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Abstract

The synthesis and structural characterization of six sodium complexes with bibracchial lariatethers
containing aniline or benzimidazole side arms, and derived from 1,7-diaza-12-crown-4, 1,10-diaza-15-
crown-5 or 4,13-diaza-18-crown-6, are reported. The X-ray structures of four of these compounds have been
obtained. Additionally, the X-ray structures of a sodium macrobicyclic complex derived from 1,10-diaza-15-
crown-5, and a potassium complex with a bibracchial lariat ether containing aniline side arms are also
reported. Bonding distances as well as the stability constants in acetonitrile solution confirm that the
coordination of the pendant arms provides an important contribution to the overall stability of the complexes,
particularly when benzimidazole pendants are present rending more stable complexes, even more
than cryptand complexes of the same size. Compared with the parent crown ethers, the stability increases
when the side arms contain benzimidazole moieties but remains about the same order when aniline side arms
are present.

Keywords: macrocyclic ligands; x-ray crystal structures; crown ethers; alkaline metal complexes; lariat
ether

1. Introduction

The publication in 1967 by Charles J. Pedersen of two works™? describing methods of synthesising
cyclic polyethers, which he named crown ethers, and their complexes with metal salts, represented a
breakthrough for the development of the coordination chemistry with macrocyclic ligands. Pedersen showed
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that these compounds have remarkable coordination properties and that they can even bind the alkali metal
ions. He also stated the selectivity of the crown ether depending on the relative size of the metal ion and the
macrocyclic cavity of the crown ether.

To improve the properties or the coordination ability of those ligands, the donor atom set may be modified.
Today, crown and aza-crown ethers constitute an important class of macrocyclic multidentate receptors
extensively used in metal ion separations®*. The coordination chemistry of the group 1 metal ions
with crown ethers has been explored,”™ and these studies show that often aditional ligands are required to
complete the coordination sphere around the metal ion.

Attachment of side arms with potential metal ion binding sites to a (aza)crown ether gives lariat ethers'®,
which provide a three dimensional complexation that often results in enhanced cation binding affinity and
selectivity in comparison to the parent macrocycle™®.. Due to their interesting recognition properties, crown
and lariat ethers have found many applications in different areas that include: (i) preparation of ion-selective
electrodes®®'¥ and stationary phases in chromatographic techniques™: (ii) separation and transport processes
for the recovery or removal of metal ionst*; (iii) their use as phase-transfer catalysts in organic
reactions™*¥: and (iv) the design of chromogenic or fluorogenic chemosensors™ "\, Furthermore, crown
ethers have also considerable biochemical relevance as models of natural ionophores™®. More recently it has
also been suggested that crown ethers may find application as novel anticancer drugs™.

In previous papers we have reported the coordinative properties of cryptands and bibracchial lariat ethers
incorporating aniline or benzimidazole pendant arms towards transition metal ions, lanthanide, and alkaline-
earth metal ions®?!. As a continuation of these works, herein we report a structural study both in the solid
state and solution of alkaline complexes with the bibracchial lariat ethers L'-L° and cryptands L’ and L®
(Scheme 1). The aim of the present study is to investigate the effect of the additional coordination positions
incorporated in the side arms joined to the crown moiety on the coordinative properties and the stability of
this family of closely related complexes.

2. Experimental

2.1. Reagents

N,N’-bis(benzimidazole-2ylmethyl)-1,7-diaza-12-crown-4 (L), N,N'-bis(2-aminobenzyl)-1,7-diaza-12-
crown-4 (L?)®% N,N’-bis(benzimidazole-2ylmethyl)-1,10-diaza-15-crown-5 (L3P N,N'-bis(2-
aminobenzyl)-1,10-diaza-15-crown-5  (L%)®"), N,N'-bis(benzimidazole-2ylmethyl)-4,13-diaza-18-crown-6
(L% N,N’-bis(2-aminobenzyl)-4,13-diaza-18-crown-6 (L°) and macrobicyclic receptors L’ and L% were
prepared according to the literature methods. All other chemicals were purchased from commercial sources
and used without further purification. Caution! Although we have experienced no difficulties with
the perchlorate salts, these should be regarded as potentially explosive and handled with care®*.

2.2. Synthesis of the complexes

2.2.1. General procedure

The complexes were prepared refluxing overnight a solution of the ligand (0.2 mmol) and sodium
perchlorate monohydrate (potassium perchlorate to prepare the potassium complexes) (0.2 mmol) in 15 mL
or 25 mL of ethanol. The solution was then filtered while hot and the precipitate formed after cooling was
isolated by filtration and washed with diethyl ether. If no precipitate was formed the volume of the solution
was reduced to one half in a rotary evaporator and the resulting solid was isolated by filtration.
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Scheme 1. Structural formula of the ligands studied in this paper including the numbering scheme
used for NMR spectroscopy.

2.3. Experimental data

The quantities used in each case, and the characterization of the complexes are described in sections 2.3.1—
2.3.8.

2.3.1. [Na(LH)](ClO,)

0.100g  (0.230 mmol)  of N,N'-bis(benzimidazole-2-ylmethyl)-1,7-diaza-12-crown-4 and  0.036 g
(0.253 mmol) of NaClO4-H,0; Yield: 0.105 g (82%); yellow crystals. Anal. Calc. for C,4H3,CINgNaOg: C,
51.88 (51.75); H, 5.37 (5.43); N, 14.81 (15.09)%. M.p.: 281.5 °C, decomposition can be observed from
257 °C. Ay (acetonitrile, ~ 10° M,  25°C): 140 cm* Q' mol ' (electrolyte  1:1)PY.  MS-FAB* (3-
nba): m/z uma (% BPI): 457.2 (100.00) [Na(L")]*. IR (ATR, cm™"): 1624 [W(C=N)]; 1533 [v(C=C)]; 1064
[v2(CI-0)]; 621 [6.(O—-CI-0)]. *H NMR (500 MHz, CD;CN): 10.60 (s, br, 2H) NH; 7.53 (s, br, 2H) and 7.51
(s, br, 2H) H2, H5; 7.25 (s, br, 2H) H3; 7.14 (s, br, 2H) H4; 3.98 (s, 4H) H8; 3.65 (d, 8H) H10; 2.94 (s, br,
4H) H9 equatorial; 2.61 (s, br, 4H) H9 axial. *C NMR (125.8 MHz, CD;CN): 155.16 C7; 143.72 C6; 134.94



C1; 123.76 C3; 122.94 C4; 119.61 C5; 112.47 C2; 66.38 C10; 53.16 C8; 52.62 C9. X-ray quality single
crystals were obtained after cooling the reaction solution in the refrigerator.

2.3.2. [Na(L?)](ClO,)

0.100g (0.230 mmol) of N,N’-bis(2-aminobenzyl)-1,7-diaza-12-crown-4 and 0.036 g (0.253 mmol) of
NaClO,4-H,0; Yield: 0.066 g (50%); pale yellow crystals. Anal. Calc. for C,,H3,CIN4OgNa: C, 52.2 (52.1);
H, 6.1 (6.4); N, 10.9 (11.1)%. M.p.: 234 °C. Ay(acetonitrile, 10° M, 25°C) = 161 cm?Q ' mol™ (1:1
electrolyte)®. MS-ESI-TOF m/z uma (%BPI1): 407.2 (100.00) [Na(L?)]". IR (ATR, cm'): 3387 [vas(NH,)];
3309 [vs(NH,)]; 1612 [6(NH,)]; 1069 [v,(Cl-0)]; 621 [6,(O—-CI-0)]. *H NMR: 6.96 (dd, 2H) H2; 7.19 (td,
2H) H3; 6.82 (td, 2H) H4; 7.08 (dd, 2H) H5; 3.52 (s, 4H) H7; 2.59 (t, 4H) H8; 3.44 (t, 8H) H9; 4.14 (s, br,
4H) NH,. *C NMR (125.8 MHz, CDsCN): 146.29 C1; 118.85 C2; 130.14 C3; 120.78 C4; 133.21 C5; 125.23
C6; 59.19 C7; 52.74 C8; 66.97 CO9.

2.3.3. [Na(L?)](ClO,)

0.100g (0.209 mmol)  of N,N’-bis(benzimidazole-2-ylmethyl)-1,10-diaza-15-crown-5 and 0.032g
(0.23 mmol) of NaClO,4-H,O. In this case, after cooling to room temperature, the solution was filtered and
the solvent was completely eliminated in a rotary evaporator. The oil formed was transformed into a solid by
agitation with diethyl ether, the solid was filtered and solved in chloroformto eliminate any excess of
sodium perchlorate by filtration, and then the solvent was completely eliminated in a rotary evaporator.
Yield: 0.067 g (54%); light brown solid. Anal. Calc. for CysH34CINgNaO;: C, 52.48 (51.96); H, 5.60 (5.70);
N, 13.80 (13.98)%. M.p.: 235.5 °C, decomposition can be observed from 210 °C. Ay, (acetonitrile, 10 M,
25°C): 132cm® Q' mol ™' (electrolyte 1:1)P4. MS-FAB* (3-nba): m/z uma (% BPI): 501.2 (100.00)
[Na(L®]". IR (ATR, cm'): 1622 [w(C=N)]; 1537 [v(C=C)]; 1065 [v,(CI-0)]; 621 [5,(O-CI-0)]. *H NMR
(500 MHz, CDsCN): 7.28 (m, 4H) H2, H5; 7.06 (s, br, 4H) H3, H4; 4.00 (s, 4H) H8; 3.52 (s, 4H) H11; 3.44
(m, 8H) H10, H13; 2.80 (s, br, 8H) H9, H12. *C NMR (125.8 MHz, CD;CN): 154.97 C7; 123.15 C2, C3,
C4, C5; 69.92 C11; 68.12 C13; 68.02 C10; 57.07 C9; 55.83 C12; 54.57 C8.

2.3.4. [Na(L)](Cl04)

0.100 g (0.234 mmol) of N,N'-bis(2-aminobenzyl)-1,10-diaza-15-crown-5 (L*) and 0.033 g (0.235 mmol) of
sodium perchlorate monohydrate. Yield: 0.105 g (82%); white precipitate. Anal. Calc. for Cy;H3sCIN,O;Na:
C, 521 (523); H, 65 (6.6); N, 103 (10.2)%. M.p.. 173 °C. Ay (acetonitrile, 107 M,
25°C) =158 cm® Q' mol ™' (1:1 electrolyte)®". MS-ESI-TOF: m/z uma (% BPI) 451 (100) [Na(L%]", 429
(4) [HLT". IR (ATR, cm™"): 3413 [vas(NH,)]; 3338 [vs(NH,)]; 1619 [6(NH,)]; 1066 [v,(CI-0)]; 620 [0.(O-
CI-0)]. *H NMR (500 MHz, CDsCN): 7.14 (td, 2H) H3; 7.02 (dd, 2H) H5; 6.74 (m, 4H) H2, H4; 3.79 (s, br,
4H) NH,; 3.50 (t, 4H) H9; 3.49 (s, 4H) H10; 3.47 (t, 4H) H12; 3.43 (s, 4H) H7; 2.52 (m, 8H) H8, H11. *C
NMR (125.8 MHz, CD3;CN): 146.78 C1; 133.11 C5; 129.95 C3; 124.29 C6; 120.09 C4; 118.20 C2; 69.27
C10; 67.33 C9; 67.08 C12; 57.20 C7; 53.68 C8; 53.35 C11. X-ray quality single crystals were obtained by
slow diffusion of diethyl ether into a solution of the complex in methanol.

2.3.5. [Na(L®)](ClO,)

0.100g (0.192 mmol)  of N,N’-bis(benzimidazole-2-ylmethyl)-4,13-diaza-18-crown-6 and 0.030 g
(0.211 mmol) of sodium perchlorate monohydrate. Yield: 0.093 g, 75%, pale yellow crystals. Anal. Calc. for
CasH33CINgNaOg: C, 52.28 (52.13); H, 6.17 (5.94); N, 12.82 (13.03)%. M.p.: 225.6 °C, decomposition can
be observed from 198 °C. Ay (acetonitrile, 107 M, 25°C): 131 cm?* Q' mol™' (electrolyte 1:1)BY. MS-
FAB* (3-nba): m/z uma (% BPI): 545.3 (100.00) [Na(L®)]". IR (ATR, cm™"): 1623 [w(C=N)]; 1070 [vi(Cl-
0)]; 621 [6.(O—CI-0)]. *H NMR (500 MHz, CD5CN): 10.40 (s, br, 2H) NH; 7.43 (s, br, 4H) H2, H5; 7.12 (s,
br, 4H) H3, H4; 3.95 (s, 4H) H8; 3.57 (t, 8H) H10; 3.36 (s, 8H) H11; 2.89 (t, 8H) H9. *C NMR (125.8 MHz,



CD3;CN): 154.65 C7; 122.91 C3, C4; 112.00 C2, C5; 69.77 C11; 68.29 C10; 56.05 C9; 53.35 C8. X-ray
quality single crystals were obtained after slow cooling of the mother solution in the refrigerator.

2.3.6. [Na(L®)](Cl04)

0.100g (0.212 mmol) of N,N’-bis(2-aminobenzyl)-4,13-diaza-18-crown-6 and 0.030g (0.214 mmol) of
sodium perchlorate monohydrate. Yield: 0.105 g (83%); white precipitate. Anal. Calc. for CysH;CIN4OgNa:
C, 525 (525); H, 6.4 (6.8); N, 95 (9.4)%. M.p.. 246°C (decomp.). Ay (acetonitrile, 107 M,
25°C) =130 cm® Q' mol ™" (1:1 electrolyte)®. MS-ESI-TOF: m/z uma (% BPI) 473 (100) [HL®]". IR (ATR,
cm™'): 3406 [vas(NH.)]; 3337 [vs(NHo)]; 1623 [6(NH,)]; 1070 [vi(CI-O)]; 621 [0,(O-CI-0)]. '*H NMR
(500 MHz, CDsCN): 4.10 (s, br, 4H) NH,; 6.72 (m, 4H) H2, H4; 7.07 (m, 4H) H3, H5; 3.50 (s, 4H) H7; 2.65
(t, 8H) H8; 3.57 (t, 8H) H9; 3.19 (s, 4H) H10. *C NMR (125.8 MHz, CD,CN): 129.59 C3; 132.74 C5;
124.52 C6; 57.19 C7; 53.94 C8; 68.15 C9; 69.20 C10. Colorless X-ray quality single crystals were obtained
by slow diffusion of diethyl ether into a solution of the complex in methanol.

2.3.7. [K(L9](ClO4)

0.100g (0.212 mmol) of N,N’-bis(2-aminobenzyl)-4,13-diaza-18-crown-6 and 0.029 g (0.209 mmol) of
potassium perchlorate monohydrate. Yield: 0.102g (78%), white precipitate. Anal. Calc. for
CosHioCIN4OgK: C: 50.4 (51.1); H: 6.5 (6.6);N: 9.0 (9.2)%. M.p.: 172 °C (decomp.). Ay (acetonitrile,
107 M, 25°C) =180 cm? Q' mol ™' (1:1 electrolyte)®. MS-ESI-TOF: m/z uma (% BPI) 511(7) [K(L%]",
473 (100) [HL®]". IR (ATR, cm"): 3420 [va(NH)]; 3346 [vs(NHy)]; 1630 [6(NH,)]; 1075 [v,(CI-O)]; 623
[02(0—CI-0)]. *H NMR (500 MHz, CD5CN): 4.37 (s, br, 4H) NH,; 6.71 (dd, 2H) H2; 6.67 (td, 2H) H4; 7.10
(td, 2H) H3; 7.03 (dd, 2H) H5; 3.06 (s, 4H) H7; 2.64 (t, 8H) H8; 3.54 (t, 8H) H9; 3.38 (s, 4H) H10. *C NMR
(125.8 MHz, CDsCN): 147.66 C1; 117.11 C2; 129.65 C3; 118.74 C4; 132.57 C5; 123.85 C6; 57.33 C7;
55.57 C8; 68.63 C9; 70.46 C10. X-ray quality single crystals were obtained by slow evaporation of the
mother solution.

2.3.8. [Na(L)](ClO,)

0.050 g (0.094 mmol) of L" and 0.0132 g, (0.094 mmol) of sodium perchlorate monohydrate. Yield: 0.047 g
(76%), yellow solid. Anal. Calc. for C3;H4;CINsNaO-: C, 56.98 (56.92); H, 6.05 (6.32); N, 10.41 (10.71)%.
M.p.: 243.7°C (decomposition can be observed from 160 °C). Ay (acetonitrile, 107 M,
25°C) =163 cm’ Q' mol™' (1:1 electrolyte)®. MS-FAB* (3-nba): m/z uma (% BPI): 554.3 (100.00)
[Na(LN]". IR (ATR, cm™"): 3338 [v(N-H)]; 1600-1440 [v(Ph/Py)]; 1077 [v4(CI-0)]; 754 [n(C-H)]; 620
[02(0-CI-0)]. *H NMR (500 MHz, CD5CN): 7.81 (t, 1H) H1; 7.46 (d, 2H) H2; 7.10 (td, 2H) H7; 7.04 (dd,
2H) H9; 6.64 (td, 2H) H8; 6.61 (d, 2H) H6; 6.11 (s, br, 2H) NH:; 4.35 (s, 4H) H4; 3.87 (t, 2H); 3.71 (d, 2H)
H11; 3.64-3.36 (m, 12H); 2.94 (t, 2H); 2.67 (d, 4H); 2.48 (d, 2H). Signals for protons H12, H13, H14, H15
and H16 can’t be unequivocally assigned. °C NMR (125.8 MHz, CD;CN): 161.27 C3; 148.57 C5; 138.90
C1; 131.74 C9; 129.75 C7; 124.13 C10; 123.24 C2; 118.27 C8; 112.26 C6; 68.90; 68.68; 67.82; 58.15 C11;
55.33; 53.55; 50.77 C4. Signals for carbons C12, C13, C14, C15 and C16 can not be unequivocally assigned.
X-ray quality single crystals were obtained by slow evaporation of an acetonitrile solution of the complex.

2.4. Measurements

Elemental analyses were carried out on a Carlo Erba 1108 elemental analyzer. FAB mass spectra were
recorded on a Fisons Quatro mass spectrometer with a Cs ion gun using 3-nitrobenzyl alcohol as matrix and
ESI-TOF mass spectra were recorded using a LC-Q-g-TOF Applied Biosystems QSTAR Elite spectrometer
in the positive mode. 'H and **C NMR spectra were run on a Bruker Avance 500 using acetonitrile-ds as
solvent. IR spectra were recorded using a Bruker Vector22 spectrophotometer equipped with a Golden Gate
Attenuated Total Reflectance (ATR) accessory (Specac). Conductivity measurements were carried out with a
Crison Micro CM 2201 conductivimeter using ca. 10~ M solutions of the complexes in acetonitrile.



2.5. Spectrophotometric titrations

UV-Vis spectra were recorded with a Perkin—Elmer Lambda 900 spectrophotometer, with quartz cells (path
length: 1 cm). The cell holder was thermostated at 25.0 °C, through circulating water. The formation of the
Na* complexes was monitored by using spectrophotometric titrations at 25 °C on ca. 10™* M solutions of the
corresponding ligand in CH;CN (polarographic grade). Typically, aliquots of a fresh standard solution of
sodium perchlorate in the same solvent (ca. 0.01-0.1 M) were added and the UV-Vis spectra of the samples
were recorded. All spectrophotometric titration curves were fitted with the hyperquadprogram®®. Binding
constants were obtained by using a simultaneous fit of the UV-Vis absorption spectral changes at 8-28
selected wavelengths in the range 225-320 nm. A minimum of 19-28 absorbance data points at each of these
wavelengths was used.

2.6. X-ray crystallography

Three dimensional X-ray data were collected on a Bruker SMART 1000 CCD for complexes [Na(L®)](Cl0,)
and [Na(L’)](ClO,) and on a BRUKER-NONIUS X8 APEX KAPPA CCD for [Na(L)](CIOJ),
[Na(L*](ClO,), [Na(L>)](ClO,) and [K(L®)](CIO,). Data were corrected for Lorentz and polarization effects
and for absorption by semiempirical methods®® based on symmetry-equivalent reflections. Complex
scattering factors were taken from the program shelx972* running under the WinGX program system® as
implemented on a Pentium® computer. Two of the structures were solved by direct methods (shelxs97 for
[K(L®)](CIO,) and SUPERFLIPE® for [Na(L*)](ClO,)) and the other four structures were solved by Patterson
methods (DIRDIF99® for [Na(L%)](ClO,), DIRDIF20085 for [Na(L®](ClO,) and SHELXS97for
[Na(LY)](ClO,) and [Na(L)](CIOL.)). All the structures were refined by full-matrix least-squares on F? and
the hydrogen atoms were included in calculated positions and refined in riding mode except
the aniline hydrogen atoms in [K(L®)](ClO,), which were located in an electron density map and refined
freely.

One pendant arm of the ligand in [Na(L*]* presents conformational disorder in the crystal measured that has
been modeled in two locations and the corresponding atom site occupations refined. The final value for the
population parameter is 60(4)% for the positions labeled as A. Many of the perchlorate anions in the crystals
are disordered, for [Na(L')](ClO.) it shows positional disorder that was modeled in two locations with
refined atom site occupation of 58(3)% for atoms labeled with A. The perchlorate groups found in crystals of
[Na(L®)](ClO,), [Na(L®](ClO,) and [K(L®)](ClO.) were sitting on an inversion center.

Refinement converged with anisotropic displacement parameters for all non-hydrogen atoms in every
case. Crystal data and details on data collection and refinement are summarized in Table 1.

It is important to remark that the crystal of [Na(L")](ClO,) diffracts weakly and the data are of low quality,
that generates an A level alert in the checkCIF/PLATON report. Although we know the low quality of the
data, we have decided to include this crystal structure due to its interest for comparison.



Table 1. Crystal data and structure refinement for Na* and K* complexes.

[NaL'](ClO,) [NaL*](ClO,) [NaL®](CIOy) [NaL®)(ClOy,) [KL®)(CIO,) [NaL"](ClO,)
Empirical Formula CoH3CINgNaOg  CygH76CloNgNa,Og5  CogH3sCINgNaOg CusH40CIN4NaOg CosH40CIKN,4Og C31H41CINsNaO4,
Molecular weight 556.98 1134.06 645.08 595.06 611.17 654.13
Temperature (K) 100.0(2) 100(2) 100.0(2) 120.0(2) 100.0(2) 293(2)
Wavelength (A) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system monoclinic monoclinic triclinic triclinic triclinic monoclinic
Space group P2:/n P2,/n P1 P1 P1 P2:/n
a(A) 14.5614(3) 11.5739(3) 8.9268(6) 8.707(2) 8.4370(7) 15.1569(4)
b (A) 12.1744(2) 20.0081(5) 9.6726(6) 9.440(2) 9.5611(7) 11.7113(5)
c(A) 14.6819(3) 11.7766(3) 9.8972(6) 9.689(2) 9.9870(8) 19.0977(7)
a (%) 90 90 77.166(4) 109.830(3) 110.121(4) 90
B(°) 104.253(1) 94.629(3) 72.601(4) 91.254(3) 91.661(5) 108.391(2)
7 (°) 90 90 68.850(4) 108.922(3) 107.410(5) 90
Vv (A% 2522.63(8) 2718.2(1) 754.25(8) 700.9(2) 713.9(1) 3216.8(2)
F(OO00) 1168 1204 340 316 324 1384
Z 4 2 1 1 1 4
Calculated density (g cm ) 1.467 1.386 1.420 1.410 1.422 1.351
Absorption coefficient (mm™) 0.222 0.209 0.201 0.208 0.335 0.187
0 (°) 2.89-28.38 2.58-28.31 2.28-28.37 2.26-26.40 2.40-28.36 2.07-28.30
Rint 0.0351 0.0316 0.0259 0.0337 0.0252 0.1354
Reflections measured 25401 28331 13739 2852 12613 19909
Reflections observed 5014 5327 3720 1970 3000 2300
Goodness of fit (GOF) on F? 1.024 1.030 1.054 1.049 1.033 0.973
R.? 0.0361 0.0468 0.0430 0.0466 0.0577 0.0902
WR; (all data)® 0.0936 0.1269 0.1068 0.1212 0.159 0.2109

Largest differences peak and hole (e A%

0.361 and —0.457

0.852 and —0.792

0.494 and —1.095

0.583 and —0.411

1.176 and —0.634

0.283 and —0.229

Ry = YIF| = [Fl/S|Fol. " WR, = {XIW(IF?| — [Fel )41/ w(F,HIF.
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3. Results and discussion

3.1. Spectroscopic characterization

All the complexes prepared were fully characterized by elemental analysis, conductimetric measurements, IR
and NMR spectroscopies and mass spectrometry. The elemental analyses agree with the formulas proposed
in the experimental part, the mass spectrometry data also confirms the formation of the complexes as the ion
[Na(L"]" can be observed in every spectrum except that of [Na(L®)]*. The molar conductivity values, as
measured in ~10" M acetonitrile solutions of the complexes, fall in the range generally accepted for
1:1 electrolytes in this solvent (120-160 cm® Q' mol™"), suggesting that the perchlorate anionsare not
coordinated to the metal ion in solution .

The IR spectra of the complexes are not very informative. Those containing anilinefunctional groups display
bands at ca. 3400 and 3320 cm ™' corresponding respectively to the va.(NH,) and vs(NH,) stretching modes of
the coordinated amine groups. The IR spectrum of the complex of L’ displays only one band at
3338 cm ' due to the v(N-H) mode, whereas the IR spectra of L, L® and L° complexes show a band at ca.
1530 cm'due to the v(C=C) stretching frequency of the benzimidazole groups®®!. This band is shifted by 3—
17 cm ' to higher wavenumbers with respect to its position in the spectrum of the free ligand, in line with the
coordination of the pendant arms to the corresponding metal ion. The spectra also show absorption bands
at ca. 1090 and 625 cm ™" attributable to the asymmetric v,(CI-O) stretching and d.,(O—CI-O) bending modes
of the perchlorate groups. These bands appear without splitting, as befit uncoordinated anions.

The'H and *C NMR spectra of all complexes were recorded in CDsCN solution, and assigned (see
experimental part) with the aid of HSQC and HMBC 2D heteronuclear experiments, as well as standard 2D
homonuclear COSY spectra. In some cases, full unequivocal assignment of the signals was not possible.
The NMR data show a number of signals and structure very similar to those of the corresponding free
ligands, but the broadening of the signals and the changes in their chemical shifts, especially for the aromatic
protons, indicate that the systems are in fast exchange within the NMR timescale. Under these conditions the
observed chemical shifts are weighted averages of those of the free ligand and complex present in solution.

3.2. Solid state structures

Single crystals of compounds [Na(L")](ClO4), [Na(L*](ClO4), [Na(L®)](ClO,) and [Na(L®)](CIO,) suitable
for X-ray diffraction analysis were obtained by the different methods described under the experimental
section. All compounds contain the complex cation [Na(L")]" (n=1, 4, 5 or 6) and a non-coordinated
perchlorate anion involved in hydrogen-bonding interaction with the NH groups of benzimidazole or aniline
units. Views of the structures of the complexes are shown in Fig. 1, Fig. 2, Fig. 3, while bond distances of
the metal coordination environments are given in Table 2. In all complexes the metal ion is directly bound to
all donor atoms of the ligand, resulting six- (L"), seven- (L) or eight-coordinate (L° and L°) complexes. The
distances between the metal ions and the tertiary amine nitrogen atoms are considerably longer than those to
the nitrogen atoms of the pendant arms. In fact, the distances between the metal ion and the pivotal nitrogen
atoms in [Na(L*)]" [2.830(1) A] and [Na(L®)]* [2.905(2) A] are considerably longer than the sum of the van
der Waals radius of N (1.55 A)" " and the ionic radius of Na* (1.18 A for CN 8)1. Thus, the pivotal nitrogen
atoms provide very weak interactions with Na*. In the case of those complexes with ligands containing
aniline pendants (L*and L°) the oxygen atoms of the crown moiety provide the strongest interaction of the
ligand to the metal ion, as expected due to the classification of these metal ions as hard in the Pearson
HSABM. The distances between the Na'ion and the nitrogen atoms of benzimidazole groups in
[Na(Lh]"and [Na(L®)]"are however very similar to the Na—O distances, which indicates that the
benzimidazole pendant arms provide a stronger binding to Na* than the aniline ones.



Fig. 1. View of the [Na(L")]" cation present in crystals of [Na(L")](CIO,). The ORTEP plot is drawn at the 30%
probability level. Hydrogen atoms are omitted for the sake of simplicity.
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Fig. 2. View of the [Na(L*]" cation present in crystals of [Na(L*)](CIO,). The ORTEP plot is drawn at the 30%
probability level. Hydrogen atoms are omitted for the sake of simplicity.

It is worthy to note that the complexes of Na" or K* with ligands derived from aza-crowns are not very
common, especially those with ligands derived from 1,7-diaza-12-crown-4. A simple search into the
Cambridge Crystallographic Structural Data base (CSD) led to only seven results for compounds derived
from 1,7-diaza-12-crown-4 with sodium and although they contain the crown moiety they are actually
macrobicycles or cyclophane structures where the Na™ ion is placed well above the crown plane. If the search
is performed for compounds including the [1,7-diaza-15-crown-5-Na]* moiety, only 17 results appear in the
hit list but among them 15 are cryptands, one of them is a cyclophane, while only one of the hits includes the
crown ether with two o-metoxy-phenyl pendant arms. This compound®! presents shorter Na-N distances
(2.443 and 2.491 A) involving the pivotal nitrogen atoms than [Na(L*)]", while the Na-Ogqun distances are
2.282, 2.360 and 2.308 A. Finally, if the search is performed for compounds containing the 1,10-diaza-18-
crown-6 fragment and sodium 114 crystal structures are found: 23 of them contain the crown ether with
different pendant arms and the remaining structures contain cyclophanes or cryptands, often the
(2,2,2) cryptand sodium complex. The mean Na-O and Na-N distances observed for the 23 lariat ether



derivatives are 2.45 and 2.64 A, respectively, and therefore the Na-O distances for [Na(L®)]" are slightly
longer than the average of these structures, while the Na-N distances in [Na(L®)]" are slightly shorter.

For comparison, single crystals of the analogous K*compound [K(L®)](ClO,) were also prepared. The
[Na(L®%]" and [K(L®)]" cation complexes adopt very similar structures (Fig. 3). The metal ion sits on a center
of symmetry, with the eight donor atoms of the ligand defining a distorted cubic polyhedron around the
metal ions. The same coordination polyhedron is observed for [Na(L®]"and similar coordination
environment was previously observed for the [Pb(L®)]* complex in the solid state".
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Fig. 3. View of the [Na(L®)]", [Na(L®)]" and [K(L®)]" cations present in crystals of [Na(L>)](ClO,), [Na(L®)](CIO,)
and [K(L®)](ClO,) respectively. The ORTEP plots are drawn at the 30% probability level. Hydrogen atoms are
omitted for the sake of simplicity.

The pendant arms of the ligands in compounds [Na(L")]* and [Na(L*)]" are pointing to the same side of the
macrocyclic mean plane, resulting in a syn conformation with the metal ion above the plane defined by the
donors of the crown moiety. However, the ligands derived from 4,13-diaza-18-crown-6 adopt anti
conformations in both the Na" and K* complexes as a result of the relatively large size of the crown fragment
compared to the size of the metal ion that now fits inside the hole.

A search in the CSD for compounds containing the 1,10-diaza-18-crown-6 moiety and potassium provides
526 structures, but excluding (2,2,2) and (2,2,1) cryptate derivatives only 75 entries remain. The mean K-O



and K-N distances observed for these complexes are 2.805 and 2.95 A, respectively. Thus, the corresponding
distances observed for [K(L®)]* are slightly shorter than this average.

Crystals of [Na(L")](ClO,) contain the cation [Na(L")]* and a non-coordinated perchlorate anion. Fig.
4 displays a view of the structure of the cation, while selected bond lengths and angles of the metal
coordination environment are given in Table 2. The metal ion is asymmetrically placed inside the
macrobicyclic cavity. The metal ion is six-coordinated, being bound to the pyridyl nitrogen N(3), one of
the secondary amine nitrogen atoms, N(4), and the oxygen atoms of the crown moiety, O(1), O(2) and O(3).
The bond distances are similar to those observed for similar compounds in the CSD. The distances between
the Na‘ion and N(2) and N(5) amount to 3.63 and 3.25 A, respectively, which indicates that these nitrogen
atoms do not coordinate to the metal ion. As observed for the complexes of L* and L° the oxygen atoms of
the crown moiety provide the strongest interaction of the ligand to the metal ion. The secondary amine
nitrogen atom N(2) is involved in an intramolecular hydrogen-bonding interaction with one of the oxygen
atoms of the crown moiety and one of the pivotal nitrogen atoms: [N(2)---O(3) 3.401(5) A; N(2)-H(2)---O(3)
2.62 A, N(2)-H(2)-0(3) 150.9°; N(2)---N(5) 2.964(6) A; N(2)-H(2)---N(5) 2.43 A, N(2)-H(2)-N(5) 121.1°].
This interaction was also observed in the crystal structure of the free ligand*!.

Table 2. Bond distances (A) of the metal coordination environments in Na* and K* complexes.

[NaL'l* [NaL‘* [NaL’]*

Na(2)-0(1) 2.442(1) Na(1)-O(1) 2.466(1) Na(1)-O(1) 2.595(1)

Na(2)-0(2) 2.409(1) Na(1)-0(2) 2.436(1) Na(1)-0(2) 2.530(1)

Na(2)-N(1) 2.434(1) Na(1)-O(3) 2.378(1) Na(1)-N(1) 2.556(1)

Na(2)-N(3) 2.548(1) Na(1)-N(1A) 2.67(2) Na(1)-N(3) 2.830(1)
Na(2)-N(4) 2.535(1) Na(1)-N(2) 2.663(2)
Na(2)-N(5) 2.412(1) Na(1)-N(3) 2.681(2)
Na(1)-N(4) 2.539(2)

[NaL®]* [KLET* [NaL'T*

Na(1)-0(1) 2.511(2) K(1)-0(1) 2.650(2) Na(1)-O(1) 2.310(4)

Na(1)-0(2) 2.545(2) K(1)-0(2) 2.649(2) Na(1)-0(2) 2.479(3)

Na(1)-N(1) 2.557(2) K(1)-N(1) 2.869(2) Na(1)-O(3) 2.299(4)

Na(1)-N(2) 2.905(2) K(1)-N(2) 2.904(2) Na(1)-N(1) 2.514(4)

Na(1)-N(3)  2.668(4)
Na(1)-N(4)  2.525(4)

3.3. Spectrophotometric titrations

The coordination of Nato receptors L’-L®was studied by means of spectrophotometric titrations in
acetonitrile solution. The UV-Vis spectra of the receptors containing benzimidazole pendant arms
(LY, L*and L°) show two bands at ca. 277 and 284 nm (Fig. 5 and Supplementary material), which have
been assigned as m* < m singlet-singlet transitions ('L, < Sp and 'L, < So, where the two excited states are
labeled by 'L, and 'L,following the suggestion of Platt)*®*"!. The spectra also show a third maximum at ca.
245 nm. Addition of the metal ion salt causes appreciable modification of the spectral patterns. In particular,
metal ion addition induces blue shifts of the bands centered at 277 and 284 nm as their intensity slightly
increases. Metal ion addition also provokes a blue shift of the band at ca. 245 nm as its intensity decreases.
These results indicate the coordination of the benzimidazole groups to the metal ion in this solvent.



The UV-Vis spectra of free receptors L? L*and L°-L® recorded in acetonitrile solution (Fig. 6 and
Supplementary material) are dominated by two absorption bands with maxima at ca. 250 and 290 hm
corresponding to E, and B m — 7 bands of the aromatic rings, respectively®, Metal ion addition again
results in the shift of these absorption bands to shorter wavelengths as their intensity decreases. However, the
spectral changes observed for the macrobicyclic receptors L’ and L®are less pronounced than those of

the lariat ether analogs; the complex of L®was not isolated, but spectrophotometric titrations were
performed for comparative purposes.

Fig. 4. View of the [Na(L")]" cation present in crystals of [Na(L')](ClO,). The ORTEP plot is drawn at
the 30% probability level. Hydrogen atoms, except those involved in intramolecular hydrogen-bonding interaction,
are omitted for the sake of simplicity.
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Fig. 5. Spectra recorded over the course of the titration of a 10 * M solution of L® with a standard solution of Na(ClO.).
Inset: titration profile at 250 nm.
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Fig. 6. Spectra recorded over the course of the titration of a 10 M solution of L* with a standard solution of Na(ClO,).
Inset: titration profile at 245 nm.

Nonlinear least-squares analysis of the titration profiles (absorbance against the number of equivalents of
Na®, see insets of Fig. 5, Fig. 6 and Supplementary material) clearly indicates the formation of 1:1 complexes
in every case; the corresponding association constants are summarized in Table 3. The results show that
those ligands containing benzimidazole pendant arms form more stable complexes than those containing
aniline pendants. This might be attributed to two reasons: (i) the formation of more stable 5-membered
chelates in the former case, instead of the 6-membered chelates formed upon coordination of aniline
pendants; (ii) the higher basicity of the benzimidazole pendants (pK,of 2-methylbenzimidazole 6.2)
compared with that of aniline groups (pK, of 2-methylaniline 4.4)%. This is in line with the sharper
inflection points observed for the titration profiles of L', L®and L°close to the 1:1 stoichiometry in
comparison to L? L*and L°. For a given series of ligands containing the same pendant arms, those deriving
from diaza-12-crown-4 provide the complexes with the lowest stability, while the receptors derived from 15-
crown-5 and 18-crown-6 form complexes with comparable stabilities. This can be attributed to the better fit
of the crown moiety size and the metal ion for the latter group of ligands. If we compare the stability of these
complexes (Table 3) with those of the parent crown ethers™ in acetonitrile (log K [Na(12-crown-4)]" = 3.31;
log K [Na(15-crown-5)]" =5.1; log K [Na(18-crown-6)]" =4.6) we find very similar values for the
complexes including aniline moieties but clearly more stable complexes when including benzimidazole
pendants due to the factors commented before. Moreover, the stability constants determined for the
complexes of L°(log Ky, = 6.19) and L° (log Ky, = 4.49) are higher than that reported for 4,13-diaza-18-
crown-6 (log Kya = 3.92)P in the same solvent, which indicates that the coordination of the pendant arms
present in L° and L® provides an important contribution to the overall stability of the complexes, particularly
when benzimidazole pendants are present.

On the other hand, the complexes formed with the macrobicyclic receptors L’ and L®present low stabilities
(log Kna < 4). This is probably a consequence of the poor fit between the macrocyclic cavity and the size of
Na®, and the rigidity introduced by the macrobicyclic structure that render more difficult the approximation
of both secondary amine donor atoms simultaneously to the metal ion. This is in line with the asymmetric
coordination of Na* into the cavity of L evidenced by the solid state structure.



Table 3. Binding constants of Na* complexes obtained from spectrophotometric
titrations in CH5CN solution at 25 °C. Log Ky, refers to L" + Na's [NaL"]".

Ligand Ring size logKna Amax N (€)
L 12 5.89(3) 247 (13446)
275 (13323)
282 (12511)

L2 12 3.37(1) 243 (18365)
291 (5116)
L3 15 6.10(5) 247 (20176)

275 (19783)
282 (18308)

L 15 4.26(5) 243 (15026)
291 (4242)
L® 18 6.19(5) 247 (13582)

275 (13149)
282 (12346)

L® 18 4.49(5) 243 (22482)
291 (6434)

L’ 15 3.34(1) 252 (32216)
290 (11133)

L® 18 3.41(1) 253 (35226)

290 (11349)

4. Conclusions

Receptors L'-L form stable complexes with Na*. The crystal structures of [Na(L")](CIO.), [Na(L")](CIO,),
[Na(L®)](ClO,) and [Na(L®)](ClO,) show that the bibracchial lariat ethers use all the donor atoms of the
crown moiety and one of each pendant arm, but the cryptanddisplays an asymmetric coordination where
one tertiary amine and one secondary aminedonor atoms remain uncoordinated. Bonding distances as well as
the stability constants in acetonitrile solution confirm that the coordination of the pendant arms provides an
important contribution to the overall stability of the complexes, particularly when benzimidazolependants are
present rending more stable complexes, even more than cryptand complexes of the same size. Compared
with the parent crown ethers the stability increases when the side arms contain benzimidazole moieties but
remains about the same order when anilineside arms are present.
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