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The structural origins of the selectivity of rubidium ion over other alkali metal ions by tribenzo-21-crown-7 is
investigated from single-crystal X-ray diffraction: data for Cs(tribenzo-21-crown-73(N@onoclinic,P2;/c, a

= 9.598(2) A,b = 23.466(3) A,c = 23.973(5) A, = 93.31(1), V = 5390(2) &, Z = 8; data for [Rb(4,4
bis-tert-butylbenzo,benzo-21-crown-7)(dioxangH20)o0.1d[Cl] - (dioxane)1.82(1H0), triclinic, P1, a = 11.687(3)

A, b=12.800(4) A,c = 17.680(3) A,a = 75.31(2}, B = 80.01(2}, y = 69.09(2}, V = 2379.8(10) &, Z =

2; data for Na(4,4bistert-butylbenzo,benzo-21-crown-7)Rg0.5(-PrOH), monoclinic,P2;/c, a = 24.300(5)

A, b= 14.066(3) A,c = 22.676(5) A, = 108.06(33, V = 7369(3) B, Z = 8; data for and 4/4bistert-
butylbenzo,benzo-21-crown-7, monoclinR2y/n, a = 16.427(2) Ab = 11.3675(9) Ac = 33.137(3) A g =
94.469(8y, V = 6169.0(10) &, Z = 8. The structures reported here are the first reported for a tribenzo-21-
crown-7, and the alkali metal ion complexes are the first reported structures of these ions with any 21-crown-7
ether. Different crown conformations are observed for each structure. Molecular mechanics calculations were
performed on all conformers, and the results are related to the observed extraction selectivity for rubidium.

Crown ethers have a remarkable ability to bind alkali metal ether molecules, containing seven and eight oxygen donor atoms
ions—3 Certain crowns can even discriminate between the (21-crown-7 and 24-crown-8), exhibit good selectivity for larger
alkali metal ions, which can lead to selective separations. Therecations, such as Rland Cg, over smaller ions, such as N& ™’
are many aspects of crown ethers that determine selectivity, \While 21-crown-7 ethers have traditionally been considered
including size of the macrocycle and the nature and arrangementye||-sized” for cesiun¥, our recent work demonstrates that
of the donor group$? Unfortunately, the ability to deliberately  ribenzo-21-crown-7 ether exhibits modest ‘Riselectivity
design a crown ether for the specific binding of a particular (rigyre 1)5 In an effort to understand the steric requirements
alkali .m?tal lon _remaflns teluts_l\ie anéll_dretquwez const|defrable behind this selectivity, we sought out structures of large alkali
empinical screening ot potential candidates. As part ol OUr qa) cations with tribenzo-21-crown-7 and other closely related
continuing interest in understanding recognition phenomena of .

. : e crown ether ligands. Although many crystal structures of Rb
crown ethers, we are studying the selective coordination of large . )
and C¢ complexes with 18-crown-6 ligands are reportéidere

cations by crown ether moleculé ; ‘ > e with th
Extraction studies have long demonstrated that large crown &€ N0 prior reports of any 21-crown-7 macrocycle with these
cations. In fact, only a few structures of any 21-crown-7
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10-1 1 1 1] SHELXTL' (absorption correction, structure solution/refinement, and
E 3 molecular graphics), and PLATOR(structure analysis). Each H atom
L ] was placed in a calculated position, refined using a riding model, and
F . given an isotropic displacement parameter equal to 1t2, (CH,) or
1024 - 1.5 (CHs, OH) times the equivalent isotropic displacement parameter

of the atom to which it is attached. When warranted, methyl H atomic
positions were allowed to rotate about the adjacenO®ond. Full-
matrix least-squares refinement agaiii§t of the quantityy w(F,? —
1084 L 2)? was used to adjust the positions and anisotropic thermal parameters
of all non-hydrogen atoms.
X-ray Structure Determination for Cs(tribenzo-21-crown-
" 7)(NOs). Crystals were prepared by adding 21 mg (0.11 mmol) of
107 - CsNG; in 0.22 mL of HO to 50 mg (0.11 mmol) of tribenzo-21-
crown-7 in 10 mL of EtOH and allowing the solution to slowly
evaporate. A clear plate, measuring 0.£40.28 x 0.29 mn%, was
mounted on a glass fiber. Unit-cell dimensions were refined by use of
10° — T T the settings of 21 reflections in the range 226 < 28°. Intensities
Na K Rb Cs were measured byw—26 scans. A total of 3405 reflections were
Figure 1. Competitive extraction of alkali metal nitrates by tribenzo- collected (& < 40°, +h, +k, £I). The data were averaged oven/
21-crown-7. The value fobDy, is approximate. Data are from ref 5. symmetry Rn = 4.3%). The cesium atoms were located by Patterson
methods, and subsequent Fourier syntheses were used to determine other

macrocycle are reported in the literature, and only one of these Non-hydrogen atomic positions. Two oxygen atoms on each nitrate
involves the direct binding of a metal ion {91! ion are disordered over two sites. AIH\D bonds are restrained to be

. approximately equal, and all nitrate @O 1,3-distances are restrained
Herein, we repqrt the crystal s,trucwres o_f a trlb.enzo-Zl- to approximately 1.732 times the average ® distance. Additionally,
crown-7 ether and its complexes with the alkali metal ion$,Na  each nitrate orientation is restrained to be planar. Due to the limited
Rb*, and CS. In an attempt to elucidate structural factors amount of data, arene carbon atoms and disordered nitrate oxygen atoms
responsible for the Rb selectivity, the structural data are are refined isotropically.
analyzed in terms of binding site organization calculated by  X-ray Structure Determination for [Rb(4,4 '-bis-tert-butylbenzo,
molecular mechanic®:13 In doing so, we focus on the relative  benzo-21-crown-7)(dioxang){H-0)o.4[Cl] -(dioxane)1.82(HO). Crys-
steric energies of the ligand as a way of understanding tals were prepared by dissolving 10 mg (0.083 mmol) of RbCl and 50

Comp'ementanty and as a tool for crown ether des|gn mg (0088 mmOI) of bisert'butylbenzo,be.nZO-zl-CTOWn.-7 in 10 mL
of 1:1 1,4-dioxane/methanol and allowing the solution to slowly

evaporate. A clear plate, measuring 0.£460.33 x 0.61 mn%, was
mounted on a glass fiber. Unit-cell dimensions were refined by use of
Materials. All chemicals were used as supplied. Tribenzo-21- the settings of 25 reflections in the range 260 < 30°. Intensities
crown-74and bistert-butylbenzo, benzo-21-crownAvere prepared were measured by scans. A total of 9802 reflections were collected
as described elsewhere. (20 = 30°, £h, &k, &I, and 30=< 20 < 50°, +h, —k, £I). The data
X-ray Crystallography: General Considerations. A summary of were averaged over dymmetry Rn = 3.2%). The structure was
crystallographic data is given in Table 1, and selected bond lengths solved by direct methods, and subsequent Fourier syntheses were used
and angles are given in Table 2. Complete tabulations of crystallo- to determine remaining non-hydrogen atomic positions. Water hydro-
graphic data, bond lengths and angles, atomic coordinates, thermalden atoms were not located and are not present in the refinement. One
parameters, and completely labeled ball-and-stick diagrams are availabledioxane molecule exhibits 2-fold (59:41) disorder, sharing a common
as Supporting Information. Data were obtained-atL0 °C using an oxygen atom (O11) bound to Rb The water molecule bound to Rb
Enraf-Nonius CAD4 diffractometer, with the exception of Cs(tribenzo- (014) is assigned 18% occupancy, andjfsomponents are restrained
21-crown-7)(NQ), for which data were obtained at room temperature. t0 approximate isotropic behavior. Cis apparently disordered over
Intensities were corrected for Lorentz and polarization effects, and four sites, and lattice water, over seven. These eleven sites of disordered
empirical absorption corrections were applied based on a gesoéns. chloride and water are clustered in three distinct volumes of space within
Calculations were carried out using XCAB4(data reduction), the asymmetric unit. Assignment of element and occupancy for chloride
and lattice water has some uncertainty but is based on onge3!
Rb", whole numbers of atoms in the unit cell, and00% occupancy

T
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Experimental Section

(8) See, for example: (a) Helgesson, G.; Jagne}, Shem. Soc., Dalton

Trans.1993 1069. (b) Kahwa, I. A.: Miller, D.: Mitchel, M.; Fronczek, in any one volume. Disordered atoms within 0.7 A of each other are
F.R.; Goodrich, R. G.; Williams, D. J.; O'Mahone, C. A.; Slawin, A.  restrained to have similatJ; components. Lattice water atoms
M. Z.; Ley, S. V.; Groombridge, C. Jnorg. Chem,.1992 31, 3963. 0O16A-D are refined isotropically.

(c) Dutton, P. J.; Fyles, T. M.; Suresh, V. V.; Fronczek, F. R.; Gandour, X _ray Structure Determination for Na(4,4'-bis-tert-butylbenzo,

R. D. Can. J. Chem1993 71, 239.
(9) Owen, j‘.”D.; Nov&gl]l, I.V%/chza Crystallogr.. Sect. B978 34, 2354, benzo-21-crown-7)Re@0.5(-PrOH). Crystals were prepared by

(10) (a) Groth, PActa Chem. Scand. Ser. ¥981, 35, 541. (b) Czugler, ~ dissolving 24 mg (0.088 mmol) of NaRg@nd 50 mg (0.088 mmol)
M.; Kalman, A. Acta Crystallogr., Sect. BL982 38, 799. (c) of bistert-butylbenzo,benzo-21-crown-7 in 10 mL of 2-propanol and

Colquhoun, H. M.; Doughty, S. M.; Stoddart, J. F.; Slawin, A. M. Z.;  allowing the solution to slowly evaporate. A clear plate, measuring
Williams, D. J.J. Chem. Soc., Dalton Tran$986 1639. (d) Junk, P. 0.18 x 0.37 x 0.46 mn#, was mounted on a glass fiber. Unit-cell

gdrr’?‘;"‘s"(’:’. JB'r Léf]' f%‘mﬁ) gl?g"MC%eméa%ﬁrg&ﬁggRg A}r?cslﬁ'sigerz dimensions were refined by use of the settings of 25 reflections in the
Phenc;m._lgléa 2y6, 197. T ' range 19< 20 < _32". Intensities were measured byscans. A total

(11) Sachleben, R. A.; Lavis, J. M.; Bryan, J. C.; Burns, J. H.; Starks, C. of 13 652 reflections were collectedd% 32°, +h, —k, %I, and 32=<
M. Tetrahedron1997, 53, 13567. 20 < 50°, £h, —k, +1). The data were averaged ovemymmetry

(12) Hay, B. P.; Zhang, D.; Rustad, J. Rorg. Chem.1996 35, 2650~ (Rnt = 2.6%). The rhenium atoms were located by Patterson methods,
2658. and subsequent Fourier syntheses were used to determine other non-

(13) Hay, B. P. InRecent Adances in Metal lon Separation and
PretreatmentDietz, M. L., Bond, A. H., Rogers, R. D., Eds.; ACS
Symposium Series; American Chemical Society: Washington, DC,
in press (16) SHELXTL, Version 5/IRIX; Siemens Analytical X-ray Instruments:

(14) Pedersen, C. J. Am. Chem. S0d.967, 89, 7017-7036. Madison, WI, 1990.

(15) Harms, K.XCAD4 Universita Marburg, Germany, 1995. (17) Spek, A. L.Acta Crystallogr., Sect. A99Q 46, C-34.

hydrogen atomic positions. The methyl carbon atoms ortentéutyl
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Table 1. Summary of Crystallographic Data

Inorganic Chemistry, Vol. 37, No. 11, 1998751

complex bBB21C7 Na-bB,B21C7 Rb-bB,B21C7 Cs-B321C7
empirical formula G4H4407 C35_d‘|43NaQ_1_£e Q4H63C|014Rb CzeHggCSNQo
a A 16.427(2) 24.300(5) 11.687(3) 9.598(2)
b, A 11.3675(9) 14.066(3) 12.800(4) 23.466(3)
c, A 33.137(3) 22.676(5) 17.680(3) 23.973(5)
o, deg 75.31(2)
B, deg 94.469(8) 108.06(3) 80.01(2) 93.31(1)
y, deg 69.09(2)
V, A3 6169.0(10) 7369(3) 2379.8(10) 5390(2)
z 8 8 2 8
fw 564.69 867.93 941.90 647.42
space group P2:/n (No. 14) P2,/c (No. 14) P1 (No. 2) P2,/c (No. 14)
T,°C —110 —110 —110 26
A 0.710 73 0.710 73 0.71073 0.710 73
Pcalca g CNT3 1.22 1.56 1.31 1.60
u, et 0.84 33.7 11.6 14.2
Ra 0.041 0.043 0.052 0.042
WR2P 0.117 0.122 0.140 0.126

AR = Y||Fqo| — |Fl|/3|Fol, based orFs? > 20F2 PWR2 = { Y [W(Fo? — FA/yW(FA)3 Y2

Table 2. Selected Bond Lengths (A) and Torsion Angles (deg) for-BB,B21C7 (M" = Rb*, Na*) and C$-Bs21C7
complex Cs-B321C7 Rb-bB,B21C7
3.022(73.335(7) 2.980(3)3.086(3)

N&-bB,B21C7
2.432(5)2.630(5)

M*—O¢rown (range)

M*—Ocrown (average) 3.20(10) 3.03(4) 2.52(6)

M —Ogioxane 2.858(4), 2.860(4)

M+_Owaler 2812(17)

M*—0Qanion (range) 3.09(4)3.286(14) 2.423(#2.70(3)

M*—Oanion (@verage) 3.12(2) 2.55(12)
M+—centroid(Qrown) 0.711(8), 0.664(8) 0.173(3) 0.475(5), 0.487(5)

Crown Ether Torsion Angles
O—C---C—0 (range) 0(2)33.2(15) 0.6(6)-2.5(6)
O—CH,;—CH,—0 (range) 66.1(12)71.2(12) 65.2(5)69.7(5)

aUncertainties quoted for M-O (average) are values based on the statistical distribution of MDcrown.

3.3(9)-9.9(10)
54.2(7Y62.1(7)

group (C31-C34) exhibit 2-fold disorder (56:44) and are refined hydrogen bond between type 5 hydrogen and both types of ether oxygen
isotropically. One perrhenate anion is also disordered over two sites (the aliphatic ether type 6 and the conjugated ether type 41). The
(85:15) and is refined anisotropically, although components of hydrogen bond parameters,= 1.35 kcal/mol andr* = 2.57 A,
bonded atoms or atoms within 0.7 A of each other are restrained to bereproduce the potential surface reported for this interaction in a dimethyl
similar. The lattice 2-propanol molecule is refined isotropically and ether dime#f!
exhibits 3-fold disorder about the methine carbon atom (C75) All The initial series of calculations were performed on the two
equivalent 1,2 and 1,3 distances within disordered groups are restrainettonformations of the uncomplexed ligand, on the™Nand R
to be equal. complexes, and on both €zomplexes observed in the asymmetric
X-ray Structure Determination for Bis- tert-butylbenzo,benzo- unit. Input files for these calculations were generated using Cartesian
21-crown-7. Crystals were prepared by dissolving 50 mg (0.088 mmol) coordinates from the crystal structures. When presegtt-autyl group
bis-tert-butylbenzo,benzo-21-crown-7 in 10 mL of 1:1 @H,/EtOH was replaced with a hydrogen atom. Control calculations showed that
and allowing the solution to slowly evaporate. A clear plate, measuring this substitution had little to no effect on the rest of the structure. When
0.14 x 0.34 x 0.60 mn%, was mounted on a glass fiber. Unit-cell  present, other inner-sphere ligands (e.g. solvent and anions) were
dimensions were refined by use of the settings of 25 reflections in the omitted from the metal complexes. Again, control calculations revealed
range 19< 26 < 24°. Intensities were measured yscans. A total that with the relatively long M-O distances found in these complexes
of 11 951 reflections were collectedd{x 34°, £h, +k, I, and 34= (=2.5 A), steric interactions between the macrocycle and other inner-
20 = 48, +h, +k, £lI). The data were averaged ovendymmetry sphere ligands were minimal, i.e., the presence or absence of auxiliary
(Rt = 4.1%). The structure was solved by direct methods, and |igands did not significantly alter the results of the calculation.
subsequent Fourier syntheses were used to determine remaining noncomparison between experimental and calculated structures obtained
hydrogen atomic positions. The methyl carbon atoms ortentdutyl in this manner revealed the expected degree of agreement: bond lengths
group (C6#C70) exhibit 2-fold disorder (80:20). All 1,2-€C and to within +0.03 A, bond angles to withie-2°, and torsion angles to
1,3 CG--C distances within each conformer of the disordesztibutyl within £5°,19.20,22,23
group are restrained to be equal. All non-hydrogen atoms were refined  gyq/ic energies of the ligands when bound to the metal ions were

anisotropically. . . . obtained by removing the metal ion from the optimized complex and
Molecular Mechanics Calculations. Molecular mechanics (MM)

calculations were performed using the MM3(96) progfamith an

extended parameter set for the treatment of polydentate ether ligands(20) (&) Hay, B. P.; Yang, L.; Zhang, D.; Rustad, J. R.; Wassermai, E.

and their complexes with alkali metal catio§2° This model has been '\A/Ilﬁln Sétrru,flt' I(_T'HLI;:iO\?T-lE'\.;I)LIa%T’ gzjcltg(_f_thHgéH%Jm;gnfzé
further modified to include 1,5 Ci+-O interactions by defining a 2039 o e ' '
(21) Tsuzuki, S.; Uchimaru, T.; Tanabe, K.; Hirano, J..Phys. Chem.
(18) The calculations were carried out with MM3(96). The program may 1993 97, 1346.
be obtained from Tripos Associates, 1699 S. Hanley Road, St. Louis, (22) (a) Hay, B. P.; Rustad, J. R.; Zipperer, J. P.; Wester DJWol.
MO 63144, for commercial use, and it may be obtained from the Struct. (THEOCHEM995 337, 39. (b) Paulsen, M. D.; Hay, B. P.
Quantum Chemistry Program Exchange, Mr. Richard Counts, QCPE, J. Mol. Struct. (THEOCHEM)in press.
Indiana University, Bloomington, IN 47405, for noncommercial users. (23) Paulsen, M. D.; Rustad, J. R.; Hay, BJPMol. Struct. (THEOCHEM)
(19) Hay, B. P.; Rustad, J. R. Am. Chem. Sod.994 116, 6316. 1997 397, 1.
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Figure 5. ORTEP drawing (25% probability ellipsoids) of Cs(tribenzo-
21-crown-7)(NQ). Atoms refined isotropically are represented as
spheres. Hydrogen atoms and atoms that are minor components of a
disordered pair are omitted. Figure 2. ORTEP drawing (50% probability ellipsoids) of 4is-

tert-butylbenzo,benzo-21-crown-7 (BB21C7). Hydrogen atoms and
performing an initial energy calculation on the remaining ligand atoms that are minor components of a disordered pair are omitted.
coordinates$? Structures and steric energies for the uncomplexed
binding conformations were computed by removing the metal ion from
complexes and optimizing the resulting set of coordinates. Cavity radii
were computed from these structures by averaging the distances from
the seven oxygen atoms to their centroid.

A second series of calculations were performed in an attempt to
identify complexes in which the observed cation was replaced with
the other two cations in this study. Attempts to locate heptadentate
complexes of the Nawith the ligand binding conformations that occur
for Rb* and Cg failed. Although heptadentate N@omplexes with
these conformers were not stable, we note the possibility thiatbiald
form lower denticity complexes. Calculations on such complexes were
not performed. Similarly, while Rband C¢ are interchangeable in
the three large cavity conformers, neither cation minimizes to a
stationary point with the conformation observed withtNa

Results

Crystal Structures. The structures of 4;dis-tert-butyl-
benzo,benzo-21-crown-7 (BB21C7), its NaRe®and RbCI
complexes, and the CsN@omplex with tribenzo-21-crown-7
(B321C7) are illustrated in Figures-5. In all but the rubidium
complex, two formula units make up the crystallographic
asymmetric unit; only one is shown in Figure 3 (NaB,B21C7),
as the crown ether ligands in these two formula units adopt
nearly identical conformations.

The structure of bEB21C7 (Figure 2) illustrates that the free
crown is collapsed in on itself, as is generally observed for
uncomplexed crown ethe?$:'1.24 As a result, each of the two  Figure 3. ORTEP drawing (50% probability ellipsoids) of Na(4,4
conformations exhibits two 1,5 GH-O interactions with a bistert-butylbenzo,benzo-21-crown-7)ReQ.5¢-PrOH). Only one com-
range of H--O distances of 2.432.58 A. The collapse of the  plex from the asymmetric unit is shown, and hydrogen atoms and the
cavity is accomplished largely due to the anti-6517—C18— solvate molecule are omitted.

06 torsion angle while all other-0C—C—O torsion angles are ~ gauche. The gauche-€@CH,—CH,—O torsion angles range

from 66.6(2) to 69.1(2)and average 68°5close to the value

(24) éa)_ vﬁ'sm OIIEteIrDcrl‘el\rL,AJt.; goo?, ||A.; ngkeméési-;zl ?r?géenguif, P. D. J; of 72° calculated for 1,2-dimethoxyethaie.Guest complex-
o0 P, e/, 19, () e, ation reqires ll ©C-C--O torsion angles (0 be gauche, i,
1976 972. (c) Bush, M. A.; Truter, M. R1. Chem. Soc., Perkin Trans.  all 0xygen donors have their lone pairs directed inward, toward
21972 345. the center of the crown cavity. If the conformation observed
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Figure 4. ORTEP drawing (50% probability ellipsoids) of [Rb(4,4
bis-tert-butylbenzo,benzo-21-crown-7)(dioxangfH>0)o.1g]-
[Cl]-(dioxane)1.82(K0). Atoms with less than 50% occupancy and
hydrogen atoms are omitted.

in the solid state (Figure 2) is representative of a low-energy
conformation in solution, then some reorganization will be
required of this molecule before it can complex electropositive
guests.

To accommodate the relatively small sodium ion,BB1LC7
collapses to form a three-dimensional cavity ({N&B,B21C7,
Figure 3). This has been previously observed, albeit rarely,
when the ion is small relative to the crown etfé?2® The
sodium ion is well enclosed by the crown in this conformation;

however, an area large enough for monodentate coordination

of the perrhenate anion is left exposed. The averagedawn
distance of 2.52(6) A is identical to an average value recently
reported for several Na(©CH,—CH,—O)y chelate ringg2 but
the individual Na-Ocown distances vary by 0.20 A, suggesting
that the Na does not bind equally to all crown oxygen donors.
Additionally, Na' is displaced by almost 0.5 A (0.475(5) A
Nal, 0.487(5) A Na2) from the calculated centroid of the seven
crown oxygen atoms.

The tribenzo crown ether BB21C7 forms a more conven-
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Table 3. Ligand Steric Energies (kcal/méland Cavity Radii (A)
for Observed Conformations of MB321C7 (M= Cs', Rb", Na")
and B21C7

macrocycle cavity
conformer radius  Ucrown M* Umtcrown AU
bB,B21C7-1 21.9
bB,B21C7-2 20.7
Cs™B321C7-1 3.20 21.8 Cs 23.8 2.0
Rb" 24.5 2.7
Cs™B321C7-2 3.19 225 Cs 247 2.2
Rb* 255 3.0
Rb*-bB,B21C7 3.16 20.6 Cs 23.1 25
Rb* 24.0 34
Na-bB,B21C7 2.86 28.7 Na 36.2 7.5

a Steric energiesy, of the ligand when in the uncomplexed and
complexed state. The valdgJ (Um+.crown — Ucrown) iS the ligand strain
caused by metal ion coordination with the specified conformation.
b Cavity radii for the ligand in the uncomplexed state are computed as
the average distance of the seven oxygen atoms to their centroid.

the cation and the oxygen atoms are able to arrange themselves
so that they are roughly equidistant from RbThe distance
between Rb and the calculated centroid of the seven crown
oxygen atoms is also quite small at 0.173(3) A. These results
show that the crown can form a symmetric cavity, well-sized
for Rb*.

The structure of cesium nitrate in tribenzo-21-crown-7
(CsB321C7) contains two different ligand conformations. Like
the Rb™ complex, the crown adopts a belt-like conformation
around the large ion; the crown forms a shallow inverted bowl
with Cs™ emerging from its apex. In each formula unit, the
cesium ion sits roughly 0.7 A (0.711(8) A Cs1, 0.664(8) A Cs2)
above the least-squares plane for the seven crown oxygen atoms
and is dislocated about the same distance from their calculated
centroid. Large areas of the ion are exposed, with the larger
“upper” space occupied by aj¥-nitrate anion (disordered) and
the smaller “lower” space inside the bowl filled by an arene
group from a neighboring complex. Some of the@3;ene
contacts (about 3.7 A, roughly equal to the sum of the ionic
radius of Cs and the van der Waals radius of carbon) are short
enough to suggest that the arem&loud may be acting as a
donor to the large, diffuse cesium catith.

Molecular Mechanics. The results from molecular mechan-
ics calculations are presented in Table 3. When two different
ligand conformers are observed in the asymmetric unit for a
single structure, they were calculated and represented separately
(*1” and “2” in Table 3). For the metal complexes the radius

tional crown-alkali metal ion complex with the larger rubidium  Of the crown cavity and the steric energies of the ligand in both
ion (Rb"+bB,B21C7). The crown oxygen donors form a “belt”  the binding conformation Uerown’) and the complexed state
around the ion (Figure 4). In doing so, a considerable surface ("Un*-crown’) were determined and are presented in Table 3. In
of the alkali metal ion remains exposed above and below the addition, calcul_atlon§ of ligand steric energies were attemptgd
belt. These exposed spaces are filled by coordinating sol- for complexes in WhICh .the qbserved cation was replaced with
vents: two 1,4-dioxane molecules and a site partially occupied the other two cations in this study (also undéyi*.crown’

by water. A crystallographic inversion center is located at the column in Table 3). Attempts to identify heptadentate com-
centroid of one of the coordinated 1,4-dioxane molecules, where Pléxes of the sodium ion with the ligand conformations that
it serves as a bridge to another RbB,B21C71,4-dioxane, occur for R and Cg failed. Similarly, while Rb and Cg
forming dimers. The RBOgoun distances average 3.03(4) A,
very close to the reported average-RBown distance of 2.95
A% The Rb-Ogyoxane distances are significantly shorter,
2.858(4) and 2.860(4) A, reflecting the stronger basicity of the
dioxane oxygen donor relative to crown ether oxygen donors.
The Rb-Ogrouwn distances vary by only 0.11 A, indicating that

(27) (a) Thdey, P.; Nierlich, M.; Bressot, C.; Lamare, V.; Dozol, J. F;
Asfari, Z.; Vicens, J.J. Incl. Phenom.1996 23, 305-312. (b)
Harrowfield, J. M.; Ogden, M. I.; Richmond, W. R.; White, A. Bl
Chem. Soc., Chem. Commur@91, 1159. (c) Assmus, R.; Boner,
V.; Harrowfield, J. M.; Ogden, M. |.; Richmond, W. R.; Skelton, B.
W.; White, A. H.J. Chem. Soc., Dalton Trank993 2427. (d) Ungaro,
R.; Casnati, A.; Ugozzoli, F.; Pochini, A.; Dozol, J.-F.; Hill, C;
Rouquette, H.Angew. Chem1994 106, 1551. (e) Gregory, K.;
Bremer, M.; von Ragu&chleyer, P.; Klusener, P. A. A.; Brandsma,
L. Angew. Chem1989 101, 1261. (f) Steiner, A.; Stalke, Onorg.
Chem.1993 32, 1977.

(25) Hasek, J.; Huml, K.; Hlavata, Acta Crystallogr., Sect. B979 35,
330.
(26) Owen, J. DActa Crystallogr., Sect. @983 39, 861.
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are interchangeable in the three large cavity conformers, neitherrubidium and cesium ions over the smaller sodium ion involve
ion minimizes to a local minimum with the conformation both conformational reorganization and complementarity. Con-
observed for N& No entry appears fddy+.crown €nergy (Table formational reorganization is discussed first. With the exception
3) when the metal ion proved incompatible with the crown of the crown conformation observed in the ™aB,B21C7

conformation. Finally, the difference between the ligand structure, the energies for all the uncomplexed ligand conforma-
energies in the complexed state and in the binding conformationtions are roughly comparable. The Neonformer is 6-8 kcal/

(AU in Table 3) was determined to provide an indication of mol higher in energy than the others. Thus, the crown is forced
the complementarity of that particular conformation for the to adopt an unfavorable conformation to form a heptadentate

specified metal ioR?2 complex with the smaller sodium ion. The modeling results
) ) suggest that this conformational reorganization is a major factor
Discussion in the destabilization of the NabB,B21C7 complex.
Only a few structures of any 21-crown-7 ether as a free ligand 9f the other ligand conformations, the one observed in the
or as a metal complex are reported in the literafu?é. The Rb* complex is found to be the lowest steric energy conforma-

structures reported here are the first reported for any '[ribenzo-tic"i‘r(zo-6 keal/mol). While this is consistent with the observed
21-crown-7, and the alkali metal ion complexes are the first RP" selectivity, the energetic preference is small, on the order
reported structures of these particular ions with any 21-crown-7 ©f 1—2 kcal/mol. We note that these steric energies were

ether. obtained on isolated ligands and that this difference in energy
Three of the structures here involve the '4gtt-butyl is within the range where corrections for solvent effects and

substituted tribenzo-21-crown-7, while the ‘Cstructure in-  Crystal packing forces could alter the relative conformer

volves the unsubstituted crown. Extraction studies indicate that Stabilities?*

the addition of bulkytert-butyl or tert-octyl groups at the 4 or The complexation of a metal ion with a given conformation

5 positions on the arene rings has no significant effect on the may cause further changes in structure that give rise to additional

extraction ability of these crown ether molecutés. The ligand strain. This strain provides a measure of structural

structural studies are consistent with these results, at least in &£0mplementarity, i.e., a measure of how well the ligand fits
purely steric sense, as the alkyl groups are well removed from the metal ion*? These values, designated Ab in Table 3,
the macrocycle cavity, and MM calculations reveal that their reveal that in addition to the unfavorable conformational
presence does not significantly affect the crown conformation reorganization, the complexation of Nawith the crown
in any of the structures reported here. This allows comparison conformation observed in its crystal structure causes further
of the structures observed in this study. structural changes that result in additional ligand strain of 7.5
These crystal structures attest to the conformational flexibility kcal/mol. This value can be compared with the-2374 kcal/
of this large ring with no less than six different conformers of Mol range observed for the complexation of'Rind the 2.6
the 21-crown-7 ring appearing in the four structures: two 2.5 .kcaI/moI range observed fgr Csvith the crown confor-
conformations each for CsB;21C7 and bBB21C7 and asingle ~ Mations observed in the large ion crystal structures.
conformation observed for the Naand the Ry complexes. In the case of aliphatic crown ethers, the additional ligand
This conformational flexibility arises despite the presence of strain caused by metal ion complexation mainly arises from
three relatively rigid benzo groups on the crown ether back- changes in macrocyclic ring torsion angles, as has been
bone?8 discussed previoush?:3° In these earlier studies, calculations
The MM approach provides a means of assessing the degreeon metal ion complexes of dimethoxyethane, DME, revealed
of ligand binding site organization for metal ion complex- that the degree of torsion angle change is related to the metal
ation1229 A new formalism for the application and interpreta- ion size. For example, calculated-@H,—~CH,—O torsion
tion of MM calculations in the structural design of ligands uses angles in DME decrease from a maximum of 7@r uncom-
ligand strain energies as a measure of the degree of ligandplexed DME to 63 when complexed with cesium, to 6&hen
binding site organizatiot?13 In this approach, two contribu- ~ complexed with rubidium, and to 88vhen complexed with
tions to ligand strain are evaluated. These are the ligand strainsodium. The same trend was noted in a statistical analysis of
energies associated with conformational reorganization on goingthe crystal structures of crown ether complexes where the
from the lowest energy free ligand conformer to the binding O—CH,—CH,—O torsion angles decreased fronf & uncom-
conformer and the ligand strain energy associated with metal plexed crowns to 68in Cs" complexes, 66in Rb" complexes,
ion complexation on going from the binding conformer to the and 6% in Na* complexes? This behavior is observed in the
bound form. The application of this formalism to a variety of Crystal structures reported here (Table 2), where the average
multidentate ether ligands has yielded correlations between metagauche G-CH,—CH,—O torsion angle is 69for the Cs
ion binding affinity and ligand structure for series of ligands in complexes, 67 for the Rb” complexes, and 59or the Na
which structural effects are expected to be the primary factor complexes.
responsible for the reactivity differences, i.e., constant number The MM results establish that there are clear structural origins
and type of donor group, one metal ion, and a fixed set of for the preference of tribenzo-21-crown-7 to complex larger ions,
experimental condition¥-13 Here this approach is applied to  both in terms of conformational preference and complementarity.
guantitatively assess the degree of binding site organization of However, the MM results do not indicate a steric preference
tribenzo-21-crown-7 for the alkali cations NaRb'", and CS. for Rb* over Cs. Examination of theAU values in Table 3
The results of the MM calculations, summarized in Table 3, reveal thatin every case the complexation of €auses slightly
suggest that the structural origins of this selectivity for the larger less ligand strain, from 0.7 to 0.9 kcal/mol, than the complex-
ation of Rb". The modeling results indicate that regardless of
(28) Weber, EProg. Macro. Chem1987, 3, 337. Vagtle F.; Weber, EJ. conformation, this ligand exhibits a weak steric preference to

Inclusion Phenom1992, 12, 75. complex C$ over RIy. Thus, the modest selectivity for Rb
(29) (a) Adam, K. R.; Lindoy, L. F. Ilfrown Compounds: Toward Future

Applications Cooper, S. R., Ed.; VCH: New York, 1992; pp-6%9.

(b) Hancock, R. D.; Martell, A. EChem. Re. 1989 89, 1875. (30) Hay, B. P.; Rustad, J. FBupramol. Chem1996 6, 383—390.
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over Cg observed experimentally (Figure®1$ not explained ion complexation. The MM model includes both-ND distance

by a consideration of the ligand architecture alone. preferences as well as oxygen orientation preferences, and it
Selectivities for one metal ion over another are controlled correctly predicts the changes in ligand structure on metal ion

by both steric and electronic factors, and the MM analysis complexation. Ligand strain energies provide a quantitative

employed here addresses only the former. Since the strengthmeasure of structural complementarity for a metal ion. Ligand

of the M—O interactions are expected to decrease with increas- sirain energies also allow an energetic ranking of the ligand

ing size of the cation, the observed Rbelectivity over CS conformers and a quantitative measure of the effect of confor-

can be rationalized as a consequence of slightly stronge®M | ~iona reorganization.

interactions in the Rb complex, i.e., a balance of steric and

electronic factors. The MM calculations reveal that the binding

sites in tribenzo-21-crown-7 are arranged so that a difference

of only 0.15 kcal/mol per M-O interaction would be enough

to overcome the calculated steric preference for.Cs
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