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Rennes Cedex, France
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ABSTRACT: A bis-strap porphyrin ligand (1), with an overhanging
carboxylic acid group on each side of the macrocycle, has been investigated
toward the formation of dynamic libraries of bimetallic complexes with
Hg(II), Cd(II), and Pb(II). Highly heteroselective metalation processes
occurred in the presence of Pb(II), with Hg(II) or Cd(II) bound out-of-plane
to the N-core and “PbOAc” bound to a carboxylate group of a strap on the
opposite side. The resulting complexes, 1Hg·PbOAc and 1Cd·PbOAc, display
three levels of dynamics. The first is strap-level (interactional dynamics), where
the PbOAc moiety swings between the left and right side of the strap owing
to a second sphere of coordination with lateral amide functions. The second
is ligand-level (motional dynamics), where 1Hg·PbOAc and 1Cd·PbOAc exist as
two degenerate states in equilibrium controlled by a chemical effector
(AcO−). The process corresponds to a double translocation of the metal ions
according to an intramolecular migration of Hg(II) or Cd(II) through the N-
core, oscillating between the two equivalent overhanging carbonyl groups, coupled to an intermolecular pathway for PbOAc
exchanging between the two equivalent overhanging carboxylate groups (N-coreup ⇆ N-coredown coupled to strapdown ⇆ strapup,
i.e., coupled motion #1 in the abstract graphic). The third is library-level (constitutional dynamics), where a dynamic constitutional
evolution of the system was achieved by the successive addition of two chemical effectors (DMAP and then AcO−). It allowed
shifting equilibrium forward and backward between 1Hg·PbOAc and the corresponding homobimetallic complexes 1Hg2·DMAP
and 1Pb·PbOAc. The latter displays a different ligand-level dynamics, in the form of an intraligand coupled migration of the
Pb(II) ions (N-coreup ⇆ strapup coupled to strapdown ⇆ N-coredown, i.e., coupled motion #2 in the abstract graphic). In addition,
the neutral “bridged” complexes 1HgPb and 1CdPb, with the metal ions on opposite sides both bound to the N-core and to a
carboxylate of a strap, were structurally characterized. These results establish an unprecedented approach in supramolecular
coordination chemistry, by considering the reversible interaction of a metal ion with the porphyrin N-core as a new source of self-
organization processes. This work should provide new inspirations for the design of innovative adaptative materials and devices.

■ INTRODUCTION

Adaptative chemistry refers to dynamic systems (covalent or
noncovalent assemblies) able to undergo a modification of their
composition as a consequence of a modification of their
environment, resulting in new properties or functions (sensing,
catalysis, transport, etc.).1 It is rooted in constitutional dynamic
chemistry,2 a branch of supramolecular chemistry focusing on
self-organization processes in dynamic libraries (ensembles of
molecules or assemblies in equilibrium, made of reversibly
connected units). Formed under thermodynamic control, these
libraries are prone to undergo amplification processes in
response to an external trigger, leading to the self-emergence of
structures that are best adapted to the new sets of physical or
chemical parameters, through reorganization of their con-
stitutive units. Adaptative molecular systems are attractive to
design ever complex (smart) materials and devices.3

Metalloporphyrins have been widely used as subcomponents
in the construction of supramolecular edifices, with vast
applications in the fields of molecular recognition, artificial
photosynthesis, catalysis, materials, and others. Supramolecular
coordination chemistry using axial ligation to the porphyrin
metal center is among the most common strategies allowing the
engineering of complex structures via self-organization
processes.4 In many cases, the use of a template agent is used
to select a particular arrangement among oligomeric or
undesired assemblies, but it is worthwhile to note that few
metalloporphyrin-based supramolecular systems have been
analyzed in terms of dynamic constitutional libraries. The
group of Sanders has investigated dynamic libraries of
metalloporphyrins based on metal−phosphine ligation5 and
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has shown the selection of molecular receptors in response to
the addition of guest molecules. More recently, a dynamic
library approach was used by Handerson et al. for the templated
formation of zinc porphyrin nanorings. The ratio of nanorings
of different sizes (e.g., rings made of 16 vs 24 porphyrins)
indeed depends on the amount of a template agent, suggesting
the formation of dynamic libraries of self-assembled complexes
prior to covalent trapping.6,7

In general, the supramolecular coordination chemistry of
metalloporphyrins is dominated by the use of a small metal ion
[Zn(II), Mg(II), Al(III), Ru(II), Rh(III), etc.] that fits into the
N-core of the macrocycle (in-plane coordination), with high
stability.4 This is obviously desirable for their integration into
functional devices or materials for which robustness is often a
prerequisite. Conversely, it came to us that the use of kinetically
labile metal porphyrin complexes could furnish an additional
tool in the formation of adaptative systems, by considering the
reversible interaction of a metal ion with the N-core as a new
source of self-organization processes. To the best of our
knowledge, adaptative systems based on metalloporphyrins
exchanging their N-core bound metal ion(s) (through
reversible transmetalations for instance) in response to an
external stimulus have not been described so far.8 To build up a
proof of concept, we considered the use of a ditopic porphyrin
chelate as a platform for the binding of two metal ions and of
different metal ions as subcomponents that can self-organize by
reversible binding to the platform. By doing so, several
combinations of homo and heterobimetallic species would be
virtually accessible, thus defining a dynamic library of
metalloporphyrins. This strategy lies on recent results from
our group obtained with bis-strap overhanging carboxylic
acid(s) porphyrins.9,10 We have indeed shown that two types of
bimetallic complexes were accessible with such ditopic chelates
(Figure 1). On the one hand, “bridged” C2-symmetric

homobimetallic species with the metal ions on opposite sides
both bound to the porphyrin N-core and to a carboxylate of a
strap (type I, lower part in Figure 1) were observed with the C2-
symmetric chelate 1 and Hg(II),9b Cd(II),9f Pb(II),9d and
Bi(III)9d ions [1Hg2, 1Cd2, 1Pb2, and 1(BiOAc)2].

11 On the
other hand, heterobimetallic species were obtained with a metal
ion bound to the N-core and a second metal ion bound on the
opposite side to a carboxylate of a strap, in a so-called hanging-
atop (HAT) coordination mode (type II, upper part in Figure
1).12 They were observed with 1, Bi(III), and Pb(II) (1Bi·
PbOAc)9d,13 and with 2 or 3, Zn(II) or Cd(II), and Pb(II).9e In
these complexes, the PbOAc moiety is stabilized by a crucial
second sphere of coordination (H-bond with the amide
group(s) of a strap). Interestingly, type I homobimetallic
complexes were converted to type II by addition of AcO− in the
case of Pb(II) and Cd(II) (1Pb·PbOAc and 1Cd·CdOAc) and
by addition of a base with Bi(III) [1Bi·Bi(OAc)2] (upper
middle part, Figure 1). The last three complexes are present as
two degenerate states in equilibrium, according to a unique
intraligand coupled motion of the metal ions, formally a double
translocation process under allosteric control (strapup ⇆ N-
coreup coupled to N-coredown ⇆ strapdown).14,15 This coupled
migration resembles the motion of spheres in a Newton’s cradle
device, since the metal ions remain on their respective side of
the macrocycle while exchanging between HAT and out-of-
plane (OOP) coordination modes (compartmentalized mo-
tion).9d,f,i Such a motional dynamics of the metal ions is not
observed with type II heterobimetallic complexes. Thus,
whereas intramolecular transmetalation readily occurs in the
coupled motion of the metal ions (type II homobimetallic
complexes), intermolecular transmetalations are also effective:
it allowed the successive formation of three different Pb(II)/
Bi(III) bimetallic complexes via selective metal exchange
reactions [1Pb·PbOAc → 1Bi·PbOAc → 1Bi·Bi(OAc)2], which

Figure 1. Overview of the various bimetallic complexes previously obtained from overhanging carboxylic acid porphyrins 1−3 (structures in inset)
and their dynamic behavior (HAT = hanging-atop; OOP = out-of-plane; exogenous acetates are highlighted by a tan oval).
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is a means to control the motional dynamics of the metal ions
(fast motion → no motion → slow motion).9c,d It is worth
mentioning that the lability of these complexes relies on (i) the
overhanging COO− groups, which help insertion and exchange
of the metal ions (in general, instantaneous processes at room
temperature),16 and (ii) the size, medium to large, of these
heavy metals, responsible for important deviations from the
mean plane (OOP coordination).17 On these bases, we have
investigated the formation of heterobimetallic complexes with
the C2-symmetric ligand 1 and divalent metal ions as Hg(II),
Cd(II), and Pb(II), aiming at new kinds of dynamic libraries of
metalloporphyrins that could feature adaptative behaviors.

■ RESULTS

1. Selectivity Study for the Formation of Hetero-
bimetallic Species with Pb(II), Hg(II), and Cd(II). In a first
set of experiments, we have investigated the formation of
Hg(II)/Cd(II) heterobimetallic complexes with ligand 1. For
that purpose, 1H NMR titration experiments of 1 with

Hg(OAc)2 and Cd(OAc)2 solutions have been conducted in
a 9:1 CDCl3/CD3OD mixture, in the absence and with excess
of diisopropylethylamine (DIPEA) [see the Supporting
Information (SI)]. For all investigated conditions, equilibrium
was reached instantaneously, and the ratios of the different
species were independent of the order of introduction of the
metal salts, indicating thermodynamic control. In the presence
of DIPEA, addition of 1 equiv of Hg(OAc)2 and 1 equiv of
Cd(OAc)2 to 1 led to the formation of 1Hg2, together with one
or several undefined species characterized by broad NMR
patterns, different from those of the known monometallic and
homobimetallic species of 1.18 The composition of the mixture
was significantly affected neither at low temperature (down to
223 K) nor by the addition of an excess of both metal salts,
whereas the addition of an excess of only one of the metal salts
led to the formation of the corresponding homobimetallic
complex as a major product (1Cd2 or 1Hg2). In the absence of
base, the addition of 1 equiv of both Hg(OAc)2 and Cd(OAc)2
to 1 led to the formation of 1Hg2, 1Cd2, and a new species with
sharp signals, in a statistical 1:1:1 ratio. The newly formed

Figure 2. 1H NMR study (298 K, 500 MHz, CDCl3/CD3OD 9:1, partial spectra) related to the formation of Hg(II)/Pb(II) and Cd(II)/Pb(II)
heterobimetallic complexes with ligand 1, in the absence (a) and with 15 equiv of DIPEA (b). Top: reference spectra of the homobimetallic
complexes under the same experimental conditions. For proton labeling, see Scheme 1. Red arrows indicate ill-resolved signals that may correspond
to heterobimetallic complexes. S = trace of residual solvent; * = impurity.
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species displays a dissymmetric pattern, indicating that both
sides of the ligand are different and may likely be assigned to a
heterobimetallic Hg(II)/Cd(II) complex (1HgCd, SI) although
strong overlapping of the signals hampered further structural
investigations. The addition of a slight excess of both metal salts
(2 equiv) led quantitatively to 1Hg2. These results show that
mixtures of homobimetallic and a fortiori heterobimetallic
complexes can be obtained under thermodynamic conditions,
with possible evolution of their constitutions, which supports
the formation of dynamic libraries of metalloporphyrins.
In the same solvent, Pb(II) was then combined with Hg(II)

or Cd(II) and 1 (Figure 2). Again, equilibrium was reached
instantaneously, and the ratios of the different species were
independent of the order of introduction of the metal salts.
Without base, the metalation of 1 with Hg(OAc)2/Pb(OAc)2
or Cd(OAc)2/Pb(OAc)2 led to mixtures of bimetallic
complexes in all investigated M1/M2/1 ratios (Figure 2a).
The homobimetallic complexes 1Hg2 or 1Cd2 were clearly
observed at a 1:1:1 M1/M2/1 ratio, together with unidentified
species displaying broad NMR patterns (see red arrows).
Heterobimetallic complexes may be formed, but further
structural investigations were hampered by the low resolution
of their NMR patterns with strong overlapping of most of the
signals even at low temperature (223 K). In contrast, with 15

equiv of DIPEA in the media, addition of 1 equiv of Pb(OAc)2
to 1 followed by 1 equiv of Hg(OAc)2 or Cd(OAc)2 led, in
both cases, to the selective and virtually quantitative formation
of a new species (Figure 2b, filled and hollow triangles).19 The
four aromatic protons of the straps, Ha, Hb, Ha′, and Hb′ (see
labeling in Scheme 1), resonate at 5.81, 5.54, 5.26, and 5.16
ppm for Pb/Hg and at 5.62, 5.60, 5.27, and 5.21 ppm for Pb/
Cd. This evidenced the formation of dissymmetric species with
a different metal ion on each side of the porphyrin macrocycle.
The broad and slightly high-field-shifted signal of the acetate
anions indicates their participation in the complexes, in a fast
exchange regime at room temperature. Low-temperature NMR
measurements such as 2D ROESY experiments revealed a
single bound acetate (slow exchange regime at 223 K),
observed as a singlet at +0.18 and +0.28 ppm for Pb/Hg and
Pb/Cd, respectively (vide infra and see the SI). These chemical
shifts agree with the presence of a hanging-atop metal ion.
More particularly, they are consistent with a PbOAc moiety
hung over the N-core, as deduced from comparison with the
chemical shifts of the bound acetate in the known complexes
1Pb·PbOAc and 1Cd·CdOAc formed in the same experimental
conditions.20 We therefore propose the formation of the
heterobimetallic complexes 1Hg·PbOAc and 1Cd·PbOAc
(Scheme 1, top), with Hg(II) and Cd(II) bound to the N-

Scheme 1. Formation of Hg(II)/Pb(II) and Cd(II)/Pb(II) Heterobimetallic Complexesa

a(Top) Selective formation of the heterobimetallic complexes 1Hg·PbOAc and 1Cd·PbOAc (DIPEA·H+ salts) as deduced from 1H NMR titration
studies. (Left) Synthesis of analytical samples of the heterobimetallic complexes 1Hg·PbOAc,TBA and 1Cd·PbOAc,TBA (TBA+ salts). (Right)
Formation of the neutral heterobimetallic complexes 1HgPb and 1CdPb (single crystals suitable for XRD analysis).
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core and a PbOAc moiety bound to the overhanging
carboxylate on the opposite side. HRMS analysis confirmed
the incorporation of “Hg(/Cd)PbOAc” in 1 (see the
Experimental Section).
Both complexes tolerate an excess of Pb(OAc)2 (up to ca. 2

equiv), which is due to the higher affinity of the smaller cations
Hg(II) and Cd(II) for the N-core. The complex 1Cd·PbOAc
also tolerates an excess of Cd(OAc)2 (up to ca. 2 equiv),

showing a higher affinity of a PbOAc moiety for the HAT
binding site vs a CdOAc one.21 In contrast, the further addition
of 1 equiv of Hg(OAc)2 to 1Hg·PbOAc led to the almost
quantitative formation of 1Hg2. Thus, similarly to Hg(II)/
Cd(II), dynamic libraries of bimetallic complexes are generated
with Cd(II)/Pb(II) and Hg(II)/Pb(II), with a strong
amplification of the heterobimetallic complexes 1Hg·PbOAc
and 1Cd·PbOAc in the presence of DIPEA. The deprotonation

Figure 3. Partial 1H NMR spectra (298 K, 500 MHz, CDCl3/CD3OD 9:1 with 15 equiv of DIPEA) of 1 before and upon the successive addition of 1
equiv of Pb(OAc)2, 0.5 equiv of Hg(OAc)2, and 0.5 equiv of Cd(OAc)2 (from bottom to top). (Top) Reference spectra of the heterobimetallic
complexes under the same experimental conditions. For proton labeling, see Scheme 1. S = trace of residual solvent.

Figure 4. 199Hg, 113Cd, and 207Pb heteronuclear NMR monitoring (CDCl3/CD3OD 9:1, 9.4 T, 298 K, with 7.5 equiv of DIPEA) of the formation of
1Hg·PbOAc and 1Cd·PbOAc: (a) 199Hg NMR spectra (71.6 MHz) of 1Hg before and after addition of 1 equiv of Pb(OAc)2, leading to 1Hg·PbOAc.
(b) 113Cd NMR spectra (88.7 MHz) of 1Cd before9f and after addition of 1 equiv of Pb(OAc)2, leading to 1Cd·PbOAc. (c) 207Pb NMR spectra (83.6
MHz) of 1Hg·PbOAc, 1Cd·PbOAc, and 1Pb·PbOAc (the latter homobimetallic complex formed upon addition of 2 equiv of Pb(OAc)2 to 1). HAT
and OOP stand for hanging-atop and out-of-plane, respectively.
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state of the overhanging COO− group that binds apically the N-
core-bound Hg(II) and Cd(II) cation (N4O coordination
sphere, Scheme 1) is a key parameter. As observed with related
complexes,9e,f the carbonyl−metal interaction is responsible for
an important out-of-plane displacement of the cations (up to
ca. 0.9 Å) along with a dome-shaped conformation of the
porphyrin. This increases the complementarity of the HAT
Pb(II) cation with the strap binding site, on the opposite side.
As the carbonyl−metal interaction is stronger with a COO−

than with a COOH group, amplification of 1Hg·PbOAc and
1Cd·PbOAc occurs under basic conditions.22 Such a high degree
of selectivity is best exemplified by the following experiment,
mixing the three metal salts together. To a solution of 1 in a 9:1
CDCl3/CD3OD mixture in the presence of DIPEA were
successively added 1 equiv of Pb(OAc)2, 0.5 equiv of
Hg(OAc)2, and 0.5 equiv of Cd(OAc)2. Equilibria were
reached instantaneously and the corresponding NMR spectrum
showed the formation of 1Hg·PbOAc and 1Cd·PbOAc (1:1
ratio) as the only observable species (Figure 3). These two
heterobimetallic complexes coexist in solution and are
selectively obtained out of at least eight possible species (two
monometallic complexes,23 three homobimetallic complexes,
and three heterobimetallic complexes).

Heteronuclear NMR experiments were also used to monitor
the formation of these Pb(II) heterobimetallic complexes,
owing to the natural abundance of the spin-1/2

199Hg, 113Cd,
and 207Pb nuclei.24−26 First, the monometallic complexes 1Hg

and 1Cd (simplified structures in Figure 4) were formed by
addition of 1 equiv of Hg(OAc)2 and Cd(OAc)2, respectively,
to 1 in the presence of DIPEA (9:1 CDCl3/CD3OD).

9b,f The
further addition of 1 equiv of Pb(OAc)2 led to 1Hg·PbOAc and
1Cd·PbOAc. At 298 K, 199Hg and 113Cd NMR spectra of these
four metal complexes are characterized by a single resonance,
and in both cases, an important high-field shift with a
sharpening of the signals is observed upon the formation of
the bimetallic complexes (Figure 4a,b, Δδ199

Hg = −379 ppm,
Δδ113

Cd = −147 ppm). These heteronuclear NMR measure-
ments thus appear very sensitive, the close proximity of the
HAT Pb(II) being strongly experienced by the N-core-bound
cation. Although the N4O coordination spheres of Hg(II) and
Cd(II) should remain roughly the same in the mono- and
bimetallic complexes (see Figure 4), a higher out-of-plane
displacement is expected in the heterobimetallic complexes due
to electrostatic repulsion with the HAT Pb(II) cation.9d,e At
298 K, the 207Pb spectra of 1Hg·PbOAc and 1Cd·PbOAc
revealed a single resonance at respectively 2214 and 2466 ppm
(Figure 4c). For comparison, the 207Pb spectrum of the related

Figure 5. 1H NMR spectra (500 MHz, CDCl3) of analytical samples of 1Hg·PbOAc,TBA at 298 K (a) and 213 K (b) and 1Cd·PbOAc,TBA at 298 K
(c) and 213 K (d). “●” indicates TBA+, S = solvent, W = water; for proton labeling, see Scheme 1
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complex 1Pb·PbOAc, recorded at 298 K, displays two signals in
a 1:1 ratio at 2553 and 2363 ppm that were assigned to the
OOP Pb(II) and HAT Pb(II), respectively (Figure 4c).27

Similarly to the N-core-bound metal ions, the 207Pb nucleus is
also quite sensitive to the presence of a second metal ion.
2. Preparation of Analytical Samples of the Hetero-

bimetallic Complexes 1Hg·PbOAc and 1Cd.PbOAc. The
synthesis of analytical samples of complexes 1Hg·PbOAc and

1Cd·PbOAc was then undertaken. After several attempts, we
observed that the purification of the complexes was easier in the
form of their tetrabutylammonium salt. Thus, they have been
synthesized using 1 equiv of Hg(OAc)2 or Cd(OAc)2, 1 equiv
of Pb(OAc)2, and 5 equiv of AcO

−TBA+ instead of DIPEA, in a
9:1 CHCl3/CH3OH mixture. The metalations proceeded
instantaneously at room temperature. Removal of the excess
of AcO−TBA+ by precipitation in a chloroform/pentane

Figure 6. (a) Crystal structures of the neutral heterobimetallic complexes 1HgPb (left) and 1CdPb (right) (Ortep views at 30% level of probability;
H atoms and solvents of crystallization removed for clarity). (b) Ball and stick views of the coordination sphere of the lead, cadmium, and mercury
atoms in the crystal structures of 1HgPb (left) and 1CdPb (right) and (c) comparison with that of the same elements in the related homobimetallic
complexes 1Hg2,

9b 1Pb2,
9a and 1Cd2.

9f For 1Pb2 and 1Hg2, Os1−Os4 are oxygen atoms of DMSO molecules. For 1Cd2, Os2 and Os4 are methanol
molecules, Os1 and Os3 being water molecules.
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mixture led to 1Hg·PbOAc,TBA and 1Cd·PbOAc,TBA in
quantitative yields (Scheme 1, left). HRMS analysis confirmed
the incorporation of “Hg(/Cd)PbOAc” in 1 (see the
Experimental Section). Their 1H NMR spectra in CDCl3 are
well-defined at 298 K (Figure 5a,c) and complete assignment
was achieved thanks to 2D COSY, HMQC, and ROESY NMR
experiments (SI). For instance, the β-pyrrolic protons are
observed as four AB systems and the protons Ha, Ha′, Hb, and
Hb′ as four singlets in the 5−6 ppm region, thus evidencing a
dissymmetric structure. The bound acetate anion is observed as
a singlet in the high fields (δ = 0.39 and 0.49 ppm for 1Hg·
PbOAc,TBA and 1Cd·PbOAc,TBA), and integral values
confirm that 1 equiv of both TBA+ and AcO− belong to the
complexes. With Hg(II), a NOE correlation between the
CH3COO protons and a β-pyrrolic proton at 8.99 ppm
confirms the positioning of this exogenous ligand above the
porphyrin plane. The CONH protons of the strap binding
Hg(II) and Cd(II) (NHa′ and NHb′) appear as sharp singlets
between 7.70 and 8.10 ppm. In contrast, those of the other
strap binding the HAT Pb(II) (NHa and NHb) are broad and
downfield-shifted (δ values between 8.75 and 10.0 ppm), which
indicates that they are involved in H-bonding interaction with
the acetate. Further investigations of the dynamics of these
complexes thanks to variable temperature NMR studies are
described in section 4.
3. Crystallographic Characterization of the Neutral

Heterobimetallic Complexes 1HgPb and 1CdPb and
Comparison with Their Related Homobimetallic Com-
plexes 1Pb2, 1Hg2, and 1Cd2. NMR tube solutions of
complexes 1Hg·PbOAc and 1Cd·PbOAc were subjected to slow
evaporation in the presence of few drops of water and dimethyl
sulfoxide (DMSO). We were delighted to obtain single crystals
for both complexes, which were submitted to X-ray diffraction
analysis. The crystallographic structures revealed the formation
of the neutral bridged heterobimetallic complexes 1HgPb and

1CdPb (Scheme 1 right, Figure 6a,b, and selected distances in
Table 1).28,29 The release of the exogenous acetate has been
already observed with the related complexes 1Pb·PbOAc and
1Cd·CdOAc upon crystallization or precipitation in polar media,
which led to the C2-symmetric complexes 1Pb2 and 1Cd2.

9d,f

For both complexes 1HgPb and 1CdPb, the porphyrin acts
as a bridging ligand with Hg(II)[/Cd(II)] and Pb(II) sitting on
each side of the macrocycle. Each metal ion is bound both to
the N-core and to the carboxylate group of a strap and
undergoes an important OOP displacement (>1.4 Å).
Considering the coordination side of the lead cation, several
common structural features are observed between 1HgPb and
1CdPb (Figure 6b). The lead cation is six-coordinate and
located 1.86 Å away from the 24-atom mean plane. First, it is
bound to the three nitrogen atoms N1, N2, and N3 of the
macrocycle with quite similar bond lengths: N1−Pb = 2.83/
2.86 Å, N2−Pb = 2.61/2.63 Å, and N3−Pb = 2.70/2.69 Å for
1HgPb/1CdPb. Second, it is also bound to the intramolecular
carboxylate group of the strap and to two DMSO molecules
stabilized by H-bonds with the amide groups of the straps
(dashed lines in Figure 6a). While the length of the
O3(carboxylate)−Pb bond as well as the length of the
Os3(DMSO)−Pb bond are similar in both complexes (2.28/
2.26 Å and 2.71/2.68 Å), that of the Os4(DMSO)−Pb bond is
slightly longer in 1HgPb (2.80 Å) than in 1CdPb (2.59 Å).
The coordination sphere of the lead cation in these two
heterobimetallic complexes can be compared to that of the
homobimetallic C2-symmetric complex 1Pb2 (Figure 6c).

9a The
major difference is represented by the longer length of the N2−
Pb σ-bond in 1HgPb/1CdPb (2.61/2.63 Å) vs 2.48 Å in 1Pb2,
suggesting that the lead cation is more loosely bound in the
heterobimetallic complexes than in the homobimetallic one.
This difference is also reflected in the previously mentioned
more important OOP distance of the lead cation (1.86 Å in
1HgPb/1CdPb vs 1.79 Å in 1Pb2). Concerning the other side

Table 1. Selected Distances (Å) and Angles (deg) in the X-ray Crystal Structures of 1Hg2,
9b 1HgPb, 1Pb2,

9a 1CdPb, and 1Cd2
9f

1Hg2
b 1HgPb (M2 = Pb) 1Pb2

a 1CdPb (M2 = Pb) 1Cd2

M2−24MP 1.733 1.856 1.795 1.862 1.510
M1−24MP 1.408 1.549 1.445 1.441
M1−M2 3.258 3.411 3.598 3.309 2.952
(PyrN2−5MP,24MP)c 7.84 6.23 11.04 4.12 1.760
(PyrN4−5MP,24MP)c 8.34 8.45 10.20 2.450
M1−N1 2.480 2.440 2.391 2.454
M1−N2 2.165 2.757 2.553 2.473
M1−N3 2.533 2.661 2.533 2.515
M1−N4 2.871 2.439 2.377 2.499
M2−N1 2.830 2.833 2.787 2.856 2.532
M2−N2 3.205 2.610 2.480 2.630 2.537
M2−N3 2.673 2.701 2.648 2.693 2.462
M2−N4 2.133 2.916 2.995 2.915 2.502
M1−O1 2.100 2.282 2.304 2.242
M1−O2 3.401 3.135 3.377 3.450
M1−Os1 2.697 2.351
M1−Os2 2.821 2.894 2.609 2.402
M2−O3 2.070 2.278 2.322 2.258 2.224
M2−O4 3.106 2.825 2.975 2.825 3.326
M2−Os3 2.618 2.707 2.651 2.685 2.584
M2−Os4 2.738 2.805 2.832 2.595 2.290

aComplex 1Pb2 crystallized in the monoclinic space group C2/c. Therefore, the two sides of the complex are identical (i.e., Pb1 = Pb2). bThe
distances are those of one of the two isomers present in the crystal lattice. cAngle between the mean plane of the pyrrole ring including N2 or N4
atom and the 24-atom porphyrin mean plane.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja501926f | J. Am. Chem. Soc. 2014, 136, 6698−67156705



of the complexes, the Hg and Cd atoms undergo a similar
deviation from the mean plane (1.55 and 1.44 Å, respectively).
The Hg atom is six-coordinate in 1HgPb, with three bonds to
the N-core of the macrocycle (N1−Hg = 2.44 Å, N3−Hg =
2.66 Å, N4−Hg = 2.44 Å), one bond to the intramolecular
carboxylate group (O1−Hg = 2.28 Å), and two bonds with
DMSO and methanol molecules (Os1−Hg = 2.70 Å, Os2−Hg
= 2.90 Å). Although also six-coordinate, the Cd atom in 1CdPb
displays a different coordination sphere, with four bonds to the
N-core of the macrocycle (N1−Cd = 2.39 Å, N2−Cd = 2.55 Å,
N3−Cd = 2.53 Å, N4−Cd 2.38 Å), one bond to the
intramolecular carboxylate group (O1−Cd = 2.30 Å), and
one bond with a methanol molecule (Os2−Cd = 2.61 Å). The
DMSO and methanol molecules bound to Hg and Cd are also
stabilized by H-bonds with the amide groups of the straps
(dashed lines in Figure 6a).
The present structures of 1HgPb/1CdPb can also compare

with the structures of the corresponding homobimetallic
complexes 1Hg2 and 1Cd2 (Figure 6c).9b,f In the case of
1Hg2, a dissymmetric complex in the solid state, the mercury
cation labeled Hg2 is the most similar to Hg in 1HgPb (both
are six-coordinate). However, the OOP displacement of the
mercury cation in 1HgPb (1.55 Å) is roughly midway as

compared to those in 1Hg2 (1.41 and 1.73 Å). A main
difference consists of the two σ-bonds of the mercury cations
that are much longer in 1HgPb (2.44/2.28 Å) than in 1Hg2
(2.16/2.10 and 2.13/2.07 Å), with a different spatial arrange-
ment. They are in a trans geometry in 1Hg2 (N2−Hg1−O1 =
166°; N4−Hg2−O3 = 161°), whereas a cis arrangement is
observed in 1HgPb (N4−Hg−O1 = 85°), a more unusual
coordination geometry for mercury. Concerning the cadmium
complexes, the Cd atoms undergo similar deviations from the
mean plane (1.44 Å vs 1.44/1.51 Å). It is worthwhile to note
that two of the four N−Cd bonds are shorter in 1CdPb (2.38/
2.39 Å vs 2.53/2.55 Å), whereas the N−Cd distances are almost
equivalents in 1Cd2. This shortening is accompanied by a more
pronounced tilting of the pyrroles in 1CdPb than in 1Cd2.
From these X-ray data, it can be deduced that the strongest
tilting of the pyrrole ring is proportional to the size of the
cation [Pb(II) > Hg(II) > Cd(II)] with almost no tilting for the
homobimetallic cadmium complex (1.8° and 2.4°) and a strong
one for the homobimetallic lead complex (11°).
These five X-ray structures evidence the remarkable

propensity of ligand 1 for bridging two divalent heavy metal
ions. A selective access to the neutral heterobimetallic
complexes remains delicate in solution, which highlights this

Figure 7. Variable temperature 1H NMR study of 1Cd·PbOAc (500 MHz, 9:1 CDCl3/CD3OD, partial spectra), evidencing two different dynamic
processes. Sample formed in situ by addition of 1 equiv of Cd(OAc)2 and 1 equiv of Pb(OAc)2 to 1 in the presence of 15 equiv of DIPEA. S = trace
of residual solvent.
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two-step process via the HAT Pb(II) heterobimetallic
complexes (Scheme 1, right).
4. Dynamic Study of the Heterobimetallic Complexes

1Hg·PbOAc and 1Cd·PbOAc. Next, we have investigated the
dynamic behavior of the complexes 1Hg·PbOAc and 1Cd·
PbOAc under two sets of conditions: (i) first, with the
complexes formed in situ by addition of 1 equiv of each acetate
metal salt, in a CDCl3/CD3OD 9:1 mixture with 15 equiv of
DIPEA, which generates 3 equiv of free acetate anions in a
slightly polar medium and (ii) second, with the analytical
samples (TBA+ salts) in pure CDCl3 solution, therefore with no
excess of acetate anions in an apolar medium.
In the first conditions, a variable temperature 1H NMR

experiment conducted with 1Cd·PbOAc evidenced two sets of
dynamic behaviors (Figure 7 and SI). Starting from 298 K,
increasing the temperature led to a coalescence of the signals,
and a C2-symmetric pattern was observed above 330 K (Figure
7, upper part and SI). At the opposite, lowering the
temperature led to a splitting of the signals and to the
appearance of two dissymmetric NMR patterns, in a ca. 2:1
ratio at 223 K (Figure 7, lower part). Both dynamic processes
were analyzed by 2D ROESY NMR experiments performed at
283 and 223 K (SI), allowing unambiguous assignments of
some characteristic resonances (selected exchange correlations
depicted in Figure 7). The coalescence of, for instance, Ha−Ha′
and Hb−Hb′ at high temperature indicates that both metal ions
invert their positions relative to the mean plane of the
macrocycle and thus migrate concomitantly from one to the
other side of the porphyrin. In other words, there is an
equilibrium between the two degenerate states 1Cd·PbOAc and
1Cd·PbOAc, as depicted in Figure 7 (top). The same exchange
correlations were observed at 298 K with 1Hg·PbOAc, showing
that such equilibrium between the two degenerate states also
occurs with this complex (SI). Conversely, when similar
variable temperature 1H NMR studies were conducted in the

second set of conditions with both complexes, neither
coalescence at high temperature nor exchange correlations
between, for example, Ha and Ha′ protons were observed (2D
ROESY NMR experiments at 298 K, SI). These NMR data
indicate that, in the absence of free AcO− in the medium, there
is no equilibrium between the degenerate states of 1Cd·
PbOAc,TBA and 1Hg·PbOAc,TBA. Thus, a plausible mecha-
nism for the metal exchange process would involve the
following steps: (i) An intermolecular pathway has to be
considered for the large Pb(II) ion, which requires the presence
of an excess of AcO−, allowing the release of Pb(OAc)2. (ii) An
intramolecular pathway for Cd(II)/Hg(II) is likely to occur,
with migration of these ions from one to the other side of the
porphyrin through the N-core; such a dynamic was observed in
the case of the corresponding monometallic complexes 1Hg and
1Cd (simplified structures in Figure 4).9b,f The sharpening of
their 199Hg/113Cd signal upon complexation of the HAT Pb(II)
(Figure 4a,b) is in line with a slower funneling motion of
Hg(II)/Cd(II) in the heterobimetallic complexes. (iii) A
released Pb(OAc)2 is bound by the other overhanging COO−.
This double translocation process of two different metal ions

differs from the recently described Newton’s cradle-like motion
observed with the related homobimetallic complexes 1Pb·
PbOAc, 1Bi·Bi(OAc)2, and 1Cd·CdOAc.

9d,f In the Newton’s
cradle-like motion, equilibrium between the two degenerate
states, e.g. 1Pb·PbOAc and 1Pb·PbOAc, involves a coupled
intramolecular migration of the metal ions that stay on their
respective sides of the porphyrin (compartmentalized motion;
see Scheme 2c). With the heterobimetallic complexes, such a
motion would lead to a different complex (a coordination
isomer such as, for example, 1Pb·CdOAc, with Pb(II) bound to
the N-core and CdOAc bound to the strap) and is not
observed. There is indeed a high selectivity in favor of the
smaller ions Hg(II) and Cd(II) for the N-core and of the larger
one Pb(II) for the strap. The double translocation according to

Scheme 2. Comparison of the Dynamic Features of the Heterobimetallic Complexes 1Hg·PbOAc and 1Cd·PbOAc
a (b) with the

Related HAT Pb(II) Bimetallic Complexes 1Bi·PbOAc
9d (a) and 1Pb·PbOAc

9d (c)

aThe complexes are formed in situ in a 9:1 CDCl3/CD3OD mixture in the presence of DIPEA. HAT and OOP stand for hanging-atop and out-of-
plane.
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Scheme 3. Illustration of the On/Off Controlled Equilibrium between the Two Degenerate States 1Cd·PbOAc and 1Cd·PbOAc
Mediated by a Catalytic Amount of a Chemical Effector (AcO−TBA+)

Figure 8. Variable temperature 207Pb and 113Cd heteronuclear NMR study of 1Cd·PbOAc and comparison with 1Pb·PbOAc and 1Cd·CdOAc
9f (9:1

CDCl3/CD3OD, 9.4 T): (a and b) 207Pb NMR spectra of 1Cd·PbOAc and 1Pb·PbOAc, respectively, at various temperatures and (c and d) 113Cd
NMR spectra of 1Cd·PbOAc and 1Cd·CdOAc, respectively, at various temperatures. The samples were formed in situ by addition of stoichiometric
amounts of the corresponding acetate metal salts in the presence of 7.5 equiv of DIPEA. HAT and OOP stand for hanging-atop and out-of-plane,
respectively.
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a mixed intermolecular [relative to Pb(II)] and intramolecular
[relative to Cd(II)/Hg(II)] pathway leads however to a
situation similar to that observed with the homobimetallic
complexes, with metal ions alternatively hanging-atop and out-
of-plane on one side of the porphyrin. Such a process can be
seen as a peculiar motion of a defective Newton’s cradle device,
as it allows the sphere 1 to replace sphere 2, which is impossible
in a macroscopic Newton’s cradle (Scheme 2b). It is worth
mentioning that with the related heterobimetallic complex 1Bi·
PbOAc,9d no equilibrium between its two degenerate states is
observed (Scheme 2a). This is due to the large ionic radius and
high affinity of the trivalent metal ion that prevent both an
intramolecular pathway via funneling through the N-core and
an intermolecular pathway via a release process. This
comparison in Scheme 2 highlights how the dynamics of
these HAT Pb(II) bimetallic complexes drastically depends on
the nature of the N-core-bound metal ion.
Interestingly, this motional dynamics of the metal ions can be

switched on and off (Scheme 3). Indeed, starting from an
analytical sample of 1Cd·PbOAc,TBA in pure CDCl3 (second
set of conditions), the addition of a catalytic amount of
AcO−TBA+ (0.1 equiv) led to the appearance of exchange
correlations between, for instance, Ha−Ha′ and Hb−Hb′
protons in the corresponding 2D ROESY NMR spectrum (SI),
thus evidencing an equilibrium between the degenerate states.
Removal of this excess of AcO−TBA+ upon precipitation of the
sample with pentane led back to the absence of exchange
correlations. It is thus possible to switch between an active and
an inactive state of a defective Newton’s cradle device by
addition and removal of a chemical effector (Scheme 3).
The second dynamic process observed at low temperature

with 1Cd·PbOAc (Figure 7, lower part) also took place with
1Hg·PbOAc, with two dissymmetric NMR patterns observed at
223 K, in a ca. 95:5 ratio (SI, first set of conditions). 2D
ROESY NMR experiments were performed at low temper-
atures (SI) and revealed that, for both complexes, the Ha and
Hb protons are significantly affected upon splitting as
compared to Ha′ and Hb′, with Δδ up to ca. 0.4 ppm between
the major and minor species (selected exchange correlations are
indicated by blue and red arrows in Figure 7 for 1Cd·PbOAc;
splitting highlighted by blue and red dashed lines). Further
investigations were limited by the significant broadening of the
NMR patterns at low temperatures. Variable temperature 207Pb
and 113Cd heteronuclear NMR studies were thus undertaken
with 1Cd·PbOAc (Figure 8a,c). For both nuclei, a splitting is
observed at low temperatures: at 250 K, the 207Pb NMR
spectrum showed two overlapping signals at 2313 and 2293
ppm, and the 113Cd spectrum revealed two well-resolved signals
at 154 and 120 ppm (parts a and c of Figure 8, respectively).
The relatively small Δδ values of respectively 20 and 33 ppm
contrast with those of the related homobimetallic complexes
1Pb·PbOAc and 1Cd·CdOAc (parts b and d of Figure 8,
respectively), for which significant differences between the
HAT and OOP resonances are observed under similar
experimental conditions (ΔδHAT−OOP ∼ 289 and 113 ppm for
1Pb·PbOAc and 1Cd·CdOAc, respectively). These data indicate
minor differences in the coordination modes of Cd(II) and
Pb(II) in the heterobimetallic complex at low temperature, the
metal ions staying respectively bound to the N-core and to the
strap.
Deeper insights into this low-temperature dynamic behavior

came from variable temperature 1H NMR experiments
conducted with the analytical samples (second set of

conditions). Rather unexpectedly, 1Hg·PbOAc,TBA and 1Cd·
PbOAc,TBA also gave rise to two species with dissymmetric
NMR patterns at 213 K, in respectively 15:1 and 1.5:1 ratios
(Figure 5b,d and SI). This indicates that free acetates are not
required for this dynamic process. For 1Cd·PbOAc,TBA, the
CH3 protons of the bound acetate are observed at 0.43 and 0.40
ppm for the major and minor species, which confirms little
differences in the coordination mode of the HAT Pb(II) ion
(Figure 5d). Assignment of characteristic signals was also
realized thanks to 2D ROESY NMR experiments (SI). For
instance, with 1Cd·PbOAc,TBA, a NOE correlation between
the CH3 protons of the bound acetate and one of the four
NHCO protons of the straps allowed unambiguous localization
of the H-bonding interaction stabilizing the HAT Pb(II) metal
ion. Interestingly, for the major and minor species, opposite
NHCO protons of a strap are involved in the second sphere of
coordination with PbOAc: the NHa proton (δ = 10.62 ppm)
for the major and the NHb proton (δ = 10.41 ppm) for the
minor (see also values in Figure 5 for 1Hg·PbOAc,TBA). All of
these data indicate the presence of two HAT Pb(II)
diastereoisomers that differ by the orientation of the PbOAc
moiety H-bound either to the left or right side of the strap (see
structures in Figure 5).30 Equilibrium between these stereo-
isomers is expected to follow an intramolecular pathway, i.e., via
a swinging motion of PbOAc oscillating between the two sides
of the strap. It is worth noting that the Δδ value between NHa
and NHb is more important with the major diastereoisomer
than with the minor one (ΔδM = 2.84 vs Δδm = 2.28 ppm for
1Hg·PbOAc,TBA and ΔδM = 2.54 vs Δδm = 2.10 ppm for 1Cd·
PbOAc,TBA; see Figure 5). This is consistent with a stronger
H-bonding interaction with the major isomers. It is also
interesting to mention that the difference between these Δδ
value (i.e., ΔδM − Δδm) is more important with Hg(II) vs
Cd(II) (0.56 vs 0.44 ppm; see Figure 5). These data also reflect
the higher diastereoselectivity observed with Hg(II) bound to
the N-core vs Cd(II) (M/m ratio of 15:1 vs 1.5:1, respectively)
and evidence an effective communication between the two
sides of the porphyrin ligand. In the case of 1Pb·PbOAc, such a
stereoisomerism was not observed at low temperatures, which
might indicate a highly selective formation of a single HAT
Pb(II) diastereoisomer.
To summarize this dynamic study, the complexes 1Hg·

PbOAc and 1Cd·PbOAc are obtained as two HAT Pb(II)
diastereoisomers that undergo an inherent equilibrium, likely
via a swinging of PbOAc between the left and right sides of its
binding strap (ΔG⧧ ≈ 11.2 kcal mol−1 with Cd(II), SI). A
second dynamic behavior with a higher activation energy also
takes place (ΔG⧧ ≈ 15.1 kcal mol−1 with Cd(II), SI) and
consists of an equilibrium between two degenerate states. It
occurs via a double translocation of the two metal ions
according to a mixed intra- and intermolecular pathway and is
controlled by the presence of excess of AcO− in the medium.
Compared to the related homobimetallic complexes, such a
motional dynamics corresponds to a peculiar motion of spheres
in a defective Newton’s cradle device. Its frequency is lower
than the Newton’s cradle-like motion of Pb(II) and Cd(II) in
1Pb·PbOAc (ΔG⧧ ≈ 13.7 kcal mol−1)9d and 1Cd·CdOAc (ΔG⧧

≈ 11.5 kcal mol−1),9f which is likely due to the intermolecular
exchange of Pb(II).

5. Dynamic Constitutional Evolution as a Means To
Control Metal Migration Processes. In the previous
sections, the heterobimetallic complexes 1Hg·PbOAc and 1Cd·
PbOAc were formed by addition of the corresponding acetate

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja501926f | J. Am. Chem. Soc. 2014, 136, 6698−67156709



metal salts to 1. During the course of our investigations, we
have observed that these complexes could be successfully
obtained via another strategy, as revealed by the 1H NMR
experiment of Figure 9: starting from a 1:1 mixture of 1Pb2 and
either 1Hg2 or 1Cd2 (analytical samples) in a 9:1 CDCl3/
CD3OD mixture, addition of a slight excess of tetrabutylam-
monium acetate (AcO−TBA+) led quantitatively to 1Hg·PbOAc
and 1Cd·PbOAc (instantaneous process at 298 K). The HAT
Pb(II) complexation thus appears as a strong driving force that
is responsible for a full displacement of equilibrium from a
mixture of two homobimetallic complexes (virtually 1Hg2/1Cd·
CdOAc and 1Pb·PbOAc) to a single heterobimetallic complex.
In other words, this experiment evidenced a constitutional
evolution of a dynamic library of bimetallic complexes triggered
by the addition of a chemical effector (AcO−). To the best of
our knowledge, dynamic libraries based on metal ion exchange
with metalloporphyrins are unprecedented. These results,
although obtained with a minimal library of three members
(two homo- and one heterobimetallic complexes), clearly
establish a proof of concept. In principle, all the various
bimetallic mixtures of 1 discussed in section 1 could be
subjected to dynamic constitutional evolution.
We have further investigated the concept of dynamic

constitutional evolution with 1Hg·PbOAc as a means to control
metal ions migration processes. An analytical sample of this
complex (TBA+ salt) was dissolved in a 9:1 CDCl3/CD3OD
solution, and an excess of dimethylaminopyridine (DMAP) was
added at 298 K (up to 115 equiv, Figure 10a). This led to the

appearance of the homobimetallic complexes 1Hg2·DMAP and
1Pb·PbOAc. To our delight, these two complexes (1:1 ratio)
were the only observed species at a lower temperature (263 K,
Figure 10a), evidencing a highly selective amplification process.
The further addition of 25 equiv of AcO−TBA+ at 298 K led
back quantitatively to 1Hg·PbOAc (Figure 10a). This experi-
ment nicely shows a full control of the formation of homo- vs
heterobimetallic species relying on a dynamic constitutional
evolution process triggered forward and backward by two
different chemical effectors.
As revealed by 199Hg heteronuclear NMR experiments

(Figure 11), the selective interaction of DMAP with 1Hg2 is
at the origin of the evolution of the mixture. We have
previously shown that DMAP can induce a positive
cooperativity for the formation of 1Hg2 due to its preferential
interaction with the bimetallic complex (deduced from 1H
NMR titration experiments).9b To illustrate this effect, an
excess of DMAP was added to the monometallic complex 1Hg,
which led to a shift of the equilibria toward the formation of 1
and 1Hg2·DMAP (Figure 11b; 1H NMR monitoring in the SI).
The latter complex is characterized by a single resonance at
−1865 ppm, vs −1360 ppm for 1Hg and −2004 ppm for 1Hg2
(Figure 11a). Similarly, addition of DMAP to 1Hg·PbOAc led to
the appearance of the signal of 1Hg2·DMAP (constitutional
evolution of the mixture), whereas the signal of the
heterobimetallic complex was not affected (δ = −1741 ppm;
Figure 11c). These data evidence that DMAP interacts
selectively with the Hg(II) ions of the homobimetallic complex

Figure 9. Partial 1H NMR spectra (298 K, 500 MHz, CDCl3/CD3OD 9:1) of a 1:1 mixture of 1Pb2 and either 1Cd2 (a) or 1Hg2 (b), before and
after addition of a slight excess of AcO−TBA+. Top: reference spectra of the heterobimetallic complexes 1Hg·PbOAc and 1Cd·PbOAc formed in situ
by addition of 1 equiv of the corresponding acetate metal salts to 1, in the presence of 15 equiv of DIPEA. For proton labeling, see Scheme 1. S =
trace of residual solvent.
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vs the Hg(II) ion of the heterobimetallic one. The reason for
that is the strong coordination of the overhanging carbonyl
group to the Hg atom bound to the N-core in 1Hg·PbOAc (see
the structure in Scheme 1), against which DMAP has to
compete.
The formation of 1Pb·PbOAc is not due to its interaction

with DMAP31 but occurs thanks to its agonist relation with
1Hg2·DMAP, and both homobimetallic complexes have an
antagonist relation with the heterobimetallic one (Figure 10b).

Thus, the formation of 1Pb·PbOAc upon addition of DMAP to
1Hg·PbOAc is an indirect amplification process, agonistically
driven. The most likely explanation for the way back to 1Hg·
PbOAc is that only half of the 1:1 mixture of the
homobimetallic complexes interacts with AcO−, whereas the
full mixture interacts with AcO− upon formation of the
heterobimetallic complex. Thus, the equilibrium is shifted back
to the situation allowing a higher amount of AcO− to be
consumed.32

Figure 10. (a) 1H NMR study (9:1 CDCl3/CD3OD, 500 MHz, partial spectra) evidencing a full switching between the hetero and homo Pb(II)/
Hg(II) bimetallic complexes of 1 (from bottom to top): (1) successive additions of DMAP to 1Hg·PbOAc,TBA leads, upon cooling to 263 K, to a
1:1 mixture of 1Hg2·DMAP and 1Pb·PbOAc; (2) back to 298 K, the further addition of excess of AcO− leads to full recovery of 1Hg·PbOAc (“*”
indicates the residual signal of grease). (b) Control of metal ions migration processes in Pb(II)/Hg(II) bimetallic complexes of 1: indirect
agonistically enforced amplification of 1Pb·PbOAc through up-regulation of its agonist 1Hg2·DMAP by addition of a chemical effector (DMAP).
HAT and OOP stand for hanging-atop and out-of-plane, respectively.

Figure 11. 199Hg heteronuclear NMR study (9:1 CDCl3/CD3OD, 9.4 T, 298 K, with 7.5 equiv of DIPEA) related to the influence of DMAP on
various Hg(II) complexes of 1: (a) 1Hg2, (b) 1

Hg, and (c) 1Hg·PbOAc before and after addition of excess of DMAP.
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From the aspect of the metal ions motion in the different
complexes, it is thus possible to switch forward and backward
between two different coupled migration processes, i.e.,
between the peculiar motion of a defective Newton’s cradle
device and the compartmentalized Newton’s cradle-like motion,
respectively, in 1Hg·PbOAc and 1Pb·PbOAc. Considering the
latter complex, the coupled motion of the metal ions is under
both allosteric and agonistic control. Thus, in the future,
dynamic constitutional evolution could become a means to
control the functioning of related adaptative machines.

■ CONCLUSION
Combined 1H and heteronuclear NMR studies have unraveled
unique dynamic behaviors with Pb(II)/Hg(II) and Pb(II)/
Cd(II) heterobimetallic complexes of a bis-strap porphyrin
ligand. Dynamic processes occur at three different levels (strap,
ligand, and library of complexes), and they can be summarized
as follows:
(1) 1Hg·PbOAc and 1Cd·PbOAc exist as two diaster-

eoisomers inherently in equilibrium. The PbOAc moiety likely
swings between the left and right sides of its binding strap, due
to a second sphere of coordination with the lateral non-
equivalent NHCO groups.
(2) 1Hg·PbOAc and 1Cd·PbOAc also exist as two degenerate

states, and equilibrium between these two states can be turned
on and off by addition and removal of a chemical effector
(AcO−). The exchange process corresponds to a double
translocation of the two metal ions, with an intramolecular
migration of Hg(II)[/Cd(II)] through the N-core coupled to
an intermolecular pathway for PbOAc (formally, N-coreup ⇆
N-coredown coupled to strapdown ⇆ strapup). It contrasts with
the double translocation process observed with the related
Bi(III), Pb(II), and Cd(II) homobimetallic complexes, which
involves an intramolecular coupled migration of the two metal
ions (strapup ⇆ N-coreup coupled to N-coredown ⇆ strapdown).
Thus, the heterobimetallic complexes behave as defective
Newton’s cradle devices (the metal ions migrate from one to
the other side of the porphyrin), as compared to the
homobimetallic ones, in which the metal ions motion is
compartmentalized, similarly to a macroscopic Newton’s cradle
device.
(3) The third level involves equilibrium between hetero- and

homobimetallic complexes that can be fully shifted forward and
backward by addition of two different chemical effectors. Such a
behavior corresponds to a reversible dynamic constitutional
evolution of the system upon successive modifications of the
environment. The hetero- and homobimetallic complexes
associated with a pair of metal ions thus form a dynamic
library of three members able to undergo self-organization
processes. In the present case, dynamic constitutional evolution
allows one to switch between the two above-mentioned double
translocation processes (the second level of dynamics), thanks
to an indirect (agonistic) amplification process.
In addition to that, the neutral heterobimetallic complexes

1HgPb and 1CdPb have been structurally characterized. Such
bridged complexes with two different metal ions bound to the
N-core have been scarcely reported.11

These results further establish a new approach in supra-
molecular coordination chemistry with metalloporphyrins, by
considering the reversible interaction of metal ions with the
porphyrin N-core as a new source of self-organization
processes. They open the way to the formation of adaptative
materials and devices that would display specific properties or

functions associated with a given constitution of the bimetallic
complexes. Work is these directions is in progress in our
laboratories.

■ EXPERIMENTAL SECTION
General. All of the NMR experiments were conducted in 5 mm

standard NMR tubes. 1H NMR spectra were recorded at 500 MHz.
Chemical shifts are expressed in parts per million, and traces of
residual solvents were used as internal standards. All of the 1H NMR
signals were assigned using 2D NMR experiments (COSY, HMQC,
ROESY). Compound 1 was prepared as previously described.9a All of
the chemicals were commercial products and used as received.

113Cd, 199Hg, and 207Pb Heteronuclear NMR Experiments.
Natural abundance 113Cd, 199Hg, and 207Pb NMR spectra were
recorded on a spectrometer equipped with temperature regulation,
operating at 9.4 T (88.7, 71.6, and 83.6 MHz, respectively), using a 5
mm automated triple broadband probe. The samples were prepared at
a 2.2 × 10−2 M concentration of ligand, in a 9:1 CDCl3/CD3OD
mixture, following the typical procedure described below for the 1H
NMR experiments. The samples were left to reach equilibrium at the
desired temperature within the magnet for at least 10 min before the
NMR measurements. All the heteronuclear NMR spectra were
recorded with the improved RIDE (ring down elimination) pulse
sequence of Kozminsky et al., which has been proven to dramatically
improve the baseline of 17O, 29Si, and 113Cd spectra.33,9f The 113Cd
spectra were recorded using the following acquisition parameters:
spectral width of about 940 ppm (83.3 kHz), 15 ms relaxation delay, 5
ms acquisition time, 90° excitation pulse, and a number of transients
ranging between 4.0 × 103 and 8.2 × 104. The 199Hg spectra were
recorded using the following acquisition parameters: spectral width of
about 832 ppm (59.5 kHz), 0.5 s relaxation delay, 50 ms acquisition
time, 90° excitation pulse, and a number of transients ranging between
3.3 × 103 and 4.9 × 104. The 207Pb spectra were recorded using the
following acquisition parameters: spectral width of about 996 ppm
(83.3 kHz), 0.15 s relaxation delay, 5 ms acquisition time, 90°
excitation pulse, and a number of transients ranging between 3.6 × 103

and 3.4 × 105. The spectra were recorded lock-on without sample
spinning. The processing comprised exponential multiplication of the
FID with a line broadening factor of 100 Hz, zero-filling, Fourier
transform, zero-order phase correction, baseline correction, and
correction of the free induction decay (FID) by backward linear
prediction. The 113Cd chemical shift scale was calibrated at 298 K with
respect to an external 0.1 M sample of Cd(ClO4)2 in D2O (0 ppm).34

The 199Hg chemical shift scale was calibrated at 298 K with respect to
an external 1 M sample of Hg(OAc)2 in CD3CO2D (−2389.0 ppm).35
The 207Pb chemical shift scale was calibrated at 298 K with respect to
an external 1 M sample of Pb(NO3)2 in D2O (0 ppm).36

1H NMR Titration ExperimentsTypical Procedure for the
Formation of 1Cd·PbOAc. The complex was prepared by mixing 3.0
mg of 1 (2.38 μmol), 500 μL of 9:1 CDCl3/CD3OD, 6 μL of DIPEA
(34.4 μmol, 15 equiv), 40 μL (2.37 μmol, 1 equiv) of a stock solution
of Cd(OAc)2·2H2O (7.9 mg in 500 μL of 9:1 CDCl3/CD3OD), and
40 μL (2.38 μmol, 1 equiv) of a stock solution of Pb(OAc)2·3H2O
(11.3 mg in 500 μL of 9:1 CDCl3/CD3OD). A

1H NMR spectrum
recorded at 298 K showed the quantitative and instantaneous
formation of 1Cd·PbOAc.

Synthesis of an Analytical Sample of 1Hg·PbOAc,TBA.
Porphyrin 1 (30 mg, 0.024 mmol) was dissolved in CHCl3 (5.4
mL), and then AcO−NBu4

+ (36 mg, 0.119 mmol), 300 μL (0.024
mmol, 1 equiv) of a stock solution of Pb(OAc)2·3H2O (36 mg in 1.2
mL of MeOH), and 300 μL (0.024 mmol, 1 equiv) of a stock solution
of Hg(OAc)2 (30 mg in 1.2 mL of MeOH), were successively added. A
deep green color appeared instantaneously. The solution was stirred
for 15 min at room temperature, and pentane (100 mL) was added.
The solid was isolated by filtration, solubilized with a small amount of
CHCl3, and precipitated with pentane. This operation was repeated
five times, leading to 1Hg·PbOAc,TBA as a green solid (47 mg,
quantitative). Anal. Calcd for C98H93N9O10HgPb·4H2O: C, 57.79; H,
5.00; N, 6.19. Found: C, 58.02; H, 4.62; N, 5.99. HRMS analysis (ESI-
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TOF, negative-ion mode): calcd for C82H57N8O10
202Hg208Pb [M −

TBA]− m/z 1723.3676, found m/z 1723.3669. 1H NMR (CDCl3, 298
K): δ 10.00 (sb, 1H, NHCO), 9.26 (d, 1H, J = 5 Hz, Hβpyr), 9.22 (d,
1H, J = 8 Hz, HArmeso), 9.15 (d, 1H, J = 5 Hz, Hβpyr), 9.13 (d, 1H, J =
8 Hz, HArmeso), 9.08 (d, 1H, J = 8 Hz, HArmeso), 9.07 (d, 1H, J = 5 Hz,
Hβpyr), 9.04 (d, 1H, J = 5 Hz, Hβpyr), 8.99 (d, 1H, J = 5 Hz, Hβpyr), 8.96
(d, 1H, J = 8 Hz, HArmeso), 8.88 (dd, 1H, J1 = 1 Hz, J2 = 8 Hz,
HArmeso), 8.83 (d, 1H, J = 5 Hz, Hβpyr), 8.74 (m, 2H, Hβpyr), 8.68 (sb,
1H, NHCO), 8.35 (dd, 1H, J1 = 1 Hz, J2 = 7 Hz, HArmeso), 8.21 (dd,
1H, J1 = 1 Hz, J2 = 7 Hz, HArmeso), 8.10 (s, 1H, NHCO), 7.88 (dt, 1H,
J1 = 1 Hz, J2 = 7 Hz, HArmeso), 7.86 (dt, 1H, J1 = 1 Hz, J2 = 7 Hz,
HArmeso), 7.82 (d, 1H, J = 8 Hz, HArmeso), 7.79 (t, 1H, J = 8 Hz,
HArmeso), 7.78 (dt, 1H, J1 = 1 Hz, J2 = 7 Hz, HArmeso), 7.70 (s, 1H,
NHCO), 7.63 (t, 1H, J = 8 Hz, HArmeso), 7.62 (d, 1H, J = 7 Hz,
HArstrap), 7.58 (t, 1H, J = 7 Hz, HArmeso), 7.49 (t, 1H, J = 8 Hz,
HArmeso), 7.48 (d, 1H, J = 7 Hz, HArstrap), 7.46 (d, 1H, J = 7 Hz,
HArstrap), 7.39 (d, 1H, J = 7 Hz, HArstrap), 7.37 (t, 1H, J = 7 Hz,
HArmeso), 7.01 (t, 1H, J = 7 Hz, HArstrap), 6.92 (t, 1H, J = 7 Hz,
HArstrap), 6.91 (t, 1H, J = 7 Hz, HArstrap), 6.87 (t, 1H, J = 7 Hz,
HArstrap), 6.82 (d, 1H, J = 7 Hz, HArstrap), 6.79 (d, 1H, J = 7 Hz,
HArstrap), 6.73 (d, 1H, J = 7 Hz, HArstrap), 6.61 (d, 1H, J = 7 Hz,
HArstrap), 5.92 (s, 1H, HArstrap), 5.64 (s, 1H, HArstrap), 5.44 (s, 1H,
HArstrap), 5.35 (s, 1H, HArstrap), 2.53 (m, 1H, CHbenz), 2.50 (m, 8H, α-
CH2

TBA), 2.40 (d, 1H, J = 11 Hz, CHbenz), 2.32 (t, 1H, J = 12 Hz,
CHbenz), 2.15 (t, 1H, J = 12 Hz, CHbenz), 2.01 (d, 1H, J = 11 Hz,
CHbenz), 1.87 (d, 1H, J = 12 Hz, CHbenz), 1.40 (t, 1H, J = 12 Hz,
CHbenz), 1.31 (m, 1H, CHCO), 1.29 (m, 1H, CHbenz), 1.12 (t, 1H, J =
12 Hz, CHCO), 1.06 (quint, 8H, J = 7 Hz, β-CH2

TBA), 0.84 (sext, 8H,
J = 7 Hz, γ-CH2

TBA), 0.63 (t, 12H, J = 7 Hz, CH3
TBA), 0.39 (s, 3H,

CH3COO).
Synthesis of an Analytical Sample of 1Cd·PbOAc,TBA. The

same protocol as that described above for the preparation of 1Hg·
PbOAc,TBA was used, with 300 μL (0.023 mmol, 1 equiv) of a stock
solution of Cd(OAc)2·2H2O (25 mg in 1.2 mL of MeOH), instead of
the Hg(OAc)2 methanolic solution. The complex 1Cd·PbOAc,TBA
was isolated as a green solid in quantitative yield (45 mg). Anal. Calcd
for C98H93N9O10CdPb·4H2O: C, 60.41; H, 5.22; N, 6.47. Found: C,
60.19; H, 4.80; N, 6.08. HRMS analysis (ESI-TOF, negative-ion
mode): calcd for C82H57N8O10

114Cd208Pb [M − TBA]− m/z
1635.3003, found m/z 1635.3017. 1H NMR (CDCl3, 298 K): δ 9.48
(s, 1H, NHCO), 9.24 (d, 1H, J = 4 Hz, Hβpyr), 9.17 (d, 1H, J = 8 Hz,
HArmeso), 9.10 (d, 1H, J = 4 Hz, Hβpyr), 9.05 (d, 1H, J = 8 Hz,
HArmeso), 9.02 (d, 1H, J = 4 Hz, Hβpyr), 9.00 (d, 1H, J = 8 Hz,
HArmeso), 8.98 (d, 1H, J = 8 Hz, HArmeso), 8.97 (s, 1H, NHCO), 8.95
(d, 1H, J = 4 Hz, Hβpyr), 8.86 (d, 1H, J = 4 Hz, Hβpyr), 8.79 (d, 1H, J =
4 Hz, Hβpyr), 8.76 (d, 1H, J = 8 Hz, HArmeso), 8.64 (sb, 2H, Hβpyr), 8.36
(dd, 1H, J1 = 1 Hz, J2 = 7 Hz, HArmeso), 8.18 (dd, 1H, J1 = 1 Hz, J2 = 7
Hz, HArmeso), 8.00 (s, 1H, NHCO), 7.88 (d, 1H, J = 8 Hz, HArmeso),
7.86 (t, 1H, J = 7 Hz, HArmeso), 7.84 (t, 1H, J = 7 Hz, HArmeso), 7.79
(t, 1H, J = 7 Hz, HArmeso), 7.76 (s, 1H, NHCO), 7.74 (t, 1H, J = 7 Hz,
HArmeso), 7.60 (t, 1H, J = 7 Hz, HArmeso), 7.59 (d, 1H, J = 8 Hz,
HArstrap), 7.57 (t, 1H, J = 7 Hz, HArmeso), 7.48 (d, 1H, J = 8 Hz,
HArstrap), 7.45 (t, 1H, J = 7 Hz, HArmeso), 7.41 (d, 1H, J = 8 Hz,
HArstrap), 7.40, (t, 1H, J = 7 Hz, HArmeso), 7.39 (d, 1H, J = 8 Hz,
HArstrap), 6.97 (t, 1H, J = 7 Hz, HArmeso), 6.92 (t, 1H, J = 7 Hz,
HArmeso), 6.90 (t, 1H, J = 7 Hz, HArmeso), 6.88 (t, 1H, J = 7 Hz,
HArmeso), 6.80 (d, 2H, J = 7 Hz, HArmeso), 6.65 (d, 1H, J = 7 Hz,
HArmeso), 6.59 (d, 1H, J = 7 Hz, HArmeso), 5.79 (s, 1H, HArstrap), 5.63
(s, 1H, HArstrap), 5.49 (s, 1H, HArstrap), 5.45 (s, 1H, HArstrap), 2.77 (m,
8H, α-CH2

TBA), 2.44 (d, 1H, J = 12 Hz, CHbenz), 2.42 (d, 1H, J = 12
Hz, CHbenz), 2.07 (t, 1H, J = 12 Hz, CHbenz), 2.01 (t, 1H, J = 12 Hz,
CHbenz), 1.79 (d, 1H, J = 12 Hz, CHbenz), 1.73 (d, 1H, J = 12 Hz,
CHbenz), 1.48 (t, 1H, J = 12 Hz, CHbenz), 1.37 (t, 1H, J = 12 Hz,
CHbenz), 1.32 (m, 1H, CHCO), 1.29 (m, 8H, β-CH2

TBA), 1.06 (sext,
8H, J = 7 Hz, γ-CH2

TBA), 0.89 (m, 1H, CHCO), 0.76 (t, 12H, J = 7
Hz, CH3

TBA), 0.48 (s, 3H, CH3COO).
Crystal Data for Complex 1HgPb. C86H72HgN8O11PbS3·CH4O·

2(CH2Cl2); M = 2099.37. APEXII, Bruker-AXS diffractometer, Mo Kα
radiation (λ = 0.710 73 Å), T = 150(2) K; triclinic P1̅, a = 12.5099(4)
Å, b = 13.1210(5) Å, c = 26.2852(8) Å, α = 80.2710(10)°, β =

81.9170(10)°, γ = 88.1610(10)°, V = 4210.1(2) Å3, Z = 2, d = 1.656
g.cm−3, μ = 4.087 mm−1. The structure was solved by direct methods
using the SIR97 program37 and then refined with full-matrix least-
squares methods based on F2 (SHELXL-97)38 with the aid of the
WINGX39 program. All non-hydrogen atoms were refined with
anisotropic atomic displacement parameters. H atoms were finally
included in their calculated positions. A final refinement on F2 with
18 950 unique intensities and 1029 parameters converged at ωR(F2) =
0.1332 (R(F) = 0.0594) for 16 267 observed reflections with I > 2σ(I);
CCDC 987556.

Crystal Data for Complex 1CdPb. C86H72CdN8O11PbS3·
C85H70CdN8O11PbS2; M = 3572.49. APEXII, Bruker-AXS diffrac-
tometer, Mo Kα radiation (λ = 0.710 73 Å), T = 150(2) K; monoclinic
P21, a = 12.7300(12) Å, b = 49.192(4) Å, c = 13.2149(12) Å, β =
92.641(2)°, V = 8266.6(13) Å3, Z = 2, d = 1.435 g.cm−3, μ = 2.417
mm−1. The structure was solved by direct methods using the SIR97
program37 and then refined with full-matrix least-squares methods
based on F2 (SHELXL-97)38 with the aid of the WINGX39 program.
The contribution of the disordered solvents to the calculated structure
factors was estimated following the BYPASS algorithm,40 implemented
as the SQUEEZE option in PLATON.41 A new data set, free of solvent
contribution, was then used in the final refinement. All non-hydrogen
atoms were refined with anisotropic atomic displacement parameters.
H atoms were finally included in their calculated positions. A final
refinement on F2 with 33 903 unique intensities and 1509 parameters
converged at ωR(F2) = 0.1742 (R(F) = 0.0718) for 28 053 observed
reflections with I > 2σ(I); CCDC 987555.
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