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Calorimetric titrations have been performed in anhydrous acetonitrile €26 give the complex stability
constantsKs) and the thermodynamic parameters for the stoichiometric 1:1 complexation of light lanthanoid-
(I nitrates (La—Gd) with N-methoxyethylaza-4,7,11,14-tetraoxacyclohexadecane (aza-16-crown-5 lariat)
(1). Using the present and reported data, the complexation behavior ahd N-pivot lariats with 16-
crown-5 skeletons is discussed comparatively and globally from the thermodynamic point of view. Possessing
structural flexibility as compared with lariat ether 15-(2,5-dioxahexyl)-15-methyl-1,4,7,10,13-pentaoxacyclo-
hexadecane (16-crown-5 lariaf})( aza-16-crown-5 lariat gave the highagt for Nd®*™ among the light
lanthanoid nitrates. The complex stability sequence as a function of reciprocal ionic diameter of lanthanoid
showed a characteristic peak profile at®N¢ébr 1, the relative cation selectivity for Nd over the neighboring

Pt and Sni* amounted to 9. Thermodynamically, the complexation of light lanthanoid nitrates with the
lariat ethers is mainly enthalpy-driven in acetonitrile, but the cation selectivity is entropy-governed. The
high cation selectivity of aza-16-crown lariat)(is attributed to the entropic loss that is minimized only
when a strict size match is materialized between the ionic diameter of the lanthanoids and the relatively
flexible three-dimensional cavity induced upon lariat ligation. Therefore, the three-dimensional induced fit
plays an important role in the recognition of trivalent lanthanoid ions by lariat ethers with structural flexibility.

Introduction crown-5 @).16 This indicates that the increased conformational
freedom of the ligand is more suitable for the complexation of

ize-matched cation. These results prompted us to investigate
the complexation behavior of less-symmetrical aza-16-crown-5
lariat with lanthanoid nitrates.

In the present study, we synthesized nitrogen-pivot 16-
crown-5 lariat ) (Chart 1) and investigated the thermodynamics
of the complexation with aza-16-crown-5 lariat in acetonitrile
of light lanthanoid(lll) nitrates (L= La, Ce, Pr, Nd, Sm, Eu,
and Gd), using titration calorimetry. The thermodynamic
parameters for the complexation of light lanthanoid nitrates with
aza-16-crown-5 lariat, together with those for 16-crowr8p (
and the lariat ether2},> will serve our further understanding
of this thermodynamically less investigated area of crown ether

L1718 i . . 3
by introducing extra methylene(s) and adding donating side arm- chemistry- . !t IS another point of Interest to examine the
cope and limitations of the lariat effect with the relatively

(s) has been demonstrated to be a convenient and powerfultooI ible N-bivot lariat ether f the th d i int of
to enhance the cation-binding ability and relative cation selectiv- exibie \-pivot fariat ether from the thermodynamic point o

ity of crown ethers? However, the work on the complexation
thermodynamics with these crown ethers has been concentrate
mainly on alkali, alkaline earth, and some heavy metal salts.
So far, less attention has been paid to the complexation Materials. Less-symmetrical aza-16-crown-5 larid) vas
thermodynamics of trivalent lanthanoids. synthesized in 29% yield by the reactionNmethoxyethyldi-

We have recently shown that the complexation in induced ethanolamine with the ditosylate of 3,7-dioxanonane-1,9-diol
three-dimensional cavity of carbon-pivot 16-crown-5 lariat(s) in the presence of NaH as a base in tetrahydrofuran, according
shows a poor cation selectivity for the light lanthanoid seffes. to the procedures reported previou¥ly Analytical-grade ac-
More recently, however, we have demonstrated that the nitrogen-etonitrile was dried over calcium hydride and then distilled
pivot 16-crown-5 lariat]) possesses much higher cation-binding fractionally to give the anhydrous solvert§ x 1077 S cnt?)
ability and selectivity compared with the carbon-pivot 16- for calorimetry. Light lanthanoid(lll) nitrates (LaGd) were
prepared by dissolving the corresponding oxides of 99.9% purity

Lariat ethers with additional donor atom(s) in the side arm-
(s) have been designed and synthesized to enhance the catio
binding ability and selectivity of the parent crown ether through
further ligation of the sidearm donor(s) to a cation accom-
modated in the crown caviy®# On the other hand, the
introduction of extra methylene(s) into small-sized 12-crown-4
and 15-crown-5 endows the resulting less-symmetrical 14-
crown-#-11 and 16-crown-5-12 with much higher cation
selectivities for lithium and sodium ions, respectively, than the
parent crown ethers. In particular, the carbon-pivot 16-crown-5
lariat, which carries a donating side arm, shows specific
enhancement in complex stability and cation selectivity for the
size-fitted N&.1* Thus the tailoring of crown ether’s ring size

q:‘xperimental Section

lPart 12: Inoue et all. Org. Chem 1993 58, 5411. (Baotou Rare Earth Chemical Co.) in 50% aqueous nitric acid
§Hﬁ;‘gﬁ'l;’sqa’uetres'g-Technology while heating for about 10 min. After evaporation, the solid
Il Osaka University. ’ residue was dehydrated with® in vacuo for several days to

€ Abstract published irAdvance ACS AbstractSeptember 15, 1996.  give a powdery product. Lanthanoid nitrate was dissolved in
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CHART 1 TABLE 1: Complex Stability Constant (log Ks) and
Thermodynamic Parameters (in kcal/mol?t) for
Complexation of Light Lanthanoid(lll) Nitrates with N-Pivot
16-Crown-5 Lariat (1), C-Pivot 16-Crown-5 (2), and

A
0o
:> 16-Crown-5 (3) in Anhydrous Acetonitrile at 25 °C
\)0
@

MeO N
{ ligand cation loKs —AG® —AH° TAS  ref
(6]

1 La3* 2.824+0.07 3.85 8.20:0.10 —-435 a

Cet 3.01+0.08 4.11 5.14-0.07 —-1.03 a

PRt 3.47+0.06 4.73 2.98t 0.20 1.75 a

Nd¥* 4.41+0.07 6.02  1.590.11 443 a

Smét  3.504+0.09 4.77 4.7G: 0.27 0.77 a

wd O//\ 0/\ OK\ 0/\ EW* 271+009 370 833013 -463 a

: : Gt 2.824+0.03 3.85 10.24-0.14 -6.39 a

Q <: Q 2 La3* 3.76+0.07 5.13 6.99-0.03 —-186 b

o) _) o ) Ceét 3.1840.03 4.34 505005 —-0.71 b

\\/o \\/o PR+t 3.07+0.02 419 5570.04 -138 b

Nd®* 3.044+0.02 4.15 2.49 0.09 166 b

@ 3 Snf* 3.01+£005 411  7.54:0.06 -343 b

Gt 3.10+£0.01 4.23 763001 -340 b

3 La3* 254+0.03 346 1451#0.09 —-11.05 b

anhydrous acetonitrile and refluxed for 24 h over molecular Cet 2.49+001 340 847011 -507 b
sieves for further removal of water. The concentrations of PRt 276+ 0.03 3.76 8.55:0.01 —479 b
lanthanoid nitrate solutions in acetonitrile were determined by Nd* 3.81+£0.04 520 3.72£0.05 148 B
b

the EDTA titration using xylenol orange as an indicator. The Sm3++ 4.14+0.08 565  575:008 —0.10
- . . Gt 3.66+0.07 4.99 5.46£ 0.05 —0.47
conductometric measurements showed that these light lanthanoid

nitrates behave as nonelectrolytes in anhydrous acetonitrile *This work; values are the averages of more than three independent
solution20 measurement$.Reference 15.

Apparatus and Procedures. Calorimetric titrations were
performed at atmospheric pressure in a temperature-controlle
water bath maintained at 25°C, by using a TRONAC model
458 isoperibol titration calorimeter connected to a personal
computer for automated titration and data procesinghe
principle of the measurement and the detailed experimental
procedures have been described previo#&ly. Typically, a
crown ether solution (2630 mM) in anhydrous acetonitrile was
continuously introduced at a rate of 0.3321%min"! into a
lanthanoid nitrate solution (0-91.5 mM) placed in the calo-
rimeter. In order to obtain the net heat of complexatiQpe{,
the total apparent heat observeg.{) was corrected for the
dilution of titrant @Qp), the non-chemical contribution§f.),
including agitation, heat flow between the vessel and its
surroundings, and resistance heating by the thermistor used, an
the temperature difference between titrant and titr@gs) in
each run; Qnet = Qobs — Qo — QuL — Qrc. A titration curve
was obtained by plotting the temperature change (measured by_. .
voltage) against the amount of the crown ether solution added, D!SCUSSION
from which the complex stability constarid) and the enthalpy Binding Constants and Selectivity. As can be seen from
change AH®) were calculated. Reliability of the whole system Taple 1, the complex stability constants, the relative cation
and the calculation procedures were doubly checked as previ-selectivity, and the thermodynamic parameters for the com-
oug* by comparison of the obtained thermodynamic data with plexation reactions of light lanthanoid nitrates with ligades3
the reported value®;*® and satisfactory results were obtained. are influenced by several factors: relative size of the ligand's

cavity to the cation’s diameter, surface charge density, ligand’s
Results structural rigidity, spatial arrangement of the donor atoms,
molecular symmetry, size of the induced three-dimensional

Assuming the 1:1 stoichiome#?8for the complexation of  cavity of lariat ether, and so on. In order to visualize the cation-
Ln(NOs)s (Ln = La, Ce, Pr, Nd, Sm, Eu, and Gd) for the aza- pinding properties of ligand$—3, the changing profile of the
16-crown-5 lariat, the complex stability constaitt)(and the  complex stability constantK) is plotted as a function of
enthalpy changeAH°®) were calculated by using the least- reciprocal ionic diameter of lanthanoid in Figure 1.

dcomplex formed at timéand is directly related to the complex
stability constanKs.

The stability constanKs and the enthalpy changkH°® for
the complexation of lanthanoid nitrate with lariat ethBryere
calculated by computer simulation by continuously changing
Ks, i.e., Nt to minimize theU value. For each lanthanoid
ligand combination, the measurement was repeated more than
three times and th& value obtained was minimized satisfac-
torily to give the optimized set oKs and AH® with standard
deviations. No serious deviation was found in the fitting
process, verifying the 1:1 stoichiometry of complexation as
assumed above. The complex stability constants and thermo-
dynamic parameters obtained are listed in Table 1. For the
&omparison purpose, the thermodynamic quantities reported for
the complexation with 16-crown-3) and its lariat derivative
(2) in acetonitrile are also included in Table 1.

squares method to minimize thé value?-3° As can be seen from Figure 1, the profilekaffor the less-
symmetrical 16-crown-53) shows a sudden jump at Ridand
H+G _L_S H-G 1) keeps highKs values over Ne-Gd, probably owing to their fitted

cavity size and proper donated orientations. This result may
m indicate that the size-fit concept is more rigorous in the
U(KS,AH°)=Z(Qt—AH°Nt)2 (2 complexation of trivalent lanthanoid ions, since the ionic
= diameters (1.881.97 AP! of Nd®* through Gd*t apparently
match to the cavity of 16-crown-53) (1.8-1.9 A)3233 On
where Q; refers to the net heat of complexation measured at the other hand, the carbon-pivot 16-crown lari2t $hows a
time t in minutes and\; denotes the amount in moles of the very flat K profile. This poor cation selectivity fo2f would
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Figure 1. Complex stability constant§) at 25°C as a function of
reciprocal ionic radius r(%, A1) for the complexation of light
lanthanoids witiN-pivot 16-crown-5 lariat ) (®), C-pivot 16-crown-5
lariat (2) (2), and 16-crown-53) (O) in acetonitrile.

be ascribed to the difficulty in adjusting strictly the three-
dimensional cavity induced upon lariat ligation to the size of
lanthanoids, probably due to its rigid framework. However, it
is very interesting and significant that the cation binding

J. Phys. Chem., Vol. 100, No. 43, 19967363

accounted for in terms of the steric requirement upon sidearm
ligation; only the most size-fitted lanthanoid ion accommodated
in the cavity of 16-crown-5 fully enjoys further ligation by the
donating sidearm with relatively large structural flexibility,
making the operation of exact size-matching easy. Therefore,
the increased conformational freedom of the lariat ether is
essentially for the highly selective complexation of the size-
matched trivalent lanthanoid ions.

Thermodynamic Parameters. In order to discuss the
changing profile ofKs and the relative cation selectivity from
the thermodynamic point of view, the thermodynamic quantities
for the complexation with ligand$—3 are plotted against the
lanthanoids in Figure 2. As can be recognized more easily from
Figure 2, theAH® values of the complex formation are all
negative with either negative or slightly positive entropic
changes. This means that these reactions are chiefly enthalpy-
driven in acetonitrile. However, the large enthalpic gaii()
does not immediately mean high complex stability and is often
canceled by the larger entropic loss, as is the case with 16-
crown-5 @) for the first half of the lanthanoids. Instead, the
cation—ligand combinations accompanying smaller entropic
losses lead to higher complex stabilities. Thermodynamically,
the entropic loss arising from the structural freezing upon lariat
ligand to lanthanoid ion accommodated in the cavity is often
compensated by the gain from the accompanying extensive
desolvation, giving rise to the positivEAS value as high as
4.43 kcal mot! for the complexation of lariat ethet with
Nd®*. Thus, it is concluded that the complexation itself is
mainly enthalpy-driven in acetonitrile but that the cation
selectivity is governed by the entropy change for all ligands.

Differing from the inherent two-dimensional cavity of the
parent crown ether, the lariat ether forms an induced three-
dimensional cavity upon complexation. Therefore, it is interest-
ing to compare the thermodynamic parameters for the nitrogen-

constants and the relative cation selectivities exhibited by the pivot 16-crown-5 lariat 1) with those for the carbon-pivot 16-

nitrogen-pivot 16-crown-5 lariatlj, shown in Figure 1, are
totally different from those of the reference compoudand

3. Possessing a relatively flexible molecular structure as
compared with the carbon-pivot 16-crown-5 larid), (the
nitrogen-pivot 16-crown-5 lariatlj gave the highedt for Nd®*™

and the lowest for L3 and Ed+ among the light lanthanoid
ions, eventually showing the highest cation selectivity foPNd

It is noted that the relative cation selectivity for Rdover the
neighboring P¥" and Sm™ amounted to 89, which is

crown-5 @), since these two lariats, possess@igandN-pivot,
suffer substantially different structural changes upon lariat
ligation. As can be seen from Figures 1 and 2, the cation
selectivity sequences and the thermodynamic profiles observed
for two lariat ethers are distinctly different. One possible
explanation for the relatively small and mutually resembling
parameters obtained f@rthroughout the light lanthanoid series
would be found in the presence of the methyl group at C-15 that
may contribute to the lock of the 16-crown-5 lariat framework

exceptionally high for the lanthanoid series possessing quite in a conformation favorable for complexation of some cation
similar chemical and physical properties. This is reasonably but makes the operation of strict size-fitting difficult. In contrast
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Figure 2. Thermodynamic parameters for the complexation of light lanthanoids@d) with (a) N-pivot 16-crown-5 lariat 1), (b) C-pivot

16-crown-5 lariat 2), and (c) 16-crown-53) in acetonitrile at 25'C.
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to the reference lariat eth@r N-pivot 16-crown-5, possessing
the relatively large structural flexibility, can strictly adjust the

Liu et al.
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M. J. Am Chem Soc 1988 110, 531.
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induced three-dimensional cavity to the size of the most g perkin Trans 1, 1986 1033,

favorable lanthanoid ion, i.e., Rt In this case, the desolvation
becomes more extensive upon complexation with P+
to give the positive entropy changeBAS), which lead to the
higher cation-binding ability. Thus thé-pivot 16-crown-5 1)
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is shown to possess the most advantageous structure from theo44.

viewpoint of the strict size-matching required for highly selective

complexation of lanthanoids. Thermodynamically, this drastic

(12) Ouchi, M.; Inoue, Y.; Wada, K.; Iketani, S.; Hakushi, T.; Weber,
E. J. Org. Chem 1987, 52, 2420.
(13) Inoue, Y.; Wada, K.; Liu, Y.; Ouchi, M.; Tai, A.; Hakushi, T.

change in the cation selectivity sequence is attributed to the org. Chem 1989 54, 5268.

positive entropy change that is maximized when a very strict

(14) Liu, Y.; Tong, L.-H.; Inoue, Y.; Hakushi, T. Chem Soc, Perkin

size-fit relationship is attained between the induced 3-D cavity Trans 2, 1991 1725.

of N-pivot lariat ether and the ionic diameter of the lanthanoids.

In this context, the tailoring of lariat ether's 3-D cavity by

(15) Liu, Y.; Lu, T.-B.; Tan, M.-Y.; Hakushi, T.; Inoue, YJ. Phys
Chem 1993 97, 4548.
(16) Liu, Y.; Li, Y.-M.; Zhang, L.-J.; Chen, Y.-T.; Ouchi, M.; Inoue,
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ether is a convenient and powerful tool to enhance the cation-

binding ability and relative cation selectivity for lanthanoid ions.
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