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Antisymbiotic Self-Assembly and Dynamic Behavior of Metallamacro ACHTUNGTRENNUNGcycles
with Allylic Corners
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The design and synthesis of discrete supramolecular archi-
tectures by metal–ligand self-assembly is an area of current
interest.[1–11] The application of the directional bonding ap-
proach has proved to be very versatile, allowing the synthe-
sis of many molecular triangles, squares, rectangles, penta-
gons, hexagons, and cages.[12–18] Among them, homometallic
molecular squares, formed by the reaction of cis-protected
square planar complexes with linear symmetric ditopic li-
gands, have been the most widely studied.[19–25] The assembly
of metallamacrocycles containing different metal corners
and/or nonsymmetric ligands using this method presents ad-
ditional difficulties due to the possible generation of a mix-
ture of isomers that are difficult to separate. To overcome
this, they are generally obtained through modular self-as-
sembly methodology. This strategy requires the initial syn-
thesis of mononuclear complexes with strong covalently
bound ligands that have additional donor sites available for
coordination to further acceptor building blocks.[26–28] Never-
theless, several molecular triangles and squares have been
recently assembled following the directional bonding ap-
proach by using nonsymmetric linkers and identical metal
corners. Interestingly, in some cases, unexpected self-selec-
tion of a single linkage isomer was observed.[29–33] To analyze
the large quantity of metallamacrocycles reported to date,
the following classification is proposed, according to the
nature of the assembled units: 1) species containing identical
metal corners and symmetric linkers; 2) species containing
identical metal corners and nonsymmetric linkers; and

3) species containing different metal corners and nonsym-
metric linkers.

Herein, we report the use for the first time of the direc-
tional bonding approach for the synthesis of metallamacro-
cycles displaying two different metal corners connected by a
nonsymmetric ditopic linker. By the correct choice of the
different units, that is, metal corners and ambidentate
ligand, we have been able to promote its self-assembly pro-
ducing molecular square architectures and, more interesting-
ly, achieving the self-selection of a single linkage isomer.

Evidently, the correct choice of a heteroditopic ligand in
which the different (stereo)electronic characteristics of the
donor groups could control the reactivity at the metal site is
decisive. Thus, we focused our attention on the 4-PPh2py
ligand (py=pyridine), given its hard-soft character.[34,35]

Furthermore, the electronic nature of the ancillary ligands
in the metal corners on the proposed assembly is also crucial
for the self-selection process. As a result, complex [Pd(h3-2-
Me-C3H4) ACHTUNGTRENNUNG(cod)] ACHTUNGTRENNUNG(CF3SO3) was chosen as the source of
{Pd(h3-2-Me-C3H4)}+ , a potential metal corner that could
provide a varied reactivity to the system, as expected for the
allyl palladium species. On the other hand, the complex [Pd-ACHTUNGTRENNUNG(H2O)2 ACHTUNGTRENNUNG(dppp)] ACHTUNGTRENNUNG(CF3SO3)2 was chosen as the second metal
corner supplier, {Pd ACHTUNGTRENNUNG(dppp)}2+ (dppp=bis(diphenylphosphi-
no)propane). The selected metal fragments were expected
to coordinate selectively to each of the donor atoms of the
heteroditopic 4-PPh2py ligand. Following Pearson�s antisym-
biotic effect,[36] the greatest stability is expected when the
softest ligands are bonded trans to the hardest ones.

With these three components in our hands, that is, [Pd(h3-
2-Me-C3H4) ACHTUNGTRENNUNG(cod)] ACHTUNGTRENNUNG(CF3SO3), [Pd ACHTUNGTRENNUNG(H2O)2ACHTUNGTRENNUNG(dppp)] ACHTUNGTRENNUNG(CF3SO3)2,
and 4-PPh2py, the self-assembly was explored in solution in
dichloromethane at room temperature (Scheme 1). After
several minutes, the color of the solution faded away and
the 31P NMR spectrum (Supporting Information, Figure S1)
showed two signals associated with the P atoms of the dppp
ligand and those bonded to the allylpalladium fragment, re-
spectively, indicating the presence of only one species in so-
lution. This species, the targeted macrocycle 1, was obtained
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as a yellow solid after precipitation with diethyl ether in
85 % yield. The 1H NMR spectrum of 1 in CDCl3 (Figure 1,
top) shows chemically nonequivalent resonances for both a

and b proton pairs of the pyridyl rings, as a result of the hin-
dered rotation about the Pd�N bond. Similarly, those of the
CH2 of the dppp ligand are nonequivalent due to the lack of
a molecular mirror plane; the signals due to allyl groups
(methyl, syn- and anti- protons) were also present. The com-
prehensive assignment for all of the resonances has been
carried out by using COSY 1H–1H (Supporting Information,
Figure S2), HSQC 1H–13C, and 1HACHTUNGTRENNUNG{31P} NMR spectroscopy
experiments. The formation of 1 is further supported by
ESI-FT-ICR mass spectrometry (Supporting Information,
Figure S3).

By using the same methodology, the self-assembly of
[Pd(h3-2-Me-C3H4) ACHTUNGTRENNUNG(cod)] ACHTUNGTRENNUNG(CF3SO3), [Pt ACHTUNGTRENNUNG(H2O)2ACHTUNGTRENNUNG(dppp)]-ACHTUNGTRENNUNG(CF3SO3)2, and 4-PPh2py produced the analogous Pd2Pt2

macrocycle 2 (Scheme 1). Spectroscopic data (see S4–S6 in
the Supporting Information) agreed with the expected
nature of the heterometallamacrocycle. Furthermore, its
complete characterization has been achieved from the X-ray
crystal structure determination of a single crystal formed by
slow diffusion of hexane into a solution of 2 in dichlorome-
thane.[37] The unit cell shows three independent but closely
similar metallacycles, as well as the corresponding triflate
anions and crystallization solvent molecules. As featured in
Figure 2, the crystal structure shows a macrocyclic assembly

containing alternating palladium and platinum atoms situat-
ed at the corners of a cationic tetranuclear unit; the struc-
ture can be described as having a butterfly shape with an
idealized C2h symmetry. The distance between the platinum
(ca. 13 
) and the closer palladium centers (ca. 6 
) in each
metallamacrocycle represents a measure of its cavity. Each
edge is spanned by a 4-PPh2py ligand with Pd�P and Pt�N
average distances being 2.31 and 2.11 
, respectively, both
in the range reported for these bonds. The distorted square
planar configuration around the palladium atoms is achieved
by the coordination of one allyl ligand in an h3-fashion and
two phosphorus atoms of the 4-PPh2py ligands. Each plati-ACHTUNGTRENNUNGnum(II) center also shows a distorted square planar environ-
ment with the coordination of two nitrogen atoms of the di-
topic 4-PPh2py, plus two phosphorus of the chelating dppp
ligand. The cationic macrocycles are stacked in an almost
eclipsed fashion forming one-dimensional columns along the
a axis of the crystal (Figure 3) and include some of the trif-ACHTUNGTRENNUNGlate anions. The Pd�Pd and Pt�Pt distances between the
stacked cycles in the solid state are approximately 14 
.
Short contacts (ranging from 2.99–3.05 
) between triflate
oxygen atoms and pyridine carbons (Supporting Informa-
tion, Figure S7) are found in a similar way to that reported
for other systems.[38–40]

Scheme 1. Self-assembly of metallamacrocycles 1 and 2.

Figure 1. 1H NMR spectra of complex 1 at 298 K; top: CDCl3, middle:
[D3]nitromethane, and bottom: [D6]acetone.

Figure 2. ORTEP plot (50 % elipsoids) of one of the cationic units of 2.
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It is interesting to note that the 1H NMR spectra of the
macrocycles 1 and 2 are solvent- and temperature-depen-
dent. As indicated above, the 1H NMR spectra of both 1
and 2 in CDCl3 at room temperature revealed two sets of
signals for both Ha and Hb proton pairs of the pyridine
rings, and four different peaks corresponding to the protons
of the aliphatic chain in dppp. However, in the more coordi-
nating [D6]acetone solvent (Figure 1, bottom), only the split-
ting of the Hb proton pair is detected and two broad peaks
for the dppp protons appear. Furthermore, the spectrum in
[D3]nitromethane at room temperature (Figure 1, middle)
shows an intermediate situation, in which the two Ha proton
signals, and the broad signals attributed to the protons of
the dppp are close to coalescence. Effectively, temperature-
dependent 1H NMR spectroscopy of 1 in [D3]nitromethane
(Supporting Information, Figure S8) indicates that the reso-
nances of Ha and Hb proton pairs coalesce at about 310 and
330 K respectively. A NOESY NMR spectroscopy experi-
ment in CDCl3 (Supporting Information, Figure S9) showed
the expected Ha–Ha’ and Hb–Hb’, H1–H1’ and H2–H2’ correla-
tions, as well as the expected Hanti–Hsyn of the allyl group.
With the NMR spectroscopy data available it was not possi-
ble at this point to postulate unambiguously a mechanism
that could explain the dynamic behavior of these supra-

molecular structures. However, the fact that the dynamic be-
havior is solvent dependent suggested that the process in-
volves more than a simple pyridine rotation.

In view of the results reported in the literature on the ex-
istence of both spontaneous and ion-paired hindered rota-
tion of pyridine rings in other related systems,[41–43] the kinet-
ico-mechanistic study of the observed nonrigidity for com-
pound 1 was further pursued. The gross mobility of the a

and b protons of the pyridine rings has been studied in
CDCl3 solution by magnetization transfer experiments, as
well as full line-shape analyses.[44–46] Figures 4 and 5 collect
some of the results obtained for these experiments.

The results derived from the two sets of experiments are
in excellent agreement and a joint Eyring plot can be gener-
ated (Supporting Information, Figure S10) producing DH� =

(46�3) kJ mol�1 and DS� = (�61�10) JK�1 mol�1 as the
thermal activation parameters for the spontaneous ex-

Figure 3. Packing diagram of 2 viewed parallel to the a axis. The figure
shows the columns formed by the superposition of macrocycles together
with the location of the triflates. Phenyl groups are omitted for clarity.

Figure 4. 1H NMR (CDCl3, 500 MHz) spectral data of 1 used for the full
line-shape analysis of the exchanging resonances of Ha and Hb pairs.

Figure 5. Experimental points and fitted curve for the magnetization
transfer experiment on compound 1. &= recovery of the inverted signal
at d =9.10 ppm, *= inversion/recovery of the signal at d =8.80 ppm.
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change. Thus, it is clear that a single rate determining step is
observed for the mentioned gross process. The values ob-
tained for the apparent thermal activation parameters are
within the range of those obtained for processes on the sys-
tems indicated above.[41–43] Further studies have been carried
out in the presence of added tetrabutylammonium triflate in
1:40 and 1:60 ratios (macrocycle/triflate added), and the re-
sults indicated an important increase in the rate of the mobi-
lity on increasing the ionic strength of the solution (Support-
ing Information, Table S1). Moreover, an important aspect
is the decrease of the values of the thermal activation pa-
rameters on increasing the concentration of triflate in the
reaction medium (DH� = (30�4) kJ mol�1 and DS� =

(�110�15) J K�1 mol�1, and DH� = (26�1) kJ mol�1 and
DS� = (�125�4) J K�1 mol�1, for a 1:40 and 1:60 ratio re-
spectively). These data are a clear indication of an associa-
tive activation process[47] being favored in the presence of
significant amounts of anionic counterparts. It is important
to remark that simple pyridine rotation process cannot justi-
fy the nonrigidity of the CH2 protons of the {Pd ACHTUNGTRENNUNG(dppp)} moi-
eties, however, a triflate and/or solvent-assisted decoordina-
tion/rotation/coordination equilibria of the {Pd(h3-2-Me-
C3H4) ACHTUNGTRENNUNG(4-PPh2py)2} units can easily explain the observed
facts. The associatively activated substitution of these units
for solvent molecules and/or triflate counterions enables its
reassembly in an upside down mode, thus providing the mo-
bility of both the pyridine and the {Pd ACHTUNGTRENNUNG(dppp)} moieties of
the system. Mass spectrometry evidences the relative weak-
ness of the M�Npy bond (M= Pd or Pt) showing very intense
signals of the [M(h3-2-Me-C3H4) ACHTUNGTRENNUNG(4-PPh2py)2]

+ fragments for
both compounds 1 and 2 (Supporting Information, Figur-
es S3 and S6). These results are in good agreement with
findings reported very recently,[42] and support the theory
that the reversible cleavage of M�Npy bonds is responsible
for the free pyridine rotation, demonstrating that the inter-
change of the supramolecular species with their components
is inherent in the nature of self-assembled systems formed
under thermodynamic control.

In summary, we have proved that an adequate choice of
building blocks based on their electronic characteristics can
induce the self-assembly of a single species, even though the
formation of several isomers is possible. The synthesized
macrocycles were shown to be stereochemically nonrigid
and have offered us a unique opportunity to examine the in-
ternal mobility of species self-assembled through metal-co-
ordination chemistry. The metallamacrocycles reported here
incorporate, for the first time, allyl-containing corners that
can promote catalytic activity in these supramolecules. Work
is ongoing to widen the scope of the assembly method using
specifically designed building blocks to be explored in cata-
lytic processes.
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