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Controlled self-assembly of bis(crown)stilbenes into unusual bis-sandwich
complexes: structure and stereoselective [2 + 2] photocycloadditionT
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It was shown by 'H NMR spectroscopy that symmetrical bis(crown)stilbenes (L) and small alkali
and alkaline-earth metal cations form 1(L) : I(M” ") and 1(L) : 2(M""") complexes in MeCN

solutions. In the case of large or hydrated metal cations such as Cs*, Rb*, K*, Ba®>*, Sr

2+
5

[Ca(H0),J*" and stilbenes with a small crown-ether cavity as compared with the metal cation
size, stable bis-sandwich complexes 2(L) : 2(M™ ") can also be formed. A stable
bis-pseudosandwich 2 : 2 complex is also produced from bis(18-crown-6)stilbene with the
propanediammonium ion. The effect of the crown-ether size and the cation size and nature on the
route of stilbene phototransformation and product composition was elucidated. The
bis-(pseudo)sandwich complexes undergo effective stereoselective [2 + 2] photocycloaddition giving
mainly rctt isomers of new 1,2,3,4-tetracrown cyclobutanes. The structures of complexes of
bis(crown)stilbenes and obtained cyclobutanes were confirmed by X-ray diffraction.

Introduction

Stilbenes and their analogues containing a 1,2-di(aryl/hetaryl)-
ethylene structural fragment are the subjects of numerous
studies as they possess remarkable spectral fluorescence
and photochemical properties such as the ability to undergo
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1 Electronic supplementary information (ESI) available: Combination
of conformers of stilbenes (E)-la—c¢ within bis-sandwich complexes
(Scheme S1). Disorder of stilbene molecules in the crystal (E)-1¢-C3-
2.67C¢Hg and the structure of cyclic trimer (1¢);-(C3); (Fig. Sl).
Emission spectra of equimolar mixture of (E)-1b and Ba(ClO,), and
its photolysates after irradiation (Fig. S2). "H NMR spectrum of the
reaction mixture after photolysis in system (E)-1b/Ba(ClOy), (Fig. S3).
Absorption spectra of rctt-4b-(KClOy),, rctt-4¢-(CsClOy),, and a
mixture of rctr-4a-[Ba(ClOy),], and rrct-4a-[Ba(ClOy),], (Fig. S4).
CCDC reference numbers 780035-780041. For ESI and crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/
c0nj00780c

reversible E/Z isomerization, electrocyclization, and [2+ 2]
photocycloaddition (PCA).! These properties were used to
design optoelectric media and obtain multiphoton absorption
materials for lasers and proposed for optical information
recording and storage systems, molecular electronic devices,
switches and machines.’

The effect of supramolecular self-assembly of unsaturated
compounds on their photochemical properties is of particular
interest due to the possibility of controlling the route of photo-
reactions in such systems and often also their stereochemical
outcome.'“* For example, stereoselective PCA of stilbene
derivatives can occur in the cucurbit[8Juril and y-cyclodextrin
cavities and assist by crown ethers with great macrocycle size.>**

For stilbenes containing a crown-ether moiety, self-assembly
in the presence of metal or ammonium cations can also
be controlled rather easily via complexation. For example,
bis-sandwich complexes of bis(15-crown-5)- or bis(18-crown-
6)stilbenes [(E)-1b and (E)-1c] with K or Cs* ions,
respectively, were assumed to form; their structure was not
determined.’ In the presence of metal cations with large ion
diameter (K", Rb ", Sr**, Ba>™), bis(15-crown-5)oligophenylene-
thylenes form stacked complexes of different structures and
stoichiometries in which stereospecific polyPCA takes place.®
The stereospecific PCA in the ammonium-containing mono-
(24-crown-8)stilbene dimeric complex was studied.” Unusually
stable donor—acceptor complexes were found to be formed
from (E)-1c and diammonium derivatives of viologen analogues.
These complexes can serve as fluorescence molecular sensors for
alkaline-earth metal cations.®
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Scheme 1 Formation of bis-pseudosandwich complexes between
stilbene (E)-1c and alkanediammonium ions.

We found that in concentrated solutions, stilbene (E)-1c can
form hydrogen-bonded 2 : 2 bis-pseudosandwich complexes
with alkanediammonium salts H;N*(CH,),NH;" 2ClO,~
(Cn, n = 2-8) (Scheme 1); for such complexes with relatively
short diammonium ions (n = 2-4), effective stercoselective
PCA proceeds to give mainly the rctt isomer of cyclobutane
derivative.” However, photoreactions of crown-containing
stilbenes are little studied, which is due, not after all other
reasons, to the poor accessibility of these compounds.

[(B)-1a-c]y (M™),

Scheme 2 Formation of bis-sandwich complexes between stilbenes
(E)-1a—c and large metal cations.

Recently, we developed a simple and convenient synthesis of
symmetric bis(crown)stilbenes (E)-la—c¢ providing 70-73%
yields of these compounds from benzocrown ethers.'” We
suggested that in the presence of appropriate metal cations,
these stilbenes would form rather stable bis-sandwich 2 : 2
complexes (Scheme 2) in which the ethylene bonds of
two stilbene molecules will be proximate, and, hence, pre-
organized for PCA to give cyclobutane derivative. This article
presents our 'H NMR study of the composition and structure
of the products of photolysis of 1a—c in the presence of alkali
and alkaline-earth metal cations and compound C3. The
structures of stilbene complexes of different stoichiometries
and also the stereochemistry of the major PCA product, the
rett isomer of 1,2,3,4-tetracrown cyclobutane, were confirmed
by X-ray diffraction study.

Results and discussion
UV/Vis and "H NMR studies of stilbene complexes

In MeCN, free stilbenes (F)-la—¢ demonstrate intense
long-wavelength absorption (LA) with 1.« at ~335 nm and
fluorescence with a maximum at ~ 385 nm (e.g., Fig. 1, curves
1 and 3). Previously, we found that under these conditions,
stilbene (E)-1c fluorescence has a quantum yield of 0.30."' The
addition of excess alkali (Li, Na, K, Rb, Cs) or alkaline-earth
(Mg, Ca, Sr, Ba) metal perchlorate to a solution of la—c
induced a hypsochromic shift of the LA maximum (AZpax
up to 15 nm) and a slight decrease in its intensity, the most
pronounced changes being observed for double-charged metal
cations (e.g., Fig. 1, curve 2). This is a usual behaviour for the
formation of host—guest complexes of chromogenic crown
compounds®©!? and this is obviously caused by the electron-
withdrawing effect of cations coordinated by the crown-ether
fragments of la—c.

A 'H NMR study of MeCN-d; solutions of mixtures of
(E)-1a—c with salts of Group I and II metals demonstrated that
the spectral changes depend considerably on the size of the
crown-ether cavity of the ligand and the metal cation size. In
all cases, the signals of most methylene groups of macrocycles
la—c underwent a downfield shift (Ady up to 0.40 ppm) upon
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Fig. 1 Absorption (1, 2) and emission (3, 4) spectra of (1, 3) (E)-1b
(C =1 x 107 M) and (2, 4) its equimolar mixture with Ba(CIO,),
(MeCN, 1 cm cell, ambient temperature); excitation at 270 nm.
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addition of excess salt to stilbene, thus confirming binding of
the crown-ether moiety to the metal cations. Similar effects
were observed in our study of complexation of (E)-le with
Cn.° When the size of the macrocycle cavity was roughly the
same or larger than the metal cation diameter, the signals of
aromatic and ethylene protons of stilbene also underwent
monotonic downfield shifts following increase in the Cy;/Cy
ratio (e.g., Fig. 2), which was caused by the electron-
withdrawing effect of the cation in the complex. Note that in
Fig. 2 the nearly linear dependence Ady — Ckcio,/Cie
for Ckcio,/Cie < 2 and smoothening of the curves at
Ckcio,/Cie =& 2 imply the formation of relatively stable
complexes 1¢-K ' and 1c:(K "), (see below).

When the size of the macrocycle cavity was smaller than the
diameter of the metal cation, the behaviour of the signals of
aromatic and ethylene protons was, in most cases, more
complex. As an example, Fig. 3 shows the dependence
Aéy — Cescio,/Cre- It can be seen that these proton signals
of stilbene (E)-1c shift upfield (Ady up to —0.26 ppm) at
Cescio, < Cie, and then start to vary in the opposite direction
at Ccoscios > Cre. This means that as CsClOy is added to a
solution of 1le, this first gives a relatively stable complex

4-CH,CH,OAr
p—F
3-CH,CH,OAr

g

C..1IC

KCIO4" ~1¢

Fig. 2 Values of Ady = 0u(1¢/KCIO4 mixture) — dy(free 1c) for
some protons of (E)-1c¢ as a function of the KClO4/1¢ concentration
ratio (Cie = 1 x 107 M, MeCN-d, 30 °C).

Ag, (ppm)

C /C

CsCIO4 1c

Fig. 3 Values of Ady = dy(1¢/CsClO4 mixture) — Jdy(free 1c) for
some protons of (E)-1c as a function of the CsClOy4/1¢ concentration
ratio (Cie = 1 x 107 M, MeCN-d, 30 °C).

1c-Cs ™, which dimerizes spontaneously to bis-sandwich com-
plex (1¢),-(Cs ™), owing to the possibility of binding large Cs™*
ions simultaneously to two 18-crown-6-ether fragments. In this
complex, the conjugated fragments of two stilbene molecules are
stacked one above another (see Scheme 2), which results in
mutual shielding of the protons of these fragments typically
observed for other stacked supramolecular architectures we
studied previously.®'* Further increase in the CsClOg4
concentration, evidently, shifts the equilibrium toward
complex 1¢-(Cs™),, which tends to show downfield shifts of
oy with respect to the free ligand.

In the case of formation of very stable bis-sandwich
complexes [(E)-la—c],-(M™™),, pronounced broadening of
the spectral lines or even appearance of several highly over-
lapped sets of signals was observed. This is indicative of ligand
exchange between several types of complexes that is slow on
the "H NMR time scale (500 MHz). As an example, Fig. 4a
and b presents the change of the spectrum of stilbene (E)-1b
after addition of excess Ba(ClOy),. Analysis of the COSY
spectrum of the mixture showed that in the field of aromatic
protons, signals from at least two unsymmetrically substituted
ethylene bonds are present CJey—cn = 15.9-16.2 Hz), which
are marked in Fig. 4b. Since the stilbene (E)-1b structure is
symmetric, this is indicative of asymmetric structure of some
of the formed complexes (1b),-(Ba>™),.

Previously,'® we found that (E)-la—c and (E)-3,4,3',4/-
tetramethoxystilbene can exist in the crystals as symmetric
s-syn,s-syn and s-anti,s-anti conformers differing in the
arrangement of the ethylene bond relative to the crown-ether
moiety. In solutions, these conformers occur in fast equilibrium
in which the former predominates. This is due to the relatively
low (~35.6 kcal mol™") energy barrier to the rotation of the
benzene ring around the formally single bond of the ethylene
fragment. It is clear that the asymmetric s-anti,s-syn conformer

CH=CH

8(ppm)

Fig. 4 'H NMR spectra (the region for aromatic protons) of (a)
(E)-1b (C = 5 x 107 M) and (b, c) its mixture with Ba(ClO,),
(C = 6 x 10 M) in (a, b) MeCN-d; and (c) MeCN-d5-D,0 (10 : 1, v/v)
(500 MHz, 30 °C).
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Scheme 3 Conformers of stilbenes (E)-la—c.

of stilbene should also exist in solution as an intermediate state
between the two above-mentioned symmetric conformers
(Scheme 3). The bis-sandwich complex can be formed from
two identical or different conformers of bis(crown)stilbene,
moreover, with either parallel or cross orientation of ethylene
bonds (totally 14 types of structures of bis-sandwich complexes,
A-N, shown in Scheme S1 in the ESI{ to this article). To
participate simultaneously in metal cation binding, the crown-
ether moieties in such complexes should be located approximately
one above another. Since in complexes [(E)-1a—c],-(M™ "), the
2-H, 3-CH,0Ar, and CH—CH protons are most shielded (see
Fig. 3), some types of complexes can be suggested to pre-
dominate in solutions (see types B, D, and I in Scheme S1, ESI¥).

The stability constants of complexes formed by stilbenes
(E)-1a—c with metal perchlorates or diammonium compound
C3 were determined by "H NMR titration in MeCN-ds. The
variation of Ady of the ligand protons vs. the salt-to-ligand
concentration ratio for cations whose diameter does not
exceed the macrocycle cavity size was adequately described
by the model taking into account two equilibria:

KL+ M™" = LM"" (1)

Ko LM™" + M™" = L.(M"™"), )

where L is stilbene la—c; Kj.; is the stability constant of
complex la—c-M”", M™%, K,., is the stability constant of
complex la—c-(M”"),, M~

When the cation diameter was greater than the macrocycle
cavity, it was often necessary to take into account simultaneously
equilibria (1), (2), and (3):

Kyp: 2 LM = (L)>(M™ "), 3)

where K., is the stability constant of complex (1a—c¢),-(M"”),,
M. The stability constants thus found are summarized in

Table 1 Stability constants of complexes of stilbenes (E)-la—¢ with
metal and propanediammonium perchlorates”

log Ki.1/log Kao/log Ko

M (ClO4 ), M™T (E)-1a (E)-1b (E)-1c

Na* 2.6/5.0— —9—<n9 {/J/4.o
K+ 20/7(/7( ¢ ,L’/> 9()/70 o« /7(/53
Cs* 1.8/—— 1.6/6.6/— 3.1/8.9/43
Ca2 + 3 . 8/7(/2 5 _ a ’()/75/70 _ a ,e/ic/i(’
Ba®* 4.6/7.0/18 e dej_e  _d)_cj47
C3 2.1)——¢  3.1)——¢ —48.7/1.9

“TH NMR titration, MeCN-ds, 30 + 1 °C. » K., = [L-M]/([L]-[M])
(M), Kz = [LoMo)/[L-MF (M), K12 = [L-M,]/(IL-M]-{M]) (M ).
The total measurement errors of the stability constants were ~30%.
¢ NMR titration is inapplicable due to very low (log K < 1) value of
stability constant.  NMR titration is inapplicable due to very high
(log K > 5) value of stability constant. © NMR titration is inapplicable
due to slow ligand exchange on the '"H NMR time scale.

Table 1. Note that in some cases we failed to determine the
stability constants of L-M™" as they were too high and
above the upper limit of applicability of "H NMR titration
(log K1.; > 5) and also because of the above-noted slow ligand
exchange on the "H NMR time scale.

It follows from the data of Table 1 that bis(18-crown-
6)stilbene (E)-1c forms all three types of complexes with
caesium and propanediammonium cations. Obviously,
only in the presence of these large cations, can rather stable
(log K>» > 8.7) bis-sandwich complex (1¢),-(Cs™), and
bis-pseudosandwich complex (1c¢),-(C3), be formed (see
Schemes 1 and 2). The latter complex is formed due to
complementarity of the primary ammonium group and the
18-crown-6-ether moiety and also to relatively short distance
between the two ammonium groups in C3, which probably
does not prevent stacking interactions between the two planar
stilbene fragments in some types of bis-pseudosandwich
structures.’

Bis(12-crown-4)stilbene (£)-1a forms 1 : 1 complexes of low
stability with alkali metal cations (log K;.; < 2.6), the stability
of these complexes decreasing following increase in the cation
diameter. Therefore, only with sodium cations, was the
formation of relatively weak complexes (1a),-(Na ™), detected
(log K>, = 5.0). With double-charged barium cations, la
forms all three types of complexes; however, the formation of
complexes 1a-(Ba®™"), is hampered (log K;» = 1.8), apparently,
due to substantial decrease in the electron-donating properties
of the macrocycle oxygen atoms, which are conjugated with
the benzene ring, in complex 1a-Ba®>*. A similar trend of
decreasing the stability of 1(L) : 2(M™ ") complexes compared
to 1(L) : I(M™™) was also found for stilbenes 1b,c.

As was to be expected, bis(15-crown-5)stilbene (E)-1b forms
stable (log K>, > 6.6) bis-sandwich complexes with large K™,
Cs™, and Ba®>" ions and, conversely, does not form such
complexes with a relatively small sodium cation or compound
C3 as the ammonium group is not complementary to the 15-
membered macroheterocycle. The slow ligand exchange in
the system 1b/Ba®* (see above) and, evidently, very high
stability constants of 1b-Ba®>" and (1b),-(Ba®>"), precluded
their determination. To accelerate the exchange processes, we
gradually added deuterated water to a solution of 1b and
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Ba(ClO,), mixture. When the MeCN-d5-D,0 ratio of 10 : 1
(v/v) has been attained, the 'H NMR spectrum exhibits
only one set of relatively little broadened signals (Fig. 4c);
therefore, these conditions were chosen for determination of
the stability constants of 1b complexes. The stability constants
of similar complexes of benzo-15-crown-5 ether (B15C5) were
determined under the same conditions for comparison. In this
case models taking into account the following equilibria
proved to be useful: eqn (1) and (3) for 1b and eqn (1) and
(4) for B15CS5:

Ky LM™T + L = (L),M™" 4)

where K. is the stability constant of complex (B15C5),-M™ ™,
M~!. The stability constants thus found are summarized in
Table 2.

Transition to aqueous acetonitrile resulted, as expected,'* in
a considerable decrease in the stability of all types of complexes
compared to the results obtained with anhydrous MeCN-ds.
Obviously, this is caused by competitive hydration of the
cation, which weakens its ion—dipole interaction with the
crown-ether heteroatoms. In the case of highly hydrophilic
magnesium and calcium cations, the complexation in a
MeCN-d3-D,0 mixture almost does not occur. The stability
of 1: 1 complexes of B15C5 varies in the series Mg® ", Ca®" «
Sr’t < Ba?" < K' ~ Na™, which is correlated with the
decrease in the hydrophilicity of these cations. It is known that
B15C5 and its derivatives are also able to form sandwich
complexes (L),-M”" with large potassium, strontium, and
barium cations;** however, the stability of complexes
(B15C5),-M™" in aqueous MeCN-d; proved even lower than
that for BISC5-M™* . In the presence of K™, Sr*", and Ba?™"
ions, the stilbene derivative can form rather stable complexes
1b-M"" (log K;., > 3.0), which are largely dimerized

(log K>, > 4.8). The much higher stability of 1:1 and
2 :2 complexes formed by 1b and large metal cations
compared to 1:1 and 2:1 complexes formed by B15C5
may be related to (i) benefit of the stacking interactions in
bis-sandwich complexes and (ii) cumulative effect caused by
the presence of two crown-ether fragments in stilbene.
Complexes of stilbenes (E)-la—c with metal picrates and

perchlorates and with compound C3 were obtained as solids

Table 2 Stability constants of complexes of stilbene (E)-1b and
benzo-15-crown-5 ether (B15C5) with metal and propanediammonium
perchlorates”

(E)-1b B15C5
M"*(CIO4 ),y M™ log Ky.1/log Ka.," log Ki.1/log K».,"
Na™ 1.9/—¢ 2.9/—¢
K™ 3.0/7.4 2.8/2.4
M g?2 + _(‘ /_(‘ _(. /_(‘
Ca_+ _c /7( _c /7(
Sr?* 3.2/4.8 1.8/1.7
Ba?* 3.9/6.1 2.5/2.2
C3 1.3)—¢ 1.4/—¢
“'H NMR titration, MeCN-d5-D,0 (10: 1, vjv), 30 £ 1 °C.
"Kiao= [LMJ(LHM]) (M), Ky = [LyMyJ[LMF (M),

K>q = [LoMJ/(L-MJ[L]) (M'!). The total measurement errors of
the stability constants were ~30%. ¢ NMR titration is inapplicable
due to very low value of stability constant (log K < 1).

by slow saturation of acetonitrile solutions of a components
mixture by benzene or benzene—dioxane vapour; their
formal stoichiometry, 1(L) : 1(M”") or I(L) : 2(M™™), was
confirmed by elemental analysis data (see Experimental section).
Note that bis(18-crown-6)stilbene 1¢ forms crystalline
precipitates of 1(L) : 2(M™ ") composition with salts of metal
cations having small size as compared with the macrocycle
cavity even when the salts are present in equimolar amount in
the solution. In the case of stilbene 1b and salts of metal
cations having small size with respect to the 15-membered
macrocycle, both 1(L) : [(M”") and I(L) : 2(M™") crystalline
complexes can be obtained.

X-Ray diffraction studies of complexes of stilbenes (E)-1b,c

Some stilbene complexes were prepared as single crystals,
which were studied by X-ray diffractometry. Fig. 5 shows
the main components of crystals 1b-2NaClOy4, 1b-2Ca(ClOy),-
2MeCN-4H,0, 1b-KPic-C¢Hg, 1c-CsPic-C¢Hg, and 1c-C3-
2.67C¢Hg (Pic is the picrate anion). It should be noted that
the structure 1b-2NaClO,4 was determined with high errors due to
a bad quality of crystals. However, we included it in the article to
show a diversity of the coordination mode of stilbene to a metal
cation and do not discuss thin details of its geometry.

The first two structures are 1(L) : 2(M™ ") complexes. Each
metal cation is coordinated by only one crown-ether fragment;
the rest coordination sites are occupied by perchlorate anions
or solvent molecules. In spite of somewhat similarity of these
structures, they have pronounced distinctions. In 1b-2NaClOy,,
the metal cations are attached at bis(15-crown-5)stilbene on
the same side of its mean plane, whereas, in 1b-2Ca(ClOy),-
2MeCN-4H,0, the metal cations are attached at the ligand
on the opposite sides.

In crystal, complex 1b-2Ca(ClOy4), occupies a special
position in the symmetry centre that coincides with the
midpoint of the ethylene bond. As a result, the chromophore
fragment of stilbene molecule is perfectly planar. In crystal
1b-2NaClQy, the stilbene molecule occupies a general position.
However, its chromophore fragment is only slightly twisted,
the dihedral angle between the benzene rings being 6.4°. This
fact together with the planarity of C-O-Ca~Car) fragments
(the torsion angles are close to 0 or 180°) attest to a relatively
high degree of the conjugation over the whole chromophore.
Nevertheless, the ethylene bonds in both complexes are essentially
localized, which is typical of stilbene derivatives. For both
metallocomplexes 1b-(M"*),, the s-syn,s-syn conformation of
stilbene molecule is found, whereas the s-anti,s-anti conformation
was revealed for the crystalline free (E)-1b.'°

The sodium and calcium cations are coordinated by
all heteroatoms of the 15-membered macrocycles. Their
displacements from the mean plane through the heteroatoms
of the nearest macrocycle is only 0.60, 0.68 A for two
independent Na(1), Na(2) ions and 1.14 A for the Ca(l) ion,
i.e., the metal cations are rather deeply immersed into the
macroheterocycle cavities of stilbene 1b. This is well correlated
with published data on the compliance of the Na™ and Ca®™"
ion diameters with the 15-crown-5-cther cavity.'®

The coordination sphere of each of Na(1), Na(2) ions also
comprises two oxygen atoms of perchlorate anions. In the case
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Fig. 5 Structure of the main components of the crystals (a) (£)-1b-
2NaClOy, (b) (E)-1b-2Ca(ClOy4),-2MeCN-4H,0, (c) (E)-1b-KPic-
C¢Hg, (d) (E)-1e-CsPic-C¢Hg, and (e) (E)-1¢-C3:2.67C¢Hg. Thermal
ellipsoids are drawn at the (a, b) 50, (c, ¢) 40, or (d) 30% probability
level. The additional letters “A” and “B” indicate that atoms belong to
symmetrically related positions. Coordination bonds and hydrogen
bonds are drawn with dash lines.

of the complex with Ca®" ions, the cation coordination sphere is
completed by two water and one MeCN molecules. This type of
the coordination is also encountered in the complexes of calcium
cations with benzo-15-crown-5-ether derivatives in crystal.'®

Our attempts to grow single crystals of 2(L): 2(M™™")
complexes of stilbenes (E)-1a—c with K, Cs, Sr, Ba perchlorates
suitable for X-ray diffraction failed; the crystals formed were
of too high mosaicity. This obstacle has been overcome by
replacing the relatively small ClO,~ anion for the more bulky
picrate anion. Complexes 1b-KPic and 1¢-CsPic are examples
of bis-sandwich structures (types F and K, respectively, in
Scheme S1, ESIf), in which stilbene molecule 1b is represented
by s-anti,s-syn conformer and two independent molecules 1c
are shown as s-anti,s-syn and s-syn,s-syn conformers.

In both bis-sandwich complexes, the chromophore fragments
are nearly planar: the dihedral angles between the benzene ring
planes are 14.5° in 1b-KPic and 11.9, 9.0° in 1¢-CsPic. As in the
previous structures, the ethylene bonds in both complexes are
essentially localized.

In 1b-KPic, the bis-sandwich complex is located in a
symmetry centre; therefore, the ethylene bonds and the
mean planes of the stilbene chromophore fragments are
strictly parallel. The intermolecular C---C distances between
the adjacent ethylene fragments, C(15)---C(16A) and
C(16)- - -C(15A), are equal to 4.56 A. With this geometry, the
overlapping of these fragments of the conjugated system is
actually lacking. In 1c¢-CsPic, the bis-sandwich complex is
nonsymmetric; it occupies a general position in the crystal
unit cell. The mean planes of the chromophores of two
independent stilbene molecules are inclined to each other by
angle 2.5° and the ethylene bonds of these fragments are
somewhat twisted by ~21°; the C(17)---C(51) and
C(18)- - -C(52) distances between their carbon atoms are 4.03
and 3.93 A.

The potassium and caesium cations are sandwiched by two
macroheterocycles and coordinated by all of their heter-
oatoms. Displacements of these cations from the mean plane
through all heteroatoms of the neighbouring macrocycle are
1.67, 1.66 A for the K(1) ion and 1.67-1.75 A for the Cs(1),
Cs(2) ions, i.e. these large metal cations are positioned
approximately above the centres of the macroheterocycle
cavities of stilbenes 1b,c. These parameters are close to analogous
characteristics for structurally investigated sandwich complexes
between benzo-15-crown-5-ether derivatives and K* ions'’
and between benzo-18-crown-6-ether derivative and Cs™

In crystal 1¢-C3-2.67CsHg, the stilbene molecule is present
as its s-anti,s-syn conformer. This molecule is disordered over
two close positions related by 2-fold axis with equal occupancies.
The chromophore fragment is approximately planar—the
dihedral angle between the planes of the benzene rings is
12.3°. The 18-crown-6-ether moieties of 1¢ coordinate to the
NH; " groups from two dications of compound C3, forming
normal or bifurcate hydrogen bonds N —H- - -O(macrocycle).
However, instead of expected bis-pseudosandwich structure
(1¢)>+(C3),, the components in the crystal form an unusual
chiral trimer (1¢);-(C3); of the cyclic structure in accordance
with the R32 space group (see Fig. S1, ESIf). In this trimer,
there are no stacking interactions of the stilbene conjugated
systems and, consequently, the PCA reaction is impossible
in the solid state. Obviously, in solution such exotic
trimer structures can transform to give bis-pseudosandwich
complexes, in which the PCA reaction occurs (see below).
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Photochemical study of stilbenes (E)-1a—c and their complexes

The irradiation of MeCN solutions of equimolar mixtures of
la—c with salts that form relatively stable 2(L) : 2(M™™)
stilbene complexes induced fast changes in the absorption
spectra of photolysates, resulting in disappearance of the LA
above 300 nm (e.g., Fig. 6). The fluorescence quenching
observed during the formation of these complexes (see
Fig. 1, curves 2 and 4) continues also during irradiation and
results in almost complete disappearance of the emission (e.g.,
Fig. S2, ESI¥). These facts are indicative of the substantial
violation of conjugation in the stilbene chromophores as a
result of photochemical reactions.

A 'H NMR study has shown that UV irradiation of
solutions of free (F)-la—c in MeCN for 2 h gives rise to a
mixture of six compounds (Scheme 4, Table 3) with Z isomer
of stilbene predominating (cf. ref. 5 and 9). The photolysates
were also found to exhibit signals for phenanthrene derivatives,
namely, symmetric sym-2a—¢ and asymmetric asym-2a—c,
which are usual products of electrocyclic reactions of (Z)-
stilbenes followed by oxidation of the intermediate dihydro-
phenanthrenes with air oxygen.' The characteristic signals of
aromatic protons of compounds 2 appear at 6 7.4-9.2, which is
typical of annelated aromatic compounds. The minor products
include those formed upon extensive photooxidation, namely,
4’-formylbenzocrown ethers 3a—c¢ (compound 3¢ was also
detected previously upon long-term photolysis of 1¢ in CH,Cl,
in the presence of iodine and air oxygen)® and centrosymmetric
derivatives of cyclobutane rctt-4b,c. The latter compounds are
obviously formed from dimeric pairs [(£)-1b,c],, which can be
formed owing to the intermolecular stacking interactions
of conjugated stilbene fragments. The low yield of rctz-4b,c
(<2 mol%) points to low content of dimeric pairs [(E)-1b,c],
in solution under these conditions.

Under comparable conditions, experiments on irradiation
of solutions (E)-la—c in the presence of Group I and II metal
perchlorates and diammonium compound C3 were carried
out. Data on the compositions and the ratio of photolysis
products are summarized in Table 3.

200 250 300 350

Fig. 6 Absorption spectra of (1) equimolar mixture of (E)-1b and
Ba(ClOy), (C = 1 x 10° M, MeCN, 1 cm cell, ambient temperature)
and its photolysates after irradiation over (2) 0.8, (3) 2, (4) 3, (5) 5, and
(6) 25 s.

hv R R
MeCN
(salt)
(2)-1a-c
R R R R R
peg o R +
sym-2a-c asym-2a-c
R
0]
R +

3a-c

rett-4a-c rict-4a-c

R + R = OCH,(CH,0CH,),.,CH,0; n=0-2

Scheme 4 Photolysis products of stilbenes la—c.

It was found that the presence of cations that are complexed
with stilbenes la—c (log K;.; > 5) to form relatively stable
complexes 1-M™ ™ which do not tend to dimerize to bis-sandwich
structures, resulted only in suppression of oxidative processes
and, as a consequence, in increase in the content of (Z)-1 in the
photolysate. Apparently, the complexation with the cation
prevents both intramolecular electrocyclic reactions of stilbene
and its participation in the intermolecular [2+2] photo-
cycloaddition due to the Coulomb repulsion of the positively
charged complexes in the dimeric pair [(E)-1],-(M™"),, which
should precede the formation of 4.

Conversely, in the presence of metal cations complexed with
stilbenes to give fairly stable complexes such as (E)-1.M""*
and [(E)-1(M"7), (log Kii > 46, log K»n > 17.0),
cyclobutane derivatives rctr-4a—c were the major photo-
products formed in the reaction (64-85 mol%) as a result of
PCA in bis-sandwich complexes with the conjugated fragments
being located approximately one above another and the
ethylene bonds being parallel. Note that in these systems, the
formation of oxidation products 2 and 3 sharply decreases
often down to their total absence in the reaction mixture. This
attests indirectly to the relatively high content of bis-sandwich
complexes and high efficiency of PCA in them. This is probably
possible owing to rather close arrangement of the ethylene
bonds in these complexes favourable for cycloaddition, i.e.,
their pre-organization for PCA. Apart from (Z)-la—c and
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Table 3 Composition and the ratio of the photolysis products of
stilbene la—c solutions in the absence and presence of metal and
propanediammonium perchlorates”

Photolysate composition (mol%)?

Stilbene Salt, M™" (E)-1 (2)-1 sym-2 asym-2 3  rctt-4 rict-4

1a — 86 731 110 63 10 0 0
Li* 102 67.5 10.5 89 29 0 0
Na™* 85 621 129 86 07 72 0
K" 114 580 127 134 45 0 0
Cs* 10.1 613 132 11.7 37 0 0
Mgt 117 61.7 137 86 43 0 0
Ca** 102 846 4.1 10 01 0 0
Sr2* 18 69 19 07 21 640 226
Ba®* 0 0 0 0 7.5 65.5 27.0
1b — 128 556 178 78 44 16 0
Lit 125 653 11.1 77 34 0 0
Na™* 123 685 96 69 27 0 0
K* 0 0 0 0 0 840 16.0
Rb* 31 0 35 23 20 89 62
Cs*t 72 357 189 93 6.4 195 3.0
Mg?* 80 557 51 0 0 284 28
Ca** 0 200 O 0 0 769 3.1
Sr2* 0 0 0 0 0 855 145
Ba2* 0 0 0 0 0 741 259
c3 62 772 54 0 62 50 0
1c —od 124 550 175 81 51 19 0
K* 136 670 87 73 34 0 0
Rb* 128 629 135 66 42 0 0
Cs”* 1.1 33 37 07 1.5 73.5 16.2
Ba2™" 121 738 53 35 24 29 0
c3/ 0 126 0 0 0.1 838 3.5

“MeCN, C; = 1 x 107° M, 1.1 equiv. M""(ClO),, or
HiN"(CH,);NH; " 2CI0,~ (C3). % According to the 'H NMR
spectral data. © Without salt. ¢ Data from ref. 9.

major rctt-4a—c, minor rtct cyclobutanes 4a—c (3—27 mol%)
were also detected; obviously, these are formed upon PCA of
complexes [(E)-la—c],-(M™ "), with crossed ethylene bonds
(for example, see structure of type B in Scheme S1, ESIY).
Note wunusual photochemical properties of systems
1b/Ca?" (Mg>"). In view of the similarity of the cavity size
of the 15-membered macrocycle and the metal cation
diameters, one could expect the absence of formation of
stable 2(L) : 2(M>") complexes and, hence, low content of
cyclobutanes 4b in the photolysis products. Conversely, it was
found that cycloaddition of 1b in the presence of Ca®" ions is
only slightly slower than that in the 1b/Ba®" (Sr>") systems,
moreover, the selectivity of formation of rctt-4b/rtct-4b is even
higher. A similar situation was observed for Mg®* ions but the
rate of PCA was considerably lower. Presumably, this unusual
behaviour is due to partial hydration of the relatively small
alkaline-earth metal cation complexed with the benzo-15-
crown-5-cether fragment. As shown by X-ray diffraction study
of 1b-2Ca(ClOy),, the calcium coordination sphere may
additionally contain three rather small solvation molecules,
for example, water molecules (see Fig. 5b). The hydrogen
atoms of these water molecules are directed away from the
stilbene 1b basis molecule, thus creating the binding site for a
second stilbene molecule through hydrogen bonding to the
oxygen atoms of its free macrocyclic fragment (Scheme 5).
Apparently, the complexation in solution involves hydrated
ions, [Ca(H,O),*" or [MgH,0),]>" (x = 1-3), whose
effective diameter may be even greater than the diameter of

0 0 o
C 22X 5 93
ey S P
\7({)‘\) 0O, '.,O.‘
H-0 O O~y H'H\IH H
|
o "o O o-H

Scheme 5 Possible structure of complex [(E)-1b],-{[Ca(H,0);]* " 1.

the largest studied barium and caesium cations. The high
stereoselectivity of PCA in the systems 1b/Ca’’(Mg>") is
attributable to more stringent requirements to the orientation
of stilbene molecules in complexes [(E)-1blo-{[M(H>0)J** 12,
imposed by hydrogen bonding.

The signals of aromatic and cyclobutane protons of cyclo-
butane isomers, rctt-4a—¢ and rtct-4a—c, are substantially
different (for example, Fig. S3, ESI¥). This provides reliable
identification of the isomers. In a DMSO-dy solution, all
aromatic signals of the rtct isomer are shifted downfield
(Aog up to 0.26 ppm) with respect to analogous signals of
the rctt isomer, and, conversely, the cyclobutane proton signal
for rtct-4 (singlet at 6 ~ 3.4) is located at higher field than the
analogous signal of rctt-4 (singlet at 5 &~ 4.3).° This is a typical
spectral behaviour for the corresponding isomers of the
1,2,3,4-tetraaryl-containing cyclobutane'® caused by the trans
arrangement relative to each other of all vicinal substituents in
the cyclobutane ring of rtct-4a—c and mixed, trans and cis
arrangement in the case of rctr-4a—c.

The major photoproducts in the systems 1b/KClOy,
1b/Ca(ClOy),, 1¢/CsClOy, and 1¢/C3 were isolated by crystall-
ization as complexes rctz-4b-(KClOy),, rctt-4b-[Ca(ClOy),),
rett-4¢-(CsClOy),, and rett-4e-(C3),, respectively. Their structures
were confirmed by 'H and '*C NMR spectroscopy and
elemental analysis data. The absorption spectra of these
complexes are characterized by disappearing of the absorption
at > 300 nm (for example, see Fig. S4, ESI'); this confirms the
violation of the chromophore conjugation chain in cyclobutane.
Free cyclobutanes rctt-4b and rctt-4c were prepared by
decomplexation of rctt-4b-[Ca(ClO,),], by ethylenediaminetetra-
acetic acid in the presence of Me;NOH and by decomplexation
of rett-4e-(C3), or rett-de-(C4),° in a water—organic solvent
mixture (see Experimental section).

X-Ray diffraction studies of metal complexes of cyclobutane
rctt-4b

The structures of two metal complexes of rctt-4b were
determined by X-ray diffraction. Fig. 7 shows the structure of
the key components of the crystal unit cells of these complexes.

In crystal rctt-4b-2KClOy4, the cyclobutane molecule
occupies a special position on crystallographic axis 2, which
passes through the midpoints of the bonds of the cyclobutane
ring, C(1)-C(1A) and C(16)-C(16A). The cyclobutane ring
exists in a non-planar conformation: the torsion angles at the
C(1)-C(16)-C(16A)-C(1A) ring range from —14.9 to 14.6°.
The dihedral angle between the planes of the cis-arranged
benzene rings is only 23.2°; these rings are proximate in space
in such a way that the crown-ether fragments connected to
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Fig. 7 Structure of the main components of crystals (a) rct-4b-
2K ClO42CH4-4H,0 and (b) rett-4b-2Ca(ClOy),-3CsHg-9H,0. Thermal
ellipsoids are drawn at the 50% probability level. The additional letter
“A” indicates that atoms belong to symmetrically related positions.
Coordination bonds are drawn with dash lines.

them coordinate the K(1) cation, thus forming an intramolecular
sandwich complex. The potassium cation is located almost
exactly in the middle between two 15-membered macrocycles
and is coordinated by all of their oxygen atoms: the displacements
of the cation from the mean planes through all heteroatoms of
the two macrocycles are 1.72 and 1.68 A. These parameters are
similar to analogous characteristics of bis-sandwich structure
1b-KPic-C¢Hg (see above); apparently, the PCA reaction does
not induce considerable steric strain on passing from the initial
complex [(E)-1b],-(K "), to rett-db-(K™)s.

In crystal rctt-4b-2Ca(ClQOy),, the cyclobutane molecule
occupies a general position. The cyclobutane ring is non-
planar: the torsion angles at the C(1)-C(2)-C(3)-C(4) ring
vary from —21.6 to 21.2°. The dihedral angles between the
planes of cis-arranged benzene rings are 47.6 and 35.6°. These
rings are more remote from each other than in the previous
structure; therefore, only two crown-ether fragments coordinate
relatively small Ca(1) and Ca(2) cations, whereas the other two
macrocycles do not participate in their binding. The deviations
of cations from the mean plane through all heteroatoms of the
nearest macrocycle are 1.15 and 1.11 A. These parameters are
similar to those characteristics of the crystalline complex
1b-2Ca(ClOy), (see above). As in the mentioned complex, in
this case, the coordination sphere of each independent
calcium cation contains three water molecules. Typically, the
O(1W),...,0(6W) water molecules connected to calcium
cations are located in space between the two cis-arranged
benzo-15-crown-5-ether fragments. Although the hydrogen
atoms of these water molecules were not localized, the shortest
O(water)- - -O(free macrocycle) distances are in the range of
2.72-2.79 A, which implies the presence of a hydrogen
bond network between the indicated water molecules and the
oxygen atoms of free macrocycles. Thus, the found structural

characteristics of rctt-4b-2Ca(ClOy), indirectly confirm that
bis-sandwich complex [(E)-1b],-{[Ca(H,0);]* "}, (see Scheme 5)
may exist in solution, which should precede the formation of
the cyclobutane derivative.

Note that the structure of cyclobutane rctt-4c as the
complex with diammonium compound C4 was determined in
our recent X-ray diffraction study.” The formation of this
compound could have been preceded by bis-pseudosandwich
complex [(E)-1¢c],-(C4),, consisting of stilbene s-syn,s-syn and
s-anti,s-anti conformers (structure of type I in Scheme SI,
ESIt). From the consideration of the crystal structures of
rctt-4b-2KClO, and rctt-4b-2Ca(ClOy), it follows that the
cyclobutane rctt-4b might be formed from the bis-sandwich
complexes of the same type. Thus, although free stilbenes
(E)-1a—c are highly conformationally flexible and can be
assembled in the presence of metal cations or diammonium
compounds to bis-(pseudo)sandwich structures with various
mutual orientation of chromophores and ethylene bonds, the
indirect evidence that the [2+ 2] photocycloaddition occurs
only for one type of complexes to give the rctt isomers has
been obtained.

Conclusions

Thus, we studied systematically the characteristic features of
complexation of symmetric bis(crown)stilbenes with Group I,
II metal cations and H;N ' (CH,);NH; " ions and for the first
time elucidated their influence on the photoreaction route.
Three types of stilbene self-assembly were studied: (i) by means
of metal cations, (ii) by means of hydrogen bonds, and
(iii)) mixed type self-assembly. Large metal cations whose
diameter exceeds the size of stilbene macrocycle cavity promote
the formation of stable unusual bis-sandwich 2(L) : 2(M”" ")
complexes, in which two stilbene molecules are located one
above another and their ethylene bonds are close in space.
Complexes of similar structure are formed by bis(15-crown-5)-
stilbene in the presence of hydrated ions, [Ca(HzO)x],2+
[Mg(H,0),]*", and by bis(18-crown-6)stilbene with propane-
diammonium ions. In these complexes, two stilbene molecules
are held together through numerous hydrogen bonds. In
bis-(pseudo)sandwich complexes, stereoselective [2 + 2] photo-
cycloaddition takes place to give mainly rctt isomers of
tetracrown cyclobutanes, which were studied by X-ray diffraction.
The identified trends allow one to control the direction of
phototransformation of bis(crown)stilbenes, which can be
used to obtain new homotetratopic receptors and for optical
data recording systems.

Experimental section
General

The melting points were measured with a Mel-Temp II
apparatus in a capillary and are uncorrected. The 'H and
3C NMR spectra were recorded on a Bruker DRX500
instrument in DMSO-ds and MeCN-d5 at 25-30 ° using the
solvent as the internal reference (dy; 2.50 and 1.96, respectively;
dc 39.43 for DMSO-dg); J values are given in Hz. 'H-'H
COSY and ROESY spectra and 'H-'>C COSY (HSQC and
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HMBC) spectra were used to assign the proton and carbon
signals (see Schemes 2 and 4 for atom numbering). Absorption
and emission spectra were recorded on a UV-3101PC spectro-
photometer and a RF-5301PC spectrofluorimeter (Shimadzu)
in the range of 200-500 and 280-600 nm, respectively, with an
increment of 1 nm in MeCN (spectroscopic grade, the
water content <0.03%, Cryochrom, Russian Federation) at
ambient temperature using 1-cm quartz cells. High resolution
ESI mass spectra were measured on a MicrOTOF II
instrument  (Bruker Daltonics) in the range of
mjz = 50-3000 for positive ions (MeCN solution inlet,
nitrogen gas flow, 4500 V capillary voltage). Elemental
analyses were performed at the microanalytical laboratory
of the A. N. Nesmeyanov Institute of Organoelement
Compounds (Moscow, Russian Federation).

Preparations

Ethylenediaminetetraacetic acid, MesJNOH (20%, aq.), and
water (HPLC grade) were used as received (Aldrich). All metal
perchlorates (Aldrich) were dried at 200 °C in vacuo. K, Cs,
and Ba picrates were obtained by neutralization of aqueous
KOH, CsOH, and BaO with a 5% excess of picric acid
(Aldrich) followed by evaporation to dryness in vacuo, washing
with abs. EtOH, and drying in air. Stilbenes (E)-1a—c,'° benzo-
15-crown-5 ether,® and salt H;N*(CH,);NH;" 2ClO,~
(C3)13? were obtained according to known procedures.

Complexes between stilbenes (E)-1a—c and salts (general
method)

A solution of a mixture of stilbene (E)-la—¢ and metal
perchlorate or picrate (1 or 2 equiv.) or compound C3
(1 equiv.) in MeCN (3-5 cm®) was slowly saturated with
benzene or benzene-dioxane mixture (~2:1, v/v) by the
vapour diffusion method at ambient temperature in the dark
until a precipitate was formed (for 1-2 weeks). The precipitate
was separated by decantation and dried at 80 °C in vacuo.

Complex [(E)-1a],[Ba(ClO,),], was obtained from
(E)-1a (9.5 mg, 20.1 pmol) and Ba(ClOy), (6.6 mg, 19.6 umol)
as a white powder (14.4 mg, 87%); mp > 360 °C (dec.) (Found:
C, 39.50; H, 4.03. Calc. for 2C,,H3,04-2BaCl,0g4-2MeCN:
C, 39.57; H, 4.15%).

Complex (E)-1b-NaClO, was obtained from (E)-1b
(20.6 mg, 36.8 umol) and NaClO4 (4.5 mg, 36.6 umol) as
small colourless crystals (20.1 mg, 80%); mp >310 °C (dec.)
(Found: C, 5281, H, 5.92. Calc. for C30H40010'N3C1043 C,
52.75; H, 5.90%).

Complex [(E)-1b]»(KCIO4), was obtained from (E)-1b
(9.8 mg, 17.5 pumol) and KClOy4 (2.5 mg, 18.0 umol) as small
colourless crystals (10.9 mg, 89%); mp >340 °C (dec.)
(Found: C, 51.41; H, 5.71. Calc. for 2C30H4001¢-:2KClOy4: C,
51.53; H, 5.77%).

Complex [(E)-1b],-(KPic), was obtained from (E)-1b (8.7
mg, 15.5 pmol) and potassium picrate (4.1 mg, 15.4 pmol) as
yellow crystals (11.8 mg, 87%); mp 249-251 °C (Found: C,
5304, H, 540, N, 4.61. Calc. for 2C30H40010~2C6H2KN3O7'
0.5C4H¢'H,O: C, 52.59; H, 5.24; N, 4.91%).

Complex [(E)-1b],(CsClO,), was obtained from (E)-1b
(17.8 mg, 31.8 pmol) and CsClOy4 (7.4 mg, 31.8 pmol) as small

colourless crystals (22.3 mg, 88%); mp 274-278 °C (dec.)
(Found: C, 45.36; H, 4.98. Calc. for 2C;yH4001¢-2CsClOy:
C, 45.44; H, 5.08%).

Complex (E)-1b-Mg(CIlO,), was obtained from (E)-1b
(20.3 mg, 36.3 pumol) and Mg(ClO,), (8.0 mg, 35.7 pmol) as
small colourless crystals (25.9 mg, 93%); mp >310 °C (dec.)
(Found: C, 45.94; H, 5.19. Calc. for C30H400;9-MgCl,05: C,
45.97; H, 5.14%).

Complex (E)-1b-[Mg(ClO,),], was obtained from (E)-1b
(9.9 mg, 17.7 umol) and Mg(ClOy), (8.4 mg, 37.5 pmol) as
small colourless crystals (15.9 mg, 89%); mp > 320 °C (dec.)
(Found: C, 35.60; H, 4.19. Calc. for C3qH490,9-2MgCl,05: C,
35.78; H, 4.00%).

Complex (E)-1b-[Ca(ClOy),], was obtained from (E)-1b
(11.6 mg, 20.7 umol) and Ca(ClOy), (5.0 mg, 20.9 umol) as
colourless crystals (12.3 mg, 100%); mp >330 °C (dec.)
(Found: C, 37.84; H, 4.31. Calc. for C3yH4901¢-2CaCl,Oy4-
Ce¢He:2H,0: C, 37.51; H, 4.37%).

Complex [(E)-1b],[Sr(ClO,)>], was obtained from
(E)-1b (12.9 mg, 23.0 pmol) and Sr(ClOy), (6.6 mg, 23.0 pmol)
as small colourless crystals (17.2 mg, 88%); mp > 340 °C (dec.)
(Found: C, 42.37; H, 4.71. Calc. for 2C3yH4000-2SrCl,0g: C,
42.53; H, 4.76%).

Complex [(E)-1b]>[Ba(ClO,),], was obtained from
(E)-1b (12.8 mg, 22.9 umol) and Ba(ClOy), (7.8 mg, 23.2 pmol)
as small colourless crystals (18.9 mg, 92%); mp > 340 °C (dec.)
(Found: C, 39.96; H, 4.38. Calc. for 2C3yH400;0-2BaCl,O5: C,
40.18; H, 4.50%).

Complex (E)-1c-(KCIO4)> was obtained from (E)-1c
(20.3 mg, 31.3 umol) and KClO4 (4.3 mg, 30.9 umol) as small
colourless crystals (14.1 mg, 98%); mp >285 °C (dec.)
(Found: C, 44.41; H, 5.10. Calc. for C33H4301,-2KCIOy4: C,
44.11; H, 5.23%)).

Complex [(E)-1c],(CsClO4), was obtained from (E)-1c
(10.9 mg, 16.8 pmol) and CsClO4 (4.0 mg, 17.2 pmol) as
colourless crystals (12.6 mg, 85%); mp 260-263 °C (dec.)
(Found: C, 46.44; H, 5.48. Calc. for 2C;34H4301,-2CsClOy:
C, 46.35; H, 5.49%).

Complex [(E)-Ic],(CsPic), was obtained from (E)-lc
(15.2 mg, 23.5 umol) and caesium picrate (8.4 mg, 23.3 pmol)
as small yellow druses (22.1 mg, 91%); mp 210-213 °C
(Found: C, 49.74; H, 5.16; N, 3.77. Calc. for 2C34Hy3015-
2CcH,CsN307-1.5C¢Hg: C, 50.03; H, 5.14; N, 3.93%).

Complex (E)-1c-[Ba(ClOy4),]> was obtained from (E)-1c
(6.9 mg, 10.7 pmol) and Ba(ClOy4), (3.6 mg, 10.7 umol) as a
white powder (6.1 mg, 77%); mp > 365 °C (dec.) (Found: C,
33.90; H, 4.05. Calc. for C34Hy30;,-2BaCl,05-4MeCN: C,
33.96; H, 4.07%).

Complex (E)-1c-[Ba(Pic),], was obtained from (FE)-1c
(2.7 mg, 4.2 pmol) and barium picrate (4.7 mg, 7.9 pmol) as
an orange powder (4.7 mg, 62%); mp 207-209 °C (Found: C,
37.94; H, 3.06; N, 8.40. Calc. for C34H430,,-2C,H4BaNgO 4
0.5C¢H¢-3H,0: C, 37.98; H, 3.40; N, 8.71%).

Complex [(E)-Ic];(C3); was obtained from (E)-lc
(12.2 mg, 18.8 pmol) and compound C3 (5.1 mg, 18.6 pmol)
as colourless crystals (16.4 mg, 92%); mp >260 °C
(dec.) (Found: C, 49.85; H, 6.71; N, 2.77. Calc. for
3C34H4501,-3C3H,C1,N,05-1.5CcHg: C, 49.90; H, 6.60; N,
2.91%).
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Photolysis of stilbenes (E)-1a—c and their complexes with metal
perchlorates and salt C3 (general procedure)

A solution of a mixture of (E)-la—¢ (15.4 pmol) and
M (ClO47),, or C3 (16.9 pmol) (or without salt) in MeCN
(15 cm?®, spectroscopic grade) was placed in a quartz cell
(5cm x 4.5 cm x 1 cm), and the mixture was irradiated for
2 h with stirring with the light from a L8253 xenon lamp
(Hamamatsu, maximum power, A9616-05 light filter
(transmission 320420 nm), distance to the light source
10 cm) from the side of the largest facet of the cell. The solvent
was thoroughly evaporated in vacuo and the solid residue was
analyzed by "H NMR spectroscopy (in DMSO-dg), comparing
the integral intensities of signals. The data on the product
composition are given in Table 3.

12,12/,12",12""’-Cyclobutane-r-1,c-2,t-3,t-4-tetrayltetrakis-
2,3,5,6,8,9-hexahydro-1,4,7,10-benzotetraoxacyclododecine rct-4a
and 12,12',12",12""'-cyclobutane-r-1,t-2,c-3,t-4-tetrayltetrakis-
2,3,5,6,8,9-hexahydro-1,4,7,10-benzotetraoxacyclododecine rtct-4a,
complexes with Ba(ClOy),. A solution of a mixture of (£)-1a
(7.2 mg, 15.3 umol) and Ba(ClOy), (5.6 mg, 16.8 pmol) in
MeCN (15 cm?) was irradiated for 2 h according to the above
described procedure. According to '"H NMR data, the reaction
mixture consisted of rcit-da, rict-4a, and 4’-formylbenzo-12-
crown-4 ether (3a) in 8.7 : 3.6 : 1 molar ratio; A,.x(MeCN)/
nm 282 (¢/dm?® mol™' cm™" 11800); m/z (ESI MS) 495.1935
(calc. for CspHgsO16-2Na™: 495.1995) and 967.4023 (calc. for
Cs,Hgs016-Na™: 967.4092). rett-4a: 53(500 MHz; DMSO-dg;
30 °C) 3.54 (16 H, s, 8 x CH;0), 3.55 (8 H, m, 4 X
CH,CH>0Ar), 3.60 (8 H, m, 4 x CH,CH,0OAr), 3.90 (8 H,
m, 4 x CH,OAr), 398 (8 H, m, 4 x CH>OAr), 427 (4H,s, 4
x CHAr), 6.75 (4 H, d, J 1.8, 4 x 2-H), 6.76 (4 H, dd, J 8.2
and 1.8, 4 x 6-H) and 6.82 (4 H, d, J 8.2, 4 x 5-H). rtct-4a:
01u(500 MHz; DMSO-dq; 30 °C) 3.40 (4 H, s, 4 x CHAr), 3.61
(16 H, s, 8 x CH,0), 3.68 (16 H, m, 8 x CH,CH,0OAr), 4.04
(8 H, m, 4 x CH,0Ar),4.07 (8 H, m, 4 x CH,OAr), 691 (4 H,
dd, 782 and 1.8, 4 x 6-H), 6.94 (4 H, d, J 8.2, 4 x 5-H) and
7.01 (4 H,d, J1.38,4 x 2-H).

15,15',15”,15""'-Cyclobutane-r-1,c-2,t-3,t-4-tetrayltetrakis-
2,3,5,6,8,9,11,12-octahydro-1,4,7,10,13-benzopentaoxacyclopenta-
decine rctt-4b, complex with KClO4. A solution of a mixture of
(E)-1b (29.4 mg, 52.5 pmol) and KCIO4 (7.3 mg, 52.5 pmol) in
MeCN (15 cm®) was irradiated for 10 h according to the above
described procedure. The reaction mixture was concentrated
to a volume of ~7 cm® and slowly saturated with benzene by
the vapour diffusion method at ambient temperature until
colourless crystals were formed. The crystals were separated
by decantation and dried at 80 °C in vacuo to yield compound
rctt-4b (20.9 mg, 56%) as the 1:2 complex with KCIOy;
mp > 310 °C (dec.) (Found: C, 50.58; H, 5.59. Calc.
for CgoHgoO20-2KClO4-1.5H,0: C, 50.56; H, 5.87%);
Jmax(MeCN)/nm 281 and 235 (¢/dm® mol™' cm™" 11400 and
26900); dx(500 MHz; DMSO-dg; 25 °C) 3.60 (16 H, m, 8 X
CH,0), 3.66 (24 H, m, 8 x CH,0 and 4 x 3-CH,CH,0OAr),
3.75 (16 H, m, 4 x 4-CH,CH,OAr and 4 x 3-CH,OAr), 3.99
(8 H, m, 4 x 4-CH,OAr), 428 (4 H, s, 4 x CHAr), 6.37 (4 H,
brs, 4 x 2-H), 6.80 (4 H, d, J 8.2, 4 x 5-H) and 6.85 (4 H,
br d, J 8.2, 4 x 6-H); dc(125 MHz; DMSO-dg; 25 °C) 44.96

(4 x CHAr), 66.35 (4 x 4-CH,OAr), 66.46 (4 x 3-CH,OAr),
66.77 (4 x 3-CH,CH,O0Ar), 67.35 (4 x 4-CH,CH,OAr), 67.85
(4 x CH»0), 68.24 (4 x CH,0), 68.54 (4 x CH,0), 68.59
4 x CHy0), 111.27 (4 x 5-C), 113.01 (4 x 2-C), 119.91
(4 x 6-C), 133.29 (4 x 1-C), 145.18 (4 x 4-C) and 146.54
(4 x 3-C); m/z (ESI MS) 583.2481 (calc. for C¢oHgoO29-2Na ™ :
583.2519), 591.2345 (calc. for CgoHgoO20-Na ™K ": 591.2388),
599.2310 (calc. for C60H80020'2K+Z 5992258), 1143.5127
(calc. for CeoHgoOro-Na™: 1143.5140) and 1159.4764 (calc.
for CeoHgoO20-K ™2 1159.4880).

Cyclobutane rctt-4b, complex with Ca(ClQy),. A solution of
a mixture of (E)-1b (41.4 mg, 73.9 pumol) and Ca(ClOy),
(19.4 mg, 81.3 pmol) in MeCN (15 cm?) was irradiated for
5 h according to the above described procedure. The reaction
mixture was concentrated to a volume of ~ 10 cm® and slowly
saturated with benzene—dioxane mixture (~2 : 1, v/v) by the
vapour diffusion method at ambient temperature until a
light-beige precipitate was formed. This precipitate was
recrystallized under the same conditions to give compound
rctt-4b (53.0 mg, 86%; impurity of rtct-4b <2 mol%) as the
1 : 2 complex with Ca(ClOy),; mp >270 °C (dec.) (Found: C,
4330, H, 4.91. Calc. for C60H80020'2C3(C104)2'3.SHzo: C,
43.35; H, 5.28%); Jmax(MeCN)/nm 282 (¢/dm® mol™"' cm™!
10400); 6i(500 MHz; DMSO-ds; 28 °C) 3.57 (32 H, m,
16 x CH,0), 3.66 (8 H, m, 4 x 3-CH,CH,0Ar), 3.70 (8 H,
m, 4 x 4-CH,CH,OAr), 3.87 (8 H, m, 4 x 3-CH,OAr), 3.93
(8 H, m, 4 x 4-CH,0Ar), 4.26 (4 H, s, 4 x CHAr), 6.69 (4 H,
brs,4 x 2-H), 6.71 (4 H, brd, J8.2,4 x 6-H) and 6.73 (4 H, d,
J 8.2, 4 x 5-H); 6c(125 MHz; DMSO-dy; 26 °C) 46.31
(4 x CHAr), 68.32 (4 x 4-CH,OAr), 68.44 (4 x 3-CH,OAr),
68.65 (4 x 3-CH,CH,OAr), 68.81 (4 x 4-CH,CH,0Ar), 69.74
(8 x CH,0), 70.27 (4 x CH,0), 70.33 (4 x CH,0), 113.25
(4 x 5-C), 114.67 (4 x 2-C), 120.43 (4 x 6-C), 133.78 (4 x 1-C),
146.68 (4 x 4-C) and 147.77 (4 x 3-C).

Cyclobutane rctt-4b. A solution of Mey;NOH (20%, aq.)
(69 pem?®, 152.0 pmol) was added to a mixture of complex
rett-4b-[Ca(ClOy),)y-3.5H,0 (39.3 mg, 23.6 pmol) and ethylene-
diaminetetraacetic acid (20.2 mg, 69.1 umol) in water
(3 ecm®). The resulting solution was thoroughly evaporated
in vacuo at 30 °C and the solid residue was extracted with
benzene (2 x 20 cm®). The extracts were evaporated in vacuo to
yield free rctr-4b (24.3 mg, 92%) as a slightly yellowish
powder; mp 70-73 °C (Found: C, 64.23; H, 7.09. Calc. for
CeoHgoO20: C, 64.27; H, 7.19%); Amax(MeCN)/nm 284 and 232
(¢/dm® mol~! em™! 12500 and 30 800); 6;;(500 MHz; DMSO-
dg; 26 °C) 3.57 (32 H, m, 16 x CH,0), 3.66 (8 H, m, 4 X
3-CH,CH,0Ar), 3.70 (8 H, m, 4 x 4-CH,CH,0OAr), 3.87 (8 H,
m, 4 x 3-CH,0Ar), 3.93 (8 H, m, 4 x 4-CH,OAr),4.26 (4 H, s,
4 x CHAr),6.69 (4H, brs,4 x 2-H), 6.71 (4 H, brd, J8.2,4 x
6-H) and 6.73 (4 H, d, J 8.2, 4 x 5-H); c(125 MHz;
DMSO-dg; 26 °C) 46.31 (4 x CHAr), 68.30 (4 x 4-CH,OAr),
68.44 (4 x 3-CH,OAr), 63.64 (4 x 3-CH,CH,0Ar), 68.79 (4 X
4-CH,CH,0Ar), 69.72 (8 x CH,0), 70.25 (4 x CH,0),
70.30 (4 x CH,0), 113.23 (4 x 5-C), 114.67 (4 x 2-C),
120.41 (4 x 6-C), 133.75 (4 x 1-C), 146.67 (4 x 4-C) and
147.76 (4 x 3-C).
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18,18',18”,18""'-Cyclobutane-r-1,¢-2,t-3,t-4-tetrayltetrakis-
2,3,5,6,8,9,11,12,14,15-decahydro-1,4,7,10,13,16-benzohexaoxa-
cyclooctadecine rctt-4c, complex with CsClO4. A solution of a
mixture of (E)-1c (20.3 mg, 31.3 pmol) and CsClO4 (7.7 mg,
32.9 pmol) in MeCN (15 cm?) was irradiated for 3 h according
to the above described procedure. The reaction mixture was
concentrated to a volume of ~ 5 cm® and slowly saturated with
benzene by the vapour diffusion method at ambient temperature
until colourless druses were formed. These druses were separated
by decantation and dried at 80 °C in vacuo to yield compound
rett-4e (21.2 mg, 73%) as the 1 : 2 complex with CsClO4; mp
222-224 °C (Found: C, 46.57; H, 5.61. Calc. for CsgHosO04-
2CsCl04-0.15C¢Hg: C, 46.65; H, 5.51%); Zmax(MeCN)/nm
281 and 235 (¢/dm® mol™! ecm™' 14700 and 35200);
ox(500 MHz; DMSO-dg; 30 °C) 3.55-3.62 (40 H, m,
20 x CH,0), 3.65 (16 H, m, 8 x CH,0), 3.68-3.78 (16 H,
m, 4 x 4-CH,CH,OAr and 4 x 3-CH,0Ar), 4.03 (8 H, m, 4 x
4-CH,0Ar),4.27 (4 H, s,4 x CHAr), 6.27 (4 H, br s, 4 x 2-H),
6.84 (4 H, d, J 8.3, 4 x 5-H) and 6.89 (4 H, br d, J 8.3, 4 x
6-H); 0c(125 MHz; DMSO-dg; 26 °C) 44.37 (4 x CHAr), 66.18
(4 x 4-CH,0Ar), 66.62 (4 x 3-CH,0OAr), 67.54 (4 x CH,0),
67.74 (4 x CH,0), 68.46 (4 x CH,0), 68.89 (4 x CH,0), 69.05
(8 x CH,0), 69.27 (4 x CH,0), 69.55 (4 x CH,0), 110.34
(4 x 5-C), 112.41 (4 x 2-C), 119.40 (4 x 6-C), 132.51 (4 x 1-C),
144.99 (4 x 4-C) and 146.29 (4 x 3-C); m/z (ESI MS) 347.1417
(calc. for CegHoeO4-4Na™: 347.1471), 455.1924 (calc. for
C68H96024~3Na+: 4551995), 671.2965 (CalC. for C68H96O24'
2Na™t: 671.3044) and 679.2836 (calc. for CggHoqOo4-Na™-
K™ 679.2913).

Cyclobutane rctt-4c, complex with salt C3. A solution of a
mixture of (E)-le (40.1 mg, 61.9 umol) and 1,3-propanedi-
ammonium diperchlorate (C3) (18.7 mg, 68.1 pmol) in MeCN
(15 cm®) was irradiated for 4 h according to the above
described procedure. The reaction mixture was concentrated
to a volume of ~ 10 cm? and slowly saturated with benzene by
the vapour diffusion method at ambient temperature until a
slightly yellowish amorphous precipitate was formed. This
precipitate was separated by decantation and dried at 80 °C
in vacuo to yield compound rctt-4e (42.6 mg, 75%) as the 1 : 2
complex with C3; mp 192-195 °C (Found: C, 48.04; H,
661, N, 2.95. Calc. for C68H96024'2C3H12C12N2081 C, 4811,
H, 6.55; N, 3.03%); Amax(MeCN)/nm 280 and 231
(¢/dm®> mol™! ecm™! 17700 and 43900); 65(500 MHz;
DMSO-dg; 26 °C) 1.79 (4 H, m, 2 x CH,CH,NH3), 2.85 (8
H, m, 4 x CH,NHj;), 3.51 (16 H, m, 8 x CH,0), 3.54 (16 H, m,
8 x CH,0), 3.57 (16 H, m, 8 x CH,0), 3.65 (8 H, m,
4 x 3-CH,CH,OAr), 3.69 (8 H, m, 4 x 4-CH,CH,OAr),
391 (8 H, m, 4 x 3-CH,OAr), 3.95 (8 H, m, 4 x 4-CH,0OAr),
426 (4 H, s, 4 x CHAr), 6.696 (4 H, br d, J 8.6, 4 x 6-H),
6.703 (4 H, brs, 4 x 2-H), 6.74 (4 H, d, J 8.6, 4 x 5-H) and
7.67 (12 H, br s, 4 x NH3).

Cyclobutane rctt-4c. A dispersion of complex rctt-de-(C3),
(35.1 mg, 19.0 umol) or rctt-de-(C4),° (46.0 mg, 24.5 pmol) in
water (20-30 cm®) was extracted with a mixture of benzene
(25-30 cm®) and CH,Cl, (10-15 cm?®). The organic extract was
evaporated in vacuo to yield free rctt-4e [15.8 mg, yield 64% in
the case of rctt-4e-(C3), or 27.7 mg, yield 87% in the case of

rctt-4c¢-(C4),] as a slightly yellowish viscous o0il; 2.x(MeCN)/
nm 283 and 232 (¢/dm® mol™! cm™' 14800 and 33000);
01(500 MHz; DMSO-dg; 26 °C) 3.52 (16 H, s, 8 x CH,0),
3.54 (16 H, m, 8 x CH,0), 3.58 (16 H, m, 8 x CH,0), 3.66
8 H, m, 4 x 3-CH,CH,OAr), 370 (8 H, m, 4 x
4-CH,CH>0Ar), 391 (8 H, m, 4 x 3-CH,OAr), 3.96 (8 H,
m, 4 x 4-CH,OAr), 4.27 (4 H, s, 4 x CHAr), 6.70 (4 H, br d,
J 82,4 x 6-H), 6.71 (4 H, brs, 4 x 2-H) and 6.75 (4 H, d,
J 8.2, 4 x 5-H); 6c(125 MHz; DMSO-dg; 26 °C) 46.42 (4 x
CHAT), 68.02 (4 x 4-CH,OAr), 68.08 (4 x 3-CH,OAr), 68.61
(4 x 3-CH,CH,0Ar), 68.76 (4 x 4-CH,CH,OAr), 69.77 (24 x
CH,0), 112.69 (4 x 5-C), 114.06 (4 x 2-C), 120.21 (4 x 6-C),
133.60 (4 x 1-C), 146.34 (4 x 4-C) and 147.40 (4 x 3-C).

'"H NMR titration

The titration experiments were performed in MeCN-d; (the
water content <0.05%, FGUP RNTs Prikladnaya Khimiya,
St. Petersburg, Russian Federation) or MeCN-d;-D,0O
(10 : 1, v/v) solutions at 30 = 1 °C. The concentration of
(E)-1a—c, B15C5 was maintained at about (1, 2, or 5) x 107> M
depending on solubility of the components and/or complexes.
The concentration of metal perchlorate or C3 in the solution
was gradually increased starting from zero. The highest salt/
1(B15C5) concentration ratios were about 3-5. The proton
chemical shifts were measured as a function of the salt/
1(B15C5) ratio. The Ady values were measured with an
accuracy of 0.001 ppm and then the complex formation
constants were calculated using the HYPNMR program.?!
In the case of log Kj.; >5, the values of log K., and/or
log K;., were determined taking into account a fixed rough
value for log K;.; which was chosen by the criterion of minimal
rms weighted residuals.

X-Ray crystallography

The crystals of complexes of stilbenes (E)-1b,c and cyclo-
butane rctt-4b were grown as described above. The single
crystals of all compounds were coated with perfluorinated
oil and mounted on a Bruker SMART-CCD diffractometer
[graphite monochromatized Mo-K,, radiation (4 = 0.71073 A)
or Cu-K, radiation (4 = 1.54178 A), o scan mode] under
a stream of cold nitrogen (77 = 120.0(2) or 100(2) K,
respectively). The sets of experimental reflections were
measured and the structures were solved by direct methods
and refined with anisotropic thermal parameters for all non-
hydrogen atoms (except for the strongly disordered picrate
anion and benzene molecule in structure 1¢-CsPic-C¢Hg and one
of independent benzene molecules in structure 1c¢-C3-2.67C¢Hg,
which were refined isotropically). In some cases, absorption
correction was applied using the SADABS method. The
hydrogen atoms were fixed at calculated positions at carbon
atoms and then refined with an isotropic approximation for
1b-2Ca(ClO4),-2MeCN-4H,0 or using a riding model for
other structures. The hydrogen atoms of the NH; " group in
structure 1¢-C3-2.67CsHg were calculated geometrically and
refined using a riding model. Hydrogen atoms of the solvation
water molecules in structure 1b-2Ca(ClO,),-2MeCN-4H,0
were located from the difference Fourier map and refined
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isotropically. In other hydrated structures, hydrogen atoms of
the water molecules were not located.

Crystal data for 1b-2NaClO,4: C39gH49Cl,Na,O15, M = 805.50,
monoclinic, @ = 26.083(2), b = 9.2443(9), ¢ = 15.8150(13) A,
f = 96.659(5)°, V' = 3787.5(6) A3, space group P2,/c (no. 14),
Z =4, u = 0.269 mm~!, 45379 reflections measured, 9987
unique (R;,; = 0.5344) which were used in all calculations. The
final R; and wR, were 0.2426 and 0.3541 (for 3733 reflections
with I > 2a(1)), 0.4133 and 0.4098 (for all data). The ISOR
command was applied for the most non-hydrogen atoms. The
experiment was collected from a weakly reflected crystal. For
this reason, the final parameters are characterized by low
accuracy. Unfortunately, we failed to obtain better crystals
and better structural data. Nevertheless, we included this
structure in this article without a discussion of thin details of
the geometry just in order to show one more type of coordination
mode of 1b to a metal cation.

Crystal data for 1b-2Ca(Cl0Oy4),-2MeCN-4H,0:
C34H54C3.2C14N2030, M = 119275, monoclinic, a = 81]96(2),
b = 16.2587(5), ¢ = 19.1065(5) A, p = 97.303(1)°, V =
2501.84(12) A3, space group P2;/n (no. 14), Z = 2,
u = 0.538 mm™!, 17932 reflections measured, 6562 unique
(Riny = 0.0164) which were used in all calculations. The final
R; and wR, were 0.0345 and 0.0898 (for 6044 reflections with
I > 20(I)), 0.0378 and 0.0940 (for all data). The both
independent perchlorate anions are disordered over two
positions with occupancies 0.62 : 0.38 and 0.70 : 0.30. The ISOR
command was applied for atom O(25) of anion CI(2)O4 .

Crystal data for 1b-KPic-C¢Hg:  CyoHygsKN3Oq7,
M = 905.93, triclinic, a = 12.3927(10), b = 13.7956(11),
c = 14.7748(12) A o= 104.967(4), p = 108.561(4), y =
105.014(4)°, V' = 2146.7(3) 10%3, space group P1 (no. 2), Z = 2,
uw = 0.203 mm~", 15990 reflections measured, 10796 unique
(Rint = 0.0708) which were used in all calculations. The final
R; and wR, were 0.1104 and 0.2224 (for 4212 reflections with
I > 20(I)), 0.2583 and 0.2690 (for all data). The solvate
benzene molecule is disordered over two positions with
occupancies 0.63 : 0.37. The ISOR command was applied
for all carbon atoms of the disordered benzene molecule.

Crystal data for 1¢-CsPic-CgHg:  CyHs6CsN3Oqo,
M = 1087.85, triclinic, a = 12.7413(3), b = 17.2121(4), ¢ =
23.8339(5) Ao = 83.200(1), p = 80.486(1), y = 70.437(1)°,
V = 4846.22(19) A3, space group Pl (no. 2), Z = 4, u =
0.844 mm~!, 62607 reflections measured, 25689 unique
(Riny = 0.0774) which were used in all calculations. The final
R; and wR, were 0.0808 and 0.2017 (for 11775 reflections with
I > 20(I)), 0.1801 and 0.2340 (for all data). Many of
independent components of the crystal cell are strongly disordered
(see a detailed description in the corresponding CIF file
available from the CCDC) and because we needed to apply
a number of the SADI, FLAT, and ISOR commands to
constrain their geometric and anisotropic parameters.

Crystal data for ]CC3267C6H6 C53H76C12N2020,
M = 1132.06, trigonal, « = b = 21.0741(3), ¢ = 33.4590(6) A,
V= 12868.9(3) A3, space group R32 (no. 155), Z = 9,
g = 1.659 mm~' (for Cu-K, radiation), 14469 reflections
measured, 4708 unique (R;,, = 0.0421) which were used in all
calculations. The final R; and wR, were 0.0628 and 0.1753 (for
4541 reflections with I > 20(I)), 0.0647 and 0.1790 (for all

data). Molecule 1c reveals a complicated disorder in crystal
(see Fig. Sla, ESIT). Three crystallographically independent
perchlorate anions are also disordered: they occupy two
different positions with symmetry 3222 and special position
in 2-fold axis. One solvate benzene molecule reveals rotation
disorder in its plane over two positions with occupancies
0.66 : 0.34, whereas, the second benzene molecule is situated
in 3-fold axis. The SADI and ISOR commands were applied
to some atoms of the disordered perchlorate anions and
bis(18-crown-6)stilbene molecule. In this X-ray experiment,
5 ClO4~ anions per 3 propanediammonium ions have been
found, although 2 anions per organic dication are required for
electrical neutrality of compound C3. This discrepancy may
only be eliminated if the formula unit H;N " (CH,);NH; " is
partly statistically deprotonated. On the other hand, elemental
analysis data for this complex agree well with complete
protonation of this species (see above). We cannot explain
this disagreement now. We only note that all crystal space is
filled completely and no residual electron density peaks higher
than 0.43 & A2 that could be assigned as the additional ClO4
anion occur.

Crystal data for rett-4b-2K Cl04-2CsHg-4H,O:
C72H]00C12K2032, M = 162662, mOnOCliniC, a = 139879(9),
b = 26.9584(19), ¢ = 21.0031(15) A, p = 103.011(4)°, V =
7716.8(9) A%, space group C2/c (no. 15), Z = 4, u = 0.279 mm ',
43634 reflections measured, 10251 unique (R, = 0.1790)
which were used in all calculations. The final R, and wR, were
0.1020 and 0.2778 (for 4619 reflections with 7 > 2a(1)), 0.2154
and 0.3110 (for all data). Three of four independent solvate
water molecules have incomplete position occupancies. The
ISOR command was applied to 6 atoms.

Crystal data  for  rctt-4b-2Ca(ClO,),-3CsHg-9H,O:
C7sH16CayCly045, M = 1995.67, triclinic, a = 14.4368(8),
b = 17.9290(11), ¢ = 18.9170(11) A, o = 78.740(3), B =
84.002(3), y = 87.880(3)°, V = 4775.2(5) A, space group P1
(n0.2), Z = 2, u = 0.324 mm ', 46 792 reflections measured,
25054 unique (R;,, = 0.2700) which were used in all calculations.
The final R; and wR, were 0.1145 and 0.2320 (for 5685
reflections with 7 > 2a([)), 0.3780 and 0.2961 (for all data).
One of five independent perchlorate anions, CI(3)O4, is
disordered over two positions with occupancies 0.77 : 0.23.
Anions Cl(4)O4 and CI(5)O4 have occupancies of 0.61 and
0.39, respectively. Some of the eleven solvate water molecules
have incomplete occupancies. The ISOR command was
applied to some non-hydrogen atoms.

All the calculations were performed using the SHELXTL-
Plus software.”> CCDC reference numbers 780037
(1b-2NaClOy), 780035 [1b-2Ca(Cl0O,4),-2MeCN-4H,0],
780036 (1b-KPic-C¢Hg), 780039 (1c-CsPic-CgHg), 780038
(1¢:C3-2.67C¢Hyg), 780041  (rctt-4b-2KClO42C¢H4-4H,0),
and 780040 [rctt-4b-2Ca(ClOy),-3CsHg-9H,O0].

Acknowledgements

Support from the Russian Foundation for Basic Research, the
Russian Academy of Sciences, the Royal Society (L.G.K.),
and the Engineering and Physical Sciences Research Council
(EPSRC) for a Senior Research Fellowship (J.A.K.H.) is
gratefully acknowledged.

736 | NewJ.Chem., 2011, 35, 724-737

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2011



Notes and references

1

4

5

6

7

10

(a) V. Ramamurthy and K. Venkatesan, Chem. Rev., 1987, 87,
433-481; (b) X. Wang, Y. Zhou, G. Zhou, W. Jiang and M. Jiang,
Bull. Chem. Soc. Jpn., 2002, 75, 1847-1854; (¢) V. F. Razumov and
M. V. Alfimov, Zh. Nauch. Prikl. Fotogr., 2003, 48(6), 28-76
(J. Sci. Appl. Photogr., 2003, 48; (d) C. Dugave and L. Demange,
Chem. Rev., 2003, 103, 2475-2532; (e) J.-S. Yang, K.-L. Liau,
C.-M. Wang and C.-Y. Hwang, J. Am. Chem. Soc., 2004, 126,
12325-12335.

(a) M. A. Fox, Acc. Chem. Res., 1999, 32, 201-207; (b) M. Irie,
Chem. Rev., 2000, 100, 1685-1716; (¢) G. P. Bartholomew and
G. C. Bazan, Acc. Chem. Res., 2001, 34, 30-39; (d) E. R. Kay,
D. A. Leigh and F. Zerbetto, Angew. Chem., Int. Ed., 2007, 46,
72-191; () G. S. He, L.-S. Tan, Q. Zheng and P. N. Prasad, Chem.
Rev., 2008, 108, 1245-1330.

(a) S. P. Gromov and M. V. Alfimov, Russ. Chem. Bull., 1997, 46,
611-636; (b) S. P. Gromov, Nanotechnol. Russia, 2006, 1(1-2),
29-45 (in Russian); (¢) J. Svoboda and B. Koénig, Chem. Rev., 2006,
106, 5413-5430; (d) S. P. Gromov, Russ. Chem. Bull., 2008, 57,
1325-1350; (¢) L. R. MacGillivray, G. S. Papaefstathiou,
T. Friscic,c, T. D. Hamilton, D.-K. Bukar, Q. Chu,
D. B. Varshney and 1. G. Georgiev, Acc. Chem. Res., 2008, 41,
280-291; () L. R. MacGillivray, J. Org. Chem., 2008, 73,
3311-3317; (g) T. Friscic and L. R. MacGillivray, Chem. Commun.,
2009, 773-775; (h) R. Kaliappan, Y. Ling, A. E. Kaifer and

V. Ramamurthy, Langmuir, 2009, 25, 8982-8992;
(i) S. P. Gromov, A. I. Vedernikov, L. G. Kuz'mina,
D. V. Kondratuk, S. K. Sazonov, Yu. A. Strelenko,

M. V. Alfimov and J. A. K. Howard, Eur. J. Org. Chem., 2010,
2587-2599.

(a) K. S. S. P. Rao, S. M. Hubig, J. N. Moorthy and J. K. Kochi,
J. Org. Chem., 1999, 64, 8098-8104; (b) S. Y. Jon, Y. H. Ko,
S. H. Park, H.-J. Kim and K. Kim, Chem. Commun., 2001,
1938-1939; (¢) G. Wenz, B.-H. Han and A. Miiller, Chem. Rev.,
2006, 106, 782-817; (d) D. G. Amirsakis, M. A. Garcia-Garibay,
S. J. Rowan, J. F. Stoddart, A. J. P. White and D. J. Williams,
Angew. Chem., Int. Ed., 2001, 40, 4256-4261.

G. Lindsten, O. Wennerstréom and B. Thulin, Acta Chem. Scand.,
Ser. B, 1986, 40, 545-554.

(a) B. Strehmel, K. B. Henbest, A. M. Sarker, J. H. Malpert,
D. Y. Chen, M. A. J. Rodgers and D. C. Neckers, J. Nanosci.
Nanotechnol., 2001, 1, 107-124; (b) S. Fery-Forgues and F. Al-Ali,
J. Photochem. Photobiol., C, 2004, 5, 139—-153.

D. G. Amirsakis, A. M. Elizarov, M. A. Garcia-Garibay,
P. T. Glink, J. F. Stoddart, A. J. P. White and D. J. Williams,
Angew. Chem., Int. Ed., 2003, 42, 1126-1132.

(a) S. P. Gromov, E. N. Ushakov, A. I. Vedernikov, N. A. Lobova,
M. V. Alfimov, Yu. A. Strelenko, J. K. Whitesell and M. A. Fox,
Org. Lett., 1999, 1, 1697-1699; (b) S. P. Gromov, A. I. Vedernikov,
E. N. Ushakov, N. A. Lobova, A. A. Botsmanova,
L. G. Kuzmina, A. V. Churakov, Yu. A. Strelenko,
M. V. Alfimov, J. A. K. Howard, D. Johnels and U. G. Edlund,
New J. Chem., 2005, 29, 881-894; (¢) S. P. Gromov,
A. 1. Vedernikov, E. N. Ushakov and M. V. Alfimov, Russ. Chem.
Bull., 2008, 57, 793-801.

S. P. Gromov, A. 1. Vedernikov, L. G. Kuz’mina, N. A. Lobova,
S. S. Basok, Yu. A. Strelenko and M. V. Alfimov, Russ. Chem.
Bull., 2009, 58, 108-114.

A. 1. Vedernikov, S. S. Basok, S. P. Gromov, L. G. Kuz'mina,
V. G. Avakyan, N. A. Lobova, E. Yu. Kulygina, T. V. Titkov, Yu.

11

12

13

14

15

16

19

20

21

22

A. Strelenko, E. 1. Ivanov, J. A. K. Howard and M. V. Alfimov,
Russ. J. Org. Chem., 2005, 41, 843-854.

E. N. Ushakov, V. A. Nadtochenko, S. P. Gromov,
A. 1. Vedernikov, N. A. Lobova, M. V. Alfimov, F. E. Gostev,
A. N. Petrukhin and O. M. Sarkisov, Chem. Phys., 2004, 298,
251-261.

E. N. Ushakov, M. V. Alfimov and S. P. Gromov, Russ. Chem.
Rev., 2008, 77, 39-58.

(a) S. P. Gromov, A. I. Vedernikov,
L. G. Kuzmina, A. V. Feofanov, V. G. Avakyan,
A. V. Churakov, Yu. S. Alaverdyan, E. V. Malysheva,
M. V. Alfimov, J. A. K. Howard, B. Eliasson and U. G. Edlund,
Helv. Chim. Acta, 2002, 85, 60-81; (b) S. P. Gromov,
E. N. Ushakov, O. A. Fedorova, I. 1. Baskin, A. V. Buevich,
E. N. Andryukhina, M. V. Alfimov, D. Johnels, U. G. Edlund,
J. K. Whitesell and M. A. Fox, J. Org. Chem., 2003, 68, 6115-6125;
(¢) S. P. Gromov, A. I. Vedernikov, Yu. V. Fedorov,
0. A. Fedorova, E. N. Andryukhina, N. E. Shepel’, Yu.
A. Strelenko, D. Johnels, U. Edlund, J. Salticl and
M. V. Alfimov, Russ. Chem. Bull., 2005, 54, 1569-1579;
(d A. 1. Vedernikov, E. N. Ushakov, N. A. Lobova,
A. A. Kiselev, M. V. Alfimov and S. P. Gromov, Russ. Chem.
Bull., 2005, 54, 666-672; (¢) A. 1. Vedernikov, S. K. Sazonov,
P. S. Loginov, N. A. Lobova, M. V. Alfimov and S. P. Gromov,
Mendeleev Commun., 2007, 17, 29-31; (f) S. P. Gromov,
S. N. Dmitrieva, A. 1. Vedernikov, N. A. Kurchavov,
L. G. Kuz'mina, Yu. A. Strelenko, M. V. Alfimov and
J. A. K. Howard, J. Phys. Org. Chem., 2009, 22, 823-833.

(a) V. P. Solov’ev, N. N. Strakhova, O. A. Raevsky, V. Riidiger
and H.-J. Schneider, J. Org. Chem., 1996, 61, 5221-5226;
(b)) V. Ridiger, H.-J. Schneider, V. P. Solov’ev,
V. P. Kazachenko and O. A. Raevsky, Eur. J. Org. Chem., 1999,
1847-1856.

(a) C. J. Pedersen, J. Am. Chem. Soc., 1967, 89, 7017-7036;
() M. Hiraoka, Crown Compounds. Their Characteristics and
Applications, Kodansha—Elsevier, Tokyo, Amsterdam, Oxford,
New York, 1982.

J. D. Owen, J. Chem. Soc., Dalton Trans., 1978, 1418-1423.

(a) W.-X. Hu, K. Clinger, M. L. Hackert and N. S. Poonia,
J. Inclusion Phenom., 1985, 3, 163-172; (b) A. Mugnoli,
Z. Dauter, E. Luboch, A. Cygan and J. F. Biernat, J. Inclusion
Phenom., 1986, 4, 407-414; (¢) D.-F. Wang, X.-Q. Sun, H.-W. Hu,
Y.-M. Liu, B.-M. Chen, Z.-Y. Zhou and K.-B. Yu, Polyhedron,
1989, 8, 2051-2056; (d) P. D. Beer, M. G. B. Drew, R. J. Knubley
and M. 1. Ogden, J. Chem. Soc., Dalton Trans., 1995, 3117-3123;
(e) J. C. Peters, A. L. Odom and C. C. Cummins, Chem. Commun.,
1997, 1995-1996; (f) J. Pickardt, S. Wiese, L. von Chrzanowski and
M. Borowski, Z. Anorg. Allg. Chem., 2000, 626, 2096-2102;
(¢) L. G. Kuzmina, A. V. Churakov, J. A. K. Howard,
O. A. Fedorova, S. P. Gromov and M. V. Alfimov, Crystallogr.
Rep., 2003, 48, 664—673.

D. T. Rosa and D. Coucouvanis, Inorg. Chem.,
2328-2329.

D. Donati, M. Fiorenza and P. Sarti-Fantoni, J. Heterocycl.
Chem., 1979, 16, 253-256.

T. Bogaschenko, S. Basok, C. Kulygina, A. Lyapunov and
N. Lukyanenko, Synthesis, 2002, 2266-2270.

C. Frassineti, S. Ghelli, P. Gans, A. Sabatini, M. S. Moruzzi and
A. Vacca, Anal. Biochem., 1995, 231, 374-382.

SHELXTL-Plus. Version 5.10, Bruker AXS Inc., Madison, WI,
1997.

E. N. Ushakov,

1998, 37,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2011

New J. Chem., 2011, 35, 724-737 | 737



