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We have prepared and characterized a new phenol-based compartmental ligand (H2L) incorporating 1,4,7-
triazacyclononane ([9]aneN3), and we have investigated its coordination behavior with CuII, ZnII, CdII, and PbII. The
protonation constants of the ligand and the thermodynamic stabilities of the 1:1 and 2:1 (metal/ligand) complexes
with these metal ions have been investigated by means of potentiometric measurements in aqueous solutions. The
mononuclear [M(L)] complexes show remarkably high stability suggesting that, along with the large number of
nitrogen donors available for metal binding, deprotonated phenolic functions are also involved in binding the metal
ion. The mononuclear complexes [M(L)] show a marked tendency to add a second metal ion to afford binuclear
species. The formation of complexes [M2(H2L)]4+ occurs at neutral or slightly acidic pH and is generally followed
by metal-assisted deprotonation of the phenolic groups to give [M2(HL)]3+ and [M2(L)]2+ in weakly basic solutions.
The complexation properties of H2L have also been investigated in the solid state. Crystals suitable for X-ray
structural analysis were obtained for the binuclear complexes [Cu2(L)](BF4)2‚1/2MeCN (1), [Zn2(HL)](ClO4)3‚1/2MeCN
(2), and [Pb2(L)](ClO4)2‚2MeCN (4). In 1 and 2, the phenolate O-donors do not bridge the two metal centers, which
are, therefore, segregated each within an N5O-donor compartment. However, in the case of the binuclear complex
[Pb2(L)](ClO4)2‚2MeCN (4), the two PbII centers are bridged by the phenolate oxygen atoms with each metal ion
sited within an N5O2-donor compartment of L2-, with a Pb‚‚‚Pb distance of 3.9427(5) Å.

Introduction

The rational design and synthesis of ligand systems capable
of accommodating two or more metal centers in close
proximity and in predetermined spatial arrangements is an
active area of research.1-3 Indeed, polynuclear complexes,

in which cation-cation interactions can be tuned via variation
functionality in the ligand structure, find applications as
models for important metallobiosites,4 as catalysts,5 and in
the investigation of the mutual influence of proximal metal
centers on the electronic, magnetic, and redox properties of
such systems.5,6 In this respect, great attention has been
focused on the use of phenol-based compartmental macro-
cycles,7,8 since their homo- and hetero-binuclear complexes
generally show two metal ions bound and situated in close
proximity through the bridging phenolic oxygen donor atoms.
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† Universitàdegli Studi di Cagliari.
‡ The University of Nottingham.
§ Universitàdi Firenze.
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The synthesis of compartmental macrocyclic ligands is
normally achieved by a template Schiff-base condensation
between 2,6-diformyl-4-substituted phenols and 1,n-diamines
(Scheme 1). Changing the structural features of the 1,n-
diamines connecting the two phenolic units has recently been
the main objective of research aimed either at increasing the
binding selectivity of these systems or at introducing
differentiation between the sets of donor atoms at the two
metal binding sites.7-9 However, less attention has been
focused on the reduced form of the phenol-based compart-
mental macrocycles,10 although interesting studies in this
regard have been reported by Martell and co-workers,11-15

who have found that metal complexes of the Schiff-base form

of these diphenol macrocycles exhibit different coordination
properties from those of the corresponding amine form.

In a recent communication,16 we have reported the syn-
thesis and coordination chemistry of CdII and YIII with a new
phenol-based compartmental system (H2L1 in Scheme 2) in
which, for the first time, a preformed macrocycle has been
introduced as part of the lateral chains connecting the two
p-cresol units to afford a large binucleating cofacial macropoly-
cycle. In H2L1, the particular binding properties of phenol-
based compartmental macrocycles have been combined with
those of [9]aneN3 (1,4,7-triazacyclononane) to afford a ligand
characterized by two large adjacent chambers, each with a
potential N5O2 donor set capable of accommodating, in close
proximity, two metal ions with large ionic radii. The ability
of H2L1 to form homo-binuclear complexes in which the two
metal centers are bridged by the phenolate oxygen atoms
has been shown to depend on the nature of the metal ion. In
the binuclear CdII complex [Cd2(L1)]2+ the p-cresolate
O-donors are not shared by the two metal centers, which
are each bound within an independent N5O-donating com-
partment. However, bridgingp-cresolate oxygen donors are
observed in the binuclear YIII complex [Y2(L1)(OH)]3+.16 It
is important to note that the smaller CdII ion seldom adopts
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coordination numbers higher than six in these and related
systems, while the larger YIII ion normally shows higher
coordination numbers of 8-9 in its complexes.

We were interested in discovering whether the coordina-
tion behavior of H2L1 is determined by the rigidity imposed
by the four azomethine linkages to the macrocyclic frame-
work: for this reason we chemically reduced the imine bonds
in H2L1 to afford H2L, a new and more flexible cofacial
macropolycycle. Significantly, unlike H2L1, the binding
behavior of H2L can be studied potentiometrically in water
solution since there are no CdN bonds in H2L which could
undergo hydrolysis. We report herein the coordinative
properties of H2L both in solution and in the solid state
toward a series of metal ions (CuII, ZnII, CdII, and PbII) which
are characterized by different stereochemical preferences.

Experimental Section

Microanalytical data were obtained using a Fisons EA CHNS-O
instrument (T ) 1000°C). 13C and1H NMR spectra were recorded
on a Varian VXR300 spectrometer (operating at 75.4 MHz). EI
(electron impact) mass spectra were measured using a V6 Autospec
V67070E spectrometer. Electrospray and FAB (fast atom bombard-
ment) mass spectra were obtained by the EPSRC National Mass
Spectrometry Service at the University of Swansea. UV-vis spectra
were recorded at 25°C using a Varian model Cary 5 UV-vis-
NIR spectrophotometer, and a Perkin-Elmer 1600 spectrometer was
used for recording FTIR spectra (KBr disks). 1-(p-Tolylsulfonyl)-
1,4,7-triazacyclononane,17 N-(p-tolylsulfonyl)-aziridine,18 and 2,6-
diformyl-4-methyl-phenol19 were prepared as described in the

literature. All starting materials were obtained from Aldrich
Chemical Co. and were used without further purification.

Caution! The ZnII and PbII complexes of H2L were isolated in
the solid state as perchlorate salts. Although we worked with these
complexes on a small scale without any incident, the unpredictable
behavior of perchlorate salts necessitates extreme care in their
handling.

Synthesis of 1-(p-Tolylsulfonyl)-4,7-bis(2-aminoethyl-N-p-
tolylsulfonyl)-1,4,7- triazacyclononane (II).1-(p-Tolylsulfonyl)-
1,4,7-triazacyclononane (I ) (2.36 g, 8.7 mmol) was dissolved in
MeCN (100 cm3), and the resulting solution heated to reflux under
nitrogen. Subsequently, a solution ofN-(p-tolylsulfonyl)-aziridine
(3.46 g, 17.5 mmol) in acetonitrile (50 cm3) was added over a period
of 2 h. The resulting mixture was heated under reflux for a further
2 h. After cooling, the solvent was removed under reduced pressure
to yield a pale yellow solid (5.67 g, 8.36 mmol, yield 96.1%). Anal.
Found (Calcd for C31H43N5O6S3): C, 54.64 (54.92); H, 6.23 (6.39);
N, 10.14 (10.33); S, 14.10 (14.19). FAB mass spectrum (3-NOBA
matrix),m/z found: 700.3 and 678.3 for 700.9 [M+ Na+] and 677.9
[M], respectively.1H NMR (300 MHz, 298 K, CDCl3): δH 1.55
(NH, 2H, broad singlet), 2.40 (ArCH3, 6H, s), 2.44 (ArCH3, 3H,
s), 2.68-2.71 (NCH2 ring, 8H, m), 2.85 (NCH2CH2N arms, 4H,
m), 2.96 (ArNCH2 ring, 4H, t,J ) 5.67 Hz), 3.17 (ArNCH2 arms,
4H, m), 7.65 (ArH, 2 H, d,J ) 8.21 Hz), 7.31 (ArH, 2 H, d,J )
8.21 Hz), 7.77 (ArH, 4 H, d,J ) 7.86 Hz), 7.27 (ArH, 4 H, d,J )
7.86 Hz).13C NMR (75.4 MHz, 298 K, CDCl3): δC 21.48, 41.48,
54.25, 55.99, 56.23, 57.01, 127.24, 129.71, 136.91, and 144.24.

Synthesis of 1,4-Bis (2-aminoethyl)-1,4,7-triazacyclononane
(III). 1-(p-Tolylsulfonyl)-4,7-bis(2-aminoethyl-N-p-tolylsulfonyl)-
1,4,7-triazacyclononane (II ) (0.320 g, 1.23 mmol) was dissolved
in concentrated H2SO4 (40 cm3) and heated to 110°C under nitrogen
atmosphere for 72 h. After cooling, the dark solution was added
over a period of 1 h to amixture of diethyl ether and ethanol. The
solid formed was filtered, washed with ether, and dissolved in H2O.
The aqueous solution was then passed through an Amberlite IRA
416 column (30 g) activated with a 1 M solution of NaOH. The

(17) Sessler, J. L.; Sibert, J. W.; Lynch, V.Inorg. Chem.1990, 29, 4143-
4146.

(18) Bencini, A.; Fabbrizzi, L.; Poggi, A.Inorg. Chem.1981, 20, 2544-
2549.

(19) Lindoy, L. F.; Meehan, G. V.; Svenstrup, N.Synthesis1998, 1029-
1032.

Scheme 2. (i) TsN(CH2)2, MeCN, reflux 3 h; (ii), conc. H2SO4, 110 °C 72 h; (iii), amberlite IEA-416; (iv), 2,6-diformyl-4-methylphenol, MeOH,
reflux 2 h; (v), NaBH4/NaBH3CN, MeOH, r.t. 30 h
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solvent was removed under reduced pressure to yield a colorless
oil (1.01 g, 4.33 mmol, yield 91.7%). Anal. Found (Calcd for
C10H25N5‚H2O): C, 51.41 (51.47); H, 11.55 (11.66); N, 29.82
(30.01). EI mass spectrum,m/z found: 185.2, 168.2, 142.1, and
128.1 for 185.3 [M+ - CH2NH2], 169.2 [M+ - CH2NH2 - NH2],
141.1 [M+ - CH2CH2NH2 - CH2NH2], and 127.1 [M+ - 2CH2-
CH2NH2], respectively.1H NMR (300 MHz, 298 K, CDCl3): δH

2.08 (NH2, 4H, br), 2.56-2.65 (NCH2, 16 H, m), 2.74 (CH2NH2,
4 H, t, J ) 5.83 Hz).13C NMR (75.4 MHz, 298 K, CDCl3): δC

40.34 (NCH2CH2NH2), 46.78 (CH2HNCH2), 52.21, 53.72 (NCH2

ring), 61.29 (NCH2CH2NH2).
Synthesis of H2L1. A solution of 4,7-bis(2-aminoethyl)-1,4,7-

triazacyclononane (III ) (0.15 g, 0.64 mmol) in MeOH (10 mL)
was added dropwise to a solution of 2,6-diformyl-4-methylphenol
(0.105 g, 0.64 mmol) in MeOH (20 mL). The resulting solution
was heated under reflux for 2 h. After cooling, the solvent volume
was reduced, petroleum ether (40-60 °C) was added, and the
yellow solid which formed was filtered off and dried under reduced
pressure (0.182 g, 0.265 mmol, yield 82.6%). Anal. Found (Calcd
for C38H58N10O2): C, 66.15 (66.44); H, 8.39 (8.51); N, 20.24
(20.39). FAB mass spectrum (3-NOBA matrix)m/z, found: 709,
687 for [M + Na+] and [M], respectively.1H NMR (300 MHz,
298 K, CDCl3): δH 2.30 (ArCH3, 6 H, s), 2.55-2.72 (NCH2, 32
H, m), 3.47 (CH2NdC, 8 H, m), 7.36 (ArH, 4 H, s), 8.36 (NdCH,
4 H, s). 13C NMR (75.4 MHz, 298 K, CDCl3): δC 20.36, 47.18,
51.99, 53.95, 57.40, 58.40, 118.44, 125.40, 126.98, 130.75, 131.72,
157.09, and 165.59. IR (KBr disk)ν(cm-1): 2925s, 2852s, 1637s
and 1600s (νCdN), 1458s, 1384s, 1260m, 1101m, 1033m, and 804m.

Synthesis of H2L ‚4H2O. NaBH3CN (0.146 g, 2.33 mmol) and
NaBH4 (0.088 g, 2.33 mmol) were added in small portions to a
solution of H2L1 (0.400 g, 0.582 mmol) in MeOH (50 cm3). The
resulting mixture was stirred at room temperature for 30 h; the
solvent was then removed under reduced pressure, and the resulting
light brown solid was recovered with H2O (5 cm3). The solution
was basified to pH 14 with NaOH and extracted with ethyl acetate
(6 × 50 cm3). The collected organic fractions were dried over Na2-
SO4 and filtered. After removal of the solvent, the resulting pale
yellow solid was dried under reduced pressure (0.282 g, 0.406
mmol, yield 69.8%). Anal. Found (Calcd for C38H66N10O2‚4H2O):
C, 60.05 (59.50); H, 9.39 (9.72); N, 18.74 (18.26). FAB mass
spectrum (3-NOBA matrix),m/z found: 718, 696 for [M+ Na+]
and [M + H+], respectively.1H NMR (300 MHz, 298 K, CDCl3):
δH 2.19 (NCH2, 8 H, m), 2.26 (ArCH3, 6 H, s), 2.53-2.66 (NCH2,
40 H, m), 6.75 (ArH, 4 H, s). 13C NMR (75.4 MHz, 298 K,
CDCl3): δC 20.54 (ArCH3), 46.33 and 47.89 (CH2HNCH2), 50.59,
50.96, and 53.05 (NCH2), 57.59 (NCH2Ar), 124.30, 127.15, 128.32,
and 154.02, (C benzene ring). IR (KBr disk)ν(cm-1): 3205m,
2922m, 2858m, 1480s, 1385s, 1260m, 1120m, 868m, and 810m.

General Procedures for the Synthesis of Complexes.A mixture
of H2L‚4H2O (30 mg, 0.039 mmol) and the appropriate metal salt
(0.078 mmol) in MeCN (10 cm3) was stirred at room temperature
for 4 h. Crystalline solids were obtained by slow evaporation-
diffusion of Et2O vapor into concentrated solutions of the complexes
in MeCN.

[Cu2(L)](BF 4)2‚1/2MeCN (1).Anal. Found (Calcd for C39H65.5B2-
Cu2F8N10.5O2): C, 46.35 (46.19); H, 6.71 (6.51); N, 14.55 (14.50).
Electrospray mass spectrum,m/z: 907 for [63Cu2(L)(BF4)]+. IR
spectrum (KBr disk)ν(cm-1): 3310m, 3244m, 2928m, 2860m,
1475s, 1384s, 1260m, 1084s, 880m, 805m.

[Zn2(HL)](ClO 4)3‚1/2MeCN (2). Anal. Found (Calcd for C42H71-
Cl3N12O14Zn2): C, 41.78 (41.86); H, 6.10 (5.94); N, 14.11 (13.95).
Electrospray mass spectrum,m/z: 924 and 412 for [Zn2(L)(ClO4)]+

and{[Zn2(L)] 1/2}+, respectively. IR spectrum (KBr disk)ν(cm-1):

3240m, 2922m, 2870m, 1475s, 1386m, 1260m, 1148s, 1120s,
1190s, 875m, 797m, 630s.

[Cd2(L)](NO 3)2‚2MeCN (3). Anal. Found (Calcd for C42H70-
Cd2N14O8): C, 44.51 (44.88); H, 6.59 (6.28); N, 17.05 (17.45).
Electrospray mass spectrum,m/z: 980 and 459 for [112Cd2(L)-
(NO3)]+ and{[112Cd2(L)]1/2}+, respectively. IR spectrum (KBr disk)
ν(cm-1): 3264m, 2920m, 2851m, 1472m, 1384s, 1006w, 802w.

[Pb2(L)](ClO 4)2‚2MeCN (4). Anal. Found (Calcd for C42H70-
Cl2N12O10Pb2): C, 36.58 (36.34); H, 5.41 (5.08); N, 12.33 (12.11).
Electrospray mass spectrum,m/z: 1307, 1207, and 554; for [207Pb2-
(HL)(ClO4)2]+, [207Pb2(L)(ClO4)]+, and {[207Pb2(L)] 1/2}+, respec-
tively. IR spectrum (KBr disk)ν(cm-1): 3210m, 2920m, 2860m,
1470s, 1386m, 1300m, 1260m, 1110s, 1090s, 870m, 795m, 628s.

Potentiometric Measurements.All the pH metric measurements
were carried out at 298.1 K in degassed 0.1 M Me4NCl aqueous
solutions, using equipment and procedures which have already been
described.20 The combined Ingold 405 S7/120 electrode was
calibrated as a hydrogen concentration probe by titrating known
amounts of HCl with CO2-free Me4NOH solutions and determining
the equivalent point by Gran’s method21 which allows one to
determine the standard potentialE°, and the ionic product of water
(pKw ) 13.83(1) at 298.1 K in 0.1 M Me4NCl). At least three
potentiometric titrations were performed for each system in the pH
range 2.5-11.0. A standard ligand concentration ([H2L] ) 1.0 ×
10-3 M) was adopted for all complexation experiments, while metal
concentration was varied from [M2+] ) 0.8 × 10-3 M to 1.8 ×
10-3 M. The relevant emf data were analyzed using the computer
program HYPERQUAD.22 All titrations were treated either as single
sets or as separate entities for each system without significant
variation in the values of the determined constants. In the
HYPERQUAD program, the sum of the weighted square residuals
on the observed emf values is minimized. The weights were derived
from the estimated errors in emf (0.2 mV) and titrant volume (0.002
cm3). The most probable chemical model was selected by following
a strategy based on the statistical inferences applied to the variance
of the residuals,σ2. The sample standard deviation should be 1, in
the absence of systematic errors and when a corrected weighting
scheme is used. However, the agreement is considered good for
standard deviation values smaller than 3 (σ2 < 9). Values ofσ2

lower than 6 were obtained for all the refined equilibrium models
in the present works. If more than one model gave acceptableσ2,
the reliability of the proposed speciation models was checked by
performingF tests at the 0.05 confidence level, using the method
reported in ref 23 for two different proposed models, A and B.
Assuming that the minimum value of the sample variance,σA

2,
has been reached for the proposed model A, an alternative model
B, which supplies a value of the varianceσB

2 was rejected ifσB
2/

σA
2 > F, whereσA and σB are given directly by data treatment

with the HYPERQUAD22 program. TheF values were taken from
ref 23a. For all the systems investigated, this method leads to define
univocally one acceptable system.

Spectrophotometric Measurements.Spectrophotometric titra-
tions were carried out at 298.1 K in 0.1 M Me4NCl aqueous
solutions, using a Perkin-Elmer Lambda 9 spectrophotometer. HCl

(20) Bazzicalupi, C.; Bencini, A.; Fusi, V.; Giorgi, C.; Paoletti, P.;
Valtancoli, B. Inorg. Chem.1998, 37, 941-948.

(21) Gran, G.Analyst (Cambridge, U.K.)1952, 77, 661-663.
(22) Gans, P.; Sabatini, A.; Vacca, A.Talanta1996, 43, 1739-1753. Gans,

P.; Sabatini, A.; Vacca, A.J. Chem. Soc., Dalton Trans.1985, 1195-
1200.

(23) (a) Hamilton, W. C.Statistics in Phisycal Chemistry; The Ronald Press
Company: New York, 1964. (b) Bologni, L.; Sabatini, A.; Vacca, A.
Inorg. Chim. Acta1983, 69, 71-75.
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and Me4NOH were used to adjust the pH that was measured using
a Metrohm 713 pH meter. The pKa values for deprotonation of the
complex [Pb2(H2L)] 4+ were obtained from the spectrophotometric
titration curve by data treatment with the HYPERQUAD22 program.

Crystallography. A summary of the crystal data and refinement
details for the compounds discussed in this chapter is given in Table
1. Data for [H8L](ClO4)6‚8H2O and [Pb2(L)](ClO4)2‚2MeCN were
collected on a Bruker SMART APEX CCD area detector diffrac-
tometer equipped with an Oxford Cryosystems open-flow cryostat24

using graphite-monochromated Mo KR radiation (λ ) 0.71073 Å).
Data for [Cu2(L)](BF4)2‚1/2MeCN were collected on a similarly
equipped Bruker SMART 1K CCD area detector diffractometer
using synchrotron radiation (λ ) 0.6861 Å) on station 9.8 of the
Daresbury SRS. Data for [Zn2(HL)](ClO4)3‚1/2MeCN were collected
on a similarly equipped Nonius Kappa CCD area detector diffrac-
tometer using graphite-monochromated Mo KR radiation. Semiem-
pirical absorption corrections based on equivalent reflections were
applied.

With the exception of [Pb2(L)](ClO4)2‚2MeCN, where the
structure was solved using heavy atom methods, all the structures
were solved by direct methods.25 The structures were completed
by iterative cycles of full-matrix least-squares refinement and∆F
syntheses. All non-H atoms, except for those in disordered groups,
were refined anisotropically. All H atoms were placed in calculated
positions and refined using a riding model.26 The H atoms on the
water molecules in [H8L](ClO4)6‚8H2O were not located. Two of
the oxygen atoms [O(7) and O(8)] in one perchlorate anion in [H8L]-
(ClO4)6‚8H2O were each found to be equally disordered over two
sites. In [Zn2(HL)](ClO4)3‚1/2MeCN, one H atom was located in a
difference map lying between the two symmetry-related phenolic
oxygens of the ligand; this situation was modeled as two mutually
exclusive half-occupied positions for the H atom involved, which
was restrained to lie 0.82(1) Å from O(22). One of the three
perchlorate anions in [Zn2(HL)](ClO4)3‚1/2MeCN was found to be
disordered across a crystallographic inversion center. The disorder
was modeled by two independent, half-occupied positions for each
of the two unique oxygen atoms. During refinement, appropriate
restraints were also applied to the B-F distances and F-B-F

angles in [Cu2(L)](BF4)2‚1/2MeCN, and to the Cl-O distances and
O-Cl-O angles in the other structures.

Results and Discussion

Synthesis and X-ray Structural Analysis of H2L. At-
tempts to prepare metal-free compartmental ligands by
reaction of 2,6-diformyl-4-substituted phenols with 1,n-
diamines under a variety of conditions and in a variety of
solvents generally fail to afford the required cyclized ligand.
However, the direct [2+ 2] Schiff-base condensation of 1
molar equiv of 1,4-bis(2-aminoethyl)-1,4,7-triazacyclononane
(III ) with 1 molar equiv of 2,6-diformyl-4-methylphenol in
MeOH affords, after partial removal of the solvent and
addition of petroleum ether, the cofacial macropolycycle
H2L1 in 82.6% yield as demonstrated by1H and13C NMR
spectroscopy, and FAB mass spectrometry (Scheme 2).16,27

LigandIII was synthesized in overall 88% yield by reaction
of 1-(p-tolylsulfonyl)-1,4,7-triazacyclononane (I ) with 2
equiv ofN-(p-tolylsulfonyl)-aziridine, with subsequent deto-
sylation of the resulting productII using concentrated sulfuric
acid. The reduction of H2L1 was achieved in 70% yields
using a mixture of sodium cyanoborohydride and sodium
borohydride in MeOH to give H2L‚4H2O.

Light yellow platy crystals corresponding to the formula-
tion [H8L](ClO4)6‚8H2O were grown by slow evaporation
of an aqueous solution of H2L‚4H2O saturated with NaClO4
and containing a drop of concentrated HClO4. An X-ray
structure determination confirmed the formation of the cation
[H8L]6+, which lies across a crystallographic inversion center
and has all six secondary N-donors protonated (Figure 1).
The intramolecular distances and angles are typical of this
type of ionophore and the crystal packing involves extensive
hydrogen bonds between the perchlorate counteranions, the
water molecules, the protonated secondary amines, and the
phenolic OH groups. The tertiary amines of the [9]aneN3

moieties and the secondary amines adjacent to the benzyl
(24) Cosier, J.; Glazer, A. M.J. Appl. Crystallogr.1986, 19, 105-107.
(25) Sheldrick, G. M.Acta Crystallogr., Sect. A1990, 46, 467-473.
(26) Sheldrick, G. M.SHELXL-97; Universität Göttingen: Göttingen,

Germany, 1997.
(27) Tei, L.; Blake, A. J.; Wilson, C.; Schro¨der, M.J. Chem. Soc., Dalton

Trans.2002, 1247-1249.

Table 1. Selected Crystallographic Data for the Single Crystal Structure Determinations of [H8L](ClO4)6‚8H2O, [Cu2(L)](BF4)2‚1/2MeCN (1),
[Zn2(HL)](ClO4)3‚1/2MeCN (2), and [Pb2(L)](ClO4)2‚2MeCN (4)

[H8L](ClO4)6‚8H2O [Cu2(L)](BF4)2‚1/2MeCN [Zn2(HL)](ClO4)3‚1/2MeCN [Pb2(L)](ClO4)2‚2MeCN

formula C38H88Cl6N10O34 C39H65.5B2Cu2F8N10.5O2 C42H71Cl3N12O14Zn2 C42H70Cl2N12O10Pb2

M/g mol-1 1441.88 1014.22 1205.20 1388.38
cryst syst monoclinic orthorhombic monoclinic triclinic
space group P21/n (No.14) Fdd2 (No. 43) P21/n (No. 14) P1h (No. 2)
a/Å 13.457(2) 28.064(3) 12.433(2) 10.0027(7)
b/Å 8.282(2) 48.112(5) 13.414(2) 10.7873(8)
c/Å 29.319(5) 15.996(2) 15.575(2) 12.5946(9)
R/deg 102.819(2)
â/deg 102.796(4) 100.734(2) 106.811(2)
γ/deg 97.918(2)
U/Å3 3186.5(11) 21598(4) 2552.1(6) 1238.44(15)
T/K 150(2) 150(2) 120(2) 150(2)
Z 2 16 2 1
Dc/g cm-3 1.503 1.269 1.568 1.862
µ/mm-1 0.368 0.855 1.173 6.964
unique reflns,Rint 6237,s 3964, 0.058 4425, 0.063 5566, 0.031
obsd reflns 2259 [Fo g 4σ(Fo)] 3295 [Fo g 4σ(Fo)] 3437 [Fo g 4σ(Fo)] 5295 [Fo g 4σ(Fo)]
R1,a wR2b (all data) 0.0796, 0.232 0.0766, 0.218 0.0608, 0.170 0.0368, 0.0795

a R1 ) ∑||Fo| - |Fc||/∑|Fo|. b wR2 ){∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2]}1/2.
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rings are approximately coplanar, with the two aromatic rings
located above and below this plane and almost parallel to it.
The distances between the centers of the two [9]aneN3

cavities and the centers of the phenolic rings are 8.27 and
9.09 Å, respectively, affording an approximately square
macrocyclic cavity for [H8L]6+. Despite these dimensions,
only two water molecules sit within the macrocyclic cavity
of [H8L]6+ in [H8L](ClO4)6‚8H2O; all the other water
molecules and the perchlorate anions lie outside the ring
cavity.

Ligand Protonation. Ligand protonation was studied by
means of potentiometric and UV spectrophotometric mea-
surements, and the results are summarized in Table 2 and
Figure 2. H2L binds up to seven protons in the pH range
2.5-10.5. Two further equilibria, relative to ligand depro-
tonation (H2L h HL- + H+ and HL- h L2- + H+), take
place at pH> 10.5. In this case, however, the potentiometric
measurements do not permit the calculation of protonation
constant for a single protonation step, probably due to the
two protonation constants being almost equal, and only the
global constant relative to the equilibrium L2- + 2H+ h
H2L was determined (logK ) 21.9, Table 2).

The most interesting findings in Table 2 are the remarkably
high values of the first four basicity constants (>10 log
units). It is known that the protonation constants ofp-
cresolate groups are generally higher than 10 log units,28 thus
suggesting that two of the first four protonation steps of the
ligand involve the twop-cresol functions. On the other hand,

as observed for phenol orp-cresol alone, deprotonation of
the Ar-OH group gives rise to a 12 nm red-shift of the UV
band from 282 nm (ε ) 4490 dm3 mol-1 cm-1 at pH 9) to
294 nm, accompanied by a marked increase of the absor-
bance (ε ) 5950 dm3 mol-1 cm-1 at pH 12). As shown in
Figure 2, this occurs with the formation of the deprotonated
species L2- above pH 10.8, indicating that the first two
protonation equilibria in Table 2 involve thep-cresol
functions. In polyamine macrocycles containing one or two
phenol groups, protonation of phenolate functions generally
takes place among the first protonation steps.11-13,29In some
cases, however, it has been found that the third or fourth
equilibrium involves protonation of phenolate groups with
the ligands in zwitterionic forms. For instance, in the case
of the two macrocycles 1,4,7,10-tetraaza[12](2,6)phen-
olphane (HL2) and 1,4,7,10,13-pentaaza[15](2,6)phenolphane
(HL3) (Scheme 3), which contain respectively, a tetraamine
and a pentaamine chain linking the 2,6 positions of a single
phenol group, protonation of the phenolate function occurs
as the fourth protonation step, due to the involvement of the
phenolate group in the stabilization, via H-bonding, of the
acidic protons bound to vicinal ammonium groups.29 In our
case, the particular molecular topology of L2- and its high
flexibility probably do not allow hydrogen bond interactions
between thep-cresolate unit and the amine groups, leading
to a different protonation pattern and to the existence of H2L
in solution in its non-zwitterionic form. The basicity of H2L,
instead, seems to be parallel to that observed for the ditopic
macrocycle 3,6,9,17,20,23-hexaaza-29,30-dihydroxy-13,27-
dimethyl-tricyclo[23,3,111,15]triaconta-1(28),11,13,15(30),25,-
26-hexaene (H2L4, Scheme 3),11 which contains two triamine
subunits linked by twop-cresol moieties. In this case, the
first two protonation steps of [L4]2- involve the Ar-O-

groups.11 The fact that in both L2- and [L4]2- the Ar-O-

groups are more basic than amine groups is probably related
to the enhanced basicity of thep-cresolate group with respect

(28) Smith, R. M.; Martell, A. E.NIST Stability Constants Database,version
4.0; National Institute of Standards and Technology: Washington, DC,
1997.

(29) Dapporto, P.; Formica, M.; Fusi, V.; Micheloni, M.; Paoli, P.;
Pontellini, R.; Romani, P.; Rossi, P.Inorg. Chem. 2000, 39, 2156-
2163.

Figure 1. View of the [H8L]6+ cation in [H8L](ClO4)6‚8H2O with the
numbering scheme adopted. Perchlorate anions and water molecules have
been omitted for clarity. Displacement ellipsoids are drawn at 50%
probability.

Table 2. Protonation constants of H2L (298.1 K, 0.1 M Me4NCl)

reaction logK

L2- + 2H+ h H2L 21.9(2)
H2L + H+ h [H3L]+ 10.9(1)
[H3L]+ + H+ h [H4L]2+ 10.4(1)
[H4L]2+ + H+ h [H5L]3+ 9.0(1)
[H5L]3+ + H+ h [H6L]4+ 7.9(1)
[H6L]4+ + H+ h [H7L]5+ 5.7(1)
[H7L]5+ + H+ h [H8L]6+ 4.5(1)
[H8L]6+ + H+ h [H9L]7+ 1.8(1)

Figure 2. Absorbance at 294 nm (b) and distribution curves of the
protonated forms of the ligand H2L (s) as a function of pH (298.1 K, 0.1
M Me4NCl, [H2L] ) 1.6 × 10-4 M).
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to phenolate one,28 due to theσ-donating properties of the
methyl group in the former. Interestingly, Schro¨der and co-
workers have reported the X-ray crystal structure of the PF6

-

salt of a structural analogue of H2L4 (Scheme 3) having two
diimino-(p-cresol) fragments linked by-CH2CH2- bridges
in which the twop-cresolate groups are H-bonded to the
vicinal protonated imine nitrogens.8

For L2-, the third and fourth protonation steps take place
on amine groups. The values found for these protonation
equilibria are higher than those generally found for secondary
and tertiary amine groups but are not unusual for a
macropolycyclic amine, where the acidic protons can be
encapsulated within the macrocyclic cavity and participate
in stabilizing hydrogen-bond networks.30 The similar values
of these two protonation constants suggest that the third and
fourth protonation steps occur on the two separated 1,4-bis-
(2-aminoethyl)-1,4,7-triaazacyclononane units. Similar con-
siderations apply to subsequent protonation equilibria, leading
to the conclusion that in the cationic species [H8L]6+ the six
positively charged ammonium groups are equally distributed
between the two pentaamine compartments of the ligand.
Thus, [H8L]6+ contains six NH2+ functions separated by an
unprotonated amine group. Such a disposition would reduce
the electrostatic repulsion between the charged ammonium
functions. This suggestion is corroborated by the crystal
structure of [H8L](ClO4)6‚8H2O, which shows protonation
of all six secondary amines in the ligand H2L. The further
protonation steps occur on amine groups adjacent to already
protonated nitrogens, thus increasing the electrostatic repul-
sion between the NH2+ groups and decreasing the stability

of the corresponding protonated species. The low value of
the ninth protonation constant of L2- (log K ) 1.8, see Table
2) and the fact that further protonation steps are not observed
in the pH range investigated support the proposed proton
distribution.

Metal Complexation in Aqueous Solution. Although
complexation in aqueous solution of transition and post
transition metals by polyamine ligands incorporating phenol
functions has been widely investigated,11-13,28,31very little
data are available on the stability in aqueous solutions of
complexes with ligands displaying a macropolycyclic struc-
ture.32 The particular molecular architecture of H2L, in which
the 1,4-bis(2-aminoethyl)-1,4,7-triaazacyclononane moieties
are linked by twop-cresol units, prompted us to carry out a
potentiometric study of the complexation of CuII, ZnII, CdII,
and PbII (Figure 3). The stability constants of the complexes,
determined in aqueous solutions containing 0.1 M Me4NCl,
are reported in Table 3. The potentiometric measurements
were generally carried out in the pH range 2.5-11; in the
case of PbII the pH range investigated was 2.5-7.5, as the
complex would precipitate from alkaline solutions. The
ligand shows a similar coordination behavior toward the
different metal ions, giving rise to stable mono- and binuclear
metal complexes.

The mononuclear species [M(L)] (M) CuII, ZnII, CdII,
or PbII) forms several protonated complexes in aqueous
solution (Table 3). The complex [Pb(L)] can bind up to four
protons, while the remaining mononuclear complexes can
also form pentaprotonated species. The protonation constants
for the complexes [M(L)] are generally high, the first three
protonation constants being only 1-2 log units lower than
the corresponding basicity constants of H2L alone (see Tables
2 and 3). High values for the protonation constants of metal
complexes are usually ascribed to protonation of uncoordi-
nated donor atoms which are remote from the metal center.
This behavior is typical of ditopic polyamine macrocycles,
which display two well-separated binding sites. In other
words, in the complexes [M(L)] the metal resides in one of
the two 1,4-bis(2-aminoethyl)-1,4,7-triaazacyclononane moi-
eties, while the other, which is not involved in binding to
the metal, can be readily protonated. Unfortunately, the
presence in solution of both mono- and binuclear complexes,
which are formed even with a metal to ligand molar ratio of
1:1, does not allow a reliable spectroscopic characterization
of these mononuclear complexes. However, the present
complexes [M(L)] are much more stable than the corre-
sponding complexes with 1,4-bis(2-aminoethyl)-1,4,7-tri-
azacyclononane (III ); for example, logK ) 30.1 and 23.8
for the CuII complexes with L2- and withIII , respectively.33

(30) Bencini, A.; Bianchi, A.; Garcia-Espan˜a, E.; Micheloni, M.; Ramirez,
J. A.; Coord. Chem. ReV. 1999, 188, 97-156.

(31) Guerriero, P.; Tamburini, S.; Vigato, P. A.Coord. Chem. ReV. 1995,
139, 17-243.

(32) To our knowledge, the stability data for metal coordination by
macropolycycles are very rare and limited to small, lithium-selective
aza-cryptands: (a) Dapporto, P.; Formica, M.; Fusi, V.; Giorgi, L.;
Micheloni, M.; Pontellini, R.; Paoli, P.; Rossi, P.Eur. J. Inorg. Chem.
2001, 1763-1774. (b) Micheloni, M.; Formica, M.; Fusi, V.; Romani,
P.; Pontellini, R.; Dapporto, P.; Paoli, P.; Rossi, P.; Valtancoli, B.
Eur. J. Inorg. Chem. 2000, 51-57.

(33) Tei, L.; Bencini, A.; Blake, A. J.; Lippolis, V.; Perra, P.; Valtancoli,
B.; Wilson, C.; Schro¨der, M.J. Chem. Soc., Dalton Trans.,submitted.
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At the same time, the present mononuclear complexes [M(L)]
are far more stable than the corresponding complexes with
the ditopic macrocycles 3,6,9,17,20,23-hexaaza-29,30-dihy-
droxy-13,27-dimethyl-tricyclo[23,3,111,15]triaconta-1(28),11,-
13,15(30),25,26-hexaene (H2L4) and 3,6,10,18,22,25-hexaaza-
31,32-dihydroxy-14,29-dimethyl-tricyclo[25,3,111,17]dotriaconta-
1(30),12,14,16(32),27,28-hexaene (H2L5) (Scheme 3),11,12

each of which contains two triamine moieties linked by two
p-cresol units. In the mononuclear complexes with these latter
ligands, it has been proposed that deprotonatedp-cresol

functions are involved in metal coordination. The remarkably
higher stability of [M(L)] may suggest that, together with
the larger number of nitrogen donors available for metal
binding, the involvement of deprotonatedp-cresol functions
in metal coordination also contributes to the stabilization of
the mononuclear [M(L)] species.

As usually found with ditopic macrocyclic ligands, the
mononuclear complexes show a marked tendency to encap-
sulate a second metal ion in aqueous solutions, to give stable
binuclear complexes. For all the systems investigated,
binuclear species are largely prevalent from slightly acidic
to alkaline pH values in aqueous solutions containing the
ligand and the metal ion in 1:2 molar ratio (Figure 3).
Protonated mononuclear complexes are only present at acidic
pH, and then only in low concentrations.

In the case of CuII and ZnII, the formation of the binuclear
complexes [M2(H2L)] 4+ with the neutral ligand H2L at
slightly acidic pH is followed by deprotonation of the Ar-
OH functions in neutral or weakly basic solutions to give
the species [M2(HL)] 3+ and [M2(L)] 2+, respectively. Depro-
tonation of thep-cresol groups is confirmed by analysis of
the UV spectra of the complexes recorded at different pH
values. As already observed for the deprotonation of the H2L
ligand alone, the formation of the deprotonated complexes
[M2(HL)] 3+ and [M2(L)] 2+ is accompanied by a red shift of
the UV band of thep-cresol group (ca. 7 nm) and by a
simultaneous increase of the molar absorbance. For instance,
in the case of the ZnII complexes, the UV band at 285 nm
for [Zn2(H2L)] 4+ (pH 6.3) shifts to 292 nm upon formation
of the [Zn2(L)] 2+ species at pH 10.5. The pH dependence of
the absorbance at 292 nm for the ZnII/H2L system is
illustrated in Figure 4; comparison of the UV data points
with the distribution curves of the binuclear ZnII complexes
shows a clear increase of the absorbance upon the formation
of the two deprotonated species [Zn2(HL)]3+ and [Zn2(L)]2+.
The most interesting finding is the extremely facile depro-
tonation of thep-cresol functions, which occurs, in the
absence of metal cations, only at strongly alkaline pH (see
above). The first deprotonation process takes place in slightly
acidic solution in the case of the CuII complex (pKa ) 5.8
for the equilibrium [Cu2(H2L)]4+ h [Cu2(HL)]3+ + H+), and
at almost neutral pH in the case of ZnII complex (pKa ) 7.3
for the equilibrium [Zn2(H2L)]4+ h [Zn2(HL)]3+ + H+). The
second deprotonation process occurs at slightly alkaline pH,
with pKa values of 8.0 and 9.0 for the equilibria [Cu2(HL)]3+

h [Cu2(L)] 2+ + H+ and [Zn2(HL)] 3+ h [Zn2(L)] 2+ + H+,

Figure 3. Distribution diagram for the MII/H2L systems with M) Cu
(a), Zn (b), Cd (c), and Pb (d). (Ligand to metal 1:2 molar ratio, [H2L] )
1.0 × 10-3 M, MII ) 2.0 × 10-3 M, 298.1 K, 0.1 M Me4NCl.)

Table 3. Stability Constants of the H2L Complexes with CuII, ZnII,
CdII, and PbII (298.1 K, 0.1 M Me4NCl)

reaction CuII ZnII CdII PbII

M2+ + L2- h ML 30.1(1) 20.2(1) 19.7(1) 18.0(1)
ML + H+ h [M(HL)] + 10.4(1) 10.7(1) 10.1(1) 9.6(1)
[M(HL)] + + H+ h [M(H2L)]2+ 9.3(1) 9.6(1) 9.0(1) 9.5(1)
[M(H2L)]2+ + H+ h [M(H3L)]3+ 8.0(1) 8.5(1) 8.8(1) 8.3(1)
[M(H3L)]3+ + H+ h [M(H4L)]4+ 5.9(1) 6.3(1) 6.1(1) 7.4(3)
[M(H4L)]4+ + H+ h [M(H5L)]5+ 3.1(1) 5.2(1) 4.9(1)
ML + M2+ h [M2(L)] 2+ 18.0(1) 12.3(1)
[M2(L)] 2+ + H+ h [M2(HL)]3+ 8.0(1) 9.0(1)
2M2+ + L2- + H+ h [M2(HL)]3+ 35.3(1) 35.5(1)
[M2(HL)]3+ + H+ h [M2(H2L)] 4+ 5.8(1) 7.3(1) 9.2(1) 8.1(1)
[M2(H2L)] 4+ + H+ h [M2(H3L)] 5+ 6.1(1)
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respectively. Such behavior is indicative of a metal-assisted
deprotonation process; i.e., the formation of the [M2(HL)] 3+

and [M2(L)] 2+ complexes implies that the Ar-OH functions
simultaneously undergo deprotonation and binding to the
metal ions. This feature is confirmed by the crystal structure
of the complex [Cu2(L)] 2+, which shows both thep-cresol
groups in the deprotonated form, each strongly interacting
with one CuII ion, and by the structure of the [Zn2(HL)] 3+

complex in which only one of the twop-cresol groups is
deprotonated (see below).

The binuclear CdII complex shows a somewhat different
behavior. As shown in Figure 3c, the formation of the first
deprotonated species, [Cd2(HL)] 3+, takes place above pH 8
(pKa ) 9.2), while the formation of the completely depro-
tonated complex [Cd2(L)] 2+ is not observed in the pH range
investigated (2.5-10.5). Given the softer and less acidic
nature of the CdII ion, it is not surprising that it behaves
differently from ZnII. However, the formation of [Cd2(HL)]3+

is again accompanied by a 6 nm redshift in the UV band of
p-cresol and by an increase of the absorbance, indicating
that deprotonation of the phenolic group has accompained
metal complexation.

Coordination of PbII by H2L was investigated only in the
pH range 2.5-7.5: under the conditions used for potentio-
metric measurements (ligand and metal concentrations 1.0
× 10-3-2.0× 10-3 M), the PbII complex precipitates from
alkaline solutions. In the lower pH range, only a small
amount of the binuclear species [Pb2(HL)] 3+ is formed. We
sought therefore to study the deprotonation processes for the
species [Pb2(H2L)] 4+ by recording UV spectra at different
pH values. The UV spectrum at pH 7, where the protonated
binuclear complex [Pb2(H2L)] 4+ is the predominant species
in solution (see Figure 3d), displays a band at 282 nm. Once
again, a red shift is observed with increasing pH, withλmax

) 290 at pH 10: Figure 5 illustrates the pH dependence of
the absorbance at 290 nm in the pH range 6-10.8. Interest-
ingly, two distinct increases in the absorbance can be
identified in the pH ranges 7-8.5 and 9-10.5, respectively,
and these can be attributed to the two successive deproto-
nation steps of the [Pb2(H2L)] 4+ complex to give the species

[Pb2(HL)] 3+ and [Pb2(L)] 2+. pKa values of 8.0( 0.1 and 9.5
( 0.1 for the equilibria [Pb2(H2L)] 4+ h [Pb2(HL)] 3+ + H+

and [Pb2(HL)] 3+ h [Pb2(L)] 2+ + H+, respectively, were
obtained by treatment of the spectrophotometric data with
the HYPERQUAD program.22 The value of the first depro-
tonation constant is equal, within the experimental error, to
that found by means of potentiometric measurements (8.1
( 0.1 log units, Table 3).

Crystal Structures of [Cu2(L)](BF 4)2‚1/2MeCN (1), [Zn2-
(HL)](ClO 4)3‚1/2MeCN (2), and [Pb2(L)](ClO 4)2‚2MeCN
(4). The complexation ability of H2L toward CuII, ZnII, CdII,
and PbII was also investigated in the solid state. Binuclear
complexes corresponding to the formulation [Cu2(L)](BF4)2‚
1/2MeCN (1), [Zn2(HL)](ClO4)3‚1/2MeCN (2), [Cd2(L)](NO3)2‚
2MeCN (3), and [Pb2(L)](ClO4)2‚2MeCN (4) were obtained
in good yields from the reaction of H2L with the appropriate
metal salt in MeCN at room temperature. Crystals suitable
for X-ray diffraction analysis were obtained for1, 2, and4
by slow diffusion of Et2O vapor into MeCN solutions of the
microcrystalline products.

A single-crystal X-ray structure determination on the
binuclear complex [Cu2(L)](BF4)2‚1/2 MeCN (1) shows each
CuII ion bound to an N4O donor set within a slightly distorted
square-based pyramidal environment (Figure 6, Table 4). For
each metal ion, the basal positions of the pyramidal
coordination sphere are occupied by the two tertiary N-
donors of the [9]aneN3 moiety [Cu-N 2.016(12)-2.102(12)
Å], by one secondary N-donor from the aliphatic chain of
the macropolycyclic ligand [Cu-N 2.008(12), 2.008(13) Å],
and by onep-cresolate oxygen [Cu-O 1.909(9), 1.910(9)
Å]. The two metal centers [Cu(1) and Cu(2) in Figure 6],
are displaced out of the mean N3O coordination planes by
0.090 and 0.110 Å for Cu(1) and Cu(2), respectively, in the
direction of the apical secondary N-donors N(7) and N(32),
respectively [Cu-N 2.283(10) 2.312(11) Å]. The overall N5O
coordination around each metal center is completed by a long
interaction involving the remaining two secondary N-donors
of the anionic macropolycyclic ligand L2- [Cu(1)-N(12)

Figure 4. Absorbance at 292 nm (b) and distribution curves of the ZnII

complexes (s) as a function of pH (298.1 K, 0.1 M Me4NCl, [H2L] ) 1.6
× 10-4 M, [ZnII] ) 3.2 × 10-4 M).

Figure 5. Absorbance at 290 nm (b) of the PbII complexes with H2L and
distribution curves of the dinuclear PbII complexes (calculated on the basis
of the pKa values derived from spectrophotometric measurements,s) as a
function of pH (298.1 K, 0.1 M Me4NCl, [H2L] ) 4.8× 10-5 M, [PbII] )
9.6 × 10-5 M).
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2.597(10) Å, Cu(2)-N(37) 2.593(11) Å, N(7)-Cu(1)-N(12)
156.3(4)°, N(32)-Cu(2)-N(37) 157.4(5)°] (see Figure 6).

The two N5O-donating compartments of the macropoly-
cycle act, therefore, as isolated donor sets with thep-cresolate
oxygens not bridging metal ions. In fact, each O-donor is
involved in a strong hydrogen bond [H(12)‚‚‚O(21) 2.31 Å,
N(12)-H(12)‚‚‚O(21) 133°; H(37)‚‚‚O(46) 2.21 Å, N(37)-
H(37)‚‚‚O(46) 132°] with the secondary N-donor from the
adjacent N5O-donating compartment that weakly interacts
with the metal center, thereby forming two S1

1(6) rings
(Figure 6).34 These intramolecular hydrogen bonds force the
donor atoms of the anionic ligand L2- to assume a peculiar
disposition with thep-cresolate oxygens twisted in opposite
directions [twist angle 73.8°] and each pointing toward an
individual metal ion. As a result, thep-cresolate O-donors
cannot bridge the CuII centers, which are, therefore, segre-

gated within their own N5O-donor compartments [Cu‚‚‚Cu
distance 5.954 (2) Å]. Interestingly, the mean planes of the
two benzene rings of the macropolycycle are almost parallel,
but quite distant from each other, with a perpendicular
distance of 3.909(4) Å. This might reflect the greater
flexibility of L 2- as compared to [L1]2-; indeed, in the crystal
structure of the binuclear complex [Cd2(L1)](NO3)2‚2MeOH,
the twop-cresolate rings are involved in a moderately strong
face to faceπ-π interaction characterized by a perpendicular
distance of 3.342(4) Å between the mean planes of the
aromatic rings.16

The single-crystal X-ray structure determination of [Zn2-
(HL)](ClO4)3‚1/2MeCN (2) reveals the complex cation [Zn2-
(HL)]3+ lying across a crystallographic inversion center. Each
ZnII ion is six-coordinate and bound by an N5O donor set
within a slightly distorted octahedral environment (Figure
7, Table 5). Only one of the two Ar-OH groups of the
starting ligand is deprotonated in2 and is involved in a strong
intramolecular hydrogen-bond with the remaining-OH
function [O(21)‚‚‚O(21i) 2.415(7) Å, i) 2 - x, 2 - y, 1 -
z] to form two adjacent S11(8) rings,34 each of which includes
one of the ZnII ions (Figure 7).

Thus, thetwoN5O-donatingcompartmentsof themacropoly-
clic anion HL-, although acting as isolated donor sets, are
connected by an unusual Zn-O‚‚‚H-O-Zn bridge with a
Zn‚‚‚Zn distance of 5.572(1) Å. The intramolecular O(21)-
H‚‚‚O(21i) hydrogen-bond (Figure 7) and the coordination

(34) Bernstein, J.; Davis, R. E.; Shimoni, L.; Chang, N.-L.Angew. Chem.,
Int. Ed. Engl.1995, 34, 1555-1573.

Figure 6. View of the [Cu2(L)]2+ complex cation in1 with the numbering
scheme adopted. The BF4

- anions and the hydrogen atoms not involved in
hydrogen bonding have been omitted for clarity. Displacement ellipsoids
are drawn at 30% probability.

Table 4. Selected Bond Lengths (Å) and Angles (deg) for
[Cu2(L)](BF4)2‚1/2MeCN (1)

Cu(1)-N(1) 2.102(12) Cu(2)-N(23) 2.008(12)
Cu(1)-N(4) 2.016(12) Cu(2)-N(26) 2.043(12)
Cu(1)-N(7) 2.283(10) Cu(2)-N(29) 2.063(13)
Cu(1)-N(12) 2.597(10) Cu(2)-N(32) 2.312(11)
Cu(1)-N(48) 2.008(13) Cu(2)-N(37) 2.593(11)
Cu(1)-O(46) 1.909(9) Cu(2)-O(21) 1.910(9)

N(1)-Cu(1)-N(4) 85.2(5) N(23)-Cu(2)-N(26) 86.9(5)
N(1)-Cu(1)-N(7) 81.4(4) N(23)-Cu(2)-N(29) 166.3(5)
N(1)-Cu(1)-N(12) 75.2(4) N(23)-Cu(2)-N(32) 106.7(5)
N(1)-Cu(1)-N(48) 167.2(5) N(23)-Cu(2)-N(37) 95.6(4)
N(1)-Cu(1)-O(46) 97.5(4) N(23)-Cu(2)-O(21) 91.9(4)
N(4)-Cu(1)-N(7) 82.2(4) N(26)-Cu(2)-N(29) 85.0(5)
N(4)-Cu(1)-N(12) 99.3(4) N(26)-Cu(2)-N(32) 80.9(5)
N(4)-Cu(1)-N(48) 86.5(5) N(26)-Cu(2)-N(37) 97.5(4)
N(4)-Cu(1)-O(46) 177.3(5) N(26)-Cu(2)-O(21) 178.3(4)
N(7)-Cu(1)-N(12) 156.3(4) N(29)-Cu(2)-N(32) 82.9(5)
N(7)-Cu(1)-N(48) 107.2(5) N(29)-Cu(2)-N(37) 74.6(4)
N(7)-Cu(1)-O(46) 98.7(4) N(29)-Cu(2)-O(21) 95.9(4)
N(12)-Cu(1)-N(48) 96.5(4) N(32)-Cu(2)-N(37) 157.4(5)
N(12)-Cu(1)-O(46) 81.0(3) N(32)-Cu(2)-O(21) 100.6(4)
N(48)-Cu(1)-O(46) 90.8(5) N(37)-Cu(2)-O(21) 81.4(4)

Figure 7. View of the [Zn2(HL)]3+ complex cation in2 with the numbering
scheme adopted. The ClO4

- anions and the hydrogen atoms not involved
in hydrogen bonding have been omitted for clarity. Displacement ellipsoids
are drawn at 30% probability (i) 2 - x, 2 - y, 1 - z).

Table 5. Selected Bond Lengths (Å) and Angles (deg) for
[Zn2(HL)](ClO4)3‚1/2MeCN (2)

Zn-N(1) 2.194(5) Zn-N(12) 2.204(4)
Zn-N(4) 2.180(4) Zn-N(48) 2.179(4)
Zn-N(7) 2.177(4) Zn-O(21) 2.058(3)

N(1)-Zn-N(4) 82.06(17) N(4)-Zn-O(21) 170.11(15)
N(1)-Zn-N(7) 80.80(17) N(7)-Zn-N(12) 159.18(18)
N(1)-Zn-N(12) 79.23(17) N(7)-Zn-N(48) 107.88(17)
N(1)-Zn-N(48) 159.84(16) N(7)-Zn-O(21) 90.87(15)
N(1)-Zn-O(21) 101.71(16) N(12)-Zn-N(48) 92.94(17)
N(4)-Zn-N(7) 80.65(16) N(12)-Zn-O(21) 87.45(14)
N(4)-Zn-N(12) 102.28(16) N(48)-Zn-O(21) 96.41(16)
N(4)-Zn-N(48) 81.52(17)
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sphere around the metal centers force the phenolic groups
to assume opposite directions while remaining parallel at a
perpendicular distance of 1.655(1) Å.

A single-crystal X-ray structure determination of [Pb2(L)]-
(ClO4)2‚2MeCN (4) shows the complex cation [Pb2(L)] 2+

lying across a crystallographic inversion center with two
symmetry-equivalent perchlorate counteranions in general
positions. The two PbII centers in the cation lie within the
two N5O donating compartments of L2- and are bridged by
the p-cresolate oxygen atoms with a short interatomic Pb‚‚
‚Pb distance of 3.9427(5) Å35 (Figure 8, Table 6). We can
compare the structure of4 with that of the binuclear complex
[Y2(L1)(OH)]3+ in which the two eight-coordinate YIII ions
are bridged not only by the twop-cresolate O-donors but
also by a hydroxyl group, with the donor atoms evenly
distributed about the coordination sphere.16 In [Pb2(L)]2+ each
PbII is coordinated to seven donor atoms, but some of these
bonds are weaker than others: while onep-cresolate oxygen
[Pb-O(21) 2.487(4) Å] and the secondary N-donor from the
[9]aneN3 moiety [Pb-N(7) 2.586(5) Å] are more strongly

bound to the metal center, the otherp-cresolate oxygen and
the remaining N-donors are at longer distances [Pb-O(21i)
2.630(4) Å, Pb-N 2.688(5)-2.744(5) Å, i) 1 - x, 1 - y,
1 - z]. These structural features, together with the very wide
O(21)-Pb-N(48) and O(21i)-Pb-N(12) angles of 139.62-
(14)° and 143.16(14)°, respectively, might indicate a stere-
ochemically active 6s2 lone pair36 occupying the region of
the coordination hemisphere not encapsulated by the 1,4-
bis(2-aminoethyl)-1,4,7-triaazacyclononane moiety. Thus, the
coordination sphere at each PbII center can be tentatively
described as a distorted monocapped trigonal prism with the
two triangular faces defined by the donors atoms N(4), N(12),
N(48) and N(7), O(21), and O(21i), respectively. The square
face capped by N(1) is defined by N(4), N(12), N(7), and
O(21).

It is interesting to compare the structures of the three
binuclear complexes reported here. On going from1 to 2,
and to4, we observe the ligand gradually adopting a more
extended conformation. This can be quantified from the
relative disposition of the twop-cresolate groups. In4, these
groups are almost coplanar and face each other, allowing
the oxygen donors to be shared between the two metal centers
(Figure 8). On going to1 and2, the twop-cresolate groups
move to occupy parallel planes, approaching a situation in
which they are stacked. This movement leads to a gradual
segregation of the two metal centers, and is supported by
the formation of intramolecular hydrogen bonds involving
the phenolate oxygens and the amine donors. An important
role is of course played by the stereoelectronic requirements
of the metal centers, by their dimensions, and by the
flexibility of the large ring ligand.

Conclusions

H2L1 and its more flexible reduced form H2L represent
the first examples of phenol-based compartmental macro-
cycles in which a preformed macrocycle, in particular 1,4,7-
triazacyclononane, has been introduced as part of the lateral
chains connecting the two phenolic units to afford large
binucleating macropolycycles. This may represent a very
promising new synthetic approach to the design of binucle-
ating compartmental ligands whose two metal-binding sites
are extremely effective in terms of cavity size, geometric
requirements, coordination number, and nature of the donor
atoms, to selectively form homo- and hetero-binuclear
complexes. In fact, by changing the nature of the preformed
macrocyclic frameworks symmetrically or asymmetrically
introduced within the macropolycyclic structure, selectivity
could be reached in the binding properties of the two
resulting donating compartments. In our case, stable mono-
and binuclear complexes are formed in aqueous solutions,
with metal ions being hosted by the 1,4-bis(2-aminoethyl)-
1,4,7-triaazacyclononane units of H2L. In the binuclear
complexes, metal-assisted deprotonation of the phenolic
groups occurs, depending on the metal, to afford [M2(HL)]3+

(35) (a) Drew, M. G. B.; Rodgers, A.; McCann, M.; Nelson, S. M.J. Chem.
Soc., Chem. Commun.1978, 415-416. (b) Brooker, S.; Kelly, R. J.;
Sheldrick, G. M.J. Chem. Soc., Chem. Commun.1994, 487-488.

(36) (a) Shimoni-Livny, L.; Glusker, J. P.; Bock, C. W.Inorg. Chem.1998,
37, 1853-1867. (b) Hancock, R. D.; Shaikjee, M. S.; Dobson, S. M.;
Boeyens, J. C. A.Inorg. Chim. Acta1988, 154, 229-238.

Figure 8. View of the [Pb2(L)]2+ complex cation in4 with the numbering
scheme adopted. The ClO4

- anions and the hydrogen atoms have been
omitted for clarity. Displacement ellipsoids are drawn at 50% probability
(i ) 1 - x, 1 - y, 1 - z).

Table 6. Selected Bond Lengths (Å) and Angles (deg) for
[Pb2(L)](ClO4)2‚2MeCN (4)

Pb-N(1) 2.694(5) Pb-N(48) 2.744(5)
Pb-N(4) 2.688(5) Pb-O(21) 2.487(4)
Pb-N(7) 2.586(5) Pb-O(21i)a 2.630(4)
Pb-N(12) 2.710(5) Pb-Pbi 3.9427(5)

N(1)-Pb-N(4) 68.82(15) N(7)-Pb-N(12) 132.57(17)
N(1)-Pb-N(7) 66.81(17) N(7)-Pb-N(48) 104.59(17)
N(1)-Pb-N(12) 66.39(16) N(7)-Pb-O(21) 95.19(16)
N(1)-Pb-N(48) 133.42(14) N(7)-Pb-O(21i) 75.10(15)
N(1)-Pb-O(21) 86.67(14) N(12)-Pb-N(48) 112.67(15)
N(1)-Pb-O(21i) 137.84(14) N(12)-Pb-O(21) 74.92(14)
N(4)-Pb-N(7) 67.38(16) N(12)-Pb-O(21i) 143.16(14)
N(4)-Pb-N(12) 101.97(15) N(48)-Pb-O(21) 139.62(14)
N(4)-Pb-N(48) 66.02(14) N(48)-Pb-O(21i) 72.58(13)
N(4)-Pb-O(21) 153.84(14) O(21)-Pb-O(21i) 79.24(13)
N(4)-Pb-O(21i) 112.60(13) Pb-O(21)-Pbi 100.76(13)

a Symmetry operation: i) -x + 1, -y + 1, -z + 1.
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and [M2(L)] 2+ species. Only in the case of large metal ions
such as PbII and YIII are the two metal centers lying within
N5O donating compartments bridged by the phenolate oxygen
atoms.
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