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The crystal structure of 3,7,11,18,22,26-hexaazatricyclo[26.2.2.213,16]tetratriaconta-1(31),13(34),14,16(33),28(32),-
29-hexaene hexahydrobromide salt [(H6P3)Br6] has been determined by means of X-ray diffraction analysis. It
crystallizes with an additional molecule of ethanol and half a molecule of water per molecule of the hydrobromide
P3 ligand. The protonation constants of P3 and its host−guest interactions with monophospate (Ph) and pyrophosphate
(Pp) have been investigated by potentiometric equilibrium methods. Ternary complexes are formed in aqueous
solution as a result of hydrogen bond formation and Coulombic interactions between the host and the guest;
formation constants for all the species obtained are reported and compared with the isomeric 3,7,11,19,23,27-
hexaazatricyclo[27.3.1.113,17]tetratriaconta-1(33),13, 15,17(34),29,31-hexaene (Bn) ligand. For the H6P3Pp2+ those
bonding interactions reach a maximum yielding a log KR

6 of 5.87. The selectivity of the P3 ligand with regard to
the monophosphate and pyrophosphate substrates (S) is discussed and illustrated with global species distribution
diagrams showing a strong preference for the latter over the former as a consequence of the much stronger
formation constants with pyrophosphate. An analysis of the isomeric effect is also carried out by comparing the
P3−S versus Bn−S systems. In the best case, a selectivity of over 88% is achieved for the diphosphate complexation
when using the meta isomer over the para, due solely to the size and shape of the receptors cavity.

Introduction

The molecular recognition of anionic guest species is an
area of current intense chemical investigation1-8 with

potential applications in areas such as the designing of
positively charged or electron-deficient neutral abiotic or-
ganic receptor molecules.

Within this field, we have recently undertaken a systematic
evaluation of molecular recognition phenomena between
phosphates and nucleotides on the basis of hexaazamacro-
cyclic ligands containingm-xylylic and diethylic ether
spacers.9 In that work, we have quantitatively evaluated the
different factors involved in the recognition processes,
namely, Coulombic, hydrogen bonding, andπ-π stacking
interactions.
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In this paper we report the host-guest binding interactions
of the ligand 3,7,11,18,22,26-hexaazatricyclo[26.2.2.213,16]-
tetratriaconta-1(31),13(34),14,16(33),28(32),29-hexaene (P3)
with phosphate and diphosphate substrates and we compare
them with the ones obtained by the isomeric ligand 3,7,11,-
19,23,27-hexaazatricyclo[27.3.1.113,17]tetratriaconta-1(33),-
13,15,17(34),29,31-hexaene (Bn) (see Chart 1).

Those two isomeric ligands allow us to evaluate a
fundamental feature of host-guest interactions such as the
geometrical fit of the substrate with respect to the receptor,
without any contamination from other receptor properties
such as their basicity, Coulombic charge, or hydrogen-
bonding capacity.

Experimental Section

Materials. GR grade KCl was obtained from Aldrich, and CO2-
free Dilut-it ampules of KOH were purchased from J. T. Baker
Inc. Reagent grade potassium dihydrogen phosphate and tetrasodium
diphosphate were purchased from Aldrich. The KOH solution was
standardized by titration against standard potassium acid phthalate

with phenolphthalein as indicator and was checked periodically for
carbonate content (<2%).10

3,7,11,18,22,26-Hexaazatricyclo[26.2.2.213,16]tetratriaconta-
1(31),13(34),14,16(33),28(32),29-hexaene Hexahydrobromide
[(H6P3)Br6]. A solution of 2.91 g (6.23 mmol) of the ligand P3 in
140 mL of 95% ethanol is prepared. The solution is kept under
stirring in a ice bath, and 8 mL of 48% HBr (0.0702 mmol) is
added dropwise. After complete addition, the solution is kept stirring
for further 30 min. After that time, the solid obtained is filtered off
the solution and washed with 95% ethanol. The solid is crystallized
from hot water/methanol solution. Crystalline colorless needles are
obtained after 48 h at 0°C. After the needles are filtered off the
solution, washed with methanol and diethyl ether, and dried, the
yield is 65%. FT-IR (KBr): ν 1448, 2802, 1573, and 2953 cm-1.
1H NMR (D2O, 200 MHz, 298 K, DSSint): δ 7.56 (s, 8H, arom),
4.31 (s, 8H, Ar-CH2), 3.04 (m., 16H, NCH2CH2CH2N), 2.06 (m,
8H, NCH2CH2CH2N). 13C NMR (D2O, 50 MHz, 298 K, DSSint):
δ 134.56 (arom quat), 133.97 (arom terc), 53.40 (Ar-CH2), 47.40,
45.97 (NCH2CH2CH2N), 25.69 (NCH2CH2CH2N). Anal. Calcd for
C28H52N6Br6‚4H2O‚C4H10O: C, 34.99; H, 6.42; N, 7.65. Found:
C, 34.89; H, 6.48; N, 7.70.

Physical Methods.IR spectra were taken in a Mattson-Galaxy
Satellite FT-IR spectrophotometer as solid KBr pellets. Elemental
analyses were conducted in a Carlo Erba Instrument, model CHNS
1108.1H and13C NMR spectra were recorded at 298 K in a Bruker
DPX200 model Avance (4.7) operating at 200 MHz for proton.
Spectra were referenced to TMS or DSS.31P NMR spectra were
measured at 202.45 MHz using a Bruker Avance 500 spectrometer
equipped with a inverse triple-resonance probehead. A total of 128
scans were collected for each1D 31P spectrum acquired without
1H NOE decoupling during the relaxation delay. FID were recorded
with 8192 points and processed using an exponential window with
a line broadening of 2 Hz. An external reference of 85% H3PO4

was used for calibration purposes.
Potentiometric Titrations. Potentiometric measurements were

conducted in a jacketed cell thermostated at 25.0°C and kept under
an inert atmosphere of purified and humidified argon. For the
potentiometric measures a Crison pHmeter (model 2002) was used
equipped with a glass electrode and a Ag/AgCl reference electrode
with saturated KCl as internal solution. The volume of titrating
agent to be added to the reaction mixture is controlled by means
of a electronic Crison buret with a nominal volume of 2.5 mL.
The support electrolyte used to keep ionic strength constant at 0.10
M was KCl. The electrodes were calibrated by titrating a small
amount of HCl at an ionic strengh of 0.10 M and a constant
temperature of 25°C and determining the titration end point with
the Gran11 method that allows to calculate the electrode’s standard
potential (E°). log Kw for the system, defined in terms of
log([H+][OH-]), was found to be-13.78 at the ionic strength
employed12 and was kept fixed during refinements.

Acid dissociation constants for the phosphate and diphosphate
anions were determined under exact conditions employed in this
work and were found to agree well with data from the literature.12

Potentiometric measurements of solutions either containing the
ligand or the ligand plus equimolecular amounts the appropriate
phosphate or diphosphate anion were run at concentrations of 2.0
× 10-3 M and ionic strengths ofµ ) 0.10 M (KCl). At least 10
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Chart 1. Drawings and Abbreviations of the Ligands Used in This
Work
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points/neutralization of every hydrogen ion equivalent were ac-
quired, repeating titrations until satisfactory agreement was obtained.
A minimum of three consistent sets of data was used in each case
to calculate the overall stability constants and their standard
deviations. The range of accurate p[H] measurements was consid-
ered to be 2-12. Equilibrium constants and species distribution
diagrams were calculated using the programs BEST13 and SPEXY,
respectively.14

Crystal Structure Determination. Preparation of (H 6P3)Br6‚
1/2H2O‚C2H6O. Small colorless crystals from P3‚6HBr‚1/2H2O‚
C2H6O were obtained by slow difussion in ethanol of a water
solution of the hexabromated ligand adjusting the pH value at 3.02.

Data were collected at low-temperatureT ) 180 K on a Stoe
imaging plate diffraction system (IPDS), equipped with an Oxford
Cryosystems cryostream cooler device and using a graphite-
monochromated Mo KR radiation (λ ) 0.710 73 Å). The final unit
cell parameters were obtained by least-squares refinement of a set
of 5000 well-measured reflections, and crystal decay was monitored
by measuring 200 reflections by image; no significant fluctuations
of intensities were observed during data collection. Semiempirical
corrections for absorption15 were applied.

The structure was solved by direct methods using SIR92 and
expanded by subsequent differences Fourier maps and then refined
by least-squares procedures onF2 with the aid of SHELXL9716 by
minimizing the functinΣw(Fo

2 - Fc
2)2, where Fo and Fc are

respectively the observed and calculated structure factors. The
atomic scattering factors were taken from ref 17. All hydrogen
atoms were located on a difference Fourier maps, but the positional
parameters of the hydrogens atoms were obtained geometrically
using an idealized model and then the H atoms were refined using
a riding model with an isotropic displacement parameter of 1.2 times
theUeq value of the attached C sp2 and 1.5 times theUeq value of
the attached C sp3 atom; the methyl groups were refined with a
rotation around the bond C-C as free variable. For the NH2 groups
the hydrogen atoms labeled H(1A), H(1B), H(2A), H(2B), H(3A),
H(3B), H(4A), and H(4B) were isotropically refined with an
isotropic parameter fixed at 1.2 times theUeq value of the nitrogen
atom to which they were connected. A statistic disorder was
observed for one molecule of ethanol localized; the oxygen atom
was found distributed on two differents sites with a ratio of
occupancy equal to 0.25:0.25.

All non-hydrogen atom were anisotropically refined, and in the
last cycles of refinement a weighting scheme was applied, where
weights have been calculated from the following formula:

HereP ) (Fo
2 + 2Fc

2)/3.
Drawings of molecules are performed with the program

ORTEP3218 with 50% probability displacement ellipsoids for non-
hydrogen atoms.

Results and Discussion

Synthesis and Structure of (H6P3)Br6. The P3 ligand
was prepared by following literature procedures or slight
modifications thereof,19,20 while its corresponding hexabro-
mide salt was synthesized for the first time by treating P3
with 48% HBr. The crystal structure of (H6P3)Br6 was
determined by X-ray diffraction analysis, and its ORTEP
diagram is shown in Figure 1. Table 1 presents its crystal-
lographic data whereas bond distances and angles, including
hydrogen bonding, are displayed as Supporting Information.
The metric parameters obtained for (H6P3)Br6‚1/2H2O‚
C2H6O are within the expected values for this type of
compound.20 The compound has a plane of symmetry
perpendicular to the ligand cavity that contains N1 and N4.
The planes described by the aromatic rings present an angle
of 19.12° while the angle formed by the cavity and the
aromatic rings is of 80.39°. The macrocyclic cavity can be
described as a 12.4× 5.8 Å2 rectangle which is roughly 12%

(13) Martell, A. E.; Motekaitis, R. J.Determination and Use of Stability
Constants, 2nd ed.; John Wiley and Sons: New York 1992.

(14) SPEXY is a program created by R. J. Motekaitis which generates an
X-Y file that contains the concentration of all the existent species in
solution as a function of p[H] using BEST output files.

(15) DIFABS. Walker, N.; Stuart, D.Acta Crystallogr., Sect A1983, 39,
158-166.

(16) Sheldrick, G. M.SHELXL97. Program for the Refinement of Crystal
Structures; University of Göttingen: Göttingen, Germany, 1997.

(17) International Tables for X-ray Crystallography; Kynoch Press: Bir-
mingham, England, 1974; Vol. IV.

(18) ORTEP3 for Windows. Farrugia, L. J.J. Appl. Crystallogr.1997, 30,
565.

(19) Pietraszkiewiez, M.; Gasiorowski, R.Chem. Ber. 1990, 123, 405.
(20) Llobet, A.; Reibenspies, J.; Martell, A. E.Inorg. Chem. 1994, 33,

5946.

w ) 1/[σ2(Fo
2) + (aP)2 + bP]

Figure 1. Thermal ellipsoid plot, 50% probability, of (H6P3)Br6 including
the atomic labeling scheme.

Table 1. Summary of Crystal Structure Results

empirical formula C28H52N6Br6‚0.5H2O‚C2H5OH
fw 1007.28
cryst system monoclinic
space group P21/m
a, Å 7.4653(4)
b, Å 30.4519(3)
c, Å 10.7740(7)
â, deg 110.064(7)
V, Å3 2305.7(3)
formula units/cell 2
temp, K 180(2)
λ(Mo KR), Å 0.710 73
Fcalc., g/cm3 1.451
µ, mm-1 5.252
Ra 0.045
Rw

b 0.122

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

2)2/∑[w(Fo
4]] 1/2.
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larger than for the relatedmetaisomer, H6Bn6+ (12.8× 4.9
Å2), due to the increase of two member ring units (28 for
Bn; 30 for P3).

Recognition Capacity of the P3 Ligand.Potentiometric
titrations of H6P36+ allow one to measure its six protonation
constants that, as expected, are extremely similar to those
of H6Bn6+ as shown in Table 2.9a,20The experimental curve
as well as the corresponding species distribution diagram as
a function of p[H] is shown as Supporting Information.
Phosphate and diphosphate anionic complex formation with
P3 and its different protonated forms were also calculated

using the same technique. The experimental curves are
displayed in Figure 2A. The mathematical treatment allows
one to fully characterize the different equilibria present in
solution, and the results obtained are presented in Table 3.
As expected from the larger deviation of the potentiometric
curves, with regard to the noninteraction situation (see Figure
2A), in the case of the diphosphate substrate it yields much
stronger log of recognition constants than in the case of the
monophosphate substrate.

Figure 2. (A) (b) Experimental curves obtained for the potentiometric titrations of equilibrated diphosphate (left) and monophosphate (right) (2.0× 10-3

M) with the ligand H6P36+ (2.0 × 10-3 M) at 25.0°C andµ ) 0.1 M (KCl) and (O) calculated potentiometric curve for the same system assuming there
is no interaction between the substrate and the ligand. (B) Species distribution diagram as a function of p[H] for the P3-Pp and P3-Ph systems.

Table 2. Logarithms of the Protonation Constants of P3 and Bn
Ligands (L) and Phosphate and Diphosphate Substrates (S) at 25.0°C
andµ ) 0.10 M (KCl) With Charges Omitted for Clarity

equilibr quotient (L) P3a Bn equilibr quotient (S) Ppa Pha

KH
1 ) [HL]/[L][H] 10.55 10.33 KH

1 ) [HS]/[S][H] 8.36 11.56
KH

2 ) [H2L]/[HL][H] 10.06 9.73 KH
2 ) [H2S]/[HS][H] 5.99 6.71

KH
3 ) [H3L]/[H 2L][H] 8.56 8.56 KH

3 ) [H3S]/[H2S][H] 1.75 1.69
KH

4 ) [H4L]/[H 3L][H] 7.67 7.77
KH

5 ) [H5L]/[H 4L][H] 7.12 7.22
KH

6 ) [H6L]/[H 5L][H] 6.70 6.64
Σlog KH

i 50.64 50.24
1000σfit or ref 1.9 9a 2.2 4.5

a This work.

Table 3. Stepwise Association Constants (K) for the Interaction of P3
and Bn with S (S) Pp and Ph; Ph) HPO4

2-) at 25.0°C andµ ) 0.10
M (KCl) With Charges Omitted for Clarity

diphosphate (Pp) phosphate (Ph)

ratio L:S:H equilibr P3 Bn P3 Bn

1:1:1 [HLS]/[HL][S] 2.65
1:1:2 [H2LS]/[H2L][S] 2.33
1:1:3 [H3LS]/[H3L][S] 2.67 2.57 2.52
1:1:4 [H4LS]/[H4L][S] 3.58 4.12 2.57 2.13
1:1:5 [H5LS]/[H5L][S] 4.81 6.13 2.92 2.96
1:1:6 [H6LS]/[H6L][S] 5.87 7.85 3.20 3.50
1:1:7 [H7LS]/[H6L][HS] 4.39 5.25 2.39
1:1:8 [H8LS]/[H6L][H 2S] 3.20 2.93

1000σfit or ref 3.2 9a 7.8 9a
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For the P3-Pp system (σfit ) 0.0032) the presence of six
equilibrium species is detected, which are expressed as
follows:

HereKR
i is the recognition constant of protonation degreei

and they are listed in order of appearance from low to high
p[H].

Figure 2B displays the species distribution diagram for
this type of ternary systems. In the case of the P3/Pp/H
system, the complexed species have always higher concen-
trations than free Pp ligand or its different protonated species
within the pH range 2-8.5. This is a further indication of
the strength of the formed ternary species in this particular
system. In sharp contrast for the P3/Ph/H system the ligand-
based species dominate always over the whole pH range,
thus indicating the weakness of the corresponding ternary
species.

The recognition constant values obtained for this system
lay within the range of previously reported host-guest
interactions with hexaaza macrocyclic amines and phosphates
containing aromatic9a,20,21,22and aliphatic23 spacers.

The highest equilibrium constant for the present ternary
recognition complexes P3/Pp/H corresponds to the formation
of the species H6P3Pp2+, log KR

6 ) 5.87. This complex can
be formally described as a H6P36+ positive cation bonded
to a Pp4- anion by Coulombic forces and hydrogen bonds.
In this complex the Coulombic interactions and hydrogen
bonding reach a maximum.

If one takes into consideration that the first protonation
constant of Pp4- is 8.42 (Table 2), which is higher than the
sixth protonation constants of P3 (6.70, Table 2), and that
the fifth, fourth, and third P3 protonation constants are

relatively close, there is another possible set of equilibriums
that can lead to the formation of HiPnPp (i ) 3-6) ternary
species:

For each species both equilibriums simultaneously operate
and their relative importance is a function of p[H]. Similar
arguments can be used to propose the following alternative
equilibrium for the formation of H7P3Pp3+:

The extremely good reproducibility of the systems de-
scribed above is an excellent indication that no further
process are taking place but the recognition phenomena.
Nevertheless, it has been described in the literature that
related polyammonium macrocycles might be active with
regard to polyphosphate and/or nucleotide hydrolysis espe-
cially at the temperatures 80-100 °C.24 Thus, we checked
the Bn-Pp system at pH 6.0 and 3.0 at room temperature
for 24 h, through31P NMR, and we did not find any
hydrolysis at all (the resonancesδ ) -9.6 ppm, pH) 6.0,
andδ ) -9.8 ppm, pH) 3.0, do not change over the 24 h)
in agreement with the excellent reproducibility of the
potentiometric experiments.

Competitive Diagrams and Selectivity.Figure 3A shows
a graphical representation of the different recognition
constants as a function of proton content obtained for the
P3/Pp/H and the Bn/Pp/H ternary systems. Bn is the isomeric
ligand shown in Chart 1, where the aromatic rings are linked
in themetaposition in lieu of theparaposition (its numerical
values are shown in Tables 2 and 3 for the stepwise ligand
protonation constants and for the recognition constants with
the Pp and Ph substrates, respectively).

For the ternary systems with the diphosphate substrate it
is found that in most cases the Bn ligand forms stronger
complexes than with the P3 ligand. In the particular case of
KR

6 they differ in nearly 2 orders of magnitude as displayed
in the eqs 4 and 12.

As a consequence of this, the competitive distribution
diagram, Figure 4, shows a strong predominance of the Bn/
Pp/H over the P3/Pp/H ternary species (from pH 3.5 to 10).
At pH 7.4, for instance, the selectivity of Bn-containing
species over P3 is 88.8% (the selectivity for Bn-containing
species over P3 at a particular pH is defined according to
the following equation: [Σi(% Hi/Bn/Pp)/(Σi(% Hi/Bn/Pp)

(21) (a) Lu, Q.; Motekaitis, R. J.; Reibenspies, J. H.; Martell, A. E.Inorg.
Chem. 1995, 34, 4958. (b) Motekaitis, R. J.; Martell, A. E.Inorg.
Chem. 1992, 31, 5534.

(22) (a) Nation, D. A.; Martell, A. E.; Caroll, R. I.; Clearfield, A.Inorg.
Chem. 1996, 35, 7246. (b) Lu, Q.; Riebenspies, J. H.; Caroll, R. I.;
Martell, A. E.; Clearfield, A.Inorg. Chim. Acta1998, 270, 207. (c)
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H2P32+ + HPp3- a H3P3Pp- log KR
3 ) 2.88 (7)

H3P33+ + HPp3- a H4P3Pp logKR
4 ) 2.85 (8)

H4P34+ + HPp3- a H5P3Pp+ log KR
5 )3.53 (9)

H5P35+ + HPp3- a H6P3Pp2+ log KR
6 ) 4.14 (10)

H5P35+ + H2Pp2- a H7PnPp3+ log KR
7 ) 5.03 (11)

H6Bn6+ + Pp4- a H6BnPp2+ log KR
6 ) 7.85 (12)

H3P33+ + Pp4- a H3P3Pp- log KR
3 ) 2.67 (1)

H4P34+ + Pp4- a H4P3Pp logKR
4 ) 3.58 (2)

H5P35+ + Pp4- a H5P3Pp+ log KR
5 ) 4.81 (3)

H6P36+ + Pp4- a H6P3Pp2+ log KR
6 ) 5.87 (4)

H6P36+ + HPp3- a H7P3Pp3+ log KR
7 ) 4.39 (5)

H6P36+ + H2Pp2- a H8P3Pp4+ log KR
8 ) 3.20 (6)

EWaluation of Molecular Recognition Phenomena

Inorganic Chemistry, Vol. 42, No. 25, 2003 8549



+ Σi(% Hi/P3/Pp))]× 100)). In sharp contrast for the ternary
systems with the monophosphate substrate the binding
constants are very similar and thus independent of the ligand.

The results just described here for the formation of anionic
complexes with the diphosphate substrate clearly indicate
that the Bn ligand is capable of stronger recognition of this
substrate compared to its isomeric P3 ligand. This recognition
capacity, given the similarity in the chemical nature of Bn
and P3, arises only because of the different shape and/or
size of the cavity of those two ligands. Thus the Bn ligand,
which has a smaller and more rectangular cavity than its P3
isomer, is capable of better fitting the diphosphate substrate
and thus ends up forming much more stronger complexes.
This is further corroborated by the behavior of those two
ligands with regard to the monophosphate substrate. In this
particular case, the substrate binds to the ligands in a very
similar manner, since the smaller size of the monophosphate

substrate cannot be discriminated by the large cavities of
those hexaazamacrocyclic ligands.
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Figure 3. Plot of logKR
i versusnH (the different ternary species with various degree of protonation) for (A) the P3-Pp and Bn-Pp systems and (B) the

P3-Ph and Bn-Ph systems.

Figure 4. (A) Competitive calculated species distribution diagram for systems with equimolecular amounts of the Bn and P3 ligands and diphosphate. (B)
Corresponding total species distribution diagram.
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