
I. Introduction

The objects of investigation in supramolecular photochem-

istry are organic and metal-organic systems self-organizing

through noncovalent interactions and containing light-

absorbing components (chromophores). Noncovalent inter-

actions and specific spatial organization of the components

in supramolecular systems can have a significant impact on

the photochemical reactions involving chromophores, such

as excitation energy migration, electron transfer, and photo-

isomerization.1 An example of supramolecular control of

photochemical processes in nature are light-dependent reac-

tions of photosynthesis.

A classical photoreaction widely used in organic syn-

thesis, including the synthesis of drugs and natural prod-

ucts, is the [2+2] photocycloaddition (PCA) of unsaturated

compounds.2, 3 This photoreaction is also used in the

chemistry of functional materials and applied physics.4

Intermolecular [2+2] PCA reactions of acyclic unsaturated

compounds in homogeneous solutions usually have a very

low quantum yield because of the short lifetime of the

electronically excited state and lead to a mixture of isomeric

cyclobutanes of composition depending on numerous fac-

tors. For example, photoirradiation of a solution of 1,2-

disubstituted ethylene can lead to formation of 11 isomeric

cyclobutanes (Scheme 1).

To initiate an intermolecular [2+2] PCA reaction and

make it stereospecific, the molecules of an unsaturated

compound or two different unsaturated compounds must

be combined in pairs with a certain mutual orientation of

their C=C double bonds. The assembly can occur sponta-

neously through noncovalent interactions between the reac-

tants themselves or with the participation of a mediator. To

the best of our knowledge, the first examples of self-

assembly, resulting in stereospecific [2+2] PCA in a homo-

geneous solution were inclusion complexes of unsaturated

compounds with g-cyclodextrin 5, 6 and supramolecular

dimeric complexes of a crown ether styryl dye.7 Earlier,8

there has been reported the supramolecular [2+2] PCA of a

cinnamic acid derivative that forms hydrogen-bonded

dimers in nonpolar solvents; however, the reaction in this
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system leads to a mixture of isomeric cyclobutanes in a

relatively low yield.

In addition to the self-assembly of the reactants into

dimers or heterodimers, there is another supramolecular

approach that affords, in specific cases, high selectivity of

[2+2] PCA.9 It is applicable mainly to heterocyclic unsatu-

rated compounds with long-lived excited states.

The possibilities of supramolecular chemistry for con-

trolling intermolecular [2+2] PCA reactions of unsaturated

compounds in homogeneous solutions have been most

intensively studied in the past two decades. Some achieve-

ments have been already discussed in general reviews 10, 11

dealing with supramolecular photoreactions; however, orig-

inal developments of Russian scientists have not been

presented in full. This review covers all the main achieve-

ments in this area of supramolecular photochemistry. Reac-

tions in inhomogeneous fluids, such as micellar solutions,

microemulsions and colloids, are not considered.

II. Cation-induced self-assembly

Some crown ether derivatives of unsaturated compounds

can assemble in pairs even in very dilute solutions in the

presence of Mg2+, Ca2+, Sr2+ or Ba2+ cations.12 ± 14

Crown ethers containing a remote ammonium group can

dimerize in the absence of metal cations.15 ± 17 The mutual

orientation of the components in supramolecular complexes

is determined not only by the topology of coordination

bonds responsible for self-assembly but also depends on

relatively weak van der Waals interactions and solvent

polarity. Various aspects of complexation of crown ether

derivatives of unsaturated compounds have been addressed

in several reviews.18 ± 20

Crown ether styryl dye 1 in MeCN in the presence of

Mg(ClO4)2 can form pseudocyclic dimeric complexes

(1 .Mg2+)2 due to intermolecular association of the sulfo-

nate group of the N-substituent with the metal cation

located in the macrocyclic cavity (Scheme 2).12 It has been

revealed 7 that styryl chromophores in the (1 .Mg2+)2 dimer

are subjected to two competing photoreactions Ð geometric

E ±Z photoisomerization and [2+2] PCA. The latter occurs

stereospecifically to give cyclobutane 2 as an rtct isomer.

The structure of rtct-2 corresponds to the concerted cyclo-

addition of the anti-head-to-tail type of two (E)-1 mole-

cules. The yield of compound rtct-2 in photolysis at

l=365 nm is >95%. The high yield is due to the following

properties of the 1 ±Mg2+ system: (1) complexes containing

Z photoisomers are not subjected to PCA; (2) E ±Z photo-

isomerization is reversible when the system is irradiated at

l=365 nm; (3) photoadduct 2 does not absorb light at

l=365 nm. It should be noted that the lifetime of the

excited state of dye 1 in MeCN is only *140 ps;12 therefore,

without supramolecular assistance, this dye does not

undergo PCA even at relatively high concentrations.

Scheme 2

Studies of structure ± property relationships have shown

that a key role in the supramolecular [2+2] PCA of styryl

dyes with a betaine structure is played by steric factors.21 ± 25

For example, the quantum yield of PCA in dimeric com-

plexes of crown ether derivatives of 4-styrylquinoline 3a ± e

with Mg2+ in MeCN varies from 0 (3e) to 0.2 (3a) depend-

ing on the length and conformational flexibility of the

N-substituent bearing the sulfonate group.25 The stereo-

specific PCA in the {(3a ± d) .Mg2+}2 complexes gives cyclo-

butanes 4a ± d as rctt isomers (Scheme 3). The structure of
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rctt-4 corresponds to the concerted cycloaddition of the syn-

head-to-tail type of two (E)-3 molecules.

Scheme 3

An analogous supramolecular approach has been used

to carry out, for the first time, the regio- and stereospecific

[2+2] PCA of 1,3-butadiene in a homogeneous solution.26

It has been found that butadienyl dye 5, like styryl analogue

1, can form pseudocyclic dimeric complexes with Mg2+

(Scheme 4). Irradiation of the (5 .Mg2+)2 complexes in

MeCN with visible light initiates the PCA reaction (quan-

tum yield *0.3), which selectively leads to cyclobutane rtct-

6 in quantitative yield (according to NMR data).

Crown ethers can form sandwich complexes with rela-

tively large metal ions.27 This property has been used to

activate the intramolecular [2+2] PCA of a bis-styryl dye

containing two 15-crown-5 moieties.28 Later, an analogous

approach has been used for controlling intermolecular

[2+2] PCA reactions of crown ether derivatives of styryl-

benzene,29 stilbene,30 distyrylbenzobis(thiazole) 31 and dis-

tyrylbenzene.32

It has been shown that styrylbenzothiazole 7 and Ba2+

in MeCN form a 2 : 1 sandwich complex in which the

chromophores are stacked one above the other

(Scheme 5).29 The complex formation induces the [2+2]

PCA reaction, which, despite the competing E ±Z photo-

isomerization, occurs with high quantum yield (*0.13) and

gives two isomeric cyclobutanes 8 and 9 in the 3.4 : 1 ratio.

Minor stereoisomer 9 is produced by PCA in sandwich

complexes containing Z photoisomer of compound 7.

Cyclobutanes 8 and 9 have been isolated in 45% and 5%

yields, respectively.
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with K+, Sr2+ and Ba2+ ions (logK2 : 2> 7 in MeCN,

K2 : 2= [(10 .Mn+)2]/[(10 .Mn+)]2) (Scheme 6).30 Self-assem-

bly into (10 .Mn+)2 dimers led to deactivation of intra-

molecular E ±Z photoisomerization and photocyclization

reactions typical of stilbenes and initiated [2+2] PCA,

which gave two isomeric 1,2,3,4-tertrasubstituted cyclobu-

tanes Ð major rctt-11 (relative yield 74%± 86% depending

on the metal cation) and minor rtct-12. The overall yield of

tetra(crown)cyclobutanes was quantitative (as probed by

NMR). According to their structure, isomers 11 and 12 are

the products of concerted PCA in the syn and anti con-

formers of (10 .Mn+)2 dimers, respectively.

Distyrylbenzobis(thiazole) 13 contains two 15-crown-5

moieties and, like stilbene 10, is able to form double

sandwich complexes with Ba2+ (Scheme 7).31 It has been

demonstrated that complex formation deactivates E ±Z

photoisomerization of compound 13 and initiates the inter-

molecular [2+2] PCA reaction. Under certain photolysis

conditions, there occurred successive cycloaddition of two

pairs of double bonds C=C in the (13 .Ba2+)2 complex.

The reaction led to a mixture of isomeric bis-cyclobutanes.

The exact number of isomers and their structure were not

determined.

Bis-crown compounds can self-assemble in the presence

of metal cations to form large supramolecular assemblies

(coordination polymers) owing to formation of intermolec-

ular sandwich complexes.33 The following example demon-

strates that this feature can be used in photochemical

synthesis of nanomaterials.

Complexation of bis-crown-containing distyrylbenzene

14 with K+, Rb+, Sr2+ and Ba2+ ions in MeCN initiated

intermolecular [2+2] PCA (Scheme 8).32 At high concen-

trations of the ligand (0.01 mol litre71) and Sr2+

(0.1 mol litre71), the photoreaction afforded cyclobutane

oligomers. According to mass spectrometry evidence, the

molecular mass of the major photoproduct corresponded to

seven molecules of compound 14. The formation of the

high-molecular-mass product (presumably oligomer 15) is
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explained by the cation-induced self-assembly of bis-crown

compound 14 into multidecker sandwiches.

18-Crown-6 ethers are able to form sandwich complexes

with dications H3N+(CH2)nN+H3.34, 35 In the case of the

18-crown-6 analogue of stilbene 10 Ð compound 16 Ð and

short diammonium dications (n=2± 4), formation of

bis(pseudosandwich) complexes [16 .H3N+(CH2)nN+H3]2
was observed (logK2 : 2> 5 in MeCN) (Scheme 9).36 The

[2+2] PCA reactions in the 16 ±H3N+(CH2)nN+H3 sys-

tems, like in the above 10 ±Mn+ systems, generated two

isomeric cyclobutanes; the relative yield of the rctt isomer

was as high as 95% (for the 1,3-propanediammonium

dication). The rctt isomer was isolated as a complex with

1,4-butanediammonium diperchlorate in 79% yield.

Crown compounds containing a remote ammonium

group can form pseudocyclic dimers through double inter-

molecular interaction ammonium cation ±macrocycle.37

This feature has been used for controlling the [2+2] PCA

reactions of stilbene,15 4-styrylpyridine 16, 17 and 4-styryl-

quinoline 17 derivatives.

Stilbene 17, containing the 24-crown-8 moiety and the

secondary ammonium group, readily dimerizes in CD2Cl2
owing to the formation of pseudorotaxane complex 18

(Scheme 10).15 The stereospecific [2+2] PCA reaction in

complex 18 gave exclusively rctt-cyclobutane 19 in 95%

yield.

Styrylpyridine derivative 20, containing the 18-crown-6

moiety and the primary ammonium group, is also able to

form dimeric complexes owing to double intermolecular
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tion equilibrium constant in MeCN at the ionic strength of

0.01 mol litre71 is 107.3 litre mol71 (according to spectro-
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sponds to the concerted cycloaddition of the syn-head-to-

tail type of two (E)-20 molecules (Scheme 11).

Recently, the synthesis of a large series of ammonioalkyl

derivatives of crown ether styryl dyes capable, like com-

pound 20, of self-assembling into head-to-tail dimers has

been reported.17 It has been found that supramolecular

[2+2] PCA reactions of these dyes occur stereospecifically

both in solution and in the crystalline state.

The ability of ammonium cations to form strong com-

plexes with 18-crown-6 ethers has also been used for self-

assembly of styrylpyridine derivatives into pseudodimeric

complexes.38, 39 It has been found that compounds 23a and

24 in MeCN at concentrations *1073 mol litre71 form

complex 25, in which the styrylpyridinium cations are

arranged one above the other due to stacking interactions

(Scheme 12).38 In a polar solvent, these interactions are

stronger than the Coulomb repulsion between the cations.

The dye molecules in pseudodimeric complexes 25 enter into

the E ±Z photoisomerization and cross [2+2] PCA reac-

tions. The latter is stereospecific and gives cyclobutane 26 as

a sole isomer. The Z photoisomers of dyes 23a and 24 are

not subjected to PCA; therefore, under certain conditions of

photolysis, cyclobutane 26 can be produced selectively and

in high yield (>50%).

Very stable bimolecular complexes of unsaturated com-

pounds formed through ditopic ammonium cation ±macro-

cycle interaction are known.40 ± 43 This is exemplified by the

complex of bis(18-crown-6)stilbene 16 with the bis-ammo-

nium derivative of dipyridylethylene 27 (Scheme 13). The

logK value for complex 28 in MeCN is 9.08.41 As distinct

from dimeric complex 21 and pseudodimeric structure 25,

bimolecular complex 28 is not subjected to [2+2] PCA.

Moreover, formation of complex 28 leads to complete

quenching of luminescence of the components and deacti-

vates the E ±Z photoisomerization and photocyclization

reactions.44 The photoinertness of complex 28 is caused by

the fact that local electronic excitation of molecule 16

(p-donor) or 27 (p-acceptor) gives rise to ultrafast electron

transfer (t<300 fs) followed by excited state deactivation

through back electron transfer (t=536 fc).44

III. Anion-templated self-assembly

Anions are used as templates for self-assembly of diverse

supramolecular systems.45 Experimental data are available
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that demonstrate the possibility of using anionic templates

to control [2+2] PCA reactions in solutions.46 The effect of

pyrophosphate anions on the photodimerization of a thy-

mine derivative containing isothiouronium moiety (com-

pound 29, Scheme 14) has been studied.46

UV irradiation of thymine 29 in methanol led to

preferred formation of syn-head-to-tail cycloadduct 30.

The presence of tetra-n-butylammonium pyrophosphate

considerably promoted [2+2] PCA, which mainly gave

syn-head-to-head 31a (55%) and anti-head-to-tail 31b

(25%) cycloadducts. This effect is due to the fact that one

pyrophosphate anion can bind two molecules of 29 to give

complex 32 (see Scheme 14). NMR titration experiments

support the formation of 1 : 2 complexes.

IV. Control by hydrogen bonding

In this section, we discuss intermolecular [2+2] PCA

reactions controlled by hydrogen bonding between the

reactants or between the molecular template and reactants.

IV.1. Direct dimerization
To the best of our knowledge, the first example of using

hydrogen bonds for supramolecular assistance of [2+2]

PCA of unsaturated compounds in solution was the photo-

chemical synthesis of cyclobutanes from 2-pyridone deriva-

tive 33 containing two remote cinnamate moieties.8

Compound 33 in benzene at a concentration of

*0.005 mol litre71 is nearly completely in the dimer form,

which is caused by formation of two hydrogen bonds

between the pyridone moieties (Scheme 15). UV irradiation

of a solution of pyridone 33 solutions initiated the E ±Z

photoisomerization of cinnamate moieties, as well as inter-

molecular [2+2] PCA, which gave cyclobutanes 34 and 35

as mixtures of the E and Z isomers. The overall yield of

cyclobutanes after prolonged photolysis was *37%.

Scheme 16 shows the stereospecific cross [2+2] PCA

reaction of thymine 36 with coumarin 37. These compounds

in acetonitrile and benzene form complex 38 through hydro-

gen bonding and stacking interactions.47 The supramolecu-

lar photoreaction of compounds 36 and 37 in benzene gives

cycloadduct 39 with 96% selectivity; however, its yield is no

more than 20%.

IV.2. Template methods
Molecules prone to form hydrogen bonds can be used as

templates for assembling unsaturated compounds contain-

ing complementary functional groups in supramolecular

complexes with the spatial orientation of the C=C bonds

suitable for subsequent [2+2] PCA. Molecular templates

are successfully used for controlling solid-phase photoreac-

tions.48 A good example is the stereospecific synthesis of

[5]-ladderane through a three-step intermolecular [2+2]

PCA in cocrystals of 1,6-bis(4-pyridyl)-1,3,5-hexatriene
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with 5-methoxyresorcinol.49 In solutions, the use of the

template method is complicated by the low stability of

multicomponent complexes.

In early studies,50, 51 it has been demonstrated that

bimolecular chemical reactions in solutions can be, in

principle, controlled by means of molecular receptors pos-

sessing two binding sites to add to the substrate through

hydrogen bonds. Later, this idea has been used for template

control of [2+2] PCA reactions of derivatives of methyl

cinnamate,52 stilbene,53 styrene,54 coumarin 55 and thy-

mine.56

Barbituric acid derivatives have been used as molecular

receptors for arylethylenes containing the diaminotriazine

moiety.52 ± 54 Scheme 17 shows the supramolecular [2+2]

PCA of methylcinnamate 40. It has been found that

barbiturate 41 can add two molecules of 40 through hydro-

gen bonding.52 The stability constant of trimer 42 is

*400 litre mol71 in CDCl3 . Complexation has led to a

significant increase in the quantum yield of [2+2] PCA of

methyl cinnamate 40. The supramolecular reaction in

degassed dichloromethane gave three isomeric cycloadducts

in noticeable amounts. The cycloadducts were isolated by

preparative HPLC and characterized by NMR and mass

spectrometry (the yields of the photoproducts were not

reported).

For acyclic unsaturated compounds, the use of molec-

ular templates does not provide strictly stereospecific syn-

thesis of cyclobutanes because of the competing geometric

E ±Z photoisomerization and a relatively low stability of

trimolecular complexes. For cyclic unsaturated compounds,

such as coumarin, which are not subject to geometric

photoisomerization, the number of theoretically possible

isomers of photoadducts is limited, which simplifies the

control of the [2+2] PCA selectivity.

Scheme 18 shows the stereospecific [2+2] PCA of cou-

marin 43 induced by molecular template 44.55 Homoditopic

receptor 44 can capture two coumarin derivative molecules,

arranging them in the head-to-head mode (the stability

constant of trimer 45 in CDCl3 is *150 litre mol71).

Photolysis of a mixture of coumarin 43 with template 44 in

deoxygenated acetone led exclusively to anti-head-to-head

cycloadduct 46, whereas, in the absence of the template, two

photoadducts Ð anti-head-to-head and anti-head-to-tail Ð

in the 3 : 2 ratio were observed.

Cyclic unsaturated compounds with long-lived excited

states can undergo intermolecular [2+2] PCA reactions

even without supramolecular assistance. In these cases, the
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photoreaction selectivity can be controlled by binding the

reactant to the molecular template in a 1 : 1 complex. A

molecular template, acting as a steric shield, can have an

effect on the stereoselectivity of intermolecular reactions of

the reactant. An illustrative example of using this approach

is enantioselective [2+2] PCA of 1(2H )-isoquinolone with

2(5H)-furanone mediated by chiral molecular receptor 47

(Scheme 19).57

Scheme 19

The formation of two hydrogen bonds between receptor

47 and 1(2H)-isoquinolone leads to supramolecular com-

plex 48. In this complex, the tetrahydronaphtho[2,3-d ]ox-

azole unit efficiently shields one face of the substrate

molecule so that the cycloaddition reaction can occur only

on the other unprotected face. The photoreaction of 1(2H)-

isoquinolone with 2(5H)-furanone in toluene in the presence

of template 47 gave cyclobutane 49 as a sole isomer in 95%

yield and with high enantioselectivity (98%). The reaction

was carried out at low temperature (775 8C) to enhance the

association of 1(2H)-isoquinolone with the receptor.

Recently, a six-step synthesis of (7)-pinolinone from

3-acetoxyquinolone has been reported in which the key step

is enantioselective intermolecular cross [2+2] PCA con-

trolled by receptor 47.58

To control the enantioselectivity of the [2+2] PCA of

ethylene with 2-cyclohexenone derivative 50, chiral molec-

ular template 51 was used (Scheme 20).59 The introduction

of compound 51 into a toluene solution containing ketone

50 and ethylene provided moderate enantioselectivity of

cross [2+2] PCA. This fact is explained by the formation

of chiral supramolecular complex 52 in which the benzene

ring of receptor 51 creates steric hindrances so that the

addition of the ethylene molecule to cyclohexenone 50 can

occur only on one side. The highest enantiomeric excess of

the S,S isomer of cyclobutane 53 (24% ee, 61% yield ) was

achieved on photoirradiation in the range where the molar

extinction coefficient of complex 52 considerably exceeds

the sum of the molar extinction coefficients of individual

components.

The enantioselective [2+2] PCA reaction of coumarin

shown in Scheme 21 represents a specific example of using

chiral templates.60 Prolonged irradiation of an equimolar

mixture of coumarin and optically active receptor

(R,R)-(7)-54 in cyclohexane at 20 8C has led to gradual

precipitation of a crystalline complex containing two mol-

ecules of (7)-54 and one molecule of coumarin cyclodimer

(S,S,S,S)-(7)-55 (70% yield and *85% ee). The observed

selectivity of the reaction has been interpreted in the

following way. The photodimerization of coumarin in

cyclohexane is photochemically reversible. One of the enan-

tiomers of cyclodimer 55 is protected from the back photo-

reaction since it is precipitated as a crystalline complex with

receptor (7)-54. The other enantiomer decomposes into the

monomers as a result of retro-PCA in the solution.

Scheme 21

V. Combined approach

Section II presents stereospecific [2+2] PCA reactions of

unsaturated compounds initiated through self-assembly

into dimeric complexes in which the relative orientation of

the reactants is fixed due to the double intermolecular

interaction (see examples in Schemes 2 and 11). Analogous

structures can be assembled by combining different types of

interactions, for example, hydrogen bonding and complex

formation with a metal ion. Examples of application of this

approach are few in number.29, 61, 62

Cinnamic acid derivative 56 (Scheme 22) has two inde-

pendent receptor sites Ð the oligoether chain capable of

binding metal ions and the diaminotriazine moiety which, as

mentioned above, can add to barbiturate 41 through hydro-

gen bonding. It has been reported 61 that the quantum yield

of [2+2] PCA of free cinnamate 56 at the concentration

0.01 mol litre71 in CH2Cl2 ±MeCN (95 : 5) does not exceed

1074. In the presence of template 41 (0.005 mol litre71) and

Ba(ClO4)2 (0.005 mol litre71), the quantum yield increases

by three orders of magnitude and becomes comparable with

the quantum yield of geometric E ±Z photoisomerization.
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The observed promotion of [2+2] PCA has been attributed

to the formation of four-component complex 57.

In Section II, there has been discussed the [2+2] PCA of

styrylbenzothiazole 7 in sandwich complexes (7)2 .Ba2+ (see

Scheme 5) leading to two isomeric cyclobutanes 8 and 9 in

the 3.4 : 1 ratio. It has been revealed 29 that the introduction

of adipic acid into the reaction mixture increases the relative

yield of the major isomer by a factor of 3.3. The origin of

this phenomenon has not been studied in detail. Presum-

ably, the dicarboxylic acid adds to complex (7)2 .Ba2+

through two hydrogen bonds (Scheme 23), which leads to

an increase of the contribution of conformers in which the

molecules of 7 have the syn-head-to-head arrangement.

Scheme 23

It has been found that styrylbenzothiazole 7 and crown-

containing cinnamic acid 58 in MeCN form with Ba2+

heterosandwich complex 59 (Scheme 24).62 Photolysis of

an equimolar mixture of compounds 7, 58 and Ba(ClO4)2

has led to three cycloadducts: cross-adduct 60 (*43%) as a

result of stereospecific PCA in complex 59 and two isomeric

cyclobutanes 8 and 9 as a result of PCA in sandwich

complex (7)2 .Ba2+. It has been stated that the stereo-

specificity of the cross PCA in complex 59 is caused by

hydrogen bonding between the heterocyclic nitrogen atom

of benzothiazole 7 and the carboxylic group of acid 58;

however, no evidence of such an interaction has been

received.

Scheme 24
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bonds and complexation with metal ions has been recently

described.63 It is reported that 8-chalconyl-20-deoxyguano-
sine derivative 61 in MeCN-d3 in the presence of a potas-

sium salt forms a supramolecular G-quadruplex composed

of four stacked planar tetramers of compound 61 and three

potassium ions (Scheme 25). UV irradiation of complex

(61)16 . 3 K+ initiates the [2+2] PCA reaction of the chal-

cone moieties to give cyclobutane rtct-62. It has been

concluded 63 that only four of the eight pairs of molecules

in complex (61)16 . 3K+ can be subjected to PCA. Monomer

61 does not enter into the PCA reaction because of the rapid

excited state deactivation in the E ±Z photoisomerization

reaction.

VI. Confinement in supramolecular containers

One of the efficient methods of controlling [2+2] PCA

reactions in solutions is confinement of pairs of unsaturated

molecules in the cavities of large macrocyclic molecules. The

reaction cavity should be well-structured to ensure the

appropriate orientation of guest molecules. A typical way

of confinement of reactant pairs is through formation of

1 : 2 host ± guest inclusion complexes. Another method

implies the formation of 2 : 2 inclusion complexes where

two cavitand molecules are combined in a capsule contain-

ing two reactant molecules.

Figure 1 shows basic types of supramolecular containers

tested as nanoreactors for selective photochemical synthesis

of cyclobutanes in solutions: cyclodextrins, cucurbiturils,

water-soluble calixarenes, octa acid and coordination nano-

cages. The results of studies in this field have been discussed

in recent reviews;64, 65 therefore, here we present only some

of the latest achievements.

Cyclodextrins are cyclic oligosaccharides composed of

a-D-glucopyranose units linked by 1,4-glycosidic bonds.

The hydrophobic nature of the cavity imparts cyclodextrins

with ability to form inclusion complexes with hydrophobic

molecules in aqueous solutions.66 The g-CD has a relatively

large cavity, which can accommodate two guest molecules.

This property of g-CD has been used for controlling [2+2]

PCA of acenaphthylene,5, 67 coumarin,67 tranilast (a cin-

namic acid derivative),6, 68 stilbenes 69 and stilbazolium

salts.70

Complexes of native cyclodextrins with hydrophobic

reagents are poorly soluble in water, which leads to unde-

sirable heterogeneous reaction conditions. Recently, hydro-

philic thioether derivatives of g-CD have been synthesized,

which are able to form readily soluble complexes with

different aromatic guest molecules.71 Thioethers g-CD-1

and g-CD-2 have been used for carrying out supramolecular

[2+2] PCA of acenaphthylene and coumarin, respectively,
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under controlled homogeneous conditions (Scheme 26).67

The quantum yields of photodimerization of these cyclic

unsaturated compounds increased tenfold upon the forma-

tion of 1 : 2 host ± guest complexes. For acenaphthylene, the

supramolecular photoreaction led to the exclusive forma-

tion of anti-cycloadduct 63 in quantitative yield, which was

explained by the antiparallel orientation of two guest

molecules in the g-CD-1 cavity. In the coumarin ± g-CD-2

system, the photoreaction led mainly to syn-head-to-head

cycloadduct 64a, while syn-head-to-tail cycloadduct 64b

was obtained in only 3% yield.

The [2+2] PCA reaction of coumarin is considerably

promoted by complexation with modified b-CD in nonpolar

solvents.72 The photoreaction rate in benzene and cyclo-

hexane achieves the highest value at the equimolar receptor-

to-substrate ratio. The observed effect is presumably related

to the formation of 2 : 2 complexes.

Cucurbiturils are synthetic cyclic oligomers made of

glycoluril monomers linked by methylene bridges. The

cucurbituril cavity is hydrophobic, while the portals are

formed by polar carbonyl groups, which allows these

macrocycles to bind both polar and nonpolar organic

molecules in aqueous solutions.73, 74 In the cavity size,

cucurbiturils are analogous to cyclodextrins with the same

number of monomeric units. Oligomer CB[8], which is able,

like g-CD, to form 1 : 2 host ± guest inclusion complexes, has

been used for controlling [2+2] PCA of both hydrophobic

and water-soluble unsaturated compounds.75 ± 87

Owing to unique receptor properties, cavitand CB[8] can

be used in catalytic amounts in supramolecular photochem-

ical synthesis of cyclobutanes from unsaturated compounds

that do not undergo the [2+2] PCA reaction under common

conditions.84 The effect of CB[7] and CB[8] on the photo-

chemistry of styryl dyes 23 in aqueous solutions has been
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studied. On irradiation with visible light in the absence of

cavitands or in the presence of CB[7], compounds 23 are

subjected to reversible E ±Z photoisomerization. The intro-

duction of small amounts of CB[8] (5 mol.%) initiates a

stereospecific [2+2] PCA reaction (Scheme 27). Prolonged

irradiation leads to complete conversion of dyes 23a ± c into

corresponding cyclobutanes rctt-65a ± c.

The effect of CB[7] and CB[8] on the photochemistry of

diene (E,E)-66 has been recently studied.88 Major photolysis

products of compound 66 in water were E,Z, Z,E and Z,Z

isomers (radiation source Ð medium pressure mercury

lamp; filter Ð borosilicate glass). The overall yield of

photocycloadducts was insignificant. The introduction of

CB[7] (100 mol.%) had no noticeable effect on the distribu-

tion of the photoproducts. At the same time, photolysis of

compound 66 in the presence of CB[8] (50 mol.%) gave

mainly [3]-ladderane 67 (yield 60%) (Scheme 28). Com-

pound 67 is a result of two successive [2+2] PCA reactions.

The first reaction gives cyclobutane and, most likely, occurs

in inclusion complexes [(E,E)-66]2@CB[8]. Judging by the

structure of the end photoproduct, the two guest molecules

in these complexes are arranged in a syn-head-to-tail mode.

Scheme 28

The use of calixarenes 89 as nanoreactors for control of

[2+2] PCA of unsaturated compounds in solution has been

described only in one original paper.90 The authors studied

the effect of water-soluble calixarenes CA[6] and CA[8] (see

Fig. 1) on the photochemistry of several protonated stilba-

zoles. The introduction of CA[6] or CA[8] into aqueous

solutions of stilbazoles activated the [2+2] PCA reaction,

which gave, in each case, mainly the anti-head-to-tail cyclo-

adduct. The content of this cycloadduct in the photolysate

varied from 55% to 86% (according to NMR data at

50%± 60% conversion of the reactant). The observed effect

has been attributed to the formation of 1 : 2 host ± guest

complexes. An essential disadvantage of calixarenes as

compared with cucurbiturils is the low stability of com-

plexes with guest molecules. This disadvantage is associated

with the conformational flexibility of the hydrophobic

cavity of calixarenes.

Octa acid (OA, see Fig. 1) is a synthetic amphiphilic

cavitand with a deep hydrophobic cavity and a convex

hydrophilic surface.91 A characteristic property of OA is

its ability to form 2 : 2 inclusion complexes with small

organic molecules (<1 nm in length) in weakly basic

aqueous solutions (pH *9).92 The 2 : 2 complex is a capsule

consisting of two cavitand molecules in which two guest

molecules are incarcerated. The OA cavitand has been

successfully used for controlling [2+2] PCA reactions of

acenaphthylene,93 4-methylstyrene,94 indene and 4,4-dime-

thylcyclohexenone.95

Scheme 29 presents the stereospecific [2+2] PCA of

cyclohexenone 68 induced by octa acid.95 Photolysis of

compound 68 (2 mmol litre71 ) in a buffer aqueous solution

(pH 9) in the presence of OA (2 mmol litre71) gave cyclo-

butane 69 as a sole isomer. Irradiation under the same

conditions but in the absence of the cavitand did not afford

cycloadducts. Photolysis of neat liquid cyclohexenone 68

gave a 3 : 7 mixture of anti-head-to-head and anti-head-to-

tail cycloadducts. The selectivity of the supramolecular

photoreaction is explained by the formation of inclusion

complex (68)2@(OA)2 in which the guest molecules are

arranged in an anti-head-to-tail manner.

Scheme 29

Interestingly that methyl cinnamate encapsulated in OA

as a 2 : 2 complex did not undergo [2+2] PCA.95 Moreover,

encapsulation hindered the E ±Z photoisomerization of

methyl cinnamate. The authors of this study have arrived

at the conclusion that the mutual orientation and reactivity

of encapsulated molecules is determined by the available

free space around these molecules.

It is worth noting that octa acid is characterized by a

broad absorption band with a maximum at about 280 nm

and can act as a triplet sensitizer (the triplet state energy for

OA is comparable with that for acetophenone).94 In addi-

tion, it can act as an electron donor for excited acceptor

molecules.96 These facts should be taken into account in

interpretation of results of photochemical studies of com-

plexes with OA.

Coordination nanocages PdC(a ± c) (see Fig. 1) are

water-soluble supramolecular structures forming through

self-assembly of four tridentate ligands and six PdII

atoms.97 They possess a large hydrophobic cavity and four

portals through which guest molecules can penetrate. The

nanocage cavities are roughly spherical.

Nanocage PdC(a) has been used as a nanoreactor for

selective photochemical synthesis of cyclobutanes from

acenaphthylenes,98, 99 naphthoquinones,98 coumarins 100

and cinnamates.101 The ability of nanocages PdC(a ± c) to

form 1 : 1 : 1 inclusion complexes has been used for activa-

tion of [2+2] PCA of unsaturated compounds with inert

aromatic molecules.102 ± 106 Cross cycloaddition reactions

inside coordination cages proceeded with high regio- and

stereoselectivity owing to the predefined mutual orientation

of encapsulated reactants.
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Nanocage PdC(c) has a chiral cavity, which is due to the

presence of peripheral chiral sites.104 This property has been

successfully used for controlling enantioselectivity of cross

[2+2] PCA of N-cyclohexylmaleimide (70) with 3-methyl-

fluoranthene, 1H-cyclopenta[l]phenanthrene and acean-

thrylene (71).106 Scheme 30 presents the photoreaction of

compounds 70 and 71 in the cavity of PdC(c).

Scheme 30

Photolysis of ternary complex (70 . 71)@PdC(c) in water

for 1 h (radiation source Ð high-pressure mercury lamp)

led to cyclobutane 72 as a sole regio- and stereoisomer in

*60% yield with the enantiomeric excess of *44% (the

absolute configuration of enantiomers has not been deter-

mined).106 No other photoproducts have been detected.

It should be noted that coordination nanocages absorb

UV light with l<310 nm; therefore, direct excitation of

encapsulated reactants that do not absorb in the range

>310 nm is almost impossible. In addition, electronically

excited nanocages can act as electron acceptors for guest

molecules.107

VII. Conclusions

In summary, let us focus on the advantages and disadvan-

tages of supramolecular techniques that are most commonly

used to control the [2+2] PCA reaction of unsaturated

compounds in homogeneous solutions.

Cation-induced self-assembly of unsaturated com-

pounds modified with crown ethers into dimeric, pseudodi-

meric and sandwich complexes not only activates [2+2]

PCA reactions, but also provides their stereospecificity even

in the case of acyclic compounds, which is due to relatively

strong noncovalent interactions between the reactants.

However, this approach works mainly in organic solvents

because crown ether complexes with most cations are

characterized by a very low stability in water. Another

disadvantage is the necessity to modify the reactants by

introducing ligand moieties.

Self-assembly into dimers by means of molecular

templates with binding sites for attaching the substrate

through hydrogen bonding does not provide a stereospecific

synthesis of cyclobutanes from acyclic unsaturated com-

pounds in solution because of the low stability of multi-

component complexes. At the same time, molecular tem-

plates are successfully used to control the [2+2] PCA of

cyclic unsaturated compounds in organic solvents. In par-

ticular, chiral templates providing high enantioselectivity of

cross [2+2] PCA reactions involving cyclic unsaturated

compounds have been designed.

The control of [2+2] PCA reactions through confine-

ment in supramolecular containers can be carried out in

aqueous solutions without any special modification of the

reactants. However, to ensure proper mutual orientation of

reacting bonds and free space sufficient for the photoreac-

tion to occur, the reactants should be carefully selected by

size and other characteristics. Disadvantages of supramo-

lecular containers are their high cost, low solubility in water

(g-CD, CB[8]), interfering UV absorption [OA, PdC(a ± c)],

and the difficulty to release encapsulated photoproducts.

It should be noted that all advances in this area of

supramolecular photochemistry pertain to the reactions of

alkenes and 1,3-butadienes. There are almost no examples

of efficient control of [2+2] PCA reactions of other unsa-

turated compounds, such as alkynes and allenes. Control of

cross PCA and retro-PCA reactions, the use of anionic

templates and combined supramolecular approaches, tail-

ored synthesis of cycloadducts, including structures unavail-

able by conventional methods (ladderanes, cyclophanes,

etc.) are still little studied. It is hoped that further progress

in the design and synthesis of supramolecular structures will

contribute to the solution of these challenges.
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