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 Oligomeric phosphate clusters in macrocyclic channels
Subhamay Pramanik,a Pall Thordarson,b Victor W. Daya and Kristin Bowman-James*a 

A 36-membered macrocycle, H313+,  crystallizes with a mixture of 
five phosphates with valences HPO4

2-, H2PO4
-,and H3PO4. The 

macrocycles form sandwich-like channels for clusters of six 
phosphates interconnected through oligomeric chains of water-
linked phosphates and phosphoric acid molecules.  Binding studies 
indicate 3:1 phosphate:macrocycle associations in keeping with 6:2 
phosphate:macrocycle “sandwiches.”

Earth’s rapidly depleting sources of phosphorus, a crucial 
element for global well-being, have become an issue of great  
concern.1-4  Current phosphorus resources come mainly from 
what is known as “phosphate rock”, mineral deposits with large 
concentrations of inorganic phosphate. Organic-based 
phosphates, another potential source of phosphorus, are also 
prevalent throughout Nature, and are prominent in key 
metabolic and biosynthetic processes.5,6 Contrary to its 
important biological roles, overabundance of phosphate can 
negatively affect the environment. For example, run-off of 
ground water contaminated by over-usage of phosphate-
containing fertilizers enables the growth of algal blooms 
harmful to aquatic inhabitants, ultimately affecting fresh-water 
resources.2-4

In order to address the serious concerns involving the 
worldwide phosphorus reserves, supramolecular chemists are 
focused on a obtaining a better understanding of the chemistry 
of phosphate-containing molecules and ions.1 For example, of 
all the oxoanions, phosphates in particular, have a natural 
propensity to self-associate, which makes their chemistry all the 
more complex.7-15  Furthermore, it is becoming increasingly 
apparent that oligomerization is not just limited to phosphate, 
but also to other important anions.16-19 Hence, inter-anionic 

interactions have become an important area of supramolecular 
focus.

Recently we identified a 36-membered mixed amide/amine 
based macrocycle (H313+, Figure 1(a)) that formed sandwich-like 
2:1 host:guest complexes with two stereoisomers of the class of 
polyanions known as inositol hexaphosphates (IP6s).20 The  most 
prevalent of these, phytate, plays major roles in plant 
metabolism.21-23 Not only is it found in plants, it is also a large 
component of the organophosphates found in soils.

 Here we report the structure of a sandwich-like host-guest 
complex of a hexaphosphate cluster with H313+ (Figure 1(b)) 
that is structurally reminiscent of the above-mentioned IP6 
structures. The spatial arrangement and separations of 
phosphate groups within this pseudo-sandwich are generated 
in the crystal by a crystallographic inversion center. The 
resulting arrangements in the phosphate hexamer are quite 
similar with those observed in the IP6 structures, indicating a 
similar binding motif for the “discrete” phosphates. 

Fig. 1. (a) ChemDraw diagram of the positively-charged macrocycle, H313+, and (b) 
a perspective view of the asymmetric unit of a single host, H313+, the protonated 
phosphates, and O2w. O1w, that lies outside the complex, is not shown.

The amide-based macrocycle 1 was synthesized from N-
methyl-2,2'-diaminodiethylamine and 6-dimethyl-pyridine 
dicarboxylate.20 The phosphate cluster was obtained by slow 
addition of H3PO4 to a methanol solution of 1. Thin platelets 
were obtained on slow evaporation of a H2O:MeOH:CH3CN 
(1:2:1) solution. The cluster crystallized as a mixed-valent salt, 
[(H31)(HPO4)(H2PO4)]·3H3PO4·2H2O, with one HPO4

2- (P1), one 
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H2PO4
- (P2), and three neutral H3PO4s (P3, P4, and P5) (Fig. 1(b)).  

While a cluster arrangement with three H2PO4
- ions and two 

H3PO4 molecules within the macrocycles might be more likely to 
be observed and indeed, probably exists in solution, the 
structure refinement clearly indicated the mixed valent 
phosphates described above. Besides being able to locate 
phosphate hydrogen atoms in a difference Fourier and refining 
their parameters in least-squares refinement cycles, significant 
elongation is observed for protonated P-O bonds as expected. 
The equilibrium solution could contain all three species to some 
extent given the ability of protons to transfer from one anion to 
another close neighbor, and this particular crystalline 
arrangement could favour such a combination, either as the 
crystal begins to form or after it has formed through proton 
migration.  

Six phosphates lie within the sandwich-like host cavity (P1, 
P2, ad P3, and their symmetry-related counterparts P1’, P2’, 
and P3’) (Figure 2(a) and (b)). Direct P-OH···O-P interactions 
range from 2.52-2.65 Å. Two water molecules (H2O2 and H2O2’) 
link the acids, P3 and P3’, to the monoanions, P2 and P2’. The 
acids, P3/P3’, also form two P-OH···O hydrogen bonds to the 
dianion P1/P1’. The other two neutral phosphoric acids, P4 and 
P5, lie at the outer edges of the macrocycles, as does a 
disordered water, H2O1, in which the oxygen was modeled over 
two positions with occupancies of 80 and 20%. The two 
symmetry-related triphosphate chains, P1-P3 and P1’- P3’, are 
attached by two hydrogen bonds between P1 and P2’ and its 
symmetry corollary P2 to P1’. 

Only the oxygen atoms of the anionic phosphates, P1 and 
P2, and one of the external phosphoric acids (P4) are directly 
bound to the chelating pyridine amide units (Fig. 2(c)). The 
amides of two of the pyridines form chelates with the dianion, 
P1, and the acid, P4, while P1 is only hydrogen bonded to the 
third pyridine through one of its amides.

Fig. 2 (a) Side perspective view of the hexaphosphate cluster with water bridges 
between P2/P2’ and P3/P3’; (b) overhead view (90o rotation) of (a); (c) view 
showing hydrogen bonds between P1, P2, and the external P4 to H313+; and (d) 
extended view along the crystallographic c axis of channel-like oligomeric chains 
of phosphates and waters between macrocyclic walls. 

When extended, the hosts line channels for oligomeric 
phosphate-water chains with P-OH···OH2 and H-OH···O-P O---O 
distances ranging from 2.510(3) - 2.659(3) Å (Fig. 2(d)). 
Extended in three dimensions, intricate phosphate/phosphoric 
acid lattice networks are revealed, as seen without the 
macrocycles (Fig. 3(a)).  We were unsuccessful in attempts to fit 
our inter-phosphate interactions to one of the patterns noted 
by Custelcean and co-workers for monohydrogen phosphates.11   
Complications in this effort were the presence of both the 
mono- and di-hydrogen phosphates as well as the presence of 
the water molecules. Nonetheless, both direct P-OH···O-P 
hexamer and decamer patterns can be detected (Fig. 3(b) and 
(c)).  In addition, a vertical linear array of direct phosphate-
phosphate interactions can be seen on the left and right sides 
of Fig. 3(a): P5-P2=P1-P4-P5-P4=P2=P1. Addition of the 
macrocycles to the picture with color-coding for the phosphates 
of different valences accentuates the motif of interspersed 
anions/acids/water chains (Fig. 3(d) and (e)). 

Fig. 3 (a) View of a phosphate-water network approximately  1.5 unit cell in length 
along c without the macrocycles (phosphorus atoms displayed as balls); (b) view 
of the isolated hexamer of P1, P2, P3, P1, P2, P3 (middle of (a), top and bottom); 
(c) view of the isolated decamer P2, P5, P4, P1, P3, P2, P5, P4, P1, and P3 (center 
of (a)); (d) and e) two views of the phosphate network in (a) with color-coded, 
space-filled phosphates, phosphoric acids, and waters, plus added (light green 
sticks) macrocycle hosts. P1 (blue, HPO4

2-); P2 (red, H2PO4
-); P3 (yellow, H3PO4); P4 

(magenta, H3PO4); P5 (cyan, H3PO4) and H2O (white, H2O1W and H2O2W).

The sandwiched phosphates within the macrocyclic hosts 
are structurally similar to those found in our recent crystal 
structures of phytate and another more symmetrical IP6 
polyphosphate, the scyllo stereoisomer. As noted in the 
introduction, phytate and the scyllo-IP6 were found to be 
sandwiched between two H313+ macrocycles. The overhead 
view of the phosphate cluster (shown in Fig. 2(b)) is quite similar 
to that of the scyllo-IP6 (Fig. 4(a)).20 An overlay of the 
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H313+complex with scyllo-IP6, 2(H313+)(scyllo-IP6
6-), with the 

hexaphosphate cluster, further supports the similarities (Fig. 
4(b)) (rms deviation for P atoms = 1.24 Å) (Fig. 4(b) and Fig. S1(a) 
and (b), ESI†), which is slightly better than that of the phytate 
(myo-IP6) with 2H313+ cations (Fig. S1(c) and (d), ESI†). The rms 
deviations of the overlays of the hexaphosphate cluster with  
our two recent structures of the octasodium scyllo-IP6 and 
tripotassium  myo-IP6 salts (rms = 1.0 Å  and 1.22 Å, respectively) 
(Fig. S2(a) and (b), ESI†).24,25

Binding interactions of H313+ with the tetrabutylammonium 
(TBA) salt of dihydrogen phosphate, H2PO4

- were examined by 
1H and 31P NMR studies in DMSO-d6. On gradual addition of 
(TBA)(H2PO4) (20 mM) to the solution of 1 (2 mM), the amide 
NH signal shifted downfield from 9.16, broadening after the 
addition of about one equiv. (9.8 ppm). At about 3 equiv. of 
H2PO4

- (10.5 ppm), the signal began to sharpen and continued 
to sharpen while slowly shifting downfield to 10.8 ppm at 10 
equiv. H2PO4

- (Fig 5(a) and Fig. S3, ESI†).  The resulting binding 
curve (Fig. 5(b)) was indicative of 1:3 H31:phosphate binding as 
seen in the crystal structure.

Fig. 4 (a) Overhead perspective sandwich view of 2H313+ ions with scyllo-IP6
6- and 

(b) overlay of the scyllo-IP6
6- with the phosphates in the hexaphosphate cluster 

(IP6 bonds light green). 

Fig. 5 (a) 1H chemical shift changes of 1 (2 mM) with increasing concentration of 
(TBA)(H2PO4) (20 mM) in DMSO-d6 (400 MHz, 298 K) and (b) binding isotherm of 
the amide NH protons of 1 as a function of added aliquots of (TBA)(H2PO4). Solid 
line corresponds to the cooperative 1:3 binding model used here.

The amide chemical shifts were evaluated for 1:3 
macrocycle:phosphate binding using Matlab for both a full and 
non-cooperative binding model.26,27 Data were observed to fit 
best to a 1:3 binding model with some positive cooperativity. 
Since the simpler, non-cooperative model could not be ruled 
out, the chemical shifts of the four macrocycle proton 
resonances were also evaluated (Section S4 and Table S1 for 
further details, ESI†).  Binding constants for this model were K1 
= 968, K2= 68,204, and K3 = 1,024 M-1, which, after correcting for 
statistical factors, correspond to G1 = -6.2, G2 = -12.0, and 
G3 = -8.6 kJ mol-1, respectively, indicating positive 
cooperativity.  

The 31P NMR titration of the reverse addition of the host 1 

to a solution of (TBA)(H2PO4) revealed an initial downfield shift 
of the signal, with a reversal at 0.34 equivalents of 1, at a 3:1 
phosphate:1 ratio. The signal then shifted back upfield to about 
0.5 ppm (Fig. 6(a)). This 3:1 pattern is consistent with what we 
observe in the 1H NMR as well as in the crystal structure, i.e. a 
3:1 H2PO4:1 ratio. Downfield followed by upfield trends have 
been attributed to cluster/oligomer formation.10

Fig. 6 (a) 31P NMR spectra showing chemical shift changes of (TBA)(H2PO4) (10 mM) with 
increasing aliquots of macrocycle 1 (40 mM) in DMSO-d6 (400 MHz, 298 K); and (b) 
binding isotherm of the phosphate 31P signals as a function of added aliquots of 1.

The ESI-MS spectrum of a solution of crystals of 1 shows the 
appearance of a parent peak (m/z) of 843.30 equivalent to 1 + 
H3PO4, plus signals at 941.32, 1039.32, 1137.31 and 1243.56 
with spacing of nearly 98 Dalton (MW H3PO4) (Fig. S4, ESI†). 
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Additional peaks were also observed at 1685.80, 1783.82, 
1881.82, 1979.97 and 2079.07, ultimately corresponding to the 
formation of a hexamer cluster sandwiched between two 
macrocycles [(1)2∙(H3PO4)6+H]+ (Fig. 7).

Fig. 7 ESI-MS (+ve) spectrum of a solution of the crystals showing peaks corresponding 
to [(1)2+(H3PO4)m+H]+ cluster with m/z: (I) 1685.7969, [(1)2+(H3PO4)2+H+]; (II) 1783.8406, 
[(1)2+(H3PO4)3+H+]; (III) 1881.8242, [(1)2+(H3PO4)4+H+]; (IV) 1979.9722, [(1)2+(H3PO4)5+H+] 
and (V) 2079.0791, [(1)2+(H3PO4)6+H+] with constant spacing of 98 Da (molecular weight 
of H3PO4.

In conclusion, a 36-membered cationic macrocycle was 
found to shield a cluster of six “discrete” phosphates. The 
positioning of the phosphates was found to be in configuration 
quite similar to those observed in our previous report for the six 
phosphates in IP6 covalently docked to inositol.20 Yet, the 
clusters are also connected to neighboring clusters resulting in 
an oligomeric chain of phosphate clusters. These results 
illustrate the ability of macrocyclic hosts to orient/position their 
guests in similar patterns. In this instance, what is observed in 
the crystalline-state appears also to be observed in solution, 
where multiply-valent species are able to coexist. Ultimately, 
the structures of anion clusters are not necessarily random; 
rather, certain preferred supramolecular “coordination” 
tendencies seem to establish and stabilize common motifs.
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