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Abstract Quantitative structure–property relationships

(QSPR) models for the stability constants of 58 complexes

of 1,4,7,10,13-pentaoxacyclopentadecane ethers (15C5)

were established with the Comprehensive Descriptors for

Structural and Statistical Analysis (CODESSA) program.

Experimental stability constants (log K) for a diverse set of

58 complexes of 15C5 structures are correlated with

computed structural descriptors using CODESSA. Stability

constants for complexes of 15C5 ethers with potassium

cation (K+) have been determined at 25 �C in methanol

solution. Standard quantum chemistry packages are used

for optimizing the molecular geometry and for semi-

empirical quantum computations. The QSPR model for the

stability constants (log K) is obtained by selecting

descriptors from a wide diversity of constitutional, geo-

metrical, topological, electrostatic, quantum chemical, and

thermodynamic molecular descriptors. The best multilinear

regression method (BMLR) encoded in CODESSA soft-

ware was used to select significant descriptors for building

multilinear QSPR model and the predictive power of model

is estimated with the leave-one-out (LOO) cross-validation

method. The proposed model can be used for the prediction

of the stability constants of 15C5 complexes. The best

QSPR model with five descriptors has R2 = 0.9452,

s2 = 0.0110, and F = 67.0312.

Keywords 15-Crown-5 ethers � Stability constants �
QSPR � BMLR � Prediction

Abbreviations

QSPR Quantitative structure–property relationships

15C5 1,4,7,10,13-Pentaoxacyclopentadecane

CODESSA Comprehensive Descriptors for Structural

and Statistical Analysis

BMLR Best multilinear regression

log K Stability constant of complex formation

AM1 Austin Method 1

TMSA Total molecular surface area

PNSA1 Partial negatively charged molecular surface

area

WNSA1 Surface weighted charged partial negative

charged surface area

Introduction

Crown ethers are compounds with multiple oxygen het-

eroatom (three or more) incorporated in a monocyclic

carbon backbone. They were first synthesized by Pedersen

in 1967 [1, 2]. Their generic name originates from their

molecular shape, reminiscent of a royal crown. Owing to

the nature of their binding sites and to the presence of a

hydrophilic cavity delineated by a lipophilic envelope,

crown ethers exhibit a strong affinity and high selectivity

for alkali and alkaline earth metal ions. They were the first

synthetic ligands for which this pronounced selectivity was

identified. Crown ethers were extensively studied in parallel

with natural ion-selective cyclic antibiotics such as valin-

omycin or enniatin for which they serve as simple models,

helping to explain the transport of these biologically rele-

vant cations and the mechanism of neurotransmission [3–6].

Crown ethers have found applications in many areas

based on their ability to selectively recognize metal and

ammonium ions. In analytical chemistry, their selective
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metal ion binding properties are exploited in separation and

transport processes for the recovery or the removal of

cations, in their concentration from very dilute solutions

(trace enrichment of radionuclides) and in the design of

ion-selective electrodes. They have also been used bonded

to the stationary phase in chromatographic techniques.

Owing to their ability to dissolve salts in organic media, by

reducing the cation/anion interaction (i.e., by shielding the

cation and activating the anion), they have been used in

many syntheses, and as catalysts in phase-transfer catalysis

or enzyme mimics. They also have medical applications as

diagnostic or therapeutic agents [7–9].

Crown ethers have been extensively utilized as phase-

transfer catalysts in organic synthesis [10, 11], as neutral

carriers in ion sensors [12], and for enhancing the separa-

tion selectivity in chromatography, electrophoresis,

membrane transfer, and solvent extraction of cations [13–

17]. Crown ethers have also received special interest from

physical chemists, who seek to understand the origins of

their complexation selectivity. A variety of efficient

approaches have been utilized to elucidate the structural

and thermodynamic aspects of this chemistry. X-ray crys-

tallography has, for example, played an important role in

revealing unambiguously the solid-phase structures of

crown ether complexes [18]. Based on such studies, it was

directly confirmed that a cation is accommodated in the

cavity of a crown ring. This structure has led to the well-

known size fit theory, which has been successfully applied

to explain crown ether complexation. However, we must

bear in mind that a size fit is just one of the factors gov-

erning the selectivity in crown ether complexation. Crown

ether complexation in solution has often been discussed

according to thermodynamic data obtained with calori-

metric, spectroscopic, and electrochemical and separation

methods. Izatt and his coworkers have made great contri-

butions to the accumulation of thermodynamic data of

crown ether complexation, mainly by means of calorime-

try, and have published comprehensive reviews in which

extensive discussions are given based on a number of

thermodynamic and kinetic data compiled for various

systems [19, 20]. Although these data have allowed us to

discuss systematically crown ether complexation in solu-

tion, it is a problem that thermodynamic studies do not

give direct information on solution phase structures and

therefore most discussions strongly depend on the corre-

sponding solid-phase structures revealed by X-ray

crystallography. Thus, a number of researchers still show

great interest in the solution phase complexation of crown

ethers. Recent developments in computer science have

allowed discussions of the relations between complexation

and solution phase structures of crown ethers [21–24].

The stability constants of macrocyclic ligand–metal ion

complexes in solutions have been measured by various

experimental techniques such as potentiometry, conduc-

tometry, and calorimetry [25]. The cation–crown ether

interaction depends on several factors, such as the properties

of the cation, the ligand (the ratio the diameters of the cation

and the crown ether cavity), and the solvent, particularly its

ability to solvate cation and ligand molecules [26–32].

Crown ether moiety is one of the most popular host

compounds in host–guest chemistry field, and they showed

remarkable ability to form strong complexes with alkali

metal, alkaline metal, and organic cations [33, 34]. When

the metal cations radii exactly fit the size of the crown ether

unit, it always forms a 1:1 host/guest complex. However,

compounds that consist of more than one crown ether units

in the same molecule, it may produce ‘‘sandwich type’’

complexes with the metal cations. When the cation size

exceeds that of the crown ether cavity such as the

‘‘butterfly crown ethers’’ [35, 36], it may form a host/guest

2:1 sandwich type complex [37–40].

Crown ethers are widely used as complexing agents that

can capture selectively metal cations in their cavity. Their

ability to bind metal cations depends on many factors, such

as the cavity size, the nature of heteroatoms (oxygen,

nitrogen, or sulfur) and substituents in the macrocycle, and

the solvent. Recently, crown ethers have found new

application as components of supramolecular systems [41].

In our previous papers, we reported on the application of

quantitative structure–property/activity relationships

(QSPR/QSAR) techniques in the development of a new,

simplified approach to prediction of compounds properties

using different models [42–46]. The aim of the present

study is to build QSPR multiple regression model, which

could correlate and predict the stability constants (log K) of

complexation between 58 diverse 15-crown-5 ethers and

metal ion K+ in methanol solution. We used CODESSA

software for the prediction of stability constants (log K);

we believe the modules integrated in this software package

provide an optimum way to high quality results. QSPR

modeling, by multilinear regression utilized in the

CODESSA program, which applies up to 575 different

constitutional, geometrical, topological, electrostatic,

quantum chemical, and thermodynamic molecular

descriptors. The predictive power of the resulting model is

demonstrated by testing them on unseen data that were not

used during model generation. A physicochemical expla-

nation of the selected descriptors is also given.

Material and methods

Dataset

The chemical structures and experimental values for the

stability constants of 58 15C5 ether derivatives taken from
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the literature [47] are presented in Tables 1 and 4,

respectively. The dataset was split into a training set and a

testing set. The training set of 46 complexes was used to

adjust the parameters of the models, and the test set of 12

complexes was used to evaluate its prediction ability. Since

the temperature and solvent also affect the stability con-

stants, we used only data obtained at standard temperature

(25 �C) and just in methanol solution.

Molecular modeling and descriptor calculation

The structures were drawn in HyperChem 7.5 [48] and

exported in a file format suitable for AMPAC 8.16 [49]. The

geometry optimization was performed on a HP Pavilion

dv6000 Laptop computer with AMD Turion64 X2 Mobile

Technology CPU with windows XP operating system with

the semi-empirical quantum method Austin Method 1

(AM1) [50] incorporated in the AMPAC 8.16 program. The

gradient norm criterion 0.01 kcal/Å was applied in the

geometry optimization for all structures. The HyperChem

mol files and the AMPAC output files were used by the

CODESSA program [51] to compute more than 575 struc-

tural descriptors for the 58 crown ethers. CODESSA

computes six classes of structural descriptors: constitutional

(number of various types of atoms and bonds, number of

rings, molecular weight, etc.); topological (Wiener index,

Randic indices, Kier–Hall shape indices, Balaban index,

etc.); geometrical (moments of inertia, molecular volume,

molecular surface area, etc.); electrostatic (minimum and

maximum partial charges, polarity parameter, charged

partial surface area descriptors, etc.); and quantum chemical

(reactivity indices, dipole moment, HOMO and LUMO

energies, etc.) and thermodynamic descriptors (vibrational

enthalpy of the molecule, translational enthalpy of the

molecule, vibrational entropy of the molecule, rotational

entropy of the molecule, etc.). The generation of the

descriptors is carried out without taking into account of the

solvation of the ligands molecules. It means that the gen-

erated descriptors are carried out using the gas-phase

geometry calculation of AM1. We did not use any extra

descriptor to consider the lariat effect and also the changing

in the conformation of ligands was not considered.

Results and discussion

Multilinear regression modeling

An important stage in the multilinear regression QSPR

methodology is the search for the best multilinear equation

among a given pool of descriptors. The best multilinear

regression (BMLR) procedure [52] available in the

framework of the CODESSA was used to find the best

correlation models from selected non-collinear descriptors.

Equation 1 gives the mathematical representation of the

equation that should correlate the best log K with a certain

number (n) of molecular descriptors (di) weighted by the

regression coefficients bi:

log K ¼ b0 þ
Xn

i¼1

bidi ð1Þ

The best multilinear regression method (BMLR)

encoded in CODESSA Pro software was used to select

significant descriptors for building multilinear QSPR

models [53]. The treatment started with the reduction of

the number of molecular descriptors. If two descriptors

were highly correlated, then only one descriptor was

selected; the descriptors with insignificant variance were

also rejected. This helps to speed up the descriptor

selection and reduces the probability of including

unrelated descriptors by chance. The strategy used to

develop physically meaningful multilinear QSPR equations

from the very large pool of descriptors is a combination of

the multilinear regression and forward selection

procedures. This strategy involved the following steps:

(1) Detection of all orthogonal pairs of descriptors i and j

from the given descriptor space. Pairs of descriptors

with a correlation coefficient Rij
2 [ 0.6 were consid-

ered inter-correlated and such pairs were eliminated

at this stage.

(2) Search for superior multi-parameter regression equa-

tions: for each descriptor pair, retained in the previous

step, additional non-collinear descriptor vectors were

successively added, and the appropriate (n + 1)-

parameter regression treatment was carried out. When

the Fisher criterion F (or cross-validation coefficient

Rcv) obtained for any of these correlations was lower

than for the best correlation of the previous rank (n), the

latter was designed as the final result and the search was

terminated. Otherwise, the descriptor sets with the

highest coefficient of determinations were stored and

the current step was repeated with the number of

parameters (descriptors) increased by one (n + 2). The

final result had therefore the maximum value of the

Fisher criterion and the highest cross-validated coeffi-

cient of determination. A major decision in developing

successive QSPR is when to stop adding descriptors to

the model during the stepwise regression procedure.

A simple rule (‘‘breaking point’’ rule) was used to decide

the optimum number of descriptors by considering the

improvement of the R2 by addition of a further descriptor to

the model. If the difference between the models with n and

n + 1 descriptors is improved by a value of less than 0.02
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Table 1 Chemical structures of 58 15-crown-5 ethers
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Table 1 continued
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(DR2 \ 0.02), then the optimum model is taken to have n

descriptors. The plot of the number of descriptors involved

in the obtained models versus square correlation coefficient

(R2) and the cross-validated square correlation coefficient

(R2
cv) values corresponding to those models and selection of

the optimum number of descriptors is shown in Fig. 1.

Consequently, the model corresponding to the breaking

point is considered the best/optimum model. In addition,

the Fisher criterion was also monitored for a significant

improvement in the correlation coefficient value with

respect to the number of descriptors. The final QSPR model

selected for the crown ethers is shown in Table 2. In

Table 2, X, DX, t-test, R2, and s2 are the regression

coefficients, standard errors of the regression coefficients, t

significance, coefficient of determination, and squared

standard deviation, respectively.

The log K is assumed to be highly dependent upon the

maximum net atomic charge (most positive) for hydrogen

atoms, d1; average information content (order 2), d2;

maximum nuclear–nuclear repulsion for C–H bonds,

d3; maximum nuclear–nuclear repulsion for C–C bonds, d4;

and weighted partial negative charged surface area

(WNSA1), d5. The values of five descriptors for 58 15C5

are listed in Table 3. The QSPR model was generated using

a training set of 46 crown ethers. The test set of 12 crown

ethers (Table 4) with regularly distributed log K values

was used to assess the predictive ability of the QSPR model

produced in the regression.

BMLR analysis

The best multilinear regression (BMLR) procedure avail-

able in the framework of the CODESSA PRO was used to

Table 1 continued
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Fig. 1 Correlation and cross-validated correlation coefficients (R2

and RCV
2 ) versus number of descriptors for log K values of 58 crown

ethers
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Table 3 The descriptors values for 58 compounds

No. d1 d2 d3 d4 d5

1 0.2029 1.3788 28.0880 114.2850 26.8451

2 0.2403 2.5816 29.1660 122.6700 30.5213

3 0.2280 2.9017 29.0920 122.7320 46.3491

4 0.2191 2.8873 29.0880 122.7290 42.9662

5 0.2105 2.8451 29.0930 122.7270 51.3847

6 0.2360 2.7913 29.0940 122.7270 58.1360

7 0.2407 2.2485 28.1330 115.2020 46.2836

8 0.2325 2.4115 28.5170 114.3940 46.0634

9 0.1928 2.9377 29.0830 122.7280 65.7881

10 0.2487 2.7047 28.0350 122.1930 76.7420

11 0.2107 3.1394 28.2040 123.4380 85.0576

12 0.2642 3.1771 28.1360 123.5210 90.7570

13 0.2282 2.9608 28.1220 123.4580 122.3442

14 0.2286 3.2620 28.5080 123.5100 114.4621

15 0.2616 2.5558 28.1980 114.8220 77.7206

16 0.2280 2.7599 28.7980 114.2670 75.1756

17 0.2293 3.1283 29.1070 122.7370 88.1416

18 0.2074 2.3163 28.5150 114.2690 64.1022

19 0.1935 2.6563 29.0380 122.6710 64.2308

20 0.2349 2.8619 29.0790 122.7280 73.3991

21 0.2084 2.2379 28.4850 114.2690 77.3927

22 0.2131 2.7908 29.0820 122.7270 87.4824

23 0.2539 2.0776 28.2320 114.2990 92.4574

24 0.1912 2.1724 28.4860 114.3030 98.1164

25 0.2158 2.3193 29.1270 116.1800 32.4641

26 0.3860 2.5816 28.8740 115.9930 34.1826

27 0.2496 2.4120 29.3220 117.0080 65.0123

28 0.2488 2.3266 29.1740 116.3760 79.1355

29 0.2530 2.2549 29.3540 117.3120 96.5612

30 0.2217 2.5009 29.2390 116.0560 59.3033

31 0.2272 2.4141 29.1770 116.8020 82.1789

32 0.1951 2.3404 29.1140 116.7120 98.5604

33 0.2254 2.8512 29.0220 117.0840 62.7907

34 0.2234 2.9531 29.2020 122.7310 51.0221

35 0.2591 3.2974 29.0600 124.0850 55.8527

36 0.2588 3.3640 29.0850 122.7280 52.6296

37 0.2086 2.9801 29.0860 122.7280 54.7154

Table 2 The multilinear QSPR model obtained for 46 crown ethers for log K (R2 = 0.9452, F = 67.0312, and s2 = 0.0110)

No. X DX t-Test Descriptor

0 -7.1531 1.4498 -4.9340 Intercept

1 -1.6602 0.3534 -4.6973 Max net atomic charge for a H atom, d1

2 -0.5744 0.0748 -7.6827 Average information content (order 2), d2

3 0.3352 0.0488 6.8685 Max n–n repulsion for a C–H bond, d3

4 0.0166 0.0071 2.3326 Max n–n repulsion for a C–C bond, d4

5 0.0101 0.0008 13.2083 WNSA1 Weighted PNSA (PNSA1*TMSA/1000), d5
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Table 3 continued

No. d1 d2 d3 d4 d5

38 0.2317 2.9094 29.3000 122.7260 67.8314

39 0.2066 2.8418 29.1450 122.7270 93.3363

40 0.2184 2.9307 29.0890 122.7270 61.8624

41 0.2259 2.8931 29.2890 122.7270 85.0030

42 0.2224 2.8626 29.2780 122.7280 86.3221

43 0.2153 2.9430 29.1990 122.1350 64.3698

44 0.2410 3.2726 29.1170 123.5000 92.5329

45 0.2605 3.0161 29.1350 122.7240 63.9585

46 0.2424 2.8530 29.1060 122.7280 100.7149

47 0.2689 3.0035 29.1150 122.7300 61.0331

48 0.2141 2.9697 29.1160 122.7340 64.4290

49 0.2359 2.9343 29.1070 122.7280 74.8760

50 0.2540 2.8946 29.0790 122.7330 105.9792

51 0.4945 3.0715 29.0810 122.7290 48.9480

52 0.2663 3.0215 29.1170 122.7250 64.3869

53 0.2080 2.8869 29.1060 122.7270 120.5140

54 0.3799 3.0062 29.0620 117.0410 31.9018

55 0.2596 2.5972 28.5210 114.2700 78.2697

56 0.2225 2.7976 29.1890 117.7410 87.9364

57 0.2668 2.7976 29.3450 117.0640 101.3521

58 0.2448 3.1079 29.2510 122.7040 40.8798

Table 4 Experimental and predicted stability constants of 15-crown-5 ethers complexes

No. Log K for K+ in MeOH at 25 �C

Experimental Predicted Residual Relative error (%)

1 3.33a 3.31 0.02 -0.63

2 3.19a 3.09 0.10 -3.01

3 3.00a 3.07 -0.07 2.23

4 3.04a 3.06 -0.02 0.49

5 3.15b 3.18 -0.03 0.95

6 3.29a 3.24 0.05 -1.61

7 3.09b 2.97 0.12 -3.75

8 3.18a 3.01 0.17 -5.44

9 3.22a 3.30 -0.08 2.45

10 3.30b 3.09 0.21 -6.33

11 3.11a 3.07 0.04 -1.41

12 2.86a 2.99 -0.13 4.62

13 3.53b 3.49 0.04 -1.13

14 3.44a 3.37 0.07 -2.12

15 3.13a 3.10 0.03 -1.05

16 3.19a 3.20 -0.01 0.34

17 3.24a 3.36 -0.12 3.83

18 3.34a 3.28 0.06 -1.71

19 3.37a 3.43 -0.06 1.72

20 3.24a 3.35 -0.11 3.33
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find the best correlation models from selected non-collinear

descriptors. The BMLR selects the best two-parameter

regression equations, the best three-parameter regression

equations, etc., on the basis of the highest R2 value in the

stepwise regression procedure. During the BMLR proce-

dure, the descriptor scales are normalized and centered

automatically, and the final result is given in natural scales.

The result obtained by BMLR is the best representation of

the property in the given descriptors’ pool.

Consequently, the model corresponding to the break

point shows the optimum number of descriptors to be used

in modeling that property (log K).

Table 4 continued

No. Log K for K+ in MeOH at 25 �C

Experimental Predicted Residual Relative error (%)

21 3.50a 3.45 0.05 -1.40

22 3.38a 3.57 -0.19 5.59

23 3.45a 3.54 -0.09 2.49

24 3.62a 3.73 -0.11 2.98

25 2.95a 3.18 -0.23 7.93

26 2.70b 2.68 0.02 -0.74

27 3.36a 3.48 -0.12 3.69

28 3.72a 3.62 0.10 -2.77

29 3.89b 3.90 -0.01 0.36

30 3.42a 3.38 0.04 -1.26

31 3.68a 3.64 0.04 -1.03

32 4.00a 3.88 0.12 -2.98

33 3.14a 3.15 -0.01 0.32

34 3.25a 3.13 0.12 -3.72

35 2.98a 2.90 0.08 -2.82

36 2.94b 2.81 0.13 -4.35

37 3.15a 3.14 0.01 -0.41

38 3.47b 3.34 0.13 -3.63

39 3.79a 3.63 0.16 -4.20

40 3.29a 3.22 0.07 -2.04

41 3.52a 3.53 -0.01 0.37

42 3.68a 3.57 0.11 -3.10

43 3.49b 3.27 0.22 -6.22

44 3.35a 3.32 0.03 -0.84

45 3.29b 3.14 0.15 -4.56

46 3.72a 3.63 0.09 -2.50

47 2.98a 3.10 -0.12 3.93

48 3.07a 3.24 -0.17 5.64

49 3.25b 3.33 -0.08 2.43

50 3.56a 3.63 -0.07 1.91

51 2.61a 2.55 0.06 -2.30

52 3.17a 3.13 0.04 -1.39

53 3.79b 3.87 -0.08 1.98

54 2.38a 2.50 -0.12 5.21

55 3.23a 3.18 0.05 -1.52

56 3.46a 3.51 -0.05 1.36

57 3.61a 3.61 0.00 0.03

58 3.07a 2.92 0.15 -4.95

a Training
b Testing
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The BMLR technique was performed on the 15C5 of the

training set shown in Table 4. After regression analysis, a

few suitable models were obtained among which the best

model was selected and presented in Eq. 2. A small num-

ber of molecular descriptors (five descriptors) proposed

were used to establish a QSPR model. BMLR analysis

provided a useful equation that can be used to predict the

log K of 15C5 complexes based upon these parameters.

The best equation obtained for the stability constants of the

15C5 complexes is:

log K ¼ �7:1531� 1:6602d1 � 0:5744d2 þ 0:3352d3

þ 0:0166d4 þ 0:0101d5

ð2Þ

Positive values in the regression coefficients indicate

that the indicated descriptor contributes positively to the

value of log K, whereas negative values indicate that the

greater the value of the descriptor the lower the value of

log K. In other words, increasing the d1 and d2 will

decrease log K and increasing the d3, d4 and d5 increases

extent of log K of the 15C5 complexes.

Model validation techniques are needed in order to

distinguish between true and random correlations and to

estimate the predictive power of the model. The real pre-

dictive ability of any QSPR model cannot be judged solely

by using internal validation, it has to be validated on the

basis of predictions for log K of complexes not included in

the training set. For evaluation of the predictive power of

the generated BMLR, the optimized model was applied for

prediction of log K values of 12 complexes in the predic-

tion set, which were not used in the optimization

procedure. The predicted values of log K, residuals and the

percent relative errors (RE%) of prediction obtained by the

BMLR method are presented in Table 4. The plots of

predicted log K versus experimental log K and the resid-

uals (experimental log K - predicted log K) versus

experimental log K value, obtained by the BMLR model-

ing, and the random distribution of residuals about zero

mean are shown in Figs. 2 and 3, respectively. The stability

and validity of model was tested by prediction of the

response values for the prediction set. The average relative

errors (RE%) of prediction and square of correlation

coefficient (R2) are -2.08% and 0.9235 for BMLR model,

respectively.

Interpretation of the selected descriptors

It is well-known that the process of cation–macrocycle

association depends on several factors including the rela-

tive cation and ligand cavity sizes, the number and

arrangement of the ligand binding sites, the substitution on

the macrocyclic ring and, especially, the nature of the

solvent and, etc. Here to eliminate the effect of solvent and

temperature on the stability constants, we used only data at

25 �C and in methanol solution.

The ring sizes of crown ethers are not known precisely,

but on the basis of molecular models, the diameter of ring

sizes of 15C5 ethers are 1.7–2.2 Å. The ionic diameter of

the potassium cation is 2.66 Å [54]. In these cases, the

complexation takes place outside the circular bidimen-

sional cavity and the cation completes its coordination

sphere with a second ligand, leading to a sandwich com-

plex. The stoichiometry of the binding of K+(M) with 15C5

ethers (L) studied in the present work is 1:2 (ML2). It is

noted that the size of the crown cavity, charge density of

ions (i.e., Coulombic interactions) as well as hydrophobic

interaction plays a major role in governing the occurrence

and stability of the complexed species.

The descriptors involved in the QSPR model are:

(i) maximum net atomic charge for H atoms, d1; (ii) aver-

age information content (order 2), d2; (iii) maximum

nuclear–nuclear repulsion for C–H bonds, d3; (iv) maxi-

mum nuclear–nuclear repulsion for C–C bonds, d4;

(v) surface weighted charged partial negative charged

surface area (WNSA1), d5.
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Fig. 2 Scatter plot of the predicted versus experimental log K values

for train and test sets of 15-crown-5 ethers complexes

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 4.2

LogK(Exp.)

R
es

id
ua

ls
   

train set
test set

Fig. 3 Scatter plot of the experimental log K values versus residuals

348 J Incl Phenom Macrocycl Chem (2008) 60:339–351

123



In this QSPR modeling according to selected descrip-

tors, complexation phenomenon is mainly related to:

(i) cation/ligand electrostatic interactions (d1 and d5);

(ii) steric deformation of the ligand and conformational

changes of the ligand accompanying the complexation (d2);

and (iii) repulsion between neighbors C–H and C–C bonds

(d3 and d4). As the stability constant is a mean parameter

which reflect the whole properties of the ligand in com-

plexation reaction (i.e., cavity size, lariat effect, geometry

of donating centers, solvation of the ligand and metal ion,

etc.) to have a better correlation between stability constants

and structural descriptors it is better to enter some extra

theoretical or experimental descriptor to include the effect

of solvation of the ligand and other important effect con-

formational variation due complexation and also lariat

effect.

The first selected significant descriptor (d1) involved in

the Eq. 2 is maximum net atomic charge for H atoms [55],

defined as in Eq. 3

Qmax ¼ max ðQþHÞ; ð3Þ

where Q+ is positive atomic partial charges. The higher

values of the most positive net atomic charges on hydrogen

atoms (Q+
H) of 15C5 could lead to the increase repulsion

with alkali metal cation (K+) and the decrease of log K

values. Therefore, with increasing the maximum (most

positive) atomic partial charges on hydrogen atoms,

decreases the binding strength of K+ to the crown ether and

complex is less stable.

The second significant descriptor (d2) involved in the

Eq. 2 is average information content (order 2) [56], defined

as in Eq. 4

kIC ¼ �
Xk

i¼1

ni

n
log2

ni

n
; ð4Þ

where ni is the number of atoms in the ith class, n is the

total number of atoms in the molecule, and k denotes the

number of atomic layers in the coordination sphere around

a given atom. The diffusion of molecules in and between

different media is another essential factor that probably

influences the property of compounds. In general, it

depends both on the shape and on the symmetry of the

crown ether molecules. The topological descriptor, d2,

describes the connectivity and branching in a molecule and

relates to molecular shape and symmetry. In addition, d2

larger values lead to decrease stability constants (log K) of

crown ether complexes. The effects of d1 and d2 lead to less

stable complexes and decrease of stability constants. It is

well-known that the topological features of the macrocyclic

crown ethers involving the cavity size, the nature and

number of donor atoms in the ring, and the type of sub-

stituents on the ligand play important roles in both the

selectivity and stability of the resulting macrocycle–metal

ion complexes.

The third and fourth descriptor in the QSPR model is

maximum nuclear–nuclear repulsion for C–H bonds (d3)

and maximum nuclear–nuclear repulsion for C–C bonds

(d4), respectively, [57].

Maximum nuclear repulsion energy between given two

atomic species in the molecule, calculated as follows:

EnnðC�HÞ ¼ ZCZH

RCH

ð5Þ

and

EnnðC�CÞ ¼ ZCZC

RCC

; ð6Þ

where ZH and ZC are the nuclear (core) charges of atoms H

and C, respectively, and R is the distance between them.

This energy describes the nuclear repulsion driven pro-

cesses in the molecule and may be related to the

conformational (rotational, inversional) changes or atomic

reactivity in the molecule. The descriptors of d3 and d4

have similar effects on the QSPR model.

The maximum nuclear–nuclear repulsion between the

neighboring bonds of C–H and C–C lead to steric repulsion

and conformational changes of the ligand as well as the

size of the rings formed upon complexation may be

changed. These descriptors reflect characteristics of the

charge distribution of the molecule. With increasing d3 and

d4 leads to wide cavity of crowns, lower the steric effect

with cation, strong complexation and the increase the sta-

bility constants (log K).

The final descriptor is WNSA1 [58, 59], d5, defined as in

Eq. 7

WNSA1 ¼ PNSA1� TMSA

1000
; ð7Þ

where WNSA1 is surface weighted charged partial nega-

tive charged surface area, PNSA1 is partial negatively

charged molecular surface area, and TMSA is total

molecular surface area.

The most important property of crown ethers is their

selective complexing ability. They bound the metal cations

in their cavity via ion–dipole interactions between the

metal cations and negatively charged donor atoms of the

polyether ring. Crown ethers are characterized by a nega-

tively charged internal cavity able to host metal cations

with suitable size. WNSA1 can be related to the concerning

charge distribution, which induces electron redistribution

in metal cations and thereby established ion–dipole

attractions. WNSA1 weighted PNSA1 describes the elec-

trostatic component of the host–guest interaction energy

and account for formation of complexes. In principle,

stronger electrostatic attraction between the donor atoms
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(partially negative charge) and positive cation (K+) should

increase the highly stable complexes.

Metal ions form complexes with crown ethers through

ion–dipole electrostatic interactions, the oxygen lone pairs

being attracted to the cation positive charge. The ability of

crown ethers to complex with cations is well-known.

Changes in the ring size and the polarizability of the ring

oxygen’s can be correlated with the complexing power of

crown ether ring molecules. The metal–ligand binding

energy also depends on the number and partially negative

charge of oxygen heteroatoms present in the macrocyclic

structure. This factor determines not only the size of the

cavity, but also the bond energies with the cation. There-

fore, with increasing WNSA1, stability constants of

complexes increased.

Conclusions

A successful application of the CODESSA software system

was presented in this study for the prediction of the sta-

bility constants of 58 complexes of 15C5 using theoretical

descriptors derived from the molecular structure. We have

shown that BMLR can predict the stability constants of

15C5 complexes based on chemical structures encoded in

their chemical names. The BMLR computing thus provides

a model of host–guest interaction, which can be used for

predictive analysis. This study has shown that the stability

constants of 15C5 complexes (log K) can be modeled in

terms of structure-based descriptors solely calculated from

the structure of crown ethers. The validation and cross-

validation of the QSPR model suggest that the model can

be used to make predictions for compounds not in the

original dataset. The structural information encoded in the

descriptors in the discussed model indicated the significant

and specific structure information that may be useful for

new compound design. The present work clearly demon-

strates that analogous QSPR equation can be developed for

the interpretation of complexation processes. It is useful to

emphasis that to have a comprehensive QSPR model one

should consider conformational changes upon metal bind-

ing, solvation of the coordinated ligand molecule and side

chain, or lariat effect. The relatively high value of residuals

or relative errors may due to ignoring the effect like these.
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