Russian Chemical Bulletin, International Edition, Vol. 53, No. 7, pp. 1417— 1427, July, 2004 1417

New methodology for the synthesis of benzoazacrown ethers by
transformation of the macrocycle of benzocrown ethers*
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Photochemistry Center, Russian Academy of Sciences,
7A ul. Novatorov, 119421 Moscow, Russian Federation.
Fax: +7(095) 936 1255. E-mail: gromov@photonics.ru

The review summarizes the results of studies aimed at constructing new promising macro-
cyclic ligands that bind metal and ammonium ions. A new approach to the synthesis of formyl
and nitro derivatives of 1-aza-2,3-benzocrown ethers possessing considerable synthetic poten-
tial is described. The review presents a radically new methodology for the synthesis of such
benzoazacrown ethers based on stepwise transformations of the macrocycle of readily acces-
sible benzocrown ethers. The main structural factors and necessary conditions enabling stepwise
transformations of the macrocycle of crown ethers into azacrown ethers were revealed. For the
first time, the ability of N-methylbenzoazacrown ethers to form complexes was found, which is
much superior to that of widely used N-phenylazacrown ethers and benzocrown ethers with the
same size of the macrocycle.
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benzoazacrown ethers.

Introduction

The ability of crown ethers to form stable complexes
with metal ions, organic cations, and neutral polar mol-
ecules is their the most important property. This forms
the basis for the use of crown ethers as selective ligands
coordinated to metal cations, including their use for ex-
traction, 2 in ion-selective electrodes,3 photosensitive
systems, 4= etc.

In organic chemistry of macroheterocyclic com-
pounds, the main attention is being given to the construc-
tion of the macrocycle of crown ethers.19=12 The main
approach is based on the synthesis of macrocyclic com-
pounds from two fragments (the so-called 1 + 1 conden-
sation). Earlier, this method, viz., condensation of the
corresponding benzaldehyde derivatives with dithiols or
diamines in the presence or absence of alkali metal car-
bonates, has been used!3—15 for the preparation of formyl
derivatives of benzothiacrown and benzodiazacrown ethers
(Scheme 1). Other methods for the synthesis of macro-
heterocyclic compounds were studied to a much lesser
extent.

Benzocrown ethers can also be synthesized by intro-
duction of substituents into the benzene ring16—18 or their
modifications!? as well as by alkylation of nitrogen atoms

* Materials were presented at the Russian-French Symposium
"Supramolecular Systems in Chemistry and Biology" (Kazan,
September 22—25, 2003).
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of the macroheterocycle.!> For example, formylbenzo-
crown ethers 1, 4, and 5 (Scheme 2) were synthesized by
metallation of the corresponding bromo derivatives with
n-butyllithium followed by the reaction of the organo-
lithium derivatives that formed with DMF.16—18
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From the viewpoint of the use of crown-ether frag-
ments as components of photosensitive ligands, crown
ethers in which the nitrogen atom is conjugated with a
chromophore are of particular interest. Such azacrown
ethers are characterized by much longer-wavelength ab-
sorption than crown ether derivatives, which is of particu-
lar importance in photometric and fluorescence analysis,
for photocontrolled extraction and membrane ion trans-
port, and in the construction of photosensitive molecular
devices. Presently, N-phenylazacrown ether derivatives
are most widely used for these purposes (see, for example,
Refs. 20—29). However, a substantial drawback of these
compounds is that they have low constants of complex
formation with metal ions.

In this respect, benzoannelated derivatives of azacrown
ethers may have essential advantages. However, 1-aza-
2,3-benzocrown ether derivatives belong to a poorly stud-
ied type of crown ethers. Although they are structurally
simple, functional derivatives of these compounds are
practically inaccessible.

Examples of the synthesis of 1-aza-2,3-benzocrown
ethers are scarce. These compounds were prepared mainly
by condensation of two acyclic fragments (Scheme 3),
their yields generally being lower than 10—20%.30—33
Some functional derivatives of benzoazacrown ethers were
also synthesized by acylation of the nitrogen atom in the
macrocycle and by electrophilic substitution in the ben-
zene ring.31:33 No methods for the synthesis of benzo-
azacrown ethers by cyclization of the appropriate acyclic
precursors were documented because the starting com-
pounds are practically inaccessible.

Formyl and nitro derivatives of benzoazacrown ethers
are of especial interest for the application in the synthesis
of photosensitive compounds. However, their synthesis
has not been described in the literature.

It is known that various derivatives of heterocycles
that are accessible with difficulty can be prepared from
more readily accessible precursors by ring transforma-
tions. These methods are based on the ring opening and

Scheme 3
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the use of the acyclic compounds that formed in the syn-
thesis of new heterocycles.34—37

We were the first to extend this methodology to nitro-
gen-containing macroheterocyclic compounds.38:3 In this
case, the general scheme for the synthesis is as follows
(Scheme 4): under the action of N-nucleophiles, the start-
ing crown ethers afford nitrogen-containing acyclic inter-
mediates, which further cyclize to form the target aza-
crown ethers. This scheme is applicable to the synthesis of
benzoazacrown ethers starting from benzocrown ether
derivatives containing electron-withdrawing substituents,
which activate the macrocycle opening in benzocrown
ethers under the action of amines. The nitrogen-contain-
ing podands* thus prepared can be transformed into the
target benzoazacrown ethers after the replacement of the
hydroxy group with better leaving groups.

N B X

Synthesis of formyl derivatives of
benzoazacrown ethers

The development of methods for the synthesis of
formyl derivatives of benzoazacrown ethers, which are
most valuable for the preparation of photosensitive crown
ethers, was begun from the studies of aminolysis of readily
accessible formyl derivatives of benzocrown ethers con-
taining different combinations of oxygen, sulfur, and ni-
trogen atoms in the macrocycle. Opening of the macro-
cycle in compounds 1, 5, and 6 can be performed by
heating these compounds with a mixture of an aliphatic
amine and alkylammonium chloride (Scheme 5).40:41 Ni-
trogen-containing podands 7—11 were synthesized ac-
cording to this method in yields up to 96%. Apparently,

* Podands are open-chain analogs of crown ethers.
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the reaction proceeds via an intermediate iminium salt.
The efficiency of this reaction is influenced by the tem-
plate effect of the alkylammonium salt used.

Cyclization of the nitrogen-containing podands re-
quires the replacement of the hydroxy group with better
leaving groups, for example, with the Cl and I atoms
(Scheme 6).4243 Cyclization of iodo derivatives 13 was
studied in the absence of bases as well as under the action
of weak bases.#3 In the presence of a weak base, the reac-
tions afford azacrown ethers, with N-methyl derivative 14
substantially predominating (see Scheme 6). In the ab-
sence of a base, the reactions produce predominantly or
even exclusively the N-demethylated derivative of benzo-
azacrown ether 15. The drawback of this method of cy-
clization is that the reaction requires a long period of time
(the reaction is not completed even in 150 h).
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The use of strong bases, such as sodium hydride
(Scheme 7), and the iodine atom as a leaving group made
it possible to complete this reaction in 30 min and prepare
N-methyl derivatives of benzoazacrown ethers 14 in high
yields.44

These results led us to the conclusion that the reaction
can proceed by two mechanisms depending on the condi-
tions used.43 In the absence of strong bases, the reaction
occurs apparently via an intermediate macrocyclic cation
(path a), which is transformed into N-demethylated
benzoazacrown ether 15 or N-methyl derivative 14 upon
elimination of the methyl group or proton abstraction,
respectively (Scheme 8). The reaction in the presence of a
strong base produces presumably the reactive arylamide
anion (path b), which rapidly and readily undergoes cy-
clization to the final product.
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The proposed mechanism of this reaction is supported
by the fact that refluxing of the starting N-methyl deriva-
tive 14¢ with dilute acetic acid afforded N-demethylated
product 15¢ (Scheme 9).43

Synthesis of nitro derivatives of benzoazacrown ethers

When developing a procedure for the synthesis of ni-
tro derivatives of benzoazacrown ethers, we used acces-
sible nitro derivatives of benzocrown ethers 16 as the start-
ing compounds. Under the action of methylamine, these
compounds underwent opening of the macrocycle to form
nitrogen-containing podands 17 in nearly quantitative
yields (Scheme 10).45

It was found that the efficiency of the macrocycle
opening in the reactions with aliphatic amines depends

Scheme 8
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on the length of the alkyl fragment, the degree of its
branching, and the nature of substituents in the amine.46
For example, the use of alkylamines RNH, other than
methylamine leads to a gradual decrease in the conver-
sion of nitrobenzo-15-crown-5 ether 16b into podands 18
as the length of the alkyl fragments and the degree of their
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branching increase: from 97% for 18a to 19% for 18c
(Scheme 11). Attempts to prepare the corresponding
podand using fert-butylamine failed.
Nitrogen-containing podands 18e and 18f bearing the
terminal hydroxy group were synthesized in virtually quan-
titative yields. Apparently, this is associated with the for-
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mation of an intramolecular hydrogen bond in the inter-
mediate o-complex A (Scheme 12), which substantially
facilitates the macrocycle opening.

By analogy with the synthesis of the related formyl
derivatives,4’ azapodands 17 were transformed into
halogeno derivatives 19 and 20 by replacement of the
hydroxy group successively with the better leaving chlo-
rine and iodine atoms (Scheme 13). Cyclization of the
latter under the action of sodium hydride for 0.5—2 h
gave the target benzoazacrown ethers 21.48:49

Such a short time of cyclization suggests that de-
protonation of compounds 19 and 20 with strong bases
occurs apparently via intermediate reactive arylamide an-
ion 22, which is prone to intramolecular cyclization
(Scheme 14).

Structures and complex formation of
benzoazacrown ethers

Study of compounds 14 and 15 by NMR spectroscopy
demonstrated that the NOE spectra of N-methyl deriva-
tives 14 show an intense cross-peak, which corresponds
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to the interaction of the methyl group with the proton in
the ortho position with respect to the amino group (Fig. 1)
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Fig. 1. The NOE spectrum of formyl- N-methylbenzoaza-15-
crown-5 14b.



Ring transformations of benzocrown ethers

Russ.Chem.Bull., Int.Ed., Vol. 53, No. 7, July, 2004 1423

and is indicative of their spatial proximity. In addition,
the signal for this proton in the 'H NMR spectrum is
substantially shifted downfield compared to its position in
the spectra of the starting azapodands 7. This is evidence
that the conjugation between the donor nitrogen atom
and the benzene ring is disturbed and, correspondingly,
the substituents at the nitrogen atom deviate from the
plane of the benzene ring. In contrast, it is the protons of
the N-CH, group and the hydrogen atom in the ortho
position with respect to the amino group in N-de-
methylated derivatives 15 that are in proximity. Presum-
ably, the hydrogen atom bound to the nitrogen atom in
the latter compounds is directed inwards.

These observations were confirmed by the results of
X-ray diffraction study, which demonstrated that the
N-CH, and N-CHj; groups in N-methyl derivative 14a

form angles of about 40 and 10°, respectively, with the
plane of the benzene ring (Fig. 2),%3 and the conjugation
between the nitrogen atom and the benzene ring is sub-
stantially disturbed. As a result, the lone electron pair of
the nitrogen atom can be efficiently donated for the for-
mation of the coordination bond with the metal cation. In
the case of N-demethylated derivative 15¢, the hydrogen
atom at the nitrogen atom is directed strictly inwards.43
Presumably, this arrangement of the hydrogen atom pre-
vents the complex formation with metal cations.
According to the results of X-ray diffraction study of
nitro derivative 21b (Fig. 3, a),* the angles of inclination
of the N-CH; and N-CH, groups with respect to the
plane of the benzene ring are virtually identical to those
observed in the corresponding formyl derivative. Hence,
the nitrogen atom in 21 is as accessible to the complex

Fig. 2. (a) Molecular structure of formyl- N-methylbenzoaza-12-crown-4 14a. (b) The structure and mutual arrangement of two
independent molecules of the crown ether and three water molecules of crystallization in formylbenzoaza-18-crown-6 15¢. The bonds
in the second crown ether molecule are shown as open lines; the hydrogen bonds are indicated by dashed lines.
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Fig. 3. (a) Molecular structure of nitro- N-methylbenzoaza-15-crown-5 21b. (b) The orientation of the lone electron pairs (LEP) of
the heteroatoms of the macrocycle; frontal and side views (LEPs are labeled EP with a number corresponding to the oxygen atom

number).

formation with metal cations as that in formyl deriva-
tives 14. Based on the results of X-ray diffraction study,
the spatial arrangement of the lone electron pairs of the
nitrogen atom and the oxygen atoms, which can be in-

volved in complex formation, was found by calculation
methods (Fig. 3, b). It appeared that these lone pairs are
oriented predominantly toward the center, which is lo-
cated above the mean plane of the macrocycle. There-
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Fig. 4. Structure of the complex of formyl- N-methylbenzoaza-
15-crown-5 14b with Ca(ClO,), calculated by the DFT/PBE
method.

fore, it can be hypothesized that benzoazacrown ethers 14
and 21 are preorganized to form partially inclusion com-
plexes with metal cations.

Quantum-chemical study of the complex formation of
formylbenzoazacrown ethers with calcium perchlorate
demonstrated that the calcium cation and the counterions
in the complex of N-methyl derivative 14b are actually
located above the plane of the macrocycle (Fig. 4).50

The stability constants of the complexes with the Ca2*
ion were calculated for a series of compounds using

'H NMR titration and the HYPNMR program>! (Table 1).
Based on the dependence of the change in the chemical
shifts of the protons of the ligands on the amount of
Ca(ClOy), used, it was established that 1:1 complexes
are formed in all cases

K
L+ Ca2t === (L-Ca)?*,

where L is crown ether and K; (M~!) is the stability con-
stant of the 1 : 1 complex. In the case of 14b, 2 : 1 com-
plexes are also produced

K

(L+Ca)?* +L (Ly+Ca)?*,

where K, (M~!) is the stability constant of the 2: 1
complex.

As expected, the smallest stability constant was found
for the complex of demethylated derivative of benzoaza-
crown ether 15b and the largest stability constant (in the
series of compounds with the same size of the macrocycle)
was observed for N-methyl derivative 14b. The latter con-
stant is substantially higher than those of the correspond-
ing complexes of N-phenylazacrown ether derivative (by a
factor of 250) and benzocrown ether 5b (by a fac-
tor of 10).50

The replacement of the formyl group in the benzene
ring with the nitro group leads to a substantial decrease in
the stability constant in the series of nitro derivatives 21

Table 1. Stability constants of the complexes of formylcrown ethers (5b, 14a—c, and 15b) and nitrobenzocrown ethers (16b and

21a—c) with Ca(ClO,),*

Ligand logK; (logK5) Ligand logK; (olgK) Ligand logK; (logKk5)
o Y Me
o o’(} N\HO:} \,\1_\0]
O=CH~ : :O 3.8 O=CH"~ i :O 2.0 ON’C :O (0] 1.1
K/OJ K/O\) 2 21 _J
5b 15b
Me ™\ Me
A o
or; a8 Joullt
0=CH Q o 2.1 o=CH—©—<\L O] 2.4 ON OK/O‘) 3.3 (2.5)
14a o _J 21b
Me M Me. O
o q o3 o )
(0] (0]
0=CH Ok/ 0 4.8 (2.3) O,N kao J 2.9 O,N o 0 5.8
14b 16b K/O\)

Me \N(\O/\O

O=CH©O Oj 6.8

o/

14c

* Data from 'H NMR titration in CD;CN at 30 °C.
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Table 2. Stability constants of the complexes of nitrobenzoaza-
15-crown-5 21b with metal and ammonium perchlorates*

Cation  logK; logk, Cation  logK; logk,
Li* 3.1 2.7 Mgt 3.2 —
Na* 2.7 — Ca?* 3.3 2.5
K* 1.9 — BaZ* 4.2 1.6
NH,* 1.7 -

* Data from 'H NMR titration in CD;CN at 30 °C.

(see Table 1). However, the higher ability of benzoaza-
crown ether 21b to form complexes compared to benzo-
crown ether 16b is retained.

A more detailed study of the complex formation of
21b with alkali metal cations, alkaline-earth metal cat-
ions, and ammonium ions demonstrated (see Table 2)
that the 2 : 1 complexes are formed with calcium, barium,
and lithium cations. The tendency to form 2:1 com-
plexes is apparently associated with preorganization of
the macrocycle to yield partially inclusion complexes. In
the case of ions with large ionic radii, this gives rise to
sandwich complexes of type 23.

Me
o,
o

103

(0]
O Me J
</o \)O
23

Conclusions

To summarize, the results presented in this review
demonstrate that considerable advances were made in the
chemistry of benzocrown ethers in recent years. In par-
ticular, progress was achieved in the development of fun-
damentals and methodology of a new approach to the
synthesis of benzoazacrown cthers 24 based on stepwise
transformations of the macrocycle of accessible benzo-
crown ethers (Scheme 15).

Scheme 15

The most valuable property of N-methyl derivatives of
benzoazacrown ethers 24 (R = Me) is that the stability
constants of their complexes with metal cations are much
higher than the corresponding constants of the com-
plexes of N-phenylazacrown ethers and even benzocrown
ethers.

The formyl and nitro derivatives of benzoazacrown
ethers 24 (X = CHO, NO,) are of most interest from the
synthetic standpoint. These derivatives can be transformed
into compounds containing benzoazacrown ether frag-
ments according to known methods. These can be used as
selective ligands for metal cations, for extraction of metal
ions from water, membrane ion transport, in ion-selec-
tive electrodes, ion-selective dyes, fluoroionophores, and
as components of polymeric and Langmuir—Blodgett
films.
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