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This research concerns the analysis of the proton and metal ion binding of amide macrocycles of different structures and
sizes by potentiometric, "H NMR and X-ray diffraction methods. Protonated ligands exist as a 3D network structures. The

ligands form 1:1 complexes with heavy metal ions (Cu®*
cations. The pyridine-2,6-dicarbamide fragment provides structural

demonstrate the high selectivity towards Cu®*

cd**, Pb?**, Zn?**, and Ni**) in aqueous solutions and

rigidity to crown ether, resulting the molecule has an open cavity and faster kinetics of metal complexes formation.
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INTRODUCTION

Polyazamacrocyclic ligands have been extensively investigated
because of their ability to form complexes with different metal
ions or anionic species with considerable potential in such areas
as catalysis, modeling of metalloenzyme, molecular recogni-
tion.l'* Because most of the applications of macrocycles are as-
sociated with their ability to form complexes with ions, the main
goal in macrocyclic ligand design is to synthesize compounds
that are able to discriminate between ions. The metal ion selec-
tivity is influenced by the nature, arrangement of donor atoms
and also the ring size.® There is at present a need for the inves-
tigation of selective coordination properties in novel systems
suitable for particular practical purposes.

This paper presents the synthesis of a novel amide
macrocycles 1-4 (Scheme 1), the potentiometric, 'H- NMR, and
X-ray structural analysis and the binding properties towards tran-
sition and heavy metal cations. Taking into account the peculiar
structural characteristics of amide macrocycles, they may exhibit
a range of interesting and potentially useful molecular recogni-
tion properties. However, only one example concerning the Fe**
complex of amide macrocycle has been reported earlier.”?

Amide macrocycles 2-4 can be easily prepared with high
yields by a reaction of the corresponding diamine and dimethyl
pyridine-2,6-dicarboxylate.® From a structural point of view,
these receptors derive from the o,0-diamine containing oxygen
or nitrogen heteroatoms able for metal ion binding and pyridine
residue as additional coordination center. The presence of the
crown-ether moieties in the composition of receptors confers
them a certain degree of flexibility that is however limited by
the presence of a relatively rigid chelate subunit containing a
pyridine group. Due to synthetic availability amide macrocycles
are potentially applicable as ligand for heavy and transition
metal ions. The information on this topic has not been found be-
fore in literature. To study the role of amide group on the

complex formation, we compare the obtained data for ligand 2
for those for ligand 1.

RESULTS AND DISCUSSION

Amidopyridine macrocycles 2-4 (Scheme 1) have been prepared
by the modified method described previously.®® The proton-
ation constants of 1-4 and stability constants of its complexes
with Cu®*, Cd**, Pb?*, Zn?*, Ni**, and Fe** were determined by
potentiometric methods. The values of the stability constants
for the metal complexes of 1-4 studied in this work, determined
in water, are compiled in Table 1.

Macrocycle 2 has one pyridine center for proton coordination;
the value of its protonation constant is low enough (log = 1.9).
Ligand 1 showed the ability to coordinate three protons. Firstly,
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Scheme 1. Structures and numbering of the atoms of the compounds 1-4

the protonation of macrocyclic N atoms occurs with formation of
stable forms 1-H* (log #=9.25) and 1-(H"), (log = 17.00). The
third hydrogen atom coordinates with pyridine residue to form
1-(H"); (log f=18.9).

Ligands 3 and 4 have five and six basic centers, respectively,
but only two constants have been determined by the potentio-
metric technique. Compounds 3 and 4 exhibit relatively high
value for the first protonation constant and moderate (in case
of 3) or fairly high (in case 4) values for the second. Based on
the observation described for ligands 1 and 2, we can suggest
that in Compounds 3 and 4 the protonation of aliphatic N atoms
only proceeds leading to the formation of species with high
enough stability (Table 1).

Single-crystals of 4, 3-HCIO,4 and 4-(HCIO,), suitable for X-ray
determination were grown from MeCN solutions at room tem-
perature (Figs 1-7 and S1 and quantum-chemical calculations
in the Supporting Information). The pyridine-2,6-dicarbamide
fragment is responsible for structural rigidity of crown ether,
thereby leading to open cavity.

This preorganization of the macrocycle positively effects
on the process of complexation with metal cations, because
there are no additional energy for conformational
macrocycle transformation before complex formation.

The size of macrocyclic cavity in 4 can be estimated
by the N...N distance measurements: N1...N4 5.525(3)
A, N2...N5 5618(3) A, N3..N6 5.438(3) A, N3...N5
4.840(3) A (Fig. 1(a)). Conformation of cycle 4 is shown
in Fig. 1(b) along the median plane of the pyridine-2,6-
dicarbamide fragment; deviations of N atoms from the

plane are equal to: N3 0.319(4) A, N4 0.620(4) A, N5
—0.990(4) A.

The pyridine-2,6-dicarbamide fragment in 4 is nearly flat; tor-
sion angles N1-C1-C2-N2 and N1-C12-C11-N6 are equal to
1.7(3)° and 2.3(3)°, respectively (Fig. 1(b)). It is known'®, that this
fragment in Compound 3 is not planar (corresponding torsion
angles are equal to 11.87° and —9.19°, respectively). To analyze
this structural feature, quantum chemical calculations of isolated
molecules 3 and 4 were carried out (see detailed description in
the Supporting Information).

The pyridine-2,6-dicarbamide fragment in 3 is twisted
(corresponding torsion angles are equal to 4.69° and —6.49°),
while in 4 it is nearly planar (—0.17° and 0.99°). This fact could
be explained by the steric hindrance caused by the relatively
small size of the macrocyclic ring 3 compared with 4. It should
be noted that molecules 3 and 4 are more planar in the gas
phase compared with crystal. That distinction is caused by
the crystal packing effects. Geometrical parameters of
amide groups in structure 4 completely match those in 3!

Table 1. Protonation and stability constants (log f) of the complexes of 1-4 with divalent metal ions, 25.0°C, z =0.10 moldm™ in
KNO;
Cation R, nm Species log g
1™ 2 3 4
H* [LHs*t 18.9+0.1 — — —
[LH,1%* 17.00+0.02 — 11.8+0.1 15.4+0.6
[LHI" 9.25+0.02 1.9+£0.08 8.2+0.1 86+t04
NiZ* 0.069 [L Ni H.] [ [ —9.7+£0.2 —13.4+0.2
[L Ni H,1* —1.7+£0.2 —1.7+£0.2
[L Ni]** 5.5+0.2 6.0%0.1
cu? 0.073 [L Cu H_,] — — —40+0.1 —28+09
[L CuH,I* 5.1+0.1 — 54+0.2 57+0.5
[L Cul®* 12.98 £0.06 — 88+0.2 10.8+£0.6
[L Cu HP** — — — 154404
Zn*t 0.074 [L Zn Hsl [ [ —22.24+0.07
[L Zn H.,] —11.58+0.07 —11.9+0.1
[LZn H,I* —36+0.1 —3.5+0.07
[L Zn* 3.9+0.1 41402
Fe?* 0.078 Wl ] [
cd* 0.095 [L Cd HsT — — —23.9+0.2 —
[L Cd H_,] — — —11.9+0.1 —13.04+0.08
[L Cd H,T* — — —3.3+0.1 —3.68+0.07
[L Cd]** 9.96 +0.04 — 36+05 42+0.1
Pb%* 0.119 [L Pb H.,] —11.38+£0.07 — —13.2+0.1 —13.5+0.1
[L Pb H,I* 0.26 +£0.06 — —2.12+£0.03 —2.77 £0.05
[L Pb]** 10.11 £0.04 — — 493 +0.06
“The formation of precipitates of hydroxyl complexes prevents the potentiometric analysis.
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Figure 1. General view of 4, thermal ellipsoids are drawn at the 50%
probability level. MeCN molecule is omitted for clarity

(C=0 1.225(3)-1.232(3) A, C-N 1.333(3)-1.338(3) A, Camide-Cpy
1.507(4)—1.515(4) A).

The molecules of 4 form stacks by =...7w interaction between
the pyridine-2,6-dicarbamide fragments (plane-to-plane distance
3.330(4) A) and N-H...N bonds (N3...N4 3.178(3) A). Two adja-
cent stacks are organized in a herringbone manner (Fig. 2) due
to the C-H...O contacts (C14...02 3.312(3) A).

Recently, another polymorph of 3-HCIO, at 293K was de-
scribed.””’ Unlike the published structure in which H-atom is dis-
tributed between two amine nitrogen atoms, in the crystal
structure of 3-HCIO, at 120K, the H-atom is localized at N3
(Fig. 3). Comparison of macrocycle conformation in different
polymorphs of 3-HCIO, is shown in Fig. 4.

Figure 2. Crystal packing of 4, MeCN molecules and hydrogens are omitted for clarity

Figure 3. General view of 3 -HClO,, thermal ellipsoids are drawn at the
50% probability level

a b

Figure 4. Macrocycle conformation in 3-HCIO,, (a) - at 293K and
(b) — at 120 K. View along the pyridine ring plane, hydrogens are omitted
for clarity

The pyridine-2,6-dicarbamide fragment in 3-HCIO, is strongly
twisted (torsion angles N1-C1-C2-N2 and N1-C10-C9-N5 are
equal to 29.5(4)° and 23.2(4)°, respectively, Fig. 4(b)) due to
N-H...O bonding with perchlorate anions.
These interactions lead to cation-anion col-
umns (Fig. 5(a)), which are bound by the N-
H...O bonds and C-H...O contacts (Fig. 5(b)).

Interaction between crown ether 4 and
perchloric acid results in diprotonated product
4-(HCIO,),. In contrary to the solution, in the
crystal of 4-(HCIO,), at 120K, the H-atoms are
localized at the N3 and N5 atoms (Fig. 6(a)).

The pyridine-2,6-dicarbamide fragment in 4
(HCIO,), is slightly twisted; torsions N1-C1-
C2-N2 and N1-C12-C11-N6 are equal to 11.4
(2)°and —13.8(2)°, respectively. The macrocycle
has folded conformation, angle between N6-
N1-N2 plane and N6-N5-N4-N3-N2 mean
plane equals to 140.14(7)°. The geometry of
amide groups is the same as for 4 and
3.HCIO,. The large number of H-bonds in structure of 4-
(HCIQ4), forms a 3D network (Fig. 7).

Thus, the crystals show that in both compounds 3-HCIO4 and
4-(HClO,4), pyridine N-atom is not involved into coordination
with proton. One or two protons seem to bond with donor
N-atoms of the ligands 3 and 4 similarly to what we suggested
from potentiometric data.

For the determination of complex formation constants,
solutions of perchlorates of various metals and ligands 1-4
with different concentrations of the components were titrated
with NaOH. The complex formation constants were calculated
using Hyperquad software.'® During the determination of
stability constant values, the protonation constants for
ligand 4 were fixed, and the formation constants of the hy-
droxy species were considered as known, and no attempts
were made to adjust their values. In the study of metal ion

wileyonlinelibrary.com/journal/poc
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Figure 5. Crystal packing of 3-HCIO,: (a) - along the c-axis and (b) -
along the b-axis

Figure 6. General view of 4-(HCO,),, thermal ellipsoids are drawn at the 50%
probability level, second parts of disordered perchlorate anions are omitted for clarity

{l’:‘

-

Figure 7. Crystal packing of 4-(HCIO,),, second parts of disordered perchlorate anions are omitted for clarity

complexation with ligands 1-4, the formation of hydroxy spe-
cies with limited solubility in water hamper equilibrium con-
stant determination. For Fe** and ligands 1-4, Ni**or Zn**
and ligands 1, 2 a precipitate formation made impossible to
obtain reliable constants for the ML or ML(OH) species. The
potentiometric titration curves are presented in Figs $2-S27
in the Supporting Information. In all cases, hydroxy complexes
of different compositions are founded, while for Cu®* M(HL)
species are also obtained. All ligands form complexes ML, ex-
cept the case of ligand 3 interactions with Pb>* when only the
hydroxyl complexes are observed.

The values presented in Table 1 show that the complexes of
the divalent metal ions with ligands 3 and 4 are less stable rela-
tive to those for ligand 1. At the same time, the complex forma-
tion of ligand 2 with metal ions has not been determined. As
only pyridine can coordinate with cations, we can conclude that
it is not sufficient for ion’s binding. The introduction of amide
group into the macrocycles also decreases the ability of ligand
to coordinate cations.

Within the series of studied metal ions Zn?>*, Cd**, and
Pb2*, the values of the stability constants are relatively close,
while strong coordination was observed for Ni**; and in case
of Cu?*, the highest values of stability constants were found.
It is also important that increasing of the number of ali-
phatic N-atoms that are able to interact with cations from
two (in 3) to three (in 4) leads to remarkable increase of
complex stability.

The 'H and ">C NMR spectra of ligands 1-4 with Pb**, Cd*",
and H" in D,O solution were collected and analyzed (Figs
S28-5S48 and Table S2, S3 in the Supporting Information).
These complexes were chosen because they demonstrate
spectra of good quality for analysis. The spectra were assigned
on the basis of 2D 'H,'H COSY, HMQC, and HMBC
experiments.

Coordination of the Pb?* ions to 1 resulted in a downfield shift
of the aliphatic and pyridine protons as compared with the free
ligand (Fig. 8). This was most noticeable for H(1) and H(2), which
shifted from 7.79 and 7.33 ppm to 8.09 and 7.62 ppm, respec-
tively in 1-Pb?",

The signal H4/H4' methylene
protons showed germinal cou-
pling, as a result of the protons
being in different chemical en-
vironments, as one of the
methylene protons was orien-
tated toward one of the other
ligands of the plane of the ring,
while the other pointed out
away from the plane of the
ring. The methylene protons H
(4)/H(4") yield an AB spin pat-
tern (*Jy4=15.7Hz) in the 'H
NMR spectrum, while the pro-
tons of the crown moiety give
AA'BB' spin patterns (Fig. 8).
This is indicative of a relatively
rigid structure of 1-Pb** in solu-
tion, probably because of the
presence of bonding interac-
tions between the metal ion
and nitrogen and oxygen
atoms of the crown moiety.

J. Phys. Org. Chem. 2016, 29 244-250
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Figure 8. "H NMR spectra of 1 and 1.Pb** in D0, 600 MHz

Thus, the asymmetric position of the metal ion inside the
macrocyclic cavity induces chirality in 1 (Scheme 2).

Changes in NMR spectrum observed upon the addition of Cd**
to 1 demonstrate the formation of two conformers of complex
1.Cd** in ratio 3:2 (Fig. 536 in the Supporting Information). The
values of couple constants between 'H and '""""¥cd are 3J('H,
M3Cd)=7.92MHz and *J('H, '""""?'Cd) = 10.12 MHz. Similar to
Pb®*, the addition of Cd** to ligand 1 causes the formation of
chiral 1-Cd**complex.

Changes in the positions of resonance signals induced by ad-
dition of Pb**and Cd** to the solution of 3 and 4 clearly
showed the difference in structures between complexes of 3,
4, and 1. According to Fig. 9, the most pronounce changes in
3.Pb>" were observed for macrocyclic proton signals in 3;
whereas, the shifting of aromatic proton signals is not remark-
able (for 3-Cd** Figs $39, $40" in the Supporting Information).
Thus, the more strong coordination of Pb** and Cd** takes
place through the binding of metal cations with aliphatic
N-atoms of macrocycle of 3.

Similar conclusion can be carried out for complexes 4-Pb**
and 4-Cd** (Figs S45-S48 in the Supporting Information).
Another difference between 1 and compounds 3, and 4 is that
in case of ligands 3 and 4 the metal induced chirality has not
been found.

6 O. o) 6'
Pb2+ [— Pb2+ 7,
\\\ ////,,
5 N N 5

|
6

Scheme 2. Stereocisomers of 1-Pb>*

H(5)

into account the characteristics of the

different ligands 1, 2, and 3 here con-

sidered. Thus, small different in values

of stability constants of Cu®** com-
plexes with ligands 1, 2, and 3 points out on suitable size of li-
gands to coordinate a single Cu®* ion involving three or four
nitrogen donors. In case of ligand 1, these are the nitrogen
atoms of pyridine residue and two N-atoms of macrocyclic moi-
ety. Obviously, that in ligands 2 and 3 N-amide atoms do not par-
ticipate in coordination with Cu®* cation. Similar to protonation,
only macrocyclic N-atoms bind Cu®".

X-ray diffraction analysis and potentiometric data showed that
in macrocycles 3 and 4 the proton coordination occurs mainly
through the interaction with N-atoms of aliphatic fragments. Pro-
tonated ligands 3 and 4 form a 3D network structures. In oppo-
site, according NMR observation in water solution, metal ions
interact with N-pyridine heteroatom as well as with N-atoms of
aliphatic fragments of macrocycle.

In case of ligand 1, the metal complexes with Pb®* and Cd**
can function as chiral building units. Their stereoisomers in labile
metal complexes are generated as a racemate coexisting in wa-
ter solution. From our knowledge, this is the first example of
cation-induced chirality observed for azacrown ether ligands.
The example of divalent transition metal complexes with chiral
N,O chelate Schiff-bases and heterocyclic azine ligands were
early described.l'’"14

In spite of forming less stable complexes than those of
amine macrocyclic compounds containing pyridine,"'>'®! am-
ide macrocyclic ligands demonstrate structural rigidity to
crown ether due to the presence of the pyridine-2,6-
dicarbamide fragment, resulting the molecule has an open
cavity and faster kinetics of formation of metal complexes.
Other advantages of some properties of amide macrocycles
are water solubility, easy synthetic, and purification proce-
dures. Amide macrocycles can be used as platforms to ob-
tain  N-substituted lariat ligands. The introducing of
additional coordination groups will improve the binding
properties of the amide macrocycles.

EXPERIMENTAL SECTION

H (6) H(7) Materials

Compound 3,12-dimethyl-6,9-dioxa-
3,12,18-triazabicyclo[12.3.1]-octadeca-1

T
8.10 8.05 8.00 3.6

3-Pb*"

H(2) H()

M

H(1) H(7)

o

T T T T
29 2.8

(18),14,16- triene (1) was prepared as
Chemical Shift (ppm)

described earlier."” Analytical grade
Cu(ClOy), - 6H,0, Cd(ClO4), - H,0,Pb
(ClO4);-3H,0,  Zn(ClO,),-6H,0, Ni(ClO,)
5-6H,0, Fe(ClO,),-H,0 and HCO, 70%

T 71 T T T T
8.10 8.05 8.00 3.6 35

Figure 9. 'H NMR spectra of 3 and 3-Pb** in D,0, 600 MHz

aqueous solution (Aldrich), KNOs,
NaOH (Chimmed, Russia) were used
as received. All reagents and solvents
were purchased from commercially

T T
2.9 2.8
Chemical Shift (ppm)
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available sources and used as received.

Electrospray mass spectrometry was performed on a Finnigan
LTQ instrument.

The IR spectra were recorded on a Frontier (Perkin Elmer)
spectrometer using the KBr tablet method at 20 + 1°C.

Melting points were determined on a «Mel-temp lI».

All reactions were monitored for completion by thin layer
chromatography performed on silica gel plates DC-Alufolien
Kieselgel 60 F;s,.

General procedure for the synthesis of macrocyclic amides

Compounds 2-4 were synthesized following the modified litera-
ture procedures.'®

Method A

A solution of dimethyl pyridine-2,6-dicarboxylate (0.51 mmol) in
5ml of anhydrous methanol and a solution of o,0-diamine
(0.51 mmol) in 5ml of anhydrous methanol were simultaneously
added dropwise to a solution of 5ml of methanol containing
sodium or potassium carbonate (2.25 mmol) upon intensive stir-
ring for 40 min. The reaction mixture was kept under stirring at
room temperature for 7 days. The solvent was evaporated in
vacuum, and the residue was dissolved in water and extracted
with chloroform (3 x20 ml). The organic solvent was removed
in vacuum to obtain the final product after recrystallization
from acetonitrile.

Method B

Synthesis was carried out in the same manner without the addi-
tion of sodium carbonate (or potassium carbonate). The product
can be isolated by the following ways: after the completion of
the reaction, the solvent was evaporated in vacuum, and the res-
idue was dissolved in water and extracted with chloroform
(320 ml); the organic solvent was removed in vacuum to ob-
tain the final product after recrystallization from acetonitrile.

6,9-Dioxa-3,12,18-triazabicyclo[12.3.1]octadeca-1(18),14,16-tri-
ene-2,13-dione (2) was obtained as white crystals. The yield was
77% (Method A). Mp is 175-180°C.E"!

H-NMR (400 MHz, CDCls, 25°C): 3.64 (q, 4H, H(5), J=5.0), 3.72
(t, 4H, H(6), J=5.0), 3.74 (s, 4H, H(7)), 8.02 (t, 1H, H(1), J=7.9),
8.24 (d, 2H, H(2), /=7.9), 8.83 (br.s, 2H, CONH).

3,6,9,12,18-Pentaazabicyclo[12.3.1]octadeca-1(18),14,16-tri-
ene-2,13-dione (3) was obtained as white crystals. The yield
was 74% (Method B). Mp is 211-213°C.[71"

H-NMR (400 MHz, CDCls, 25°C): 2.84 (s, 4H. H(7)), 2.95 (t, 4H,
H(6), J=5.3), 3.5 (q, 4H, H(5), J/=5.3), 8.0 (t, 1H, H(1), J=7.6),
823 (d, 2H, H(Q2), J=76), 911 (brs, 2H, CONH). "C-NMR
(400 MHz, CDCls, 25°C): 39.3 (5-C), 47.9 (6-C), 50.0 (7-C), 124.1
(2-Q), 139.5 (1-C), 148.9 (3-C), 163.3 (4-Q).

3,6,9,12,15,21-Hexaazabicyclo[15.3.1]henicosa-1(21),17,19-tri-
ene-2,16-dione (4) was obtained as white crystals. The yield was
62% (Method B). Mp 140-142°C.

"H-NMR (400 MHz, CDCls, 25°C): 2.76 (m, 4H,.H(8), J=5.2), 2.26
(t, 4H, H(7), J=5.2), 2.90 (t, 4H, H(6)), J=5.2), 3.63 (q, 4H, H(5)),
J=5.2), 7.99 (t, 1H, H(1), J=7.8), 8.34 (d, 2H, H(2), /=7.8), 8.69
(brt, 2H, CONH). "*C-NMR (400 MHz, CDCl;, 25°C): 38.7 (5-C),
49.0 (6-C), 49.7 (7-C), 50.4 (8-C), 124.9 (2-C), 138.7 (1-C), 149.0
(3-Q). 163.5 (4-C).

Electrospray ionization mass spectrometry, m/z: 321.5 [MH]™.
Found (%): C, 56.21; H, 7.57, N, 26.20. C;5H,4N¢O,. Calculated

(%): C, 56.23; H, 7.55; N, 26.23. IR (KBr), n /cm™': 3423 (NH),
2811 (CH); 1668 (C=0); 1531 (CNH), 1442 (CH-Py).

Standard solutions

Approximately 0.1 M stock solutions of all metal perchlorates
were prepared in deionized water (18.2 MQ). Cu(ClO,),-6H,0,
Cd(Cl0,),-H,0, Pb(ClO,);-3H,0, Zn(ClO,),-6H,0, Ni(ClO,),-6H,0,
Fe(ClO,4), - H,0 solutions were standardized by complexometric
titration with EDTA and using xylenol orange as indicator."!

A carbonate-free solution of the titrant, NaOH (~0.1 M), was
prepared with deionized water that was boiled and purged with
argon while cooling to ensure removal of CO,. This solution was
standardized potentiometrically with potassium hydrogen-
phthalate dried at 120°C using the Gran’s method and computer
program GLEE™Y for the evaluation of the titration end point.
Standard HCIO,4 solution was prepared similarly by diluting the
70% product and was standardized with the NaOH described
previously. Stock ligand solutions (=0.01 M) were prepared using
deionized water.

Potentiometric equipment and measurements

All potentiometric titrations were made with a Titrando 808
autotitrator equipped with a Cole Parmer combined hydrogen
electrode (model 60061) and water jacketed titration vessel
maintained at 25.0£0.1°C with a Cole-Parmer circulating bath.
The combined hydrogen electrode was calibrated as a
hydrogen-ion concentration probe by titration of previously
standardized amounts of HCIO, with CO,-free NaOH solution
and determining the equivalent point by the Gran’s method
using the program GLEE”*® which gives the standard elec-
trode potential, E%, and the slope, s. The ionic product of water
pKw=13.78 at 25.0°C in 0.1mol/dm®> KNOs?" was kept
constant.

The potentiometric equilibrium measurements were per-
formed in 20ml of ligands 1-4 solutions initially between
0.001-0.002 and HCIO, 0.005-0.009 mol/dm?, first in the absence
of metal ions and then in the presence of the metal ions for
which [L]:[M+] ratios vary between 1.3:1 and 2: 1. Titration solu-
tions were magnetically stirred and thermostatted at 25.0+0.1°C
in a water-jacketed vessel. The ionic strength of the solutions in
the cell was adjusted to 0.1mol/dm® with KNOs;. The
electromotive force values were measured after addition of
0.0100 ml increments of standard NaOH solution. Data were col-
lected in the pH range 2.5-10.5. A minimum of two replicates
were performed.

The protonation constants of the ligands 1-4 and the stability
constants of the complexes were calculated from the
electromotive force titration data with the Hyperquad program.['”

NMR spectroscopy

"H NMR, '*C NMR spectra were measured on a Bruker DRX-400
and Bruker DRX-600 NMR spectrometers and referenced to the
residual solvent peak ('H O(CHCl;)=7.27 ppm, 4(D,0)=
4.75 ppm) or to the solvent peak (**C §(CDCls) = 77.2 ppm). Pro-
ton signal assignments were made by first-order analysis of the
spectra and analysis of 2D 1H-1H correlation maps (COSY). The
spectra were assigned on the basis of 2D 'H-'H COSY, HMQC,
and HMBC experiments.

The solution of azacrown ether ligands 1-4 (10.7 mmol) in 3 ml
D,0 was mixed with a solution of lead perchlorate, cadmium
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perchlorate or perchloric acid (10.7 mmol) in 3ml D,O. The
resulting aqueous solution of the complex was analyzed by
NMR spectroscopy. Assignment of the signals was carried out
using two-dimensional spectra of 'H-'"H COSY (Figs S35, S44,
and S46 in the Supporting Information).

Single crystal X-ray studies

All crystals were obtained by recrystallization from acetonitrile.
Recrystallization of 3 led to the crystals with the known unit cell
parameters.[6] X-ray diffraction measurements were carried out
using Bruker APEX Il CCD diffractometer at 120K. The frames
were integrated and corrected for absorption by the APEX2 pro-
gram package.”? The details of crystallographic data and exper-
imental conditions are given in Table S1. The structures were
solved by the direct methods and refined by full-matrix
least-squares technique against F? in the anisotropic-isotropic
approximation. Hydrogen atoms were located from the
difference Fourier maps and refined in rigid body model; the
H(N) atoms were refined freely. All calculations were performed
using the SHELX-2014">*! and Olex2** program packages.
Crystallographic data for the structural analysis of 4, 3-HCIO,
and 4-(HClO4), have been deposited with the Cambridge
Crystallographic Data Centre, CCDC Nos. 1040937-1040939.

Quantum chemical calculations

Computational studies were carried out using the Gaussian09
program.*” The structures of isolated molecules 3 and 4 were
optimized using PBE0/6-311G(d,p) method/basis set with subse-
quent calculation of Hessian matrix. Optimized geometries of 3
and 4 are given in the Supporting Information.
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