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A separation mechanism of eight Co(III) complexes with ethylenedia-
minetetraacetate-type ligands belonging to two series during salting-
out thin-layer chromatography on silica gel is investigated. The
sorbent is impregnated with five poly(ethylene glycol)s with different
molecular masses, and ammonium sulphate solutions are used as
mobile phase. Additionally, on non-impregnated sorbent, mobile
phases containing one of eight salts with ions of different lyotropic
properties are used: kosmotropic Mg21 accompanied with SO4

2–

(kosmotrope), Cl2 (border), NO3
2 (chaotrope), ClO4

2(chaotrope), Cl2

of Li1 (kosmotrope), Na1 (border), K1 (chaotrope) and NH4
1 (chao-

trope). Salting-out and salting-in effects were observed depending
on salt nature. The combined retention mechanism of specific H-
bonding and nonspecific hydrophobic interactions is proposed.

Introduction

Ethylenediaminetetraacetate (EDTA), a potentially hexadentate

chelate ligand, and its derivatives are used in analytical chemis-

try for complexometric titrations due to the formation of

thermodynamically and kinetically stabile complexes with nu-

merous metal ions (1). The non-toxicity of the complexes with

this type of ligands, even with toxic metals, and their solubility

in water enable applications in medicine for the detoxification

of mammal organisms (2). Recently, there have been reports

on the cytotoxical activity of such ligands and some of their

metal complexes (3–7).

A successive increase of side carboxylate/diamine chains in

EDTA-ligand by 2CH22 group gives a series of the complexes

with enhanced hydrophobic surface (Figure 1). In a previous

investigation (8), two series of Co(III) complexes with such

ligands were separated by thin-layer chromatography (TLC) on

silica gel with (NH4)2SO4 solutions giving enhanced retention

with the increase of salt concentration. Because the complexes

have longer side/back chains, they showed stronger retention

(i.e., there is an order consistent with the reversed-phase

mechanism). This was explained by the mechanism of non-

specific hydrophobic interactions. On the same sorbent, these

complexes were separated with solvent systems consisting of

C2H5OH and H2O in different mol% ratios, giving the same

order (9). Nevertheless, the RM values (log (12RF)/RF)

decreased with an increase of the mol% of H2O in the C2H5OH

solution, suggesting a normal-phase mechanism. The order of

the complexes was explained by the positive inductive effect

of the 2CH22 group bonding to COO2, which enhances spe-

cific H-bonding through silanol groups of the sorbent.

The results of the solutes’ chromatographic separations on

different layers with various solvents enables the prediction of

their interactions with the sorbent/mobile phase. The mixed

aminocarboxylato Co(III) complexes were studied using

(NH4)2SO4 solutions on silica gel impregnated with poly(ethyl-

ene glycol)s (PEGs) of different average molecular masses (10).

With an increase in the molecular mass of the PEGs, hydropho-

bic properties of silica gel are enhanced, thus intensifying re-

tention, even of the complexes with small hydrophobic moiety,

which otherwise are not salted-out on non-modified silica gel.

The same compounds were studied with different aqueous salt

solutions as mobile phases on non-impregnated silica gel (11).

It was found that numerous highly soluble salts, apart from

their lyotropic properties, showed salting-out effects.

The aim of this paper is salting-out (SO) chromatography of

Co(III) complexes with ligands of EDTA-type on silica gel

impregnated with PEGs using (NH4)2SO4 solutions as mobile

phases. Additionally, the influence of different aqueous salt

solutions on TLC behavior on non-impregnated silica gel is

studied. The selection of salts was based on their solubility in

water and various lyotropic properties of their constituents’

ions (12, 13). Thus, Group 1 contains border anion (Cl2) and

cations changing lyotropic properties from kosmotrope (Liþ),

over border (Naþ) to chaotropes (Kþ; NH4
þ), and Group 2 con-

tains very kosmotropic cations (M) and anions of kosmotrope

(SO4
2–), border (Cl2) or chaotropic anions (NO3

2/ClO4
2). The

separation mechanism is considered from all data.

Experimental

Chromatographed complexes (Table I) were synthesized and

purified by the described procedures (14) and those cited in

Vučković et al. (8). In short, CoCl2.6H2O and corresponding

EDTA ligand were mixed in a 1:1 molar ratio in water and the

pH value was adjusted to 8.0 by KOH solution. The mixture

was stirred at 808C for 3–5 h while 3% H2O2 solution was grad-

ually added to oxidize Co(II) to Co(III). The ion-exchange

chromatography (Dowex 1-X8, 200–400 mesh in the Cl2

form) was used for purification of Co(III) complexes and separ-

ation of the corresponding geometrical isomers. They were

crystallized from water–ethanol or water–acetone solvent

upon cooling, separated by suction and dried. The purity of the

complexes was checked by elemental microanalyses. Their

aqueous solutions (�2 mL, c ¼ 5 mg/mL) were applied on the

corresponding thin-layer using micro-capillaries.
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Silica gel H (type 60) for TLC (Merck; Darmstadt, Germany,

Art 7736) was modified with PEGs of different average molecu-

lar masses (Carbowax 400, 1000 and 4000; Wilkens Instrument

and Research, Walnut Creek, CA; 1540, Perkin-Elmer, Waltham,

MA; and 5000/6000, Fluka, Buchs, Switzerland) by an immer-

sion technique described in the literature (10). An aqueous

suspension of sorbent (sorbent: water ¼ 1: 2, w/w) was

applied to glass plates (26 � 76 mm) using a manual fixed

hopper spreader of Miller-Kirchners type. The layer thickness

was 0.25 mm. The plates were dried at room temperature and

kept in a closed dry space. (NH4)2SO4, previously dried (at

1058C) was used for preparation of a stock solution (c ¼

9.2 mol% ¼ 4.0 mol/L). Other solutions were prepared by its

dilution with deionized water in volumetric flasks.

Polygram SIL G/UV254 sheets for TLC (Macherey-Nagel,

Düren, Germany) were cut into 40 � 66 mm pieces and used

for the study of different salts’ influence. Solid salts were of p.a.

grade (Merck). Aqueous solution series of NaCl, KCl and NH4Cl

were prepared from dried salts. Due to their great hygroscopic

properties, saturated stock solutions from dried LiCl, anhydrous

Mg(ClO4)2 and Mg2þ crystallohydrates were prepared at 208C
[25 mol% for LiCl; 7.4 mol% for Mg(ClO4)2]; 9.3, 6.2 and

7.8 mol% were calculated for anhydrous salts: MgCl2, MgSO4

and Mg(NO3)2, respectively, which were diluted with deio-

nized water to desired concentrations.

The ascending technique in chambers (25 � 46 mm X

90 mm) was applied. For 15 min before development, approxi-

mately 3 mL of the solvent was kept closed in the chamber for

its saturation. Experiments were performed simultaneously

with all complexes of the same series. The temperature was

20+28C. The mobile phase migration distance was 6 cm.

Detection was visual, because the complexes were of intensive

blue-violet color. Chromatographic developments were

repeated at least three times, and calculated average –retention

factor (RF) values were used.

For a preliminary test of normal-phase separations, organic

solvents of p.a. grade were used: methanol, ethanol (Hemos,

Belgrade, Serbia), acetone (Zorka, Šabac, Serbia), and their mix-

tures with water in (v/v) ratios of 1:3; 1:1 and 3:1, respectively.

For drawing and calculation Chem Window 3 (Figure 1) and

Origin 6.1 (Figures 3–5 and data in Tables) were used. RM

values for silica gel with 6.4 mol% (–0.162, 0.160, 0.389, 0.805,

1.103, 0,385, 0.680 and 0.921 for complexes 1–8, respectively)

were calculated from fitted linear dependence of experimental-

ly obtained RM values taken from the study of Vučković et al.

(8) on mol% of ammonium sulphate.

Results and Discussion

Studied complexes are listed in Table I. In series 1–5 contain-

ing five-membered 1,2-ethylenediamine back rings, side rings

are increased with successive addition of 2CH22 groups (up

to four). Complexes 6–8 have six-membered 1,3-propanedia-

mine back rings and one 2CH22 group more than 1–3. It has

been suggested (9) that during their separation by TLC on

silica gel with an increased mobile phase polarity, from the

system C2H5OH-H2O to aqueous (NH4)2SO4 solutions, the

change of the separation mechanism varied from specific

H-bonding of the sorbent’s 2OH group to COO2 oxygen of

the complex to nonspecific hydrophobic interactions in SO

chromatography, giving in both cases the reversed-phase order.

By preliminary chromatography of the mentioned complexes,

it was established that except on silica-gel, they are not salted-

out with (NH4)2SO4 on the other sorbents, because they have

more pronounced hydrophobic properties (cellulose and poly-

acrilonitrile) (15). Thus, high RF values of the complexes

without mutual separation within one series are obtained.

However, a certain retention of the complexes on silica gel in

reversed-phase order appeared, even with pure H2O. With

other polar organic solvents [CH3OH, C2H5OH or (CH3)2CO] in

which the complexes were sparingly soluble, they rested at the

start position. The complex solubility decrease with decreasing

of solvent polarity was in the following order: CH3OH .

C2H5OH . (CH3)2CO, and within the series, each of these sol-

vents parallels the number of extended side/back rings.

Additionally, separation by normal-phase chromatography on

silica gel is possible only with classical reversed-phase solvent

systems composed of water and CH3OH, C2H5OH or

(CH3)2CO.

Our results of chromatographic separations of studied com-

plexes with (NH4)2SO4 solutions on silica gel impregnated

with PEGs of different molecular mass, as hRF (RF � 100)

values, are given in Table II. The order of the complexes was

analogous that obtained on non-modified sorbent (8).

However, on impregnated sorbents, the RF values were higher.

Additionally, increase of molecular mass of the PEG caused an

increase of the RF value of the complex, showing a less pro-

nounced tailing effect, giving with PEG 5500 an ideal round

shape (Figure 2). These data suggest a combined separation

mechanism involving specific and nonspecific interactions.

The presence of PEG (especially to a greater polymerization

degree) shields polar –OH groups, producing weaker specific

interaction. Moreover, it seems that the specific interaction of

this type of compound during the SO process on non-modified

silica gel is a more important factor of retention, giving select-

ive separation. Decrease of specific interaction due to impreg-

nation with PEG produces worse separation of the series 1–5

containing a smaller back ring. Dependence of RM values of

studied compounds obtained on silica gel impregnated with

PEG 5500 on corresponding RM values for non-modified silica

Figure 1. Structure of the complexes with EDTA-type ligands (n1 –n4 ¼ 1 or 2 and
n5 ¼ 2 or 3).
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gel (for 6.4 mol% (NH4)2SO4) is presented in Figure 3. The

slopes of the obtained lines (dx/dy) represent relation of separ-

ation factors, a, between adjacent complexes of one series on

sorbents calculated with Equation (1), where DRM is the differ-

ence between RM values for neighbor complexes of one series

on modified (SG-PEG 5500) and non-modified silica gel (SG).

dx

dy
� ¼ DRM SG� PEG 5500ð Þ

DRM SGð Þ ¼ a SG� PEG 5500ð Þ
a SGð Þ

ð1Þ

For further investigation of the same compounds on silica gel,

aqueous solutions of the salts (listed previously) with ions of

Table I
Investigated Co(III) Complexes as Kþ Salts and Stuctural Formulas of their EDTA-Type Ligands

Number Complex anion Formula of the ligand Ligand name (abbreviation)

1 [Co(edta)]2 Ethylendiamine-N,N,N0 ,N0–tetraacetate ion (edta)

2 trans(O5)-[Co(ed3ap)]2 Ethylendiamine-N,N,N0 –triacetate-N0-3–propionate ion (ed3ap)

3 trans(O5)-[Co(eddadp)]2 Ethylendiamine-N,N0–diacetate-N,N0-di-3–propionate ion (eddadp)

4 trans(O5,O6)-[Co(eda3p)]2 Ethylendiamine -N–acetate-N,N0 ,N0-tri-3–propionate ion (eda3p)

5 [Co(edtp)]2 Ethylendiamine-N,N,N0 ,N0–tetra-3-propionate ion (edtp)

6 [Co(1,3-pdta)]2 1,3-propanediamine-N,N, N0 ,N0–tetraacetate ion (1,3-pdta)

7 trans(O5)-[Co(1,3-pd3ap)]2 1,3-propanediamine-N,N,N0–triacetate-N-3-propionate ion(1,3-pd3ap)

8 trans(O5,O6)-[Co(1,3-pddadp)]2 1,3-propanediamine-N,N0–diacetate-N,N0-di-3-propionate ion (1,3-pddadp)

Figure 2. Photograph of the representative chromatograms obtained for series of
investigated complexes 6–8 (Table I) (from left to right on each plate) with
9.2 mol% (NH4)2SO4 on silica gel (SG) and impregnated silica gel with PEGs of
different average molecular masses as marked on plates.

Table II
hRF (RF � 100) Values Obtained for the Investigated Complexes using (NH4)2SO4 Solutions on

Silica Gel Impregnated with Different PEGs

Average molecular mass of PEGs Complex number*

1 2 3 4 5 6 7 8

400
(NH4)2SO4 mol%
1.9 81 67 55 38 26 65 45 30
4.0 69 58 47 29 18 62 39 21
6.4 65 52 33 21 13 52 33 19
9.2 58 38 26 12 7 46 27 14
1000
(NH4)2SO4 mol%
1.9 83 73 61 40 28 69 48 34
4.0 78 65 50 31 19 64 43 27
6.4 68 57 38 22 13 53 37 21
9.2 63 47 29 16 9 47 28 16
1540
(NH4)2SO4 mol%
1.9 86 78 64 47 35 74 60 40
4.0 80 67 58 38 22 69 50 35
6.4 72 60 49 30 15 57 39 25
9.2 65 50 33 21 12 49 31 16
4000
(NH4)2SO4 mol%
1.9 89 84 78 66 48 79 64 50
4.0 83 77 64 49 39 73 55 42
6.4 75 67 56 31 23 63 44 28
9.2 67 55 39 26 17 55 37 19
5500
(NH4)2SO4 mol%
1.9 92 87 83 72 61 80 72 63
4.0 84 80 71 63 50 73 63 53
6.4 76 69 59 47 36 63 52 35
9.2 67 57 42 31 23 58 45 29

*Numbers of the complexes are the same as in Table I.
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different lyotropic properties are applied. It is known (12, 13)

that lyotropic property reflects the relation of an ion with

molecules of water. Kosmotropes are usually small, with great

ionic density, thus binding a great number of H2O molecules in

their hydration sphere, ordering the H2O structure, and

causing a salting-out effect. Alternatively, chaotropes are bigger

and poorly charged. They have tendency toward adsorption on

hydrophobic surfaces, causing an increase in substances’ solu-

bility (salting-in effect). During the chromatographic process

with aqueous salt solutions, chaotropic ions interact with

solutes, but also to some extent with the sorbent (16, 17). In

Table III, hRF values of the studied complexes thus obtained

are given. For calculated RM values, the linear dependence rule

(dependence of RM values on mol% of the salt) (15) was

checked and the slopes of the lines are given in Table IV.

These were assumed to be salting-out efficiency, because they

represent the change of RM value caused by a unit increase of

mol% of the applied salt in the mobile phase. The effects of dif-

ferent salts on chromatographic behavior are shown in

Figures 4 and 5. Three different cases during the increase of

the salt concentration are established: (i) the retention is

always enhanced by the application of MgSO4 and earlier (8)

by (NH4)2SO4 (positive slopes) due to the salting-out effect;

(ii) the salting-in effect always occurs with NO3
2 and ClO4

2 of

Mg2þ solutions (negative slopes); and (iii) with Mg2þ, Naþ, Kþ

and NH4
þ Cl2 solutions, the salting-in effect is observed for the

members with a small hydrophobic part within the complex

series, whereas for the others, retention is enhanced.

The results are in accordance with previous observations

(18) that anion has the most considerable role in the salting-

out process. Most anions are usually more complicated and

bigger than cations, so their influence on the arrangement of

water molecules is greater (16–18). Additionally, an increase of

chaotropic properties of anions in the order SO4
2– , Cl2 ,

NO3
2 , ClO4

2 causes weaker interactions between the sorbent

and the investigated complexes in the chromatographic system.

It is assumed that their retention is the consequence of both

specific and nonspecific interactions, acting in the same direc-

tion. Influence of individual anion could be explained by the

following model: (i) extremely kosmotropic anion, SO4
2– in the

mobile phase efficiently brings about dehydration of both,

solute and sorbent causing enhanced retention; (ii) chaotropic

anions, NO3
2 , ClO4

2, are adsorbed on non-polar parts of solute

and sorbent causing their hydration and decreasing of hydro-

phobic interaction. At the same time, as these ions are less

hydrated, in their concentrated solutions there is possibility of

H-bonding through their oxygens to –OH groups of silica gel.

Thus, specific interaction of EDTA complexes with the sorbent

is prevented; (iii) border anion, Cl2, is moderately hydrated

producing moderate dehydration of solute and sorbent.

Moreover, it could be adsorbed on their hydrophobic parts pro-

portionally to contact surface. However, it could not form

H-bonds with silica gels –OH groups. Thus, in the case of the

complexes with bigger EDTA-type of ligands contact with the

sorbent is sufficiently realized and their retention increase with

increase of salt concentration (specific and nonspecific interac-

tions). The salting-in effect occurs because of enhanced hydra-

tion by adsorption of Cl2 on non-polar solute parts of the

complexes with smaller ligands. Therefore, it prevails over spe-

cific interactions with the sorbent. Some differences in the

Figure 3. Dependence of RM values of the studied complexes obtained on silica gel
impregnated with PEG 5500 on the corresponding RM values for non-modified silica
gel. Numbers above lines represent their slopes and the near points complexes
numerated as in Table I.

Table III
hRF Values of the Studied Complexes on Silica Gel Obtained with H2O and Various Salt Solutions

Complex number*

1 2 3 4 5 6 7 8

Deionized water 82 74 60 41 31 72 52 42
LiCl mol%
2.0 84 70 61 48 35 69 59 48
6.0 85 72 62 48 34 70 58 46
10.0 87 74 64 49 32 72 58 44
14.0 89 78 66 50 32 74 57 43
18.0 92 82 69 54 33 75 57 43
NaCl mol%
2.0 78 66 55 36 26 62 48 39
4.0 78 67 54 34 24 62 47 34
6.0 79 67 52 33 20 59 44 31
8.0 79 68 51 30 19 62 43 29
10.0 80 68 50 29 17 62 42 28
KCl mol%
1.0 78 68 52 40 30 63 53 42
3.0 79 68 48 38 23 64 53 38
5.0 80 69 46 35 20 64 52 36
7.0 81 69 44 31 16 64 52 34
NH4Cl mol%
2.0 80 64 55 46 31 67 48 36
4.0 80 64 54 46 31 66 48 36
6.0 80 64 54 46 30 66 46 36
8.0 82 66 54 45 28 64 45 34
MgSO4 mol%
1.0 74 60 50 35 26 62 42 29
2.0 72 58 44 25 17 54 36 26
3.0 71 53 43 25 18 50 30 24
4.0 63 49 38 21 12 43 27 19
5.0 63 46 35 20 12 42 24 18
MgCl2 mol%
1.0 82 72 59 46 32 68 46 39
3.0 85 74 61 46 34 70 47 37
5.0 87 76 64 45 30 73 47 44
7.0 90 79 70 46 32 76 51 42
9.0 92 83 74 48 28 76 51 40
Mg(NO3)2 mol%
1.5 82 70 62 42 26 70 48 40
3.0 86 75 66 48 29 76 55 45
4.5 88 81 73 54 34 76 55 50
6.0 91 83 74 56 38 78 57 52
7.8 92 84 78 59 41 79 64 55
Mg(ClO4)2 mol%
1.0 94 86 74 65 44 84 70 60
3.0 98 96 92 80 67 92 84 79
5.0 99 98 94 86 76 96 90 86
7.0 100 99 98 92 83 98 94 90

*Numbers of the complexes are the same as in Table I.
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behavior of the same series originate from the nature of the

cation of the applied Cl2 salt, which are obvious from the

obtained slopes (salting-out efficiencies), listed in Table IV. It

seems that Cl2 is more adsorbed in the presence of highly kos-

motropic cations (Liþ and Mg2þ), so most of the complexes

between the members of the series appeared in the presence

of increased Cl2 concentration, especially with Kþ and Naþ,

bringing enhanced separation selectivity (DRM is higher than in

the other cases).

All investigated salts are listed in Table V in order of their de-

creasing salting-out/increasing salting-in effect on investigated

complexes during TLC on silica gel. The lyotropic properties of

their cation/anion are also shown in the table. In addition to

the former conclusion that the anion has the predominant in-

fluence on retention [following the order kosmotrope (k) .

border (b) . chaotrope (c)], for the production of certain

effects, the combination of cation/anion is also important.

Namely, stronger effects are achieved with ions of the same

Table IV
Salting-Out Efficiency (m) Calculated for the Investigated Salts*

Number† Alkaline and NH4
þ chloride Mg2þ salts

LiCl NaCl KCl NH4Cl MgSO4 MgCl2 Mg(NO3)2 Mg(ClO4)2

1. –0.021 –0.007 –0.014 –0.009 0.062 –0.050 –0.065 –0.200
2. –0.018 –0.005 0.004 –0.006 0.065 –0.034 –0.058 –0.197
3. –0.010 0.011 0.023 0.003 0.065 –0.038 –0.053 –0.192
4. –0.006 0.018 0.028 0.003 0.075 –0.004 –0.047 –0.128
5. 0.003 0.030 0.057 0.015 0.100 0.010 –0.049 –0.129
6. –0.009 0 0.002 0.009 0.090 –0.024 –0.029 –0.161
7. 0.002 0.014 0.003 0.010 0.090 –0.012 –0.039 –0.136
8. 0.006 0.027 0.024 0.006 0.072 –0.006 –0.041 –0.127

*Note: calculated as the slopes of the line: RM ¼ RM
0 þ m [mol% of the salt].

†Numbers of the complexes are the same as in Table I.

Figure 4. Dependence of RM values on mol% obtained for the investigated complexes on silica gel with NH4
þ and some alkaline chlorides. Numbers near lines correspond to

the complexes numerated as in Table I.
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lyotropic properties in the following order of combinations:

kk . bb . cb . kb . kc.

Conclusion

By SOTLC of Co(III) complexes with EDTA-type ligands on

silica-gel in most cases, the opposite results were obtained

than those found in earlier studied aminocarboxylato Co(III)

complexes under the same conditions. The increase of the

polymerization degree of PEGs for silica gel impregnation

caused a decreased retention of these complexes when

(NH4)2SO4 solutions were used as mobile phases. However,

when salt solutions with various lyotropic properties were

applied for SOTLC on non-impregnated silica gel, the influence

of the anion nature was predominant. The salts with chaotropic

anions (NO3
2/ClO4

2) produce a decrease in the complexes’

retention with increase of the salt concentration in the mobile

phase, i.e., a pronounced salting-in effect. With Cl2, the behav-

ior of the complexes depended mostly on their hydrophobic

properties (salting-out or salting-in effect) and also on the

cation nature. The salting-out effect was always achieved with

SO4
2– solutions. Based on all data for the studied complexes,

the combined separation mechanism (including specific and

nonspecific interactions) was assumed. This paper showed that

for the discussion of separation mechanisms in SOTLC, all

Figure 5. Dependence of RM values on mol% obtained for the investigated complexes on silica gel with some Mg2þ salts. Numbers near lines correspond to the complexes as
in Table I.

Table V
Influence of the Investigated Salts on Behavior of Studied Complexes Regarding Lyotropic Properties of their Constituents

Salt MgSO4 NaCl KCl NH4Cl LiCl MgCl2 Mg(NO3)2 Mg(ClO4)2

Effect salting-out salting-out; salting-in salting-out; salting-in salting-out; salting-in salting-out; salting-in salting-out; salting-in salting-in salting-in
Lyotropic property of cation k* b* c* c k k k k
Lyotropic property of anion k b b b b b c c
Combined cation-anion kk bb cb cb kb kb kc kc

*k, kosmotrope; c, chaotrope; b, border ion.
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factors (sorbent, solute and content of mobile phase) should

be considered.
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14. Radanović, D.J., Miletić, V.D., Ama, T., Kawaguchi, H.; Synthesis and

characterization of hexadentate cobalt(III) complexes with new

EDTA-type ligands. 5. Structure and absolute configuration of

the trans(O5)(-)546-isomer of lithium (ethylenediamine-

N,N,N’-triacetato-N’-3-propionato) cobaltate(III) monohydrate,

(-)546-trans(O5)-Li[Co(ed3ap)].H2O. Strain analysis of

[Co(EDTA-type)]-chelates in relation to their octahedral distortion;

Bulletin of the Chemical Society of Japan, (1998); 71:

1605–1614.
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