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A mixture of dihydrogen phosphate and phosphoric acid has been crystallized with a hexaprotonated 26-membered
polyammonium macrocycle, 1,4,7,14,17,20-hexaazacyclohexacosane, as the counterion. The complex crystallizes
in the monoclinic space groupP21/c with unit cell parameters ofa ) 10.006(2) Å,b ) 12.525(1) Å,c ) 19.210-
(2) Å, â ) 102.91(1)°, andV ) 2346.6(5) Å3. The hexaprotonated macrocycle is located on a crystallographic
center of inversion and is surrounded by eight phosphate anions. Six of the phosphates are dihydrogen phosphates
(H2PO4

-), and the other two are neutral phosphoric acid molecules. Intricate hydrogen-bonding networks, involving
the anionic and neutral phosphates and the protonated macrocycle, dominate the crystal lattice. Potentiometric
studies using NaCl as the supporting electrolyte indicate high formation constants for the triprotonated macrocycle,
H3L3+, with PO4

3- at pH∼9.5 (logK ) 4.55(4)), for the tetraprotonated macrocycle, H4L4+, with monohydrogen
phosphate, HPO42-, at pH∼8.0 (logK ) 6.01(3)), and for ditopic complexes with H5L5+ and H6L6+ and dihydrogen
phosphate, H2PO4

-, at pH ∼4.0 (log K ) 6.16(6)) and pH∼2.5 (log K ) 6.44(5)), respectively. The ditopic
behavior in the simple polyazamacrocycle receptor is a somewhat unusual occurrence, as is the finding of phosphoric
acid species in the crystal structure.

Introduction

The field of anion-coordination chemistry has surged over
the last two decades.1-12 Interest in the influence of simple oxo
anions such as phosphates and nitrates on the environment has
provided a major impetus to this area. For a number of years,
we have explored the design and synthesis of polyammonium
macrocycles both as receptors for nucleotides and as catalysts
for phosphoryl transfer reactions.2,13-20 More recently, our focus
has shifted to investigating these receptors as hosts for simpler

anions. Thus, in an endeavor to design molecules capable of
the selective recognition of different oxo anions, we have
embarked on an exploration of how structural and topological
effects influence the selectivity of macrocyclic receptors for
specific anions. In the initial phase of this study, we isolated
and characterized a number of macrocyclic complexes with
nitrate ions.21-23 Phosphates are also of widespread use in our
culture, for example, as preservatives in foods and as additives
to detergents. Consequently, these anions have a major impact
on the environment as well, and finding selective receptors for
them is, likewise, a valuable undertaking.

In our ongoing studies, we isolated a phosphate-containing
salt of a hexaaza macrocycle, 1,4,7,14,17,20-hexaazacyclohexa-
cosane, [26]aneN6C6 (1). We were surprised to discover that

the crystal structure indicated eight phosphate species, because
the macrocycle contains only six amines capable of protonation.
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Further investigation indicated that this was a unique complex,
containing both phosphoric acid and dihydrogen phosphate
species, in addition to the macrocycle in the crystal structure.
The crystal structures of dihydrogen phosphate and dihydrogen
phosphate salts of acyclic polyamines have been published,24,25

as well as two crystal structures of polyammonium macrocycles
with pyrophosphate counterions.26,27 To our knowledge, how-
ever, this is the first example of a crystal structure of a
polyammonium macrocycle combined with either phosphoric
acid or dihydrogen phosphate, not to mention both, in the same
structure. Additionally, potentiometric studies indicate ditopic
behavior for the macrocycle at low pHs, that is, the binding of
two monohydrogen phosphates with one macrocycle.

Results and Discussion

Crystal Structure. The phosphoric acid/dihydrogen phos-
phate complex was obtained by reacting the macrocycle in the
free-base form with phosphoric acid. Crystals suitable for X-ray
analysis were obtained from recrystallization in methanol of the
precipitate that was formed immediately after mixing. Crystal-
lographic data are provided in Table 1.

In the crystal structure, the hexaprotonated macrocyclic cation
is located on a crystallographic center of inversion and is
surrounded by eight phosphate groups (Figure 1). Refined P-O
distances (Table 2) and charge considerations indicate that the
species involved are the cationic macrocycle, six dihydrogen
phosphate anions (H2PO4

-), and two neutral phosphoric acid
molecules (H3PO4). The situation is complicated by disorder in
the crystal between the dihydrogen phosphate ions and the
phosphoric acid molecules. This disorder is described in greater
detail below.

The macrocycle has the shape of a flat ellipsoid. The elliptical
“major” axis runs between N(1) and N(1′), with a distance of
9.25 Å, whereas the “minor” axis length, C(8) to C(8′), is 8.361
Å. Torsion angles are shown in Table 3. The flattened shape of
the macrocycle is achieved by consecutivegaucheconforma-
tions of the same orientation at each “corner” of the macrocyclic
ring and by trans conformations for the remaining sections.
Interestingly, each of the three independent nitrogen atoms has
a different orientation toward the ring to suit its bonding pattern,
which consists of the formation of two strong hydrogen bonds
ranging from 2.70 to 2.88 Å, with adjacent phosphates. N(1)
points to the outside of the ring and therefore makes hydrogen
bond contacts to phosphates 1 and 4; N(4) points toward the
center of the macrocycle with hydrogen bonds to phosphates 2
and 4; and N(7) points upward from the macrocycle’s mean
plane and maintains hydrogen bonds with phosphates 1 and 2.

Assigning the types of phosphates in the crystal structure was
not a straightforward matter because of the disorder between
the two phosphate species. The hydrogen atoms on carbons and
nitrogens were readily identifiable from difference Fourier maps.
Pairs of long P-O bond distances in two of the four independent
phosphate groups, P(3) and P(4) (Table 2), strongly indicated
that these were dihydrogen phosphate anions, and their hydrogen
atoms were also clear in the Fourier maps. However, P(1) and
P(2) showed a spread of P-O distances, leaving it unclear which
was the anion and which was the neutral species. After the
inclusion of all but the final hydrogen atom,two relatively weak
peaks appeared in acceptable locations, attached to O(11) and
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Table 1. Crystallographic Data for
(H6[26]aneN6C6)‚(6H2PO4

-)‚(2H3PO4)

empirical formula C20H52N6O32P8

fw 1136.44
crystal system monoclinic
space group P21/c
a (Å) 10.0197(8)
b (Å) 12.5425(10)
c (Å) 19.235(2)
â (deg) 102.918(7)
V (Å3) 2346.6(5)
Z 2
T (K) 296
λ (Å) 1.54178 (Cu KR)
Fcalc(g cm-3) 1.608
µ (cm-1) 37.4
crystal size (mm) 0.3× 0.3× 0.5
total reflns 3501
unique reflns 2917
reflns withI > 2σ(I) 2963
refined parameters 318
transmission factors 0.79-1.00
R a 0.040
Rw

2 b 0.1102
GOF 1.016
δF peak and hole (e- A-3) 0.702 and-0.339

a R ) ||Fo | - |Fc ||/|Fo|. b Rw
2 ) [w(Fo

2 - Fc
2 )2 /wFo

4]1/2 w )
1/[σ2 (Fo

2) + (0.0566P)2 + 2.8200P] whereP ) (Fo
2 + 2Fc

2)/3.

Figure 1. View of the cation and the four independent anions, with
the inversion-related equivalents. Thermal ellipsoids are drawn at 50%
probability.

Table 2. P-O Distances (Å) for
{H6[26]aneN6C6}‚(6H2PO4)‚(2H3PO4)

atoms distance atoms distance

P(1)-O(11) 1.499(2) P(3)-O(31) 1.542(3)
P(1)-O(12) 1.534(2) P(3)-O(32) 1.499(2)
P(1)-O(13) 1.558(2) P(3)-O(33) 1.558(2)
P(1)-O(14) 1.528(2) P(3)-O(34) 1.496(2)
P(2)-O(21) 1.487(2) P(4)-O(41) 1.506(2)
P(2)-O(22) 1.531(2) P(4)-O(42) 1.505(2)
P(2)-O(23) 1.550(2) P(4)-O(43) 1.565(2)
P(2)-O(24) 1.553(2) P(4)-O(44) 1.552(2)
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O(22), which make an unusually short contact. It was concluded
that this proton is disordered between the two positions and
that these phosphates make up a loosely bound [H3PO4 -
H2PO4]- unit.

Key to the formation of the crystal structure is the intricate
hydrogen-bond network involving the anionic and neutral
phosphates and the cationic macrocycles. In addition to the
hydrogen bonds linking the macrocycles to adjacent phosphates,
a complex network of links between the phosphates runs through
the structure. Phosphates P(2) and P(4) are located above and
below the center of the macrocyclic cavity, whereas P(1) and
P(3) are on each side of the ring. Phosphate P(1) is linked to
four phosphates via symmetry-related occurrences of two
phosphates (P(2) and P(3)), whereas each of the other phosphates
is linked to three other phosphates. These hydrogen bonds
produce a complete three-dimensional framework running
through the crystal (Figure 2). Despite the disorder, the unusual
occurrence of phosphoric acid in the crystal structure has been
firmly established, not the least of which by the 1:8 macrocycle/
phosphate stoichiometry. The result is a unique finding in this
type of supramolecular complex.

Protonation Constants.To investigate the binding propensity
of this ligand by potentiometric methods, the protonation
constants for1 were redetermined under the conditions used
for binding studies (Table 4). Not only were they in close
agreement with previous findings for this ligand with a different
electrolyte concentration,29 but they were also found to be
similar to other ligands of the same family, such as [22]-
aneN6C4

30 and [32]aneN6C9.31 The first four constants are

grouped and separated from the fifth by more than five
logarithmic units, which is common with these hexaamine
ligands. The pattern is readily rationalized, considering that an
efficient minimization of electrostatic repulsion between positive
charges in the tetraprotonated species is possible through the
localization of the four acidic protons in alternating positions,
separated by either the unprotonated nitrogen atoms or the
aliphatic chain of six carbons. The much lower fifth and sixth
protonation constants are due to the fact these last two
protonations occur on the central nitrogens of each end of the
macrocycle, and charge separation is no longer maximized.28

The net effect of this pattern is that the major species present
during the largest interval surrounding neutral pH, in effect pH
5-8, is the tetraprotonated species. The high degree of
protonation at pHs surrounding physiological pH is one reason
that this bis-triamine framework is so appealing for studies
involving anions of biological relevance.

Unlike some other simple mononegative anions, such as the
halides, nitrate, and perchlorate, binding studies involving
phosphate present a more complex scenario. This is due to the
four possible forms that occur in varying amounts, depending
on pH, from PO4

3- at high pH, through the mono- and dianions,
to the fully protonated neutral H3PO4, the latter found at very
low pH. For the purposes of this study, the distribution diagram
for the phosphate species was also redetermined under the same
conditions used for binding studies. At pH∼7, the situation is
complicated by the presence of both the mono- and diprotonated
forms of phosphate in almost equal quantities.

Binding Constants.The binding constants were determined
for the interaction of [26]aneN6C6, 1, with phosphate (Table 4
and Figure 3). Starting at the highest pHs, the triprotonated form
of the macrocycle appears to form a fairly stable neutral complex
with the trinegatively charged phosphate ion [H3LP], as might
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Table 3. Macrocycle Dihedral Angles (deg) for{H6[26]N6C6}‚(6H2PO4)‚(2H3PO4)a

atoms angle atoms angle

C(13′)-N(1)-C(2)-C(3) -161.8(3) C(6)-N(7)-C(8)-C(9) 171.3(3)
N(1)-C(2)-C(3)-N(4) 73.0(3) N(7)-C(8)-C(9)-C(10) -179.6(3)
C(2)-C(3)-N(4)-C(5) 174.2(3) C(8)-C(9)-C(10)-C(11) 71.6(4)
C(3)-N(4)-C(5)-C(6) 168.8(3) C(9)-C(10)-C(11)-C(12) 77.7(4)
N(4)-C(5)-C(6)-N(7) 67.5(3) C(10)-C(11)-C(12)-C(13) -176.9(3)
C(5)-C(6)-N(7)-C(8) -170.0(3) C(11)-C(12)-C(13)-N(1′) -173.9(3)

a Primed atoms are related to unprimed atoms by 2- x, 1 - y, 1 - z.

Figure 2. Packing diagram, viewed downa. Hydrogen atoms are
omitted for clarity.

Table 4. (a) Stepwise Protonation Constants for ([26]aneN6C6)‚
(6 HCl) (L) and (b) Stepwise Binding Constants for the Interaction
with Phosphate and Protonated Phosphate Species in 0.1 mol dm-3

NaCl at 298.1( 0.1 K
reaction logK

(a) Stepwise Protonation Constants
H+ + L ) HL+ 10.94(4)a

HL+ + H+ ) H2L2+ 9.81(2)
H2L2+ + H+ ) H3L3+ 9.59(4)
H3L3+ + H+ ) H4L4+ 9.14(3)
H4L4+ + H+ ) H5L5+ 3.75(3)
H5L5+ + H+ ) H6L6+ 3.07(3)

(b) Stepwise Binding Constants
H3L3+ + P3- ) H3LP 4.55(4)b

H3L3+ + HP2- ) H4LP+ 2.23(8)
H4L4+ + HP2- ) H5LP2+ 2.49(6)
H5L5+ + HP2- ) H6LP3+ 6.01(3)
H5L5+ + 2H2P- ) H9LP2

3+ 6.16(6)
H6L6+ + 2H2P- ) H10LP2

4+ 6.44(5)

a Values in parentheses are the standard deviations in the last
significant digit.
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be anticipated from the charge “complementarity” (logKas )
4.55(4)), where P) PO4

3- and L) 1 in its neutral form. The
lower observed binding for the next constant, that is, the
formation of the [H4LP]+ species, can be attributed to binding
with the monoprotonated HPO42-, which, in the absence of other
species, maximizes around pH 9. Hence, this species is more
appropriately written as [H3LHP]+, and as expected, the affinity
decreases with the decreased charge on the anion. The next two
constants also probably involve binding of predominantly the
monoprotonated HPO42- species. The affinity increases sig-
nificantly once the macrocycle becomes pentaprotonated. The
major complex observed during the widest range of pH is [H6-
LP]3+ (mostly due to the [H5LHP]3+species), logKas ) 6.01-
(3). In fact, at a pH slightly less than 6, approximately 70% of
the receptor can be considered as being complexed.

Because of the geometry of this ligand, with two triamine
subunits held together by two aliphatic chains, the potential of
ditopic behavior can be envisioned. Potentiometric evidence for
ditopic binding in instances involving ammonium-based mono-
cyclic receptors with anions has not previously been reported
to our knowledge. Here, however, in keeping with the crystal-
lographic results, potentiometric data indicate the binuclear
ternary complexes [H9LP2]3+ (predominantly [H5L‚2H2P]3+) and
[H10LP2]4+ (predominantly [H6L‚2H2P]4+), which are products
of the binding of pentaprotonated and hexaprotonated forms of
the ligand with two molecules of H2PO4

- at pHs between 2
and 4. These findings can be correlated with the crystal structure
and strong hydrogen bonding interactions between the macro-
cycle and the two ordered H2PO4

- species, (P(4) and P(4A)),
which are almost inside the macrocyclic ring.

Conclusions

The structural and binding results for the interaction of the
hexaprotonated ligand1 with phosphate show some very
interesting trends. Potentiometric data indicate that initial binding
occurs at even relatively high pH, with the formation of a stable
neutral [H3LP] complex. The crystal structure, on the other hand,
essentially provides a snapshot of the situation occurring at
relatively low pH, in which both H2PO4

- and H3PO4 are present.
This is an unusual, if not unprecedented, crystallographic
documentation of both H2PO4

- and H3PO4 together in a
supramolecular complex. Furthermore, the potentiometric data
support the crystallographic finding of two H2PO4

- species
closely associated with the macrocycle and give credence to
the supposition that these types of ligands, based on two triamine
units, can provide ditopic binding sites for two discrete anions.

Experimental Section

Synthesis.All chemicals were reagent grade or better. The receptor
1,4,7,14,17,20-hexaazacyclohexacosane, [26]N6C6 (1), was synthesized
according to a modified procedure of previously published prepara-
tions.31 A precipitate immediately formed upon reacting the macrocycle
in the free-base form with phosphoric acid in approximately a 1:6
macrocycle/phosphoric acid ratio. The precipitate was filtered under
nitrogen, and the residue was redissolved in 400µL of aqueous
methanol. A limited number of crystals suitable for X-ray analysis were
obtained by the slow evaporation of the latter solution in a capillary
tube.

X-ray Structural Analysis. Crystallographic data for1‚6H2PO4‚2H3-
PO4 are summarized in Table 1. Data were collected on a Rigaku
AFC5R diffractometer with a 12 kW rotating anode generator using
graphite-monochromated Cu KR radiation. The data were collected
using theω-2θ scan technique to a maximum 2θ value of 110.2°,
with stationary background counts recorded on each side of the
reflection. The ratio of peak counting time to background counting time
was 2:1. The weak reflections were rescanned (maximum of two
rescans), and the counts were accumulated. The intensities of three
representative reflections were measured every 150 scans and remained
essentially constant throughout data collection, so no correction for
decay was deemed necessary. The data were corrected for Lorentz and
polarization effects. An empirical absorption correction32 was made
based on azimuthal scans of several reflections and resulted in
transmission factors ranging from 0.79 to 1.00.

The structure was solved by direct methods33 and all of the non-
hydrogen atoms were refined anisotropically. The final cycle of full-
matrix least-squares refinement was based on the 2917 observed
reflections (I > 0.01σ(I)) and 402 variable parameters and converged
(largest parameter shift was 0.01 times its esd). The weighting scheme,
based on counting statistics, included a factor,p ) 0.05, to downweight
the intense reflections. Neutral atom scattering factors were taken from
Cromer and Waber.34 Anomalous dispersion effects were included in
Fcalc.35 The values for∆f ′ and∆f′′ were those of Cromer.36 All of the
calculations were performed using the teXsan crystallographic software
package of the Molecular Structure Corp.37 Listings of the final
positional coordinates and isotropic temperature factors are provided
in Table 2.

Potentiometric Measurements.The potentiometric titrations were
carried out in 0.1 mol dm-3 NaCl at 298.1( 0.1 K. Emf data were
obtained using an Orion 81-02 combination electrode with 1 M
potassium tosylate filling solution. The electrode was calibrated as a
hydrogen-ion concentration probe by the titration of known amounts
of HCl with CO2-free NaOH solutions. The equivalence point was
determined by Gran’s method, which gives the standard potential (E°′)
and the ionic product of the water (pKw ) 13.79). The concentration
of the phosphate solution employed was determined gravimetrically
by standard methods.

The computer program SUPERQUAD38 was used to calculate the
protonation and stability constants, and the program DISPO39 was used
to obtain the distribution diagrams. The titration curves for each system

(32) Walker, N. P. C.; Stuart, D. I.Acta Crystallogr. 1983, A39, 158-
166.

(33) Direct methods used were MITHRIL (Gilmore, C. J.J. Appl.
Crystallogr. 1984, 17, 42) and DIRDIF: Beurskens, P. T. Technical
Report Crystallography Laboratory, Toernooiveld, 6525 E. Nijmegen,
The Netherlands, 1985.

(34) Cromer, D. T.; Waber, J. T. InInternational Tables for X-ray
Crystallography; Kynoch Press: Birmingham, 1974; Vol. 4, Table
2.2A.

(35) Ibers, J. A.; Hamilton, W. C.Acta Crystallogr. 1964, 17, 781-782.
(36) Cromer, D. T. InInternational Tables for X-ray Crystallography;

Kynoch Press: Birmingham, 1974; Vol. 4, Table 2.3.1.
(37) TEXSAN-TEXRAY Structure Analysis Package; Molecular Structure

Corp.: 1985.
(38) Gans, P.; Sabatini, A.; Vacca, A.J. Chem. Soc., Dalton Trans1985,

1195.
(39) Vacca, A. Unpublished work: a FORTRAN program to determine

the distribution of the species in multi-equilibria systems from the
stability constants and mass balance equations.

Figure 3. Distribution diagrams of the species for the system [26]-
aneN6C6 (L) and PO4

3- (P) in 0.1 mol dm-3 NaCl at 298.1( 0.1 K as
a function of pH. ([L] ) 1 × 10-3 mol dm-3, [P] ) 2 × 10-3 mol
dm-3).
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corresponded to 150 experimental points obtained by at least three
measurements taken along the pH range investigated (2-11). The
concentrations of both receptor and phosphate were 1× 10-3 to 3 ×
10-3 mol dm-3. The data were treated either as a single set or as
separated curves without significant variations in the values of the
stability constants. All of the sets of data were merged to give the final
stability constants. The protonation constants of PO4

3- were also
redetermined under the same experimental conditions.40
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IC9911116
(40) Basicity constants for phosphate in 0.1 M NaCl at 287.1( 0.1 K:

log â1 ) 11.15(1), logâ2 ) 17.85(1), logâ3 ) 19.99(2).
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