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Abstract: A pyrrolyl-based triazolophane, incorporating CH and
NH donor groups, acts as a receptor for the pyrophosphate anion
in chloroform solution. It shows selectivity for this trianion, followed
by HSO4

- > H2PO4
- > Cl- > Br- (all as the corresponding

tetrabutylammonium salts), with NH-anion interactions being
more important than CH-anion interactions. In the solid state,
the receptor binds the pyrophosphate anion in a clip-like slot via
NH and CH hydrogen bonds.

Pyrophosphate detection has aroused interest in the scientific
community not only because pyrophosphate is the product of ATP
hydrolysis under cellular conditions1 but also because it could afford
a means of effecting real-time DNA sequencing.2 Pyrophosphate
monitoring may also have a role to play in cancer research since
this anion is involved in DNA replication catalyzed by DNA
polymerase.3 Pyrophosphate is also of interest as a larger, more
highly charged analogue of inorganic phosphate (H2PO4

-/HPO4
2-),

which has physiological relevance in energy storage and signal
transduction, in addition to being a structural component in teeth
and bones.4 Not surprisingly, therefore, considerable effort has been
devoted recently to the development of synthetic receptors that allow
for the recognition, detection, or extraction of pyrophosphate and
related species, such as inorganic phosphate.5 Systems incorporating
neutral or cationic NH hydrogen bond donor groups (e.g., pyrrole,
indole, ammonium, and guanidinium) or cationic CH hydrogen bond
donor motifs (e.g., imidazolium and triazolium) have been par-
ticularly effective in this regard. However, to the best of our
knowledge, receptors with neutral CH H-bond donors have yet to
be exploited for the purpose of pyrophosphate (or phosphate) anion
recognition.

CH bonds are present in the overwhelming majority (97%) of
chemical compounds.6 Nevertheless, it is only recently that the
importance of CH H-bonds in biological and artificial anion
recognition has come to be appreciated.7 In recent pioneering work,
Flood and co-workers reported the synthesis and anion binding
properties of [34]triazolophanes. These new macrocycles have a
diameter of about 3.8 Å and display a high affinity for the chloride
ion.7c On the basis of this and previous theoretical and experimental
studies,8 it was suggested that the strength of neutral, triazole-
derived C-H · · ·X- (X- ) halide) bonds can approach those of
more traditional NH donors, such as pyrrole. We thus considered
it of interest to combine both these recognition motifs within the
same macrocyclic framework. Here, we report the first such system,

namely the calix[2]1,3-bis(pyrro-2-yl)(1,4)-1,2,3-triazolo-phane (1)
and show that it acts as a highly effective receptor for the
pyrophosphate anion, both in the solid state and in organic media.9

Our findings, supported by theory, provide support for the conclu-
sion that NH-anion bonding interactions are more important than
CH-anion interactions.

The synthesis of 1 is shown in Scheme 1. Using “click” chemistry
conditions, a copper-catalyzed Huisgen 1,3-dipolar cycloaddition10

was used to couple 2 with 3. This was followed by t-BOC
deprotection11 to give 1,3-bis(pyrro-2-yl)-(1,4)-1,2,3-triazolo-
benzene (4) in 24% combined yield for two steps. Condensation
of 4 with acetone12 produced 1 in 10% yield.

NOESY spectroscopic studies provided support for the notion
that 1 has a flexible conformation at ambient temperature. This was
further verified by variable temperature 1H NMR spectroscopic
studies; specifically, signals that became broader with decreasing
temperature were observed (cf. Supporting Information (SI)).

A single crystal X-ray diffraction analysis of 1 revealed a nearly
flat structure, wherein the pyrrole NH protons on N5 and N5A point
out from the center of the core. The distance between the exocyclic
C-H or N-H and the nitrogen atoms on the neighboring triazole
ring generally proved to be less than 3 Å. This leads us to suggest
that intramolecular H-bonding interactions on the exterior of the
ring7r help stabilize the observed planar conformation in the solid
state (cf. Figure 1).

The anion properties of 1 in solution were first analyzed using
UV-vis spectroscopy. Standard titrations, associated curve fit-
tings,13 and Job plots provided support for pyrophosphate (as the
tetrabutylammonium (TBA) salt) being bound to 1 strongly in
chloroform at 300 K (Ka ) (2.30 ( 0.40) × 106 M-1) and with a
1:1 binding stoichiometry. Mass spectrometric analyses also provide
support for the formation of stable complexes (cf. SI).

The association constants (Ka) between receptor 1 and various
other test anions were also determined in chloroform Via UV-vis
absorption titrations. Among the test anions considered, receptor 1
displays selectivity for the trianionic pyrophosphate anion, followed
by HSO4

- ((4.98 ( 0.40) × 105) > H2PO4
- ((2.38 ( 0.25) × 105)
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Scheme 1. Synthesis of Macrocycle 1a

a (a) CuSO4, sodium ascorbate, EtOH/H2O/toluene (7:3:1); (b) NaOC-
(CH3)3, anhydrous THF; (c) acetone, TFA, Ar, RT.

Published on Web 09/20/2010

10.1021/ja107098r  2010 American Chemical Society14058 9 J. AM. CHEM. SOC. 2010, 132, 14058–14060



> Cl- ((1.18 ( 0.07) × 104) > Br- ((2.64 ( 0.09) × 103) (all as
TBA salts; cf. SI). Macrocycle 1 thus displays a high pyrophosphate/
dihydrogenphosphate selectivity (Ka(HP2O7

3-)/Ka(H2PO4
-) ) 10).

The host-guest interactions between macrocycle 1 and the
pyrophosphate anion were further analyzed by 1H NMR spectros-
copy. Specifically, a solution of 1 (5 mM, CDCl3) was titrated with
up to 10 equiv of TBA3HP2O7 (Figure 2). The hydrogen signals
for the pyrrole NH, the triazole CH, and the endocyclic hydrogen
atom of the N1-linked phenyl unit were seen to shift downfield by
5.09, 1.96, and 1.22 ppm, respectively (Figure 2). These changes
followed the sequence of expected H acidity, namely pyrrole NH
> triazole CH > benzene CH.14 Thus the trends observed in the
NMR spectral studies are consistent with the intrinsic strength of
the various H-bond donor groups as inferred from electronic
structure calculations carried out with chloride anion. Binding
energies (MP2/aug-cc-pVDZ) computed for complexes of chloride
with pyrrole N-H, triazole C-H, and benzene C-H donors are
-22.50, -18.94, and -8.42 kcal mol-1, respectively (cf. SI).15 They
are also consistent with the hydrogen bond distances observed in
the solid state (see below). Nevertheless, it is important to appreciate
that all three hydrogen bond donor motifs play a role in the observed
anion recognition. In contrast, only a small downfield shift was
seen for the signals ascribed to the exocyclic hydrogen atoms on
the phenyl and pyrrole rings (∆δ ) 0.09 and 0.10 ppm, respec-
tively); apparently these C-H bonds play little role in anion
recognition.

Additional support for the suggestion that both NH and neutral
CH interactions combine to effect pyrophosphate anion recognition
in the case of receptor 1 came from a single crystal X-ray diffraction
analysis of the complex formed between pyrophosphate and 1
(1 ·TBA3HP2O7 ·3H2O) (Figure 3). In this complex, the macrocycle
displays a folded conformation; this provides a clip-like slot into
which the pyrophosphate anion inserts. All the pyrrole NH, triazole
CH, and endocyclic benzene CH protons point into the center of

the ring and are involved in hydrogen bond interactions with the
bound pyrophosphate guest, as inferred from bond distances (pyrrole
NH · · ·O ca. 1.9 Å, triazole CH · · ·O ca. 2.3 Å, benzene CH · · ·O
ca. 3.7 Å). The resulting conformation thus stands in contrast to
what is seen in the case of the free host 1.

In summary, the pyrrolyl-based receptor 1 has been prepared in
a moderate yield. It binds the pyrophosphate anion in the solid state
and displays a high selectivity for this trianion relative to various
test monoanions in chloroform solution. The present results thus
serve to underscore the utility of new recognition motifs in the
design of anion binding agents, particularly those that combine both
CH- and NH-anion interactions within a single framework. The
present work also helps calibrate directly the relative importance
of these interactions. It thus provides a foundation for future receptor
design.
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Figure 1. (a) Top and (b) side views of the single crystal X-ray structure
of 1 ·4CH3OH ·H2O. All solvent molecules have been omitted for clarity.

Figure 2. 1H NMR spectra (aromatic region) of 1 recorded upon titration
with (TBA)3HP2O7; CDCl3, 300 K.

Figure 3. (a) Top and (b) side views of a single-crystal X-ray diffraction
structure of 1 ·TBA3HP2O7 ·3H2O in which the pyrophosphate anion is in
a space filling representation. Solvent molecules and TBA cations have been
omitted for clarity.
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Lett. 2009, 11, 3466–3469. (m) Mullen, K. M.; Mercurio, J.; Serpell, C. J.;
Beer, P. D. Angew. Chem., Int. Ed. 2009, 48, 4781–4784. (n) Juwarker,
H.; Lenhardt, J. M.; Castillo, J. C.; Craig, S. L. J. Org. Chem. 2009, 74,
8924–8934. (o) Fisher, M. G.; Gale, P. A.; Hiscock, J. R.; Hursthouse,
M. B.; Light, M. E.; Schmidtchen, F. P.; Tong, C. C. Chem. Commun.
2009, 3017–3019. (p) Pedzisa, L.; Hay, B. P. J. Org. Chem. 2009, 74,
2554–2560. (q) Schulze, B.; Friebe, C.; Hager, M. D.; Günther, W.; Köhn,
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