
2clo,”
Scheme 23 Scheme 24
R
/ A
R’ _— _ hv
4 R
2Clo, NHj
e
+ O O
< > syn-Head-to-tail syn Isomer
(0] (0] <> is Ar
e
R—N / / ation of these complexes causes the regio- and stereospe-
\ IO~ cific PCA reaction (Scheme 26). This reaction proceeds
4 with the involvement of only one double bond of the
MeCN butadienyl dye and affords only one of numerous possible
cyclobutane isomers. The quantum yields of the reaction
(up to 0.35) are substantially higher than the yields of the
Q /N reactions with styryl dyes.??
—L‘ Sandwich, bis-sandwich, and pseudosandwich complex-
N O es. We obtained interesting results in studies of sandwich
3 Clo,"

DIC}'H

der light irradiation (Scheme 25).88:39 The NMR study
showed that the photoisomerization proceeds at the dou-
ble bond adjacent to the heterocyclic moiety.

The addition of magnesium ions to butadienyl dyes
containing a substituent with the terminal sulfo group at
the nitrogen atom of the benzothiazole fragment of
the dyes gives rise to dimeric complexes. The light irradi-

complexes of bis-crown-containing dyes and their photo-

o/ﬁ

-
O

trans-19
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Scheme 25

: ﬂ/_QO/\(\aj
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chemical reactions. We succeeded in performing the PCA
reaction of the sandwich complex of crown-containing
styryl dye 19 with a potassium ion (Fig. 9).

The conjugated fragments of this complex are located
one above another due to stacking interactions,®! which
should assist the PCA reaction.

Actually, irradiation of the complex of bis-crown-
containing styryl dye 8 with a barium ion gives rise to two
isomeric cyclobutanes and results in a stronger binding of
the metal ion (Scheme 27). The molecular pincer is trans-
formed into the molecular trap. The photoirradiation of

C(23) C4) €25 C(26) C(18)

C(28)

C(26A)

C(24A)  C(25A)

Fig. 9. Frontal projection of the complex of trans-19 with KI.

Scheme 26

Jyﬂﬁoﬁg@%@%

anti-Head-to-tail

% H,0

anti Isomer

/N is —(CHp),S057; n = 2—4

cyclobutane derivatives at the absorption maximum in-
duces the reverse reaction giving rise to the starting sand-
wich complex. The quantum yield of the reverse reaction
(Ppeiro-pca = 0.3) appeared to be much higher than that of
the forward reaction (®pcs = 0.001), which is apparently
associated with steric strain in the resulting cyclobu-
tanes.>1

It was found that the presence of a covalent bridge
between two unsaturated fragments of the compounds is
not a necessary prerequisite for the PCA reaction. The
addition of ions with a large ionic radius to hetarylphe-
nylethylenes also gives rise to sandwich complexes with
the predominant conformation (Scheme 28). The light
irradiation of the latter complexes gives rise to a mixture
of two cyclobutanes containing the syn isomer as the
major product with high quantum yield. The ratio be-

Z 1
can N \\i\0(4) / / C@3)
’ h /=% 00
casy <19 N
K
A)C(ISA) C6A)  0(1A) 47 ~ 04
e 7N
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tween the isomers of cyclobutanes in the mixture can be apparently associated with the fact that the conformation
efficiently influenced by adding dibasic acids to the start-

of the sandwich complex favorable for the PCA reaction
ing solution, which leads to a substantial increase in

is additionally stabilized by the acid molecule through
the percentage of the syn isomer. The observed effect is two hydrogen bonds.%2

Scheme 28
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New possibilities of the self-assembly of light-sensi-
tive nanosized systems were found in studies of the com-
plexation of bis-crown-containing stilbene 20. The reac-
tions with magnesium and calcium ions afford 1 : 1 and
1 : 2 complexes. In the presence of ions with a larger ionic
radius, the reactions apparently afford double sandwich
complexes (Scheme 29). The structures of these com-
plexes can be suggested based on NMR data. The
complexation results in upfield shifts of most of the pro-
ton signals for the double bonds and aromatic fragments
of stilbene. This can occur only if the protons of one
component are in the shielding cones of another com-
ponent, i.e., if the components are located one above
another.?3

Scheme 29

[UbJr% s

NS

%

syn Isomer

trans-20

1) hv (8313 nm)
_

2) D,0

1) hv (313 nm)
—_—

2) D0

b
>

anti Isomer
@ -B82>", sr?*

The additional data on the structures of this type of
complexes were obtained in the studies of the [2+2]
cycloaddition of bis-crown-containing stilbene 20.
The light irradiation of stilbene complexes with ions hav-
ing a larger ionic radius gives rise to mixtures of two
isomeric cyclobutanes, with the syn isomer substantially
prevailing.?3

Studies of bis-crown-containing styryl dyes revealed
two promising possibilities for the self-assembly of light-
sensitive nanosized systems with the involvement of hy-
drogen bonds.?4% For example, the addition of pro-
panediammonium perchlorate to a dye of this type af-
fords a pseudosandwich complex through hydrogen

bonding with two crown ether moieties. The irradiation
of this pseudosandwich complex gives rise to only one
cyclobutane derivative as the syn isomer (according to
the NMR data; Scheme 30).95

Scheme 30

Trimolecular pseudorotaxane complexes. It appeared
that the cavity of cucurbituril CB[8] can encapsulate two
molecules of styryl dye 21, due to which this dye can be
involved in the [2+2] cycloaddition under irradiation
(Scheme 31).

Measurements of the stability constants of the inclu-
sion complexes (Table 3) showed that the cyclobutane is

Table 3. Stability constants of the pseudorotaxane-like com-
plexes of dyes 21 (K) and their cyclobutane derivatives
(K¢ye) with CB[8]

R logK logky, logK_ .y
Et 4.9 4.1 4.3
(CH,);NH;* 5.0 4.4 4.8
(CH,)3S05~ 4.0 2.6 3.2
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Scheme 31

— OMe  CB[8]

R—N
/ K1:1
OMe

21

1&

(21),-CBI8]

stronger bound to cucurbituril compared to the starting
components. Therefore, not only mechanical movements
within the macrocycles of molecular machines but also
the binding strength of the components can be con-
trolled.?®

Charge transfer and photoinduced
electron transfer

Charge-transfer bimolecular and trimolecular complex-
es. We suggested that the hydrogen bonding can be used
to substantially increase the stability of charge-transfer
complexes (CTC) and to achieve the spatial preorganiza-
tion of the components of the complex for more efficient
interactions.?”?% Derivatives of viologen analogs®® con-
taining ammonium groups were used as acceptor compo-
nents because ammonium groups are known to form sta-
ble complexes with crown ethers through hydrogen bond-
ing.190 Bis-crown-containing stilbene 22 capable of form-
ing ditopic complexes was chosen as the donor compo-
nent. After mixing of colorless solutions of these compo-
nents, the reaction mixture turned dark-brown, which is
indicative of the interaction of the components giving rise
to CTC 23 (Scheme 32).97,101—103

Actually, the absorption spectrum shows a character-
istic intense charge-transfer band at 500 nm (Fig. 10).

O OMe 21

21-CB[8]

OMe

hv 'I
K,
oyel MeO
\Z_> o

MeO

Complex of cyclobutane with CB[8]

The structures of CTCs can be determined by NMR
spectroscopy. The complexation is accompanied by upfield
shifts of the proton signals of the double bonds and aroma-
tic fragments. This is possible only if the protons of one
component are in the shielding cones of another compo-
nent, i.e., if the components are located one above another.

The addition of barium or calcium ions to solutions of
CTC:s results in the displacement of the acceptor compo-

A

0.4 |

0.2

0.1F

400 500 600 700 A/nm

Fig. 10. Absorption spectrum of charge-transfer complex 23
in MeCN.
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Scheme 32

nent and the formation of crown-containing stilbene com-
plexes with metal ions (Scheme 33). This process is
accompanied by the disappearance of the long-wavelength
charge-transfer band. The most interesting changes are
observed in the fluorescence spectra. The starting CTCs
do not exhibit fluorescence. However, the addition of
barium or calcium ions leads to a substantial fluores-
cence enhancement due to complexation of stilbene with
metal ions. Since this reaction is ion-selective, charge-
transfer complexes can be used as fluorescent molecular
sensors for the detection of barium and calcium ions.104

The stabilization by hydrogen bonding is so high that
rather exotic trimolecular CTCs can be prepared (Scheme
34). Actually, the addition of crown-containing stilbene
22 to complex 23 led to a substantial increase in
the intensity of the long-wavelength charge-transfer band
at 500 nm.1%4 We established the three-dimensional struc-
ture of one trimolecular CTC by X-ray diffraction.
The results confirmed the earlier suggestion!05 that
the ammonium groups of the acceptor component are
coordinated to the crown ether moieties of two stilbene
molecules.

We studied the dynamics of the excited states of bimo-
lecular (23) and trimolecular CTCs by femtosecond
spectroscopy.1% The excitation at the absorption maxi-
mum of CTCs with the composition 1 : 1 gives rise to
the lowest electron-transfer excited state. After very fast
internal vibrational relaxation, the excited state decays
into the ground state as a result of the reverse electron

Scheme 33

Scheme 34
+
_/ N (S
(0] 0
< AN,
(6] I—i H--O, @ O/_\O
oM o< NG
0 0
23
“22
e
(0]
(_'H_NJrox
{ I—i\H"O @ Oﬁo
oM o<

Trimolecular CTC

transfer with a time constant of 540 fs. The excited state of
the trimolecular complex exhibits very similar dynamics,
but the reverse electron transfer in this case is two times
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slower, which is apparently attributed to greater electron
delocalization.

Photoinduced electrocyclic reaction

Complexes of merocyanine and open forms. Spiro-
naphthoxazines are known!07:198 to be strongly photo-
chromic and highly stable to photodegradation, due to which
these compounds are promising for practical use. Crown-
containing spironaphthoxazines, which undergo photo-
induced isomerization between the neutral spiro form
and the zwitterionic merocyanine form (Scheme 35),
would be expected to change the complexation ability.

Scheme 35

Me Me
=N

e
Me

Spiro form

Me Me

Merocyanine form

Spironaphthoxazines containing a crown ether moi-
ety conjugated with a chromophoric fragment (24) are of
considerable interest because the substantial influence
on their spectroscopic and photochemical properties
would be expected to occur. The addition of alkali or
alkaline-earth metal cations results in complexation at
the crown ether moiety (Scheme 36). The light irradia-
tion of the resulting complexes leads to their photo-
isomerization from the spiro to the merocyanine form,
which is characterized by a decrease in the rate of the
reverse thermal transformation into the spiro form, i.e.,
the complexation stabilizes the merocyanine form.109

The stability constants of the complexes of the mero-
cyanine form appeared to be smaller than the corre-
sponding constants of the spiro form. Therefore, the pho-
toisomerization of compound 24 leads to a decrease in
its ability to bind metal cations.

In recent years, naphthopyrans have attracted consid-
erable interest due to their use in photochromic optical
lenses and as promising materials for data recording and
storage.11 As in the case of spironaphthoxazines, the
photochromism of naphthopyrans involves the O—C

Scheme 36
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Me Me
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bond cleavage of the pyran ring as a result of the electro-

cyclic reaction (Scheme 37).
Ar
Ar
-

Open form

Scheme 37

O-CX

Among crown-containing naphthopyrans, compounds
containing the crown ether moiety in the aryl group are of
most interest because irradiation of these compounds
gives rise to the open form containing the conjugated
crown ether moiety in closest proximity to the chro-
mophore. The addition of calcium cations to naphthopy-
ran 25 leads to their binding by the crown ether moiety.
Under irradiation, the colored open form of the complex
was obtained (Scheme 38), the rate constant of the dark
bleaching being smaller.!1!
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Scheme 38

25

We measured the complexation constant of the open
form with a calcium cation. This constant appeared to be
almost an order of magnitude smaller than that of
the starting naphthopyran 25.

Hence, the photoisomerization of naphthopyran, like
that of spironaphthoxazine, leads to a decrease in
the binding ability of metal cations.

Conclusions

In conclusion, let us note that the previously unknown
hybrid structures based on unsaturated and macrocyclic
compounds were found to have a unique combination of
characteristics necessary for the design of light-sensitive
and light-emitting nanosized systems. These hybrid struc-
tures 1) are available from the standpoint of organic syn-
thesis, 2) can act as efficient molecular photoswitches,
3) can undergo various photochemical transformations
depending on the structure, and 4) can undergo sponta-
neous organization to form various nanosized architec-
tures. These facts suggest that these compounds can be
used for the design of molecular meccano, which allows
the construction of light-sensitive and light-emitting
nanosized systems, photoswitchable molecular devices,
and photocontrolled molecular machines with the de-
sired properties.

Taking into account the above-considered results,
crown-containing unsaturated compounds and their com-
plexes would be expected to find wide application as
selective chromo- and fluoroionophores18—20,38,41,43,46
binding small organic molecules and metal cations, for
the design of photochromic and photofluorescent mate-
rials,18—20,80.84 a5 photochromic ionophores in the pho-
tocontrolled ion transport through membranes,!!? in
polymeric4%:113 and photoswitchable Langmuir—Blod-
gett films,114—119 a5 materials for the optical data record-
ing and storage,18—20:34 for the photocontrolled extrac-
tion of metal ions from water, in molecular electron-

ics for the design of photoswitchable molecular devic-
es,18—20.80 45 |aser dyes,33 as photoswitchable artifi-
cial enzymes in photodynamic cancer therapy, and in
nanotechnology for the design of photocontrolled molec-
ular machines.”5:76,96
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