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Controlled Synthesis of 3d—4d Heterobimetallic Complexes of a Symmetrical
Tetraiminodiphenolate Macrocycle — Structural, Spectroscopic, and Redox
Properties
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The mononuclear complexes [Rh(LH,)ClL,;](ClO,4)-3H,O (1)
and [Pd(LH,)](ClOy,), (2) of the tetraiminodiphenolate macro-
cycle L2~ have been synthesized by the transmetallation
reaction between [Pb(LH;)](ClO4),, and RhCl3xH,O and
Na,[PdCly], respectively. In these compounds, the uncoordi-
nated imino nitrogen atoms are protonated and are hydrogen
bonded to the phenolate oxygen atoms to stabilize them
against hydrolytic cleavage. Using these mononuclear com-
plexes, the following heterodinuclear complexes: [Rh™Cl,-
(L)PA"](X) [X = ClO4 (3), PFs (4)], [PA"(L)M"(H,0),](ClO,),
[M =Mn (5), Fe (6), Co (7), Ni (8)], [PAY(L)MY](C10,4), [M = Cu
(9), Zn (10)]; and the dipalladium(Il) complex [Pd,L](ClO,),
(11) have been synthesized. The crystal structure determined
for [RhCl,(L)Pd](PFe) (4) shows an axially elongated octa-
hedral geometry for Rh™ and a square-planar geometry for
PA". In [Pd"(L)Cu'](ClO,), (9), both the metal ions lie in the
flat plane of the macrocyclic ligand and they are positionally
disordered with equal occupancies. The Cu' center has an
apically elongated square-pyramidal geometry due to the

weak perturbation by an oxygen atom of a perchlorate anion.
Complexes 2, 10, and 11 on excitation at 400 nm exhibit lu-
minescence at room temperature at 505, 437, and 443 nm,
respectively. Spectrofluorimetric titrations of [Pd"(LH,)]**
with the acetate salts of zinc(Il) and palladium(Il) have shown
that the formation of [Pd(L)Zn]?>* and [Pd,L]*" complex spe-
cies are accompanied by blue shift of luminescence with in-
creased and reduced emission intensities, respectively. The
hyperfine-shifted 'H NMR spectral features of the paramag-
netic compounds 7-9 have been analyzed by determining
their longitudinal (T;) and transverse (T,) relaxation times.
Cyclic and square-wave voltammetric measurements have
been carried out for complexes 7-9 in acetonitrile. For com-
plexes 8 and 9, reversible one-electron reduction occurs with
Ei/y = -0.10V for PdYCu'/Pd"Cu' and -0.80 V for PA"Ni'/
PA"Ni! versus Ag/AgCl. Complex 7 undergoes irreversible
reduction for cobalt(Il) at —-0.78 V.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Over the past three decades extensive studies have been
made on the chemistry of the phenolate-bridged tetraimino-
diphenol macrocyclic complexest!~!7! derived from the sym-
metrical ligand L> (I). The focus of interest in complexes
of this sort has been to study the implications of coopera-
tive metal-metal interactions that are manifested in spin-
exchange couplings,!®'%] redox activities,*#°%111 and bime-
tallic reactivities.”16]

There is considerable interest in involving heterobimetal-
lic complexes in catalytic reactions by way of dual acti-
vation of substrates.['8 21 Heterobimetallic complexes also
have distinct potentiality to act as precursors for producing
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bimetallic nanoparticles, especially those containing plati-
num metals and first-row transition metals.*!! The synthesis
of heterobimetallic complexes where the two metal ions are
held in close proximity by a bridging ligand is a nontrivial
problem, particularly when the ligand is symmetrical in na-
ture. The most common problem in such cases is either the
preferential formation of a particular homodinuclear com-
plex species or the statistical formation of a mixture of two
products. Clearly, the development of a controlled synthetic
route for the generation of heterobimetallic complexes is an
important task. We have introduced a controlled systematic
route to synthesize bimetallic systems of the symmetric
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macrocyclic ligand L? incorporating 4d-3d metal ions.
Herein we report the synthesis, structures, and spectro-
scopic properties of the mononuclear complexes [M-
(LH,)]"* M = Rh'"!, Pd!; n = 3, 2) and the heterodinuclear
complexes [RhCl,(L)Pd]*" and [PA(L)MJ** (M = Mn", Fe!l,
Co'', Ni'l, Cu", Zn™M). The X-ray crystal structures of two
heterodinuclear complexes [RhCly(L)Pd](PF4) and [Pd(L)-
Cu](ClOy), have been determined. Paramagnetic proton
NMR studies have provided information about the influ-
ence of electron spins on the hyperfine-shifted spectral pat-
terns of [Pd(L)M"]>* (M = Fe, Co, Ni, Cu) complexes.

Results and Discussion

Syntheses

The synthesis of heterobimetallic complexes involving
3d-4d metal ions and the symmetrical compartmental
macrocyclic ligand L> would ideally require mononuclear
precursor complexes in which one compartment of the li-
gand is metal-free. However, for the ligand L?>* such mono-
nuclear complexes are generally not obtainable.l!-2->160] Tt
has been reported®? that metal-directed macrocyclization
usually does not take place with nonlabile platinum metals.
Indeed, we have failed to produce mononuclear or dinuclear
complexes of palladium(Il) and rhodium(IIl) of L2*
through a [2+2] condensation reaction between 2,6-difor-
myl-4-methylphenol and 1,3-diaminopropane in the pres-
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ence of Na,[PdCl;] or RhCl5:xH>O. In both cases, a mix-
ture of reaction products was obtained which consisted of,
inter alia, amine aldehyde condensed oligomers, metal di-
amine complexes, and [Pd,L’] or [RhL'(H,O)Cl] where
H,L' is the [2+1] Schiff base of 2,6-diformyl-4-methylphe-
nol and 1,3-diaminopropane.

To obviate this problem, sometime back we reported the
synthesis of a mononuclear lead(I) complex, [Pb(LH,)]-
(ClOy),,1 by reacting 1 equiv. of lead perchlorate with 2
equiv. each of 2,6-diformyl-4-methylphenol and 1,3-diami-
nopropane in the presence of acetic acid. In this complex,
LH, represents the macrocycle in the zwitterionic form in
which the two uncoordinated imine nitrogens are proton-
ated and are hydrogen-bonded to the metal-bound phenol-
ate oxygens. The utility of [Pb(LH,)](ClOy,), as a precursor
to obtain other mononuclear complexes has been demon-
strated by usl®* by isolating complexes [M™(LH,)(H,0)-
CI])(ClOy4),*nH>0 of trivalent labile metal ions such as alu-
minum, gallium, and indium.

As shown in Scheme 1, the metathetical reaction involv-
ing stoichiometric amounts of [Pb(LH,)](ClO4), and
RhCl3:xH,O or Na,[PdCly] and excess NaClO4 leads to
the formation of [Rh(LH,)CL](ClO4)-3H,O (1) and
[PA(LH,)](ClOy), (2). The driving force for the reaction is
precipitation of PbCl, and occupation of its vacant site by
rhodium(III) or palladium(II). The palladium(IT) complex
(2), on reaction with a stoichiometric amount of a 3d metal
perchlorate M(ClO4),°6H,O (M = Mn, Fe, Co, Ni, Cu, Zn)

—
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and triethylamine, affords the heterodinuclear complexes
[PA(L)M(H,0),](C10y4), (5-8, Mn-Ni), [Pd(L)Cu](ClO,),
(9), and [Pd(L)Zn(H,0)](Cl04)>,"H,0 (10). If the above re-
action is carried out with Na,[PdCly] and NaClO,, the
homodinuclear complex [Pd,L](ClO,), (11) is obtained. In
contrast to 2, the reaction of [RhCl,(LH,)](ClO4)-3H,0O (1)
with the above-mentioned metal perchlorates, however,
failed to produce the desired [RhCly,(L)M(H,0),]*-type
complexes. On the other hand, when 1 is reacted with
Na,[PdCly] and triethylamine in the presence of NaClO,4 or
NHy[PF¢] the mixed-metal [RhCl,(L)Pd](ClO,4)/(PF4) com-
plexes 3, 4 are readily obtained. This indicates that the trans
axial chloride ions of 1 sterically inhibit the entry of a sec-
ond metal ion into the ligand compartment if the coordina-
tion number of the incoming metal ion exceeds four. In the
case of palladium(Il), no difficulty is encountered in ob-
taining [RhCl,(L)Pd]" because of the square-planar geome-
try of the palladium center.

It needs to be mentioned at this stage that the dipalladi-
um(II) complex [Pd,L](BF,), has been prepared earlier!!®
by reacting the macrocyclic ligand salt [H4L](BF,), with
palladium(IT) chloride or acetate in acetonitrile in the pres-
ence of a 10-fold excess of triethylamine. The X-ray crystal
structure of this compound has been reported.['%e] Further,
the heterodinuclear complex [PALNi(CH;CN),](ClO,), has
been previously synthesized®>)! by reacting the much earlier
reported mononuclear nickel(IT) complex [Ni(H,L)]-
(ClO4)»"H,O! with palladium(II) acetate in acetonitrile.
This compound has also been structurally characterized.*’!
We note that the proton NMR spectra reported for
[PALNi(CH;CN),]** in CD;OD are similar to those of
[PALNi(H,0),]** in CD;CN obtained in this study.

Crystal Structures

[Rh(Cl,)(L)Pd]PF4 (4)
The structural analysis of complex 4 revealed the pres-
ence of the core cation [Pd(L)RhCI,]* and one hexafluoro-

phosphate anion. An ORTEP representation of the cation
[PA(L)RhCL,]* is shown in Figure 1 and seclected in-
teratomic distances and angles are listed in Table 1.

Figure 1. ORTEP representation of the [Pd(L)Rh(Cl,)]* cation of
complex 4 at the 50% probability level. H atoms omitted.

The structure of the cation of 4 consists of one palladi-
um(IT) and one rhodium(IIT) center bridged by the two phe-
nolate oxygens O(1) and O(2) and they are separated by a
distance of 3.150(1) A. The dihedral angle between the two
phenyl rings is 22.76(1)°, indicating significant deviation of
the macrocycle from the planarity. For the Pd(1) center the
basal plane is provided by the atoms O(1), O(2), N(1), and
N(2) [Pd(1)-O(1) 2.022(2) A, Pd(1)-0O(2) 2.024(2) A, Pd(1)-
N(1) 1.980(3) A, and Pd(1)-N(2) 1.990(3) A]. These donor
atoms are deviated from the mean plane by not more than
+0.010(1) A and the Pd(1) center lies below the plane by
0.009(1) A. The Rh(1) center is bonded to the phenolate
oxygen atoms O(1) [Rh(1)-O(1) 2.056(2) A] and O(2)
[Rh(1)-O(2) 2.062(2) A], and the imine nitrogen atoms N(3)
[Rh(1)-N(3) 1.984(3) A] and N(4) [Rh(1)-N(4) 2.001(3) A].
The mean plane is formed by O(1), O(2), N(3), and N(4)
atoms in which the deviations of the donor atoms do not
exceed +0.004(1) A. The trans axial CI(1) and CI(2) atoms
are placed above and below the metal plane to complete

Table 1. Selected bond lengths [A] and angles [°] for [RhCL(L)Pd](PFs) (4).

Pd(1)-N(1) 1.980(3) Rh(1)-N(3) 1.984(3)
Pd(1)-N(2) 1.990(3) Rh(1)-N(4) 2.001(3)
Pd(1)-O(1) 2.022(2) Rh(1)-O(1) 2.056(2)
Pd(1)-0(2) 2.024(2) Rh(1)-0(2) 2.062(2)
Rh(1)-CL(1) 2.3395(13)
Rh(1)-CI(1) 2.3065(13)
N(1)-Pd(1)-N(2) 95.78(12) N(3)-Rh(1)-N(4) 96.86(13)
N(1)-Pd(1)-O(1) 92.43(11) N(3)-Rh(1)-O(1) 170.34(11)
N(2)-Pd(1)-O(1) 171.71(11) N(4)-Rh(1)-O(1) 92.79(12)
N(1)-Pd(1)-0(2) 171.82(11) N(3)-Rh(1)-0O(2) 92.63(11)
N(2)-Pd(1)-0(2) 92.40(11) N(4)-Rh(1)-0O(2) 170.51(11)
O(1)-Pd(1)-0(2) 79.39(10) O(1)-Rh(1)-0(2) 77.72(9)
N(3)-Rh(1)-CI(2) 89.58(10)
Pd(1)-O(1)-Rh(1) 101.12(11) N(4)-Rh(1)-CI(2) 91.10(10)
Pd(1)-O(2)-Rh(1) 100.88(10) N(3)-Rh(1)-CI(1) 89.06(10)
N(4)-Rh(1)-CI(1) 90.43(10)
O(1)-Rh(1)-Cl(2) 89.82(9)
0(2)-Rh(1)-Cl(2) 88.97(8)
O(1)-Rh(1)-CI(1) 91.29(9)
O(2)-Rh(1)-CI(1) 89.72(8)
CI(2)-Rh(1)-CI(1) 178.07(4)
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the octahedron. The two Rh-Cl distances [Rh(1)-ClI(1)
2.339(1) A and Rh(1)-CI(2) 2.306(1) A] are almost the
same, albeit rather long. The CI(2)-Rh(1)-CI(1) angle
[178.07(4)°] is practically linear. The displacement of Rh(1)
from the least-square plane is only 0.003(1) A.

[Pd(L)Cu](ClOy)> (9)

Compound 9 is comprised of the cation [Pd(L)Cu]** and
two perchlorate anions. The ORTEP view of the cation is
shown in Figure 2. The relevant bond lengths and angles
are given in Table 2. The [Pd(L)Cu]** cation lies on a crys-
tallographic inversion center and thus the M,O, ring is
planar with M = Pd and Cu centers disordered over both
sites (site occupation factor 0.5). The two metal centers are
bridged by the two phenolate oxygens O(1) and O(1A) and
they are separated by a distance of 3.083(1) A. The basal
plane for either of the metal atoms is formed by the N,O,
donor atoms and the average metal-donor atom distances
are M(1)-O(1) 1.965(4) A, M(1)-O(1)#1 1.998(4) A, M(1)-
N(1) 1.997(5) A, and M(1)-N(2) 1.971(6) A. The deviation
of the constituent N,O, atoms from the mean plane is
0.024(1) A and both the metal centers are equally displaced
in opposite directions from the mean plane by 0.031(1) A.
The [Pd(L)Cu]** cation is not perfectly flat, as the atoms
C(2) and C(2A) are significantly off [0.62(1) A] the mean
cation plane. Moreover, the perchlorate anions are heavily
disordered. The distance between the Cu center and a per-
chlorate oxygen O(14) is 2.54 A. This Cu--O distance is not
unusual for an apical perchlorate donor on otherwise
square-planar copper(II).

Figure 2. ORTEP representation of the [Pd(L)Cu]** of complex 9
at the 50% probability level. H atoms omitted. “A” labels indicate
symmetry-related atoms (—x, -y + 1, —z + 1).

It should be noted that 0.5:0.5 disorder of the palladi-
um(IT) and copper(Il) centers over two sites might as well
indicate that 9 is a 1:1 mixture of [Pd,L](ClO,4), and [Cu,L]-
(ClOy4), rather than the mixed-metal complex [Pd(L)Cu]-
(ClOy4),. However, it will be seen in the next section that the
mass spectrum of 9 provides clear evidence that it is a truly
heterodinuclear complex.

In this context it would be relevant to consider the crys-
tal structures reported for the homodinuclear complexes
of palladium(I) and copper(I). In [Pd,L](BF,),
2CH;NO,,[1% the average Pd—O, Pd-N, and Pd--Pd dis-
4114
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Table 2. Selected bond lengths [A] and angles [°] for [Pd(L)Cu](-
ClOy), (9).

M(1)-O(1) 1.965(4)
M(1)-O(1)# 1.998(4)
M(1)-N(1) 1.997(5)
M(1)-N(2) 1.971(6)
M-+M 3.0831(1)
O(1)-M(1)-N(2) 92.2(2)
O(1)-M(1)-N(1) 170.5(2)
N(1)-M(1)-N(2) 96.5(2)
O(1)-M(1)-O(1)# 77.86(19)
N(Q2)-M(1)-O(1)# 170.3(2)
N(1)-M(1)-O(1)# 92.7(2)
C(11)-N(1)-M(1) 122.8(4)
C(1)-N(1)-M(1) 122.9(5)
C(4)-N(2)-M(1) 123.3(5)
C(3)-N(2)-M(1) 120.4(6)

tances are 2.015(1), 1.987(6), and 3.1511(6) A, respectively.
The structure determined for the dicopper(IT) complex
{[Cu, L(H,0)5(ClO04),][Cur L(H,0),](Cl04), 11201 showed
the presence of two different complex units in the unit cell.
In one of these units, the dicopper(Il) centers are pseudo-
octahedral because of frans axial coordination by the oxy-
gen atoms of perchlorate and water and the relevant bond
lengths are Cu-O 1.985(6) A, Cu-N 1.956(8) A, Cu-
O(perchlorate) 2.589(10) A, Cu-O(water) 2.451(9) A, and
Cu-+Cu 3.091(3) A. In the second unit, the copper(Il) cen-
ters have square-pyramidal geometry with the following
bond lengths: Cu-O 1.970(6) A, Cu-N 1.965(9) A, Cu—
O(water) 2.451(6) A, and Cu--Cu 3.096(3) A. Further, in
the first unit the copper center is displaced from the equato-
rial mean plane by only 0.019(4) A, while in the second unit
this displacement, 0.083(6) A, is greater. A comparison of
the structural geometries of the metal centers and the metri-
cal parameters of 9 with the dipalladium(II) and dicop-
per(II) systems clearly reveals that 9 is a discrete compound.

Mass Spectra

The electrospray ionization mass spectra (ESI positive)
of complexes 1-11, except for 5, have been measured using
their acetonitrile solutions (about 10~* mol-dm3). The mo-
nonuclear complex 1 shows two peaks due to the cations
[Rh™(CL)(LH,)]* and [Rh™(CI)(CIO4)(LH,)]*, whereas
compound 2 shows peaks due to the cations [Pd"(LH,)-
(ClOy)]* and [PA™(LH,)]**. The heterodinuclear Rh'Pd!
compounds 3 and 4 show only a single peak due to the
[Rh(ClL,)(L)Pd"]* cation.

For the heterodinuclear Pd"M! complexes (M = Fe, Co,
Ni, Cu, Zn) and the homodinuclear Pd""Pd" complex sim-
ilar spectral features have been observed. These are charac-
terized by the occurrence of two types of positively charged
species: [PA(L)YMY(CIO4)]* and [Pd™(L)M™]>*, of which
the doubly positive-charged ion forms the base peak. Fig-
ure 3 shows the cluster of peaks observed for the two types
of molecular cations of 7 along with their corresponding
simulated spectral patterns. It may be noted that the

Eur. J. Inorg. Chem. 2006, 4111-4122
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Figure 3. Electrospray ionization mass spectra (ESI-MS+) of [Pd"(L)Co"(ClOy), (7) in acetonitrile. Simulated isotropic spectral patterns
are compared with the observed major positively charged cationic species.

number of peaks, m/z values, and the relative peak heights
observed for the cations [Pd"(L)Co"(ClO,)]" and [Pd(L)-
Co]?** are in excellent agreement with the calculated spectral
patterns obtained by taking into consideration the relative
abundances of the isotopes of the constituent elements.

The mass spectrum of the complex [Pd(L)Cu](ClOy), (9)
has been of particular interest in this context because, as
already noted, the X-ray structure of this compound raised
the possibility of considering it as a mixture of
[szL](ClO4)2 and [CU2L](CIO4)2 The spectrum of 9
(shown in Figure S1) depicts the presence of peaks only due
to [PA(L)Cu(ClOy)]*" with m/z = 671.9 (10%) and [Pd(L)-
Cu]** with m/z = 287.5 (100%). The observed and calcu-
lated isotopic abundance ratio patterns of the positively
charged species (see Figure S1, supporting information) are
in excellent agreement with each other. Further, the total
absence of peaks due to [Pd,(L)(ClO ] (715), [Cus(L)-
(ClO]" (629), [Pdo(L)I* (309), and [Cu,(L)]** (265) rules
out the possibility of 9 as a mixture of the two homodinu-
clear complexes.

Infrared Spectra

The IR spectroscopic data of complexes 1-11 are given
in the Exp. Sect. The vc=n stretching vibrations of all the
complexes lie between 1650 and 1630 cm™'. For the mono-
nuclear complexes 1, 2 the vc=y vibration is observed at
1650 cm™!, while for the dinuclear complexes 3—11 this band
is shifted to lower energy, 1635-1630 cm™'. In the mononu-
clear complexes, a weak band is observed at about
3150 cm ! due to the protonated imine (vnyg), which is hy-
drogen-bonded to the phenolate oxygen. As expected, this

band is not observed in the dinuclear complexes.

Eur. J. Inorg. Chem. 2006, 4111-4122
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Electronic Spectra

The electronic spectroscopic data for complexes 1-11 are
listed in Table 3. The mononuclear complexes [Rh(LH,)-
C1,](Cl04):3H,0 (1) and [Pd(LH,)](ClOy), (2) exhibit sim-
ilar absorption spectral features with a relatively broad
band around 406 nm and two intense bands around 260 nm
and 220 nm. The latter two bands are due to intraligand
charge transfer transitions, whereas the first one seems to be
due to ligand (phenolate) to metal charge transfer (LMCT)
transition. The spectral patterns observed for the heterodin-
uclear Rh'PA" complexes are again similar to those of 1
and 2, although the LMCT band is shifted to 385 nm.

The heterodinuclear diamagnetic PA™ (M = Zn, Pd)
complexes 10, 11 also exhibit spectral features as above
(Table 3). Significant spectral changes occur when M is a
transition-metal ion. For example, the absorption spectrum
of the Pd"Co!" complex (7) (Figure S2) shows three bands
at 970 nm (16 dm*mol '*cm™), 375nm (36400 dm?-
mol '-~cm™') and 256 nm (177600 dm3mol'-cm™!"). While
the band observed at 375 nm is due to the LMCT transi-
tion, the band at 970 nm is assignable to *T;, (F) — Ty,
transition of high-spin Co'" center in an octahedral environ-
ment. In the PA'Ni"" complex 8, in addition to the two
bands in the UV region (378 and 260 nm), two more bands
are observed in the visible (550 nm) and in the near-IR re-
gion (985 nm). Figure S3 shows the absorption spectrum of
complex 8 in acetonitrile. The bands observed at 985 nm
(8 dm*mol *cm!) and 550 nm (17 dm3*mol :cm™!) are
due to *A,, — Ty, and *A,, — Ty, (P) transitions of the
six-coordinate nickel(II) center. We note that a third band
expected for 3A,, — 3T, transition is not observed.
The Pd"Cu'' complex 9 exhibits a single d—d band at
700 nm (39.9 dm3*mol'-cm™') in addition to the bands at
4115

www.eurjic.org



FULL PAPER

B. Dutta, B. Adhikary, U. Florke, K. Nag

Table 3. Absorption and emission spectroscopic data for complexes 1-11.[4

Absorption Emission
Jmax [0m] (¢ [dm3-mol'cm ™) Amax [nm] @
1 409 (24700), 266 (129800), 221 (190500)
2 407 (26300), 261 (144500), 222 (176000) 505 0.012
3 385 (27800), 261 (131000), 223 (183900)
4 385 (27800), 261 (131000), 223 (183900)
5 372 (32000), 261 (167000)
6 374 (34200), 259 (163200)
7 970 (16), 375 (36400), 256 (177600)
8 985 (8), 550 (17), 378 (32500), 259 (157000)
9 700 (40), 375 (34200), 258 (162000)
10 406 (22400), 259 (166700), 219 (189700) 437 0.033
11 398 (21200), 264 (100900), 219 (179500) 443 0.005
[a] In acetonitrile.
. 150
375 and 258 nm (Figure S4). No d—d bands could be ob- H(L152) & ———
served for the Pd"n'!" and Pd"Fe!! complexes 5 and 6, 100 s
respectively. £ ),/
;100 Eeo| 4
3 £ /
. E S gl
Luminescence Spectra 2 1:0.5 0 1 2
] 1:0.4 Equivalents of
The luminescence spectra of the mononuclear palladium M sl Zn(0A¢),2H,0 added
complex 2, the heterodinuclear Pd"Zn"' complex 10, and
the dipalladium(II) complex 11 were measured in acetoni-
trile solution at room temperature. Table 3 summarizes the
0

emission spectral characteristics of the complexes, including
their quantum yields. The mononuclear Pd"™ complex on
excitation at 400 nm exhibits a luminescence peak at
505 nm. In the Pd"Zn! complex 10, the luminescence peak
is blue-shifted to 437 nm with increased intensity. On the
other hand, for the dipalladium(Il) complex 11, consider-
able diminution of emission intensity occurs for the lumi-
nescence peak observed at 443 nm.

Spectrofluorimetric titrations carried out by adding in-
cremental amounts of an acetonitrile solution of Zn-
(OAc)»-2H,0 to a solution of 2 containing 2 equiv. of so-
dium acetate in the same solvent, leading to the formation
of 10, is shown in Figure 4. The emission band of 2 at
505 nm (e, = 400 nm) progressively gets quenched with the
addition of zinc(Il), whereas a new band appearing at
437 nm due to the formation of 10 progressively increases.
The growth of the emission band at 437 nm was monitored
as a function of the concentration of zinc acetate added.
The inset in Figure 4 shows that the luminescence intensity
reached its maximum when 1 equiv. of Zn(OAc),-2H,0 was
added.

A similar observation has been made for the spectrofluo-
rimetric titration of 2 with palladium acetate (Figure 5).
With the incremental addition of palladium acetate the
band at 505 nm decreases, giving rise to a new band at
443 nm corresponding to the formation of the dipalladium
complex 11. Again, the growth of the 443 nm band was
complete when 1 equiv. of palladium acetate was added. It
has been established from additional measurements that the
presence of 2 equiv. of sodium acetate is essential for the
completion of the reactions. For instance, when titrations
were carried out without adding sodium acetate, 2 equiv. of
4116
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Figure 4. Spectrofluorimetric titration of a mixture of [Pd(LH,)]-
[CIO4]> (2) (1x107° mol:dm3) and NaOAc (2x 10> mol-dm)
with Zn(OAc),-2H,O in acetonitrile. The excitation wavelength
used was 400 nm. The inset shows the variation of luminescence
intensity with the number of equivalents of Zn(OAc),-2H,0 added.

M(OAc), were required for the completion of the reactions.
Clearly, the role of the excess acetate is to provide a buffer
effect to the liberated acetic acid in Reaction (1).

21
40 & S
I 10 214 _/'f.
E {
g f
. 30 i
- 1:03 [5 0 1m
E 0.0 05 1.0 15 20
2 20 1:0.8 1:0.4 Equivalents of Pd(OAc),
g added
=
10/
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‘Wavelength/nm

Figure 5. Spectrofluorimetric titration of a mixture of [Pd(LH,)]-
[CIO4]> (2) (1x107° mol:dm3) and NaOAc (2% 10> mol-dm3)
with Pd(OAc), in acetonitrile. The excitation wavelength used was
400 nm. The inset shows the variation of luminescence intensity
with the number of equivalents of Pd(OAc), added.
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[PALH)* + M(OAc), [PAL)M]?' +2 HOAc

M

In this context, it may be mentioned that relative to
[PALZn]*" the luminescence intensity of [Zn,L]** is seven
times stronger.*®!

Proton NMR Spectra

Proton NMR spectroscopic studies were carried out for
the diamagnetic complexes 1-4, 10, 11 in (CD3),SO and for
the paramagnetic complexes 6-9 in CD;CN. The observed
chemical shifts along with the spectral assignments are
given in the Experimental Section.

The spectral features exhibited by the mononuclear Rh!!!
complex 1 and Pd" complex 2 are quite similar. The hydro-
gen-bonded protonated imine N-H-+O is observed as a
broad singlet at 6 = 12.44 ppm for 1 and 12.22 ppm for 2.
Complex 1 exhibits a doublet for the N=CH resonance in
the metal-free compartment at 0 = 8.75 ppm (J = 14.8 Hz,
2 H), because of trans coupling between the NH and CH
protons; however, for complex 2 this is observed as a singlet
at 0 = 8.80 ppm. The N=CH resonance in the metal-con-
taining part appears as a singlet at 6 = 8.06 ppm (for 1)
and 8.11 ppm (for 2). The occurrence of the doublet at 6 =
8.75 ppm in 1 can be alternatively argued as being due to
the coupling of the CH=N proton with ©*Rh (I = 1/2).
However, we have recently reported®”! that in the
[Ln(LH,)(NO3)s]-type diamagnetic lanthanide (La, Lu, and
Y) complexes the CH=N resonances are observed as a
doublet between 8.73 and 8.80 ppm and a singlet between
8.20 and 8.30 ppm. Significantly, while #Y (100%) is a spin
1/2 nucleus, neither La nor Lu have a 7 = 1/2 isotope, albeit
for all three compounds the chemical shifts and splitting
patterns are similar. It, therefore, appears more reasonable
to us to conclude that the doublet arises because of trans
coupling with the N-H proton. In the heterodinuclear
Rh!"Pd" complexes 3/4, the protons on the Rh-containing
site are more shielded than the protons on the Pd-contain-

e\

ing site, whereas in the Pd"Zn" complex 10 the protons on
the Pd site are more shielded than those on the Zn-contain-
ing site.

Studies on the paramagnetic '"H NMR spectroscopic be-
havior of the heterodinuclear complexes 6-9 were carried
out in CD5CN solution. The Pd"Mn" complex 5 could not
be investigated as it readily decomposes in solution. The
spectroscopic data for complexes 6-9 are given in the Ex-
perimental Section. In paramagnetic compounds, hyper-
fine-shifted resonances are observed due to interactions be-
tween nuclear spin and unpaired electron spins, in addition
to the normal diamagnetic nuclear spin interactions. Elec-
tron and nuclear spin interactions occurring through bonds
give rise to contact shift, while those occurring through
space interactions give rise to dipolar or pseudocontact
shift. Dipolar shift depends on the magnetic anisotropy of
the system and the position in space of a given proton. The
contribution of contact shift decreases rapidly with the in-
crease of the number of bonds connecting the proton with
the paramagnetic center. However, when the unpaired elec-
tron spin is delocalized the interaction remains significant
for protons many bonds away from the metal center. For
assignment of signals in paramagnetic compounds, mea-
surement of longitudinal relaxation times (7)) and trans-
verse relaxation times (75) are particularly important. 7'
correlates proximity of proton to paramagnetic center,
while T, = 1/n(fwh), where fwh is full width of a signal at its
half-height, correlates line width to proximity of a proton to
the paramagnetic site. Closer proximity of a proton to the
metal center gives rise to shorter 77 and broader line
width.[28]

Figure 6 and Figure 7 show the 'H NMR spectra of
PA"Co!" (7) and Pd"Ni" (8) compounds, while the spec-
trum of Pd"Cu'! (9) is available as supporting information
(Figure S5). The assignments of signals given in Table 4
(numbering scheme for protons is shown in Scheme 2) have
been made from 77 values, line widths, and integration of
protons. The M-+-H distances (Ry..;;) have been estimated
by using the relation Ryp.pp = Ryef(T1/Trer)®, Where Ry
and T, are the reference values and in the present case the
4-methyl group is treated as the reference. As compared in
Table 4, there is good agreement between the Ry;...y values

ppm 139

T T T T
160 140 120 100

T T ¥ T

80 60 40 20

==

Figure 6. '"H NMR spectrum of [Pd""LCo'(H,0),](ClO,), (7) in CD;CN.
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Figure 7. "H NMR spectrum of [Pd""LNi"(H,0),](ClO,4), (8) in CD;CN.

Table 4. Peak positions, 77 and T, values, proximity of H’s to M, and assignments for compounds 7-9.

Pd"Co" (7) Pd"Ni" (8) pd"cu" (9)
Assign 8 T ¥ ReonlA] 3 Ty 7" Ry [A]™Y 3 T e Roy A
ment [ppm] [ms] [ms] X-ray soln!®  [ppm] [ms] [ms] X-ray soln®  [ppm] [ms] [ms] X-ray soln.™
a 6.09 11.53° 2620 7.46" 296 10907 2123 746" 3.08 1405 17.69 747
b 22.08 4.19 884 6.30 11.15 4.02 489 631 632 7.50 485 3.74 625 6.26
b’ 11.09 1.28 796 5.17 9.42 1.25  3.31 5.18 520 2264 166 0.29 5.18 523
c 26.73 255 9.80 5.80 2553  2.68 5.3 5.88  5.90 7.96 329  6.63 5.81 5.86
¢ e — 3.71 — 3.72
d 1760 559 885 6.61 6.14 492 568 6.49 6.53 5.19 6.81 5.52 649  6.62
d 168.3 —_— 0.5 _— 12810 — 014 3.78 —_— —_ 3.81
[ 6.58 9.88 13.26 7.27 2,60 965 692 7.34 7.30 1.21 12.04 8.84 7.1 728
e 34.46 — 2.27 — -5.0 — 0.27 3.15 — -12.0 — 0.27 3.21 —

[a] T» = 1/=(fwh), fwh is full width at half height. [b] In solution, calculated Ryj...y = Rief{ T1/ Trer) /¢, where R, and T are reference ()
values.

obtained by the NMR method and those obtained from the and on that basis the Co---H distances obtained from 7}
X-ray structure determinations of the compounds Pd"Ni!!  measurements are in good agreement with the Ni--H dis-
(8)* and Pd"Cu" (9). The Pd"Co" compound 7 may be tances obtained from the X-ray structure.

considered as isostructural with the Pd""Ni"" compound 8

Electrochemistry

The electrochemical properties of complexes 7-9 have
been studied in acetonitrile using platinum and glassy car-
bon electrodes. Figure 8 (a) shows the cyclic voltammogram
and square-wave voltammogram of Pd"Cu'' complex 9,
which undergoes one electron reduction of copper(Il). The
redox potential (E},) of the PA"Cu'/Pd"Cu' couple, as ob-
tained from CV, is —~108 mV and the peak-to-peak separa-
tion is 60 mV versus Ag/AgCl. The E,, obtained from
square-wave voltammetry is —104 mV. In the potential range
Scheme 2. 0-1.5V, an irreversible oxidation occurs for the Pd"Cull
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compound at 760 mV, which, however, is not observed for
the PA™Ni"" and Pd"Co™ complexes. It appears that this
oxidation is not due to the formation of the ligand-based
phenoxide radical because a similar observation has not
been made for compounds 7 and 8. As oxidation to the
Pd'! state seems unlikely, the formation of Pd"Cu' species
appears to be more plausible. As shown in Figure 8 (b), the
PdNi" complex 8 also undergoes near-reversible reduction
with E,;, = —803mV for the couple Pd"Ni"/Pd""Ni' and
AE, = 74mV. In contrast, the Pd"Co" complex 7 un-
dergoes irreversible reduction for Co' at E, . = 780 mV.

<4— Current /A —p

E/V

(b

«

ii

£

§=:

<

EIV

Figure 8. (a) Cyclic and square-wave voltammogram of
[PA"LCu"|(ClO4), (9) and (b) cyclic voltammogram of

[PA"LNi"(H,0),](CIO,) (8) in acetonitrile.

Conclusions

Using [Pb(LH,)](ClO4), as the precursor macrocyclic
complex, mononuclear [Pd(LH,),](ClO4), and [Rh(LH,)-
CL,](ClO4):3H,0O complexes have been prepared, which in
turn have been used to produce 4d-3d heterobimetallic
complexes, viz. [Pd(L)YM(H,0),](ClO4), (M = Mn, Fe, Co,
Ni), [Pd(L)Cu](ClOy),, and [Pd(L)Zn(H,0)](ClO4),H,0 as
well as [RhCl,(L)Pd](PF¢) and [Pd,L](ClO,),. The crystal
structures of the Rh™Pd" and Pd"Cu'! complexes have
been determined. Proton NMR spectroscopic measure-
ments have been carried out for the paramagnetic com-
pounds and M-+-H (ligand proton) distances estimated from
the relaxation time (7) values agreed fairly well with those
obtained from X-ray studies. The mononuclear palladi-
um(Il) complex, which exhibits photoluminescence, during
titration with Pd(OAc), undergoes blue-shift of ., and
diminution of luminescence intensity because of the forma-
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tion of the [Pd,L]** complex. On the other hand, the for-
mation of [Pd(L)Zn]** species, although it leads to a similar
blue-shift of A, is accompanied by augmentation of lumi-
nescence intensity. The Pd"Cu!' complex undergoes facile
reversible electrochemical reduction to Pd"Cu! with E,,,
=-106 mV and irreversible oxidation to Pd™Cu" at E,, , =
760 mV. The PA""Ni"" complex also undergoes one-electron
reversible reduction to PdNi' with E,, = —803 mV, al-
though no oxidation occurs up to +1.5 V. The redox behav-
ior of the Pd"Co'" complex in the positive potential range
(0 to +1.5V) is again featureless, albeit reduction of the
Co'! center takes place irreversibly at E, . = —780 mV.

Experimental Section

Materials: Reagent grade chemicals obtained from commercial
sources were used as received. Solvents were purified and dried
according to standard methods.*”! 2,6-Diformyl-4-methylphenol
was prepared according to the literature method.% The precursor
complex [Pb(LH,)](ClO,), was synthesized as reported earlier.[*’]

Preparation of the Complexes

CAUTION: All the perchlorate salts reported in this study are po-
tentially explosive and therefore should be handled with care.

Mononuclear Complexes [Rh(LH,)CL,](Cl1O04)-3H,0 1),
[Pd(LH,)](ClOy4); (2): A methanol solution (10 mL) of the metal
chloride salts RhCl;*xH,O or Na,[PdCl,] (I mmol) and an acetoni-
trile solution (10 mL) of NaClO4xH,O (550 mg, 4 mmol) were
added to a boiling acetonitrile solution (50 mL) of [Pb(LH,)]-
(ClOy); (810 mg, 1 mmol). The color of the solution changed from
yellow to wine red (for Rh) or orange (for Pd). The solution was
refluxed for 12 h. After removal of the precipitated PbCl, by fil-
tration, the filtrate was concentrated on a water bath to a volume
of about 20 mL. The yellow or orange crystalline products that
deposited on standing were collected by filtration and washed with
methanol and diethyl ether.

[Rh(LH,)CL](Cl04)-3H,0 (1): Orange crystalline compound.
Yield: 450 mg (62%). MS (ESI+ in CH;CN): m/z = 577
[Rh(CL)(LH,)]* (100%), 641 [Rh(CI)(CIO,)(LH,)]" (50%). 'H
NMR [300 MHz, (CD3),SO, 25°C]: 6 = 12.44 (s, 2 H, N-H---0),
8.75 (d, J = 14.8 Hz, 2 H, CH=N, metal-free site), 8.06 (s, 2 H,
CH=N, metal-containing site), 7.57 (s, 2 H, Ar, metal-free site),
7.44 (s, 2 H, Ar, metal-containing site), 4.10 (s, 4 H, a-CH,, metal-
free site), 4.02 (s, 4 H, o-CH,, metal-containing site), 2.21 (s, 6 H,
CH,), 2.09 (m, 4 H, B-CH,) ppm. IR (KBr [em™']): ¥ = 3459 br,
3147 w, 3080 w, 2919 w, 1650, 1550, 1469 m, 1445 m, 1357 m,
1279 m, 1237 m, 1122s, 1084 s, 870 w, 823 w, 769 w, 628 m, 561 w,
487 w. Cy4H34CI3N4O9Rh (731.82): caled. C 39.39, H 4.68, N 7.66;
found C 39.09, H 4.58, N 7.71.

[Pd(LH,)](C10y), (2): Yellow crystalline compound. Yield: 510 mg
(72%). MS (ESI+ in CH;CN): m/z = 611 [PA(LH,)(ClO4)]* (10%),
256 [PA(LH,)]** (100%). 'H NMR [300 MHz, (CD5),SO, 25 °C]: §
= 12.23 (s, 2 H, N-H--0), 8.80 (s, 2 H, CH=N, metal-free site),
8.11 (s, 2 H, CH=N, metal-containing site), 7.78 (s, 2 H, Ar, metal-
free site), 7.63 (s, 2 H, Ar, metal-containing site), 3.98 (s, 4 H, a-
CH,, metal-free site), 3.85 (s, 4 H, u-CH,, metal-containing site),
2.27 (s, 6 H, CH3), 2.10 (s, 4 H, B-CH,) ppm. IR (KBr [cm']): ¥
= 3449 br, 3143 w, 3078 w, 2921 w, 1650 s, 1552 's, 1477 m, 1450 m,
1351 m, 1291w, 1236w, 1233w, 1217w, 1082s, 1014s, 861 w,
822 m, 624 m, 519 w. C,,H»5CI,N,0,0Pd (709.83): caled. C 40.61,
H 3.98, N 7.89; found C 40.52, H 4.05, N 7.87.
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[RhCl,(L)Pd](C104)-0.5H,0 (3): A methanol solution (15 mL) of
Na,[PdCly] and an acetonitrile solution (15 mL) of triethylamine
(40 mg, 0.4 mmol) were slowly added to an acetonitrile solution
(I5mL) of compound 1 (150 mg, 0.2 mmol) with stirring. The re-
sulting orange solution was refluxed for 4 h after which it was fil-
tered. The filtrate was concentrated on a water bath to a volume
of about 10 mL and then slowly cooled to room temperature. On
standing for several hours a crystalline red-orange compound de-
posited, which was filtered and washed with methanol and diethyl
ether. Yield: 110 mg (69%). MS (ESI+ in CH3CN): m/z = 682.9
[Rh(CL)(L)Pd]* (100%). '"H NMR [300 MHz, (CD53),SO, 25 °C]: 6
=8.19 (s, 2 H, CH=N, Pd site), 8.13 (s, 2 H, CH=N, Rh site), 7.65
(s, 2 H, Ar, Pd site), 7.62 (s, 2 H, Ar, Rh site), 3.94 (s, 4 H, a-CH,,
Pd site), 3.74 (s, 4 H, a-CH,, Rh site), 2.27 (s, 6 H, CHj), 2.07 (s,
4 H, B-CH,) ppm. IR (KBr [ecm ']): ¥ = 3422 br, 3065 w, 2924 w,
2866 w, 1630s, 1569s, 1468 m, 1435 m, 1367 w, 1330s, 1279 m,
1248 m, 1089s, 950w, 833m, 754 m, 624m, 520w, 439 w.
C,4H,7C13N4O6 sPARK (790.98): caled. C 36.44, H 3.44, N 7.08;
found C 36.52, H 3.69, N 6.86.

[RhCl,(L)Pd](PFs) (4): Solid ammonium hexafluorophosphate
(150 mg) was added to an acetonitrile solution (15 mL) of com-
pound 3 (60 mg, 0.07 mmol), and the orange solution turned to
red-orange. The solution was filtered and the filtrate was slowly
concentrated on a hot plate. The product that deposited as red-
orange crystals was collected by filtration. Crystals suitable for X-
ray diffraction studies were obtained by diffusing diethyl ether into
an acetonitrile solution of the compound. Yield: 40 mg (72%). MS
(ESI+ in CH;3CN): m/z = 682.9 [Rh(Cl,)(L)Pd]* (100%). IR (KBr
[em™1]): ¥ =2942 w, 1629 s, 1571 s, 1469 m, 1433 m, 1330 m, 1277 w,
1247 m, 1198 w, 1117 m, 958 w, 839's, 753 m, 646 w, 555 m, 518 m,
407 w. C4H,4CLF¢N,O,PPdRh (827.69): caled. C 34.82, H 3.17,
N 6.77; found C 34.96, H 3.26, N 6.64. The '"H NMR spectrum of
4 is identical to that of 3.

Heterodinuclear [Pd"(L)M"(H,0),]l(ClO,), [M = Mn, Fe, Co, Ni,
Cu, Zn] Complexes (5-10): A generalized procedure for preparing
these complexes is given. An acetonitrile solution (15mL) of
M(ClO,),*6H,O (M = Mn'!, Fe!!, Co", Ni'l, Zn'") was added to an
acetonitrile solution (30 mL) of compound 2 (140 mg, 0.2 mmol).
The resulting solution was then slowly treated with an acetonitrile
solution (15mL) of triethylamine (40 mg, 0.4 mmol). After re-
fluxing the solution for 2 h, it was concentrated on a water bath to
a volume of about 10 mL. Preparation of the Pd""Mn!!, Pd'Fe!!,
and Pd""Co'! complexes was carried out under nitrogen. The prod-
uct that deposited in crystalline form on keeping the solution at
room temperature was collected by filtration and washed with
methanol and diethyl ether.

[Pd(L)Mn(H,0),](ClOy), (5): Light orange crystalline compound.
Yield: 110 mg (73 %). Satisfactory mass spectrum could not be ob-
tained. IR (KBr [em™]): ¥ = 3410 br, 2929 m, 2851w, 1633 s,
1563s, 1459w, 1434 m, 1412 m, 1324 m, 1114s, 1087 s, 966 w,
825's, 759 w, 622 m, 561 w, 501 w. C,4H3,Cl,MnN4O;,Pd (798.98):
caled. C 36.09, H 3.79, N 7.01; found C 36.17, H 3.79, N 7.09.

[Pd(L)Fe(H,0),l(Cl04), (6): Red-brown crystalline compound.
Yield: 100 mg (67%). MS (ESI+ in CH5CN): m/z = 662.9 [Pd(L)-
Fe(ClO)]* (9%) and 283 [Pd(L)Fe]** (100%). '"H NMR (300 MHz,
CD;CN, 25°C): ¢ = 80.21 (4 H), 35.84 (2 H), 20.83 (2 H), 10.90
(2 H), 791 (2 H), 4.44 (2 H), 422 (2 H), 3.79 (6 H), 1.23 (2 H)
ppm. IR (KBr [em™']): ¥ = 3456 br, 3169 w, 2921 w, 2856 w, 1635 s,
1566's, 1440 m, 1413w, 1317 m, 1277 m, 1243 w, 1196w, 1106 s,
959 w, 924 w, 821 m, 755w, 622 m, 519 w. Cy4H3,ClLFeN,0,Pd
(799.69): caled. C 36.05, H 3.78, N 7.01; found C 36.29, H 3.78, N
7.10.

4120

www.eurjic.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[Pd(L)Co(H,0),](ClOy4), (7): Red-orange crystalline compound.
Yield: 120 mg (75%). MS (ESI+ in CH3CN): m/z = 667.9 [Pd(L)-
Co(ClOy* (11%) and 284.5 [Pd(L)Col** (100%). 'H NMR
(300 MHz, CDsCN, 25 °C): 6 = 168.31 (4 H), 34.46 (2 H), 26.73 (2
H), 22.07 (2 H), 17.6 (4 H), 11.09 (2 H), 6.58 (2 H), 6.09 (6 H)
ppm. IR (KBr [cm']): ¥ = 3433 br, 2923 w, 2852 w, 1634 s, 1563 s,
1555 m, 1461 w, 1438 m, 1412 m, 13265, 1279w, 1242w, 1195w,
1114s, 1087s, 966w, 922w, 823m, 759w, 624m, 519w
C,4H30CLCoN,O4,Pd (802.78): caled. C 35.91, H 3.77, N 6.98;
found C 35.84, H 3.72, N 7.04.

[PA(L)Ni(H,0),](ClOy), (8): Light green crystalline compound.
Yield: 120 mg (75%). MS (ESI+ in CH;CN): m/z = 666.9 [Pd(L)-
Ni(ClOy)]* (8%) and 285 [PA(L)Ni]** (100%). 'H NMR
(300 MHz, CDsCN, 25 °C): ¢ = 128.10 (4 H), 25.53 (2 H), 11.15 (2
H), 9.42 (2 H), 6.14 (4 H), 2.96 (6 H), 2.60 (2 H), -5.00 (2 H) ppm.
IR (KBr [cm™1]): ¥ = 3428 br, 2909 w, 2851 w, 1643 s, 1618 s, 1565 s,
1461 m, 1438 m, 1413 m, 13265, 1283 m, 1243 w, 1195w, 1121,
1092 sh, 1052sh, 965w, 922w, 823m, 760w, 621 m, 520 w.
Cy4H30CLNyNiO,Pd (800.54): caled. C 36.01, H 3.78, N 6.99;
found C 35.99, H 3.85, N 6.81.

[Pd(L)Cu](ClOy4), (9): Deep green crystalline compound. Yield:
130 mg (86%). MS (ESI+ in CH;CN): m/z = 671.9 [Pd(L)Cu-
(ClOy]" (10%) and 287.5 [Pd(L)Cu** (100%). 'H NMR
(300 MHz, CDsCN, 25 °C): 0 = 22.64 (2 H), 7.96 (2 H), 7.50 (2 H),
5.19 (4 H), 3.08 (6 H), 1.21 (2 H), -12.00 (2 H) ppm. IR (KBr
[em™']): ¥ =2922 w, 2859 w, 16325, 1572 s, 1468 w, 1436 m, 1419 m,
1326s, 1283 m, 1245m, 1198 m, 1094s, 961w, 935w, 826 m,
756 m, 620m, 518 w. CyyH,sCl,CuN4O;oPd (771.36): caled. C
37.37, H 3.39, N 7.26; found C 37.37, H 3.27, N 7.42.

[PA(L)Zn(H,0)](Cl04),-H,O (10): Yellow crystalline compound.
Yield: 110 mg (69%). MS (ESI+ in CH;CN): m/z = 672.9 [Pd(L)-
Zn(ClOy]" (12%) and 288 [Pd(L)Zn]** (100%). 'H NMR
[300 MHz, (CD3),SO, 25°C]: 6 = 8.45 (s, 2 H, CH=N, Zn site),
8.10 (s, 2 H, CH=N, Pd site), 7.49 (s, 2 H, Ar, Zn site), 7.46 (s, 2
H, Ar, Pd site), 3.94 (s, 4 H, a-CH,, Zn site), 3.82 (s, 4 H, a-CH,,
Pd site), 2.26 (s, 6 H, CH3), 2.06 (s, 4 H, B-CH,) ppm. IR (KBr
[em™]): ¥ = 3410br, 2927 m, 2866w, 1637s, 1564s, 1439 m,
1414 m, 1366w, 1280 m, 1243 m, 1197w, 1087 s, 969 w, 937 w,
890 w, 825 m, 761 m, 627 m, 572 w, 506 w. C,4H3,Cl,N,40O,,PdZn
(809.23): caled. C 35.62, H 3.74, N 6.92; found C 35.80, H 3.78, N
7.01.

Homodinuclear [Pd(L)Pd](ClO4), Complex (11): A methanol solu-
tion (15 mL) of Na,[PdCl] (60 mg, 0.2 mmol) and an acetonitrile
solution (5mL) of triethylamine (40 mg, 0.4 mmol) were added
successively to an acetonitrile solution (30 cm?®) of [Pd(LH,)]-
(ClOy); (140 mg, 0.2 mmol). The mixture was refluxed for 2 h, dur-
ing which time NaCl was precipitated and removed by filtration.
NaClO,4 (50 mg) was added to the filtrate and the volume of the
solution was reduced to about 15 mL on a rotary evaporator. After
filtration, the filtrate was kept on a hot plate for slow evaporation
and eventually orange crystals were deposited. The product was
collected by filtration and washed with cold methanol and diethyl
ether. Yield: 120 mg (75%). MS (ESI+ in CH3CN): m/z = 714.9
[PA(L)Pd(CIO,)]* (8%) and 309 [Pd(L)Pd]** (100%). 'H NMR
[300 MHz, (CD3),SO, 25°C]: 6 = 8.16 (s, 4 H, CH=N), 7.77 (s, 4
H, Ar), 3.68 (s, 8 H, a-CH,), 2.30 (s, 6 H, CH3), 2.03 (s, 4 H, B-
CH,) ppm. IR (KBr [cm™']): ¥ = 2930 w, 2848 w, 1625, 1571 s,
1469 m, 1329s, 1283w, 1246w, 1097 m, 1087s, 955m, 879 w,
838 m, 751 m, 620 m, 512 w. Co4H,4CI,N,OoPd, (814.23): calcd.
C 35.40, H 3.22, N 6.88; found C 35.59, H 3.18, N 6.91.

Physical Measurements: Elemental C, H, and N analyses were per-
formed with a Perkin-Elmer 240011 elemental analyzer. The 'H

Eur. J. Inorg. Chem. 2006, 4111-4122



Synthesis of Heterobimetallic Complexes of a Tetraiminodiphenolate Macrocycle

FULL PAPER

NMR (300 MHz) spectra were performed in CD;CN (for 6-9) and
(CD3),SO solutions (for 1-4, 10, 11) with a Bruker Avance DPX-
300 spectrometer. Longitudinal relaxation times (7)) were mea-
sured by the inversion recovery method. IR spectra were recorded
using KBr disks with a FTIR Nexus Nicolet spectrometer using
KBr disks. The electronic spectra of 1-11 in acetonitrile were mea-
sured in the range 250-1100 nm using Perkin—Elmer Lambda 950
spectrophotometer. Emission spectral measurements were carried
out with a Perkin—Elmer LS55 luminescence spectrometer with
10> mol-dm 3 acetonitrile solutions. Emission quantum yields (p)
were measured at room temperature in acetonitrile solution relative
to perylene as the standard.’!! The quantum yields were calculated
using the relation(*?!

¢ = (ﬂstd(Astd/A)(I/IStd)(ﬂZ/nzstd)

where A4, I, and 7 refer to absorbance, integrated emission intensity,
and solution refractive index, respectively. Electrospray ionization
mass spectra (ESI-MS) of compounds 1-11 were measured in ace-
tonitrile with a Micromass Qtof YA263 mass spectrometer. The
electrochemical measurements were carried out with a BAS 100B
electrochemistry system using a three-electrode assembly compris-
ing a Pt or glassy carbon working electrode, Pt auxiliary electrode,
and an aqueous Ag/AgCl reference electrode. The measurements
(CV) were carried out at 25 °C under nitrogen in acetonitrile solu-
tion of complexes 7-9 (about 1 mmol-dm~) with tetraethylammo-
nium perchlorate (TEAP) (0.1 mol-dm3) as the supporting electro-
lyte. The reference electrode was separated from the bulk electrolyte
by a salt bridge containing 0.1 mmol-dm> TEAP in acetonitrile/
water (1:1). The potentials measured were automatically compen-
sated for the iR drop and under this condition the ferrocene/ferro-
cenium couple occurred at 430 mV.

X-ray Crystallography: The crystal structure analyses were carried
out for compounds 4 and 9, whose intensity data were collected at
293 K and 203 K, respectively with a Bruker AXS P4 dif-

Table 5. Crystallographic data for [RhCIl,(L)Pd][PF¢] (4) and
[PA(L)Cu](ClO4), (9).

4 9
Empirical formula C,4H,6CLF¢N,O,PdRh C,4H»4Cl,CuN,4O,Pd
Formula mass 827.67 770.92
Crystal size [mm)] 0.42%x0.32%x0.24 0.58x0.52%0.40

Crystal system monoclinic monoclinic
Space group P2/c P2y/n

a[A] 12.583(5) 7.2680(19)
b[A] 17.446(2) 8.9890(13)
c[A] 13.867(3) 20.738(5)

a [°] 90 90

L] 109.16(2) 92.30(2)

v [°] 90 90

V(A3 2875.5(13) 1353.8(5)

V4 4 2

D [grem™3] 1.912 1.892

T [K] 293(2) 203(2)

A TA] 0.71073 0.71073

4 [mm™'] 1.511 1.713
Measured/observed 7944/6577 4316/3110
reflections

Parameters refined 371 187

Final R indices Ry =0.0331, Ry =0.0591,
[I > 2a(1)] WwR,I®) = 0.0735 WwR,I®l = 0.1779
R indices R, = 0.0505, R, =0.0761,
(all data) wR> = 0.0830 wR, = 0.1825

[a] RI(F) = 2”Fo' - |Fc||/2|Fo| [b] WRZ(FQ) = [ZW(FO2 - Fcz)z/

21V(F02)2]]/2~

Eur. J. Inorg. Chem. 2006, 4111-4122

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

fractometer using graphite-monochromated Mo-K,, radiation (4 =
0.71073 A). Crystal data and details of structure determinations
are summarized in Table 5. The intensity data were corrected for
Lorentz polarization effects and semiempirical absorption correc-
tions were made from -scans. The structures were solved by direct
and Fourier methods and refined by full-matrix least-squares based
on [F? using SHELXTL.[33 The non-hydrogen atoms were refined
anisotropically, while the hydrogen atoms were placed at the geo-
metrically calculated positions with fixed isotropic thermal param-
eters.

CCDC-293271 and -293272 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Electrospray ionization mass spectra (ESI-MS+) of [Pd'(L)-
Cu'')(C10,), (9) in acetonitrile (Figure S1), absorption spectrum of
compounds 7-9 (Figures S2-S4), and '"H NMR spectrum of 9 in
CD;CN (Figure S5).
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