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Abstract 

A series of tautomeric chromoionophores were prepared photochemically from 1-

aryloxyanthraquinones and 4’-aminobenzo-15-crown-5 ether. All the synthesized dyes can bind 

strontium and barium cations as sandwich-type 2:1 ligand–metal complexes that show higher 

stability constants (K2:1) than the corresponding 1:1 complexes (K1:1), the K2:1/K1:1 ratio reaching a 

value of 10 (in MeCN). The inverse relation, i.e. K2:1 < K1:1, is observed for the related complexes 

of unsubstituted benzo-15-crown-5 ether. The sandwich complexes were studied by 

spectrophotometry, 1H NMR spectroscopy, mass spectrometry, and density functional theory 

calculations. A correlation was found between the K2:1/K1:1 ratio and the number of short stacking 

contacts in the sandwich complex. 
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1. Introduction 

The optical properties of tautomeric dyes, dependent on the ratio of tautomeric forms, can be 

affected by various factors, such as solvent polarity, pH, aggregative state, and photoexcitation.1 

Rational integration of an ionophore into a tautomeric dye can lead to a compound with ion-

controllable optical characteristics. Crown ethers are well known as selective ligands for alkali and 

alkaline-earth metal cations.2 They are widely used as building blocks in the design and synthesis of 

various functionalized compounds, such as photocontrolled molecular receptors3-5 and optical 

molecular sensors (chromo- and fluoroionophores).4,6,7 Among the variety of chromogenic crown 

compounds reported in the literature, there are very few examples of tautomeric dyes that can 

operate as optical sensors for metal ions.8-12 

 Imine derivatives of 1-hydroxyanthraquinone are known to undergo prototropic 

tautomerization to exist as an equilibrated mixture of the imine and enamine isomers both in 

solution and in the solid state (Scheme 1).13,14 Recently, we reported the synthesis of a 1-

hydroxyanthraquinone-9-imine derivative containing a benzo-18-crown-6 ether moiety.15 The 

tautomeric equilibrium of this dye was found to shift toward the imine form in the presence of 

alkaline-earth metal cations. 

 

Scheme 1. Tautomerism of 1-hydroxyanthraquinone-9-imines. 

 It is well known that 15-crown-5 ethers are able to form sandwich-type 2:1 complexes with 

relatively large metal ions, such as K+, Sr2+, and Ba2+.16,17 This feature has been utilized in the 

design of various ion-selective molecular devices.18 The sandwich complexes of aromatic crown 

ethers can have an enhanced stability owing to weak stacking interactions.19,20 For crown ether dyes 

possessing extended π-systems, the effect of stacking interactions on the sandwich complex 

formation has been little-studied quantitatively. 

 Here we report on the synthesis of a series of five 1-hydroxyanthraquinone-9-imine dyes 

containing a benzo-15-crown-5 ether moiety. The complexation of these chromoionophores with 

alkali and alkaline-earth metal cations was comprehensively studied by spectrophotometry, 1H 

NMR spectroscopy, mass spectrometry, and quantum chemical calculations. Particular attention 

was paid to the effect of interchromophoric interactions on the thermodynamic stability of the 2:1 

complexes of the dyes with Sr2+ and Ba2+. 
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2. Results and Discussion 

2.1 Synthesis 

Crown-containing 1-hydroxyanthraquinone-9-imine dyes 1 (Scheme 2) were synthesized 

photochemically according to the general procedure published previously.21 A benzene solution of 

photochromic 1-aryloxyanthraquinone 2 with aminobenzo-15-crown-5 ether 3 was exposed to 

sunlight for 6–8 hours. The photoinduced migration of the aryl group in 2 resulted in the ana-

quinoid isomer 4 possessing a high reactivity toward nucleophilic agents.13 The subsequent 

nucleophilic substitution of the aryloxy group in 4 by the arylamino group of 3 gave the desired 

products in 58–75% yields. The synthesis of dyes 1a, 1d, and 1e is reported for the first time. Dyes 

1b and 1c, as obtained by solid-state synthesis, have been described previously.22 

 

Scheme 2. Synthesis of dyes 1a–e. 

2.2 Spectrophotometric study 

The complexation of dyes 1a–e with alkali and alkaline-earth metal cations in MeCN was studied 

by spectrophotometric titration (SPT, see the Experimental). Figure 1 shows the SPT data for 1a 

and 1c with Ca(ClO4)2 (similar data for dyes 1b, 1d, and 1e are presented in Fig. S1). 

 Dye 1a exhibits two broad absorption bands between 350 and 600 nm, assignable to the imine 

(416 nm) and enamine (464 nm) tautomeric forms (Scheme 1).13 The absorption spectral changes 

observed on the addition of Ca(ClO4)2 suggest that the tautomeric equilibrium of 1a shifts toward 

the imine isomer. This shift is attributable to the electron-withdrawal effect of the crowned metal 

ion on the amine nitrogen atom.15 The same conclusions about the coexistence of two prototropic 

tautomers and the nature of cation-induced spectral changes hold also for dyes 1b, 1d, and 1e. 
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Fig. 1. Spectrophotometric titration data for the systems (a) 1a–Ca(ClO4)2 and (b) 1c–Ca(ClO4)2 in MeCN 
(4.75 cm cell); the total ligand concentration is (a) 3.0×10−5 and (b) 1.25×10−5 M, and the total metal 
concentration varies incrementally (a) from 0 to 4.3×10−5 M and (b) from 0 to 3.6×10−5 M. 

 Dye 1c unlike the others shows a single absorption band peaked at 497 nm, which implies that 

in MeCN this dye exists almost completely as a single tautomer, presumably, as the imine one. The 

binding of Ca2+ to the crown ether moiety of 1c induces a hypsochromic shift of the absorption 

band, indicating a charge-transfer character of the lowest-energy excited state. 

 The complexation stoichiometry, the complex stability constants, and the absorption spectra 

of pure complexes for dyes 1 with metal cations were derived from SPT data using the global 

analysis methods described previously.23 In most cases, the SPT data were well fitted to one 

equilibrium: 

 L + Mn+    L·Mn+ (1) 

where L is the dye, Mn+ is the metal ion, and K1:1 = [L·Mn+]/([L][M n+]) is the stability constant of 

the 1:1 complex. 

 More rigorously, the 1:1 complexation of the tautomeric dyes should be described by a model 

involving four light absorbing components, the concentrations of which are determined by the 

following thermodynamic cycle: 

 

where Im and En are the imine and enamine isomers of the dye, respectively, and K1–K4 are the 

equilibrium constants. It is obvious that the concentration ratios [Im]/[En] and [Im·Mn+]/[En · Mn+] 

do not depend on the metal cation concentration; therefore, the system can be formally described by 

the equilibrium of Equation (1) involving the two light absorbing components L and L·Mn+ with 
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the concentrations [L] = (1 +K3)[Im] and [L·Mn+] = (1 +K4)[Im ·Mn+]. The observed stability 

constant K1:1 is related to K1, K3, and K4 by the following expression: 

 K1:1= K1{( K4 + 1)/(K3 + 1)} (2) 

From the experimental data presented in Figure 1a, we know that K3 > K4. Then it follows from 

Equation (2) that K1:1 is somewhat lower than the stability constant K1 of the imine tautomer 

complex. 

 For the systems 1–Sr(ClO4)2 and 1–Ba(ClO4)2, the SPT data were well fitted to two equilibria, 

viz. the equilibrium of Equation (1) and the other involving a 2:1 dye–metal complex: 

 L·Mn+ + L    L2·Mn+ (3) 

where K2:1 = [L2·Mn+]/([L][L ·Mn+]) is the stability constant of the 2:1 complex. 

 Global analysis of the SPT data obtained for the system 1b–Mg(ClO4)2 revealed the formation 

of a 1:2 dye–metal complex. In this case, the data were fitted to the equilibria of Equations (1) and 

(4): 

 L·Mn+ + Mn+    L·(Mn+)2 (4) 

where K1:2 = [L ·(Mn+)2]/([M
n+][L ·Mn+]) is the stability constant of the 1:2 complex. 

 The stability constants of the complexes of dyes 1 with alkali and alkaline-earth metal cations 

in MeCN, as derived from spectrophotometric titrations, are presented in Table 1. The absorption 

characteristics of these dyes and their complexes are shown in the same table. 

 To characterize quantitatively the absorption changes arising from the shift of the tautomeric 

equilibrium, we used the dimensionless parameter ∆εrel = 1 – εen(complex)/εen(dye), where εen is the 

molar absorptivity (per chromophore) at the absorption maximum λen of the free enamine tautomer. 

The λen values for dyes 1a, 1b, 1d, and 1e were estimated by fitting the absorption spectrum to a 

sum of lognormal functions (Fig. S2). 

 Figure 2 shows the plots of ∆εrel vs. the radius of the metal ion (rM) for the 1:1 complexes of 

dye 1b with alkali and alkaline-earth metal cations (similar plots for dye 1a are presented in Fig. 

S3). The maxima in these plots correspond to the complexes with Na+ and Ca2+. This fact suggests 

that these ions better fit into the cavity of benzo-15-crown-5 ether (B15C5). At the same time, the 

stability constant K1:1 decreases monotonically with an increase in the rM value both for mono- and 

divalent cations (Table 1, Fig. 3). The lower values of ∆εrel for Li+ relative to Na+ and for Mg2+ 

relative to Ca2+ can be explained by the fact that the Mn+–OAr bonds with Li+ and Mg2+ are weaker 

because the ionic radii of Li+ and Mg2+ are smaller than the cavity radius of 15-crown-5 ether.24 

However, these ions, due to relatively high charge density, can form stronger bonds with the alkoxy 

oxygen atoms of B15C5, which results in the larger values of K1:1. 
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Table 1. Stability constants and absorption properties of complexes of dyes 1a–e with metal cations in 
MeCN.a 

 logK λmax
 εmax×10−3 ∆λ ∆εrel  logK λmax εmax×10−3 ∆λ ∆εrel 

1a  416, 464 5.1, 5.2   1c  497 11   

1a·Li+ 4.56 416 5.77 0 0.144 1c·Li+ 4.46 489 11.24 –8  

1a·Na+ 3.93 416 5.90 0 0.202 1c·Na+ 3.54 491 11.27 –6  

1a·K+ 3.13 418 5.78 +2 0.117 1c·K+ 3.07 493 11.19 –4  

1a·Mg2+ 6.22 412 6.63 –4 0.489 1c·Mg2+ 6.02 485 11.05 –12  

1a·Ca2+ 5.71 410 6.66 –5 0.490 1c·Ca2+ 5.55 482 11.01 –15  

1a·Sr2+ 5.40 412 6.50 –4 0.429 1c·Sr2+ 5.20 485 11.13 –12  

(1a)2·Sr2+ 5.47 417 6.23 +1 0.363 (1c)2·Sr2+ 5.98 491 9.96 –6  

1a·Ba2+ 5.06 413 6.32 –3 0.366 1c·Ba2+ 4.93 485 11.44 –12  

(1a)2·Ba2+ 5.42 417 6.24 +1 0.373 (1c)2·Ba2+ 5.95 493 9.99 –4  

1b  435 8.4   1d  416 9.4   

1b·Li+ 4.33 430 9.21 –5 0.328 1d·Ca2+ 5.75 419 10.96 +3 0.427 

1b·Na+ 4.12 429 9.33 –6 0.376 1d·Sr2+ 5.50 419 10.70 +3 0.368 

1b·K+ 3.09 430 8.90 –5 0.279 (1d)2·Sr2+ 5.80 423 9.82 +7 0.290 

1b·Mg2+ 6.13 424 9.68 –11 0.581 1d·Ba2+ 4.97 419 10.67 +3 0.298 

1b· (Mg2+)2 1.04 412 7.66 –23  (1d)2·Ba2+ 5.57 423 9.73 +7 0.325 

1b·Ca2+ 5.55 424 9.73 –11 0.616 1e  474 6.5   

1b·Sr2+ 5.01 424 9.64 –11 0.557 1e·Ca2+ 5.42 415 7.93 –59 0.632 

(1b)2·Sr2+ 5.96 430 8.40 –5 0.508 1e·Sr2+ 5.10 415 7.69 –59 0.566 

1b·Ba2+ 4.82 426 9.54 –9 0.499 (1e)2·Sr2+ 5.55 422 7.13 –52 0.528 

(1b)2·Ba2+ 5.70 429 8.46 –6 0.526 1e·Ba2+ 4.84 416 7.50 –58 0.504 

      (1e)2·Ba2+ 5.34 420 7.10 –54 0.536 

a K (M−1) = K1:1 for L·Mn+ complexes, K = K2:1 for (L)2·Mn+ complexes, and K = K1:2 for L· (Mn+)2 complexes; the 
K values are determined to within about ±20%; λmax is the position of the absorption maximum, nm; εmax is the 
molar absorptivity (per chromophore) at λmax, M−1cm−1; ∆λ = λmax(complex) – λmax(dye); ∆εrel = 1 – 
εen(complex)/εen(dye), where εen is the molar absorptivity (per chromophore) at the absorption maximum λen of the 
free enamine tautomer (the λen values for 1a, 1b, 1d, and 1e were estimated by spectral deconvolution to be about 
484, 545, 499, and 515 nm, respectively). 

 

 

 

Fig. 2. Plots of ∆εrel vs. rM for the 1:1 complexes of dye 1b with alkali and alkaline-earth metal cations in 
MeCN; the rM values are taken from ref.25 
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 In order to analyze the complexing properties of dyes 1, we used B15C5 as the reference 

ligand. Table 2 presents the stability constants of the complexes of B15C5 with alkali and alkaline-

earth metal cations in MeCN, as determined by the method described for dyes 1 (the data for Mg2+ 

and Ca2+ are taken from ref.26). 

Table 2. Stability constants and absorption properties of complexes of B15C5 with metal cations in MeCN.a 

 logK λmax εmax×10−3 ∆λ 

B15C5  277 2.6  

B15C5·Li+ 
 

5.07 
 

273 
278 

2.47 
2.10 

−4 
 

B15C5·Na+ 4.24 273 2.25 −4 

B15C5·K+ 3.48 275 2.45 −2 

B15C5·Mg2+ 7.2b — — — 

B15C5·Ca2+ 6.6b — — — 

B15C5·Sr2+ 6.30 269 1.81 −8 

(B15C5)2·Sr2+ 5.84 271 1.76 −6 

B15C5·Ba2+ 5.81 271 1.95 −6 

(B15C5)2·Ba2+ 5.58 271 1.81 −6 

a K (M−1) = K1:1 for L·Mn+ complexes, and K = K2:1 for 
(L)2·Mn+ complexes; the K values are determined to 
within about ±20%; λmax is the position of the 
absorption maximum, nm; εmax is the molar 
absorptivity (per chromophore) at λmax, M

−1cm−1; ∆λ = 
λmax(complex) – λmax(ligand). b Ref.26 

 

 The dependencies of K1:1 on rM for B15C5 and dyes 1 show a similar trend (Fig. 3, Tables 1 

and 2). The K1:1 values for the complexes of 1 with divalent cations are lower by about an order of 

magnitude than those for the corresponding complexes of B15C5. This fact is attributable to the 

electron-withdrawal effect of the anthraquinone core on the benzocrown ether moiety of the dye. 

On the contrary, the K2:1 values for the complexes of 1b and 1c with Sr2+ and Ba2+ are higher than 

those for the corresponding complexes of B15C5. 

 
Fig. 3. Plots of logK vs. rM for the 1:1 and 2:1 complexes of dye 1b and B15C5 with alkaline-earth metal 
cations in MeCN; the rM values are taken from ref.25 
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 Table 3 presents the ratios of the stability constants and the differences between the Gibbs 

free energies of formation for the 2:1 and 1:1 complexes of B15C5 and dyes 1 with Sr2+ and Ba2+. 

For B15C5, the relation K2:1 < K1:1 holds both for Sr2+ and Ba2+. The inverse relation is observed for 

all dyes 1. The dyes containing a benzoylamino group at the 2 and 4 positions of the 1-

hydroxyanthraquinone core (dyes 1b and 1c, respectively) demonstrate the largest values of the 

K2:1/K1:1 ratio. In the case of 1c with Ba2+, this ratio reaches a value of 10. It is most likely that the 

enhanced stabilities of the sandwich complexes of dyes 1 with Sr2+ and Ba2+, as compared with the 

corresponding 1:1 complexes, result from stacking interactions between the chromophoric moieties. 

Table 3. Ratios of the stability constants and differences between the Gibbs free energies of formation for 
the 2:1 and 1:1 complexes of B15C5 and dyes 1 with Sr2+ and Ba2+ in MeCN. 

Ligand  B15C5 1a 1b 1c 1d 1e 

Substituent   H 2-NHCOPh 4-NHCOPh 5-NHCOPh 2-NHCOCF3 

K2:1/K1:1 Sr2+ 0.35 1.01 8.75 5.97 2.00 2.77 

 Ba2+ 0.67 2.26 7.60 10.5 3.93 3.17 

δ∆G,a kJ mol−1 Sr2+ 2.59 –0.029 –5.37 –4.43 –1.72 –2.53 

 Ba2+ 1.01 –2.02 –5.02 –5.81 –3.39 –2.86 

a δ∆G = –RT(lnK2:1 – lnK1:1), T = 298 K. 

 

 Figure 4 shows the absorption spectra of dye 1b and complexes 1b·Sr2+ and (1b)2·Sr2+ 

(similar data for dyes 1a and 1c–e are presented in Fig. S4). The sandwich complex (1b)2·Sr2+ is 

characterized by a higher molar absorptivity at λ > 640 nm in comparison with the free dye and the 

1:1 complex (a similar pattern is observed for 1b with Ba2+, Fig. S5). Presumably, this feature is 

due to stacking interactions between the benzoyl amino group of one dye molecule and the 

anthraquinone core of the other in the sandwich complexes involving the enamine tautomer of 1b. 

The results of molecular structure calculations (see below) support this supposition. 

 

Fig. 4. Absorption spectra of dye 1b and complexes 1b·Sr2+ and (1b)2·Sr2+ in MeCN. 
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 An interesting feature of dye 1b is the ability to form a weak binuclear complex with Mg2+ 

(Table 1). Figure 5 represents the absorption spectra of 1b, 1b·Mg2+, and 1b·(Mg2+)2 in MeCN. 

The spectrum of 1b·Mg2+ is similar in shape to the spectra of the 1:1 complexes of 1b with Ca2+ 

(Fig. S1a), Sr2+ (Fig. 4), and Ba2+ (Fig. S5b), which indicates that the Mg2+ ion in 1b·Mg2+ is 

bound to the crown ether moiety of the dye. The spectrum of 1b·(Mg2+)2 differs significantly from 

that of 1b·Mg2+. It is most likely that the binuclear complex forms owing to the binding of Mg2+ to 

the three heteroatoms of the chromophoric moiety of 1b: the carbonyl oxygen of the benzoylamino 

group, the hydroxyl oxygen, and the imine nitrogen (see Scheme 3). 

 

Fig. 5. Absorption spectra of dye 1b and complexes 1b·Mg2+ and 1b·(Mg2+)2 in MeCN. 
 

 

Scheme 3. Formation of the binuclear complex 1b·(Mg2+)2. 
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2.3 NMR spectroscopy 

Figure 6 presents the 1H NMR spectra of the systems B15C5–Ba(ClO4)2 and 1b–Ba(ClO4)2 in 

MeCN-d3 at different metal-to-ligand molar ratios: CM/CL = 0 (curves 1), 0.5 (curves 2), and 15 

(curves 3), where CM is the total metal concentration and CL is the total ligand concentration (in 

both systems CL = 2 mM). The presence of Ba(ClO4)2 induces significant shifts and broadening of 

the proton signals of B15C5 and 1b. The H-1 signal of B15C5 and the H-2' signal of 1b are shifted 

upfield at CM/CL = 0.5 and downfield at CM/CL = 15. The increase in the CM/CL ratio to 100 caused 

narrowing of all signals in the 1H NMR spectra of the ligands (Fig. S6). These facts suggest the 

formation of two different complexes in these systems, viz. L·Ba2+ and L2·Ba2+, the latter 

predominating at CM/CL = 0.5. 

 The spectrum of the aromatic protons of free B15C5 is a single multiplet which splits into two 

multiplets at CM/CL = 0.5. When the CM/CL ratio is increased to 15, the H-1 signal (which is shifted 

upfield) broadens and moves downfield, so that the positions of the H-1 and H-2 signals are 

inverted with respect to each other (cf. the NMR titration spectra in Fig. S7). It is most likely that 

the H-1 proton of one ligand molecule in (B15C5)2·Ba2+ is shielded by the benzene ring of the 

other, which results in a decrease in the chemical shift (δ) of the H-1 signal. 

 

Fig. 6. 1H NMR spectra of the systems (a) B15C5–Ba(ClO4)2 and (b) 1b–Ba(ClO4)2 in MeCN-d3 at different 
metal-to-ligand molar ratios: CM/CL = 0 (curves 1), 0.5 (curves 2), and 15 (curves 3); CL = 2 mM. 

 The positions of the H-2' and H-6' signals in the 1H NMR spectra of the 1b–Ba(ClO4)2 system 

are also inverted on changing the CM/CL ratio from 0.5 to 15. This indicates that the H-2' proton in 

(1b)2·Ba2+ is shielded in the same way as the H-1 proton in (B15C5)2·Ba2+. 

 To confirm the reliability of the K2:1/K1:1 ratios determined by SPT, we carried out NMR 

titrations for the systems B15C5–Ba(ClO4)2 and 1b–Ba(ClO4)2 in MeCN-d3. Figure 7 shows the 
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plots of δ on CM for some protons in these systems. From these data, it was not possible to 

determine the stability constants K2:1 and K1:1 because of their high values, but it was possible to 

evaluate the K2:1/K1:1 ratio. This ratio was estimated by globally fitting the NMR titration curves to 

the 2:1 complexation model represented by Equations (1) and (3) (details are given in the 

Experimental). In both cases, the experimental dependencies of δ on CM are well reproduced by this 

model, and the best fitted values of K2:1/K1:1 are 0.66 for (B15C5)2·Ba2+ and 7.73 for (1b)2·Ba2+, in 

perfect agreement with those determined by SPT (Table 3). 

 The plots of δ on CM for the systems 1b–Ba(ClO4)2 and B15C5–Ba(ClO4)2 are similar to each 

other. In the conversion of the 2:1 complex (low CM values) into the 1:1 complex (high CM values), 

all signals of the aliphatic protons, except the signal of H-β, demonstrate downfield shifts, which is 

attributable to longer O–Ba2+ coordination bonds in the sandwich complex. The distinctive behavior 

of the H-β signal is presumably due to the fact that the polyether cycle adopts different 

conformations in the 2:1 and 1:1 complexes. 

 

Fig. 7. Plots of δ vs. CM for some protons in the systems (a) B15C5–Ba(ClO4)2 and (b) 1b–Ba(ClO4)2 in 
MeCN-d3 (CL = 2 mM); the solid curves are from global fits to the 2:1 complexation model represented by 
Equations (1) and (3). 

 Figures S8–S10 show the NOESY spectra of the 1b–Ba(ClO4)2 system in MeCN-d3–CDCl3 

(4:1, v/v) at CL = 2 mM and CM/CL = 0, 1, and 100. The NOE interactions observed for dye 1b and 

complexes (1b)2·Ba2+ (CM/CL = 1) and 1b·Ba2+ (CM/CL = 100) are depicted schematically in Figure 

8. In all three cases, there are the intramolecular cross-peaks of H-8 with H-2' and H-6' (the atom 

numbering is shown in Fig. 6), indicating rapid interconversion between the two dye conformations 

associated with the rotation of the benzocrown ether moiety around the Ar–N single bond (s-cis and 

s-trans, Fig. 8). 

 The NOESY spectrum of 1b shows weak cross-peaks of H(hydroxyl) with H-2' and H-6'. In 

the spectrum of 1b·Ba2+, these cross-peaks are absent, which can be explained by the shift of the 
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dye tautomeric equilibrium toward the imine isomer (the distances from the hydroxyl hydrogen to 

H-2' and H-6' are supposed to be larger in the imine isomer than in the enamine one). In the 

spectrum of (1b)2·Ba2+, the cross-peak between H(hydroxyl) and H-2' is also absent, but the main 

reason for this appears to be a considerable broadening of the H-2' signal (the broadening is due to a 

great difference in the H-2' chemical shifts between complexes (1b)2·Ba2+ and 1b·Ba2+). Compared 

with the free dye, complex (1b)2·Ba2+ is characterized by a more intense cross-peak between 

H(hydroxyl) and H-6' (its intensity is doubled with respect to the cross-peak between H-α and H-

5'). Most likely, it arises from the intermolecular NOE. The results of molecular structure 

calculations presented below support this hypothesis. 
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Fig. 8. NOE interactions in different conformers of 1b, 1b·Ba2+, and (1b)2·Ba2+. 

 

2.4 Mass spectrometry 

The complexation of (BaClO4)2 with B15C5 and dyes 1b and 1c was investigated by electrosonic 

spray ionization mass spectrometry (ESSI-MS, see the Experimental). Figures 9 shows the ESSI-

MS spectra of the systems B15C5–(BaClO4)2 and 1b–(BaClO4)2 in MeCN, obtained at a spray 

voltage of 2.7 kV. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

13 

 

Fig. 9. ESSI mass spectra of the systems (a) B15C5–(BaClO4)2 and (b) 1b–(BaClO4)2 in MeCN (CL = CM = 
1×10−4 M), obtained at a spray voltage of 2.7 kV. 

 In the case of B15C5, the spectrum contains signals from (B15C5)2·Ba2+, 

(B15C5)2·BaClO4
+, B15C5·BaClO4

+, and complexes with impurity ions (not denoted). The 

absence of the signal from the non-associated B15C5·Ba2+ complex, probably, results from a lower 

surface activity of this species in comparison with the ion pairs and the non-associated 

(B15C5)2·Ba2+ complex. Due to the lower surface activity, the B15C5·Ba2+ complex is located in 

the droplet bulk, not on the surface, which suppresses its release into the gas phase through the 

droplet fission cascade.27 The decrease in the spray voltage to 150 V led to a significant reduction in 

the signal intensity of (B15C5)2·Ba2+ relative to both B15C5·BaClO4
+ and (B15C5)2·BaClO4

+ 

(Fig. S13) owing to the formation of less charged droplets. 

 The ESSI-MS spectrum of the 1b–(BaClO4)2 system exhibits the signals from both 

(1b)2·Ba2+ and 1b·Ba2+, which suggests that the difference in the surface activity between these 

complexes is much less than that between (B15C5)2·Ba2+ and B15C5·Ba2+. The reason for the 

smaller difference is that dye 1b contains a bulky hydrophobic moiety. The spectrum shows the 

signal from a protonated form of dye 1b (1bH+). Presumably, this signal appears mainly due to the 

protonation of (1b)2·Ba2+ followed by the dissociation into 1bH+ and 1b·Ba2+. This presumption is 

supported by the fact that the decrease in the spray voltage to 150 V caused a significant 

enhancement of the signal intensity of (1b)2·Ba2+ relative to both 1bH+ and 1b·Ba2+ (Fig. S14). 

The ESSI-MS spectrum of the system 1c–(BaClO4)2 essentially shows similar features (Fig. S15). 

 It has been reported that electrospray ionization mass spectrometry can be used to determine 

stability constants of crown ether–metal cation complexes.28-30 In the case of dyes 1b and 1c, this 

method is not suitable for this purpose due to the observed protonation processes. 

2.5 Quantum-chemical calculations 

The molecular structures of complexes (1)2·Sr2+ and (B15C5)2·Sr2+ in MeCN were studied using 

density functional theory (DFT, see the Experimental). The most stable conformations of the 
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complexes, as calculated by DFT, are shown in Figure 10. The dye molecules in (1)2·Sr2+ are 

present as the s-trans-conformers with respect to rotation of the benzocrown ether moiety around 

the Ar–N single bond. The two 1-hydroxyanthraquinone-imine moieties adopt an anti-conformation 

relative to each other, which was found to be much more stable than syn-conformations. 

 

Fig. 10. Most stable conformations of complexes (B15C5)2·Sr2+ and (1a–d)2·Sr2+ in MeCN, as calculated by 
DFT; hydrogen atoms are not shown, except the hydroxyl hydrogen. 

 The calculated sandwich structures are characterized by a different number of short stacking 

contacts (SC). The SC number varies in the following order: B15C5 (1 SC) < 1a = 1d (2 SC) < 1c 

(3 SC) < 1b (4 SC). According to experimental data (see the K2:1/K1:1 ratios or the δ∆G values in 

Table 3), the relative stability of the 2:1 complexes of B15C5 and dyes 1a–d with Sr2+ with respect 
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to the corresponding 1:1 complexes increases as follows: B15C5 < 1a < 1d < 1c < 1b. That is, there 

is a correlation between the number of stacking contacts in the sandwich complex and its relative 

stability. 

 In the calculated structures [anti-(s-trans-1)2] ·Sr2+, the H-2' of one benzocrown unit is in the 

shielding region of the benzene ring of the other, which agrees with the observed upfield shift of the 

H-2' signal in the NMR spectrum of the related complex (1b)2·Ba2+ (Fig. 6). 

 The intramolecular distances between H-6' and H-8 and between H(hydroxyl) and H-2' in 

structure [anti-(s-trans-1b)2] ·Sr2+ are 2.79 and 2.72 Å, respectively. The fact that the NOESY 

spectrum of the related complex (1b)2·Ba2+ does not show the expected cross-peak between 

H(hydroxyl) and H-2' is due to significant broadening of the H-2' signal. 

 The intramolecular distance between H(hydroxyl) and H-6' in [anti-(s-trans-1b)2] ·Sr2+ is 

equal to 4.00 Å, whereas the intermolecular distance is just 3.02 Å. Figure S17 represents the anti-

(s-cis)2 and anti-(s-cis,s-trans) conformations of (1b)2·Sr2+ calculated by the same method. The 

relative DFT energies of these conformers with respect to [anti-(s-trans-1b)2] ·Sr2+ are about +0.3 

and +1.8 kcal/mol, respectively. The intra- and intermolecular distances between H(hydroxyl) and 

H-6' in the anti-(s-cis)2 conformer (3.56 and 5.78 Å, respectively) are significantly larger than the 

intermolecular distance between these atoms in the anti-(s-trans)2 conformer. In the non-

symmetrical conformer anti-(s-cis,s-trans), the intramolecular distances between H(hydroxyl) and 

H-6' (3.32 and 3.62 Å) are also larger than 3.02 Å, whereas the shortest intermolecular distance is 

just 2.35 Å. These facts support the conclusion that the cross-peak between H(hydroxyl) and H-6' in 

the NOESY spectrum of (1b)2·Ba2+ arises from the intermolecular NOE. 

3. Conclusions 

Thus, the 15-crown-5-containing 1-hydroxyanthraquinone-imine dyes 1, all except 1c, undergo 

prototropic tautomerization in MeCN to exist as an equilibrated mixture of the imine and enamine 

isomers. The binding of an alkaline metal cation to the crown ether moiety of the tautomeric dye 

causes a shift of the equilibrium toward the imine isomer due to electron-withdrawal effect of the 

crowned metal cation on the amine nitrogen atom. This results in significant changes in the 

absorption spectrum of the dye. The sandwich-type 2:1 complexes formed by dyes 1 with strontium 

and barium cations show higher stability constants than the corresponding 1:1 complexes, with the 

K2:1/K1:1 ratio reaching a value of 10. This phenomenon is related to interchromophoric stacking 

interactions in the sandwich structures; the greater the number of short stacking contacts in the 2:1 

complex, the higher the K2:1/K1:1 ratio. 
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4. Experimental 

4.1 General methods 
1H and 13C NMR spectra were measured on a Bruker AVANCE III 500 spectrometer. The solvent 

(MeCN-d3 or CDCl3) was used as the internal reference.31 Absorption spectra were recorded on a 

Specord M40 spectrophotometer. Chromatography was conducted on glass columns packed with 

silica gel (63–100 µm). Thin layer chromatography (TLC) was carried out on Silufol UV-254 

plates. Elemental analysis was performed on a Vario MICRO Cube analyzer. IR spectra were 

recorded on a Bruker Vector 22 spectrophotometer in KBr pellets. 

4.2 Materials 

Acetonitrile (special purity grade, water content < 0.03%, v/v) was used without additional 

purification. Benzene and ethanol were dried over anhydrous CaCl2 and CuSO4, respectively, 

followed by distillation in vacuo. Mg(ClO4)2, Ca(ClO4)2, Sr(ClO4)2, and Ba(ClO4)2 were dried in 

vacuo at 230 °C, and LiClO4, NaClO4, and KClO4 were dried in vacuo at 170 °C. 

4.3 Spectrophotometric titration (SPT) 

Experiments were conducted in MeCN in 1 and 4.75 cm quartz cells with ground-in stoppers. In 

each SPT experiment, the total ligand concentration (CL) was maintained constant, and the total 

metal concentration (CM) varied incrementally from 0 up to 2 mM (for the system 1b–Mg(ClO4)2, 

the CM value varied up to 0.5 M). The CM-dependent absorption spectra obtained for each of the 

ligand–metal perchlorate systems were subjected to global analysis using the methods described 

previously.23 The complexation stoichiometry, the complex stability constants, and the absorption 

spectra of pure complexes were determined by globally fitting the SPT data to the appropriate 

complexation model (see the Results and Discussion section). For those systems, where 2:1 ligand–

metal complexes were detected, the desired characteristics were obtained by globally fitting the SPT 

data from the two experiments conducted at different CL values in 1 and 4.75 cm cells. When 

needed, a possible systematic error in the CM/CL ratio was taking into account by introducing one 

more variable parameter into the fitting procedure (in addition to the complex stability constants).23 

The standard deviations in the stability constants as the fitting parameters did not exceed 1%. 

4.4 1H NMR titration 

Experiments were conducted in MeCN-d3 in 5 mm NMR tubes (Norell, 500 MHz). The systems 

studied were B15C5–Ba(ClO4)2 and 1b–Ba(ClO4)2. In the case of 1b, the initial solution contained 

both the ligand and Ba(ClO4)2 (5 mL, CL = 2 mM, CM = 1 mM). During the NMR titration, the 

value of CL was maintained at the same level, and the value of CM increased incrementally up to 32 
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mM. Because of a low solubility of free dye 1b in MeCN-d3, its NMR spectrum was measured 

separately at a smaller value of CL. The NMR titration of B15C5 with Ba(ClO4)2 was carried out 

similarly, except that the CM value increased from zero. The proton signals that demonstrated the 

most significant shifts and that could be assigned unambiguously were used in the subsequent 

calculations. The chemical shifts δ were estimated by fitting the proton signals to a sum of 

Lorentzian functions (after the baseline correction). The dependencies of δ on CM obtained for 

different protons of the ligand were fitted globally to the 2:1 complexation model represented by 

Equations (1) and (3), using the assumption that 

 δ = ([L] δL + [L ·Mn+] δ1:1 + 2[L2·Mn+] δ2:1)/CL (5) 

where δL, δ1:1, and δ2:1 are the proton chemical shifts of L, L·Mn+, and L2·Mn+, respectively. In 

these calculations, the stability constant K2:1 was used as a variable parameter, whereas the constant 

K1:1 was fixed at the value derived from the SPT measurements (Tables 1 and 2). A variation of the 

K1:1 value by ±30% had insignificant effect on the calculated value of K2:1/K1:1. 

4.5 Mass spectrometry 

Mass spectra were acquired using a custom-built Ortho-TOF mass spectrometer,32 equipped with a 

custom-built electrosonic spray ionization (ESSI) source. Owing to the use of supersonic nebulizing 

gas (N2), the ESSI technique provides very efficient desolvation of ionic species and narrow charge-

state distributions.33 The spectrometer provides ~ 10000 FWHM resolution. It contains two 

transport radio frequency quadrupoles (RFQ),34 facilitating efficient declusterization and transfer of 

ions to the Ortho-TOF mass analyzer. The ions are transferred from atmospheric pressure region via 

a metal capillary (0.4 mm ID, 11 cm long) to the interface consisted of two RFQ ion guides. The 

electrical potential applied to the sample solution via a stainless steel union (connector) can be 

tuned between 0 and 3 kV. The sample solution was injected by a syringe pump with a flow rate of 

1 µL min−1. 

4.6 Quantum-chemical calculations 

The molecular structures of complexes (1)2·Sr2+ in MeCN were calculated as follows. First, various 

conformations of model complexes (1)2·Na+ in the gas phase were analyzed using the 

parameterized electronic structure model developed by Laikov35 and implemented in the Priroda 14 

program.36 The sodium atom was used in these preliminary calculations because the method has no 

parameterization for strontium. For each complex, several most probable conformations were 

selected in which sodium atoms were replaced by strontium atoms to perform the subsequent DFT 

calculations using the ORCA 3.0 program package.37 Geometry optimizations of complexes 

(1)2·Sr2+ were carried out using the BLYP functional38,39 with the def2-TZVP basis set,40 the D3 
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dispersion correction,41 and the gCP counterpoise correction.42 The COSMO method43 was used to 

simulate effects of MeCN as the experimental solvent. 

4.7 Synthesis of precursors 

Compound 2a was prepared from 1-chloro-9,10-anthraquinone (5) according to the procedure 

described previously.44 4-(tert-Butyl)phenol (16 mmol) and KOH (8 mmol) were mixed with 4 

mmol of 5 and a catalytic amount of metallic copper. The mixture was heated at 130 °C with 

stirring under reflux for 2 hours, then cooled to 100 °C and added to 50 mL of 10% aqueous KOH. 

The resulting yellow precipitate was filtered off and washed, first with 100 mL of 5% aqueous 

KOH and then with distilled water to neutral pH. The residue was dried and subjected to column 

chromatography on silica gel using toluene as the eluent. The second yellow fraction was collected, 

evaporated to dryness and then recrystallized from ethanol to give a flaky yellow solid (1.18 g, 81% 

yield). A similar procedure was used to prepare 2-, 4-, and 5-amino derivatives of 2a (6a–c) from 

the corresponding amino derivatives of 5. Benzoylation of 6a–c resulted in compounds 2b–d, 

respectively.44 Compound 2e was obtained by acylation of 6a with trifluoroacetyl chloride. The 1H 

NMR spectra of compounds 2 are presented in Figures S18–S23. 4’-Aminobenzo-15-crown-5 ether 

(3) was prepared by Pd/C-catalyzed reduction of 4’-nitrobenzo-15-crown-5 ether by hydrazine 

hydrate in diethylene glycol dimethyl ether.45 

4.8 Synthesis of dyes 1a–e (general method) 

1-Aryloxy-9,10-anthraquinone 2 (0.20 mmol) was dissolved in dry benzene (100 mL), then crown 

ether 3 (0.25 mmol) was added, and the solution was exposed to sunlight for 6–8 hours until 

compound 2 was completely consumed (monitoring by TLC). The reaction mixture was evaporated 

in vacuo at 40 °C. The residue was washed with hexane, filtered off, and dissolved in benzene (15 

mL). The solution was subjected to column chromatography on silica gel. First, yellow by-product 

(1-hydroxyanthraquinone) was separated by eluation with benzene. Then a deep colored fraction 

containing compound 1 was collected by eluation with a 3:1 benzene–ethanol mixture; the solvent 

was evaporated in vacuo at 40 °C and the residue was recrystallized from a 1:1 benzene–ethanol 

mixture. 

 4-Hydroxy-10-((2,3,5,6,8,9,11,12-

octahydrobenzo[b][1,4,7,10,13]pentaoxacyclopentadecin-15-yl)imino)anthracen-9(10H)-one 

(1a). Compound 1a was obtained as an orange solid (0.069 g, 71%); m.p. 125–127 °C. 1H NMR 

(500 MHz, CDCl3, Fig. S24): δ = 14.88 (s, 1H; OH), 8.30 (dd, J = 7.8, 1.5 Hz, 1H; 5-H), 7.82 (dd, J 

= 7.6, 1.3 Hz, 1H; 8-H), 7.51–7.58 (m, 2H; 6,7-H), 7.48 (dd, J = 8.2, 1.2 Hz, 1H; 4-H), 7.33–7.36 

(m, 1H; 3-H), 7.31 (dd, J = 8.2, 1.2 Hz, 1H; 2-H), 6.88 (d, J = 8.4 Hz, 1H; 5'-H), 6.57 (d, J = 2.4 
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Hz, 1H; 2'-H), 6.53 (dd, J = 8.4, 2.4 Hz, 1H; 6'-H), 4.15–4.20 (m, 2H; α-H), 4.02–4.08 (m, 2H; α'-

H), 3.93–3.97 (m, 2H; β-H), 3.86–3.91 (m, 2H; β'-H), 3.71–3.83 (m, 8H; γ,δ,δ',γ'-H) ppm. 13C NMR 

(500 MHz, CDCl3, Fig. S25): δ = 183.74 (10-C), 161.45 (9-C), 159.53 (1-C), 150.48 (3'-C), 147.18 

(4'-C), 141.76 (1'-C), 134.03 (12-C), 132.94 (11-C), 132.37 (7-C), 132.31 (6-C), 132.01 (14-C), 

130.01 (13-C), 129.48 (8-C), 128.08 (5-C), 124.11 (3-C), 118.47 (2-C), 118.22 (4-C), 115.03 (5'-C), 

112.57 (6'-C), 106.47 (2'-C), 71.17 (δ-C), 71.10 (δ'-C), 70.51 (γ-C), 70.41 (γ'-C), 69.66 (β-C), 69.40 

(β'-C), 69.32 (α-C), 68.85 (α'-C) ppm. IR (KBr) ν ̃ [cm−1]: 3439 (OH), 3073 (CHar), 2924, 2856 

(CH2), 1665 (C=O), 1591 (C=N), 1555, 1512 (C=Car). ESI-MS: m/z calcd for C28H27NO7+H+: 

490.186 [M+H+]; found: 490.194. Elemental analysis calcd (%) for C28H27NO7: C 68.70, H 5.56, N 

2.86; found: C 68.61, H 5.62, N 2.90. 

 N-(1-Hydroxy-9-((2,3,5,6,8,9,11,12-

octahydrobenzo[b][1,4,7,10,13]pentaoxacyclopentadecin-15-yl)imino)-10-oxo-9,10-

dihydroanthracen-2-yl)benzamide (1b). Compound 1b was obtained as a brown powder (0.089 g, 

73%); m.p. 157–159 °C. 1H NMR (500 MHz, MeCN-d3–CDCl3 (4:1), Fig. S26): δ = 16.57 (s, 1H; 

OH), 9.18 (s, 1H; NH), 8.74 (d, J = 8.4 Hz, 1H; 4-H), 8.28 (dd, J = 7.8, 1.2 Hz, 1H; 5-H), 7.94–7.98 

(m, 2H; 2'',6''-H), 7.82 (d, J = 8.4 Hz, 1H; 3-H), 7.60–7.69 (m, 2H; 6,7-H), 7.54–7.58 (m, 2H; 3'',5''-

H), 7.51 (d, J = 8.2, 1.1 Hz, 1H; 8-H), 7.39 (td, J = 7.3, 1.5 Hz, 1H; 4''-H), 7.11 (d, J = 8.4 Hz, 1H; 

5'-H), 6.91 (d, J = 2.3 Hz, 1H; 2'-H), 6.82 (dd, J = 8.4, 2.3 Hz, 1H; 6'-H), 4.22–4.29 (m, 2H; α-H), 

4.07–4.15 (m, 2H; α'-H), 3.89–3.96 (m, 2H; β-H), 3.81–3.87 (m, 2H; β'-H), 3.68–3.81 (m, 8H; 

γ,γ',δ,δ'-H) ppm. 13C NMR (500 MHz, MeCN-d3–CDCl3 (4:1), Fig. S28): δ = 182.86 (10-C), 166.33 

(NHCO), 161.82 (9-C), 154.42 (1-C), 149.36 (3'-C), 146.56 (4'-C), 141.57 (1'-C), 135.47 (2-C), 

135.42 (12-C), 135.17 (1''-C), 133.80 (7-C), 133.34 (6-C), 133.08 (4''-C), 130.44 (8-C), 129.98 

(3'',5''-C), 129.25 (11-C), 128.75 (5-C), 128.20 (2'',6''-C), 127.31 (14-C), 126.29 (13-C), 122.26 (4-

C), 119.56 (3-C), 116.25 (5'-C), 115.63 (6'-C), 108.57 (2'-C), 69.67 (δ-C), 69.65 (δ'-C), 69.12 (γ-C), 

69.04 (γ'-C), 68.75 (β,β'-C), 68.57 (α,α'-C) ppm. IR (KBr) ν ̃ [cm−1]: 3431, 3378 (OH, NH), 3073 

(CHar), 2912, 2866 (CH2), 1671 (C=O), 1653 (C=N), 1590, 1513 (C=Car). ESI-MS: m/z calcd for 

C35H32N2O8+H+: 609.223 [M+H+]; found: 609.260. Elemental analysis calcd (%) for C35H32N2O8: C 

69.07, H 5.30, N 4.60; found: C 69.07, H 5.66, N 4.49. 

 N-(4-Hydroxy-10-((2,3,5,6,8,9,11,12-

octahydrobenzo[b][1,4,7,10,13]pentaoxacyclopentadecin-15-yl)imino)-9-oxo-9,10-

dihydroanthracen-1-yl)benzamide (1c). Compound 1c was obtained as a dark red powder (0.071 

g, 58%); m.p. 161–163 °C. 1H NMR (500 MHz, CDCl3, Fig. S29): δ = 15.58 (s, 1H; OH), 13.28 (s, 

1H; NH), 9.16 (d, J = 9.4 Hz, 1H; 3-H), 8.36 (dd, J = 7.9, 1.4 Hz, 1H; 5-H), 8.14–8.18 (m, 2H; 

2'',6''-H), 7.55–7.62 (m, 4H; 6,7,3'',5''-H), 7.50 (d, J = 8.1 Hz, 1H; 8-H), 7.44 (d, J = 9.4 Hz, 1H; 2-
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H), 7.33–7.40 (m, 1H; 4''-H), 6.88 (d, J = 8.4 Hz, 1H; 5'-H), 6.61 (d, J = 2.4 Hz, 1H; 2'-H), 6.55 (dd, 

J = 8.4, 2.4 Hz, 1H; 6'-H), 4.15–4.20 (m, 2H; 2 × α-H), 4.03–4.09 (m, 2H; 2 × α'-H), 3.93–3.98 (m, 

2H; 2 × β-H), 3.87–3.92 (m, 2H; 2 × β'-H), 3.74–3.84 (m, 8H; 2 × γ-H, 2 × γ'-H, 2 × δ-H, 2 × δ'-H) 

ppm. 13C NMR (500 MHz, CDCl3, Fig. S30): δ = 187.27 (10-C), 166.38 (NHCO), 159.36 (9-C), 

158.58 (1-C), 150.51 (3'-C), 147.36 (4'-C), 141.25 (1'-C), 135.81 (4-C), 135.13 (12-C), 134.51 (11-

C), 132.51 (14-C), 132.16 (1''-C), 132.10 (13-C), 129.30 (4''-C), 129.21 (7-C), 129.00 (3'',5''-C), 

128.30 (6-C), 127.75 (2'',6''-C), 127.69 (8-C), 126.78 (5-C), 116.49 (3-C), 116.36 (2-C), 114.96 (5'-

C), 113.00 (6'-C), 106.83 (2'-C), 71.16 (δ-C), 71.11 (δ'-C), 70.49 (γ-C), 70.40 (γ'-C), 69.63 (β-C), 

69.39 (β'-C), 69.28 (α-C), 68.88 (α'-C) ppm. IR (KBr) ν ̃ [cm−1]: 3356, 3308 (OH, NH), 3062 

(CHar.), 2950, 2921 (CH2), 1671, 1630 (C=O, C=N), 1601, 1582 (C=Car). ESI-MS: m/z calcd for 

C35H32N2O8+H+: 609.223 [M+H+]; found: 609.242. Elemental analysis calcd (%) for C35H32N2O8: C 

69.07, H 5.30, N 4.60; found: C 68.77, H 5.31, N 4.65. 

 N-(5-Hydroxy-10-((2,3,5,6,8,9,11,12-

octahydrobenzo[b][1,4,7,10,13]pentaoxacyclopentadecin-15-yl)imino)-9-oxo-9,10-

dihydroanthracen-1-yl)benzamide (1d). Compound 1d was obtained as a dark red powder (0.078 

g, 64%); m.p. 163–165 °C. 1H NMR (500 MHz, CDCl3, Fig. S31): δ = 14.57 (s, 1H; OH), 13.34 (s, 

1H; NH), 9.11 (dd, J = 8.4, 1.1 Hz, 1H; 8-H), 8.14–8.19 (m, 2H; 2'',6''-H), 7.82 (dd, J = 7.6, 1.1 Hz, 

1H; 6-H), 7.56–7.65 (m, 3H; 3'',4'',5''), 7.54 (t, J = 8.0 Hz, 1H; 7-H), 7.39 (t, J = 8.2 Hz, 1H; 3-H), 

7.29–7.34 (m, 2H; 2,4-H), 6.86 (d, J = 8.4 Hz, 1H; 5'-H), 6.56 (d, J = 2.3 Hz, 1H; 2'-H), 6.54 (dd, J 

= 8.4, 2.3 Hz, 1H; 6'-H), 4.15–4.20 (m, 2H; 2 × α-H), 4.03–4.09 (m, 2H; 2 × α'-H), 3.93–3.98 (m, 

2H; 2 × β-H), 3.87–3.92 (m, 2H; 2 × β'-H), 3.74–3.84 (m, 8H; 2 × γ-H, 2 × γ'-H, 2 × δ-H, 2 × δ'-H) 

ppm. 13C NMR (500 MHz, CDCl3, Fig. S32): δ = 188.15 (10-C), 166.60 (NHCO), 160.74 (9-C), 

159.35 (1-C), 150.46 (3'-C), 142.45 (4'-C), 141.61 (1'-C), 134.76 (5-C), 133.94 (12-C), 133.09 (14-

C), 132.95 (11-C), 132.43 (13-C), 131.05 (1''-C), 129.17 (4''-C), 129.09 (3'',5''-C), 127.80 (2'',6''-C), 

124.86 (3-C), 124.01 (7-C), 123.82 (8-C), 118.79 (4-C), 118.71 (6-C), 117.76 (2-C), 116.49 (5'-C), 

113.15 (6'-C), 106.84 (2'-C); 71.18 (δ-C), 71.12 (δ'-C), 70.53 (γ-C), 70.45 (γ'-C), 69.64 (β-C), 69.40 

(β'-C), 69.28 (α-C), 68.92 (α'-C) ppm. ESI-MS: m/z calcd for C35H32N2O8+H+: 609.223 [M+H+]; 

found: 609.248. Elemental analysis calcd (%) for C35H32N2O8: C 69.07, H 5.30, N 4.60; found: C 

68.82, H 5.32, N 4.68. 

 2,2,2-Trifluoro-N-(1-hydroxy-9-((2,3,5,6,8,9,11,12-

octahydrobenzo[b][1,4,7,10,13]pentaoxacyclopentadecin-15-yl)imino)-10-oxo-9,10-

dihydroanthracen-2-yl)acetamide (1e). Compound 1e was obtained as a dark red powder (0.089 

g, 74%); m.p. 153–155 °C. 1H NMR (500 MHz, CDCl3, Fig. S33): δ = 17.34 (s, 1H; OH), 9.35 (s, 

1H; NH), 8.58 (d, J = 8.3 Hz, 1H; 3-H), 8.35 (dd, J = 7.8, 1.1 Hz, 1H; 5-H), 7.82 (d, J = 8.3 Hz, 1H; 
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4-H), 7.63 (td, J = 7.8, 1.1 Hz, 1H; 6-H), 7.56 (dd, J = 8.2, 1.0 Hz, 1H; 8-H), 7.38 (td, J = 7.8, 1.5 

Hz, 1H; 7-H), 6.92 (d, J = 8.5 Hz, 1H; 5'-H), 6.66–6.71 (m, 2H; 2',6'-H), 4.17–4.22 (m, 2H; α-H), 

4.03–4.09 (m, 2H; α'-H), 3.94–3.99 (m, 2H; β-H), 3.87–3.92 (m, 2H; β'-H), 3.74–3.83 (m, 8H; 

γ,γ',δ,δ'-H) ppm. 13C NMR (500 MHz, CDCl3, Fig. S35): δ = 181.94 (10-C), 160.16 (9-C), 156.25 

(NHCO), 154.84 (1-C), 150.58 (3'-C), 148.38 (4'-C), 137.65 (1'-C), 134.50 (2-C), 133.11 (7-C), 

132.50 (6-C), 131.96 (11-C), 129.38 (8-C), 129.12 (12-C), 128.62 (5-C), 128.36 (14-C), 127.77 

(13-C), 122.18 (4-C), 118.49 (3-C), 115.14 (CF3), 114.66 (5'-C), 114.21 (6'-C), 107.53 (2'-C), 71.17 

(δ-C), 71.13 (δ'-C), 70.42 (γ-C), 70.37 (γ'-C), 69.52 (β-C), 69.32 (β'-C), 69.15 (α-C), 68.98 (α'-C) 

ppm. IR (KBr) ν ̃ [cm−1]: 3333 (OH, NH), 3075 (C–Har), 2932, 2860 (C–H), 1719 (C=O in 

NHCOCF3), 1655 (C=O, C=N), 1588 (C=Car), 1541, 1510 (C=Car), 1129 (CF3). ESI-MS: m/z calcd 

for C30H27F3N2O8+H+: 601.179 [M+H+]; found: 601.170. Elemental analysis calcd (%) for 

C30H27F3N2O8: C 60.00, H 4.53, N 4.66; found: C 59.86, H 4.42, N 4.81. 
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