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Zn(ll) binding by the dipyridine-containing macrocycles L1-L3 has been analyzed by means of potentiometric
measurements in aqueous solutions. These ligands contain one (L1, L2) or two (L3) 2,2'-dipyridine units as an
integral part of a polyamine macrocyclic framework having different dimensions and numbers of nitrogen donors.
Depending on the number of donors, L1-L3 can form stable mono- and/or dinuclear Zn(ll) complexes in a wide pH
range. Facile deprotonation of Zn(ll)-coordinated water molecules gives mono- and dihydroxo-complexes from neutral
to alkaline pH values. The ability of these complexes as nucleophilic agents in hydrolytic processes has been
tested by using bis(p-nitrophenyl) phosphate (BNPP) as a substrate. In the dinuclear complexes the two metals
play a cooperative role in BNPP cleavage. In the case of the L2 dinuclear complex [Zn,L2(OH),J?*, the two metals
act cooperatively through a hydrolytic process involving a bridging interaction of the substrate with the two Zn(ll)
ions and a simultaneous nucleophilic attack of a Zn—OH function at phosphorus; in the case of the dizinc complex
with the largest macrocycle L3, only the monohydroxo complex [Zn,L3(OH)J** promotes BNPP hydrolysis. BNPP
interacts with a single metal, while the hydroxide anion may operate a nucleophilic attack. Both complexes display
high rate enhancements in BNPP cleavage with respect to previously reported dizinc complexes, due to hydrophobic
and sr-stacking interactions between the nitrophenyl groups of BNPP and the dipyridine units of the complexes.

Introduction couple of Zn(ll) ions in their active site, which act coop-
Geratively in the catalytic process. The role of zinc is generally
due to binding and activation of the substrates; at the same
time, deprotonation of Zn(ll)-coordinated water molecules
give Zn—OH functions, which act as nucleophilic agents in
%he hydrolytic mechanism. The catalytic site can be lodged
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Polyamine macrocycles containing six or more nitrogen
donors and cavities of appropriate shape and dimension may
be able to hold two metal centers at short distadte@4The
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distance between the two metal ions can be varied by an
opportune synthetic modulation of the dimension of the
macrocyclic cavity and of the ligand flexibility. At the same
time, the chemical properties of the metal centers depend
on the ligational properties of the chelating sites, and,
therefore, an appropriate design of the metal binding unit
may lead to polynuclear metal complexes with different
reactivity and catalytic properties. For these reasons, several
dinuclear Zn(Il) complexes with polyazamacrocycles have
been used to mimic the multinuclear metal arrays at the active
sites of hydrolytic metallo-enzymeés. 42

We have recently described the synthesis of a new series
of dipyridine-containing polyaza macrocycles, such as L1-
L3.43

The dipyridine unit of these ligands possesses two nitrogen
donors whose unshared electron pairs are beautifully placed
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to bind metal cations. At the same time, the rigidity of the
dipyridine moiety would give an overall stiffening of the

macrocyclic structures, leading to a high degree of preor-
ganization in metal coordination. Finally, this heteroaromatic
unit is also rather hydrophobic and would generate a
hydrophobic environment for the coordinated metals. All
these factors can influence the binding properties of the
ligands for Zn(ll) as well as the reactivity of the generated
complexes in hydrolytic reactions. These considerations
prompted us to carry out a solution and X-ray structural
investigation on Zn(ll) binding with L1-L3. The hydrolytic
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Zn(ll) Coordination to Polyamine Macrocycles

Table 1. Selected Bond Angles (deg) and Distances (A) for Metal
Coordination Environment in [ZnL1(NCS)]CKX1)

Zn—N1 2.182(5) Zr-N4 2.200(5)
Zn—N2 2.152(5) Zr-N5 2.332(5)
Zn—N3 2.270(5) Zn-N6 2.033(5)
N1-Zn—N2 73.0(2) N2-Zn—N6 103.9(2)
N1-Zn—N3 147.1(2) N3-Zn—N4 79.2(2)
N1-Zn—N4 106.6(2) N3-Zn—N5 139.4(2)
N1-Zn—N5 72.3(2) N3-Zn—N6 91.3(2)
N1-Zn—N6 100.5(2) N4-Zn—N5 77.6(2)
N2—Zn—N3 74.3(2) N4-Zn—N6 143.5(2)
N2—Zn—N4 107.2(2) N5-Zn—N6 88.0(2)
N2—Zn—N5 144.8 (2)

Table 2. Selected Bond Angles (deg) and Distances (A) for the Metal
Coordination Environments in [Z(L2H)(u-OH)Br,](ClO4)Br (3)

Zn1-N1 2.032(7) Zn201 2.104(5)
Zn1-N2 2.218(6) Zn2N3 2.143(7)
Zn1-N7 2.478(7) Zn2N5 2.142(7)
Bri—zni 2.3823(18)  Zn2N4 2.155(7)
Zn1-01 1.928(5) Zn2Br2 2.3991(17)
N1-Zn1-N2 77.1(3) N3-Zn2—N4 81.8(3)
N1-Zn1-N7 75.2(3) N3-Zn2-N5  128.6(3)
N1-Zn1-Brl  106.58(19) N3Zn2—-Br2  120.26(19)
N1-Zn1-01  133.9(3) N3-Zn2-01 89.6(2)
N2-Zn1-N7  150.2(2) N4-Zn2—N5 81.4(3)
N2—-Zn1-Brl  104.25(17) N4Zn2—01  161.3(3)
N2-zn1-01 99.3(2) N4-Zn2—Br2 97.2(2)
N7-Zn1-01 92.0(2) N5-Zn2—-Br2  109.9(2)
N7—Zn1-Brl 94.07(19) N5-Zn2-01 91.2(2)
01-Zn1-Brl  118.60(17) O+Zn2-Br2  101.53(16)

The crystal structure of compleékconsists of [Zp(L2H)-
(u-OH)BTr,]?* cations (Figure 2 and Table 2) and GiGand
Br~ anions. In the binuclear complex the two metal ions,
3.480(2) A apart, are bridged by an exogenous oxygen atom.
In principle, two different formulations can be proposed for
this complex: [Zn(L2H)(u-OH)Br,)?", where an OH
bridges the two metals while the uncoordinated nitrogen N6

Synthesis and Crystal Structures of [ZnL1(NCS)]CIQ, is protonated, or [Z#.2(u-H,0)Br,]**, with a water molecule
(1), [Znx(L2H)(u-OH)Br,](CIO4)Br (3), and [Zn,L3lI,]- bridging the two Zn(ll) ions. Actually, thé\F map did not
(ClO4)2*2H,0 (6). Crystals suitable for single-crystal X-ray ~ allow us to locate the protons bound to N6 and O1. On the
analysis were obtained by slow evaporation of an aqueousother hand, the short Z0 distances (ZntO1 1.928(5)
solution containing Zn(ll) and L1 in a 1:1 molar ratio and A, Zn2—01 2.104 (5) A) lead us to propose the former
an excess of SCN([ZnL1(NCS)]CIO, (1) or from water formulation. In fact, several examples of hydroxide anion
solutions containing the preformed dinuclear Zn(ll) com- bridging two Zn(ll) metals have been reported, and the
plexes [ZnL2](ClO4)4:4H,0 (2) or [ZnyL3](ClO4)42H,0 (5) Zn—0 distances range between 1.9 and 2.1 Avater-
in the presence of NaBr ([A(L2H)(u-OH)Br,](ClO4)Br, 3) bridged dimetal cores are less common, and larger@n
or Nal ([ZrnpL31,])(ClO4)2:2H,0, 6). distances, ca. 2.3 A, are found when a water molecule bridges

The X-ray crystal structure of the mononuclear complex the two metal center$.At the same time, the ZrRO—Zn
1 shows the metal hexacoordinated by the five nitrogens of angle in water bridged dizinc complexes are lower than
the ligand and an NCSanion within a strongly distorted ~ 110°,% while by far larger Za-O—Zn angles are found in
octahedral environment (Figure 1 and Table 1). The equato-
rial plane of the coordination octahedron is defined by the
heteroaromatic nitrogens N1 and N2 and the benzylic amine
groups N3 and N5 (max deviation 0.015(5) A for N2), while
the apical positions are occupied by the methylated amine
group N4 and the N6 nitrogen of the isothiocyanate anion
(N6—Zn—N4 143.48(29). The metal is 0.1359(7) A dis-
placed out of the basal plane in the direction of the N6
donor.

Figure 2. ORTEP drawing of the [Z#{L2H)(x-OH)Br2]?* cation @).

ability of the complexes was then tested by using is(
nitrophenyl) phosphate (BNPP) as substrate.

Results and Discussion
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Table 4. Stability Constants (Log K) of the Zn(ll) Complexes with
L1-L3 (0.1 M NMe&NO3 Aqueous Solution) at 308.1 K

Log K
reaction L1 L2 L3
M2t + L = ML2* 17.5(1) 12.11(6) 12.69(4)
ML2* + H+ = MHL3* 7.10(6) 9.7(1)
MHL3" + Ht = MH L4t 5.22(5)  5.3(1)
ML2* + OH™ = ML(OH)* 3.1(1) 3.05(6)
pKa
ML2* + HyO = ML(OH)™ + H* 10.73  10.78
Figure 3. ORTEP drawing of the [Z#.312]%" cation ©). ML2ZF + M2F = MoL4*+ 4.61(5) 8.79(3)
MoL4t + OH™ = ML (OH)3+ 6.23(5) 5.05(3)
Table 3. Selected Bond Angles (deg) and Distances (&) for the Metal ~ M,L(OH)3" + OH™ = ML(OH)2* 5.04(7) 3.63(5)
Coordination Environments in [2h3I5](ClO4)2:2H,0 (6) pKa
MoL4t + HaO = MoL(OH)3t + H* 7.60 8.88
Zn—N1 2.35(2) Zn-N4 2.21(2) 3+ - 2 Lt
o ND 505(2) TNS 522 2) M2L(OH)3* + HoO = MoL(OH)22t+ H 8.84 10.1
Zn—N3 2.24(2) Zn-| 2.818(3) o o )
N1-Zn—N2 73.7(7) N3-Zn—N5 98.9(7) the metals. While ir8 each metal ion is coordinated to only
N1-Zn—N3 150.8(7) N4-Zn—N5 81.6(6) three ligand donors and completes its coordination sphere
N1-Zn—N4 95.6(6) Nt2Zn-I 87.0(4) . . . )
N1-Zn—N5 109.1(6) NZZn—I 87.3(5) binding exogenous species to achieve an overall 5-coordina-
N2—Zn—N3 77.9(7) N3-Zn—I 98.4(6) tion, in 6 the metal coordination environment is almost
N2-Zn—N4 94.2(7) N4-Zn-I 177.3(5) saturated by the ligand donors, each metal interacting with
N2—2Zn—N5 175.1(7) N5-Zn—| 96.8(4) ! _ o ) .
N3—Zn—N4 79.8(7) five nitrogens. Hexacoordination, however, is achieved

through binding of an exogenous iodide anion. At the same

hydroxo-bridged complexéd. Interestingly, the short time, the larger L3 cavity allows the two metals to lie at a
N6---O1 distance (2.71(1) A) is indicative of a charge by far larger distance than in the L2 complex (5.259(4) A in
charge and hydrogen bonding interaction between the am-6 vs 3.480(2) A in3).
monium group and the hydroxide anion. Zn(ll) Coordination in Aqueous Solution. Table 4

In 3 the two Zn(ll) ions display different coordination  collects the stability constants for the complexes of L1, L2,
spheres. Znl is coordinated to the heteroaromatic nitrogensand L3 with Zn(ll), potentiometrically determined in 0.1 mol
(N1 and N2), to the hydroxide O1 and Brl anions and, at a gm-2 NMesNO; aqueous solution at 308.1 K. Ligand L1 can
longer distance, to the benzylic amine N7. The resulting form only mononuclear complexes in aqueous solution, while
geometry can be best described as a distorted square pyramiq.2 and L3 can also form dinuclear complexes, due to the
The basal plane is defined by N1, N2, N7, and O1 (max |grger dimension of the macrocyclic cavity and to the higher
deviation 0.222(7) A for N1). Zn1 lies 0.616(1) A above numper of nitrogen donors available for metal coordination.
the equatorial plane, shifted toward the apical position The stability of the Zn(ll) complex with L1 is remarkably
occupied by Brl. _ . _ high, among the highest found for Zn(ll) complexes with

.The coprdlnat!on sphere of Zn2, msteqd, is a distorted polyamine ligand484’suggesting that all of the ligand donors
trigonal bipyramid where the secondary nitrogens N3 and e involved in metal coordination, as actually shown by the
N5 and the Br2 bromide d_eflne thg equatorial position, while crystal structure of the [ZnL1(NCS)]cation. In [ZnL1-
Oloand N4 occupy the axial positions (©Zn2-N4 161.3-  (NCS)J* the coordination sphere of the metal is completed
(3)°)- ) ) ) by a NCS anion. Most likely, in agueous solution the sixth

In 6, the binuclear cation [Zh31]>" (Figure 3 and Table coordinative position is occupied by a water molecule, which

3) lies across an inversion cen.ter. Eaph metal is.coordinatedCan deprotonate at alkaline pH values to give a [ZnL1(OH)]
to the dipyridine nitrogens, a single triamine chain (N3, N4, species.

and N5) and an exogenous lanion, with a distorted As often found i | ine ligands with a | b
octahedral geometry. The heteroaromatic N1 and N2 nitro- S Often found in polyamine figands with a fargé number
(> 6) of amine donoré! the mononuclear [ZnL2] and

ens and the benzylic N3 and N5 amines define the equatorial
g 4 d [ZnL3]?" complexes display a marked tendency to add a

plane (max deviation 0.05(2) A for N3), while the methylated q I ) ble dinucl |
nitrogen N4 and the iodide anion occupy the apical positions. second metal to give stable dinuclear Zn(ll) complexes,

The two metals, 5.259(2) A apart, are 0.107(3) A displaced which are largely prev_alent in aqueous solutions conta?ning
out of the equatorial plane in the direction of theanion. Zn(ll) and L2 or L3 in 2:1 molar ratio (see Supporting
The comparison of the crystal structures of the L2 and L3 nformation) from slightly acidic to alkaline pHs. In par-
. . " . -
dinuclear complexes clearly shows that the different number ticular, the formation of the [Z#4]*" species (L= L2 or
of nitrogen donors and the different cavity size of the two L3) occurs at acidic pHs and is followed at neutral or slightly

macrocycles strongly affect the coordination environment of @lkaline pH values by the formation of a monohydroxo

(45) Only few examples af-H,O dizinc complexes have been reported: (46) Bencini, A.; Bianchi, A.; Garcia-EspanE.; Mangani, S.; Micheloni,

(a) Wolodkiewicz, W.; Glowiak, TPol. J. Chem2001 75, 299— M.; Orioli, P.; Paoletti, PInorg. Chem 1988 27, 1104-1107.

306. (b) Johnson, J. A.; Olmstead, M. M.; Stolzenberg, A. M.; Balch, (47) Smith, R. M.; Martell, A. ENIST Stability Constants Databasersion

A. L. Inorg. Chem2001 40, 5585-5595. (c) Barrios, A. M.; Lippard, 4.0; National Institute of Standards and Technology: Washington, DC,
S. J.Inorg. Chem 2001, 40, 1060-1064. 1997.
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species [Zp(OH)]®*. Finally, the formation of a dihydroxo  the larger cavity of ligand L3 would allow the two metals
complex, [ZnL(OH),)?", takes place in the alkaline pH to achieve a larger distance from each other with respect to
region. dinuclear complex with L2. Interestingly, the crystal structure
At a first glance, these common characteristics for the of [Zn,L3I2]2* shows that the intermetallic distance, 5.3 A,
complexes with L2 and L3 would suggest an almost equal is too large to allow a bridging coordination mode of
coordination behavior of L2 and L3 toward Zn(ll). A more hydroxide. At the same time, the coordination sphere of the
accurate inspection of the formation constants in Table 4, two Zn(ll) ions is rather saturated by the ligand donors, each
however, reveals some relevant differences in the binding metal being coordinated to five nitrogens of the macrocycle.
properties of the two ligands. Actually, the mononuclear The Zn(ll) ions, however, achieve an overall hexacoordina-
[ZnL3]?" complex displays a much higher tendency to add tion by binding to an iodide anion. We can reasonably
a second metal to give the [AB]*t complex with respect  suppose that, in aqueous solution in absence of added iodide,
to [ZnL2]?" (log K = 8.79 and 4.61 for the equiliborium the I~ ions are replaced by water molecules which can
[ZnL]?" 4+ Zn?t = [ZnyL]*", with L L3 and L2, deprotonate in alkaline solutions to give Z®H functions.
respectively), in accord with a larger number of N-donors  The dinuclear Zn(ll) complexes with L2 and L3 meet the
available for the coordination to two Zn(ll) cations in L3. necessary requisites to be used as functional model systems
Interestingly, the stability of the dinuclear L3 complex is for hydrolytic enzymes. L2 and L3 are capable of holding
similar to that found for the corresponding complex with two metal centers in proximity one to another; the two metals,
the decaazamacrocycle 1,4,7,10,13,16,19,22,25,28-decaazdherefore, may act as a cooperative binding site for substrates.
cyclotriacontane (L4), where both the Zn(ll) ions are Atthe same time, facile deprotonation of Zn(ll)-bound water
5-coordinated (log K= 21.48 and 22.5 for the equilibrium  molecules occurs at neutral or slightly alkaline pHs to give
2Zr?t 4+ L = [Zn,L]** with L = L3 and L4, respectively’® Zn—OH groups, potential nucleophiles in hydrolytic pro-
This observation suggests that in the JIZ8]** complex both cesses. The dizinc complex with L2 seems, in principle, to
metals are coordinated to five nitrogen donors of the be the most promising hydrolytic system; in this complex,
macrocycle, as actually observed in the crystal structure of in fact, the two metals centers are poorly saturated by the
the [ZnL3I,]?" cation. ligand donors, and, therefore, they would give the strongest
In both L2 and L3 dinuclear complexes deprotonation of interaction and activation of the substrates. With this in mind,
Zn(Il)-coordinated water molecules gives a mono- and a we decided to investigate the binding properties and the
dihydroxo-species. The data in Table 4, however, show that hydrolytic ability of our zinc complexes toward the phosphate
the dinuclear Zn(ll) complex with L2 displays a higher ester bond, using big{nitrophenyl) phosphate (BNPP) as
tendency to give hydroxo-species than the corresponding L3substrate.
complex. In particular, the K, value for deprotonation of Synthesis and Characterization of the BNPP Com-
the first water molecule in [Zih2]*" to give [ZrnpL2(OH)]3+ plexes.Dinuclear zinc complexes with L2 and L3, [Ar2]-
is rather low when compared to the corresponding L3 (ClOg4)44H,0O (2), and [ZnL3](ClO4)42H,0 (5) can be
complex (K, = 7.60 and 8.88 for [Z5L.2]*" and [ZnL3]**, isolated as solid compounds from methanol solutions con-
respectively). Similar low values are generally attributed, in taining the ligands and Zn(CKR in 1:2 molar ratio. The
dinuclear Zn(Il) complexes, to a bridging coordination of formation of the ternary complexes betwe2rand BNPP
the hydroxide anion between two metal centers. Most likely, was followed by means of'lP NMR spectra recorded on

in [Zn,L2]*" the two metals are kept at close distance by
the relatively small 21-membered cyclic framework, thus
favoring the assembly of a Zfu-OH) unit enclosed in the
macrocyclic cavity. This hypothesis is corroborated by the
crystal structure of the [Z0L2H)(«-OH)Br;]?" cation, which
shows the two metals only 3.5 A apart. The coordination

MeOD solutions containin@® (1:102 M) and BNPP in
different molar ratio. Solutions containirjand increasing
amounts of BNPP, up to a 1:1 molar ratio, show a single
signal 2.9 ppm upfield shifted with respect to that of the
“free” ester (Figure 4a). By adding further BNPP, the signal
displays a slight downfield shift; a linear correlation between

environment of the two metals is not saturated by the ligand the chemical shift and the [BNPP2][ratio is found up to a
donors (each Zn(ll) binds to three nitrogens) and is completed2:1 molar ratio (in this condition the signal is 2.68 ppm

through coordination of a bridging hydroxide and of an
exogenous bromide anion.

The K, value (8.84 log units) for the formation of [2n
L2(OH);]?" is too high to be ascribed to a bridging hydroxide
anion. Indeed, the bridging hydroxide anion in (8-

shifted with respect to free BNPP). A marked downfield shift,
instead, is observed for BNPPmolar ratios greater than 2.
These data account for the successive formation of stable
1:1 and 1:2 complexes betwe@rand BNPP in methanol.
The downfield shift observed for [BNPPZ] > 2 is due to

(OH)]3* reduces the positive charge on the metal ions. This the presence in solution of “free” BNPP, fast exchanging,

would determine the higheikp value found for deprotona-
tion of a Zn(ll)-bound water molecule to give the [Z12-
(OH),)?" complex. Similarly, the K, values for successive
deprotonation of two Zn(ll)-bound water molecules in the
[Zn,L3]*" complex to give [ZaL3(OH)]*" (pK, = 8.88) and
[Zn,L3(OH),]?" (pKa = 10.1) can be related to the formation

of single-metal bound hydroxide function. On the other hand,

on the NMR time scale, with coordinated BNPP.

From these solutions a solid compound of stoichiometry
[Zn,L2(BNPPY](CIOy). (4) was isolated. The rather large
shift for the signal of the phosphate ester bound the L2
dinuclear complex would suggest interaction of BNPP with
both the Zn(ll) ions, through a bridging coordination of the
phosphate anion. TH&P NMR spectrum of compounglin
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a Figure 5. ORTEP drawing of the [Z#.3(BNPP)]2" cation (7).
1 6-. — Table 5. Selected Bond Angles (deg) and Distances (A) for the Metal
o Coordination Environment in [Zh3(BNPPY](BNPP)-4H,0 (7)
1.4 Zn—N1 2.367(5) Zr-N4 2.191(6)
AS Zn—N2 2.086(5) Zr-N5 2.197(5)
121 Zn—N3 2.246(5) Zr021 2.085(4)
) N1—-Zn—N2 73.81(18) N2-Zn—021 91.53(19)
1.0 N1-Zn—N3 150.83(19) N3-Zn—N4 81.6(2)
] N1-Zn—N4 96.02(18) N3-Zn—N5 96.75(19)
0.8 N1-Zn—N5 111.66(17) N3-Zn—021 107.9(2)
B . . ‘ . . . N1-Zn-021 80.70(17) N4Zn—N5 80.99(19)
00 05 10 15 20 25 30 35 40 45 N2—Zn—N3 78.1(2) N4-Zn—021 165.93(18)
N2—Zn—N4 100.7(2) N5-Zn—021 87.49(17)
[BNPPY/[5] N2—Zn—N5 174.17(19)

Figure 4. Plot of the3'P NMR chemical shifts of BNPPAY = dgnpp —

doss, Wheredgnpp = chemical shift of the unbound BNPP ester anrgs

= observed chemical shift in the presence of the dinu@ear5 complexes)
as a function of the [BNPPJ] (a) and of the [BNPP]H] (b) molar ratios
(MeOD solution, 298 K,2] = [5] = 1 x 1072 M).

aqueous solution at neutral pH displays a single signal only
0.41 ppm upfield shifted with respect to unbound BNPP,

accounting for a partial decomposition of the complex in

this more solvating medium.

In the case of L3, addition of BNPP to a methanol solution
of 5 leads to an upfield shift of the BNPPP signal, which
remains 1.63 ppm shifted up to cab:8NPP 1:2 molar ratio
(Figure 4b). As in2, further addition of BNPP leads to a
remarkable downfield shift of the BNPP signal. This behavior
suggests the simultaneous addition of two BNPP anions to
two almost independent binding sites ®fto give a stable
[Zn,L3(BNPP)}]?* complex. In this case, however, the
observed upfield shift is lower than that found for the
corresponding L2 complex (1.63 and 2.69 pprbiand 2,
respectively), suggesting that in [Ar8(BNPP)}]?>" each
BNPP anion is bound to a single Zn(ll) cation. As in the
case of the L2 complex, a minor shift (0.24 ppm) is observed
in D,O solution (pH 7) containing and BNPP in a 1:2 molar
ratio, probably due to a much lower percentage of coordi-
nated BNPP in water. However, the solid compound,{Zn
L3(BNPP}](BNPP)-4H,0 (7) was isolated from an aqueous
solution containing and an excess of BNPP.

The low temperature crystal structurefofonsists of [Zp-
L3(BNPP)]?" cations, unbound BNPP anions, and water
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molecules. The [ZA.3(BNPP)]?" cation displays two
conformations, which differ only for a slightly different
orientation of two nitrophenyl groups (see Experimental
Section). Figure 5 shows an ORTEP drawing of one of the
[Zn,L3(BNPPY]?" cations, while Table 5 lists bond angles
and distances for the coordination geometry.

The binuclear cation lies across an inversion center. The
coordination geometry of each Zn(ll) ion is a distorted
octahedron, very similar to that found in the B8I,)%*
complex @). As in 6, each metal is coordinated to the
dipyridine nitrogens and to the three amine groups of a single
aliphatic side chain. The heteroaromatic nitrogens (N1 and
N2) and the benzylic ones (N3 and N5) define the equatorial
plane (max deviation 0.121(7) A for N3), while the apical
positions are occupied by the methylated nitrogen N4 and
the O21 oxygen of one BNPP anion, which behaves as a
monodentate ligand and actually replaces the iodide anion
in the coordination sphere of Zn(ll). The two metals, 5.071-
(2) A apart, lie in the basal planes, slightly shifted (0.039(1)
A) toward the BNPP oxygens.

Figure 5 shows the presence of a face-to-faestacking
interaction between a nitrophenyl group of BNPP and an
aromatic ring of the dipyridine moiety (N2) with an inter-
planar distance of 3.840(9) A.

Despite the many studies on BNPP activation and hy-
drolysis by Zn(ll) complexe$}#! only rare crystal structures
of ternary BNPP adducts with Zn(ll) have been repoffed,
regarding mononucle®¢ or polymeric Zn(ll) complexe$
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Actually, 7 represents the first structurally characterized 100 O 0.0x10

dinuclear Zn(ll) complex with BNPP. 50 [enel2(OF)
Bis(p-nitrophenyl) Phosphate Hydrolysis. The Zn(ll) [Zn,L21™

complexes with L1-L3 induce BNPP cleavage, and the 8] ZnaL2(0H)™ 6.0x10™

hydrolysis products were identified by meanstdfand3P ﬁ"of ’ (ﬁf.‘{“;ﬂ)

NMR measurements. THel NMR spectrum recorded after 3.0x10°

mixing BNPP and the Zn(Il) complexes at pH 10 shows the 201

appearance of the signalsmhitrophenate, NP (two doublets 0 ' 0.0

at 6.72 and 8.28 ppm), and of mopatitrophenyl) phos- 7 8 pn @ 10

phate, MNPP (two doublets at 7.29 and 8.20 ppm). Integra- a

tion of the signals accounts for a 1:1 molar ratio between 100 — 0x10*

the NP and MNPP formed in the hydrolytic process. At the 80l [Zn2L3] 1Zn2L3(OH)I%

same time, the signal of MNPP (a singlet&.30+ —0.76

ppm, depending on the metal complex used) appears in the 607 |

31p spectra. The time evolution of tH&# spectra shows a
progressive increase of intensity of this signal and a
simultaneous decrease of the BNPP signal. No other signal,
including that of inorganic phosphate at 3.79 ppm, was
observed ir*'P NMR spectra, even for prolonged reaction
times, indicating the MNPP is not further hydrolyzed by the

%

401 [ZnsL3(OH)Z

201

Kanep
Tawts™

7 4.0x10"

0 r
6 8 pH

10

b

Zn(ID) complexes. Bindina and successive hvdrolysis of Figure 6. (a) Plotof the distribution curves of the L2 dinuclear complexes
(I P g y y (solid line, leftY axis) andksnep values for BNPP hydrolysis&, right Y

axis) as a function of pH (0.1 mol dri NMesNOs, 308.1 K). (b) Plot of
the distribution curves of the L3 dinuclear complexes (solid line, Yeft

MNPP was recently achieved by Kimura with a dinuclear
Zn(Il) complex with a propanol-bridged octaazacryptahtd

In this case, however, the nucleophilic attack on the substrate?Xis) andkenee v

was given by an amine group weakly bound to the metal.
The chemical shift of the MNPP signal is 1.02, 1.18, and

alues for BNPP hydrolysid, right Y axis) as a function

of pH (0.1 mol dnT3 NMesNOs, 308.1 K).

properties of the complexes. Precipitation of BNPP com-

1.48 ppm upfield shifted in the presence, respectively, of plexes generally occurs at [BNPP]:[Zn complex] molar ratios

+ 4 s ;
the [ZnL1P", [ZnL2]™, and [ZnL3]"™ complexes with o oqierthan 10, preventing a Michaelldlenten analysis of
respect to the signal of MNPP alone at 0.72 ppm, indicating {he rocess. However, the initial linear increase of the

that the MNPP formed in the hydrolytic process is coordi- absorbance allows one to determine rate constant values
natgd by .the Zn(ll) metals. As reported above, the lower (kener) for BNPP cleavage promoted by the L1-L3 Zn(ll)
upf'elﬁ.Sh'ﬁS' 0.4 ppm 0][ Iﬁss, are observled for.the BNPP complexes. Figure 6 reports the plots of the rate constant
signal in the presence of the L1-L3 complexes in aquUeous, 5 es kyuep for the dinuclear Zn(ll) complexes with L2
solutions; thl§ comparison suggests a stronger interaction of | 3 a5 a function of pH, superimposed to the correspond-
the MNPP dianion with Zn(ll) than BNPP, as expected j, gistribution diagrams calculated on the basis of the

considering the higher negative charge of MNPP. potentiometric data. For all the systems investigated, only
The rate constants for BNPP hydrolysis to give MNPP 1 .0 complexes promote BNPP cleavage following second-

and NP in the presence of the mono- and/or dinuclear o kinetics, while the [Zni2f or [Zn,L]** species are not
complexes with L1-L3 were spectrophotometrically deter- e ‘in accord with a mechanism involving a nucleophilic

mined at different pH values by an initial slope method, ,yack of a Zr-OH function. Actually, the mononuclear

mlonitozink? th‘; timbe evqutionfof the NF; band ‘;’]‘t 403|r1m. complex with L3, which does not give any hydroxylated
Plots of the absorbance as a function of time show a linear oo cias” (Table 4), is totally unable to promote BNPP

increase of absorbance at 403 nm up te-28% formation cleavage. Plots of théguer values as a function of the

of p-nitrophenate. Then the hydrolysis rate decreased t0 give . aniration of the hydroxo-complexes allow for determin-
finally a total quenching of the cleavage process, due to theing Kenee Values for 100% formation of the active species
inhibition effect of the formed MNPP, more strongly bound (see Experimental Section). The active complexes in the
to the Zn(Il) complexes than BNPP. For_mstance, at pH 10 hydrolytic process and the corresponding second-order rate
with a [BNPP]:[Zn complex] 1:1 molar ratio, the percentages constantsKses are reported in Table 6. THéser values
of hydrolyzed BNPP at the end of the hydrolytic process for the mononuclear Zn(ll) complexes with the tri- and
were 54%, 49%, and 64% for the L1, L2, and L3 complexes, tetraazamacrocycles [12]anghhd [12]aneN and for the
respectively. Inhibition of the hydrolytic process was also dinuclear Zn(ll) complexes with macrocycles [30]arEh?2
observed with different [BNPP]:[Zn complex] molar ratios. [33]aneNO,,¥7 and [36]aneNO," which contain two
These data suggest that MNPP binding inhibits the catalytic separated triamine or tetraamine binding units, are also
reported for comparison.

BNPP hydrolysis promoted by mono- and dinuclear Zn-
(I1) complexes is generally explained in terms of an “as-

(48) (a) Weiss, K.; Rombach, M.; M. Ruf, Vahrenkamp,Edir. J. Inorg.
Chem.1998 263-270. (b) Yamami, M.; Furutachi, H.; Yokoyama,
T.; Okawa, H.Chem. Lett 1998 211-212. (c). Ibrahim, M. M;
Shimomura, N.; Ichikawa, K.; Shiro, Mnorg. Chim. Acta2001, 125~
136. (d) Angeloff, A.; Daran, J. C.; Bernadou, J.; Meunier, JB.
Organometallic Chem2001, 624, 58—62.

(49) Koike, T.; Kimura, E.;J. Am. Chem. Sod.99], 113 8935-8941.
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Table 6. Second-Order Rate Constahtgner (M~ s71) for Hydrolysis of Bisp-nitrophenyl) Phosphate an&p Values for the Corresponding

Hydroxo-Complexes at 308.1 K

K'gnpp x 10% K'snpp x 10%

nucleophile M~1s7h pKa nucleophile M~1s7h pKa
[ZnL1(OH)]* 1.1+ 0.06 10.73 [Zn[12]aneMOH)]* 2 0.85 7.2
[ZnL2(OH)]* 1.5+ 0.08 10.78 [Zn[12]anelOH)]* 2 0.21 8.1
[ZnaL2(OH)J3* not active 7.60 [Z6[30]aneNO4(OH)z] 2+ P 1.15 9.2
[Zn,L2(OH)2* 9.6+0.3 8.84 [Zn[33]aneNO4(OH),] 2+ © 0.91 9.38
[Zn.L3(OH)]3* 19.3+£ 1.0 8.88 [Zn[36]aneNO4(OH)] 2+ © 0.54 9.88
[Zn2L3(OH),)%* not active 10.1

aFrom ref 49, I= 0.15 M NaClQ. ? From ref 37a, I= 0.1 M NacCl.¢ From ref 37c, I= 0.1 M NaCl
iative” iqrPp—40,50 ; G
sociative” mechanisrff4%5in which the substrate would RQ R

approach the Zn(ll) complex and the oxygens of BNPP
associate with the electrophilic Zn(ll) ion. Finally, a zinc-

bound hydroxide operates a nucleophilic attack at the
phosphorus. The hydrolytic activity of a complex, therefore,

is enhanced by a strong interaction of the BNPP ester with i

the electrophilic metal centers and by a high nucleophilic
character of the ZrnOH functions, i.e., by high ¢, values
for the formation of the Zn-bound hydroxide.

Considering the dinuclear Zn(ll) complexes with L2, the
plot of the second-order rate constakggep for the Zn/L2
(2:1 molar ratio) system as a function of pH points out that
only the dihydroxo complex [Zh2(OH),]?>* promotes BNPP
hydrolysis in aqueous solution, i.e, [A12(OH),]?" is the
kinetically active species (Figure 6a). On the contrary the
monohydroxo complex [Zh2(OH)J*" is totally inactive.

As already found with other binucleating ligantdsthe
lack of hydrolytic ability of the [ZaL2(OH)]*" species can
be attributed to a bridging coordination of the hydroxide
anion to two electrophilic metal centers which reduces the
nucleophilicity of the generated hydroxide function. The
dinuclear L2 complex [ZsL.2(OH),]?, instead, exhibits a
remarkably higher hydrolytic ability than the mononuclear
L2 and L1 complexes [ZnL2(OH}Jand [ZnL1(OH)} (Table
6). This behavior cannot be explained in terms of nucleo-
philic ability of the Zn—OH functions, since thelq, values
for the formation of the mononuclear complexes [ZnL2-
(OH)]™ and [ZnL1(OH)]" are by far higher than thekp
value for the dinuclear [Zh2(OH);]?>" complex, i.e., the
Zn—OH function is more nucleophile in [ZnL2(OH)Jand
[ZnL1(OH)]* than in [ZnL2(OH),]?". The high activity of
the [ZnL2(OH),]?" would be explained, instead, by a
cooperative role of the two metals in the hydrolytic process,
which takes place via a bridging interaction of BNPP, as
actually suggested by tlf#éP NMR measurements. Substrate
interaction with two electrophilic metal centers, in fact, favors
the nucleophilic attack of a ZnOH function and thus

P

iH9 o 9

Figure 7. Proposed mechanism for BNPP hydrolysis promoted by the
dinuclear Zn(Il) complex with L2.

several dinuclear synthetic Zn(ll) complex&s®® As dis-
cussed above, in the dinuclear L2 complexes the two metals
are kept at a short distance by the rather small macrocyclic
cavity, and, at the same time, the coordination sphere of both
metals is poorly saturated by the ligand donors. These
structural features would favor a bridging interaction mode
of the phosphate ester. A sketch of the proposed hydrolytic
mechanism is shown in Figure 7.

The dinuclear Zn(ll) complexes with L3 display an inverse
behavior in BNPP cleavage with respect to the L2 ones.
According to Figure 6b, in fact, only the monohydroxo
complex [ZnL3(OH)]*" promotes BNPP hydrolysis, while
[Zn,L3(OH),)?t is totally inactive. As shown in Table 6, the
[Zn,L3(OH)]** complex is more active than the mononuclear
L1 and L2 complexes and even more than the dinuclear [Zn
L2(OH),]?" one, suggesting that in [203(OH)]** the two
metals still work cooperatively in BNPP hydrolysis. On the
other hand, the crystal structures of theIZ3i,]** and [Zn-
L3(BNPP)]?" anions show that each metal cation is coor-
dinated to five nitrogen donors of the macrocycle and
achieves hexacoordination by binding to an iodide or a BNPP
anion. Coordination numbers greater than 6 are extremely
rare in Zn(ll) chemistry; at the same time, thK pralues
for water deprotonation to give the [Ar8(OH)]*" and [Zn-
L3(OH),]?" species account for the formation of single-metal
bound OH functions. Therefore, in the monohydroxo
complex one Zn(ll) ion is characterized by a coordination
sphere saturated by five ligand donors and the @Hion,
while the second metal possesses a free binding site for
BNPP coordination. The simultaneous presence within the
same complex of both a binding site for BNPP and a

enhances the rate of the hydrolytic process, as found innucleophilic Zr-OH function in proximity would account

(50) (a) Yashiro, M.; Ishikubo, A.; Komiyama, M. Chem. Soc., Chem.
Communl1995 1793-1794. (b) Kondo, S.; Shinbo, K.; Yamaguchi,
T.; Yoshida, K.; Yano, YJ. Chem. Soc., Perkin Trans2P01, 128—
135. (c) Kawahara S.; Uchimaru, Eur. J. Inorg. Chem2001, 2437
2442. (d) Yamada, K.; Takahashi, Y.; Yamamura, H.; Araki, S.; Saito,
K.; Kawai, M. Chem. Commur200Q 1315-1310. (e) Matsuda, S.;
Yashiro, M.; Kuzuka, A.; Ishikubo, A.; Komiyama, M\ngew. Chem.,
Int. Ed. Eng.1998 37, 3284-3286.
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for the hydrolytic ability of the [ZaL3(OH)]** complex, as
sketched in Figure 8. In the [2n3(OH),]?" complex both
Zn(ll) would have a coordination environment saturated by
the ligand donors and the hydroxide anions and no binding
sites are available for the interaction with BNPP. In
consequence, this species is not active in BNPP hydroly-
sis.
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BNPP BNPP With respect to previously reported dinuclear Zn(ll)

i | complexes, the present ones present two peculiar character-
istics: first, the presence of dipyridine binding units within
the macrocyclic framework leads to a marked increase of

not active species the hydrolysis ability of the complexes. This effect may be
related to the hydrophobic nature of this heteroaromatic unit,
_ } which would increase the interaction between the host
- BNPP"| +OH complex and the substrate througkstacking and hydro-
phobic interactions. Second, the hydrolytic mechanism is
modulated by the different molecular topology of the two
ligands such as the number of donors and dimension of the
macrocyclic cavity. In the dinuclear L2 complex the two
metals are kept at close distance by the smaller macrocyclic
cavity, and only a few nitrogens are involved in metal
active species coordination. Therefore, several free coordination sites are
available for the binding of exogenous species. In the
corresponding L3 complex the metals are hosted by two
separated binding moieties, and their coordination sphere is
rather saturated by the ligand donors, each metal being
coordinated to five nitrogens. In the L3 complex, however,
H H each metal can achieve hexacoordination through the binding
of an exogenous species. In both complexes the two metals
play a cooperative role in phosphate ester cleavage. In BNPP
cleavage by the L2 complex both metals participate in

BNPP OH

- BNPP"| +OH

not active species substrate binding and activation, through a bridging coor-
Figure 8. Schematic representation of the L3 complexes involved in BNPP dination of the esfter..ln the ca.s'e of the L3 cqmplex a Ie.SS
activation and hydrolysis. common mechanism is at work; in fact, BNPP interacts with

a single metal cation of the [2b3(OH)]** complex, while
In comparison with previously reported dizinc complexes the hydroxide anion operates the nucleophilic attack at
containing hydrolytic Zr-OH functions, the L2 and L3  phosphorus.
dinuclear complexes show a high activity in BNPP cleavage.
To our knowledge, only the dizinc complex with a bis- EXxperimental Section

m.’:_lcrocy_cle _composgd of two [_9]ane|\ln_|ts Ilnke_d by a General ProceduresLigand L1, L2, and L3 were obtained as
quinoxaline linkage displays a higher activifyin this case,  previously reported UV —vis spectra were recorded on a Shimadzu
however, the hydrolysis occurs only at strongly alkaline pHS, yyv-2101PC spectrophotometefP and'H NMR spectra were
where a highly nucleophilic trihydroxo complex is formed recorded on VARIAN 300 MHz instrument.
in solution. These observations suggest that the insertion of  synthesis of the Complexes. [ZnL1(NCS)]CIQ(1). A solution
dipyridine unit(s) within a macrocyclic structure enhances of Zn(ClO,),*6H,0 (11.3 mg, 0.030 mmol) in water (5 mL) was
the hydrolytic ability of the complexes. Actually, the crystal slowly added under stirring to an aqueous solution (10 mL) of L1
structure of the [Zg.3(BNPP)]2" complex shows that BNPP (8.9 mg, 0.030 mmol). NaSCN (2.4 mg, 0.030 mmol) and NaCIlO
also interacts with the L3 complex viastacking interactions (50 mg) were then added. Colorless crystals of the title compound
between the nitrophenyl groups and the dipyridine moieties. Suitable for X-ray diffraction analysis were obtained by slow
This structural feature suggests that the high activity of the evaporatuon; at room temperature of the resulting solution. Yield
present complexes may be related stestacking and/or 7.3 mg (47%). Elemental alnal. Founq. C, 41.?, H, 4.48; N, 16.13.
L . . Calcd for GgH23ZnNgSCIO;: C, 41.55; H, 4.45; N, 16.15.
hydrophobic interactions between BNPP and the zinc Z1,L2](CIO D-4H,0 (2). A solution of Zn(CIQ)6H,0 (20.2
complexes, which can strengthen the association between [2n2L2](CIO 4)a-4H:0 (2). A solution of Zn(CIQ)6H,0 (20.

h | h in th .__.mg, 0.054 mmol) in MeOH (5 mL) was added to a methanol
the L2 and L3 complexes and the substrate in the transientg sion (5 mL) of L2 (10 mg, 0.027 mmol). Butanol (15 mL) was

state Of' the hydrolytic mechanism, 'Fhus' gnhanging the then added, affording the title compound as colorless solid. Yield
hydrolysis rate. The presence of two dipyridine moieties in 20.2 mg (74%). Elemental anal. Found: C, 24.5; H, 4.1; N, 10.22.
L3, which increases the hydrophobic characteristics of the Calcd for GoHzeZn,N;Cl,050; C, 24.76; H, 4.05; N, 10.11.

ligand with respect to L2, would also explain the higher  [Zn,(L2H)(z-OH)Br(CIO,)Br (3). An aqueous solution (5

hydrolytic ability of the L3 dinuclear complex. mL) of NaBr (15 mg, 0.14 mmol) was slowly added to an aqueous
] solution of complex2 (15 mg, 0.0154 mmol), and the resulting
Conclusions solution was stirred for ca. 2 h. Colorless crystals of the complex

The dipyridine-containing macrocycles L2 and L3 form suitable for X-ray diffraction analysis were obtained by slow
stable dizinc complexes in aqueous solution, and, in both 51) Arca, M.. Bencini, A Beri. E. Caltag C  Dovil A
. rca, M.; bencini, A.; berni, E.; Caltagirone, C.; Devillanova, . A.;
cases, deprotpnatlon of Zn-bound water molecules generateé Isaia, F.. Garau, A- Giorgi, G.. Lippolis, V.. Perra, A. Tei, L.
Zn—O0OH functions able to hydrolyze the BNPP ester. Valtancoli, B.Inorg. Chem 2003 42, 6929-6939.
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evaporation at room temperature. Yield 7.2 mg (54%). Elemental of systematic errors and when a corrected weighting scheme is used.

anal. Found: C, 28.1; H, 4.2; N, 11.42. Calcd fopldssBraZn,N+- However, the agreement is considered good for standard deviation

ClOs: C, 28.01; H, 3.88;N, 11.43. values smaller than 3t < 9).5° The 02 values for each titration
[Zn,L2(BNPP),](CIO 4), (4). A solution of NaBNPP (11.2 mg, curve and for the overall set of curves of each system are reported

0.031 mmol) in methanol (5 mL) was added to a methanol solution within the Supporting Information.

of complex2 (15 mg, 0.0154 mmol), and the resulting solution Kinetics of Bis(p-nitrophenyl)phosphate (BNPP) Hydrolysis.

was stirred for ca. 1 h. Addition of butanol (15 mL) afforded a The hydrolysis rate of BNPP to give momagitrophenyl) phosphate

colorless powder. Yield 3.7 mg (18%). Elemental anal. Found: C, (MNPP) andp-nitrophenate (the hydrolysis products were identified

38.5; H, 3.6; N, 11.1; ClI, 5.15; P, 4.50. Calcd fo§s847Zn,N1s- by means ofH and3'P NMR spectra) in the presence of the zinc

Cl,0,4P,: C, 38.36; H, 3.44; N, 11.18; CI, 5.3; P, 4.3; complexes with L1, L2, and L3 was measured by an initial slope
[ZNn,L3](CIO 4)4-2H,0 (5). This compound was obtained in 83% method monitoring the increase in 403 nm absorption of the

by using the same procedure used ofElemental anal. Found: ~ p-nitrophenate at 308.% 0.1 K using the procedure reported in

C, 35.4; H, 4.5; N, 12.2. Calcd forggHseZnN1¢Cl4O15: C, 35.22; ref 37. The ionic strength was adjusted to 0.1 with NM@;. The

H, 4.35; N, 12.08. reaction solution was maintained at 308:10.1 K. MOPS (pH
[Zn,L31,)(CI0 4)»2H,0 (6). This complex was obtained by  6.5-8.5), TAPS (pH 7.8:9.1), CHES (pH 8.610.1), and CAPS

following the same procedure used &by addition of Nal instead ~ (PH 9.7-11.1) buffers were used (50 mM). Freshly prepared stock

of NaBr to an aqueous solution of complxYield 5.5 mg (33%).  solutions of the complexes {110 mM) and of BNPP (+10 mM)

Elemental anal. Found: C, 33.8; H, 4.1; N, 11.6. Calcd foHgl - were used in the measurements. In a typical experiment, im-
ZmN1oCl,O1 C, 33.63; H, 4.15; N, 11.53. mediately after BNPP and the zinc complexes with L1-L3 were
[Zn L3(BNPP)](BNPP),4H,0 (7). A solution of Zn(CIQ),* mixed in aqueous solutions at the appropriate pH (the reference

6H,0 (21.2 mg, 0.056 mmol) in water (15 mL) was slowly added experiment does not contain the Zn(Il) complex), th(_e UV absorption
to an aqueous solution (15 mL) of L3 (16.6 mg, 0.028 mmol). SPectrumwas recorded and fol!owed generally untill8% dgcay
NaBNPP (101.4 mg, 0.28 mmol) was then added, and the resulting®f BNPP- A plot of the hydrolysis rate vs BNPP concentration (1
solution was refrigerated at &. Colorless crystals, suitable for 10 MM) at a given pH gave a straight line, and then we determine
X-ray diffraction analysis, were obtained by slow evaporation at 5 the slope/[zinc complex] as the second-order rate conskgpis

°C. Yield 32.7 mg (55%). Elemental anal. Found: C, 45.8; H, 4.2; (M s™). Plots of thekeyep values as a function respectively of
N, 11.8: P, 5.6. Calcd for &HgeZnN1g0sPs: C, 45.72: H, 4.02; the molar concentrations of the active species ([ZnL1(OH)]
N, 11.70: P, 5.75. [ZnL2(OH)]*, [Zn,L2(OH),)?", or [ZnL3(OH)]*) give straight
lines and allow for determining tHésnpp values for 100% formation

2 -
plexation reactions with L1, L2, and L3 were determined by means of [Zr;lr_l(OH)]j l[(ZnLZ(OII-l)]ﬁ [anLZéOH)2]0+, and [Znl3
of potentiometric measurements (pH—log [H*]), carried out in (OH_)] - Errors inK'eep values were a out 5/"_'
0.1 mol dnT3 NMe;NO; at 308.1+ 0.1 K, in the pH range 2:5 Single-Crystal X-ray Diffraction Analyses. Single crystals of
11, by using the equipment that has been already desciitidu [ZnLL(NCS)ICIQ; (1), [Znz(L2H)(u-OH)Br2l(CIOL)Br (3), [Zn-
reference electrode was an Ag/AgCl electrode in saturated KC| L312(Cl0)2-2H:0 (6), and [ZnL3(BNP)](BNP),4H,O (7) were
solution. The glass electrode was calibrated as a hydrogenan@lyzed by means of X-ray crystallography, and a summary of

concentration probe by titrating known amounts of HCl with,/£O the crystall_ographlc data is reporteq in Table 7. The_ intensities of
free NaOH solutions and determining the equivalent point by the two reflections were monitored during data collections to check

Gran's method: This allows one to determine the standard potential the stability of the crystals: no loss of intensity was observed. The
E° and the ionic product of water kg, = 13.40+ 0.01). Ligand integrated intensities were corrected for Lorentz and polarization

concentration was about £ 10-3 M, while metal concentration effects and empirical absorption corrections were applied by means
was in the range 2x 103—5 x 104 M. At least three of the PS+SCAN method {, 3, and 6) and of the SADABS

measurements (about 100 experimental points each one) weré®rogram 7). All the structures were solved by direct methods
performed for each system. The computer program HYPERQUAD (SIR97)57 Reflne_ments were performed by means of full-matrix
was used to calculate the protonation constants and the stability!®@St-squares using SHELX-97 progréhin each structure all the
constants of Zn(ll) complexes from emf data. Ligands protonation N°n-nydrogen atoms were anisotropically refined, while the hy-
constants at 308.1 K are supplied within the Supporting Information. drogen atoms were introduced in a calculated position and their

The titration curves for each system were treated either as a singlec0rdinates were refined according to the linked atoms.

set or as separated entities without significant variations in the 1 Rotational disorder affects the perchlorate anion which was
values of the protonation or metal complexation constants. In the interpretated by means of two tetrahedral models {@1A, O2A,
HYPERQUAD program the sum of the weighted square residuals ©3A, O4A and O1B, O2B, O3B, O4B) with a population parameter
on the observed emf values is minimized. The weights were derived of 0.5.

from the estimated errors in emf (0.2 mV) and titrant volume (0.002 6. Crystals of this compound were of rather low quality. This
c?). The most probable chemical model was selected by following @ccounts for the high values of the agreement factors at the end of
a strategy based on the statistical inferences applied to the variancdefinement and of the thermal parameters for some atoms. Several
of the residualsg?. This parameter represents a measure of the attémpts to obtain crystals of better quality did not give good results.
precision of the fit between the experimental and theoretical titration

rves. Th mol ndar viation shoul 1.inth ncddd) (a) Hamilton, W. CStatistics in Physical Chemistryhe Ronald Press
curves e sample standard deviation should be 1, in the abse cé Company; New York, U.S.A., 1964. (b) Bologni L.; Sabatini, A,;
Vacca, A.Inorg. Chim. Actal983 69, 71-75.

(52) Bianchi, A.; Bologni, L.; Dapporto, P.; Micheloni, M.; Paoletti, P.  (56) Bruker Molecular Analysis Research Tool, Vers. 5.625, Bruker AXS,

Potentiometric Measurements Equilibrium constants for com-

Inorg. Chem.1984 23, 1201-1207. Madison, WI, 19972000.
(53) (a) Gran, GAnalyst(Londor) 1952 77, 661—663. (b) Rossotti, F. J.; (57) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.; Giaco-
Rossotti, H.J. Chem. Educl965 42, 375-378. vazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna,
(54) Gans, P.; Sabatini, A.; Vacca, A.Chem. Soc., Dalton Trans985 R. J. Appl. Crystallogr.1999 32, 115-119.
1195-1200. (58) G. M. Sheldrick SHELXL-97 Gattingen, 1997.
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Table 7. Crystal Data and Structure Refinement for [ZnL1(NCS)]€(@), [Zna(L2H)(«-OH)Br2](CIO4)Br (3), [Zn2L315](Cl04)2:2H20 (6), and
[Zn,L3(BNPP)](BNPP)-4H,0 (7)

1 3 6 7
empirical formula G8H23C|N604SZI'1 Congng3C|N70sZn2 C34H50CI2I2NloOmZn2 ngngN 18035P4Zn2
formula weight 520.30 857.45 1214.28 2154.30
temperature (K) 298 298 298 170
wavelength (A) 0.71069 1.5418 0.71069 1.5418
collecting equipment Enraf-nonius CAD4 Brucker P4 Brucker P4 Brucker CCD
space group P2,/n P1 P1 P1
a(h) 14.601(3) 11.375(4) 8.378(2) 11.394(5)
b (A) 10.808(3) 7.919(4) 11.532(4) 13.395(5)
c(A) 15.685(3) 17.335(5) 12.684(4) 16.396(5)
o (deg) 84.12(3) 75.57(2) 66.670(5)
f (deg) 116.63(2) 76.53(2) 75.05(3) 81.070(5)
y (deg) 98.94(6) 80.89(2) 83.040(5)
volume (A3) 2212.6(9) 1484.5(10) 1140.8(6) 2265.0(15)
z 4 2 1 1
Decatca(Mg/m?3) 1.562 1.918 1.767 1.579
w (mm1) 1.363 7.918 2.584 2.189
R indices [ > 20(1)]? R1=0.0612 R1=0.0538 R1= 0.0940 R1=0.0735

wR2=0.1568 WR2=0.1475 wR2=0.2378 wR2=0.2042
R indices (all datd) R1=0.1126 R1= 0.0599 R1=0.1252 R1= 0.0809
wR2=0.1844 WR2= 0.1560 wR2=0.2582 wR2=0.2114

ARL= Y [|Fol — IFcll/ZIFol; WR2 = [FW(Fo? — FA)ZFwFo**2

Disorder or thermal motion affects the water molecules. Two  Supporting Information Available: Ligands protonation con-
different locations were determined for the oxygen atoms (010 and stants determined in 0.1 mol dfhNMe;NO; solutions at 308.1
010) and refined with a population parameter of 0.5. Residu- K, values of the variance of weighted square residuals for the
aleltictron density (largest diff. peak and hole 1.333 aifd969 potentiometric curves, distribution diagrams for the systems L2/
eA9) was found at the end of refinement. Zr?+ and L3/Zr#+ with a ligand to metal 1:2 molar ratio, and crystal

7. Two conformations, with a population parameter of 0.5, were packing of [ZnL3(BNPPY(BNPP)-4H,0 (7), CCDC-223741,
found for complex?7. They differ only for slightly different 223742, 223743, and 223744 for compourds3, 6, and 7
orientations of two nitrophenyl groups, belonging respectively one respectively, contain the crystallographic data. These data can be
to the coordinated (C19C23, 061, 062) and the other one to the . .

; obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html
not bound BNPP anion (C31C35, 081, 082). In both cases the ¢ the Cambridae Crvstall hic Data Centre. 12. Uni
aromatic rings are rotated on the axis linking the 1,4 positions of [or from the .am ridge Lrystatiograp '9 ata Lentre, 1z, Lnion
the benzene units. Road, Cambridge CB2 1EZ, UK; fax: (internat}4-1223/336-

033; E-mail: deposit@ccdc.cam.ac.uk]. This material is available
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