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The coordination properties of the macrocyclic ligands 1,4,7,16,19,22-hexamethyl-1,4,7,16,19,22-hexaaza[9.9]-
p-cyclophane (1) and 1,4,7-trimethyl-19,22,28,31-tetraoxa-1,4,7,14,23-pentaaza[9-@xjlophane I(2) have

been studied by means of potentiometric aHdand3C measurements in aqueous solutibh.is composed of

two equal triamine binding units connected ipphenylene spacerk2 presents a similar molecular architecture,

a triamine moiety olL1 being replaced by a cyclic #0, binding unit.L1 can form both mono- and dinuclear
complexes in aqueous solution, whil@ gives only mononuclear species. The potentiometric data indicate that

in theL1 dinuclear complex each metal is coordinated by a triamine moiety. IbZhrmononuclear complex the

Pd(Il) ion is coordinated by the ;\unit. The NO4 moiety does not show any binding ability toward Pd(ll), but
exhibits a high tendency to protonate. These solution data are confirmed by the crystal structures of
[Pd:CI,L1](ClO4)2°H20 (a) and [PdAl2H,(H20)](CIO4)3 (b). In complex a, each Pd(ll) ion is four coordinated

by the three amine groups of the triaza moiety and a chloride anion, in a square planar geometry. In the mononuclear
complex b, the metal is coordinated by thg Moiety, with a coordination environment almost equal to that
found in complex a. The dD, moiety is diprotonated and encapsulates in its cavity a water molecule, held by a
hydrogen-bond network. The solution structures ofltheandL2 complexes have been studied by mean&bf

and3C NMR measurements. The analysis of the NMR data reveals that the dinuglemmplex and the.2
mononuclear one show structural features in solution almost equal to those found in the solid state. Solution and
solid state data indicate that the Pd(ll) complexation gives a marked stiffening of the macrocyclic structures.

Introduction have been synthesized and employed in metal ion complexation
studies? 61314 The presence of rigid aromatic moieties gives
particular ligational properties to the ligands defining preorga-
nized binding lodgings for the metal ions within the ligand itself.

Macrocycles containing two binding polyamine subunits
linked by two chains are known to form dinuclear complexes
and can be used to force two metal ions at almost fixed dis-
tances. Structural factors, such as ligand flexibility and disposi- (4) (a) Bazzicalupi, C.; Bencini, A.; Bianchi, A.; Fusi, V.; Piccardi, G.;
tion of the donors, have been shown to play significant roles in Paoletti, P.; Valtancoli, Blnorg. Chem.1995 34, 5622. (b) Bazzi-
d L h h of the i ionb h | calupi, C.; Bencini, A.; Bianchi, A.; Fusi, V.; Giorgi, C.; Paoletti, P.;

etermining the strengt 0. the 'nteraCt!on ?t"‘!ee” the polyaza Stefani, A.; Valtancoli, BInorg. Chem1995 34, 552. (c) Bazzicalupi,
receptor and the metal catiohs> Aromatic moieties can act as C.; Bencini, A.; Bianchi, A; Fusi, V.; Mazzanti, L.; Paoletti, P.;
rigid spacers between two binding subunits and, therefore, are  Valtancoli, B. Inorg. Chem.1995 34, 3003. (d) Bazzicalupi, C.;

: : : Bencini, A.; Bianchi, A.; Fusi, V.; Giorgi, C.; Paoletti, P.; Valtancoli,
often introduced as integral parts of macrocyclic frameworks. B. Inorg. Chim. Actal996 246, 125. () Bazzicalupi, C.; Bencini,

Cyclic ligands containing aromatic rings in their framework, A.; Bianchi, A.; Fusi, V.; Giorgi C.; Paoletti P.; Valtancoli, B. Chem.
cyclophanes, have received much attention for the recognition Soc., Dalton Trans1997 3535. (f) Bazzicalupi, C.; Bencini, A.;
of lipophilic specied:1 More recently, polyazacyclophanes also Bianchi, A, Fusi, V., Paoletti, P.; Valtancoli, B.; Zanchi, Borg.

Chem.1997 36, 2784 and references therein.

(5) Aguilar, J. A.; Garcia-Espan E.; Guerrero, J. A.; Llinares, J. M.;
T University of Florence. Ramirez, J. A.; Soriano, C.; Luis, S. V.; Bianchi, A.; Ferrini L.; Fusi,
* University of Urbino. V. J. Chem. Soc., Dalton Tran%996 239.
§ University of Valencia. (6) Koike, T.; Inoue, M.; Kimura, E.; Shiro, Ml. Am. Chem. S0d.996
(1) (a) Lindoy, L. F.The Chemistry of Macrocyclic Ligand Complexes 118 3091.
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J. S.Aza-crown MacrocyclesWViley: New York, 1993. (c) Izatt, R. Supramolecular Chemistry; The Royal Society of Chemistry: Cam-
M.; Bradshaw, J. S.; Nielsen, S. A.; Lamb, J. D.; Christensen, J. J.; bridge, 1992.
Sen, D.Chem. Re. 1985 85, 271. (d) Krakowiak, K. E.; Bradshaw, (8) (a) Dietrich, B.; Fyles, T. M.; Lehn, J. M.; Pease L. G.; Fyles, D. L.
J. S.; Zamecka-Krakowiak, D. £hem. Re. 1989 89, 929. (e) J. Chem. Soc., Chem. Comm®878 934. (b) Jazwinski, J.; Lehn, J.
Bradshaw, J. S.; Krakowiak, K. E.; Izatt, R. Metrahedron1992 M.; Meric, M.; Vigneron, J.-P.; Cesario, M.; Guilhem J.; Pascard, C.
48, 4475. (f) Lehn, J. MAngew. Chem., Int. Ed. Endl988 27, 89. Tetrahedron Lett1987 28, 3489.
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Recently, we reported the synthesis and binding properties Table 1. Crystal Data and Structure Refinement for

toward Cu(ll) of ligandd.1 andL2.4P€L1 is composed of two

\’\K_\P

N
/ N__/ N
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L1 L2

triamine chains connected Ipyphenylene spacers and behaves
as a ditopic receptor for Cu(ll) in aqueous solution. It can form
a binuclear [CulL1]*" complex, in which each metal is coor-
dinated by a triamine moiet{f.In the case of.2, only the tri-
amine unit can bind Cu(ll), and only mononuclear complexes
are formed in aqueous solutiéhThe presence in both macro-
cycles ofp-xylene spacers, the short ethylenic chains connecting
the amine groups, and nitrogen methylation lead to a stiffening
of the macrocycles, which strongly affects the coordination
geometry and the thermodynamic stability of the complexes.
Aiming to shed further light on the role played by steric
requirements of metals and flexibility of ligands in determining
the structural features ip-cyclophane complexes, we have
now analyzed the coordination behaviorldf andL2 toward
Pd(ll) coordination. Compared to Cu(ll), Pd(ll) has a higher
tendency to impose its own geometry on ligands. Therefore,
the formation of complexes with rigid structure is expected.

Experimental Section

Synthesis. Ligands L1 and L2 were prepared as previously
described.

(@) [PdCl,L1](CIO 4)2°H20. A solution of K:PdCl (5.9 mg, 0.02
mmol) in water (5 cr) was slowly added to an aqueous solution (5
cn?) containingL1-6HCI-1.5H,0 (7.4 mg, 0.01 mmol). The pH was
adjusted to 7 with 0.01 M NaOH. The solution was kept at room
temperature for 3 h, and then NaGl&,0 (29 mg, 0.2 mmol) was
added. Pale yellow crystals of the complex suitable for X-ray analysis
were obtained by slow evaporation at room temperature of this solution.
Yield: 8 mg (80%). Anal. Calcd for &Hs:ClsNsOoPdh: C, 36.27; H,
5.07; N, 8.46. Found: C, 36.3; H, 5.1; N, 8GAUTION: Perchlorate
salts of metal complexes with organic ligands are potentially exgosi
these compounds must be handled with great caution!

(b) [PACIL2H (H20)](CIO 4)3. A solution of K;PdCl (2.9 mg, 0.01
mmol) in water (5 crf) was slowly added to an aqueous solution (15
cm?) containing L2-5HCIO,; (11.5 mg, 0.01 mmol). The pH was
adjusted to 4 with 0.01 M NaOH. Pale yellow crystals of the complex
suitable for X-ray analysis were obtained by slow evaporation at room
temperature of this solution. Yield: 9 mg (84%). Anal. Calcd fesHg:-
CliNsO;7Pd: C, 39.21; H, 5.73; N, 6.53. Found: C, 39.3; H, 5.7; N,
6.5.

(13) (a) Motekaitis, R. J.; Martell, A. E.; Lecomte, J. P.; Lehn, JIhérg.
Chem.1983 22, 609. (b) Chen, D.; Martell, A. ETetrahedronl991
34, 6895. (c) Menif, R.; Martell, A. E.; Squattrito P. J.; Clearfield, A.
Inorg. Chem.199Q 29, 4723. (d) Rockcliffe, D. A.; Martell A. E.;
Reibenspies, J. Hl. Chem. Soc., Dalton Tran4996 167. (e) Lu,
Q.; Reibenspies, J. H.; Carroll, R. I.; Martell, A. E.; Clearfield, A.
Inorg. Chim. Actal998 270, 207.

(14) (a) Hunter, J.; Nelson, J.; McCaan, M.; McKeelVChem. Soc., Chem.
Commun199Q 1148. (b) Lu, Q.; Latour, J. M.; Harding, C. J.; Martin,
N.; Marrs, D. J.; McKee, V.; Nelson, J. Chem. Soc., Dalton Trans.
1994 1471. (c) Harding, C. J.; Lu, Q.; Malone, J. F.; Marrs, D. J.;
Martin, N.; McKee, V.; Nelson, 1. Chem. Soc., Dalton Tran995
1739. (d) Drew, M. G. B.; Harding, C. J.; Howarth, O. W.; Lu, Q.;
Marrs, D. J.; Morgan, G.; McKee, V.; Nelson,J.Chem. Soc., Dalton
Trans.1996 3021.

[PA,Cl,L1](ClO4)2-H-0 (1) and [PACL2H(H,0)](CIOW)s (2)

1 2
empirical formula GoHs0ClaNgOgP b CasHe1Cl4NsO17Pd
fw 993.36 1072.09
radiation Mo Ko, graphite monochromated
temp, K 293(2) 293(2)
wavelength, A 0.710 69 0.710 69
space group P1 Pca2;

a, 10.4690(11) 23.739(5)
b, A 13.307(2) 13.370(5)
c A 15.152(2) 14.903(5)
a, deg 74.980(10) 90.000(5)
B, deg 78.190(9) 90.000(5)
y, deg 83.480(12) 90.000(5)
v, A3 1991.5(4) 4730(3)

A 2 4

D, glcns 1.657 1.505

w, mnrt 1.227 0.690
F(000) 1008 2224
cryst size, mm 0.% 0.3x 04 0.5x 0.5x 0.5
RIa[1 > 2(1)] 0.0790 0.0641
WR2 0.1910 0.1510

3R1= 3 ||Fo| — [Fell/X|Fol. ®WR2 = [FW[(F* — FA2J/Z[(FA)F Y2
w = 1/[0%(Fo)? + (0.0066P)2 + 29.2]; P = [(max(Fe) + 2(Fo)3).

X-ray Structure Analysis. Analyses on single crystals of [Rel,L1]-
(ClO4)2H20 and [PdAL2H,(H20)](ClO4)s were carried out with an
Enraf-Nonius CAD4 X-ray diffractometer that uses equatorial geometry.
A summary of the crystal data is reported in Table 1.

Prismatic pale yellow crystals of [RQI,L1](ClO4)2*HO (ap-
proximate size 0.3x 0.3 x 0.4 mm) and [Pd@I2H;(H;0)](ClO4)3
(approximate size 0.5x 0.5 x 0.5 mm) were mounted on the
diffractometer and used for data collections at room temperature with
graphite-monochromated ModKradiation. Cell parameters for both
compounds were determined by least-squares refinement from the
angular settings of 25 carefully centered reflections (3260 < 24°).

The intensities of two standard reflections per compound were
monitored periodically during data collection, and no loss of intensity
was observed.

A total of 5193 (@ = 50°) and 4307 (2 = 50°) reflections for
[PACILL1](ClO4)22H,O and [PAAL2H,(H20)](ClO4)s, respectively,
were collected. Intensity data for both collections were corrected for
Lorentz and polarization effects; absorption corrections were applied,
and the data were reducedR¢. The structure was solved by Patterson
methods, SHELXS-8& Isotropic least-squares refinement was per-
formed by means of SHELXL98running on a Pentium 200 computer.
During the final stages of the refinement the positional parameters and
the anisotropic thermal parameters of non-hydrogen atoms were refined
with full matrix againstF?, according to the least-squares process.
Atomic scattering factors were taken from tiéernational Tables for
X-Ray Crystallography’ Molecular plots were produced by the
program ORTEP$

(@) [PdCIL1](CIO 4)2*H20. The compound crystallizes in the
triclinic family, space groufP1 (Z = 2). Anisotropic thermal parameters
have been used for the palladium, chloride and nitrogen atoms, and
the carbon atoms have been refined isotropically. Some hydrogen atoms
were located during the refinement, the rest were fixed in ideal positions,
and finally all of them were isotropically refined using the riding model.
The disordered oxygen atoms of the perchlorate groups were optimized
and refined with a common isotropic temperature factor; 3678 unique
reflections were used to refine, and the final agreement factors for 289

(15) Sheldrick, G. M., Kruger, C., Goddard, R., Ed@xystallographic
Computing Clarendon Press: Oxford, 1985; p 175.

(16) Sheldrick, G. MSHELXS-93: Program for Crystal Stucture Refine-
ment Institut fur Anorganische Chemie de Univergit&ottingen:
Gaottingen, Germany, 1993.

(17) International Tables for X-Ray CrystallographyKynoch Press:
Birmingham, England, 1974; Vol. IV.

(18) Johnson, C. K. ORTEP. Report ORNL-3794; Oak Ridge National
Laboratory: Oak Ridge, TN, 1971.
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refined parameters were R 0.0790, wR2= 0.1910 (for the 3077
observed reflections witlr, > 40(F.)), and R1= 0.0976, wR2=
0.2403 (for all data). RE §||Fo| — |Fel/S|Fol, WR2 = [YW(F2 —
F)4w(F.?)?. Residual electron density: (largest maxima and minima)
0.916 and—1.027 eA-3,

(b) [PACIL2H z(H20)](CIO 4)s. Crystals of the compound belong to
the orthorhombic space groupca2; (Z = 4). Anisotropic thermal
parameters have been used for all palladium, chloride, oxygen, and
nitrogen atoms. The carbon atoms and perchlorate oxygen atoms were
isotropically refined. The hydrogen atoms have been introduced in
calculated positions, and their coordinates were refined according to
those of the linked carbon atoms; 4257 unique reflections were used
to refine, and the final agreement factors for 319 refined parameters
were R1= 0.0641, wR2= 0.1510 (for the 1881 observed reflections
with Fo > 40(Fo)), and R1= 0.2360, wR2= 0.2262 (for all data). R1
= Y||Fol — [Fel/3|Fol, WR2 = [YW(Fs®> — F)?W(Fs?)?. Residual
electron density (largest maxima and minima): 0.741 arid187
eA-3

EMF Measurements. Equilibrium constants for complexation c16
reactions of Pd(ll) with ligands were determined by pH-metric
measurements (pH —log [H*]) in 0.1 mol dnT3 NMe,Cl at 298.1+
0.1 K, by using potentiometric equipment that has been already
described? The combined glass electrode was calibrated as a hydrogen
concentration probe by titrating known amounts of HCI with Gf@e
NMe4,OH solutions and determining the equivalent point by Gran’s 2 ) ‘wm‘
method?® which allows determination of the standard potentigldhd c28 ,_‘il.!,!ﬂ: lm 7
the ionic product of water ¢, = 13.83(1) at 298.1 K in 0.1 mol dm ‘\} !\:t'—'“"w“-g'l““
NMe.Cl). 1 x 1072 to 2 x 1073 mol dnmr® ligand and metal ion DY A
concentrations were employed in the potentiometric measurements, three cr
titration experiments (about 100 data points each) being performed in cH
the pH range 28.5. Ligand protonation constants were taken from
refs 4b and 4f. NMgOH (0.1 mol dnt3®) was used as titrating base. b
Due to some slowness encountered in the complexation reactions,
potentiometric titrations were performed with waiting times of at least Figure 1. ORTEP drawing of the [P€,L1]%" cation: (a) top view;

10 min between successive titrant additions, to ensure the attainment(b) side view.
of equilibrium.

The computer program HYPERQUZADBwas used to calculate the  rate anions, and water solvent molecules. Figure 1 shows an
equilibrium constants from emf data. In this program the sum of the ORTEP® drawing of [PdCl,L1]?", and Table 2 lists selected
weighted square residuals on the observed emf values is minimized.angles and distances for the metal coordination environment.
The weights were derived from the estimated errors in emf (0.2 mV) Tphe complex cation shows a noncrystallographic symmetry
and fitrant volume (0.002 cfp The most probable chemical model  1on6 containing the metal centers, the chloride ions, the N1
was selected by following a strategy based on the statistical im‘erencesand N4 donor atoms. and the C1 a,nd C16 methyl gro,ups

applied to the variance of the residualg, The sample standard . . . . :
deviation should be 1, in the absence of systematic errors and when a Each palladium atom is localized in asNubunit, 7.08 A

corrected weighting scheme is used. However, the agreement is@Part from each other, coordinated by three nitrogens and a

considered good for standard deviation values smaller thaf 3 ). chloride anion, in a square planar arrangement. In the coordina-
Values of 62 lower than 6 were obtained for all of the refined tion environment of Pd1, the four donors are almost coplanar
equilibrium models in the present work. and the metal is displaced 0.024(5) A from the mean plane

All titrations were treated either as single sets or as separated entitiesdefined by the donor atoms (maximum deviation 0.048(6) A
for each system, without significant variation in the values of the for N4). Similarly, Pd2 lies 0.082(5) A out of the plane defined
detﬁ;ﬂ”;“gd C‘:“Stams- H and 4G NMR soect dod by the N1, N2, N6, and CI2 donors, shifted toward the other

pectroscopy.H an spectra were recorded on ;
Varian UNITY300 and UNITY400 spectrometers operating at 299.95 Ede(lé)hlc?r?.e?k?)flher’:li;:i?]_ali\rl]sangles are less than 9because of

and 399.95 MHz foH and at 75.43 and 100.58 MHz féfC. The Th dinati I f th Is dihedral
spectra were obtained at room temperature i@ Bolutions. For the e coordination planes of the two metals forms a dinedra

carbon spectra dioxane was used as external referéred{.4 ppm), angle of 32.0(2). The macrocycle adopts a boat conformation
and for the proton spectra the solvent signal was used. The pH wasWith the chloride ions located on the same side. The two

calculated from the measured pD values using the correlatiorspH  aromatic rings are rather close to each other, the shortest distance

pD — 0.42 being 3.63(2) A for C8:C22, and define two planes forming

a dihedral angle of 66.0(%)The planes defined by the aromatic

rings C6-C7—C8-C9-C10-C11 and C2+C22-C23-C24—
Description of the Structure of [PdxCl>L1](CIO 4)2-H20. C25-C26 form respectively dihedral angles of 79.2(4nd

The crystal structure consists of [f,L1]2" cations, perchlo-  76.7(4¥ with respect to the coordination plane of Pd1, and of

73.5(4F and 77.2(4) with respect to the coordination plane of

Pd2. As a consequence, the complex gives rise to a nearly

Results and Discussion.

(19) Bianchi, A.; Bologni, L.; Dapporto, P.; Micheloni, M.; Paoletti, P.
Inorg. Chem.1984 23, 1201.

(20) (a) Gran, G.Analyst (London)1952 77, 661. (b) Rossotti F. J.;  parallelepipedic cavity of approximate dimensions 4% x 7
Rossotti, H.J. Chem. Educ1965 42, 375. A. The N2-C5—-C6, N3-C12—C9, N5-C20-C21, and N6

(1) ﬁ%ri,__’s_'lpz'&f’aba“”' A.; Vacca, A. Chem. Soc., Dalton Tran$985 C27—C24 angles show some molecular strain, their angular

(22) Covington, A. K.; Paabo, M.; Robinson R. A.: Bates, R.ABal. values being 114(1) 116(1}, 116(1}, and 115(1), respec-

Chem.1968 40, 700. tively.
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Table 2. Selected Bond Lengths (A) and Angles (deg) for BlgL1](ClO)2H-0

Pd(1)-N(4) 2.001(13) N(1)-Pd(2)-N(6) 86.6(5) N(4)-Pd(1)-N(5) 85.3(5)
Pd(1)-N(5) 2.089(11) N(L)-Pd(2)-N(2) 84.2(5) N(4)-Pd(1)-N(3) 84.6(5)
Pd(1)-N(3) 2.099(11) N(6)-Pd(2)-N(2) 165.9(5) N(5)-Pd(1)-N(3) 169.2(5)
Pd(1)-Cl(1) 2.301(5) N(1)-Pd(2)-CI(2) 178.5(4) N(4)-Pd(1)-CI(1) 178.7(3)
Pd(2)-N(1) 2.005(12) N(6)-Pd(2)-CI(2) 94.2(4) N(5)-Pd(1)-CI(1) 95.6(4)
Pd(2)-N(6) 2.072(12) N(2)-Pd(2)-CI(2) 95.3(4) N(3)-Pd(1)-CI(1) 94.5(4)
Pd(2)-N(2) 2.082(11)

Pd(2)-Cl(2) 2.295(4)

It is worth noting that the macrocyclel presents a high
rigidity in its binuclear Pd(ll) complex. Closest comparisons
can be found in the binuclear Cu(ll) complex with the same
ligand, [CyCl,L1]2.40 In this complex each Cu(ll) ion is
coordinated by a Bunit and a chloride anion, and the overall
conformation of the molecule is similar to that found in the
present Pd(ll) complex. In both [@Ql,L1]2* and [PdCI,L1]2* ci
compounds the ligand is boat-shaped. In{CiuL1]%" both of e
the N; binding subunits assume almost equal conformations,
with the methyl groups bound to the benzylic nitrogens pointing
outside the cavity and the central ones pointing inside. The C4
C—C—N-—C and N-C—C—N torsional angles of both aliphatic
chains show a gauchédrans alternate sequencg—t—g—t—
t—g—t—g). In the present complex, only the NA1-N6
moiety shows a similar conformation, with an equstt
alternate sequence. On the contrary, the-N3—N5 chain
displays a different sequence of the torsional angleg(-g—
t—t—g—g—g); in other words, the C12N3—C14-C15 and
C20—-N5—-C18-C17 torsional angles showgconformation,
while the corresponding CSN2—C3—C2 and C27#N6—C29—
C30 exhibit & conformation. As a consequence of the different
conformations of the two Nmoieties, the methyl group C1
points inside the macrocyclic cavity, while the C16 one points
outside. Finally, it is to be noted that the NC2—C3—N2 and
N6—C29-C30-NL1 torsional angles in the NAN3 unit, as well
as the N3-C14-C15-N4 and N4-C17—C18—-N5 ones in the
N3—N5 moiety, adopt an equal conformation.

Description of the Structure of [PACIL2H 2(H20)](CIO 4)s.
The crystal structure consists of [Pd@H,(H,O)]*" cations
and perchlorate anions. Figure 2 shows an ORPERawing Figure 2. ORTEP drawing of the [PdCRH,(H,O)]3* cation: (a) top
of the complex cation, and Table 3 lists selected angles andview; (b) side view.

distances for the coordination environment. Table 3. Selected Bond Lenaths (A) and Anles (dea) f

The Pd atom is located in thesNubunit, coordinated by the [F?dCeILZ.Hz((Ia-iSS)(]e(CIO(:;]g engths (A) and Angles (deg) for
three methylated nitrogen atoms and a chloride ion, in a square
planar arrangement. Considering the mean plane determined by Egg)):mgg %84115758% m%gm&tm% gg'g%
metal is shifted 0.098 A toward the cavity described by the Pd(1)-CI(1) 2.316(5) N(1)}-Pd(1)-Cl(1) 176.4(4)
benzyl units and the §D4 moiety. It is of interest that the N N(2)—Pd(1)-CI(1) 93.2(4)
binding subunit shows a conformation very similar to that found N(5)—Pd(1)-CI(1) 95.0(4)

for the N2-N1—N6 moiety in the [PeL1Cl,]?" cation. In fact, with N3 and N4 (0%-N3 2.93(3) A and 05-N4 2.96(2) A).

the aliphatic chain shows g—t alternate sequence of the  The water molecule shows also short contacts with the oxygens
torsional angles and the methyl group C1 points inside the of the N,O, moiety (05--01 2.85(2) A, 0502 2.94(2) A,

macrocyclic cavity. _ 05--03 2.83(2) A, and 05-04 2.98(2) A). Examples of water
The aromatic rings linking the Mand the NO, subunits form molecules encapsulated in macrocyclic structures and held by
a dihedral angle of 42.6(7) hydrogen-bond networks have been recently repcftétiClos-

As far as the protonated,®, moiety is concerned, the least- est comparison can be found in the water clathrates formed by
squares plane defined by the;®} heteroatoms (maximum  the oxa-aza macrobicyclic ligands, which contain the same
deviation 0.89(1) A for N) forms a dihedral angle of 45.9(4) N2O, moiety. Similarly to the present complex, in both cases a
with the corresponding mean planes defined by the donor atomswater molecule is encapsulated in the macrobicyclic cavity,
in the coordination environment of the metal ion. It is to be interacting via hydrogen bonds with the® unit.2*
noted that both nitrogens of this subunit are protonated. This Pd(ll) Complex Formation in Aqueous Solution. As
diprotonated moiety binds through hydrogen bonds with a water encountered in other investigations of Pd(ll) compleXdsis
molecule, which is shifted by 1.02(2) A from the mean plane difficult to determine the stability constants of the complexes
defined by the MO, heteroatoms toward the Pd atom. The O5 with this metal ion with polyamines because the aqua ion
oxygen of the water molecule forms two strong hydrogen bonds undergoes hydrolysis even at pH 1, and its complexes are
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Table 4. Logarithms of the Equilibrium Constants Determined in
0.1 mol dn73 NMe4Cl at 298.1 K for the Complexation Reactions
of PcP™ with L1 andL2

log K

reaction L1 L2
P&+ L + Cl-=PdCL™* 23.7(1%
Pkt 4+ L + ClI- + H" = PdCL H?" 31.1(2)
P& + L + CI” 4+ 2H* = PACLH,®" 37.44(8)  36.7(1)
PdCL* + H* = PdCL H2" 7.4
PACLH%" 4+ Ht = PdCL H2" 5.6
2Pt + L + 2CI- = PCl,L 2* 42.9(1)
2P + L + 3ClI- + H* = P&ClsL H2+ 47.3(1)

Bencini et al.

equimolecular quantities (Figure Sla, Supporting Information)
over all of the pH range. On the other hand, for 2:1 Pd(ll):
molar ratios the formation of mononuclear complexes is
depressed; the mononuclear species [Pdi&b]3" is formed
only in acidic media (Figure S1b, Supporting Information), while
the binuclear [PgL1Cl;]>" complex is the principal species
above pH 4, being unique for pH 5.

These observations agree with the involvement of two
identical moieties of the ligand in the coordination to both first
and second Fd ions, as observed in the molecular structure
of the [P@Cl,L1]?" complex (Figure 1). In other words, the
presence of the rigid spacerslii between the two triamine

?Values in parentheses are standard deviations on the last significantchains prevents the metal ion from binding to both<¥ts of

figure.

too stable to be investigated using the customary pH method.
As a consequence, thermodynamic data for the binding of
Pd(ll) in aqueous solution by amine ligands are raré’
Fortunately, in 0.1 mol dm? NMe4Cl solution at acidic pH’s,
PdClL2~ is in equilibrium with the Pd(ll) complexes with
polyaminesg?® Using CI- as competing ligand, exchange equi-
libria can be followed by both spectrophotometry and pH-
metric titrations. Speciation of the complexes formed by the
ligands was performed in 0.1 mol dh NMesCl aqueous
solution by computer analysis of the potentiometric data using
the HYPERQUADB! program. The calculated equilibrium
constants are listed in Table 4.

As far as the macrocyclic ligandl is considered, it is to be
noted that its ligational properties are strictly related to its ditopic
nature, i.e., to the presence of two separated binding subunits
In factL1 presents a marked tendency to form both mononuclear
and binuclear Pd(ll) complexed species (Table 4). It is to be
noted that the unprotonated [Pg2" complex is not formed
in aqueous solution, while a [PdCIH;]3" complex is formed
in large amounts in aqueous solutions containing Pd(I1)laind
in a 1:1 molar ratio. This behavior suggests that the [Hé"
presents a marked tendency to bear protonation and indicate
that proton binding occurs on an uncoordinateg bihding
moiety. The metal is coordinated by the othey $uibunit and
completes its coordination environment with a chloride anion.

Both mononuclear and binuclear complexed species abound
in solutions containing the ligand and the metal ion in

(23) (a) Ghosh, P.; Gupta, S. S.; Bharadwaj, PJKChem. Soc., Dalton
Trans.1997 935. (b) Newkome, G. R.; Fronczek, F. R.; Kohli, D. K.
Acta Crystallogr 1981, B37, 2114. (c) Behr, J. P.; Dumas P.; Moras,
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R.; Van Eerden, J.; Klooster, W. T. Am. Chem. Sod986 108
780. (f) Dijkstra, P. J.; der Hertog, H. J., Jr.; Reinhoudt, D. N.;
Harkema, SActa Crystallogr.1991 C47, 225. (g) Grannas, M. J.;
Hoskins, B. F.; Robson, Rnorg. Chem.1994 33, 1071.
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Chem 1992 31, 3398. (b) Lahrahar, N.; Marsau, Rcta Crystallogr.
1995 C51, 1218.
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Chem.1992 19, 291. (d) Bazzicalupi, C.; Bencini, A.; Cohen, H;
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L1 donors. Finally, the binuclear [Rdl,L1]2" complex can
bind a proton at acidic pH’s giving a [RalsL1H]?" protonated
complex. Protonation of [R€l,L1]2" implies detachment of a
coordinated nitrogen atom, which is replaced by a chloride anion
in the coordination environment of a Pd(ll) ion.

As far asL2 is concerned, only mononuclear Pd(Il) com-
plexes are observed in aqueous solutlchpresents an Nand
a cyclic NbO4 binding subunit. The features of the Pd(ll)
complexes are strongly influenced by their ditopic structures.
As can be noted from Table 4, besides a [RE&FH complex,
the metal ion forms a stable complex with mono- and dipro-
tonated species of2. The equilibrium constants for the
successive addition of Hto the [PdCL2]2" complex are
significantly high, revealing that protonation occurs on a ligand
moiety not involved in the coordination to the metal ion. In
other words, the Pd(ll) ion and the protons occupy two almost
independent binding sites. Thus, protonation of the [RATH
complex strongly competes with the formation of binuclear
species in acidic or neutral solutions. On the other hand, also
in alkaline medid_2 does not form binuclear complexes. As a
matter of fact, separation of Pd(Il) hydroxide is observed from
slightly alkaline solutions containing Pd(Il) arid® in molar
ratio greater than 1:1.

The stability constant of the [PdIC2]™ complex (logK =
23.7) is very similar to that previously found for the mono-
nuclear Pd(Il) complex with the ligand 2,5,8-trimethyl-2,5,8-
triazanonane (logk = 24.9)26 where the metal ion is coordi-
nated by three methylated nitrogens and one chloride ion. This
observation indicates that the metal ion is bound by the triaza
subunit of the ligand, while the XD, moiety is not involved in
metal coordination and can bind up to two protons at slightly
acidic pH.

These conclusions about metal and proton binding Byn
aqueous solution are confirmed by the crystal structure of the
[PACIL2H,]®" cation, which shows the metal coordinated by
the triaza moiety, while the acidic protons are located on the
N2O, subunit. Furthermore, the electronic spectrum of the
[PACIL2]* complex in aqueous solution (pH 7) shows a charge-
transfer band at 350 nne &750 moi* dm?® cm™1), which can
be attributed to the presence of gRdCl chromophoré*

These data indicate that the®} moiety does not have any
binding ability toward Pd(Il) in aqueous solutions. On the other
hand, it is well-known that receptors containing the [2.2]kriptofix
unit can bind small molecules or ions, such as ammonium
cations, through the formation of hydrogen bo&#s!tIn the
present case, the crystal structure of the [R@EI(H,0)]%"
cation shows that a water molecule is encapsulated inside the
N.O4 moiety of L2, held by a hydrogen-bond network.

NMR Studies. The 13C NMR spectrum of the free amine
L1 in agueous solution shows six resonances, appearing at 43.7
ppm (attributed to the four methyl groups linked to the benzylic
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nitrogens), 44.6 ppm (the two methyl groups C1 and C16, Chart 3.01§ o) o M-N O
1), 53.4 and 53.7 ppm (the carbons of all of the ethylenic chains), : 8 co ¢ & ' a A-C
62.4 ppm (the four benzylic carbons), 131.8 ppm (the eight 35 s Mpg BD A-D
secondary aromatic carbons), and 138.3 ppm (the four tertiary N-P o-P
carbon atoms of the aromatic rings). THe spectrum shows 404 g
two singlets at 1.97 and 2.04 ppm (relative intensities 2:1, w&‘ o O KL
corresponding to the hydrogens of the four equivalent methyl { Kt EFQ . .
groups C4 and the two equivalent methyl groups C1, respec- PP T 40 a5 30 25 20 45
tively), a broad band at 2.23 ppm (for the hydrogen atoms of ’ ’ ’ ' 4 )
all of the ethylenic chains), a singlet at 3.12 ppm (the benzylic 13 C 5 23 %
hydrogens), and a singlet at 7.12 ppm (the protons of the | i 1,'
aromatic rings). These spectral features indicateyatime- t ‘L L

averaged symmetry of the ligand in aqueous solution.
Coordination of Pd(ll) to give the dinuclear [Fel,L1]%" 15 s

complex leads to a dramatic loss of symmetry of the macrocycle. 12 ‘ 18 1

The 3C NMR spectrum of this complex in aqueous solution L&L l I L.,

shows 16 different signals, four of which are attributed to the "“"" v Vo enymearis b

methyl carbons C1, C4, C13, and C16, two to the benzylic

carbons C5 and C12, four to the carbons of the ethylenic chains 1
C2, C3 and C14, C15, and six to the aromatic carbon atoms 15 «
C6—C11 (Table S10, Supporting Information). 154 _
The IH NMR spectrum is very complicated because all 20! 158
hydrogen atoms linked to the magnetically nonequivalent carbon | @ f{i .
atoms present different chemical shifts. However, 2D-NMR- 25- M
IH homonuclear anéH—13C heteronuclear correlations (Figure e 5K "1‘5.
3) allow unequivocal assignment of &Hl and'3C resonances. 304 @ 13,
From the heteronuclear cross peak correlation for the aliphatic ' 1‘;& 14C iN S e
region, it can be observed that the four methyl groups show 5. e
four single correlations, due to equivalence of their protons, ‘ 140,
while each methylenic carbon displays two cross peaks cor- 2P
relating with two different proton chemical shifts. On the other 4.0- g)L
hand, in the homonuclear correlation all of the expected cross - 12F
peaks corresponding to the involved spin systems are observed. | N— e e
Four main features can be outlined from the NMR data: (i) the 65 60 55 50 45 40

ppm

proton resonance of one (H1) of the four different methyl groups S ) )
Figure 3. Aliphatic regions of théH and**C NMR spectra of ligand

is remarkabl field shi in comparison with the other ones;
s remarkably upfield shifted in comparison with the other ones; L1 (a) and of [PdCl,L1]%" (b) andH—H homonuclear anéH—13C

(i) the benzylic hydrogens EF and KL display two different h | lation for th L1712+ | lut
spin systems, the signals of K and E hydrogens appearing atpat%r)c_muc ear correlation for the [Rrl;L1]** complex (RO solution,

higher field than those for F and L hydrogens; (iii) the protons

of the ethylenic chains give two different spin systems, ABCD nitrogens N1 and N4 and the methyl groups C1 and C16. This

and MNOP, A, B, O, and M hydrogens being the most shielded; symmetry is almost equal to that found in the crystal structure

and (iv) the protons of the aromatic rings show a GHIJ spin of the [P&Cl,L1](ClO4)2 complex, which displays (Figure 1) a

system (Table S10, Supporting Information). noncrystallographic symmetry plane defined by the metal
All of the NMR results indicate that the complex ha€a centers, the chloride ions, the N1 and N4 donor atoms, and the

symmetry, with a symmetry plane passing through the two C1 and C16 methyl groups.
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N4 N3 N1 N2 As far as the mononuclear [Pd@H,]3t complex is con-
cerned, the NMR spectra also indicat&€Casymmetry of the
macrocycle, with a symmetry plane passing through the nitrogen
atom N1, the linked methyl group 1, and the Pd(ll) ion and

HD H bisecting the G-CH,—CH,—0O ethylenic chains. In this case,
0 0 the 13C NMR spectrum recorded in aqueous solution shows 16

He HA HO HP different resonances, of which two are attributed to the methyl
carbons C1 and C4, two to the benzylic carbons C5 and C12,

He HM two to the carbons of the ethylenic chain-©23, four to the
a b aromatic carbon atoms €&9, and six to the ethylenic carbons

Figure 4. Schematic representations of the conformations of the c2 ~ C13, C13, C14, C14, C15, and C15of the N;O, unit. Although
C3 (a) and C14C15 (b) ethylenic chains. in the IH NMR spectrum the signal of the hydrogens of the

N2O, unit cannot be confidently attributed, the proton NMR

Furthermore, computer simulation allows a more detailed parameters for the Aunit are similar to those found in the [Rd

analysis of the proton spin systems. The determination of the CloL1]2* complex (Table S10, Supporting Information). For

coupling constants of the ethylenic chains is interesting in that instance, all protons of the etHylenic chain-e23 and of the

?t can give inform_ation on the cc_)nformation of the macrocycle two benz,ylic carbons C5 and C12 have different chemical shifts,

in agueous solution. In t.)o.th Spin systems MNOP and ABCD, and the chemical shift of the methyl group 1 is remarkably

the zero value of the vicinal coypll_ng constants for protons upfield shifted in comparison with the signal of the methyl

gﬂs’_—?ﬂanddBB_—CC&]gEgliE%=d'|‘?)clindllcatels that the GC%.: groups 4 (ca. 1.5 ppm). This observation indicates that in the
an ihedral angles are near*9@s [PACIL2H;]3" complex the methyl group 1 points inside the

sketched in Figure 4. On the other hand, the values of the vicinal macrocyclic cavity, as actually observed in the crystal structure
coupling constants for the protonsA, B—D, N—O, and M-P of the [PACL2H,(H;0)J* cation

are typical of a gauche conformation for the corresponding
A—C15-C14-C,B—C15-C14-D,N-C2—-C3-0,and M—-C2—
C3—P dihedral angles, as expected for8—C—N chelating
units. The high values of théxp and Jyp coupling constants
indicate that the A and D protons as well as the N and P ones
assume a trans disposition. These observations point out that )

the BD and AC couples of hydrogens of the NC2—C3—N2 Concluding Remarks

it el s he P and NO coupes o e Gt Clo L LganidLanc2 formstable PACILLT and Pttt
uni : partially eclip : lon, ically complexes in aqueous solution. In the former each Pd(ll) ion is

dr?zvl\:ptrlgrli:ﬁgrrr?"l;ion about the conformation of the macrocycle coordinated by a triamine unit, and in the latter the metal is
Y coordinated by the triamine binding moiety, while thgd unit

in aqueous solution can be obtained by the analysis ofithe is protonated. A water molecule, which is a simple example of

e e oo e ot i houp . T Qest moece < encapsiied i AN,
b P ygroup g by a hydrogen-bond network.

1 is significantly shifted upfield (ca. 1.5 ppm) with respect to o .
In both L1 andL2 complexes, Pd(ll) coordination gives a

that of the protons of methyl group 16. This effect can be : Bt \
reasonably explained considering that in thex{BeL1]2* cation noticeable stiffening of the macrocyclic backbone. Actually, the

the methyl group 1 points inside the macrocyclic cavity Structural features of the two [Bdl,L1]?" and [PACL2H]*"
delimited by the two benzylic units, as observed in the crystal cOmplexes, found in the solid state, are retained in aqueous
structure of the [P£Cl,L1](ClO4), compound (see Figure 1), solution. Th.IS effect.can be reasonably gscrlbed to thg strict
and therefore its resonance is strongly influenced by the ;tgrgochemlcql requirements of the Pd(ll) ion, coupled with the
shielding cones of the aromatic rings. On the contrary, the "gidity of the ligand frameworks.
methyl group 16 points outside the cavity. Similar effects are
also observed for the protons of the ethylenic chains and for
the benzylic hydrogens. The crystal structure of[BlelL1]2"
evidences that two vicinal protons of the-©23 ethylenic chain
(O and M) and the two geminal protons of carbon C15 (A and
B) of the C14_,C]'5 chylenlc chain are displaced almost inside Supporting Information Available: Tables of crystallographic and
the macrocyclic cavity. Therefore, their resonances are markedly experimental data, complete atomic positional parameters, anisotropic
shifted upfield with respect to those of the remaining ethylenic temperature factors, and bond distances and angles fe€ppd]-
hydrogens (N, P and C, D) which are positioned outside the (ClO,),-H,0 and [PdOL2H(H-0)](ClO4)s; *H and?3C chemical shifts
cavity. Similarly, upfield shifts are also observed for the signals for the [PdClLL1]?" and [PdCL2Hz*" complexes and coupling
of the K and E benzylic protons, located inside the cavity, with constants for the [RE€I,L1]>" complex; distribution diagrams of the
respect to those of the F and L ones, positioned outside (seespecies for the systetnl/Pd(ll); experimental data points and theo-
Figure 3). reticall tit(ation curves for the systems .Pdall)/ and Pd(I)L2. This
These observations point out that the macrocycle assumes irrnaterlal is available free of charge via the Internet at http://pubs.
solution the same conformation found in the {EHL1](ClO,), acs.org.
solid complex. 1C9810891

These observations lead to the conclusion that both the
dinuclear [PdCl,L1]?" and the mononuclear [PdCiH,-
(H20)]*" complexes maintain in aqueous solution almost the
same structure found in the solid state.
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