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Abstract: The interactions of phosphate and pyrophosphate anions with polyammonium cations deriving from
14 polyamines (five polyazacycloalkanes, four polyazacyclophanes, and five acyclic polyamines) in aqueous
solution have been studied by means of potentiometric, microcalorimetric, and NMR measurements in solution.
Very stable 1:1 receptor-to-anion complexes are formed. The stability trends of such complexes are not strictly
determined by electrostatic forces, hydrogen bond interactions being of considerable importance in the complex
formation, the thermodynamic data being consistent with different hydrogen bonding niddesTAS’
compensatory relationships hold for such complexation reactions. The crystal structurgsO{ltP,07),-

2H,0 and (HL2)(H2P,07)2:6H,0 (L1 = 1,4,7,10,13,16-hexaazacyclooctadecé2e= 1,10-dimethyl-1,4,7,-
10,13,16-hexaazacyclooctadecane) have been solved by X-ray analysis, evidencing different substrate/anion
binding characteristics.

Introduction Several examples of phosphate anions binding by synthetic
receptors, mostly of polyammonium type, have been repéfted.
Phosphate complexation by these synthetic receptors is not
strictly representative of phosphate binding by proteins, since
9" o . _ these natural receptors incorporate the anion in deep clefts
majority of substrates and cofactors engaged in biological .

rocesses are anioAsDespite this, the chemistry of anion protectgd from solyent gnd countenops, where the avgraged
P ' dielectric constant is estimated to be in thefrange, while

binding has been rather slow to develop, and only in the pastth thetic liqand t rath d struct lowi
few years has it been recognized as a new area of coordination € Synthetic ligands present rather opened Sructures, allowing

chemistry, stimulating the interest of many researchers. the phosphate complex to be in contact with the medium.
Among anionic substrates, phosphates are of special interest The effectiveness of hydrogen bonding in stabilizing anion
due to their ubiquitous presence in biological systems. PhosphatecOmplexes in water is not clearly understood, principally due
recognition by proteins has been recently illustrated by a well- to the difficulty of studying this type of binding interaction in
resolved crystal structure, which allowed the unambiguous such a solvent, which is a good donor and acceptor of hydrogen
positioning of the anion, which is completely dehydrated and bonds, but also due to the lack of complete thermodynamic
sequestered abb8 A below the protein surface, where it forms  information AG°, AH°, TAS®) regarding the formation of such
12 strong hydrogen bonds with protein grodps.

“Anion binding”, the coordination of chemical species by
virtue of their anionic nature, plays a central role in both
inorganic and biological processksor instance, a large
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specie$.Nevertheless, hydrogen bonding in anion coordination
seems to be crucial also in water. Ny NE
/ N

k ,-CH,
A quantitative interpretation of the correlation between the { ees3ler Nj
bonding strength in NH—O systems with the hydrogen bond e Ny e @
M ]

N—O distance ) and the dielectric nature of the medium has
been recently furnished by ab initio molecular orbital calcula-
tions8 Using as an example the HCOOH/NHgkhodel, the
computed proton-transfer potentials indicate that, at relatively
long r separations (3.5 A), in the absence of any external
influence (dielectric constané = 1), the neutral complex
HCOOH--NHCH; is largely more stable than the HCOG-
*HNHCH; ion pair. Upon the dielectric constant increasing,
the hydrogen bonded ion pair is stabilized much more than the
neutral complex, becoming more stable for relatively larger
values € > 4), while the electronic barrier to proton transfer
decreases, vanishing for very shart 2.5 A) hydrogen bonds.

These results furnish a key to the interpretation of thermo- os
dynamic data for the formation of anion complexes, since the
formation of neutral complexes or hydrogen-bonded ion pairs
from separated species is expected to be accompanied by quite
different enthalpic and entropic contributions.

To get more insight into the nature of anion complexation in Figure 1. ORTEP? view of a portion of the crystal packing of ¢H2)-
aqueous solution and, in particular of phosphate type anions,(H-P,07),-6H.O, showing the HL24" cations (a) and (b) and the
we have undertaken a thermodynamic study on phosphate andi:P.07~ anions together with the hydrogen bonds between them. Water
pyrophosphate anions bmdmg by the p0|yamm0nium receptorsmmecu_k.i‘s are not shown. Thermal eIIipsoid are drawn at 30%
deriving from the 14 synthetic polyamirfedepicted in Chart ~ Probability.

1, which are representative of three main classes of IigandsChart 1
(polyazacycloalkanes, acyclic polyamines, and polyazacyclo-

phanes) employed in anion recognition. The seAGP, AH®,

and TAS’ values determined in this study contains the first
collection of microcalorimetrically measured enthalpic contribu-
tions to “anion binding” in solution. Although calorimetry alone
cannot give definitive information regarding hydrogen bonding,
the data herewith presented furnish a significant insight into
the nature of hydrogen bonding in anion coordination.

Results and Discussion

Crystal Structures of (H4L1)(H2P»07)2-2H,0 and (H4L2)-
(H2P207)2-6H,0 (L1 = 1,4,7,10,13,16-Hexaazacyclooctade-
cane, L2= 1,10-Dimethyl-1,4,7,10,13,16-hexaazacycloocta-
decane).The crystal structure of (#2)(H.P.O7),-6H,O consists
of tetraprotonated cations;H24+, H,P.O;2~ anions, and water
solvent molecules. Figure 1 shows an ORTEfawing with
atom labeling and crystal packing of the structure, omitting the
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crystallization water molecules. The crystal cell contains two

independent macrocyclic4d24* cations, each one lying around

a crystallographic inversion center (coordinates 0, 0, 0 and 0.5,
0.5, 0.5). Both independent cations, (a) and (b) in Figure 1,
adopt similar flattened conformations (maximum deviation from

the mean planes through the six nitrogen atoms of 0.106(4) A
for N3 and N3in (a), and 0.113(4) A for N6 and Nén (b)),

with almost elliptical shape (major and minor axes of about



Phosphate Anions Binding by Polyammonium Receptors
Table 1. Hydrogen Bond Contacts for pH1](H2P,07).:2H,O and
[H4L2](H2P:07)2+6H:0
r (&) r(A)
[H4L1](H2P207)2'2H20

symmetry operation

J. Am. Chem. Soc., Vol. 121, No. 2%8D%999

This different conformation may be connected with the
binding mode of the dihydrogen pyrophosphates, which are
facially bound to the protonated cations in a sandwich-like
fashion, forming long N3H---O—P—-0O—P—-0---H—N3' and

N3:-02 2.86(1) H3A-02 1.96(6) —x, —y, —z N2—H---O—P—-0---H—N2' hydrogen-bonded bridges (Table 1),
N2---02  2.77(1) H2B--02  1.94(9) in contrast to the shorter A\H---O--*H—N bridges found in
N2'---01  2.85(1) H2A:--01 1.8(1) —Xx —Yy,~z (H4L2)(H2P,07),:6H,0.
N3--05  2.72(1) H3B-O5  2.0(1) The only other interactions in the packing involve the water
[HaL2](H2P>07)2:6H0 solvent molecules and the dihydrogen pyrophosphate anions,
ol e O ey L, bebnang o diferentunis
N5'++-012 2:777(6) H5--012 1:85(8) I lefyzlfz Interesting comparisons can be done vxlth two crystal
N3:--09  2.945(5) H3%-09  2.01(6) structures recently reported by Martell et#l. In these
N3---09 2.839(5) H3--09 2.02(6) —x, —Y, —z structures, HP,07%~ forms adducts with ditopic hexaazacy-
N2'---09  2.831(5) H2--09 1.92(6) —x, -y, —z cloalkanes, giving rise to anion complexes in which the
NS---03 ~ 2.835(5) HSE--O3  1.82(8) 1-x1-y1-2 dihydrogen pyrophosphate is pafflyr deeply" enclosed in
N2-+07 2.710(6) H2%--07 1.70(9) —x, -V, —zZ - : L L -
the macrocyclic cavity. The anion inclusion into the macrocyclic
011:--01 2.477(6) H1%-01  1.57(8) L " ; . ;
014--06 2553(6) H14-06  1.66(8) cavity is facilitated by the larger dimensions of such ligands

a _ONT

Figure 2. ORTEP® view of (HsL1)(H:P,07), complex. Thermal
ellipsoid are drawn at 30% probability.

(approximately 8 Ax 8 A for both structures) with respect to
L1 andL2. However, the N-H---O hydrogen bond distances
found for (H4L1)(H2P207)2'2H20 and (HLZ)(H2P207)2'6H20
(Table 1), which are comparable with those reported by Martell
et al#h (2.64-2.93 and 2.662.75 A), demonstrate that tight
association of polyammonium cations with pyrophosphate can
occur independently of anion inclusion.

Interesting crystal structures of phosphate complexes with
protonated forms of sapphyrins were recently reported by Sessler
et al’

Stability of Anion Complexes. Computer analysis of po-
tentiometric data furnished the overall equilibrium constants of
the complexes formed by phosphate and pyrophosphate (A) with
the ligandsL1—L14 (L), according to the general reaction

A+L+mH=ALH,

where charges are omitted for simplicity.

An interesting point concerns the identity of the reacting
species in the complex. The overall equilibrium constants do
not furnish any information about the location of the kbns
in the adducts, and, in principle, there is no reason to assume

6.7 and 4.3 A). All nitrogen atoms of these molecules are in that the same proton location found in the isolated reagents is
endoconformation. It is noteworthy that the charged ammonium maintained in the complex.

groups are localized near the minor axis of the ellipsoid, where

Useful information about proton location in the anion

they experience greater electrostatic repulsion. This particular complexes can be obtained from NMR measurements. The
charge distribution can be ascribed, considering the overall protonation patterns of the receptors considered in this work,
crystal packing, to the bridging interaction via strong hydrogen except forL1 andL4, were determined in previous stucies
bonds of two oxygen atoms of different dihydrogen pyrophos- by following the pH dependence of thd and3C NMR signals
phate anions with the closest symmetry-related nitrogens in eachof ligand solutions in the absence of phosphate and pyrophos-

H4L24* cation.

phate anions, allowing the protonation sites to be known at each

Two H,P,07%~ anions, linked together via hydrogen bonding  protonation step. Analogous studies performed in the presence

(Table 1), are intercalated between almost parallgl24"

of phosphate and pyrophosphate evidence that the interaction

cations, interacting via hydrogen bonds with such anion couples, with such coordinating anions does not alter the protonation
giving rise to hydrogen-bonded polymeric chains constituting patterns and the topology of the charged groups, and, with the

the crystal packing (Figure 1).
The crystal structure of (fL1)(H2P.07)2:2H,O consists of

discrete (HL1)(H.P.O), hydrogen-bonded species (Figure 2)

and water solvent molecules.

exception of PEMegNg (L9), complexation does not modify

significantly the overall conformation of the protonated recep-
tors. Only a modest, general displacement of NMR signals
corresponding to the increase of ligand basicity, brought about

Also in this structure, the protonated macrocycles, which lies by anion complexation, is observed. These observations are

around a crystallographic inversion center, adopts an almoststrongly indicative of the fact that, in the formation of such
planar arrangement (maximum deviation from the mean plane anion complexes, the interacting partners maintain their identity,
defined by the six nitrogen atoms being 0.19(1) A for N1 and and no significant redistribution of protons occurs; that is, under
N1"), with the nitrogen atoms irndo conformation. In the our experimental conditions, hydrogen-bonded ion pairs are
present case, with NN’ intramolecular distances falling inthe  favorably formed. In the case of MesNgs, some ligand
range 5.05(1)6.83(1) A, HL14 assumes a more circular and rearrangement occurs upon complexation of phosphate and
expanded conformation than that observed fgt 4™ in the pyrophosphate, although the ligand maintains its protonation
previous structure. pattern. Figure 3 displays the pH dependence oftth&lMR
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—m— H1 in presence of phosphate clouds, determining the observed shielding of H1 protons. A
—v— H4 in presence of phosphate similar ligand arrangement was found in the crystal structure
—X— H1 free ligand of the perchlorate complex of JH94+.9f
3.0 ':¢:*>'§¥ —+— Hd free ligand On the other hand, it has been shoiy means of NMR
\ studies, that in the cases bt andL4 there is no observable
25 \\' charge localization in the successive protonation steps, due to
S:ZO_ XXX X R ——y the equivalence of the secondary amino groups. This means that
a in solution, on the NMR time scale, the overall positive charge
154 . has a mediate homogeneous distribution over all the nitrogen
/ atoms of the ligands. So, independently of pH, all the ligand
10l "wag" atoms remain magnetically equivalent, both in the absence and
. : i . , i in the presence of interacting anions, and consequently NMR
2 4 6 pH 8 10 12 experiments do not furnish helpful information regarding the

number of H ions bound to the ligands. Similarly, alSéP
NMR experiments do not give clear information about the
protonation state of the phosphate anions in these systems.
Hence, taking into account the observation that, in the formation

—m— H1 in presence of pyrophosphate
—w— H4 in presence of pyrophosphate
—X— H1 free ligand

gy —+— Héfree ligand pf the .anion complexes yvith a}ll.the .other receptors, the
301 ¥ AN interacting partners maintain their identity, we have assumed
25 \r\' this applies also fot1 andL4. As a matter of fact, t4he anion
§ x\x-x—x_x~></§;1 v comple;i (I—hLl)(I_—|2P207)2-6HZO, containing HL1 +_ and_
2.04 / b H.P,074, c'rystalllzes undgr pH conditions (pH 3.5) in wh[ch
. these species are the main formsLaf and pyrophosphate in
150 solution. However, despite these considerations, we cannot
T exclude the presence in solution of anion complexes with equal
101 stoichiometry but different protonation states of the ligand and
2 4 6 8 10 12 anion.
pH Once the numbel of protons bound to the ligand in the

general ALH, complex is known, we can write the complexation
1 reactions according to the actual protonation state:

9 CH3
4 350
CH CH _
\1/1/\';/\3\,( 3 HemyA + HL = HL-Hg, A
and calculate the relevant equilibrium constants collected in
CANK/N\JN\CH Tables 2-4.
: C|:H3 ° However, we can correctly expect these equilibria to describe

the formation of the main complexed species present in solution,
although, especially in the casesldf andL4, the presence of
minor anion complexes characterized by equal stoichiometry
but different protonation states cannot be excluded.

; : : : As far as the stability of the complexes is considered, it is to
signals for the methyl groups on the ligand nitrogen atoms in ) . X . ’

g Y! group 9 9 be noted first that, despite the different sizes, molecular

the absence of interacting anions and in the presence of . - . k
phosphate (Figure 3a) and pyrophosphate (Figure 3b); thesearchltecture, and number of binding groups in the ligands, only

signals are very sensitive to nitrogen protonation. The complete ©0MPlexes with 1:1 anion/receptor stoichiometry are found in
1H and3C NMR study of PEMesNs protonation in the absence solution with both phosphate and pyrophosphate. Although

of complexing anions, defining the protonation pattern of the electrostatic attraction is the driving force in anion interactions

igand, was reported in a previous paferhe H NMR signal (% BEVATRATLIE EERR R 118 SRR (BRSO T
of the protons (H1) belonging to the C1 methyl groups keeps tionsp iri(contrast Withlthg enerall trendyof increasirll stabillitu-
constant from alkaline pH down to pH 3, while in the same pH ’ Y 9 y

range the signal for the C4 protons (H4) experiences an evidentWlth increasing charge of receptors and anions prewously
downfield shift, manifesting that the first four protons bind to observed for the complexes of these ligands with other inorganic

i 3— 2— 11
the benzylic nitrogens; in more acidic solution, the H4 signal %Z&Tées?ﬁg S?Zb';?(%gfzﬁecgér?\ll)é Xésafr;?;;écbmm}@\';g
keeps constant while the H1 one shifts downfield according to T v P y .
a fifth protonation step taking place on the N2 atoms. In the the mono-, di-, and triprotonated forms of B343 decreases with

. .~ _increasing charge on the ligand (Table 3), while the stability of
presence of phosphate (Figure 3a) and pyrpphosphate (Flgure[he complexes formed by JAhMegNe with HP0.
3b), the H4 §|gnal q|splay§ the same bghawor obsgrved n theH2P2072* and HP,O;~ increases with decreasing chargé on
absence of interacting anions, confirming the previous proto- the anioﬁ (Table 3). Many other examples of the same type

nation pattern; on the other hand, the H1 signal undergoes a . P .
; s . . can be found in Tables-24. Similar behavior has never been
marked upfield shift in the pH range-&.5, the maximum shift reported before and can be ascribed, as discussed later on, to

corresponding to the presence of complexes withd4"™. This
behavior can be ascribed to a rearrangement of the ligand, (11) Giusti, M.; Mangani, S.; Micheloni, M.; Orioli, P.; Paoletti, IRorg.
i indi i intai Chem.1987 26, 3902-3907. Aradgo J.; Bencini, A.; Bianchi, A.; Dome-
brought about by anion binding, which maintains the overall =m0t 52 (Cme S o e ™ balton Trans002 310-324.
conformation around the benzylic ammonium groups but pushesgencini 'A.: Bianchi, A.: Dapporto, P.; Garcia-ES@aiE.; Micheloni, M.;

the methyl groups bearing H1 toward the benzanelectron Ramirez, J. A.; Paoletti, P.; Paoli, morg. Chem.1992 31, 1902-1908.

Figure 3. ExperimentallH chemical shifts of H1 and H4 protons of
PhMegNgs as a function of pH measured in the absence and in the
presence of phosphate (a) or pyrophosphate (b).
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Table 2. Thermodynamic Parametérf®r the Formation of Hexa- and Heptaaza Macrocyclic Polyamine Complexes wiftt P&S~) and
P,O7~ (B*") Determined in 0.15 mol dn¥ NaCIQ, at 298.1+ 0.1 K

L1 L2 L3 L4 L5 L1 L2 L3 L4 L5
log K
HL(+ + HA;* = 2.87(5) 3.43(3) H(E+B4*)3= 2.33(9) 2.19(7)
HL-HA)~ HL-B)™
HoL 2+ + HAZ- = 3.16(3)  2.74(5) 3.65(3) W2 +B = 2.45(6) 2.77(3)
(HoL-HA) (HoL+B)?~
H3%3+ + HA)\i* = 2696) 3.70(3) 3.24(5) 4.31(3) 3%3++B4)* = 2.94(3)  3.47(4) 3.49(5) 2.74(4)  3.24(3)
Hal *HA Hal.-B)"
HL* +HA = 371(5) 421(3) 3404) 270(2) 478@3)kF+HB =  327(3) 379(3) 252(6) 393(2) 3492
(HaL-HoA) (HaL-HB)
HL® + HA = 502(6) 520(8) 3.83(5) 214(3) 532(3) ' +HBS =  5693)  633(3) 750(3)  4.96(2)
(HaL+HoA) (HaL+HB)
Hel 5% + HA = 5.53(7) 3.11(2) 6.42(4) kH.3++HzBZ‘+ = 4.043) 4.293) 4.46(2)
(HsL+HoA) (HaL+H,B)
HeL6* + HoA- = 461(3) 6.93(4) HL4T+HBZ =  4.37(4)  4.53(4) 516(2)  4.71(2)
(H6L'H2A)5+ (H4L'HzB)ZJr
HsLS5t+H,B>~ = 4.11(6) 6.53(2)  6.14(2)
(HsL-H2B)3*
HeL 6+ +H,B2~ = 8.29(3) 7.10(2)
(HeL+HoBY4*
AH? (kcal mol?)
HL* + HA2 = -0.2(3) 0.5(2) HLU+B* = 0.9(2) 0.3(4)
(HL-HA)~ (HL-B)*"
HoL2" + HAZ = 08(2)  03(1) 192) HLZ+B* = 0.1(1) 19@)
(HoL-HA) (HaL-B)?~
Hl3' + HAZ = 11(3)  03(2)  0.8(1) 1.3(2) #3¥+B* = 1.2(2) 05(1) 112 02(2) 23(2)
(HsL-HA) (HaL-B)~
HiL*" + HoA = —29@3) -6.0(2) -1.3(1) -1211(6) -22@3) H "+HB> = -66(2) -971(7) ~1.0(2) -9.32(8) -56(2)
(HaL-HoA) (HsL-HB)
H4%4+ + H2A)\;+= 0.3(3) —21(2) -0.8(1) -—125(1) 1.8(3) Izl%““rHBé*+ = 2302 0.4(2) —2.8(1) 0.2(2)
HaL+HoA HaL-HB
Hsl5% + HoA- = —5.4(3) —47(1)  2.3(3) |—4|_3++H2|32*+ = —9.7(2) -11.82(8) —10.0(2)
(HsL+HoA) (HaL+H,B)
HeL 6" + HoA~ = —6.53(1) 1.7(2) HL*+HB> = —1.3(2) -—1.4(1) -8.92(8) —5.3(2)
(H6L.H2A)5+ (H4L‘H2B)2Jr
HsL5t+H:B>~ = 1.4(3) —8.71(8) —2.8(2)
(HsL+HB)3*
HelL6++H,B2 = —6.43(7) 2.2(2)
(HeL+HoBY4*
TAS (kcal mol?)
HL* + HA2 = 3.7(3) 52(2) HU+B* = 4.1(2) 3.3(4)
(HL-HA)~ (HL-B)*"
HoL 2 + HAZ = 51(2)  4.0(1) 6.8(2) bLZ+B = 3.4(1) 512
(HoL-HA) (HaL-B)?~
HL* +HAZ = 48(3) 53  52(1) 7.2(2) MBS = 5.2(2) 52(1) 59(2) 3.9 6.7(2)
(HaL-HA) (HsL-B)~
HiL* +HA = 21(3) —03(@2)  33(1) —84(1) 43(3) HL¥+HB = -21(2) —4501) 24(2) -39(1) —08(2)
(HaL-HoA) (HsL-HB)
HILY +HA = 71(3) 50  44(1) -96(1) 91(3) HL“+HB: = 101(2) 9.0(1) 7.4(1) 7.0(2)
(HaL-H2A) (HaL-HB)
Hol 5 + HA = 21(3) —0.5(1) 11.1(3) HL3++H282’+ = —42(2) -59(Q) —3.9(2)
(HsL-H2A) (HsL-H2B)
HeL 6 + HoA~ = —-0.2(1) 11.2(3) HL*+HB2 = 4.7(2) 4.8(1) -1.9(1) 1129)
(H6L'H2A)5+ (H4L'H2B)2Jr
HsL5t+H:B>~ =  7.0(3) 0.2(1) 5.6(2)
(HsL+HB)3*
HeL 6++H,B2~ = 4.9(1) 11.9(2)

(HeL-H2B)**

aValues in parentheses are standard deviations on the last significant figure.

the particular ability of phosphate species to behave as acceptorand 2, availing of localized anchorage in small receptors and
and donors of hydrogen bonds. separated binding groups in greater ligands.

Considering the stability of the complexes formed by Enthalpic and Entropic Contributions. According to a
phosphate and pyrophosphate in a given protonation degreesimple electrostatic model, the formation of ion pairs between
with the same receptor, one can observe that no strict trendsrigid cations and anions (hard sphere with embedded point
are found, and, in contrast to electrostatic expectations, oncecharges) in an ideal structureless, homogeneous solvent is
again the less charged anion can form more stable complexesexpected to be accompanied by slightly unfavorabld®
However, in a general sense, pyrophosphate displays a greatecontributions and largely favorable entropic terms, principally
propensity to form complexes, in particular with greater ligands deriving from the desolvation of the interacting species deter-
in high protonation degrees and especially with open-chain mined by the charge neutralization occurring in the pairing
ligands. As a matter of fact, phosphate does not form complexesprocess?
with Mezhexaen and L323. This behavior seems to be connected Tables 2-4 collect the enthalpic and entropic contributions

with the ability of pyrophosphate to involve one or two (12) Bianchi, A.; Garcia-Espan E. In Supramolecular Chemistry of

phosphate moieties in the interaction with a single polyammo- apjons Bianchi, A., Bowman-James, K., Garcia-ESpa., Eds.; Wiley-
nium cations, as depicted by the crystal structures in Figures 1VCH: New York, 1997; 217275.
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Table 3. Thermodynamic Parametér®r the Formation of Paracyclophane Complexes withP@A3") and BO7*~ (B*") Determined in
0.15 mol dm® NaClO, at 298.1+ 0.1 K

L6 L7 L8 L9 L6 L7 L8 L9
log K
HL* + HAZ™ = (HL-HA)~ 2.89(2) 2.88(2) 3.42(2) 2.45(1) M2t + B4 = (HoL-B)2" 2.60(3) 3.69(2) 4.42(3)
HaL 2t + HA2™ = (H,L-HA) 3.31(2) 3.61(2) 3.02(2) 2.47(2) M2+ HB® = (HoL-HB)~ 3.28(3) 4.24(4) 5.16(3)
Hal3" + HA2™ = (HsL-HA)* 3.88(2) 4.21(2) 2.49(3) 2.54(4) H* +HB3 = (HsL-HB) 355(3) 4.57(3) 5.35(3) 2.63(4)
Hal3" + HoA~ = (HsL+HoA)2T  3.87(2) 4.20(5) 2.58(4) 2.11(5) MH*" + HB3" = (H,L-HB)" 5.39(4) 5.62(2) 2.55(3)
HiL% + HoA~ = (HiL-HoA)3  6.08(3)  4.41(4) 1.74(3) M3" + HB2 = (Hal-HB)t  4.15(4)
HiL4t 4+ HoB2™ = (HoL-H:B)2t  5.41(4) 4.93(4) 5.79(3) 2.77(5)
HaL4t + HaB~ = (HaL-H3B)3" 3.17(4)
AH° (kcal mol?)
HL* + HAZ™ = (HL-HA)~ —1.09(2) —1.44(3) —0.66(3) 2.83(2) HL2"+ B4 = (H,L-B)> 1.15(1) 1.00(2)  2.66(1)
HoL2" + HA2™ = (HoL-HA)  —1.07(3) —0.65(3) —0.43(3) 2.43(2) HL2"+ HB3 = (H,L-HB)~  —3.54(1) —5.03(2) —2.98(1)
Hal3" + HA2- = (HsL-HA)®™  0.58(6) 1.36(5) 0.82(5) 6.61(3) sH* + HB3~ = (HaL-HB) —2.59(2) —3.36(2) —0.89(1) 1.94(2)
Hal3" + HoA~ = (HsL+H,A)2" —0.81(6) —1.78(6) —8.34(7) 11.71(4) HL*" + HB3" = (HuL-HB)" 1.49(2) 4.97(2) 2.25(3)
Hal4t + HoA™ = (HgL-HoA)3" —1.42(8) —0.79(6) 9.00(7) HL3* + HpB2™ = (HsL+HB)* —5.39(2)
HiL4t 4+ HaB2™ = (HoL-H2B)2t —1.09(2)  0.02(2) 1.50(2)  0.93(4)
HaL%* 4 HsB~ = (HuL-H3B)3* —6.20(5)
TAS (kcal mol1)
HL* + HAZ™ = (HL-HA)~ 2.85(3) 2.49(3) 4.01(4) 6.17(3) H?>" + B4 = (HsL-B)?> 4.69(4) 6.03(2) 8.69(1)
HoL2" + HA2™ = (HoL-HA) 3.43(4) 4.27(3) 3.69(55) 5.81(4) H?>' + HB®> = (HoL-HB)~ 0.93(3) 0.75(3)  4.06(3)
Hal3" + HA2™ = (HsL-HA)* 5.92(3) 7.10(5) 4.22(5) 10.09(4) st + HB3 = (HsL-HB) 2.25(3) 2.87(3) 6.41(3) 5.54(2)
Hal3" + HoA~ = (HsL+HoA)2"  4.51(4)  4.03(4) —4.82(5) 12.00(8) L*" + HB3~ = (H,L-HB)" 8.75(3) 12.63(3) 5.74(2)
HaL4 + HoA~ = (HiL-HA)3t  6.93(4)  5.22(4) 11.38(9) #3" + HyB2™ = (Hal-HzB)t  0.27(4)
HiL4" + HoBZ = (H4L-H.B)?"  6.29(3) 6.74(4) 9.39(4) 4.71(2)
HaL4* 4+ HsB~ = (HaL-H3B)3* —1.87(2)

aValues in parentheses are standard deviation on the last significant figure.

to the formation of the anion complexes studied in this work in effective only in very acidic solution, where both the anion and
aqueous solution. As can be seen, many complexation reactionghe receptors are extensively protonated. On the other hand, type
are almost athermic, or endothermic, and are promoted by 1.3 bonds are favored in alkaline media, where both the receptors
favorable entropic contribution§AS® > 0), in agreement with and the anions are extensively deprotonated; they seem not to
the ideal electrostatic model, although there is also a consider-be very important since, under similar pH conditions, anion
able number of reactions promoted by large favorable enthalpy complexes are not formed. Modes 1.4 and 2 are the possible
changesAH° < 0) and accompanied by evident entropy loss. hydrogen bonds occurring between amines and compounds
Phosphate, pyrophosphate anions, and polyammonium recepbearing—OH groups, but as know#t,type 1.4 bonds are largely
tors can be involved in the formation of many hydrogen bonds weaker than type 2 ones, which give the major contribution.
in which both the anions and the receptors can act as acceptors Type 1 hydrogen bonds determine a partial deprotonation of
or donors. Hydrogen bonding is largely determined by electro- the amino group and a partial protonation of a phosphate oxygen.
static attraction (dipotedipole, charge-dipole), although sig- As known}* deprotonation of an amino group is a strongly
nificant contributions are also furnished by charge-transfer, endothermic reaction, while protonation of HEQ H,PO,™,
dispersive, and covalent forc&iln particular, when hydrogen  and pyrophosphate anions is athermic or weakly endothermic
bonding takes place between chemical species characterized bysee also Supporting Information). Altogether, charge transfer
marked acid/base properties, such as amine, ammonium,in type 1 hydrogen bonds is accompanied by an unfavorable
phosphate, and protonated phosphate compounds, contributionsnthalpic contributionAH® > 0), while from the entropic point
from proton transfer (charge transfer) from the donor to the of view different contributions are expected, mostly depending
acceptor groups may be of considerable importance. There areon the effect the process has on the separation of charge. Hence,
four possible modes of hydrogen bonding (type 1) involving an entropy gain is expected for type 1.1 bonds, due to the release
amine or ammonium groups as donors, and just one (type 2)of solvent molecules determined by charge neutralization, while
involving the amine groups as acceptors in the formation of an entropy loss should accompany charge transfer in type 1.4)

the anion complexes considered in the present study: bonds, and no evident entropic effects should be determined
by types 1.2 and 1.3, which are expected not to alter significantly

~N=H*-0- AH° >0, TAS >0 (1.1) the charge separation. Conversely, the formation of type 2
hydrogen bonds, which consists of partial protonation of an

—N—H"*---OH- AH® >0, TAS ~0 (1.2) amino group and partial deprotonation of a phosphate oxygen,
_ R N is promoted by negative enthalpy changes, the entropic terms

—N=H--O- AH*>0,TAS'~0 (1.3) being unfavorable.

—N—H---OH— AH°>0,TAS <0 (1.4) As observed above, 1.1, 1.2, and 2 are expected to be the

. principal hydrogen binding modes. In any case, the extent of

—N[-+*H—0O— AH® <0,TAS <0 ) such contributions is strictly connected with the extent of proton

o ) ) transfer in the hydrogen bond formation, which depends, as
The binding mode 1.1, leading to the formation of hydrogen- jready discussed (see Introduction), on theNseparation
bonded ion pair interactions, is of principal importance in such gnq the dielectric constant of the medium. The difference

association processes since it furnishes synergetic hydrogen : :
bonding and electrostatic attraction and represents a preferreq, (13) Jeffrey, G. A.An Introduction to Hydrogen BondingOxford
niversity Press: New York, 1997.

association scheme, especially in solvents with high dielectric (14) Smith, R. M.; Martell, A. E.NIST Critical Stability Constants
constants such as water. Type 1.2 hydrogen bonds should bebatabase version 4, 1997.
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Table 4. Thermodynamic Parametér®r the Formation of Acyclic Polyamine Complexes with £O(A3") and BO/4~ (B*") Determined in
0.15 mol dm® NaClO, at 298.1+ 0.1 K

L10 L11 L12 L13 L14 L10 L11 L12 L13 L14
log K
HoL?" +HA? = 2.80(5) HL3™ + HB% = 3.73(3) 3.77(2) 3.00(2) 3.64(1) 3.47(4)
(HzL-HA) (HsL-HB)
HsL3 + HAZ = 2.47(7) HL*" + HB® = 4.41(4) 3.88(3) 3.91(4) 3.34(1) 2.56(3)
(HsL-HA) ™" (H4sL-HB)*
HsL*" + HAZ = 2.28(4) 2.23(4) HL* + H,B% = 4.27(4) 4.67(3) 3.02(3) 2.90(1) 2.15(4)
(HsL-HA)Z* (HqL-H,B)?*
HsL5" + H,B?™ = 4.62(5) 5.23(6)
(HsL-H,B)3*
3l = . . . B = . .
HsL 3" + B# 2.47(4) 2.38(3) 2.79(2) 6T+ HB2 4.27(6) 5.74(6)
(HgL‘B)_ (HGL'HZB)4+
HsL4" + B4 = 3.87(2) 3.62(4) KL + H,B? = 5.74(6)
(HsL-B) (H7L+H,B)5*
AH° (kcal mol?)
H,L?" + HA%? = 8.05(6) HL3T +HB® =  —9.47(3) —10.98(2) —6.20(1) —7.83(1) —3.16(4)
(HzL-HA) (HsL-HB)
HsL3" + HA? = 9.28(6) HL*"+HB® = —-5.96(2) —6.64(3) 1.20(2) 2.82(1) 10.22(8)
(HsL-HA) " (HsL-HB)*
HiL* + HAZ = 1.09(5) 2.02(5) HL*"+H,B> = —11.38(5) —12.84(6) 0.74(2) 2.26(1) 12.03(4)
(HsL-HA)Z* (H4L-H,B)?*

H5|_5+ + H2827
(HsL-H,B)3*

—6.02(5) —10.07(7)

Hol3* + B4+ = 0.32(2) 0.51(1) 3.83(1) H* +HB> = 2.13(5) —4.91(5)
(HsL-B)~ (HeL-H2B)**
Hil4 + B4 = -0.21(3) 8.69(3) HL7' + HB* = 2.22(4)
(HaL+B) (H7L-H2B)*
TAS (kcal mol™)
HoL2" + HAZ = 11.88(7) HL®" + HB® = —4.38(2) —5.83(2) —2.10(3) —2.87(3) 1.58(3)
(HoL-HA) (HsL-HB)
HsL3" + HAZ = 12.66(8) HL4 4+ HB® = 0.06(2) —1.34(2) 6.53(3) 7.37(3) 13.71(3)
(HsL-HA)* (HaL-HB)"
Hal% 4+ HAZ = 4.20(6) 5.07(6) HL* +H,B> = —555(2) —6.46(2) 4.86(4) 6.21(4) 14.96(4)
(HaL-HA)2* (HaL-HoB)?*
HsL5" + HB2 =  0.28(2) —2.93(2)
(HsL+HzB)3*
Hol3t + B4+ =  4.30(2) 3.76(1) 7.63(1) HET +HB> = 7.952) @ 292(2)
(HaL+B)~ (HeL+H2B)**
HL4 + B4 = 5.07(2) 13.62(2) hL™* + HB? = 10.05(2)
(HaL+B) (H7L-HzB)*

aValues in parentheses are standard deviation on the last significant figure.

between hydrogen bonding in the ion pairs and in the neutral I?lb'g 5. ISIopt_e (")Ra”dt'.”terce%t]'({j of the éHO_TtASO Plgtssfctz)rt .
complexes vanishes for short separations, while the neutral;; Solﬂ?é)nexa ion Reactions with various eceplors and substrates
complex is favored by low dielectric constants. In the case of

phosphate and pyrophosphate complexes with polyammonium

. ) : . . host guest o (kcal/mol) ref
ligands, the strong electrostatic attraction brings the anion and o o 086 23 s
the receptor in contact with each other. Under these conditions,P°%2"%s metal cations ' ‘ a
. crown ethers metal cations 0.76 2.4 15a
both types of hydrogen bonds can b(_e formed, depending on_thecryptandS metal cations 0.51 4.0 15a
complex structure and the protonation degree of the reacting cyclophanes/calixarenes  neutral molecules ~ 0.78 3.4 15f
species. As a matter of fact, in the crystal structures olthe  cyclodextrins 0.90 31 15e

andL2 complexes with HP,0;2~ described above, only type modified cyclod_extrins neutral molecules  1.07 5.0 15f

1.1 hydrogen_ b(_)nds are formed between the anion and theqmuei:%”:g ?éggg{g}s ngstjrgﬂnrgggﬁllggs O_Oégl 0.10'6 1;? g

receptors, while in a previous,F,O>~ complex?f also type 2 porphyrins

bonds were observed. Upon increasing the ligand protonation, polyammonium cations  HPO:2™, HPQy ", 0.92(4) 5.3(1) b

also its donor properties are enhanced, favoring the formation gg[;,‘gggg{,g{galkanes and Lm0

of type 1 hydrogen bonds, while type 2 bonds are favored by  polyazacyclophanes HaP,07-

increasing anion protonation. polyammonium cations  HPOZ, 5307“1 0.89(3) 4.7(1) b
Actually, the binding reactions involving the fully deproto- gg{)’,‘gnm%rfg%m acyelie PO

nated pyrophosphate anions, which forms only type 1.1 hydro- - —

gen bonds, are accompanied by unfavorable enthalpic and_ *Numbers in parentheses are standard deviations on the last

favorable entropic contributions (Tables2). Also, the stability significant figures.” This work.

decrease previously highlighted for the complexes formed by and HiPhbMegNg*", as the charge on the anion decreases from

HPO2~ with the mono-, di-, and triprotonated forms of B343 HP,O;%~ to H3P,O;~ (Table 5), can be attributed to the greater

(Table 3) can be interpreted in terms of increasing hydrogen donor ability of the more protonated anions (type 2 bonds)

bond donor properties (type 1 bonds) of the receptors, leadingdetermining more favorable enthalpic and less favorable entropic

to unfavorable enthalpic contributions. On the other hand, the contributions.

stability increase of the complexes formed by pyrophosphate As observed before, dealing with the stability trends of the
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studied complexes, several other examples of this type can beTable 6. Crystal Data and Structure Refinement for

found in Tables 2-4. (H4L1)(H2P207)2’2H20 and (HLZ)(H2P207)2'6H20

Enthalpy —Entropy Compensation.The examples presented (HaL1)(HoP207)2  (Hal2)(H2P,07)2
in the previous section evidence some compensation between 2H,0 6H.0
the enthalpy and entropy changes for the relevant complexationformula GiHaoNgO16Ps C1HsaNgO20Ps
reactions. Considering the complete set of thermodynamic dataFwW 650.4 750.51
obtained in this work for the interaction of phosphate and dimensions (mr) 0.07x 0.25x 0.3  0.2x 0.15x 0.1
pyrophosphate with the nine macrocycles and the five acyclic ¢Ystal system monoclinic ~triclinic o
. ! o . . color, shape colorless, prismatic _colorless, prismatic
ligands, good lineaAH°—TAS’ correlations (correlation coef- space group P2./n P1
ficients (R) of 0.96 and 0.98, respectively) are obtained for both ynit cell dimensions a=19.201(8) A a=11.009(2) A
cyclic (92 data points) and acyclic (29 data points) receptors. o =90 o =110.71(2)

Similar AH°—~TAS compensatory relationships hold in b=12617(7)A  b=13.286(2) A
general for complexation reactions involving weak interactions, p= 10‘;33(87 A B= 1§2-88’02(1g)
i.e., van der Waals, hydrogen bonding, dipetipole, and ior- N ;%)%)5 ©) N ;%40'4213520((1)07
dipole interactions, and have been used to get quantitative/ (A3 71/330(2) V1669_é(5)
estimations of the ligands’ conformational changes resulting z 2
from complex formation, according to the general observation pcaca(g cn3) 1.624 1.493
that the slopex of the AH°—TAS’ plots (TAS® = aAH® + I) T(K) B 298 298
decreases with increasing ligand rigidiA significant example ?OOd”?SST of-fit ork- 0.996 1.055

- . - inal Rindices | > 2¢0(1)]* R1=0.1010 R1=0.0670

of this trend is given by the values reported in Table 5 for WR2 = 0.2452 WR2 = 0.1907
the binding of alkaline and alkaline-heart cations by podand, Rindices (all data) R1=0.1428 R1=0.0731
crown ether, and cryptand ligands. However, in such complex- WR2 = 0.2698 wR2 = 0.1990

ation reactions, the “ligand rigidity” has to be interpreted in ap] — _ ) — 2 22 412
terms of adaptability of the ligand binding sites to the specific RL= IIFel = Fell/IFol; WR2 = [w(Fe® = Fe)IwraT™
substrates. Actually, the higlh values (0.96-1.07, Table 5)

found for reactions of substrates’ inclusion into cyclodextrins
and modified cyclodextrins contrast with the considerable be considered a common contribution to the stability of all

rigidity of the skeleton of such molecules, but this apparently complexes of the considered class of ligand&t = (1 —
surprising .beh.avior is explgined by the well-known ability of @)AH° — 1). Indeed, the value is 4.7(1) kcal motf for acyclic
cyclodextrins in reorganizing their internal hydrogen bond receptors and 5.3(1) kcal mdlfor cyclic ones, indicating a

network upon mclusmn_ complexatichf: . . greater “intrinsic” contribution to the stability of complexes with

Fr_om .th's. point Of. View, also_ the polyammon_pm cations  the second type of ligands, which form, thanks to their cyclic
studied in this work display considerable adaptgblllty, €., h'g.h nature, protonated species of higher charge densities, producing
a values (0.92(4) and 0.89(3) for macrocyclic and acyclic stronger electrostatic interactions with anionic substrates.

receptors, respecpvely), N _the blqdlng Of. ph(_)sphate a_nd An interesting trend of values is found as far as the cyclic
pyrophosphate anions, des_plte the ligand stlffen!ng oceurring receptors in each protonation degree are concerned. The slope
upon apcumulat|on hof pos|t.|ve'f.charg§.ff0n the |.Igaﬂd5f-. |.t IS & of the fitting curves is identical, within experimental values,
interesting to note that no significant difference In the fiting ¢, 5, ligand protonation states, indicating that the adaptability

paramet?rs éi}ﬁg__?&%omc}ercefpﬂ) ISI found V\:helr;( treating 4 Of such receptors for such anions is not strictly connected with
separately t ata for polyazacycloalkanes and o protonation state of receptors. On the other hand, the

polyazacyclophanes, indicating that, although the insertion of intercept! increases considerably from 3.9(2) to 6.4(4) kcal
aromatic benzene spacers in macrocyclic polyamines gives rise

o mol~! with increasing charge on the ligands for Hto H,L4*,
to more ”g'q moIeCI_JIar skeletpnsj whose effectg' are ObserVedaccounting for a greater intrinsic contributidi {o the stability
for instance in metal ions coordinatiéfthe adaptability of these of complexes with more charged receptors.
receptors in the binding of the considered anionic substrates is
determined not by the ligand rigidity but by the receptor ability Experimental Section
in organizing hydrogen bonds and salt bridges in the complexes.
Furthermore.’ also the parameter Optamed for .th? aCyC“C. ing to previously described procedufes.l and L12—L14 were
polyammonium receptors is almost |dent|(_:al, within _Experi- purchased from commercial sources and purified as hydrochloride salts.
mental errors (Table 5), to that found for cyclic ones, evidencing | 7 41418 were prepared from 1,5,9,13-tetraazatridecane or 1,5,10,-
that the adaptability of such receptors in the present anion 14 tetraazatetradecane and 1,4-bis(bromomethyl)-benzene, by the gen-
b|nd|ng processes is not StriCtly connected with their CyC|iC Or eral procedure reported for related polyadpéracyclophane¥.High-

On the other hand, interesting information on the receptor
nature is given by the intercept parameterhis parameter can

Materials. LigandsL2—L6 andL9—L11 were synthesized accord-

acyclic structures. purity NaaHPOy-2H,0 and NaP,O.-10H,0, employed in the potentio-

(15) (a) Inoue, Y.; Hakushi, TJ. Chem. Soc., Perkin Trans. 1985 metric measurements and in the synthesis of the crystalline complexes,
935-946. (b) Inoue, Y.; Hakushi, T.; Liu, Y.; Tong, L.-H.; Hu, J.; Zhao,  were purchased from Merck.
G.-D.; Huang, S.; Tian, B.-ZJ. Phys. Chem1988 92, 2371-2374. (c) (HaL1)(H 2P207)22H,0 and (HaL2)(H ,P207),+6H,0. Crystals of

Liu, Y.; Tong, L.-H.; Huang, S.; Tian, B.-Z.; Inoue, Y.; Hakushi, T.
Phys. Chem199Q 94, 2666-2670. (d) Smithrud, D. B.; Wyman, T. B.;
Diederich, F.J. Am. Chem. Sod99], 113 5420-5426. (e) Inoue, Y.;

these compounds suitable for X-ray analysis were obtained by slow
diffusion of acetone into aqueous solutions containing the ligand and

Hakushi, T.; Liu, Y.; Tong, L.-H.: Shen, B.-J.; Jin, D.-$. Am. Chem. the anion in 1:1 molar ratio at pH 3. Satisfactory elemental analyses

So0c.1993 115 475-481. (f) Inoue, Y.; Liu, Y.; Tong, L.-H.; Shen, B.-J.; were obtained for all samples.

Jin, D.-S.J. Am. Chem. S0d.993 115 10637-10644. (g) Aoyama, Y.; X-ray Crystallography. General Procedures.Experimental details

Asakawa, M.; Matsui, Y.; Ogoshi, H. Am. Chem. S0d99], 113 6233-. of the X-ray analyses are provided in Table 6. Single-crystal X-ray
(16) Andres, A.; Bazzicalupi, C.; Bianchi, A.; Garcia-EsfarE., Luis, data for (HL1)(HaP.07)2-2H,0 (A) and (HL2)(H2P.07)26H.0 (B)

S. V.; Miravet, J. F.; Ramirez, J. Al. Chem. Soc., Dalton Tran$99 . k .
2995-3004. Bazzicalupi, C.; Bencini, A.; Bianchi, A.; Fusi, V. Gigrgi were collected on an Enraf-Nonius CAD4 diffractometer which uses

C.; Paoletti, P.; Stefani, A.; Valtancoli, Bnorg. Chem.1995 34, 552— an equatorial geometry, with graphite-monochromated Mo(K) and
559. Garcia-Espan E., Luis, S. V.Supramol. Chem1996 6, 257—266. Cu Ka (B) radiations, at room temperature. Cell parameters were
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determined by least-squares refinement of diffractometer setting angles104, 1 x 1073, and 5 x 1072 mol dnT3. In the complexation

for 25 carefully centered reflections. The intensities of two standard experiments, the anion concentration was varied in the ranges[L]
reflections per compound were monitored during data collections to [anion] < 2[L], except for measurements with [l 5 x 102 mol
check the stability of the diffractometer and of the crystals; no loss of dm™3, when equimolar anion concentrations were used. The computer

intensity was recognized.
Total of 2046 @ range from 2.52 to 24.97 £h,k,) and 4863 €
range from 3.61 to 59.95h,4k,+I) reflections were collected for A

program HYPERQUAP® was used to calculate the equilibrium
constants from emf data. Protonation constantslofL6, L9—L11,
PQ2~, and BO7*~ employed in the calculations were determined in

and B, respectively. Intensity data were corrected for Lorentz and previously workS2° Successive protonation constantd @f, L8, and
polarization effects, and an absorption correction was applied once theL12—L14 determined in 0.15 mol dni NaCIQ, at 298.14 0.1 K are

structures were solved by the Walker and Stuart method.
The structures were solved by the direct metkoand the refine-

as follow: logK = 10.59(2), 9.62(2), 7.72(2), 6.08(2) for; log K =
10.39(2), 9.54(2), 7.54(2), 6.64(2) faB; log K = 10.36(5), 9.86(2),

ments were performed by means of the full matrix least-squares method8.40(4), 5.65(6) folL12; log K = 10.27(4), 9.93(2), 8.60(3), 7.29(3)

of the SHELXL-93° program that uses the analytical approximation

for atomic scattering factors and anomalous dispersion corrections for

all atoms from ref 20. The function minimized wasw(F,?2 — F&),
with w = 1/[0*(Fs?) + (aP)? + bP] and P = (F,? + 2F?)/3, wherea
andb are adjustable parameters calculated by the program.

(A) (HiL1)(H2P:07)2*2H,0O. The compound crystallizes in the
monoclinic family, space group2/n (Z = 2). All non-hydrogen atoms
were anisotropically refined, with the hydrogen atoms in idealized
positions (final value for the isotropic thermal parameter, 0.0 A
Disorder was found for a moiety of the macrocyclic molecule: in
particular, C2, C2 N1, and N1 were introduced using population
parameters 0.8 (C2, N1) and 0.2 (CRIl). The hydrogen atoms
belonging to the four ammonium groups oflH*" were localized in
the final AF map. These hydrogen atoms were introduced in the
calculation and isotropically refined.

For 187 refined parameters, the final agreement factors Rere
0.1010 (for 1336 reflections with> 2¢(1)) andwR2 = 0.2698.

(B) (H4L2)(H 2P207)2°6H,0. Crystals of this compound belong to
the triclinic family, space groupl (Z = 2). All non-hydrogen atoms
were anisotropically refined. The methylic and methylenic hydrogen

for L13; log K = 10.35(9), 10.24(3), 8.97(5), 7.99(5) fad 4.

Great care was taken in the selection process for the equilibrium
models, as described befdfe.

Microcalorimetric Measurements. The enthalpies of ligand pro-
tonation and anion complexation were determined in 0.15 mol*dm
NaClO; solution by means of an automated system composed of a
Thermometric AB thermal activity monitor (model 2277) equipped with
a perfusion-titration device and a Hamilton pump (model Microlab
M) coupled with a 0.250 cihgastight Hamilton syringe (model 1750
LT). The measuring vessel was housed in a 25 diter thermostat,
which was maintained at the chosen temperature wittiinx 10 K.

The microcalorimeter was checked by determining the enthalpy of
reaction of strong base (NaOH) with strong acid (HCI) solutions. The
value obtained,—13.55(5) kcal mol', was in agreement with the
literature value$® Further checks were performed by determining the
enthalpies of protonation of ethylenediamine.

In a typical experiment, an NaOH solution (0.15 mol dyraddition
volumes 15.06t 0.03uL) was added to acidic solutions of the ligands
(5 x 1072 mol dnT3, 1.5 cnf) containing equimolar quantities of the
anion in the complexation experiments. Corrections for the heats of

atoms were introduced in idealized positions and their coordinates i tion were applied. Complexation experiments were designed to

refined accordingly to those of the linked atoms, with overall thermal
parameters refined up to 0.052 (methylenic) and 0.074ndethylic).

determine at most three enthalpy changes per calorimetric titration. The
measurements were repeated at least three times. About 120 data points

Double positions were found (positional parameters used 0.6 and 0'4)(at least one point per 0.1 pH unit) were obtained for each system.

for a water molecule. ThAF map carried out in the final refinement

Further measurements were performed by adding anion solutions to

step allowed us to localize the hydrogen atoms belonging to the four jiganq solutions in order to get independent confirmations of the

ammonium groups of 24" and to a pyrophosphate anion. These

enthalpy changes obtained for specific complexed species. Independent

hydrogen atoms were introduced in the calculation and isotropically \aasurements were performed to determine ligand protonation and

refined.
For 450 refined parameters, the final agreement factors Rere
0.067 (for 4315 reflections with > 2¢(1)) andwR2 = 0.1990.
Potentiometric Measurements. All pH-metric measurements (pH
= —log [H*]) employed for the determination of protonation constants
were carried out in 0.15 mol driNaClO, solutions at 298.1 0.1 K,

complexation enthalpy changes.
The enthalpies of reaction were determined from the calorimetric
data by means of the AAAL prograff.

Tables of thermodynamic data for the protonation ofPP,0+*",
andL1—L14 are available as Supporting Information.

by using the equipment and the methodology that has been already . . . )
described The combined Ingold 405 S7/120 electrode was calibrated  SUPporting Information Available: Tables of crystal data,
as a hydrogen concentration probe by titrating known amounts of HC| Structure solution and refinement, atomic coordinates, bond

with CO,-free NaOH solutions and determining the equivalent point lengths and angles, anisotropic and isotropic displacement
by Gran’s method which allows one to determine the standard parameters for non-hydrogen atoms, and isotropic displacement
potentialE® and the ionic product of water Kp, = 13.73(1) at 298.1 parameters for hydrogen atoms for,(H)(H2P,O7),-2H,0 and

+ 0.1 K in 0.1 mol dm® NaClQy). At least five measurements (about (H4L2)(H2P207)2+6H,0, and thermodynamic parameters (log K
100 data points each)_were perforr_ned for each syst_em in the pH rangespaHe, TAS) for protonation of ligands, phosphate, and pyro-
2.5-10.5. In all experiments, the ligand concentrations [L] were 5 phosphate (PDF). This material is available free of charge via
the Internet at http://pubs.acs.org.
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