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number of compounds in high purity for potential applications
in chemical biology and medicinal chemistry. Continuing
efforts are aimed towards the development of additional
carbonyl-based coupling strategies to extend the scope of this
method into new structural classes.
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inherent useful photochemical and redox properties of the
porphyrin molecule, such arrays are being investigated for
modeling the photosynthetic system[1] and for developing new
photonic materials and light-harvesting devices.[2] The metal-
mediated self-assembly approach, which exploits the forma-
tion of coordination bonds between peripheral basic site(s) on
the porphyrins and metal centers, has provided many large
discrete assemblies of porphyrins in good yields.[3]

Among the various architectures reported for such por-
phyrin aggregates, there are only a few examples of molecular
squares, and they are all homometallic.[4±7] Most were
obtained by treatment of meso-di(4'-pyridyl)porphyrins, such
as 5,10-bis(4'-pyridyl)-15,20-diphenylporphyrin (4'-cisDPyP)
and 5,15-bis(4'-pyridyl)-10,20-diphenylporphyrin (4'-trans-
DPyP), with suitable cis and trans square-planar PdII and PtII

complexes, which are precursors for angular (908, Aa) or linear
(1808, La) acidic building blocks.[4, 5] There is current interest
in the photophysical investigation of properly designed
molecular squares of porphyrins which, unlike open-chain
systems, may allow the locking of chromophores in a mutually
coplanar geometry.[8]

We report here a flexible, stepwise approach that, through
the design and synthesis of novel chelating bis-porphyrin
ruthenium intermediates, leads efficiently to unprecedented
heterobimetallic molecular squares of porphyrins featuring
different diagonally opposed metal ions. In particular, [2�2]
molecular squares are described in which two 4'-cisDPyP
units are linked through an octahedral, neutral RuII center
and a square-planar, charged PdII center (see Scheme 1).

The RuII ± sulfoxide complexes trans-[RuCl2(Me2SO)4] (1,
Me2SO bound through S), trans-[RuCl2(Me2SO)3(CO)] (2),
and trans-[RuCl2(Me2SO)2(CO)2] (3, Me2SO bound through
O) easily undergo replacement of two cis Me2SO ligands and
are thus suitable precursors for octahedral Aa building blocks.
Treatment of 1 ± 3 with excess 4'-cisDPyP under mild con-
ditions led to the isolation of trans,cis,cis-[RuCl2(X)(Y)-
(4'-cisDPyP)2] compounds 4 ± 6 in pure form (Scheme 1).
The nature and geometry of the products were established by
1H and 13C NMR spectroscopy,[9] as described previously for
the corresponding 5-(4'-pyridyl)-10,15,20-triphenylporphyrin
(4'-MPyP) complexes.[10] Integration of the signals for 4 and 5
revealed the adduct stoichiometry, whereas COSY spectra
allowed unambiguous assignment of the signals.

In general, coordination of 4'-cisDPyP to the central
trans,cis-RuCl2(X)(Y) moiety (tRu) induced downfield shifts
for the H2,6 and H3,5 resonances of the 4'-N(py) ring
(position 5, py� pyridyl) involved in the new bond. Con-
versely, the resonances of the six-membered rings at posi-
tions 10 and 20 experienced an upfield shift of about 0.2 ppm
with respect to 4'-cisDPyP, which is characteristic of two
mutually cis pyridylporphyrins displaying free rotation about
the metal ± pyridyl axis.[10] Compounds 4 and 6 have C2v

symmetry,[11] and thus the two porphyrins are equivalent. In
5 the two 4'-cisDPyP units are inequivalent; the resonances of
the two tRu-4'N(py) rings are well resolved, whereas the other
signals overlap.[9]

Compounds 4 ± 6, in which the two cis-coordinated 4'-
cisDPyP units have one residual unbound 4'-N(py) ring, are
preprogrammed basic building blocks capable of chelating

Scheme 1. Synthesis of 8 ± 10 and 10Zn. For 4, 5, 8, and 9 the Me2SO
molecule is bound through S.

suitable acidic modules displaying an angle of 908. As an
example, we investigated the reactivity of 4 ± 6 towards
[PdII(dppp)(OTf)2] (7; dppp� 1,3-bis(diphenylphosphanyl)-
propane, OTf� trifluoromethanesulfonate� triflate), a wide-
ly used precursor for square-planar Aa units.[4]

1H NMR spectroscopy established that titration of 7 into
solutions of 4 ± 6 in chloroform led readily to the quantitative
formation of the corresponding heterobimetallic [2�2] mo-
lecular squares of formula [Pd(dppp){trans,cis,cis-RuCl2-
(X)(Y)(4'-cisDPyP)2}](OTf)2 (8 ± 10, Scheme 1). Chelation
of the Pd ± bis-phosphane fragment by 4 ± 6 induced charac-
teristic shifts both in the 1H NMR spectrum (which concerned
mainly the resonances of the previously unbound 4'-N(py)
ring at position 10, Figure 1),[9] and in the proton-decoupled
31P NMR spectrum (upfield shift Dd� 10 compared to 7, as is
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Figure 1. Bottom: Downfield region of the 1H NMR spectrum of 6 in
CDCl3 (r : position 15, s: position 20). Top: The same spectral region after
addition of one equivalent of 7, leading to the quantitative formation of
molecular square 10 (pyrrole (b) resonances labeled with ? and ^ are
coupled to each other in the COSY spectrum).

the case for [Pd(dppp)(4'-cisDPyP)]2(OTf)4 (11)).[4] The
macrocycles were not affected by an accidental excess of 7,
and no evidence of homometallic molecular squares was
found.

In solution squares 8 and 10 maintain the C2v symmetry of
the corresponding Ru precursor,[12] and the two porphyrins at
opposite corners are equivalent. The resonances of the Pd ±
4'N(py) rings are well resolved from those of the tRu ± 4'N(py)
rings. The most downfield H2,6 and the most upfield H3,5
signals (correlated in the COSY spectrum) are unaffected by
the nature of X and Y, and were thus attributed to the Pd ±
4'N(py) rings. Two of the eight inequivalent pyrrole protons of
8 and 10 have remarkably upfield shifted resonances (one
overlaps with ortho-H resonances) and are not correlated to
each other in the COSY spectrum (Figure 1). We attributed
these resonaces to bH8 and bH12, that is, the pyrrole protons
closest to Pd (Scheme 1).[13] These assignments are also in
good agreement with those reported by Stang et al. for 11.[4]

Macrocycle 9 lacks an orthogonal mirror plane containing
the two metal atoms; hence the two porphyrin units are
inequivalent. In the 1H NMR spectrum of 9 the resonances of
the two tRu ± 4'N(py) rings are well resolved, whereas those of
the Pd ± 4'N(py) rings overlap.[9] The other porphyrin reso-
nances, with the exception of those of the internal NH groups
and of the pyrrole protons closest to Pd (upfield shifted
signals), are not resolved. Also the 31P{1H} resonances for the
two inequivalent phosphorous atoms of dppp overlap.

Some resonances in the 1H NMR spectra of 8 ± 10Ðnamely,
H2,6 of Pd ± 4'N(py) rings as well as ortho-H and CH2

moieties of the dppp ligandÐare broadened. This is very
likely due to conformational motion of the diphosphane
bridge occurring at an intermediate rate on the NMR time
scale at ambient temperature.

Treatment of 6 with excess zinc acetate led to the insertion
of zinc into both porphyrin rings (6Zn); the 1H NMR
spectrum of 6Zn in CDCl3 is affected by the extensive

intermolecular coordination of the pyridyl groups, not bound
to Ru, to the Zn atoms. Titration of 7 into a solution of 6Zn in
CDCl3 quantitatively yielded the corresponding molecular
square 10Zn (Scheme 1), which represents the first example
of an heterotrimetallic molecular square of porphyrins.[15] The
1H NMR spectrum of 10Zn is very similar to that of 10.[9, 15]

The structure of 10, in which two 4'-cisDPyP units alternate
with the PdII and RuII angular units, was established by X-ray
single crystal analysis (Figure 2).[16] This represents the first
case in which data on the solid-state structure of a molecular

Figure 2. Molecular structure of the cation of molecular square 10.
Selected bond lengths [�] and angles[8]: Pd-N4 2.117(12), Pd-N3
2.164(14), Pd-P2 2.255(6), Pd-P1 2.268(5), Ru-C2 1.85(2), Ru-C1 1.85(3),
Ru-N2 2.132(13), Ru-N1 2.167(14), Ru-Cl1 2.379(7), Ru-Cl2 2.389(8); N3-
Pd-P2 178.2(5), N4-Pd-P1 177.1(5), C2-Ru-N2 179.5(9), C1-Ru-N1
177.8(13), Cl1-Ru-Cl2 177.43(19).

square of porphyrins has become available.[18] The distances
from the metals to the porphyrin centers are about 9.83 �; the
diagonal Pd ´´ ´ Ru distance of 14.015(3) � is close to the value
of 15 � obtained from molecular modeling of similar square-
shaped PdII adducts.[4] Interestingly, in the solid state the
macrocycle exhibits an arrangement in which the least-
squares planes of the porphyrins form a dihedral angle of
41.7(1)8, approximating Cs symmetry. The meso pyridine and
phenyl rings are tilted from the normal to the corresponding
porphyrin plane by 64.2(4) ± 79.2(6)8 and 43.4(6) ± 60.6(4)8,
respectively. The coordination bond lengths and angles are
well in the range of values found in RuII and PdII compounds.
An interesting feature is represented by the conformation of
the diphosphane ligand, in which two phenyl rings display
stacking interactions with the adjacent coordinating pyri-
dines; the shortest distance between the ipso-C atom and the
pyridine N atom is about 3.1 �.

In future, this stepwise synthetic approach might be
efficiently applied to the construction of novel homo- and
heterobimetallic discrete assemblies of porphyrins bearing
metal ions with programmed features (such as geometry,
charge, functionalities of the ancillary ligands) at spatially
well-defined positions.
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Experimental Section

Complexes 1 ± 3 and 7 were prepared according to the literature
procedures.[4, 10] The 1H NMR signals were referenced to signals from
residual CHCl3 (d� 7.26), and assignments were made with the aid of 2D
COSY experiments as detailed in the text. The UV/Vis spectra were
obtained on a Jasco V-550 spectrophotometer. All reagents were analytical
grade. Column chromatography was performed on mesh silica gel (40 ±
63 mm; BDH Laboratory Supplies, UK).

4 ± 6 : Complexes 1 ± 3 were treated at room temperature in CHCl3 with a
fourfold excess of 4'-cisDPyP (reaction time: 5 h (4), 24 h (5), 3 d (6)).
Column chromatography of the reaction mixtures afforded pure products
as noncrystalline purple solids which gave satisfactory elemental analyses.
Pure 5 and 6 were obtained (third band) from columns eluted with CHCl3/
ethanol (99/1); pure 4 was obtained (fourth band) from a column eluted
with CHCl3/ethanol (99/1!98/2). Yields of isolated products: ca. 40 %. As
for the corresponding 4'-MPyP compounds,[10] the electronic absorption
spectra of 4 ± 6 were very similar to that of the unbound porphyrin.

6Zn: Compound 6 (10 mg) dissolved in CHCl3 (5 mL) was treated for 48 h
with a fourfold excess of zinc acetate dissolved in methanol (2 mL ). The
product precipitated upon addition of n-hexane. It was washed throughly
with water, methanol, and diethyl ether and then dried under vacuum
(yield of isolated product: ca. 70%). The final product was purified by
chromatography on a column eluted with CHCl3 (first band).

Molecular squares 8 ± 10 were obtained by addition of 7 (1 equiv) to
solutions of the corresponding precursor in CDCl3. The reactions were
monitored by 1H NMR spectroscopy, and the ratio of the reactants was
adjusted accordingly. Formation of 8 ± 10 also involved minor red shifts of
the Soret and Q bands of 4 ± 6 by about 4 nm (with clear isosbestic points),
accompanied by a concomitant decrease in intensity (ca. 10%). Similar
spectral variations were also observed in the formation of 11.[4] Analytically
pure crystalline samples of the purple-red macrocycles were obtained by
addition of n-hexane into the solutions. Yield of isolated products: ca. 80%.
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