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Abstract: As evaluated with 15 crown ethers which contain varying numbers of benzo substituents, the
magnitude of the extraction selectivities (and in one case, the selectivity order) of aromatic group-containing
ionophores for alkali metal picrates may vary significantly from those for alkali metal salts with inorganic
anions as a result of— interactions between picrate ion and an aromatic unit of the ionophore. The importance
of the “picrate effect” increases as the number of benzo groups in the crown ether is enhanced and varies with
their location in the macrocycle. To verify the involvement of picrateown ethetz-stacking in complexation,

crown ether-alkali metal picrate complexes were examined in solutioftHhyNMR spectroscopy and solid-

state structures for nine complexes were determined by X-ray diffraction. Dependence of the chemical shift
for the picrate proton singlet in the NMR spectrum on the metal cation and/or macrocycle identity in the metal
picrate-crown ether complex was found to be a convenient tool for studying aiigand 77—z interactions

in solution.

Introduction properties of the ionophore, but also may be influenced strongly
by properties of the anioh.

Since the early studies of complexing abilities of the CEs
toward metal cation®Palkali metal picrates (MPic) have been

For more than three decades since the initial report of crown
ethers (CEs},these macrocyclic compounds, known for their

unique capability to selectively complex alkali metal cations, - M o
have been intensively investigated as complexing agents in meta€MPployed frequently to estimate the efficiencies and selectivities

ion separations by solvent extraction, membrane transport, and®f Ir‘e.W rkr)lf\crocycllllc 'ﬁ“gp?oée;i'ﬂ metal ion .sepz[aratlo?s.. Soft,
sorption? In such processes, alkali metal salts are transferred P0'a71Zable, weakly nydraled Flas a convenient counterion

from aqueous solution into the hydrophobic organic phase duethat provides greater distribution ratios/membrane transport rates
to formation of ion pair complexes with the macrocyclic for mﬁetal ions than do Inorganic anions, such as ha"d%.—NO
polyether carriers. The complexation reaction most often C/Os » and SCN. In addition, Pic is brightly colored which

proceeds in accordance with eq 1 to yield complexes with a allows for spectrophotometric determination of concentrations
1:1 metal-to-ligand stoichiometry: of the otherwise “invisible” alkali metal cations. Since the UV

spectrum of Pit changes on interaction of metal picrates with
M+aq + X aqt Log = MTLX o (1) macrocyclic ligands due to separation of the ion pairdid-,

. L. (3) Izatt, R. M.; Pawlak, K.; Bradshaw, J. S.; Bruening, R.Ghem.
where subscripts ag and org denote species in the agueous ande). 1995 95, 2529-2586.Macrocyclic Compounds in Analytical Chem-
organic phases, respectively. The stability of the thus formed istry; Zolotov, Yu. A., Ed.; Wiley: New York, 1997. Moyer, B. In

inn-pai P ; Comprehensie Supramolecular Chemistrokel, G. W., Ed.; Pergamon:
ion-pair complex controls the efficiency of the metal ion New York, 1996; Vol. 1, pp 37#416. De Jong, F.; Visser, H. C. In

interfacial transfer. In two-phase liquidiquid systems, the  comprehensie Supramolecular ChemistriReinhoudt, D. N., Ed.; Perga-

complex stability is defined by the extraction consta: mon: New York, 1996; Vol. 10, pp 1352.
(4) (a) Olsher, U.; Hankins, M. G.; Kim, D. Y.; Bartsch, R. A. Am.
— MY~ + - Chem. Soc1993 115 3370-3371. Lamb, J. D.; Christensen, J. J.; lzatt,
Kex M7LX OFQ]/[M aO][L Org][x aq] @) S. R.; Bedke, K.; Astin, M. S.; Izatt, R. Ml. Am. Chem. Sod 98Q 102,

. . . . o 3399-3403. Yakshin, V. V.; Abashkin, V. M.; Laskorin, B. NDokl. Akad.
Differences in th&e values for CE-alkali metal cation binding Nauk SSSR98Q 252, 239-241 (Eng). Talanova, G. G.; Yatsimirskii, K.
determines the selectivity of the macrocyclic ligand in metal B.; Zicmanis, A. H.Dokl. Akad. Nauk SSSF991, 319, 213-215 (English).
ion separations Inglesias, R.; Dassie, _S._A.;_Yudl, L. M.; Baruzzi, A. Mnal. Sci 1998

P o . .14, 231-236. (b) Yatsimirskii, K. B.; Talanova, G. @okl. Akad. Nauk
The effectiveness of metal ion transfer from aqueous solution SSSR1983 273, 414-416 (English).
into the organic phase not only depends on the cation type and (5) (&) Application of the picrate extraction method for evaluating CE
complexing abilities was first reported in the following: Frensdorff, H. K.
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T Texas Tech University. extraction procedure, Cram and co-workers (Koenig, K. E.; Lein, G. M,;
* The University of Alabama. Stuckler, P.; Kaneda, T.; Cram, D.J.Am. Chem. S0d.979 101, 3556~

(1) The results of this research were presented in part at the 216th 3566) suggested a method for the determination of the complex formation
National Meeting of the American Chemical Society, Boston, MA, August constants. (c) This approach was introduced in the following: Bourgoin,
23—-27, 1998, INOR 8. M.; Wong, K. H.; Hui, J. Y.; Smid JJ. Am. Chem. S0d.975 97, 3462~

(2) Pedersen, C. J. Am. Chem. Sod 967 89, 70177036. 3467.
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picrates may be used to determine the complex formation
constants in solutiobf

However, structural peculiarities of Picproduce special
properties, such as coordination versatiiftytoward metal
cations, surface activity,and the capability ofr—x interac-
tions’8 between Pic and aromatic groups of the ionophores. Herein we report results obtained from competitive extractions
As discussed elsewheter-stacking in metal picrate complexes ~ of five alkali metal cations (L, Na*, K*, Rb", and Cs) from
may either facilitate or retard coordination bonding. These aqueous Pic and I solutiond? into chloroform by a variety
features may cause unexpected complications in the estimatiorof CEs (Figure 1) in which both the ring size and number of
of metal ion separation propensities of the macrocyclic ligands. benzo substituents are systematically varied. In addition,

The goals of this research are to evaluate the ability of Pic
to affect the extraction selectivities of aromatic group-containing
CEs for alkali metal cations and to probe for a potential “picrate
effect” being produced by— interactions between Picand
aromatic group(s) of the macrocyclic polyether ligand.

In several earlier publicatiorf8;”-°z—z interactions of Pic

structural studies of alkali metal picrat€E complexes in

structures of some metal picrate complexes with CEs, calix-

of w—z interactions between Picand aromatic groups of the

arenes, and other macrocyclic ligands or assumed in solutionsionophore.

of the complexes based on their NMR and UV spectral
characteristics. Picwas found to be capable afstacking with
aromatic units of a metal-complexed ionophore even in the
absence of anioncation coordinatiof® Although a possible
influence ofz—u interactions of Pic with aromatic groups of

Results and Discussion

Competitive Extractions of Alkali Metal Picrates and
lodides by Benzo Group-Containing CEs.The selectivy of
an ionophore for different metal cations in a solvent extraction

macrocyclic ligands upon metal picrate extraction has been process is characterized by the separation faaigg, vz,
suggested in some instances, a definitive demonstration of suchdetermined by:

a “picrate effect” is lacking.
To the best of our knowledge, the effect of Pion the
selectvity of aromatic group-containing macrocyclic ligands in

®3)

1 m2 = Dyi/Dyz

metal cation interfacial separations has not been evaluated. Fowhere Dy: and Dy are the distribution ratios for competing

this reason, potential anietiigandz—a interactions are usually

metal ions, M™ and M*, respectively, between the organic

ignored in the assessment of metal ion separation properties ofand aqueous phases. The distribution raflg, is calculated

ionophores by the widely applied, traditional, picrate extraction
method.

If picrate—ligandszr—a interactions in the MPie CE complex
formed in a liquid-liquid extraction system were important,
they would contribute significantly to the overall stability of
the ion pair complex MLPic™ in the organic phase and thereby
influence Kex. The occurrence and strength afstacking
between Pic and an aromatic unit of the macrocyclic ligand
would be controlled by the geometry of the complex cation
M*L, which may vary as the metal ion is changed. Therefore
additional stabilization of MLPic™ ion pairs due to specific
anion-ligand interactions is expected to vary as the alkali metal
cation is changed. This would mean that metal ion differentiation
by the ionophore with Pic as the counterion might deviate
substantially from that obtained with other anions that are
incapable of interacting with the ligand. Therefore, the selectivi-
ties of aromatic-substituted macrocyclic ligands for extraction
of metal picrates may differ significantly from those for metal
halides, nitrates, etc., which would restrict the applicability of
picrate extraction results to real-world metal ion separation
systems.

(6) Olsher, U.; Feinberg, H.; Frolow, F.; Shoham,R&ire Appl. Chem
1996 68, 1195-1199.

(7) Harrowfield, J.J. Chem. Soc., Dalton Tran$996 3165-3171.

(8) Muzet, N.; Engler, E.; Wipff, GJ. Phys. Chemil998 102 10772~
10788. Varnek, A.; Wipff, GJ. Comput. Chem1996 17, 1520-1531.
Varnek, A.; Troxler, L.; Wipff, G.Chem. Eur. J1997, 3, 552-560.

(9) (a) Bell, T. W.; Cragg, P. J.; Drew, M. G. B.; Firestone, A.; Kwok,
D.-I. A. Angew. Chem., Int. E&Engl. 1992 31, 345-347. Hughes D. L.;
Wingfield, J. N. Chem. Commun1977 804-805. Bhagwat, V. W.;
Manohar, H.; Poonia, N. Snorg. Nucl. Chem. Lett198Q 16, 289-292.
Hanson, I. R.; Owen, J. D.; Truter, M. R. Chem. Soc., Perkin Trans. 2
1981 1606-1615. Harrowfield, J. M.; Mocerino, M.; Peachey, B. J.;
Skelton, B. W.; White, A. HJ. Chem. Soc., Dalton Tran$996 1687
1699. Talanova, G. G.; Yatsimirskii, K. B.; Podgornyi, A. V.; Zasorina, V.
A. Zh. Obshch. Khim199Q 61, 2042-2047 (Eng). (b) Beer, P. D.; Drew,
M. G. B.; Grieve, A.; Ogden, M. 1J. Chem. Soc., Dalton Tran$995
3455-3465. (c) Doughty, S. M.; Stoddart, J. F.; Colguhoun, H. M.; Slawin,
A. M. Z.; Williams, D. J.Polyhedron1985 4, 567—-575. Abidi, R.; Asfari,
Z.; Harrowfield, J. M.; Sobolev, A. N.; Vicens, Aust. J. Chem1996 49,
183-188.

by:

Dy = IMLX] of[M 1 4
As is obvious from eqs 24, the larger the&Key value for Myt
extraction relative to that for it the greater is thew w2 value
and the higher is the selectivity of the CE foryMover M,*.

Extraction selectivity of the CE for metal salts with anions
that are incapable of interacting with the ionophore will be
independent of the anion identity. In such case, a platafu,
determined for anion X versusai m2 for anion X,~ will be
linear with a slope of 1. (The detailed explanation of such
anticipated linearity is provided in the Supporting Information.)
Deviation from this line would indicate the presence of arion
ionophore interaction in one of the extraction systems. This
approach is applied to probe for the involvement of Pi€E
interactions in competitive extractions of alkali metal picrates
and iodides by ionophoreis-13 (Figure 2). (Individualuyz m2
values for picrate and iodide extractions with-13 are listed
in Tables 19S and 20S, respectively, of the Supporting Informa-
tion.)

For competitive extractions of t£j Na", K™, Rb", and Cg
from aqueous Picand I~ solutions by the CEs, the concentra-
tions of lithium salts extracted into the organic phase were too
small for accurate determination of the corresponding separation
factorsay Li. Therefore, the possibility of a “picrate effect” on
Li* extraction with benzo group-containing CEs will not be
discussed in this paper.

(a) Extractions by 18-Membered CEsFive CEs with 18-
crown-6 rings and varying numbers of benzo groups, e.g., benzo-
18-crown-6 (B18C61), two positional isomers of dibenzo-18-
crown-6 (DB18C6,4, and unsymbDB18C6, 2), symmetrical

(10) For this study, T was chosen for comparison with Pisince the
hydration enthalpy value of lis close to that of Pic, but the structure of
I~ should not promote its interaction with aromatic substituents of the
ionophores.

(11) Rice, N. M.; Irving, H. M. N. H.; Leonard, M. APure Appl. Chem
1993 65, 2373-2396.
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Figure 1. Structural formulas of the benzo group-containing CEs and related ligands containing no aromatic moieties.

tribenzo-18-crown-6 (TB18C®), and also dicyclohexano-18- With the introduction of a third benzo group in TB18C3,(
crown-6 (DC18C6,5) that has no aromatic units in the the changes in extraction selectivities on going from alkali metal
macrocycle, were studied in competitive alkali metal cation iodides to picrates are even more dramatic than those for the
extractions. Several of these ionophores are commercially dibenzo-CEs. TB18C6 exhibits almost no differentiation among
available, K-selective complexants that are frequently em- K™, Rb*, and C¢ in competitive extractions of alkali metal
ployed in metal ion separation studies. iodides (the separation factaig na, 0k rb, @andik cswere 10.5,

As expected, preferentia]*Ktransfer from agueous solution 0.95, and 0.93, reSpeCtiVEly). However, for extractions of alkali
into the organic phase was observed for the competitive alkali metal picrates by this liganak,na, okrs, andokcs are 12.1,
metal cation extractions by CHs-5 with both Pic and I as 4.48, and 11.0, respectively Therefore, an appreciable selec-
the aqueous phase anion. However, as shown in Figure 2a, thdivity for K* over Rb™ and Cs is observed. In contrast with
separation factors for these CEsy v, Which determine the  the graphs ofdim)eic Vs (o m)i for 1, 2, 4, and5, an analogous
efficiency of the K™ separations from other alkali metal cations, Plot for 3 is nonlinear and, therefore, is not shown in Figure
respond differently to the change of counterion frontd Pic . 2a.

For the competitive alkali metal extractions by DC18G} ( Thus, Pic has been found to be capable of altering the

that contains no aromatic units, the separation factors wererelative selectivity of alkali metal cation extraction with 18-
essentially invariant for this change of anion. Thus, the plot of membe:‘re_d CEs containing benzo groups with the importance
(0 m)pic VS (0w for this CE follows the solid line and has a of the _plcrate effect increasing with tht=T number of benzq
slope of 0.96. For B18C61J, which contains a single benzo ~ 9roupsin the CE and varying with the location of these aromatic
group, only a small deviation from the solid line of unit slope Substituents in the macrocyclic polyether ligand.

is observed. (b) Extractions by 21-Membered CEs Macrocyclic ligands
In contrast, thew w values for alkali metal cation extractions 68 With 21-crown-7 rings and one to three benzo groups,
with DB18C6 @) and unsymDB18C6 @) vary more signifi- respectively, were examined in competitive extractions of alkali

metal picrates and iodides. In agreement with the previously

cantly with the change of anion. The slope values of the
y g P published datd34increasing the number of benzo groups in a

corresponding linear graphs in Figure 2a are 0.58 and 1.46,
respectively. Therefore, Pie-CE interactions are involved in (12) It should be noted that a limited solubility of the ()Pic- complex

alkali metal picrate extractions by both of these ligands. in chloroform resulted in its selective partial precipitation from the organic
Moreover, the two isomeric CE® and 4, show opposite extract after equilibrium was reached and the phases had been separated

; + it PSR ; (see Experimental Section). For this reason, the\)ric values for3 given
changes in the KM™ selectivities when the anion identity was above were calculated based only upon concentrations of alkali metal ions

altered. Thus, for the extractions & (axm)pic > (0 M), remaining in the organic solution, without consideration of the KPic content
whereas, fod, (o m)ric < (o m)i- In other words, the selectivity  in t(he)pre(lzipitate. "

-+ i ; i 13) Talanova, G. G.; Elkarim, N. S. A.; Hanes, R. E.; Hwang, H.-S;
of unsymDB18C6 for K over the other glka_ll metal cations is Rogers, R. D.: Bartsch. R. Anal. Chem 1699 71 672-677,
enhanced when the agueous phase anion is changed friam | (14) Sachleben, R. A.; Deng, Y. Bailey, D. R.; Moyer, B. Sobent

Pic™, while that of DB18C6 is diminished. Extr. lon Exch 1996 14, 995-1015.
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Figure 2. Correlation of separation factorsuimz)ric and Qmi,m2)i

for competitive alkali metal ion extractions from aqueous picrate and
iodide solutions with CHGIsolutions of (a) 18-crown-6 derivativds

(3, slope 0.83)2 (@, slope 1.46)4 (O, slope 0.58), an& (M, slope
0.96) (Mi = K and M, = Na, Rb, and Cs), (b) 21-crown-7 derivatives
6 (O, slope 0.88) and (4, slope 0.47) (M = Cs and M = Na, K,

and Rb), ana (@, slope 0.48) (M = Rb and M = Na, K, and Cs),
and (c) 24-crown-8 derivatives (O, slope 0.80)10 (#, slope 1.02),

11 (@, slope 3.18), and3 (4, slope 0.62) (M= Cs and M = Na, K,

and Rb). (Solid lines with slope of 1 are included for comparison. None
of the graphs showed a correlation coefficiehbelow 0.98).

Talanet al.

The correlations between the corresponding separation factors
(om1,m2)pPic VS (m1,m2)1 for 21-crown-7 compounds are presented
in Figure 2b. The lines fo6, 7, and 8 have slopes of 0.88,
0.47, and 0.48, respectively. Therefore, the extraction selectivi-
ties of the these benzo group-containing CEs decrease when
the aqueous phase anion is changed frortolPic™. Based on
the slope value that may be considered as a measure of an
average magnitude of deviation of th@ m2)eic from that of
the (w1m2), the “picrate effect” for6 which has only one
aromatic moiety may be viewed as insignificant. However, for
7 and8 which contain two and three benzo groups, respectively,
an average 2-fold decrease in selectivity is observed when Pic
was the counterion.

(c) Extractions by 24-Membered CEsTo probe the “picrate
effect” on the alkali metal cation extraction selectivities of 24-
membered CEs, compounés-13 with differing numbers and
locations of benzo groups were employed. Ligah@isind 13
(TB24C8-1 and TB24C8-2, respectively) are positional isomers
of tribenzo-24-crown-8.

Correlations of the separation factorsc{ m)pic VS (Ctcs,m)i
for the competitive alkali metal cation extractions®y11 and
13 are shown in Figure 2c. For benzo-24-crown-8 (B249)8,
and dibenzo-24-crown-8 (DB24C80)), no significant deviation
of the extraction selectivities with the anion variation are evident.
However, when the number of benzo groups in the CE was
increased to three idl and 13, the “picrate effect” on the
separation ability of the ligands for alkali metal cations becomes
obvious. Moreover, consistent with the opposite effects of the
anion variation on the selectivities of DB18C6 andsym
DB18C6, the two isomers of TB24C&,1 and 13, exhibit
opposite changes in €A™ selectivities on going from to
Pic™ as the anion. Specifically, the:s v values forllincreased
by a factor of 3 when1 was replaced with Pic(the slope for
the plot @csm)pic VS (0csm)i was 3.18 for this CE), whereas
for 13, an average decrease of *Cselectivity by half was
observed for the same anion variation (the slope is 0.62). This
provides another example of the dependence of the “picrate
effect” on the location of the aromatic groups in the macrocycle.

For both competitive alkali metal picrate and iodide extrac-
tions by tetrabenzo-24-crown-8 (TetB24C), precipitation
was observed in the organic phase. The yellow solid obtained
from the extraction with Picin the aqueous solution was found
to contain only C§ and Rb ions in an approximate ratio of
3.5:113In contrast, the precipitate resulting from the alkali metal
iodide extraction with12 contained predominantly Csions,
with traces of Nd&. No Rb", KT, or Li* ions were detected in
this solid. Hence, the use of Piinstead of T as the aqueous
phase anion significantly decreased the selectivity of Cs
separation from the mixture of alkali metal cations by TetB24C8.

Thus, the “picrate effect” on extraction selectivities of a
variety of benzo group-containing CEs for alkali metal cations
has been appraised. To provide insight intosther interactions
between Pic and benzo groups of the CEs as the potential
causative factor for the observed extraction behaviors of the
ionophores, structural studies for the alkali metal picrate
complexes of the CEs in the solid state and in solution were
undertaken.

21-crown-7 compound was noted to produce a change from Crystal Structures of the Alkali Metal Picrate Complexes

slight Cs'/Rb" extraction selectivities for benzo-21-crown-7
(B21C7,6) and dibenzo-21-crown-7 (DB21C7) to moderate
Rb™/Cs™ selectivity for tribenzo-21-crown-7 (TB21C7).
Therefore,acsm values were used for characterization of the
alkali metal ion selectivities 06 and 7, while for extractions
by 8, arpm Values were calculated.

with Benzo Group-Containing CEs. We have determined
crystal structures of nine complexes: KRIcRbPic2, KPic-

3, KPic4, RbPic4, RbPic8, CsPicd1, RbPic12, and CsPic-
12. This series includes structures of alkali metal picrate
complexes with DB18C6ajnsymbDB18C6, TB18C6, TB21C7,
TB24C8-1, and TetB24C8. Picrat€E benzo group interactions
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Figure 3. Crystal structures of the alkali metal picrate complexes with the isomeric dibenzo-18-crown-6 ligands (&) KRi&kbPic4, (c)
KPic-2, and (d) RbPic2.

were found in eight of the nine complexes. A detailed discussion These distances are shorter than the centro@htroid separa-
of the structures is provided in the Supporting Information. The tions observed for the stacked anion and CE benzo group in
discussion which follows focuses only on the stacking of Pic the KPic-4 complex. This indicates that the Pieligand

with aromatic groups of the CEs. interactions in the Rbcomplex of DB18C6 are stronger than
(a) Crystal Structures of the DB18C6 Complexes, KPic4 those in the K complex of this CE.
and RbPic—4. In the structure of complex KPid{Figure 3a), (b) Crystal Structures of the unsymDB18C6 Complexes,

where K" is coordinated to all six ether oxygen atoms of the KPic—2 and RbPic—2. Similar to the structure of KPid; K

CE, two oxygens of Pig and an oxygen atom of the water in KPic-2 resides deeply in the CE cavity and coordinates with

molecule, face-to-face aromatic stacking of Pémd one benzo  all of the macrocyclic oxygens and two oxygen atoms of the

substituent of DB18C6 is observed. The neutral complexes Pic™ (Figure 3c). However, in contrast with KP#&- the

comprise the asymmetric unit column along the unit cell coordination sphere of Kon the opposite side of the CE is

directiona to form stacks of alternating Pianoieties and the now completed by dimerization of the complex via interaction

C5, C6, C17#C20 benzo rings of the CE. The strength of this of the metal ion with a benzo ring of the neighboring CE unit.

m—a interaction may be estimated from the centreagntroid The coordinated Picand another benzo group ®fre involved

distances for these aromatic groups. The two unique separationsn face-to-face stacking forming alternating Pieenzo ring

of the coplanar Pic and benzo moieties (within the same columns along the unit cell directica The centroig-centroid

asymmetric unit and between the asymmetric units related by adistances within the asymmetric unit and between the asym-

unit translation alongy) are 4.026 and 3.882 A, respectively. metric units are 3.745 and 3.895 A, respectively. Therefore, the
Since the larger Rbcannot reside as deeply in the DB18C6 stacking of Pic and a benzo moiety in the KPic complex of

cavity as K, it perches above the mean plane of the CE. The unsymDB18C6 is stronger than that in the analogous complex

complex RbPie-4 has a dimeric structure (Figure 3b). The'Rb  of the symmetrical isomer of DB18C6.

ions in the dimeric complex coordinate opposite faces of the In contrast, the crystal structure of complex RbP2ds the

two CE moieties which facilitates their face-to-face stacking only one of the nine that does not exhibit any picra®E benzo

with the Pic” anions. The centroidcentroid separations between group stacking interactions. Instead, RbP3ccrystallizes as a

Pic™ and the C15C20 benzo ring and another Piand the 2:1 (CE-to-metal) sandwich complex (Figure 3d).

C5—-C10 benzo group are 3.674 and 3.863 A, respectively. (c) Crystal Structure of the TB18C6 Complex, KPic—3.



11286 J. Am. Chem. Soc., Vol. 121, No. 49, 1999 Talanet al.

Figure 4. Crystal structures of the alkali metal picrate complexes with the 18-, 21-, and 24-membered tribenzo-CEs 8)iyHRbPic8, and
(c and d) CsPic1.

Since the more rigid TB18C6 cannot coordinate Within the species as shown in Figure 4c. In one of them, the Pic
mean plane formed by its oxygens, the metal ion resides coordinated to Csl forms face-to-face stacking with two of the
appreciably above the CE cavity (Figure 4a). This allows Pic benzo rings of TB24C8 with the centreigentroid separations

to have closer face-to-face stacking with the CE benzo group. of 4.195 and 4.036 A. These two CE benzo rings are also face-
Thus, the anion and the C3, C4, C1€20 benzo ring exhibits to-face stacked with the other unique CsPiB24C8 complex

a centroid-centroid separation of 3.720 A in the asymmetric species (Figure 4d).

unit and of only 3.613 A between the asymmetric units. This () Crystal Structures of the TetB24C8 Complexes,
interaction produces stacked columns alongahexis with a RbPic—12 and CsPic-12. The structure of the complex
length (7.2884(5) A) that compares favorably with those values Cspic-12is presented in Figure. The complex RbPie12 is

found for KPic-2 and KPic-4, which have similar anionCE isostructural with its Cs-containing analogue. In both of the
stacking features. complexes, opposing benzo substituentsl®ffold over one
(d) Crystal Structure of the TB21C7 Complex, RbPic-8. another to form two large clefts which make the metal ion

The larger 21-membered macrocy8lallows Rb" to penetrate accessible for further coordination with the anion. Ritays a

deeply into the CE cavity (Figure 4b). The coordinated Réc remarkable role in the structures of RbPE2 and CsPie-12.

arranged so that it forms face-to-face stacking with the C9, C10, Its coordination with the metal cations may be assisted by face-

C23-C26 bhenzo ring of TB21C7 with a centretdentroid to-face stacking with the CE benzo substituents that form the

separation of 3.817 A. cleft. The Pic units bridge the two metal centers in a head-
(e) Crystal Structure of the TB24C8 Complex, CsPie- to-tail manner forming infinite coordination polymers. As a

11. This structure illustrates the variability of a larger, more result, each Picis “sandwiched” between four benzo groups

flexible CE in satisfying both the metal ion coordination from the CEs.

arrangement and any Pie CE benzo ring stacking interactions. IH NMR Spectra of the Alkali Metal Picrate Complexes

In the structure of CsPiell, there are two unique Cscomplex with Benzo Group-Containing CEs. Although s-stacking of
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Figure 5. Crystal structure of the CsPic complex with tetrabenzo-24-crown-8 (Cis®ic-

Pic™ with the benzo groups of the CE was evident in most of
the crystal structures for the MPH#CE complexes, the complex 69
geometry in solution, where complexation/decomplexation
equilibria, conformational dynamics, and various interactions
involving solvent molecules take place, may vary from that in
the solid state. To provide insight into-7 interactions between
Pic™ and benzo-substituted CHs-13 in CHCI; (the solvent
used as the organic phase in the extractidH) NMR spec-
troscopy was employed for the investigation of MPEE

—-8-8

@®
@
i

dH-pic (PPM)
h

i & { »
)

complexes (excluding LiPic) in CDgkolution. 6T — T T T T T T 86
The spectra of the CEs showed significant, sophisticated Na K Bb Cs o 50 100 150
changes on complexation with alkali metal catingue to Cationtype  KLPic concentration (mM)

electronic and conformational effects (which will not be Figure 6. Chemical shifts of Pic protons,du-pic, in the tH NMR

discussed in this paper). This made the signals for the CE spectra (CDG) of alkali metal picrate complexes df(O), 2 (a), 4

protons unsuitable for investigation of the anidigand interac- (@), and5 (O) vs (a) the alkali metal cation and (b) concentration of

tions. In contrast, the singlet of Pigrotons appeared to be  the K'LPic™ complex.

very convenient to probe for possibte-rr interactions between  1.pie 1. Chemical Shift Values for Picrate Protons in fhé

Pic™ and benzo groups of the CE. NMR Spectra of Alkali Metal Picrate Complexes of 21- and
Changes in the chemical shift for Piprotons on complex- 24-Membered CEs in CD€(200 MHz, 297K}

ation of metal picrates with aromatic group-containing macro- macrocycle dn_pic (opm) for the MPic complex where M is

cycles have been observed earlier (for example, see ref 9c). type cp Na K Rb Cs

However, these changes and their variation with altered identity

of the metal cation and/or macrocyclic ligand have not been 21-¢rown-/ 1g g'gi g'gg g'gg g'gg
used for systematic investigation of the Pigonophorer-stack- 7 872 8.67 8.68 8.69
ing, to the best of our knowledge. 8 8.65 8.59 8.64 8.66

The CE-alkali metal picrate complexes were prepared by 24-crown-8 15 8.87 8.86 8.84 8.84
dissolution of the solid MPic salt in a CDE$olution of the 9 880 8.77 8.75 8.75
CE. Since the solubility of the alkali metal picrates themselves ﬂ g;g g'gg g'gi’ 3'23
in chloroform is negligibly small, they are transferred into the 13 8.69 8.63 8.65 8.65
organic solution only through complexation with the CE. 12 8.61 8.60 8.53 8.54

Therefore, it was impossible to compare the NMR spectra of a Solutions of the complexes were prepared by dissolving solid metal
uncomplexed MPic with those of the MPi€E complexes in picrates in 30.0 mM solutions of the CEs in CRQMThe CEs are

CDCls. Hence, the spectral characteristics of the MPic com- |isted in the order of the increasing number of benzo groups.
plexes with the benzo-substitued CEs were compared with those
for complexes of related CEs that contain no aromatic units. respectively. Such increased shielding of the Ricotons is
The chemical shiftspn-pic, determined for the alkali metal  believed to result from PieCE 7—a interactions.
picrate complexes of the 18-crown-6-type ligands and also of The dy_pic values for MPic complexes of the benzo-
the 21- and 24-membered CEs are presented in Figure 6 andsubstituted ligands may change significantly when the cation
Table 1, respectively. is varied (Figure 6a and Table 1). In contrast, when no aromatic
In the spectra for all of the MPic complexes with the benzo substituent is present in the CB, (14, and 15), only a very
derivatives of 18-crown-6, the singlets for the Pprotons were slight tendency for smalle¥,—pic values on going from Nato
observed upfield from those of the complexes with DC18C6 Cs" was observed. This tendency was unaffected by variation
(5) (Figure 6a). Similarly, thén—pic of the alkali metal picrate of the macrocycle size and, therefore, cannot be explained by
complexes with benzo group-containing 21- and 24-membered differing stabilities of the complex cations™ or the type of
CEs were smaller than those for the complexes of dicyclohex- ion pairs M"LPic~ for these CE$7 In addition, as shown in
ano-21-crown-7 (DC21C714) and 24-crown-8 (24C815),16 Figure 6b for KPic complexes of DB18C@&)(and DC18C6

(15) This problem has been discussed in numerous publications, begin-  (17) Only very small changes of thig;—pic value were observed with
ning with the following: Live, D.; Chan, S. . Am. Chem. Sod976 98, cation identity variation for the alkali metal picrate complexes of the CEs
3769-3778. containing no aromatic moieties. Tldg_pic value exhibited a consistent,

(16) Since commercially available dicyclohexano-24-crown-8 contains very small decrease in the order Na K* = Rb* = Cs" which may be
some quantity of dibenzo-24-crown-8 which may be critical for the results caused by different solvation of the cations by water present in g¢ibhat
of this study, we utilized 24-crown-89) instead. was used without prior drying.
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(5), shielding of the Pic protons in the spectrum of K4)Pic™
varied when the complex concentration in solution was changed,
while op-pic for KT(5)Picc was essentially insensitive to
concentration variation$.This suggests that the valuedf_pic

for the alkali metal picrate complexes formed by CEs which
contain one or more benzo units reflects an equilibrium between
the complex species in which different modes of the anion a
CE stacking are present and also those species in which such
stacking is absent. Hence, a larger upfield shift of the Pic
proton signals in the spectrum of the MPICE indicates a
greater population of species with-z interactions.

From the data in Figure 6a and Table 1, it is evident that
shielding of the Pic protons in the complexes with benzo-
substituted CEs increases as the number of benzo groups in the
macrocycle is enhanced. The only exception to this trend was
noted in thedy—_pic values for the MPic complexes of TB18C6 b
(3, not shown in Figure 6a), which were 8.70, 8.73, 8.73,
and 8.72 ppm for N&3)Pic™, K*(3)Pic™, Rb"(3)Pic™, and
Cs"(3)Pic, respectively. The unexpectedly higlesrpic values
for these complexes may be caused by their relatively low
concentrations in solutiotf.

If w—m interaction between the Picand an aromatic
substituent of the CE takes place, it is expected also to affect
the spectrum of the ligand in the region of the aromatic proton
signals. As illustrated in Figure 7 fak, chemical shifts and c
shapes of the signals for the benzo group protons of the CEs
change significantly in going from the uncomplexed ligands to
their alkali metal picrate complexes. These changes are caused
by both CE-Pic™ and CE-cation interactions, which is evident
from a comparison of the spectrum #(Figure 7a) with those

T T T T T

of K*(4)Pic™ (in which both cation and anion may interact with 696 6% 6.88 684 680 678
the ligand) and of K(4)I~ (in which only CE-cation interaction . o P _
is anticipated) (Figures 7c and 7b, respectively). Figure 7. Aromatic region of théH NMR spectra (30.0 mM in CDG|

Estimation of the contribution from the ligandPic™ interac- 300 MHz, 297K) of (ayt and its complexes with (b) Kl and (c) KPic.

tion to the changes observed for the spectrum 6{4Pic
relative to that of the uncomplexed DB18C6 would require more
extensive investigation which is outside the scope of the presen
work. Nevertheless, the upfield shift observed for signals of
the DB18C6 aromatic protons in the KPic complex compared
to the Kl complex provides additional support for the proposed
m-stacking of Pic with a benzo group of the CE.

Although a smalledn-pic value for an alkali metal picrate
complex with the CE-containing benzo groups is associated with
a larger population of the complex species involving Pi€E
interactions, characterization of the PieCE adduct stability
based on thé&y_pic value is complicated. It should take into
account that shielding of the Pigrotons due to the anien
CE stacking depends significantly on the geometry of the
complex. In particular, its magnitude will be greater for
complexes in which Picis involved in stacking with several
benzo groups of the CE than those in which the anion interacts
with only one aromatic substituent of the ionophore. Also, in
addition to face-to-face Pic-aromatic moietyr—s stacking,

a face-to-edge mode is possible. These two dissimilar anion
CE interactions may induce opposing changes in the chemica
shifts of the Pic protons. Last, although the thermodynamic

stability of the complex MLPic™, unlike its geometry, is not a
tprincipal factor for the Pic—CE n-stacking formation, it will
determine the concentration of the complex species in solution
and, therefore, may have some effect on the obsedvedic
value.

Thus, the increasing shielding of the Piprotons indicates
enhanced anionligand 7— interaction in the alkali metal
picrate complexes; but thi;—pic value may not be taken to be
a measure of the contribution from PieCE n-stacking to the
overall complex stability. Thereforéy—pic for the MPic-CE
complexes cannot be related directly to the change of the CE
extraction selectivity for alkali metal ions observed when the
aqueous phase anion is varied fromtb Pic". Nevertheless,
some interesting correlations of the CE extraction behavior with
the spectral characteristics of the alkali metal picrate complexes
in solution and also their structural features in the solid state
have emerged.

Correlations between the “Picrate Effect” on CE Extrac-
tion Selectivities and CE-Pic~ #-Stacking Observed for the
ICE—AIkaIi Metal Picrate Complexes in Solution and in the
Solid State.The best expressed correlation is noted for the series
of benzo group-substituted 18-membered CEs, B1806 (

(18) Analogously, thé_pic values for the MPic complexes of DC21C7  DB18C6 @), andunsymDB18C6 @). Thus, ligandl, which
(14) and 24C8 15) in CDCl; were insensitive to changes in the concentra- - contains only a single aromatic moiety, exhibits only very small

tion of the complex, in contrast with those for the MPic complexes of the - ; - : h
benzo group-containing 21- and 24-membered CEs. deviation of the extraction selectivity for alkali metal picrates

(19) Due to the significantly weaker complexing ability of rigid TB18c6  from that for iodides (Figure 2a). In agreement, dhepic values
for NaPic, RbPic, and CsPic relative to those of the mono- and dibenzo- observed in the NMR spectra of the MPit complexes, which

18C6 compounds, the solubilities of these solid alkali metal picrates in ; i
CDCls in the presence @ were considerably lower than that fy2, and were further downfield than those for the complexes of dibenzo

4. Although3 exhibited appreciable binding ability for KPic, the complex ~@nd tribenzo derivatives of 18-crown-6, are also relatively
KPic-3 had limited solubility in CHGJ. insensitive to changes of the alkali metal cation (Figure 6a).
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In the NMR spectra for the series of MPic complexes of the membered ligands. Nevertheless, certain correlations are worth
unsymmetrical dibenzo-substitut@ the largest upfield shift mentioning. In particular, the two positional isomers of TB24CS8,
of the Pic proton signals due to thea—sm interactions is 11and13, whose selectivityics v in the competitive alkali metal
observed for the K complex (Figure 6a). Therefore, the solution ion extractions responded opposit€lyto variation of the
of KT(2)Pic™ must have the greatest population of species in aqueous phase anion (Figure 2c), also exhibit distinctive changes
which thes-stacking is involved. Consistent with the NMR data  of the dy—pic values in the NMR spectra when the identity of
in solution, face-to-facer—m stacking of Pic with a benzo alkali metal cation in the complex M.Pic™ is varied (Table
group of unsymDB18C6 is clearly evident in the solid-state 1). Forll, whose extraction selectivity for Cover other alkali
structure of the KPi@ complex (Figure 3c), but is absent in  metal cations increased on the average 3-fold with BEthe
the analogous complex with RbPic (Figure 3d). These structural counterion, numerous Pie-CE stackings are clearly evident
features of the complexes are in agreement with the observedin the solid-state structure of the CsPitl complex (Figures
enhancement of the Kselectivity of unsymDB18C6 in the 4c and 4d).
extraction of alkali metal picrates relative to that of the iodides  The ability of TetB24C8 12) to differentiate between Cs
(Figure 2a). and R during competitive alkali metal picrate extraction was

In the NMR spectra of all four of the alkali metal picrate significantly decreased relative to that for the iodides due to
complexes of symmetrical DB18C@&)( the y—pic values are  coprecipitation of two complexes, CsPit2 and RbPie-12,
smaller than those for the other benzo group-containing 18- from the organic phase. In the solid-state structures of these
membered CE4—3 (Figure 6a), which indicates that in the isostructural compounds (Figure 5), multiple TetB24E8c™
solutions of these complexes, the proportion of species with interactions are present. In agreement, the NMR spectra of
Pic —4 interactions is relatively large. The solid-state structural Cs"(12)Pic” and RB(12)Pic” in CDCl; (Table 1) showed
data support the solution behavior of the MP#&complexes. comparable, upfield shifts of the largest magnitude for the Pic
Thus, face-to-face—x stacking of Pic with benzo groups of ~ proton signals among those for the alkali metal picrate com-
the CE is observed in the crystal structures of both KRic plexes of benzo group-containing CEs, despite the limited
(Figure 3a) and RbPie4 (Figure 3b). However, the magnitude  solubility of CsPie-12 and RbPie-12 in chloroform and,
of the Pic —CE benzo ring separations assessed from the solid- therefore, relatively small concentrations of these complexes
state structures of these complexes indicates that the -anion in solution.
ligand interaction in KPie-4 is weaker than that in the dimeric Thus, the “picrate effect” has been evaluated for the wide
RbPic-4. In agreement, the shielding of the Piprotons in variety of benzo group-containing CEs. We envision that similar
the NMR spectrum of the Rbcomplex of4 is greater than influences of Pic on the separation abilities of other types of
that for the K complex of this CE (Figure 6a). Similarly, the aromatic group-containing macrocyclic ligands, e.g., lariat

On-pic value for Na (4)Pic is smaller than that for K(4)Pic™. ethers, calixarenes, or cryptands, may be found. However, it
Therefore, on the basis of the solution NMR data and the solid- should be noted that the importance of the Pi€E 7—x
state structures of the MPi®B18C6 complexes, anierlCE interactions may be altered by the presence of bulky or electron-
interactions are believed to be more significant in NaRiand withdrawing substituents in the benzo moieties or in the

RbPic-4 than in the analogous complex with KPic (in contrast macrocycle itself due to steric or electronic factors, respectively.
with the ordering of increasing thermodynamic stability of the

complexes). In agreement, the extraction selectivitytdor Conclusions
K* over other alkali metal cations decreases when the aqueous
phase anion is changed from 1o Pic™ (Figure 2a). The use of Pic as the aqueous phase anion for solvent

The Pic —CE z—x stacking which evidently enhances the ~€x{raction of alkali metal cations with benzo group-containing
stability of the KPic3 crystal lattice (Figure 4a) is believed to  CES may significantly influence the magnitude of the selectivity
be responsible for the selective precipitation of this complex N Metal ion separation (and sometimes the selectivity order)
from the organic phase after the competitive extraction of alkali "élative to that for the extraction of alkali metal salts with
metal picrates with TB18C6 and, thus, for dramatic change of Inerganic anions. The importance of the “picrate effect” is found

the separation ability fo8 from slight preference of Rband to increase with the number of benzo substituents in the CE
Cs' over K* with 1~ as the anion to appreciable'®Rb* and and vary with their positioning in the macrocycle. Based on
K*+/Cs" selectivity with Pic. the structural data obtained in solution and the solid state, the

- . . ._“picrate effect” on extraction selectivities of the benzo group-
Some interesting observations may be made also for the series inina CEs is believed It f . .
of benzo-substituted 21-crown-7 derivatives. Thus, for DB21C7 containing Es Is believed to result from-z interactions
i . ) ’ - between Pic and one or more aromatic units in the ionophore.
(7) and especially TB21C®]J, which are known for preferential . S . .
o . . This study clearly demonstrates that anidigand interactions
binding of the larger alkali metal cations (Csand R, e - .
. ) . N . within the macrocyclic complex, which often are neglected, may
respectively), the greatest upfield shifts of the Ricoton signals . : .
. . play an important role in metal salt complexation by crown ether
in the NMR spectra were observed unexpectedly for théir K compounds
complexes (Table 1). (This is another example ofitketacking P '
being controlled by structural factors rather than complex
stability.) In agreement, the AT extraction selectivity of
and RB/M™ selectivity of8 decreased on the average by half  |hstrymentation. Concentrations of alkali metal ions in aqueous

Experimental Section

When_ PiC was used as a counterion instead of Figure 2b). solution were determined by ion chromatography with a Dionex DX-
Specifically, the separation factoragp )pic and @rpx)1 Of 8 120 ion chromatographH NMR spectra were recorded with IBM AF-
were 1.46 and 3.58, respectively. 200 (200 MHz) and IBM AF-300 (300 MHz) spectrometers with use

For the largest sized 24-crown-4 derivatives, the effect of Of TMS as the internal standard.
Pic” on tll‘]e eXtra(l:“Onl Sel.er?tl\éltles for alkali rnletﬁl lons qogs (20) Interestingly, the extraction behavior of TBZ4C812)(resemb|ed
not correlate as clearly with the NMR spectral characteristics ihat of the monobenzo-24-crown-8) gather than that of its structural isomer
of the MPic—-CE complexes as do those for the 18- and 21- TB24C8-1 (1).
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Reagents Alkali metal picrates were obtained as described else-
wheré! and stored in the cool, dark placEaution! Metal picrates
are potential explogie hazards which are sensié to heat, friction,
or impact.

Benzo group-containing CHs 4, 7, and10 and dicyclohexano-CE
5 (a mixture of cis-syn-cis and cis-anti-cis isomers) were commercially
available compounds. Monobenzo-ORvas obtained by the literature
procedureé?? For the preparation of4 and 15, improved procedures
(refs 13 and 23, respectively) were applied. Earlier repd2ezthd the
polybenzo-CEs3, 8, 11, and 12, as well as6,%* were obtained in
enhanced yields by reactions of the appropriate bisphenol and poly-
(ethylene glycol) dimesylate with @80; in CH3CN. Similarly, the
synthesis of a new isomer of tribenzo-24-crowd®was achieved in
75% vyield from 1,2-bis(2hydroxyphenoxy)ethade and 1,2-bis(5-
hydroxy-3-oxapentyloxy)benzene dimesylate (the detailed procedure
will be published later.13: mp 120-122°C; IR (deposit from CHG
onto a NaCl platey 1255 and 1124 (€O) cnt%; *H NMR (300 MHz,
CDCls) 6 3.89-3.96 (m, 8H), 4.09-4.12 (m, 4H), 4.184.21 (m, 4H),
4.37 (s, 4H), 6.856.96 (M, 12H)23C NMR (75 MHz, CDC}) § 67.82,

69.57, 69.91, 70.10, 70.34, 114.62, 114.68, 116.61, 121.55, 121.68,

122.03, 148.92, 149.10, 149.40. Anal. Calcd fogHz.0g: C, 67.73;
H, 6.50. Found: C, 67.52; H, 6.46.

Procedures. (a) Analytical.Competitive alkali metal picrate extrac-
tion was conducted with an aqueous solution containirig Na", K+,

Talanet al.

X-ray Data Collection, Structure Determination, and Refinement.
A single crystal obtained by slow air evaporation of i4—CH;OH
solutions of the complex was mounted on a fiber and transferred to
the goniometer of a Siemens CCD area detector-equipped platform
diffractometer. A stream of cold nitrogen gas was used to cool the
crystal to—100°C during data collection. The data collection, reduction,
absorption correction, and structure solution and refinement were carried
out with the Siemens software products SMART, SAINT, SADABS,
and SHELXTL, respectively. Unit cell data were determined by a global
refinement of several thousand reflections within the data collection
range. The space group was determined using systematic absences and
subsequent solution and successful refinement of the structure (to
distinguish between centric and acentric choices). Refinement was full-
matrix, least-squares df2. KPic—2: KPic:2, CyeH6KN3O13, M =
627.60, yellow parallelepiped, triclini®l, a = 7.5552(6) A, b =
12.8200(9) Ac = 14.6982(10) Ao = 84.318(2), B = 76.749(23, y
=88.233(2), Z= 2, final R[I > 20(1)] R1 = 0.0497 wR2 = 0.0947,
GOF = 0.978.RbPic—2: RbPic2;, CseHsoN3O19Rb, M = 1034.36,
yellow fragment, triclinicP1, a = 12.9339(11) Ab = 13.4891(11) A,
¢ =15.9603 Ao = 101.375(2), 8 = 102.532(2), y = 113.005(2),
Z=2,finalR[l > 20(I)] R1 = 0.0738 WR2 = 0.2075, GOF= 1.031.
KPic—3: KPic'3, C3H26KN3013, M = 675.65, yellow fragment,
triclinic P1, a = 7.2884(5) Ab = 14.0914(6) A.c = 14.1719(9) A,
o = 90.962(3}, f = 95.945(2), y = 96.982(3), Z= 2, final R[I >

Rb*, and C$ (1.0 mM in each, together with 5.0 mM of each sulfate 20(I)] RL = 0.0997,wR2 = 0.1714, GOF= 0.944.KPic—4: KPic
as a spike) and a 1.0 mM CHglolution of the CE. Competitive alkali ~ 4-H20, CoeH2eKN 3014, M = 645.61, yellow parallelepiped, tricliniel,
metal iodide extraction was performed with an aqueous solution which a= 7.5876(2) Ab = 13.3035(4) Ac = 14.4104(3) Ap. = 92.533(1),
was 0.50 M in each of the alkali metal iodides and a 10.0 mM solution f = 103.599(1), y = 92.467(1), Z = 2, final R[I > 20(I)] RL =
of the CE in CHCJ. After back-extraction of the alkali metal salts from  0.0420,wR2 = 0.0934, GOF= 1.000.RbPic—4: (RbPic4)z, M =
the separated CHglayer into deionized kO (at least three consecutive ~ 1347.94, colorless parallelepiped, orthorhonfir2,, a = 25.9701(1)
stripping treatments were performed to ensure the completeness of backA, b = 12.0711(2) Ac = 8.9440(1) Ao = 90°, B = 90°, y = 9C°,
extraction), the metal ion concentrations in the combined aqueous Z = 2, finalR[l > 20(l)] Rl = 0.0428 wR2 = 0.1093, GOF= 1.070.
stripping solutions were determined by ion chromatography. Three RbPic—8: RbPic8, Cs:H3oN:O1.Rb, M = 766.06, yellow fragment,
independent extraction experiments were conducted for each combinadriclinic P1, a = 12.1544(3) Ab = 12.6001(3) Ac = 12.9493(3) A,
tion of CE and alkali metal salt. Relative to the other alkali metal ions o = 61.601(1}, 5 = 68.438(1}, y = 77.943(1), Z= 2, final Rl >

extracted, the amount of Liwas too small for accurate determination.
Separation factorsywime,'* were calculated from the corresponding
distribution ratio valuesDwy1/Dw>.

After the MPic extraction witl8 as well as MPic and MI extraction

20(1)] R1 = 0.0609WwR2 = 0.1482, GOF= 0.792.CsPic—11: CsPic
11:0.5CHOH, GaasH36CsNiO1s5, M = 873.57, yellow fragment,
triclinic P1, a = 13.2377(6) Ab = 16.6041(7) Ac = 18.4215(8) A,
a = 104.519(19, f = 102.029(19, y = 100.466(2), Z = 4, final R[I

with 12 had been completed and the phases separated, a precipitate= 20(l)] Rl = 0.0705,wR2 = 0.1421, GOF= 0.853. RbPic—12:
formed in the organic layer. After filtering, the organic layer was RDOPic12:1.5CHCly, Cgo2dH365Cl2sNsORb, M = 964.31, yellow
stripped and analyzed as described above. The precipitate was washegarallelepiped, triclinic®1, a = 13.5135(1) Ab = 16.8163(5) Ac =
with chloroform, dried in vacuo, and analyzed for alkali metal content 19.3287(6) Ao = 84.230(1), 8 = 81.716(1), y = 76.921(1), Z =

as described elsewhete.

(b) General Procedure for Preparation of the Alkali Metal
Picrate Complexes with the CEsA 30.0 mM solution of the CE in
CHCI; was stirred magnetically with an excess of solid MPic for 24 h.

4, final R [I > 20(1)] RL = 0.0899,wR2 = 0.2063, GOF= 0.971.
CsPic—-12 CsPic12-1.5CI-bCI2, C3g_2§‘|36_£|2_5N3015CS,M =1011.75,
yellow parallelepiped, triclini®1, a = 13.5085(2) Ab = 16.8244(3)
A, c=19.2714(1) Ao = 84.283(1y, B = 81.835(13, y = 76.771(13,

The mixture was filtered and the separated solid was washed on theZ = 4, finalR[l > 20(1)] R1 = 0.0411 wR2 = 0.0873, GOF= 1.030.

filter with boiling CHCl;. The combined CHGlfiltrate and washing
were evaporated in vacuo and the resultant solid was recrystallized from
CH2C|2—CH30H (521).

For the'H NMR spectral measurement, a solution of the MRGE
complex was prepared by stirring a 30.0 mM solution of the CE in
CDCl; (used without drying) with an excess of the solid MPic for 24
h. The mixture was filtered and itsl NMR spectrum was recorded at
297 K. For probing the effect of concentration df-pi;, solutions of
the MLPic™ were prepared by sequential dilutions with CB&fi 150
mM solutions of these complexes in CRCI
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