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The coordination properties of the ligand 2,6-pjbis-(2-aminoethyl)-amino]methy4phenol () toward the zinc

ion were determined by means of potentiometric measurements in aqueous solution{®9BK, | = 0.15 mol

dm=3). L forms mono- and dinuclear complexes with zinc; the stable dinuclear complexes are practically the
only existing species using/Zn(ll), molar ratio of 1:2. In these species, each dien subunit binds one zinc ion,
while the phenolate moiety bound to both ions allows the two metal centers to be in close proximity with an
incomplete coordination environment. The role of this metaétal distance in binding secondary ligands was
investigated for the dinuclear systems 2Zm@ind 2Cull by potentiometric (298.% 0.1 K, | = 0.15 mol dnt3)

and NMR experiments in agueous and methanol solution with a series of small guests having nitrogen donor
atoms. The coordination sphere of the two metals was completed by adding 1 equiv of only those guests, which
showed at least two contiguous donor atoms or two lone pairs on the same atom, to exactly fit thematthl
distance without modifying the metal cluster. To do this, the imidazole molecule which shows the highest addition
constants to the [MH—,L]3" species probably forms&1,1-amino. These results are in agreement with the two
crystal structures reported herein pfd_;L )(CH3CH,CH,CH,0)](ClO,), (space grou2:nb,a = 11.483(5),b

= 14.166(5)c = 18.279(5) AV = 2973(19) B, Z= 4, R= = 0.0701, wR2= 0.1611) and [Zg(H-1L)N3](CIO4),

(space group C 2/@ = 14.460(3),b = 12.814(3),c = 14.875(3) A8 = 105.35(23, V = 2658(10) B, Z = 4,

R = 0.0783, wR2= 0.1806). In fact, these structures display a butanolate or azide guest linked to both Zn(ll)
ions of the dinuclear complex, resulting inual,1-oxo andu-1,1-azido bridge, respectively.

Introduction the hydrolysis of urea and small amine substrates around a
sdinuclear Ni(ll) centef, alkaline phosphatase has Zn(ll) as a
divalent ion1® while tyrosinase is a monooxygenase enzyme

that has a dinuclear copper active site, and it is responsible for

Transition dinuclear metal complexes and ligands capable o
yielding them have been attracting increasing interest in the field

of synthetic and biological chemistry due to the key roles they : ; :
play in many applications. In fact, dinuclear metal complexes the hydroxylation of substratés.In this way, the distance

have been used successfully for the recognition and assemblyP€tWeen the two metals is crucial to allowing the cooperation
of external species of different natures, such as inorganic and® Poth metal ions in the active center; for example, 3.7 Ais
organic substratés# Many hydrolytic metalloenzymes contain e distance between the two copper ions in hemocyanins
two divalent transition metal ions in close proximity which necessary to allow blngilng and transport of dioxygen in the
together form their active sife® For example, urease catalyzes emolymph of mollusks? Recently, we reported the synthesis
and coordination properties toward Ni(ll) and Cu(ll) of a
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Zn(ll) and Cu(ll) Dinuclear Complexes

Chart 1

N OH N

)

noncyclic ligand]-, which contains the phenol moiety separating
two polyamine fragments (Chart 13 Solid-state studies high-
lighted the ability ofL to assemble two transition metal ions in
close proximity; in this way, they cooperate to bind a new
species which bridges the two metals, such as the GHCI~
anion in the case of the Cu(ll) and Ni(ll) complexes, respec-
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[Cuz(H-1L)(N3)](CIO )2 (4). A sample of Cu(ClQ),:6H,O (74.1
mg, 0.2 mmol) in water (30 mL) was added to an aqueous solution
(30 mL) containingL 6HBr (32.5 mg, 0.1 mmol). The pH of the
resulting solution was adjusted to 6 with 0.1 M NaOH; after a few
minutes 4 precipitated as a microcrystalline green solid (57 mg, 82%)).
Anal. Calcd for GeH31ClL,CwNgOy: C, 27.79; H, 4.52; N, 18.23.
Found: C, 27.9; H, 4.5; N, 18.3. MS (ESH): 592 (Cu(H-1L)(N3)CI-
O4+), 549 (Cu(HflL)(N3)C|O4+ - HN3), 245.5 (HlLCU2N32+).

CAUTION. Perchlorate salts of organic compounds are potentially
explosive; these compounds must be prepared and handled with great
care!

X-ray Crystallography. [Zn 2(H-31L)(CH sCH,CH,CH;0)(CIlO,)2]
(1). Data were collected, at 200 K, on a Siemens SMART CCD
diffractometer equipped with a rotating anode and controlled using the
SMART software. The radiation used was Ca il = 1.5418 A).
Five settings ofv were used, and narrow data “frames” were collected

tively. To learn more about the structural parameters and the for 0.3 increments inv. A total of 2500 frames of data were collected,
substrate that this type of bimetallic center can cooperatively providing a sphere of data. Data reduction was performed with the
bind, we performed thermodynamic studies in agueous solutionsSAINT 4.0' program. The SADABS prograifwas used for absorption

for the Zn(l)L system. The dinuclear Zn(ll) complexes,

together with those of the Cu(ll), were successively investigated

as hosts for a series of small molecules, mainly including the
series of the mono- and di-aza-heterocyclic molecules with five
or six members. These substrates were chosen for their rigi
molecular structure and biological importance, in that they are
part of many metal enzymes.

Experimental Section

General Methods.*H and *C NMR spectra were recorded on a
Bruker AC-200 instrument, operating at 200.13 and 50.33 MHz,
respectively. Peak positions are reported relative to TMS (MeOD) or
HOD at 4.75 ppm (O). Dioxane was used as a reference standard in
13C NMR spectra § = 67.4 ppm). IR spectra were recorded on a

correction.

[Zn(H-1L)N3(ClO4)2] (2). Data on intensity were collected on a
Siemens P4 diffractometer, using graphite-monochromated Gu K
radiation and thé& — 26 technique. Intensity data were corrected for

gLorentz and polarization effects. An absorption correction was applied

once the structure was solved by using the DIFABS progdram.

The crystal structures df and 2 were solved by direct methods,
using the SIR-9% program, and subsequently refined by the full-matrix
least-squares program SHELX-&7All the non-hydrogen atoms were
refined anisotropically. The hydrogen atoms of the ligand, as well as
those of the butanolate group, were introduced in calculated positions
and refined accordingly to the linked atoms; the overall temperature
factor converged to 0.052 and 0.063 fr 1 and2, respectively.

Crystal data and structure refinement are reported in Table 1.
Geometrical calculations were performed using PARS?P®%olecular

Shimadzu FTIR-8300 spectrometer. UV absorption spectra were PIots were produced by the ORTERrogram. _
recorded at 298 K on a Varian Cary-100 spectrophotometer equipped EMF Measurements. Equilibrium constants for the complexation
with a temperature control unit. ESI mass spectra were recorded on aréactions ofL with the Zn(ll) ion and for the ternary systems

ThermoQuest LCQ Duo LC/MS/MS spectrometer. All reagents and
solvents used were of analytical grade.

Synthesis of Complexes.2,6-bis{[bis-(2-aminoethyl)-amino]-
methyl-phenol () was prepared as previously describéd.

[Zno(H-1L)(C4HO)](CIO4)2 (1). A sample of3, see below, (13.4
mg, 0.02 mmol) was dissolved in 10 &éwf methanol. Butanol (3 cfh
was added to the solution, which was then stirred for 10 min at room
temperature. The slow evaporation of the solvent led to crystallization
of complex1 as colorless crystals suitable for X-ray analysis. Anal.
Calcd for Q0H40CI2N50102n2: C, 33.08; H, 5.55; N, 11.57. Found:
C, 33.0; H, 5.6; N, 11.5.

[Zn2(H-1L)(N3)](ClO 4)2 (2). A sample of Zn(ClQ),-6H,0 (37.2 mg,
0.1 mmol) in methanol (20 mL) was slowly added to a methanol
solution (30 mL) ofL (16.2 mg, 0.05 mmol). The resulting solution
was stirred at room temperature for 10 min, after which N&2
mg, 0.05 mmol) was added. The slow evaporation of the solvent led
to crystallization of the comple® as colorless crystals suitable for
X-ray analysis. Anal. Calcd for {H3:Cl.NgOeZny: C, 27.65; H, 4.49;
N, 18.13. Found: C, 27.7; H, 4.6; N, 18.1.

[Zn 2(H-1L)OH](CIO 4)2 (3). A sample of Zn(ClQ),-6H,O (186.2
mg, 0.5 mmol) in methanol (50 cinwas slowly added to a methanol
solution (100 crd) of L (81.1 mg, 0.25 mmol). The resulting solution
was stirred at room temperature for 10 min, after which NaOH (0.25
mmol) was added. After a few minute®precipitated as a microcrys-
talline white solid (125 mg, 75%). Anal. Calcd fordEl5.CloNgO10-
Zny: C, 28.68; H, 4.81; N, 12.54. Found: C, 28.7; H, 4.8; N, 12.6.
MS (ESI) (W2): 567 (Zr(H-1L)(OH)CIOs"), 234 (Zn(H-1L )(OH)*).
H NMR (CDsOD, 25°C): ¢ 2.85 (b, 16H), 3.51 (b, 2H), 4.38 (b,
2H), 6.91 (t, 1H), 7.24(d, 2H) ppnt3C NMR: ¢ 38.7, 53.6, 57.8,
121.7, 127.9, 134.3, 161.1 ppm.

(13) Dapporto, P.; Formica, M.; Fusi, V.; Micheloni, M.; Paoli, P.;
Pontellini, R.; Rossi, Plnorg. Chem.200Q 39, 4663.

2Cu(ll)/L/substrate and 2Zn(Il/substrate were determined by pH-
metric measurements (pH —log [H']) in 0.15 mol dnT3 NMe,Cl
aqueous solution at 29841 0.1 K, using the fully automatic equipment
already describe#. For the substrates investigated, basicity and their
coordination properties toward Zn(ll) and Cu(ll) ions were determined
under our experimental conditions; the data found were in agreement
with those reported in the literatufé The EMF data were acquired
with the PASAT computer prograf A combined glass electrode was
calibrated as a hydrogen concentration probe by titrating known amounts
of HCI with CO,-free NMeOH solutions and determining the
equivalent point by Gran’s methdelwhich gives the standard potential

E° and the ionic product of water. At least three potentiometric titrations
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Table 1. Crystal Data and Structure Refinement for

[ZNn2(H_1L)(CH3CH:CH,CH,0)(CIOy);] (1) and
[ZnZ(HflL)N 3(C|O4)2] (2)

Dapporto et al.
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T % )
o~ = (Ve
1 2 AL o [
. W 01 C2 3 N1
empirical formula GoH40CloNgO10Zn;  Ci6H31ClNgOeZ N, ) \ - \/ c6
fw 726.22 695.14 Y ) Cs !
temp, K 200 298 o TN Y Znl /
wavelength, A 1.5418 1.5418 J / }/\ N5 )
cryst system orthorhombic monoclinic \\,%( ) ( \ Ne e
space group P2:nb C2lc = 7 N2
unit cell dimensions, a=11.483(5) a=14.460(3) Figure 2. ORTEP view of compoun@ (50% probability).
A, deg b = 14.166(5) b=12.814(3) ) L .
f = 105.35(2) of the ligand are wrapped around the metal cations in a slightly
c=18.279(5) c=14.875(3) different way, as shown by the angles between the mean least-
v, A3 2973(19) 2658(10) squares planes described by the chelate rings. However, the
Z 4 4 overall arrangement of the ligands around the two metal moieties
D, Mg/m? 1.622 1.737 iS qui ; ; P ; ;
. quite symmetric, with the two zinc ions lying on the sides
abs coeff, mm 4.165 4.637 ite the b . 3.086(2) A ; d lated b
cryst size, mm 0.3% 0.45x 0.50  0.35x 0.50x 0.60 opposite the benzene ring, 3.086(2) A apart, and correlated by
refins collected/unique ~ 7961/2957 2858/2137 a noncrystallographic two-fold axis passing through both the
Data 2593/364 1762/177 oxygen atoms, C1 and C4. The equatorial donors and Znl are
[I > 20(1)//parameters well inside the plane, as provided by the sum of the bond angles
Rindices | > 20(1)] 3;;3-8%728 R1R§—0'85175%5 around Znl (357, which is shifted toward the butanolate
- P WRe=1. oxygen atom 010 by 0.174(1) A. The mean deviation of the
Rindices (all data) R%* 0.0701 R1=10.0783 - L
WR2=0.1611 WR2=0.1806 four atoms defining the base of the sp about the Zn2 ion is

0.207(8) A, with the metal cation lying at 0.475(1) A from the
mean plane and shifted toward the N6 donor. The butanolate
moiety is in a gauchetrans conformation with respect to the
C17-C18 and C18C19 bonds. Many solid-state structures (ca.
450) were retrieved from a search performed using the C&€DC
on dinuclear transition metal complexes that have an alcoholate
(RO™, R = methyl, ethyl, propyl, and butyl) as bridging unit,
most of which wereu-2-methoxy complexes, while only one
featured au-2-butyloxy pattern. Among these, about 10
complexes, none of which contained zinc ions, were found to
have two metal cations bridged by a phenolate 2,6-disubstituted
group with arms bearing the nitrogen donor atoms. A mean
distance of 2.94 A between the metal centers was estimated.
The asymmetric unit a2 contains half a complex cation and
a perchlorate anion. A two-fold symmetry axis, passing through
the phenolate oxygen atom O1 and the azide moiety, relates
the two halves, with the zinc ions disposed on the opposite sides
were performed for each system in the pH range-25 using different of the aromatl(? ring and 3'098(1) A gpart. The ZInc environment
molar ratio of M(I)LL ranging from 1:1 to 2:1. For the ternary systems, Can be described as a trigonal bipyramid with N1 and N4
different molar ratios of the dinuclear complex/substrate were used, 0ccupying the axial positions, with the other two nitrogen atoms
ranging from 1:1 to 1:3. All titrations were treated either as single sets and the O1 oxygen atom provided by the ligand completing
or as separate entities for each system; no significant variations werethe coordination sphere on the equatorial plane (Figure 2). The
found in the values of the determined constants. sum of the bond angles of this plane about Zn1 is°3%8th
the metal shifted toward the azide nitrogen atom N4 by
0.1403(7) A. The arrangement of the chelate rings around the
X-ray Crystal Structures of [Zn y(H-1L)(CH3CH,CH.- metal is comparable to that foundir(tbp coordination sphere),
CH20)(ClOy)7] (1) and [Zny(H-1L)N3(ClO4)7] (2). The crystal as are the zinc-donor atom bond distances. Many dinuclear
lattice of 1 is made up of dinuclear complex cations and transition metal complexes (ca. 170) that have the azide group
perchlorate anions. Each zinc ion is coordinated by the three acting as monodentate bridging unit were retrieved in the CCDC,
nitrogen atoms and the oxygen of theH ligand and by the few of which featured zinc ions. In 10 dinuclear complexes, a
oxygen atom of the butanolate moiety, reaching pentacoordi- phenolate group, 2,6-disubstituted with arms bearing donor
nation, which results, however, in different coordination ge- atoms, bridges two copper cations (mean-Qu distance 3.05
ometries (Figure 1). In fact, the coordination polyhedron around A), giving a coordination pattern very similar to that found in
the Znl atom can be described as a trigonal bipyramid (tbp), 2.
with the butanolate oxygen O10 and the N1 nitrogen occupying  Search of the Cambridge Crystallographic Data Center
the axial positions, while a square pyramid (sp) well describes (CCDC) Database.An analysis of the structures deposited at
the coordination geometry of the Zn2 cation, with N6 at the the CCDC was performed both to check the coordination
apex. In both cases, the zinc donor atom distances arebehavior with respect to two metal centers of the substrates
comparable. Comparison of the bond angles around the twoinvestigated by means of potentiometric titrations (Scheme 1)
cations revealed that the most significant difference concernsand to gain some information concerning the ability of the
the <01Zn1N3 angle and the correspondin@®1Zn2N5 angle, [M2(H-1L)]3" complex to recognize external species (Scheme
which differ by about 13°. In addition, the two binding moieties  2).

*R1=0]|Fo| -

|Fe|l/o]Fo|. PWR2 =

[o[W(F? — F2) o[ w(Fo?)?] 2.

C13

Figure 1. ORTEP view of compound (50% probability).

Results and Discussion
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Scheme 1 the pyrimidine (V) species are abioél A apart, and a similar
structure was found for the imidazolate ligand (VB.9 A).
Many fragments were found to have a pyrazole or imidazole
acting as a monodentate donor. The coordination properties of
the azide ligand as a monodentate bridging unit linking the two
metal cations have been already discussed in the previous
section.

Concerning fragment ClI, 47 structures were found, many of
which show hydroxy or methoxy bridging unitg;2-chloro,
bromo, and azido coordination patterns are also rather common.
The mean metal-metal observed distance was 3.03 A.

In the few complexes (4) showing the pattern CII that were
retrieved, the peroxo or pyrazolyl anion links the two metal
cations, which are about 3.36 A apart.

Finally, 57 solid-state structures show the coordination pattern
depicted in CIll. Most of them feature a-2-carboxylate
bridging unit, with the two metal ions 3.36 A apart, and none
of them have X= N.

A search was performed to retrieve molecular fragments On the basis of the results obtained from the CCDC, the
featuring dinuclear metal complexes with the species depicted following conclusions can be drawn) the pyridine substrate
in Scheme 1 which are involved in the coordination of two metal could fit into the cavity of the [M(H-1L)]3* complex, thus
ions. For pyrazole and imidazole, the neutral species were alsoacting as bridging unit and completing the coordination of the
searched. Analogous coordination patterns were expected fortwo metal cations with a spatial disposition for the pyridine,
the heterocycles I/il, lIl/IV —, and V/VI~, given their geometry  with respect to the [MH-1L)]3* complex, similar to that found
around the donor atoms and the disposition of the lone pairs.in the X-ray structure featuring the butanolate moiety reported.

Only for | (5 refcodes), It (3 refcodes), and IV (1 refcode), Nevertheless, potentiometric titrations did not reveal pyridine
the solid-state structures retrieved in the CCDC featured a capture, probably because of a low affinity of the pyridine for
nitrogen atom as a bridging unit in linking two transition metal the [Ma(H-1L)]3" complex or because of the competition with
ions. the hydroxide group (see solution studieg).The solid-state

In complexes in which the nitrogen atom of the pyridine structures retrieved from the CCDC, featuring a bridging
ligand acts as a bridge between two metal cations, the latter arepyrrolyl substrate between two metal ions, are characterized by
rather close each other, about 3.0 A, with the heterocyclic au-2, -5 bond type. Because copper(ll) and zinc(ll) have a

Scheme 2

aromatic ring quite perpendicular with respect to the metal
metal directior?’

A different coordination behavior was observed for the
pyrrolate (IIF) grouping; threeu-2, -5-bound pyrrolyl com-

very low tendency to formz-bonds, the recognition of the
pyrrolyl substrate by the [MH-,L)]®" complex appears rather
unlikely. The solution study results are in agreement with this
conclusioniii) Solution studies showed that the [Cd_;L)]3"

plexes were found with fl involved in the coordination of two ~ complex, unlike that of zinc, binds pyridazine and pyrazole
metal cations at the same tirffe. substrates. The analysis of the solid-state structures deposited
A structure was found featuring the nitrogen atom of the at the CCDC suggests that the {fi—1L)]** complex could
pyrazolyl moiety acting as bidentate donor for two Cu(l) cations, bind both substrates, with minor rearran_gemen_t of the dinuclear
which were 2.660 A apart, with the heterocyclic ring perpen- receptor, so as to push the two metal ions slightly away. The
dicular to the metal-metal direction, as observed for the resulting coordination pattern could be very similar to that
pyridine ligand?® observed in the crystal structures retrieved from the CCDC,
The 1II/IV - species can act as bidentate ligands, maintaining Which feature both a phenolate grouping and a pyrazolate anion.
the two metal ions about 3.4 A apart. In addition, many of the 1¥) The bite of the V and VI species appear t03l3re too large to
structures retrieved had the two cations bridged by an oxygen coordinate both metal cations of the #i—.L)]*" complex
atom33which, in most cases, was provided by a hydroxide @acting as a bidentate ligand. As a consequence, in the recognition

grouping. The two metal ions bound by each nitrogen atom of ©f the V and Vi species by the complex, a different coordination
pattern than that of the structures retrieved from database must

be hypothesized.

Solution Studies. Coordination of Zn(ll). The coordination
behavior ofL toward the Zn(ll) ion was studied in 0.15 mol
dm=3 NMe,Cl aqueous solution at 298.1 K. The stability
constants for the equilibrium reactions lofwith Zn(ll) were
potentiometrically determined and are reported in Table 2.
forms mono- and dinuclear complexes with zinc; the mono-
nuclear species are quite important in solution onli/&@n(11)
molar ratios equal to or greater than 1, although dinuclear species
are also present at this molar ratio. Dinuclear complexes are,
instead, virtually the only existing species with &n(Il) molar
ratio of 1:2 (see Figure 3). This behavior is analogous to that
reported for the complexes afwith Co(ll), Ni(ll), and Cu(ll)

(26) Allen, F. H.; Kennard, O., Cambridge Structural Databds&€hem.
Soc., Perkin Trans. 2989 1131.

(27) Drew, M. G. B.; Lavery, A.; McKee, V.; Nelson, S. M. Chem.
Soc., Dalton. Trans1985 1771. (b) Piguet, C.; Bernardinelli, G.;
Williams, A. F.Inorg. Chem1989 28, 2920. (c) Paolucci, G.; Stelluto,
S.; Sitran, S.; Ajo, D.; Benetollo, F.; Polo, A.; Bombieri, ®org.
Chim. Actal992 193 57. (d) Bowmaker, G. A.; Effendy, P.; Harvey,
P. J.; Healy P. C.; Skelton, B. W.; White, A. Bl.. Chem. Soc., Dalton.
Trans.1996 2459. (e) Bino, A.; Cohen, Nnorg. Chim. Actal993
210, 11.

(28) (a) Tayebani, M.; Gambarotta, S.; Yap, G. P.Akgew. Chem., Int.
Ed. Engl 1998 37, 3002. (b) Silver, J.; Zakrzewski, J.; Tosik, A.;
Bukowska-Strzyzewska Ml. Organomet. Chenl997, 169 540.

(29) Mealli, C.; Arcus, C. S.; Wilkinson, J. L.; Marks, T. J.; Ibers, JJA.
Am. Chem. Sod 976 98, 711.

(30) Gagne, R. R.; Kreh, R. P.; Dodge, J.JAAm. Chem. Sod979 101,

6917. . - . .
(31) Mikuriya, M.: Nakadera, K.; Kotera, Bull. Chem. Soc. Jpri996 ions, and the discussion of the values of the formation constant
69, 399. can be outlined in the same w&3®2 however, some other
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Table 2. Logarithms of the Equilibrium Constants Determined in of 5.17 logarithmic units, for the addition of the OHanion to
0.15 mol dn® NMe,Cl at 298.1 K for the Complexation Reactions  the [ZreH-_1L]3* species. This high value indicates a strong
of L with Zn(lf) and Cu(ll) lons binding of the hydroxide ion in the dinuclear complex and can

Log K be ascribed to a bridge disposition of the hydroxide similar to
reaction zn(ll)  Cu(ll) that found in the crystal structure of the [§id_,L)OH]**
M2+ L + 3H' = MLHS" — 36.6P species? yvhlch saturates the coordlnatlon requirement of the
M2+ + L + 2H+ = ML H,* 28.67 (2} 33.02 two Zp(ll) |ons..Th|s hydrqulated species [;ZHflL')OH](CI.O‘;)z
M2t 4+ L 4+ Ht = MLH3" 23.51(3) 28.27 was isolated in the solid state from alcoholic solution (see
M2t 4+ L = ML?" 14.87 (4) 21.01 Experimental Section) and used for the addition of substrates
M2t + 1 4+ H,0 = M(H-1L)* 4+ HsO* 5.63(2) 1160 in the IH NMR studies.
ZMPH 4 L =MoL ~ 30.27 In conclusion, the aqueous solution studies underline the
2M2* + L 4+ H,0 = Ma(H-1L)3* + Hz0* 17.64 (1) 25.95 - ' q X , )
2M2* + L + 2H,0 = Ma(H_1L)OH2* + 2H;0*  9.08 (4) 19.87 capability ofL to form stable dinuclear species with the Zn(Il)
M(H_1L)* 4+ M2t = My(H_4L)3* 12.01 14.35 ion. This is due to the presence of the phenolate group, the
Ma(H-1L )" + OH™ = My(H-_.L )OH** 5.17 7.65 oxygen of which has the capability to bridge the two zinc ions,
aValues in parentheses are the standard deviations on the lastiorming a rigid dinuclear cluster. In this way, the two metal
significant figure.? Reference 13. ions are assembled very close to each other (3.08 and 3.10 A

for butanolate and azide complexes, respectively) with a similar

100 coordination environment, given by the dien subunit and the
80 1 oxygen of the phenolate group in a bridge disposition. The short
] Zn,H_LOH? distance between the two Zn(ll) ions and their incomplete
60 - coordination sphere in the [2fiH-1L)]3" species should permit
% ] the dinuclear complex to host new species, preferring those able
40 to simultaneously bridge the two metal ions.
20 ZnLH* Substrate Addition. The capability ofL to form stable
ZnLH,* dinuclear species with various bipositive transition metal ions
0 ; - led us to explore their use as hosts for secondary ligands. In
2 6 10 this case, the binding potential of 2Cuand 2ZnL systems

PH toward mono- and di-aza heterocyclic molecules with five or

Figur;a 3. tPiStfi]?Ut}LOD diagrams of tlhispecci)efoor ﬂﬂlﬁg—”(g)r\lsl\)ft%?s six members and toward azide anion in aqueous and methanol
as a function of pri In aqueous solutidrr= U.15 mol an= NViesL, solution was investigated. Besides\Nthe guests (G) added
at298.1 K. £] =1 x 107 mol dnr, [Zn*7] = 2 > 10 mol dm®. were pyridine, pyraz%ne, pyridazine, pyrimgi]dine, p(yraole, imi-
dazole, and pyrazole. The 2MIG systems were potentiometri-
cally studied in 0.15 mol dr® NMe,Cl aqueous solution at
298.1 K, using different ML/G molar ratios. Not all of the
substrates interacted with the dinuclear systems under the
experimental conditions used; the stability constants for the
%ernary systems formed are reported in Table 3.

For the 2CuL/G system, it was possible to calculate the
formation constants with the Cu(ll) dinuclear speciet ahly
for the substrates imidazole, pyrazole, and pyridazine; the
precipitation of the adduct [GH_-1L N3]Cl,, occurring at pH

important aspects can also be highlightéd.forms stable
mononuclear complexes, with a log K of 14.87 for the addition
of Zn(ll) to the neutral speciels (see Table 2). This value of
the formation reaction is about 6 logarithmic units higher than
that reported for the same speciation of Zn(ll) with the ligand
1,4,7-triazaheptane (dien), leading us to suppose that at leas
one other atom is involved in the coordination of the métal.
The topology of the ligand suggests that the phenol oxygen is
involved in the formation of the mononuclear species together
with the triamine subunit in a coordination arrangement similar e o
to that found in the crystal structures reported herein. Moreover, values above 6, prevent?d the determination of the stability
due to the presence of the metal ion, the ligand reaches thecons_tants for the 2CL/Ns™~ system. ) )
anionic form in the [ZnHiL]* species, with the presence of With regard to the 2Zm/G system, it was possible to
the phenolate group, as confirmed by the s absorption dej[ermlne the formation constants only for thg |m|dazolg and
spectra. In fact, the two typical bands of the phenolate group 8zide substrates; the other guests do not interact with the
appear at a pH greater than 5, reaching their maximum valuesZn(ll) dinuclear species df under the experimental conditions
at pH 6.5 fmax 242 (€ = 8800 cnr? mol-t dn®) and 293 ¢ = used.
4800 cn1! mol~1 dm?)). These values are preserved for higher ~ Analysis of the data from the potentiometric measurements
values of pH or forL/Zn(ll) molar ratios equal to or greater ~showed that only adducts with 1:1 stoichiometries between the
than 1, evidencing that the deprotonation of the phenol occurs dinuclear complexes and G are formed under our experimental
in all the complexed species formed. The log K value of 12.01 conditions. By examining the stability constants for the systems
logarithmic units obtained for the addition of the second Zn(ll) formed and comparing the 2QUG and 2Znl/G systems, some
to the [ZnH-,L]" species indicates the great tendency ab shared features were identified. Imidazole and azide substrates
coordinate another Zn(ll) ion, and it lends further support, as are bound by both dinuclear systems, even if it was not possible
already reported, for the deduced potential.ab form stable to determine the values of the addition constant ef b the
dinuclear species. Also, in this case, we can hypothesize a2CuL system (vide infra); moreover, the gu system also
similar coordination environment for the two zinc ions, each binds pyridazine and pyrazole. This different behavior of
stabilized by a dien unit and by the oxygen of the phenolate Cu(ll) and Zn(ll) can be ascribed to the higher affinity of
moiety, as found in the crystal structures reported here. It was Cu(ll) toward the nitrogen donor atom of these substrates. The
possible to detect at least one hydroxylated species, with a valueaddition constants of substrates for the dinuclear systems are
higher by about one logarithmic unit than those reported in the
(32) Ceccanti, N.; Formica, M.; Fusi, V.; Micheloni, M.; Pardini, R.; literature for the G/Cu(ll) and G/Zn(ll) systems. For example,
Pontellini, R.; Ting M. R. Inorg. Chim. Acta2001, 321 (1-2), 153. the formation constant for the Zn/imidazole species is log K
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Table 3. Logarithm of the Formation Constants for the 2Cu(ll)/L and 2Zn(ll)/L Systems with the Guests (G) Imidazole (G1), Pyrazole (G2),
Pyridazine (G3), and N (G4), Determined in 0.15 mol dm NMe,Cl at 298.1 K

LogK
Cu Zn
reaction Gl G2 G3 Gl G4

2M?*+ L + G =[GM,H_4L]3" + H*t 30.57 (3% 29.10 (4) 28.54 (2) 21.68 (3) 20.45 (2)
2M?" + L + G = [H_,GM,L]?" + 2H" 23.64 (4) 24.24 (4) 23.90 (3) 13.06 (3) -

2M2*+ L + G = [H_sGM,L]" + 3H* 12.51 (3) 13.08 (3) - 2.97 (4) -
[Mo(H-1L)]3" + G = [GMy(H-4L)]3" 4.6 3.2 2.6 4.0 2.8

aValues in parentheses are the standard deviations on the last significant figure.
2.56, while the addition of imidazole to [ZfH-;L)]3" species H2, H2

gave log K= 4.0 (see Table 3). This behavior indicates that

the close proximity of the two metals favors the addition of the H1

guest, moreover, suggesting that the two metal ions cooperate A P
to bind the substrate. The guests interacting with the dinuclear oy
systems in the pH range investigated have at least two donor 2[N T2z, H2

atoms; on the contrary, the substrates containing only one donor , " . HI

atom, besides holding a lone pair, do not interact. Furthermore,

the previous condition is not sufficient for binding; in fact, b
pyrazine and pyrimidine (the two N atoms are in the 1,4 and

1,3 positions, respectively) are not bound by boti. Mystems.

This can be explained taking into account the fact that G

probably binds the two metal centers in a bridge disposition,

and for this reason the presence of at least two lone pairsinthe ———————————————"—"" " ———a
guest is necessary. Nevertheless, the guests are not recognized 84 8.0 7.6 72 6.8 6.4

as having two donor atoms which are, however, located too far (ppm)

away to fit the distance between the two metal centers well (this Figure 4. H NMR spectra (aromatic protons) in GOD of L (a);
interpretation is in agreement with the CCDC analysis). For this imidazole (b); L/imidazole system in 1:1 molar ratio (c).
reason, the structure of the bimetallic clustepfM;L]3" seems

to be rigid and preorganized, coordinating only secondary
ligands able to fit this distance well. In fact, the azide has two
possibilities to bridge the two metal ions, thel,1 and the
u-1,3-azido bridges. In our case, thel,1-azido bridge is
preferred, as shown by the crystal structure of the cation
[Zn2(H-1L)(N3)]?"; moreover, the IR spectrum shows only one
asymmetric stretch of the azide at 2080 ¢émattributed to the
u-1,1-azido bridge between the two Zn(ll) ioffsA band at
2082 cnt! was also observed for the [g{ti—1L )(N3)](ClO4)2
complex isolated as a solid, revealing a similar azide arrange-

ment in the copper complex. The addition of imidazole, which the solid state (see experimental part) is very similar to that

shows the highest addition constants to theHIMiL]3" species ; . _
of all the guests, seems to contradict the hypothesis that the_recorded In agueous solution at pH 6.4, where the same species

. . is prevalent. When such studies are performed in methanol
guest has to have two close nitrogen atoms or two lone pairs . . . L
8 . ..~ solution and increasing amounts of imidazole are added to the
on the same donor atom to bind the dinuclear host, and besides

o : [Zny(H-1L)(OH)]?* species, the Job plot of thetH NMR
it is not supported by. the results of th? (.:CCD angly5|s unless chemical shift for the signals of the protons of the imidazole
only one of the two nitrogen atoms of imidazole binds the two

) - e
metals in au-1,1-amino bridge, as has been shown in some against the imidazole/[Z(H-1L)(OH)J* ratio shows a sharp

cases for pyridine when it binds two metals in close proximit break at imidazole/[ZH-1L)(OH)]*" = 1. This means that
Py . € pro y only 1 equiv of imidazole coordinates the dinuclear complex.
(see CCDC analysis). Moreover, for the systems with imidazole e
. Moreover, the shifts in those resonances show that the complex
and pyrazole there is the appearance of a further degree ofiS completelv formed by adding 1 equiv of imidazole. Fiqure 4
deprotonation in ternary systems with respect to the binary 2M/L petely y 9-€d -9

. . ... _ reports the spectrum of the aromatic part of the[BnL)-
systems (Tables 2 and 3). This can be explained by the addition . . . T
o¥ anothér hydroxyl gro)up and by the geproton;tion of the (OH)]?" species (Figure 4a) together with those of free imidazole

guests, as reported in some cases in the liter&tuvhjch would (Figure 4b) and the complexed species (Figure 4c) formed by

) . L ot .
yield the imidazolate or pyrazolate species. This latter hypothesisaddmgl 1 equiv of imidazole to [Z(H-1L)(OH)]*" species.

is supported by the different speciation patterns for the addition Figure 5 reports the complexed species formed with imidazole
pp yhe 1L sp P - and recorded at different temperatures. By comparing the spectra
of azide or pyridazine, which do not have any acidic protons.

recorded at 25C (Figure 4), it was found that the resonances
: S .y WA f L did not change appreciably when imidazole was added to
(33) Copper Proteins, Metal lons in BiologySpiro, T., Ed.; Wiley- 0 . . . e
Interscience: New York, 1981; Vol..3b) Berends H. P.; Stephen,  the [Z(H-1L)(OH)]?* species, while the signals of imidazole
D. W. Inorg. Chem.1987, 27, 749. show a marked downfield shifA@ is 0.34 and 0.67 ppm for

(34) George, P.; Hanania, G.; Irvine, D. Chem. Sacl1964 5689. (b) ; i ; indi
Vasconcelos, M. T. S. D Machado, A.. A S, Talanta 1986 33 H2, H2 and H1, respectively). This evidence indicates an

919. (c) Catalan, J;; Menendez, M.; ElgueroBall. Soc. Chim. Fr  interaction between imidazole and the f@-1L)]*" species;
1985 1, 30. however, the coordination of imidazole does not affect thelH

In other words, the potentiometric data and the CCDC analysis
suggest that the coordination of imidazole and pyrazole mol-
ecules to the dinuclear specieslMcan favor the deprotonation

of the guest; furthermore, at least for imidazole-&,1-amino
bridge between one of the two nitrogen atoms of the guest and
the two M(Il) ions is proposed.

NMR Studies. 'H NMR experiments were carried out for
the 2ZnL /imidazole system in aqueous and methanol solutions
to better understand how imidazole is involved in the coordina-
tion of the dinuclear species. ThE NMR spectrum, recorded
in methanol, of the [Zs(H-1L)OH](ClO,), species isolated in
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HIl > H{ the substrate or the dinuclear species, confirming that they do
A___-T0°C not interact with the dinuclear species in this medium.

£

Concluding Remarks

The ligandL, which contains two diethylenetriamine units
linked to the central nitrogen atom by 2,6 dimethylphenol, forms
stable dinuclear complexes with Zn(ll) ions in aqueous solution.
Each tri-aza subunit binds one zinc ion, while the oxygen atom

I

-30°C M of the phenolate binds both ions in a bridge disposition, making
I it possible to have the two metal centers in close proximity. In
-20°C M this way, the dinuclear species show an unsaturated coordination

environment, which is taken up by secondary ligands, as shown
by the two crystal structures reported. In these structures, both
LN Zn(ll) ions show a pentacoordinated environment in which the
J\ 0°C fifth position is occupied by a secondary ligand that bridges
Ma_
Mo

-
=

the two metals centers. The substrates bound to the dinuclear
species are the azide and butanolate anions, respectively; the
latter is obtained by the deprotonation of butanol from the

T T T T T

85 8.0 75 70 65 [Zna(H-1L)(OH)]?" species, revealing the strong binding ability
(ppm) of the dinuclear species and suggesting that the hydroxide anion
Figure 5. 'H NMR spectra (aromatic protons) in GOD of L/imi- cooperates in the deprotonation of the substrate. The azide anion
dazole system in 1:1 molar ratio at various temperatures. prefers au-1,1-azido bridge, as the-1,3 bridge is unfavorable

due to the short distance between the two Zn(ll) ions in the
cluster. The influence of the metaietal distance on the
binding of substrates in the dinuclear complexek afith Cu-

(I1y and Zn(Il) was studied by adding small aza-molecules to
the 2M(Il)/L system over all the series of the mono- and di-
aza-heterocyclic molecules with five or six members. These
studies performed in solution, together with the search in the

moiety or, in other words, the [A(H-;L)] cluster, suggesting
that imidazole probably replaces the hydroxide ion in the
complex without modifying the coordination sphere of the two
Zn(ll) ions. When the temperature was lowered, the sharp
resonance at 7.38 ppm attributed to the two equivalent protons

H2 and H2 of imidazole became broad, and-at30 °C it was C o o ey
near to coalescence. At lower temperatures, two new broadCCCD database, h|gh||ghted_ the rigidity and SEIeCt'V'ty. of.the
ML cluster toward assembling the substrate. In fact, it binds

resonances appear, and -a70 °C they are sharp signals, | lecule of onlv th bstrat hich sh { least
integrating for one proton each. These two resonances can pSN'y one molecule ot only those substrates which Snow at ‘eas

ascribed to the protons H2 and H#&hich lose their magnetic o contiguous donor atqms or two lone pair§ on the same donor
equivalence on the NMR time scale belovB0 °C. It is of atom lee to exactly fit the r.netrahlwetal distance .Wlthout
interest that the resonance attributed to the protoneigibits modifying the metal cluster. This ability can be ascribed to the
a more marked downfield shift than HA$ are 0.59, 0.51, .cooperafuon of t.he two_ metal.centt.ars in binding the guest, which
and 0.21 at-70 °C for H1, H2, and H2, respectively). This IS coprc_ilnated in a brldgt_e disposition between Fhe two m.etals.
loss of symmetry in the complexed imidazole, together with The imidazole molecule is the substrate that gives the highest
the different shifts exhibited by the three protons, indicates a addition constants to the [M]>* species, suggesting in this
bridged disposition of the imidazole between the two metal case au-1,1-amino bridge, because al,3-amino bridge is
centers involving only one of its nitrogen atoms inual,1- precluded by the short distance between the two metals; in this
amino bridge, as previously suggested by the potentiometric case the presence of the imidazolate anion is also presumed.
data. This situation is averaged between the two nitrogen atoms The ability of the Zn(ll) dinuclear species to deprotonate
at room temperature on the NMR time scale but is blocked at substrates makes the [£R_;L)(OH)]%" species attractive to
lower temperature. Furthermore, the experimental data suggesus as catalysts for hydrolytic processes, such as the hydrolysis
that the addition of the imidazole (G) to the [fH-1L )(OH)]2* of phosphate monoesters, mimicking the alkaline phosphatase

species takes place, forming the imidazolate adduct {(})- enzyme.
Zny(H-;L)]?" and HO; in other words, the presence of the
hydroxide anion in the [ZgfH-;L)(OH)]?" can favor the Acknowledgment. Support for this research by MURST

deprotonation of the imidazole. This ability to deprotonate (Ministero per I'Universitae la Ricerca Scientifica e Tecno-
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phosphatase enzyme. factors, and bond distances and angles in CIF format. This material is
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not give any significant variations in the NMR spectra of either 1C0105415



