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The synthesis of N,N′-bis(phosphonomethyl)-1,10-diaza-18-crown-6 tetrahydrate (6) from
the corresponding diazacrown ether is described and the crystal structure of this diphosphonic
acid determined. The crystals are triclinic, P1h with a ) 8.1829(8), b ) 8.3092(10), c )
9.1429(10) Å, R ) 85.286(9)°, â ) 84.736(9)°, γ ) 73.158(7)°, and Z ) 1. The center of the
azacrown ether ring coincides with the center of symmetry, requiring that the CH2PO3H
groups lie trans to each other. One of the acid protons of each phosphonic acid group resides
on the aza nitrogens, resulting in a zwitterion arrangement. There are four water molecules
per unit cell that participate in an extensive system of hydrogen bonding. An important
feature of the H-bonding is that between adjacent phosphonic acid groups to form linear
chains along the unit cell diagonal. Reaction of 6 with Zr(IV) in the presence of H3PO4 yields
zirconium phosphate-type layers cross-linked by the crown ether groups. The types of layers
formed were deduced by a combination of 31P NMR and X-ray data. Affixing phosphonic
acid groups onto the aza crown ether results in a more rectangular shape to the ring, which
is further distorted by the cross-linking of the layers.

Introduction

Crown ethers have been a subject of intense studies
for 3 decades1 because of their selective complexation
properties2 and because their study provides for explo-
ration of structural assembly.2a,3,4 The recognition abil-
ity of crown ethers is somewhat compromised in aque-
ous solution by the leveling effect of the solvent.
Chemists have attempted, and largely succeeded, in
increasing the selectivity of the host by synthesizing
more complex structures.4 An alternative approach has
involved attachment of the crown to polymers5 or other
solid matrixes.6 This immobilization of the crown ether
tends to limit solvation effects and has the added
advantage of relative ease of recovery of the otherwise
soluble crown.

Another approach that has been more recently ex-
amined is the immobilization of crown ethers or aza-

crown ethers on ordered layered matrixes. Brunet et al.7
prepared N-(phosphonoethyl)-aza-18-crown-6 (1) and
incorporated it into γ-zirconium phosphate, (γ-ZrP),
Zr(PO4)(H2PO4)‚2H2O, by an ester-interchange reaction.
Alberti et al.8a,c carried out similar ester interchange
reactions using the phosphonic acid of benzo-15-crown-5
(2). The phosphonic acid group is meta to the crown
ether ring and was found to replace a maximum of 69%
of the dihydrogenphosphate groups in γ-ZrP. The same
workers also used the corresponding diphosphonic acid
of dibenzo-18-crown-6 (3) to prepare Zr(PO4)(H2PO4)0.5-
(HO3P-Rc-PO3H)0.25 where Rc is the dibenzo-18-crown-
6.8b,c

Recently, we prepared both the N-(phosphonomethyl)
(4) and N,N′-bis(phosphonomethyl)-1,10-diaza-18-crown-6
(6) compounds and synthesized layered zirconium de-
rivatives of these acids by direct reaction with Zr(IV)
solutions.9 Phosphoric acid was added to the reaction
mix to produce mixed phosphate-phosphonate groups(1) (a) Pederson, C. T.; Frensdorf, H. K. Angew. Chem., Int. Ed.

Engl. 1972, 11, 16. (b) Lehn, J. M. Acc. Chem. Res. 1978, 11, 49.
(2) (a) Izatt, R. M.; Christensen, J. J. Synthesis of Macrocycles: The

Design of Selective Complexing Agents; Wiley-Interscience: New York,
1987; Vol. 3. (b) Izatt, R. M.; Bradshaw, J. S.; Neilson, S. A.; Lamb, J.
D.; Christensen, J. J.; Sen, D. Chem. Rev. 1985, 85, 271. (c) Lehn, J.
M. Science 1985, 227, 849.

(3) Cram, D. J.; Cram, J. M. Acc. Chem. Res. 1978, 11, 8.
(4) (a) Lehn, J. M. In Comprehensive Supramolecular Chemistry;

Gokel, G. W., Ed.: Pergamon: New York, 1995; Vol. 1, Chapter 1. (b)
Vogtle, F. Supramolecular Chemistry; Wiley: New York, 1993. (c)
Vogtle, F.; Weber, E. Host-Guest Complex Chemistry of Macrocycles;
Springer-Verlag: Berlin, 1985. (d) Bradshaw, J. S.; Izatt, R. M.;
Bordunov, A. V.; Cheng, Y. Z.; Hathaway, J. K. In Comprehensive
Supramolecular Chemistry; Gokel, G. W., Ed.; Pergamon Press: New
York, 1995; Vol. 1, Chapter 2.

(5) (a) Tunca, Y.; Yagei, Y. Prog. Polym. Sci. 1994, 19, 233. (b) Izatt,
R. M.; Bruening, R. L.; Tarbet, B. J.; Griffin, D.; Bruening, M. L.;
Krakowiak, K. E.; Bradshaw, J. S. Pure Appl. Chem. 1990, 62. (c) Izatt,
R. M.; Bradshaw, J. S.

(6) (a) Bradshaw, J. S.; Bruening, R. L.; Krakowiak, K. D.; Tarbet,
B. J.; Bruening, M. L.; Izatt, R. M.; Christensen, J. J. J. Chem. Soc.
Chem. Commun. 1988, 812. (b) Bradshaw, J. S.; Krakowiak, K. E.;
Tarbet, B. J.; Bruening, R. L.; Biernat, J. F.; Bochenska, M. J.; Izatt,
R. M.; Christensen, J. J. Pure Appl. Chem. 1989, 61, 1619. (c) Lowe,
M. P.; Lockhart, J. C.; Clegg, W.; Frazer, A. Angew. Chem., Int. Ed.
Engl. 1994, 33, 455; J. Chem. Soc., Dalton Trans. 1995, 145.

(7) (a) Brunet, E.; Huelva, M.; Rodriguez-Ubis, J. C. Tetrahedron
Lett. 1994, 35, 8697. (b) Brunet, E.; Huelva, M.; Vazquez, R.; Juanes,
O.; Rodriguez-Ubis, J. C. Chem. Eur. J. 1996, 2, 1578.

(8) Alberti, G.; Boccali, L.; Dionigi, C.; Vivani, R.; Kalchenko, V. I.;
Atamas, L. I. Supramol. Chem. 1996, 7, 129. (b) Alberti, G.; Costantino,
U.; Dionigi, C.; Murcia-Mascaros, S.; Vivani, R. Supramol. Chem. 1995,
6, 29. (c) Alberti, G. In Comprehensive Supramolecular Chemistry;
Alberti, G., Bein, T., Eds.; Pergamon Press: New York, 1996; Vol. 7,
p 179.

(9) Zhang, B.; Clearfield, A. J. Am. Chem. Soc. 1997, 119, 2751.

2745Chem. Mater. 2000, 12, 2745-2752

10.1021/cm000351c CCC: $19.00 © 2000 American Chemical Society
Published on Web 08/25/2000



on the layers. This was done to avoid crowding of the
crown ethers on the layers. Because the area of a
phosphate group on the layer is only 24 Å2, and the area
per crown is in excess of this value, the presence of the
small phosphate groups on the layers allows sufficient
room to form layers incorporating the aza crown ethers.
Hydrofluoric acid was also added to act as a solubilizer
and aid in forming crystals. However, only poorly
crystalline compounds were obtained so that indirect
methods of structural analysis were utilized to arrive
at the type of layers that formed. In this study we report
on the crystal structure of the phosphonic acid, com-
pound 6, and an NMR and modeling study of the same
azacrownphosphonic acid immobilized on R-zirconium
phosphate-like layers. The structure of R-zirconium
phosphate (R-ZrP), Zr(HPO4)2‚H2O, is well documented.10

Experimental Section

Materials and Methods. 1,4,10,13-tetraoxa-7,16-diazacy-
clooctadecane (5) (Scheme 1) was obtained from Aldrich and
used without further purification. Deionized water used in all
the experiments was purified to a resistivity of 17.6 MΩ cm
with a Barnstead Nanopure II System. X-ray powder diffrac-
tion (XRPD) patterns were acquired with a Seifert-Scintag
PAD V diffractometer using Ni-filtered Cu KR radiation (λ )
1.5418 Å). Infrared spectra (IR) were recorded with a BIO-
RAD FTS-40 spectrometer with the sample in the form of a
KBr disk. A DuPont thermal analyst 950 unit was used for
thermogravimetric analysis (TGA) at a typical heating rate of
10 °C/min under a flow of oxygen. 31P NMR spectra were
recorded on a Bruker MSL-300 and 19F solid MAS NMR was
run on a home-built 200-MHz spectrometer, operating with a
19F Larmor frequency of 187.816 MHz using a double-
resonance H-F probe from Otsuka Electronics, spinning a
4-mm zirconium rotor. C, H, and N chemical analyses were
determined by Galbraith Laboratories, Inc., Knoxville, TN. Zr,
P, and F were determined by microprobe analysis. For
comparison, F was also analyzed by neutron activation mea-
surements in the Center for Chemical Analysis at Texas A&M
University Chemistry Department.

Synthesis of N,N′-Bis(phosphonomethyl)-1,10-diaza-
18-crown-6 Tetrahydrate (6). First, 4.86 g (18.5 mmol) of 5
and 6.07 g (74 mmol) of phosphorous acid were mixed with
6.4 mL of water and 2.29 mL of concentrated HCl. Second,
the mixture was refluxed at 120 °C while 1.67 g (18.5 mmol)
of paraformaldehyde was added into the mixture over a 1-h
time period. The solution was allowed to reflux for an ad-
ditional hour. After it cooled to room temperature, the solution
was concentrated by rotatory evaporation. A white gel-like
solid was obtained. The solid was redissolved in 5 mL of water

and purified by an ion-exchange procedure yielding 5 g (9.57
mmol) (51.7%) of a white solid. A column of dimensions 24 ×
3 cm2 was half-filled with Dowex 1-X 8 anion exchanger, 20-
50 mesh in the ionic Cl- form. The resin was treated with 1 L
of 1 N NaOH to convert it to the hydroxide form. Then, the
redissolved reaction product was passed through the column
dropwise followed by rinsing of the column with a 10% acetic
acid solution. The effluent was collected and concentrated
through rotary evaporation, yielding 5 g (9.57 mmol) of a white
solid. Anal. Found: C, 32.04%; N, 5.30%; H, 7.75%. Calcd. for
C14H40N2O14P2: C, 32.19%; N, 5.36%; H, 7.71%. The 31P
spectrum of the sample had a single peak at 7.55 ppm.

Synthesis of Zr2(C14H30N2O10P2)0.75(PO4)(HPO4)0.5‚2.5F‚
4H2O (7) (FW ) 781.23). One millimole of compound 6 (0.5
g) was dissolved in 20 mL of deionized distilled water. To this
solution was added 1 mmol of phosphoric acid (0.06 mL). In
another plastic beaker 3 mmol of ZrOCl2‚8H2O was dissolved
in 0.42 mL of HF solution (F/Zr ) 4). After the two solutions
were slowly mixed together, the resultant solution was kept
at 60 °C in an oil bath for 5 days. Then, 0.6 g (0.768 mmol,
57.6%) of a white solid was recovered after filtration, washing,
and drying at room temperature. Elemental analysis: C,
15.09%; H, 2.42%; N, 2.51%; P, 12.55%; Zr, 23.3%; F, 6.31%
(by microprobe), 7.3% (by neutron activation analysis). Calcd
for compound 7: C, 16.13%; H, 3.97%; N, 2.69%; P, 11.89%;
Zr, 23.36%; F, 6.08%.

Synthesis of Zr(C14H30N2O10P2)0.33(HPO4)1.34‚0.66F‚1.8H2O
(8). The synthesis procedure for compound 8 is similar to that
for compound 7, but the ratio of phosphoric acid to the bis-
(phosphonomethyl) crown was 4. Elemental analysis for
compound 8: C, 12.74%; H, 3.15%; N, 2.16%; P, 15.30%; Zr,
23.5%; F, 3.73% (by microprobe); 3.5% (by neutron activation
analysis). Calcd for compound 8: C, 13.43%; H, 3.60%; N,
2.24%; P, 15.03%; Zr, 22.11%; F, 3.04%.

Crystal Structure Analysis of Compound 6. A colorless
platelike crystal of compound 6 with dimensions 0.45 × 0.35
× 0.20 mm3 was mounted on a glass fiber. All crystallographic
measurements were carried out on a Rigaku AFC5R diffrac-
tometer with graphite monochromated Cu KR radiation (λ )
1.54178 Å) and a 12-kW rotating anode generator. Unit cell
parameters for data collection were obtained from least-
squares refinement of 25 reflections chosen from 30° to 38°
2θ. The triclinic refined parameters are a ) 8.1829(8), b )
8.3092(10), c ) 9.1429(10) Å, R ) 85.286(9)°, â ) 84.736(9)°, γ
) 73.158(7)°, V ) 591.47(11) Å3, Z ) 1 (FW ) 522.42) in space
group P1h. Intensity data were collected at 20 (2 °C using the
ω-2θ procedure. Three intensity standards were measured
every 150 reflections to monitor crystal decay. Scans of (1.05
+ 0.3 tan θ)° were made at a speed of 16°/min in ω. The weak
reflections (I < 10.0σ(I) were rescanned (maximum of 3) for
good counting statistics. Of the 3524 reflections that were
collected, 1762 were unique (Rint ) 0.028). The data were
corrected for Lorentz, polarization, and absorption effects (ψ-
scan).11 Transmission factors were between 0.90 and 0.99. The
structure was solved by direct methods,12 which revealed the
positions of all the non-H atoms. After refinement of these
parameters and the anisotropic thermal parameters, all the
H atom positions were located by calculation of idealized
positions and included in the structure factor calculations as
“riding” on the atoms to which they are bonded. After varying
the extinction coefficient, the refinements converged at R1 )
0.032 and wR2 ) 0.082 and goodness of fit on F2 of 1.048 for
1762 observed intensities and 146 parameters.11

Molecular Modeling. Computer modeling procedures were
utilized because the layer immobilized macrocyclic compounds
were poorly crystalline. It was therefore necessary to fix the
structures more completely so as to create a model to be used
to predict and correlate chemical data. Initially, the structure
of the diazacrown bis(phosphonic) acid, compound 6, was
optimized in the gas phase using the Universal Forcefield13

(10) Clearfield, A.; Smith, G. D. Inorg. Chem. 1969, 8, 431; Troup,
J. M.; Clearfield, A. Inorg. Chem. 1977, 16, 3311.

(11) TEXSAN, Structure Analysis Package; Molecular Structure
Corp.: The Woodlands, TX, 1987.

(12) Beurskens, P. T. DIRDIF: Direct Methods for Difference
Structures; Toernooiveld: Nijmegen, Netherlands.

Scheme 1
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supplied as part of the Cerius2 program package.14 After the
minimum geometry was obtained, a conformer search was
performed using simulated annealing to explore conformation
space. During this procedure, the system was repeatedly
heated-cooled and minimized to map different areas of the
potential energy surface. The conformer search revealed that
the geometry of the crown ether may vary over a wide range,
allowing it to bridge across different layers and adjust to the
required interlayer separation as determined from X-ray data.
On the basis of experimental information presented above for
compound 8, a unit cell was built containing the crown ether
molecule bridging between layers with one crown ether per
unit cell. Holding the unit cell parameters constant, the
geometry of the diazacrown ether was optimized. The layer
was considered to have an R-type structure.

Results

Scheme 1 outlines the reactions leading to crown
ether cross-linked zirconium phosphonates. The diaza-
crown ether (5) was converted to the diphosphonic acid
via a Mannich-type reaction.9,15 To purify the initial
precipitate, it was redissolved in a minimum of water
and passed through a bed of Dowex anion-exchange
resin.

Crystal Structure of Compound 6. Positional and
isotropic thermal parameters are given in Tables 1S
(non-hydrogen atoms) and 2S (H-atoms) of the Support-
ing Information and bond distances and angles are
listed in Table 1. Each triclinic unit cell contains one
molecule of compound 6 and four water molecules. The
center of the diazacrown ring is located on a center of
symmetry, which requires that the phosphonic acid
groups be trans to each other as shown in Figure 1. The
molecule lies along the [1h1h1] diagonal. The tetrahedral
phosphonate groups contain a short P-O12 bond,
1.482(2) Å, and a long one, P-O11, 1.572(1) Å. O11 is
bonded to a proton but the other two oxygens are not.
Instead, one of the protons from each phosphonic acid

group is donated to the adjacent nitrogen atoms. The
bond distances and angles around the ring are normal
with the following averages: C-C, 1.503(1) Å; N-C,
1.504(4) Å; C-O, 1.427(3) Å. The comparable values
determined for compound 5 are as follows: C-C,
1.501(16) Å; N-C, 1.446(6) Å; C-O, 1.433(16) Å.16,17

Bond angles range from 103.3(1) Å for O11-P-C11 to
118.3(1) Å for P-C11-N.

The two centrosymmetrically related phosphonic acid
groups hydrogen bond to adjacent phosphonic acid
groups in neighboring unit cells along the [1h1h1] diago-
nal. Oxygen O11 is the donor and O13′ the acceptor
oxygen at a distance of 2.553(2) Å. There are two such
hydrogen bonds at each end of the cell diagonal (Figure
1). Hydrogen bonds are also formed with the water
molecules, O32 and O31. They are located above and
below the macrocycle ring as shown in Figure 2. Within
the macrocycle ring N-H1 donates to O31 (N-H‚‚‚O31,
2.751(2) Å) and O31 donates to O22 as an acceptor
(O31-H312‚‚‚O22, 2.916(2) Å). O31 also donates to
water oxygen O32 (O31-H311‚‚‚O32, 2.753(2) Å). O32
is far enough above and below the macrocycle ring to
hydrogen bond to the phosphonic acid oxygens O12
and O13, O32-H321‚‚‚O12′ (2.679(2) Å) and O32-
H322‚‚‚O13′ (2.788(2) Å) where the primes designate
bonding to those oxygens in neighboring unit cells.

It is instructive to see how the macrocycle ring is
distorted by the attachment of the phosphonomethyl
groups. In Table 2 we have collected some interatomic
distances between several ring atoms with their cen-
trosymmetric mates of 1,10-diaza-18-crown-6 com-
pounds. The diaza-18-crown-6 is designated in the table
as DA18C6 and the HCl derivative as DA18C6‚2HCl.
The unsubstituted crown ether is conformationally more
circular than the derivative structures. The N-N dis-
tance and the O-O distances across the center of
symmetry are close in value to each other for the two
DA18C6 structures. Attachment of the phosphonic acid
groups increases the N-N and the O21-O21′ distances
but decreases the O22-O22′ distance. These changes
have the effect of producing a more rectangular shape
for the ring. In the HCl derivative (Table 2) the HCl
molecules reside above and below the center of the ring.
This results in a drastically shorter N-N distance as
the nitrogen protons bond to both Cl atoms of the HCl
molecules. A much larger O21-O21′ distance and a
smaller O22-O22′ distance result, producing a more
elliptical shape to the ring.

(13) Rappe, A. K.; Casewit, C. J.; Colwell, K. S.; Goddard, W. A.;
Skiff, W. M. J. Am. Chem. Soc. 1992, 114, 10024, 10035, and 10046.

(14) Cerius2 Program Package; Molecular Simulations, Inc.: San
Diego, CA, 1997.

(15) Tazaki, M.; Nita, K.; Takagi, M.; Ueno, K. Chem. Lett. 1982,
571.

(16) Herceg, M.; Weiss, R. Bull. Soc. Chim., Fr. 1972, 2, 549.
(17) Chekklov, A. N.; Yurtanov, A. I.; Martynov, I. V. Dokl. Akad.

Nauk. 1991, 320, 1179. Engl. Transl UDS548.737:547.898, Plenum,
1992.

Table 1. Selected Intramolecular Distances (Å) and Bond
Angles (deg) for Compound 6a

P-O12 1.482(2) O21-C23 1.421(2)
P-O13 1.507(2) O21-C22 1.427(2)
P-O11 1.572(1) O22-C25 1.428(2)
P-C11 1.832(2) O22-C24 1.431(2)
N-C11 1.502(2) N-C21 1.508(2)
N-H1 0.91(2) N-C26 1.502(2)
C21-C22 1.503(3) C25-C26 1.503(3)
C23-C24 1.502(3)
O11-H111‚‚‚O13′ 2.553(2) O31-H311‚‚‚O32 2.753(2)
O31-H312‚‚‚O22 2.916(2) O32-H321‚‚‚O12′ 2.679(2)
O32-H322‚‚‚O13 2.788(2) N-H1‚‚‚O31 2.751(2)
O12-P-O13 117.95(9) O12-P-011 110.96(8)
O13-P-O11 110.12(8) O12-P-C11 109.60(9)
O13-P-C11 103.65(8) O11-P-C11 103.32(9)
P-C11-N 118.3(1) C11-N-C21 110.4(2)
C11-N-C26 115.4(2) C11-N-H1 106.6(1)
C21-N-C26′ 112.1(2) C26′-N-H1 106.8(14)
C21-N-H1 104.7(14) N-C21-C22 112.7(2)
C21-C22-O21 108.8(2) C22-O21-C23 113.5(2)
O21-C23-C24 107.8(2) C23-C24-O22 107.4(2)
C24-O22-C25 113.0(2) O22-C25-C26 107.3(2)
C25-C26-N 113.0(2)

a Primed atoms are related to their centrosymmetric similarly
numbered atoms.

Table 2. Comparison of Some Interatomic Ring Distances
in Several Forms of 1,10-diaza-18-crown-6 (DA18C6)

compound interatomic distance (Å)

N-N 021-021′ 022-022′

DA18C6
(ref 15)

5.841 (6) 5.612 (6) 5.670 (5)

DA18C6
(ref 16)

5.854 (2) 5.612 (2) 5.660 (2)

Da18C6‚2HCl
(ref 16)

4.174 (1) 6.458 (1) 6.100 (1)

DA18C6(CH2PO3H2)2
(this study)

6.142 (4) 6.081 (3) 5.351 (3)
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Zirconium Crown Ether Compounds

The X-ray powder patterns of the crown ether-
immobilized zirconium phosphates contained only a
handful of reflections. However, they each exhibited a
very intense reflection indicative of the interlayer spac-
ing of a cross-linked layered compound as formulated
in Figure 3. The observed interlayer spacings are 14.4
Å for 7 and 14.7 Å for 8. Apparently, the layers are
disordered, resulting in the poorly crystalline powder.
To gain further insight into the structure, we examined
the solid-state MAS NMR spectra.

NMR Analysis. The 31P spectra of the azacrown bis-
(phosphonic) acid, compound 6, and its zirconium-
immobilized compound 7 are shown in Figure 4a and
b, respectively. The free acid has a peak at +8.4 ppm
but there is also a small peak at 11.4 ppm. This peak is
probably associated with the presence of some unhy-
drolyzed ethyl ester of 6. In contrast, the 31P spectrum
of 7 exhibits three main resonances. The peak at -27.0
ppm is assigned to orthophosphate (PO4

3-) groups; the
resonance at -19.1 ppm is attributed to monohydrogen
phosphate and the peak at -5.9 ppm is due to the
phosphonate phosphorus. These assignments are made
on the basis of similar resonances in compounds that
are structurally well established. In R-zirconium phos-
phate in which only HPO4

2- groups are present,10 the
31P resonance occurs at -18.7 ppm.18 Similarly, the
orthophosphate group found in γ-zirconium phosphate19

exhibits a peak at -27.4 ppm.18 Zirconium phenylphos-
phonate, Zr(O3PC6H5)2, has a structure similar to that
of R-zirconium phosphate in which the phenyl group
replaces the pendant OH- group.20 The phosphorus
resonance for this compound occurs at -5.0 ppm whereas
the 31P resonance for phenylphosphonic acid occurs at
+17.3 ppm. This very large shift for the phosphorus in
the free acid and when bonded to Zr is common. So the
upfield shift for phosphorus in the azacrown phosphonic
acid from +8.4 to -5.9 ppm is within expectations. We
cite one more example. The compound zirconium N-
(phosphonomethyl) iminodiacetic acid (PMIDA) of com-
position Zr(PO4)(O3PCH2N[(CH3COOH)2)(O3PCH2N-
(CH2COOH/CH2COO-)]‚2H2O provides a 31P spectrum
with resonances at -28 ppm (PO4

3-) and a doublet at
-9 and -7 ppm for the two types of phosphonate
groups.21,22 The spectrum also contained a small peak
at -20 ppm, which was attributed to the presence of a
small amount of monohydrogen phosphate groups. This
point was confirmed for a sample prepared with some
phosphoric acid added to the reaction mix. The addition

(18) Claden, N. J. J. Chem. Soc., Dalton Trans. 1987, 1877.
(19) Poojary, D. M.; Shpeizer, B. G.; A. Clearfield, A. J. Chem. Soc.,

Dalton Trans. 1995, 111.
(20) Poojary, D. M.; Hu, H.-L.; Campbell, F. L., III; Clearfield, A.

Acta Crystallogr. 1993, B49, 996.
(21) Zhang, B.-L.; Poojary, D. M.; Clearfield, A.; Peng, G.-Z. Chem.

Mater. 1996, 8, 1333.
(22) Poojary, D. M.; Zhang, B.; Clearfield, A. Angew Chem. Int. Ed.

Engl. 1994, 33, 2324.

Figure 1. Ball-and-stick representation of the structure of N,N′-bis(phosphonomethyl)-1,10-diaza-18-crown-6‚4H2O as viewed
down the b axis. Thermal ellipsoids are at the 30% level. Hydrogen bonding is designated by dotted lines.
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resulted in substitution of HPO4
2- for phosphonate with

the resultant spectrum showing a corresponding in-
crease in the intensity of the peak at -20 ppm.

The 31P spectrum for compound 8 is shown in Figure
5. In this case the ratio of added H3PO4 to phosphonate
was 4 as compared to 1 for compound 7. The spectrum
contains two major resonances at -20.8 and -9.0 ppm.
The absence of a peak at -27 ppm and the enhanced
intensity at -20.8 ppm indicates that a R-type layered
compound was formed. However, the peaks in Figure
5b are not symmetrical but slope toward -8 and -19,
respectively, i.e., toward the positions of the peaks for
compound 7. These observations suggest that a small
amount of compound 7 is present. A similar change
occurred with the zirconium PMIDA derivatives when
sufficient monohydrogen phosphate groups replaced
PMIDA groups; the 31P NMR spectra indicated a
transformation to an R-type layer structure. The picture
that emerges from consideration of the X-ray and NMR
data is that compound 7 has a PMIDA-type layer
structure in which the layers are cross-linked by the
bis(phosphonate) crown ether and compound 8 has an
R-type layer; both the phosphonate and phosphate
groups bridge three Zr atoms. In the PMIDA complex
the orthophosphate group bonds to four zirconium atoms
whereas the phosphonate groups bond to three different
Zr atoms and the last coordination site on Zr is occupied
by a water molecule. The difference in interlayer spacing
between compounds 7 and 8 is accounted for by the fact
that a PMIDA-type layer is 5.8-Å thick whereas the
R-layer is 6.3-Å thick.

19F NMR spectra for both compounds have a single
peak at -123 ppm, corresponding to that of a free

fluoride ion. Since each aza nitrogen is protonated, the
F- ions are required for charge balance.

Consideration of the 13C CP/MAS NMR spectra of
both the azacrown phosphonic acid and the cross-linked
compound 7 is also instructive (Figure 6). The spectrum
contains a doublet resonance at about 47 ppm that is
assigned to the C11 methylene carbon. The doublet is
due to coupling of the carbon nucleus with its neighbor-
ing phosphorus atom. The resonances at 56.3 and 65.2
ppm and the doublet centered at 70.5 ppm are assigned
to C21, C22, and C23, respectively. The observation of
a doublet at 70.5 ppm indicates that carbons C23 and
C24 possess slightly different environments. This NMR
observation is consistent with our X-ray crystallographic
data. The structure reveals slightly different torsion
angles about these two carbon atoms, viz. C22-O21-
C23-C24, -176.8°, and C25-O22-C24-C23, +179.7°.

The 13C CP/MAS NMR spectrum of the corresponding
crown ether cross-linked compound 7 is shown as Figure
6b. One can still distinguish four resonances but the
peaks are considerably broadened and shifted slightly
upfield (42.3, 54.6, 65.8, and 70.3 ppm). We believe that
the broadening is due to the dispersion of local environ-
ments of the crown ether rings between the layers. This
effect may result from the disorder in the layers. The
15N spectra show a similar broadening. The largest shift
is for C11 attached to 31P and may result from the same
effect that results in the very large upfield shift of the
phosphonate phosphorus upon bonding with the zirco-
nium.

Molecular Modeling. To fix the structures of the
zirconium azacrown ethers more completely, a prelimi-
nary molecular modeling study was carried out. The

Figure 2. View of the structure of 6 showing its orientation along the cell diagonal and the water molecules above and below the
crown ether ring. Hydrogen bonds are designated by dotted lines.
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model layer used was of the R-type since it was expected
that this would be the layer type, and the interlayer
separation, taken from the X-ray powder pattern, was
14.7 Å. It was found that the azacrown ether as
determined from its crystal structure could not span the
interlayer distance of this magnitude. It was necessary
to choose a more elongated conformation, as shown in
Figure 7, to span the layers. This model reveals that

the conformation of the crown ether is more rectangular
than that of the unbonded compound 6. The elongation
may be partly responsible for the line broadening of the
NMR peaks for the bound aza crown. Furthermore, the
model shows that the crown ether rings overlap slightly,
fitting poorly onto the R-type layer, and that the
orientation of the cross-links is oblique and not perpen-
dicular as shown in Figure 3. This overlap is reasonable
considering that the distance between phosphorus at-
oms in R-zirconium phosphate is 5.3 Å. Reference to
Table 2 shows that the width of the crown ether ring
exceeds this value. In adding phosphoric acid to the
reaction mix O3POH groups affix to the layers, allowing
sufficient room for the azacrown ring. This was not
taken into account in the model. Obviously, a more

Figure 3. Schematic representation of compound 7, in which
the zirconium atoms are bridged by orthophosphate groups
within the layers and O3P groups with either pendant OH
group or cross-linking azacrown phosphonate groups, and
compound 8, which has an R-type Zr(O3P)2 layer with the
azacrown cross-linking phosphonate groups spaced farther
apart than those in compound 7.

Figure 4. (a) 31P MAS NMR spectrum of N,N′-(phosphono-
methyl)-1,10-diaza-18-crown-6 (compound 6, Scheme 1) and
(b) the diazacrown ether bonded as in compound 7. Asterisks
denote spinning sidebands.

Figure 5. (a) 31P MAS NMR spectrum of compound 8, Scheme
1, and (b) the same spectrum on an expanded scale and with
resolution enhancement. Asterisks denote spinning sidebands.

Figure 6. 13C NMR spectrum of (a) the diazacrown phospho-
nic acid (compound 6) and (b) the same spectrum of the
diazacrown attached at both ends to the layers in compound
7.
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Figure 7. Schematic representation of the crown ether pillared structure with R-zirconium phosphate-type layers as determined
by a computer model. The Zr atoms are indicated in blue, oxygen atoms in red, phosphorus atoms in purple, carbon atoms in
gray-black, and nitrogen in dark blue.

Figure 8. Polyhedral representation of the zirconium PMIDA structure showing the layer structure with pendenant iminodiacetate
groups. The cubes with slanted lines represent orthophosphate groups in the middle portion of the layer bonded to Zr to form
ZrO6 octahedra (stippled). The phosphonate tetrahedra to which the PMIDA groups are attached are represented by tetrahedra
with slanted lines, which appear as triangles. The pendent iminodiacetate groups have N (threaded circle), C (hatched circle),
and O (dotted circle).
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detailed model needs to take this into account and the
study will include a PMIDA-type layer as well.

Discussion

Two types of zirconium-immobilized azacrown ether
phosphonates have been prepared, mono- and bis-
(phosphonates).9 The monophosphonates swell in water,
allowing easy access of metal compounds to the rings.
These compounds will be described in more detail in a
subsequent paper. Recently, we prepared a cadmium
N-phosphonomethyl)-1-aza-15-crown-5 that has a linear
chain structure with the crown ether groups stacked as
leaves on a twig.23 The crown ether rings are only 3.5-
3.6 Å apart, indicating that cooperative uptake of ion
pair species may occur. For the zirconium compounds
the evident disorder prevents a complete structure
solution but the type of layers formed and their separa-
tion are revealed by NMR and X-ray data, respectively.
We can now construct more detailed models of the
structures based on this information. However, even the
simple model presented here based on the R-type layer
reveals why initially the PMIDA layer type forms. A
polyhedral representation of the Zr PMIDA layer is
shown in Figure 8. The placement of the orthophosphate
in the central plane of the layers spreads the ZrO6
octahedra farther apart than that in the R-layers. This
relieves the stress on the pendant groups, allowing

sufficient room on the layers to avoid close proton-
proton approach. As the amount of monohydrogen
phosphate groups attached to the layer was increased,
the pendant crown ether groups become far enough
apart to prevent crowding or proton-proton interactions
among neighboring rings and the R-type layer formed.
In all cases the nitrogens of the crowns are protonated
and this charge requires the presence of free anions for
compensation. Anion exchange was demonstrated by
washing the solid (8) with dilute nitric acid where upon
the fluoride ion was replaced by nitrate groups as shown
by a lack of 19F resonance in the NMR spectrum.

These crown ether derivatives represent an intriguing
new class of supramolecular compounds. The cadmium
N-phosphonomethyl-18-crown-6 was obtained as single
crystals so its structure was precisely determined. This
result portends the synthesis of a host of ordered arrays
of crown ethers with different arrangements and po-
tential cooperative phenomena relative to ion transport.
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