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The method of Substructural Molecular Fragments (SMF) based on splitting of a molecu�
lar graph into a limited number of topological fragments and calculation of their contributions
to a given property was applied to the structure—property modeling of (i) stability constants of
the complexes formed by the K+cation with phosphoryl�containing podands in a mixed
THF—CHCl3 solvent, (ii) distribution coefficients for Hg and Pt extraction by podands from
water into 1,2�dichloroethane, and (iii) stability constants of complexes of crown ethers with
alkali metal cations in methanol. A procedure for the reduction of the number of fragment
descriptors in structure—property relationship (QSPR) models based on the Student t�test was
proposed. The use of selected variables improves the robustness of the structure—property
models.
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Binding of metal cations by specific organic molecules
(ionophores) in homogeneous solutions (complexation)
or in two�phase liquid—liquid systems (solvent extrac�

tion) is widely used in industry and in research laborato�
ries. In most cases, the search for the most efficient iono�
phores for selective binding of a given metal is essentially
empirical. Meanwhile, methods based on quantitative
structure—property relationships (QSPR) could play an
important role in the design of compounds with desired
characteristics. Recently1,2 it has been shown that new
compounds could be theoretically designed using an in�

* Materials were presented at the Russian—French Symposium
"Supramolecular Systems in Chemistry and Biology" (Kazan,
September 22—25, 2003).
** Laboratoire d’Infochimie, UMR 7551, Université Louis Pas�
teur, 4, rue B. Pascal, 67000, Strasbourg, France.



Structure—property modeling of metal binders Russ.Chem.Bull., Int.Ed., Vol. 53, No. 7, July, 2004 1435

formation platform that involves three main elements: a
comprehensive database, an expert system that establishes
the quantitative structure—property relationships, and a
generator of combinatorial libraries.

The expert system is the most important element of
such “in silico” design, as the reliability of predictions of
new compounds depends on the reliability of the struc�
ture—property models.

Generally, two main approaches are used in the QSPR
studies of metal—ligand binding. The first one3 uses as
descriptors some physicochemical parameters either mea�
sured experimentally or calculated by quantum�mechani�
cal methods or by some empirical techniques. For in�
stance, the electron�donor factors of hydrogen bonding,4

the group electronegativities or Taft parameters of mo�
lecular fragments,5 atomic charges,5,6 electrostatic po�
tential distribution,6,7 donor—acceptor interaction ener�
gies,8 topological indices,9 and the complexation strain
energy10 were used to build QSPR models for describing
thermodynamic parameters of complexation and extrac�
tion of metals.

The second approach, similar to that used by Free and
Wilson,11 uses molecular fragments as variables in a mul�
tiple regression analysis. Molecular fragments have been
long used successfully in structure—property studies3,12—24

and in the diversity analysis of large databases.25,26 The
PASS27,28 method developed recently for estimating a
wide spectrum of biological activities is also based on
molecular fragments (augmented atoms).

The success of the fragment approach in QSPR stud�
ies depends on the diversity of structural fragments and
on the flexibility of atom/bond classification. In the
present study, we use the method of Substructural Mo�
lecular Fragments (SMF),1,2,29—31 which represents a fairly
flexible structure—property tool, as it uses a large number
of various types of fragments (atom/bond topological se�
quences and augmented atoms) as descriptors. Recently,
the SMF method has been successfully applied for esti�
mating the thermodynamic parameters of complexation
(stability constants) and extraction (extraction constants,
distribution coefficients) of metal cations by macrocyclic
and open�chain ionophores.1,29 A coupling of the SMF
approach with combinatorial techniques is a promising
way of obtaining focused combinatorial libraries.2

An important advantage of fragment descriptors is the
fact that they can be calculated without knowing the ge�
ometry and the electronic structure of molecules; in addi�
tion, they are more easily interpretable than topological
indices. However, QSPR models based on fragments gen�
erally comprise much more variables than those using
traditional descriptors. Reduction of the number of vari�
ables in the Free—Wilson type methods remains an im�
portant methodological problem, which still has not been
sufficiently discussed in the literature.

The goal of this work is to study the structure—prop�
erty relationships for complexation and extraction of iono�
phores of topologically different types using the SMF
method. First, we report the QSPR studies performed on
a structurally diverse set of acyclic phosphoryl�containing
mono� and tripodands, which form complexes with the
K+ cation in a mixed THF—CHCl3 solvent and extract
Hg and Pt into 1,2�dichloromethane. Then we describe
the specific features of the QSPR studies of macrocyclic
compounds and present the models obtained for com�
plexation of crown ethers with alkali metal cations in
methanol and give a quantitative estimate of the macro�
cyclic effect. Unlike the previous studies of these iono�
phores,1,29,30 here we apply for the first time a procedure
for the reduction of the number of SMF variables accord�
ing to the t�test.

Calculation method

The structure—property modeling was performed using the
TRAIL program, which realizes the SMF method.1,29 Accord�
ing to this method, a molecular graph is represented as a par�
ticular number of topological fragments (subgraphs) and their
contributions to a given property Y are calculated. Two different
classes of fragments are used, namely, “sequences” (I) and “aug�
mented atoms” (II). Three subtypes, AB, A, and B, are defined
for each class. For fragments I, they represent topological paths,
i.e., sequences of atoms and bonds (AB), of atoms only (A), or of
bonds only (B). Only the shortest paths from one atom to an�
other are used. For each type of sequences, the minimal (nmin)
and the maximal (nmax) numbers of atoms forming the chain
must be defined. For the I(AB, nmin – nmax), I(A, nmin – nmax),
and I(B, nmin – nmax) fragments, the program generates “inter�
mediate” sequences involving n atoms (nmin ≤ n < nmax) (Fig. 1).
The current version of TRAIL uses nmin > 2 and nmax < 6. The
number of types of sequences of different lengths corresponding
to nmin = 2 and nmax = 6 is equal to 15 for each of the three
subtypes, AB, A, and B.

An “augmented atom” represents a fragment that comprises
a selected atom with its environment, including either neighbor�
ing atoms and bonds (AB), or atoms only (A), or bonds only (B).
The hybridization of atoms (Hy) can be taken into account for
augmented atoms of type A.

Once a molecular graph is split into fragments, any quanti�
tative physical or chemical property Y is calculated from frag�
ment contributions using linear (1) or nonlinear (2) and (3)
fitting equations.

, (1)

, (2)

, (3)

where ai and bi (bik) are fragment contributions, Ni is the num�
ber of fragments of type i, and a0 is a fragment�independent
constant. The ai and bi (bik) contributions are calculated by
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regression analysis; they are the same for a given fragment in all
compounds from the given set. The extra term Γ = ΣcmDm can be
used to describe any specific feature of the compound by means
of external descriptors Dm (e.g., topological, electronic, etc.); by
default, Γ = 0.

At the training stage, TRAIL builds up to 147 structure—
property models including the above three (one linear and two
nonlinear) fitting equations and 49 types of fragment descriptors
(45 types of sequences and 4 types of augmented atoms). The
molecules containing rarely encountered fragments (i.e., those
found in less than 2 molecules) can be excluded from the train�
ing set. If some variables are linearly dependent, their linear
combination form a new variable. For example, for a series of
unsubstituted crown ethers (CH2—O—CH2)n the number of
C—O—C fragments is twice as large as the number of C—O
fragments. Therefore, for the I(AB, 2—3) partitioning, TRAIL
uses an “extended fragment” (C—O—C + 2•C—O) as a new
variable rather than two independent variables, C—O—C
and C—O.

Using the singular value decomposition method (SVD),32

TRAIL finds the most reliable estimates for the ai and bi terms in
Eqs. (1)—(3) and calculates the corresponding statistical char�
acteristics (the correlation coefficient (R), the standard devia�
tion (s), Fischer´s criterion (F), the cross�validation correlation
coefficient (Q), the standard deviation of predictions (sPRESS),
the Kubyni´s criterion (FIT), the Hamilton RH�factor, and the
matrix of pair correlations (covariation matrix) for the terms ai
and bi) and performs statistical tests33 to select the best models.

If some variables in Eqs. (1)—(3) are linearly dependent, or
some fragment occurs in a relatively small number of molecules,

the standard deviations ∆ai (∆bi) for the fragment contribu�
tions ai (bi) can be fairly large, resulting in the corresponding
t�test value (t = ai/∆ai) being smaller than the tabulated value of
the Student criterion (t0)34 for (n—k) degrees of freedom at a
given significance level (n is the number of points and k is the
number of variables). The following procedure is applied in
order to improve the robustness of the models. First, TRAIL
selects the variable with the smallest t < t0; then it performs a
new fitting without this variable. This procedure is repeated
until t > t0 for all variables.

A significant advantage of the SMF method is the possibility
of selecting, during the training stage, several best fit models
(instead of a single QSPR model) related to different fragmenta�
tion schemes in combination with three fitting equations. Using
the selected QSPR models, one can calculate the average value
of the property Y for the compounds of the test set; this smoothes
out the inaccuracies of particular individual models, thus im�
proving the reliability of predictions.30

In TRAIL calculations, each initial data set was split into
two subsets, namely, the training and test sets. The QSPR mod�
els constructed for the training set were validated by prediction
calculations for the test set. When preparing the test sets, we
obeyed the following recommendations:35 (i) experimental meth�
ods for determination of properties in the training and test sets
should be similar; (ii) property (activity) values should cover
several orders of magnitude but should not exceed those for the
training set by more than 10%; (iii) balance between active and
inactive compounds in both sets of data should be respected.

Results and Discussion

Complexation of phosphoryl�containing podands
with K+. Phosphoryl�containing podands are acyclic mol�
ecules with polyether spacer(s) linking two (in mono�
podands), three (in di� and tripodands), or four (in
tripodands) terminal phosphine oxide groups.36 By vary�
ing the length of the spacers, the molecular topology, and
the substituents at the phosphoryl group, one can attain
desirable complexation37—39 or extraction40—43 properties
of the podands with respect to particular metal cations.

The initial set of 76 stability constants (logK ) for 1 : 1
complexes of podands 1—4 with K+ in a THF : CHCl3
mixed solvent (4 : 1 v/v) at 298 K37,38,44—49 was selected
from the THECOMAC database.50 The training and test
sets included data for 71 and for 5 podands, respectively.

At the training stage, TRAIL has selected three linear
models (Table 1) corresponding to reasonable correlation
coefficients or cross�validation correlation coefficients
(R2 = 0.913—0.971, Q2 = 0.773—0.942, Table 2) and to
standard deviations s = 0.32—0.44 (in logK units) similar
to typical experimental errors.37,38,44—49 Two of these
models, I(AB, 2—3) and I(AB, 2—4) (Eq. (1)), use se�
quences of atoms and bonds as descriptors, while the
third one, II(AB) (Eq. (1)), is based on augmented atoms.
The selection of variables according to the t�test results in
significant reduction of the number of fragments used.
Thus for the three above models, t�test selection decreases
the number of variables 2.5–3�fold (see Table 2). This

Sequences Augmented atoms
I II

a Atoms and bonds
(AB)

C—C—P=O; C—C—P; P (—C) (—C) (—C) (=O)
C—C; C—P=O; C—P; P=O
b Atoms

(A)
C C P O; C C P; C C; P (C) (C) (C) (O) or
C P O; C P; P O (Hy) Psp2(Csp3)(Csp2)(Csp2)(Osp2)
с Bonds

(B)
— — =; — —; —; — =; P (—) (—) (—) (=)
—; =

Fig. 1. Two classes of substructural molecular fragments: atom
and/or bond sequences (I) and augmented atoms (II), including
atoms and bonds (AB), only atoms (A), or only bonds (B).
Example of sequences (I) corresponding to fragment
types I(AB, 2—4) (a), I(A, 2—4) (b), and I(B, 2—4) (c). The
fragments II(Hy) correspond to type II(A) with allowance for
the hybridization of atoms.
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results in higher F and Q2 and a lower sPRESS parameter,
but has only a slight effect on other statistical parameters
of the fitting (see Table 2) or on the linear regression
parameters for logKcalc vs. logKexp (Fig. 2).

The three models developed at the training stage have
been used to assess the stability constants of complexes of
five podands of the test set (structures 5—9). Calculations
show that the I(AB, 2—4) model (Eq. (1)) reproduces the
experimental values less adequately than the other two
models. However, averaging over the three models results
in mean logK values that correlate well with experimental

data (R2 = 0.916, s = 0.58, Table 3). When the models
with a reduced number of variables are applied, the “pre�
dicted” values correlate even better with the experiment;
for any model, R2 > 0.915 and s < 0.5 and for the average
data set, R2 = 0.962 and s = 0.37 (see Table 3). Thus, the
reduction of the number of variables significantly im�
proves the quality of predictions.

The contributions of fragments may provide some use�
ful information concerning the complexing efficiency of
particular chemical groups. This can be illustrated by
calculating the overall contributions to logK coming

1 R X n Y m

a Ph CH2 — — —
b Ph (CH2)nO(CH2)m 1 — 1—2
c Tol (CH2)nO(CH2)m 2 — 2
d Ph (CH2)nO(CH2)m 2 — 2—4
e Ph (CH2OCH2)3 — — —
f Ph CH2(CH2OCH2)3CH2 — — —
2
a Ph (CH2)n 0 (CH2)m 0
b Bu, Ph, Tol (CH2)n 1 (CH2)m 0
c Ph (CH2)n 3, 5 (CH2)m 0
d Ph (CH2)n 1, 3—5 (CH2)m 1
3
a Bu, Ph, Tol (CH2)n 0 O(CH2)2O(CH2)2O —
b Bu, Ph (CH2)n 1 O(CH2)2O(CH2)2O —
c Ph (CH2)n 2 O(CH2)2O(CH2)2O —
d OEt, Ph, Tol (CH2)n 0 OCH2P(O)MeCH2O —
e Ph (CH2)n 1 OCH2P(O)MeCH2O —
4 (CH2)n 0, 1

logKcalc,av

5

4

3

2

2 3 4 5 logKexp

logKcalc,av = 0.22 + 0.94 logKexp

n = 71, R2 = 0.948,
F = 1268, s = 0.28

a

logKcalc,av

5

4

3

2

2 3 4 5 logKexp

logKcalc,av = 0.23 + 0.93 logKexp

n = 71, R2 = 0.942,
F = 1131, s = 0.30

b

Fig. 2. SMF modeling of the stability constants (logK) for the complexes of phosphoryl�containing podands with the K+ cation in
THF—CHCl3 (4 : 1 v/v) at 298 K: linear correlation between the calculated (averaged over the three best fit models) and experimental
logK values for the training set using all fragments (a) and fragments selected according to the t�test (b).
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from various metal�coordinated groups containing four
atoms, viz., C—C—P=O, O—C—C—O, and .
As described in the methodical section, in these calcula�
tions, one has to take into account all sequences gener�
ated by TRAIL for a given group of atoms. For example,
the overall contribution from the C—C—P=O group to
logK is calculated using contributions from the C—C—
P=O, C—C—P, C—P=O, P=O, C—P, and C—C se�
quences (Fig. 3). These calculations result in values of

0.84, 0.54, and 0.38 for C—C—P=O, O—C—C—O, and
* groups, respectively. This corresponds to

the known experimental data on the relative cation bind�
ing affinities of compounds containing phosphoryl, ether,
and anisole fragments.39,50—52

Extraction of Hg and Pt with phosphoryl�containing
monopodands. The calculations were carried out for two

*  is the molecular fragment with an aromatic bond.

Table 1. Modeling of the stability constants (logK ) for the complexes of phosphoryl�containing podands with K+ in THF—CHCl3
(4 : 1 v/v) at 298 K by the SMF method: the contributions of the fragments (an) selected using the t�test to the stability constant logK
for the best modelsa

Fragmentb an(∆an)c

Model I(AB, 2—4)
C—C 0.329 (0.063)
P—C; C—P=Ob 0.511 (0.017)
C—C—O –0.311 (0.058)
P—C—C—O 0.289 (0.087)
C—P—C—C –0.207 (0.034)
O—C—C—O 0.837 (0.082)
C—C—C –0.313 (0.064)

; d –0.139 (0.030)
–0.245 (0.038)

0.380 (0.068)
C—P—C—O –0.176 (0.042)
P—O; C—P—O; O—P=O; P—O—C;
1/2 O—P—O; C—P—O—C;
C—O—P=O; C—O—P—Od 0.297 (0.054)

0.064 (0.023)
P—C—C—P –0.50 (0.16)

Fragmentb an(∆an)c

Model II(AB)
O(—C´—C´) 0.583 (0.027)
O(=P´) 0.59 (0.13)

0.438 (0.055)
–0.084 (0.012)

C(—C´—C´—P´) –0.33 (0.15)
ao

e 0.69 (0.25)
Model I(AB, 2—3)

P—C; C—P=Od 0.433 (0.064)
–0.065 (0.013)

0.109 (0.046)
C—C—O 0.279 (0.017)
P—C—C –0.251 (0.061)

0.165 (0.031)
ao

e 0.56 (0.20)

a Regression equation (1) is used.
b The designation of fragments is given in Fig. 1; C—C, P=O, and  are molecular fragments with single, double, and aromatic
bonds, respectively.
c The standard deviations (∆an) are given in parentheses.
d Linearly dependent fragments are grouped to form a single extended fragment.
e a0 is a fragment�independent constant (a constant contribution for a given set of compounds).

Table 2. Modeling of the stability constants of the complexes of phosphoryl�containing podands with the K+ cation in THF—CHCl3
(4 : 1 v/v) at 298 K by the SMF method: statistical characteristics of the three best fit models obtained using different types of
fragmentsa

Fragment type Statistical characteristics of the modelb

k R2 F s Q2 sPRESS RH (%)

I(AB, 2—4) 38 0.971 30.2 0.32 0.942 0.50 6.02
(14) (0.967) (129.4) (0.26) (0.951) (0.31) (6.44)

II(AB)c 19 0.921 33.1 0.42 0.860 0.58 9.98
(6) (0.912) (132.7) (0.40) (0.891) (0.43) (10.55)

I(AB, 2—3) 17 0.913 35.5 0.44 0.773 0.70 10.48
(7) (0.906) (103.3) (0.41) (0.883) (0.46) (10.88)

a Hydrogen atoms were not considered. Fitting equation (1) was used. Statistical parameters obtained for the training set: the number
of compounds (n = 71), the number of calculated parameters (k), correlation coefficient (R), Fischer´s criterion (F ), standard
deviation (s), cross�validation correlation coefficient (Q), standard deviation (sPRESS) for cross�validation, and Hamilton factor (RH).
b For the model based on all fragments; the data based on the fragments selected by the t�test are given in parentheses.
с The calculations were carried out for 70 compounds of the training set.
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Table 3. Experimental and predicted (for the test set) stability
constants (logK ) for the complexes of phosphoryl�containing
podands with K+ in THF—CHCl3 (4 : 1 v/v) at 298 Ka

Com� Ex� Calculationb

po� peri�
I(AB, 2—4) II(AB) I(AB, 2—3) Averagec

unds ment

logK
5 5.3 5.54 5.43 5.40 5.46 (0.07)

[5.57] [5.45] [5.31] [5.44 (0.13)]
6 4.7 4.66 4.69 4.55 4.63 (0.07)

[4.54] [4.70] [4.37] [4.54 (0.17)]
7 3.6 4.38 4.48 4.16 4.34 (0.16)

[4.15] [3.98] [3.82] [3.98 (0.17)]
8 2.54 3.03 3.23 3.22 3.16 (0.11)

[2.74] [2.71] [3.42] [2.96 (0.40)]
9 1.5 0.22 d 1.71 0.97 (1.05)

[0.95] d [1.45] [1.20 (0.35)]
R2 e

0.892 0.920 0.957 0.916
[0.956] [0.985] [0.915] [0.962]

s e

0.79 0.32 0.34 0.58
[0.43] [0.18] [0.48] [0.37]

a For compounds 5—9 presented in the text. Fitting equation (1)
was used.
b For the model based on all fragments; the data based on the
fragments selected by the t�test are given in parentheses.
с The arithmetic mean of logK; the standard deviation is given in
brackets.
d For this compound, not all of the fragment contributions were
estimated at the training stage.
e Statistical characteristics (R and s) for the correlation of ex�
perimental vs. predicted (using this model) values of logK.

Fig. 3. SMF modeling of the stability constants (logK ) for the
complexes of phosphoryl�containing podands with the K+ cat�
ion in THF—CHCl3 (4 : 1 v/v) at 298 K: fragment contribu�
tions (an) selected using the t�test to the stability constant logK
for the model I(AB, 2—4) (Eq. (1)). The error bars show the
standard deviations; C—C, P=O, and  are the molecular
fragments with single, double, and aromatic bonds, respectively;
N are the numbers corresponding to the following fragments:
O—C—C—O (1); C—P=O, P—C (2);  (3);
C—C (4); P—O, C—P—O, O—P=O, P—O—C, 1/2 O—P—O,
C—P—O—C, C—O—P=O, C—O—P—O (5); P—C—C—O (6);

 (7); ,  (8);
C—P—C—O (9); C—P—C—C (10);  (11);
C—C—O (12); C—C—C (13); and P—C—C—P (14).

2 4 6 8 10 12 N

1.0

0.5

0

–0.5

an

sets containing 21 distribution coefficients (logD) of
mercury(II) and platinum(IV) extracted by podands.40

Eighteen compounds were used for training and three
compounds were included in the test set. At the training
stage, TRAIL has selected three linear models (1) based
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Table 4. Modeling of the distribution coefficient (logD) for mercury(II) and platinum(IV)
extracted by phosphoryl�containing podands from water into 1,2�dichloroethane: the contri�
butions of fragments (an) selected using the t�test to the distribution coefficient logD for the
best models

Fragment an (∆an) Fragment an (∆an)

Model I(A, 2—3)
PO; 3 CPC; 3 CPO; 3PCb 0.24 (0.11) CC –0.252 (0.044)
CO –0.149 (0.069) CCC 0.141 (0.030)
CC –0.493 (0.083) PCC 0.285 (0.047)
CCC 0.281 (0.055) CCO 0.210 (0.027)
PCC 0.477 (0.062)
CCO 0.537 (0.083)

Model II(A)
O(C´C´) 0.273 (0.053) C(O´P´) –0.156 (0.049)
C(C´C´P´) 1.03 (0.12) C(C´C´P´) 0.267 (0.055)
C(C´C´) –0.223 (0.028) C(C´C´) –0.061 (0.011)
C(C´P´) 0.514 (0.077) C(C´O´) 0.090 (0.018)
C(C´C´C´) 0.120 (0.053) C(C´C´O´) 0.177 (0.055)
C(C´) –0.267 (0.066)
C(C´C´O´) 0.602 (0.099)

Model I(AB, 2—3)
; b –0.134 (0.022) ; b –0.054 (0.013)

0.400 (0.063) 0.149 (0.040)
P—C—C 0.386 (0.084) P—C—O –0.166 (0.057)
C—C—O 0.128 (0.033) C—C—O 0.086 (0.022)
C—C—C –0.249 (0.051) C—C—C –0.063 (0.021)

0.364 (0.057) 0.115 (0.037)

a Fitting equation (1) was used. The standard deviations (∆an) are given in parentheses. The
fragment designations are given in Fig. 1: C—C and  are molecular fragments with single
and aromatic bonds, respectively.
b Linearly dependent fragments are grouped to form a single extended fragment.

Fig. 4. Modeling of the distribution coefficients for mercury(II) (a) and platinum(IV) (b) extracted by podands from water into
1,2�dichloroethane: contributions of the fragments (an) selected by the t�test to the distribution coefficient logD for the best
model I(A, 2—3) (Eq. (1)). The error bars show the standard deviations.

CCO
PCC

CCC PO, 3 CPC, 3 CPO, 3 PC

0.6

0.3

0

–0.3
COC, 2CO

CC

an

a

1 2 3 4 5 6 N

0.3

0.2

0.1

0

–0.1

–0.2

an

1 2 3 4 N

CCO

PCC

CCC

CC

b

on I(A, 2—3), II(A), and I(AB, 2—3) fragments for
both metals (Table 4). The statistical fitting param�
eters for Hg (R2 = 0.930—0.932, Q2 = 0.785—0.825,
s = 0.19—0.24, F = 7.4—18.8, Table 5) are better
than those obtained for Pt (R2 = 0.855—0.858,
Q2 = 0.486—0.676, s = 0.15—0.19, F = 3.3—8.4, see
Table 5). The reduction of the number of variables ac�

cording to the t�test improves the robustness of the models,
especially for Pt (R2 = 0.807—0.846, Q2 = 0.589—0.756,
s = 0.13—0.16, F = 10.0—24.1, see Table 5). The contri�
butions of the fragments to logD, selected using the t�test,
are presented in Fig 4.

At the validation stage, the three best fit models were
used to calculate logD values for the test set containing
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the same three podands. It was found that the “predicted”
values are well correlated with experimental data both for
the models containing all fragments (R2 = 0.983, s = 0.19
and R2 = 0.964, s = 0.14 for Hg and Pt, respectively) and
for the models with a reduced number of variables
(R2 = 1.00, s = 0.01 and R2 = 0.967, s = 0.13 for Hg and
Pt, respectively).

Complexation of crown ethers with alkali metal cations:
QSPR modeling and quantitative assessment of the macro�
cyclic effect. The complexation properties of cyclic
polyethers (crown ethers, cryptands) in solutions differ
from those of their open�chain analogs (glymes, alcohols,
glycols). Thus the stability constants (logK) of the 1 : 1
complexes of alkali metal cations M+ (M+ = Na+, K+,
Cs+) with glymes CH3O(CH2CH2O)n–1CH3 in methanol
increase with n, whereas those of complexes of the crown
ethers (CH2CH2O)n pass through a maximum at n = 6
(Na+, K+) and 6, 7 (Cs+).50,51,53 The fact that the stabili�
ties of crown ether complexes are regularly larger than
those for the acyclic analogs is attributed to the so�called
macrocyclic effect (ME),54,55 whose nature is still a matter
of debate.56—59

By definition, the macrocyclic effect (ΜΕ) is the dif�
ference between the logarithms of the stability constants
of the complexes of a crown ether and its acyclic analog.
In the literature,57,60,61 the macrocyclic effect has been
discussed only for M+ complexes with 18�crown�6 (18C6)

and benzo�18�crown�6 (B18C6). No conclusions on the
ME of other substituted crown ethers can be drawn be�
cause of the lack of experimental data for the correspond�
ing acyclic ligands.

The structure—property modeling for the stability of
crown ether complexes with metals represents a difficult
task. Indeed, the previous QSPR studies of the complexes
of macrocyclic polyethers with alkali metal cations4 have
shown a reasonable correlation between logK and the
donor and acceptor descriptors of hydrogen bonding only
for subsets of molecules with a definite cavity sizes but not
for the whole set of macrocycles.

In this study, in addition to construction of the QSPR
models for the stability constants of metal cation com�
plexes with crown ethers, we also extract information
about the macrocyclic effect hidden in the experimen�
tal data.

The calculations were performed for sets of experi�
mental stability constants for 69 (Na+), 123 (K+), and
31 (Cs+) [M+]L complexes of these metal cations with
crown ethers in methanol at 298 K, critically selected
from the THECOMAC database.50 Of these, 60 (Na+),
113 (K+), and 28 (Cs+) complexes were taken as the
training sets. These sets include regular crown ethers with
different sizes of the cavity (CH2CH2O)n (n = 4—12),
their benzo (10), dibenzo (11), cyclohexyl, and dicyclo�
hexyl derivatives (12), neutral lariate derivatives, and sev�

Table 5. Modeling of the distribution coefficients (logD) of mercury(II) and platinum(IV) extracted with
phosphoryl�containing podands from water into 1,2�dichloroethane. Statistical characteristics for the
three best models using different types of fragmentsa

Fragment type Statistical characteristics of the modelb

k R2 F s Q2 sPRESS RH (%)

Hg
I(A, 2—3) 8 0.930 18.8 0.19 0.825 0.30 15.3

(6) (0.929) (31.6) (0.18) (0.858) (0.25) (15.3)
II(A) 11 0.932 9.6 0.23 0.785 0.40 15.0

(7) (0.928) (23.5) (0.19) (0.797) (0.31) (15.5)
I(AB, 2—3) 12 0.932 7.4 0.24 0.785 0.44 15.0

(6) (0.904) (22.7) (0.20) (0.776) (0.31) (17.8)
Pt

I(A, 2—3) 8 0.855 8.4 0.15 0.676 0.22 38.1
(4) (0.838) (24.1) (0.13) (0.756) (0.16) (40.2)

II(A) 11 0.858 4.2 0.18 0.486 0.34 37.6
(5) (0.846) (17.9) (0.14) (0.729) (0.18) (39.2)

I(AB, 2—3) 12 0.858 3.3 0.19 0.486 0.36 37.6
(6) (0.807) (10.0) (0.16) (0.589) (0.23) (43.9)

a Hydrogen atoms were not considered. The calculations were carried out for 18 compounds in the
training set using fitting equation (1). The experimental distribution coefficients logD for metal cations
extracted by 0.01 M solutions of phosphoryl�containing podands into 1,2�dichloroethane from a
4 M aqueous solution of HCl at room temperature were taken from a previous publication.40 See the
designations for statistical parameters in the note to Table 2.
b For the model based on all fragments; the data based on the fragments selected by the t�test are given in
parentheses.
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eral irregular crown ethers (13—16). The experimental
logK values vary from 1.32 to 4.36 (Na+), from 1.30 to
6.07 (K+), and from 0.80 to 5.01 (Cs+).

Below we report some results related to modeling of
the stability of the K+/crown ether complexes; the stabili�
ties of Na+ and Cs+ complexes were modeled in a simi�
lar way.

The first series of calculations carried out for Γ = 0 in
Eqs. (1)—(3) did not result in any statistically significant
models. Therefore, in order to take into account the mac�
rocyclic effect, the ME contribution to the stability con�
stants logK was represented in Eqs. (1)—(3) by the term
Γ = ME = acyclNcycl. Using this additional term, TRAIL
has selected three models at the training stage, namely,
II(Hy) (Eq. (2)), I(AB, 2—6) (Eq. (1)), and I(AB, 3—5)
(Eq. (1)), with reasonable statistical criteria
(R2 = 0.939—0.947, Q2 = 0.804—0.864, s = 0.48—0.61).
The arithmetic mean values of logK calculated for the
compounds of the training and test sets using these fit�
ting models are well correlated with experimental data
(Fig. 5, a, c), thus demonstrating the good robustness of
the models.

The calculations show that the acycl term varies de�
pending on the M+ cation but not on the crown ether. For
a given M+, the three best models result in a virtually
the same acycl value (acycl = 0.389±0.004 (for Na+),
0.678±0.004 (for K+), and 0.345±0.010 (for Cs+)), indi�
cating that this parameter is model independent (at least,
for the best models). This means that for a given M+

cation, the cyclicity descriptor Ncycl characterizes the
average macrocyclic effect (ME) for a family of crown
ethers with the same macrocyclic scaffold, irrespective of
whether they are substituted or not.

Among all ligands, ME reaches the maximum
values for the 18C6 macrocyclic core in the case of
Na+ and K+ and for the 18C6 and 21C7 cores in the case
of Cs+ (Fig. 6). Interestingly, the SMF calculations
show that the crown ethers having the 18C5 core dis�
play a pronounced ME when complexed with Na+ or K+,
crown ethers with the 33C11 and 36C12 cores exhibit
an ME when complexed with K+, whereas those with
the 12C4, 14C4, and 20C6 cores show negligible macro�
cyclic effects. The low ME for 18C5 and the lack of
ME for 20C6, whose cavity does not differ much in size
from "the best" 18C6 ligand, indicate that the regularity of
the CH2OCH2 fragments forming the ring is a very im�
portant feature for the specific cation complexation by
crown ethers. Thus, the structure—property modeling al�
lowed us to assess quantitatively the macrocyclic effect by
analyzing the experimental data for diverse crown ethers,
without resorting to the data for acyclic analogs.

In principle, using Eqs. (1)—(3) and the calculated
fragment contributions ai and bi and taking that acycl = 0,
one can estimate the stabilities of complexes formed by
acyclic ligands. As can be seen from Fig. 5, e, the pre�
dicted stability constants are well correlated with the cor�
responding experimental values for K+ complexes with
glyme in methanol.

10: R = H, Alk; n = 1, 2. 11: R, X = H, Alk; n = 0—3; m = 1—3. 12: n = 0, 1; m = 1, 2. 13: n = 0—2.
14: R = H, Alk, Ph, (CH2O)k(CH2CH2O)m(CH2)pH; X = H, Alk, R; n = 0—5, 7, 8
15: R = (CH2O)k(CH2CH2O)m(CH2)pH; X = Me; n = 1—3. 16: R1 = Me, R2 = H; R1 – R2 = O; X = H, Alk; n = 1, 2.
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Fig. 5. SMF modeling of the stability constants (logK ) of complexes formed by crown ethers and their acyclic analogs with the
K+ cation in MeOH at 298 К: linear correlation between the calculated (arithmetic mean over the three best fit models) and
experimental logK values for the training set (a, b), the test set of crown ethers (c, d), and the set of acyclic ligands (e, f ) using all
fragments (a, c, e) and the fragments selected according to the t�test (b, d, f ).
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As in the case of complexation and extraction by
podands (see the previous sections), the selection of vari�
ables according to the t�test substantially decreases the
number of fragment descriptors and improves the robust�
ness of all three QSPR models. Fischer´s criterion for the
best models increases from 22.2—26.0 (all variables) to
67.8—110.7 (selected variables), and the cross�validation
correlation coefficient Q2 increases from 0.804—0.864 to

0.853—0.909, respectively. In addition, the standard de�
viation of predictions sPRESS decreases from 0.48–0.61 to
0.32–0.43. Using the models with selected variables for
the test set improves the statistical criteria for the linear
regression of logKcalc vs logKexp: R2 = 0.977 and s = 0.20
(see Fig. 5, d) instead of R2 = 0.965 and s = 0.24 (all
variables, see Fig. 5, c). Similarly, the estimation of the
stability constants for acyclic compounds becomes statis�
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tically more robust: R2 = 0.652 and s = 0.33 (selected
variables, Fig. 5, f ) compared to R2 = 0.625 and s = 0.34
(all variables, see Fig. 5, e).

*            *            *

The method of substructural molecular fragments
(SMF) has been applied to estimation of the thermody�
namic parameters of complexation and extraction of metal
cations with cyclic and acyclic ligands. Statistically stable
QSPR models were developed for (i) stability constants of
K+ complexes with phosphoryl�containing podands in a
mixed THF—CHCl3 solvent, (ii) distribution coefficients
of HgII and PtIV extracted by podands from water into
1,2�dichloroethane, and (iii) stability constants of crown
ether complexes with alkali metal cations in methanol.

A procedure for selection of the number of SMF vari�
ables according to the t�test has been proposed. It has
been shown that the use of selected variables improves the
robustness of QSPR models leading to a significant in�
crease in Fischer´s criterion and in the cross�validation
correlation coefficient, at the training stage and to a de�
crease in the standard deviation of predictions. In addi�
tion, the thermodynamic parameters of complexation and
extraction for compounds of the test set are better repro�
duced when using the set of selected variables.

The French Embassy in Russia and Grouppment De
Recherche PARIS (radionuclides separation project) are
acknowledged for the support.
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