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ABSTRACT: Metal ion migration in a bis-strapped porphyrin
ligand with overhanging carboxylate groups has been
investigated in solution. Two types of homobimetallic
complexes are generated with Pb(II) and Bi(III) cations,
which stand on both sides of the macrocycle: (i) a
dissymmetric complex with one cation bound to the porphyrin
N core and the other cation hung over the N core through
bonding with a carboxylate of a strap; (ii) a C,-symmetric
complex with both cations coordinated to the N core and to
the carboxylate groups of the straps. Variable-temperature
NMR studies and 2D rotational Overhauser effect spectros-
copy NMR experiments have shown that in the former
dissymmetric complexes, the two cations undergo a coupled
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intramolecular migration resulting in exchange of their coordination modes. Such complexes constitute active states of Newton’s
cradle-like devices (NCDs), with the ion migration rate depending on the lability of the metal—ligand interactions [Pb(II) faster
than Bi(IIl) NCDs]. On the other hand, the C,-symmetric complexes constitute either an inactive state [with Pb(II)] or a resting
state [with Bi(III)] of an NCD, since they correspond respectively to a precursor or an intermediate in the motion of the cations.
The NCDs are under both allosteric and acid—base control: (i) with Pb(II), the addition of an allosteric effector such as an
acetate anion to the medium allows the conversion of the symmetric form to the dissymmetric one, thus triggering the Newton’s
cradle-like motion of the cations; (ii) with Bi(III), a lifted state was converted to a resting one by the addition of protons and
then restored by the addition of a base. As an extension to nondegenerate systems, a heterobimetallic Bi(III)—Pb(II) complex
was selectively obtained, and it constitutes a frozen lifted state of a dissymmetric NCD. All of these homo- and hetero-NCDs
could be successively formed by selective metal ion exchange. These unique findings open the way to novel tristable devices.

B INTRODUCTION

Molecular switches based on transition-metal complexes have
attracted considerable interest in the past decade, as they
constitute 2promising prototypes of molecular devices and
machines.”” In such bistable systems, switching between two
states can be achieved by a change in the coordination sphere
of the metal ion triggered by an external stimulus (chemical,
electrochemical, or photonic), thereby inducing a motion of
some components of the system (shuttling, rotation, expansion,
contraction, etc.) as found in rotaxane- and catenane-based
devices. The two states of a bistable molecular switch can also
arise from migration of a metal ion itself from one to another
binding site of a ditopic ligand.” Early examples involved the
redox-driven translocation of iron or copper centers in systems
with hard and soft compartments.* Protonation/deprotona-
tion of a binding site is also a general way to induce migration
of a metal center.’ A higher degree of sophistication is
represented by systems based on double translocation of metal
ions, which are much less common. Fabbrizzi et al.® have
produced a pH-dependent double translocation of two Cu(II)

-4 ACS Publications  © 2012 American Chemical Society

16017

cations within a macrocyclic polydentate ligand, this process
being a key feature for a receptor with adaptable behavior. With
a ditopic calix[6]arene receptor, a redox-driven double
translocation of two different metal ions (Cu and Zn) was
recently reported by Reinaud and co-workers.” The further
elaboration of devices based on bimetallic systems exhibiting
switchable migration processes will require a thorough
understanding of the metal motions and, for that, innovative
ligands are desired.

Porphyrins and related macrocycles are likely to be one of
the most versatile ligands in (bio)chemistry, with widespread
utilization in the construction of functional supramolecular
assemblies with applications in host—guest recognition and
catalysis and for the elaboration of new materials and devices.®
Most of these supramolecular systems are based on metalated
macrocycles, and among the various strategies encountered in
the supramolecular chemistry of metalloporphyrins, axial
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Figure 1. (a) Chemical structures of the homodinuclear lead(II) complex 2Pb, and the mononuclear bismuth(IIT) complex 25" (b) Translocation-
coupled transmetalation process leading to the homodinuclear lead(IT) complex 1p,"PbOAc (Ar = 3,5-dimethoxyphenyl).*

ligation of an exogenous ligand to the metal cation bound in the
porphyrin N core is the most popular. It is worth noting that
very little attention, if any, has been paid to the dynamic
binding of metal cations to the N core with the aim of
engineering innovative molecular switches or devices integrat-
ing, for instance, transmetalation or translocation processes in
their functioning. Transmetalation processes with porphyrins
have been studied with the aim of increasing the rate of
insertion of a metal ion.” A general mechanism involves the
distortion of the porphyrin macrocycle induced by a large metal
ion as a means to lower the activation free energy for the
insertion of a smaller cation. The release of the first large metal
ion, to the best of our knowledge, has not been exploited to
date.

The various coordination types generated by the interaction
of porphyrins with cations have long been known and classified
for almost four decades.'® With a regular porphyrin macrocycle,
most of the metal complexes incorporate a single cation bound
into the N core, with coordination spheres depending on the
size of the cation and its interaction with additional ligands.
Complexes with higher nuclearity (i.e., multimetallic species for
which at least two metal ions interact with the N core) are
much less common. These have been encountered in multiple-
decker lanthanide complexes,'’ and a few examples involve a
single porphyrin macrocycle. These are restricted to alkali-metal
complexes derived from anionic transition-metal porphyrins'*
and to Re(I)/Tc(I)"™ and TI(I)/TI(1)"* bimetallic complexes.
This reluctance of the “naked” porphyrin to act as a bridging
ligand is due to the restricted size and conformational mobility
of the macrocycle and contrasts with the propensity of
expanded or core-modified porphyrinoids to yield multimetal
complexes."® In all of the above-mentioned examples, however,
there was no specific design of the macrocycle, resulting in a
lack of versatility. Conversely, appending a binding motif such
as a carboxylic acid in the vicinity of the primary coordination
site has proved to be a versatile strategy for the formation of

bimetallic species with the period 6 main-group and late
transition metals.'® Such an environment allows the stabiliza-
tion of unique homodinuclear complexes with Pb(II) (e.g,
2Pb, in Figure 1a)'” and Hg(II) cations,"® in which each metal
ion is bound to both the N core and a hanging carboxylate
group. High complexation rates under mild conditions, possibly
with tunable cooperativity of the metal ion insertion process,
are attractive features in further extending the frontiers of
porphyrin supramolecular coordination chemistry.'?

We recently described the use of this approach to form the
homodinuclear lead porphyrin complex 1p,"PbOAc (Figure
1b), in which one of the lead cations (Pbl) is hung over the
porphyrin core and “accommodated” in the dome-shaped
porphyrin.***" This hanging-atop (HAT) coordination mode
requires (i) an acetate counteranion that is favorably oriented
for a crucial H-bonding interaction with an amide group of the
strap and (ii) a second metal ion (Pb2) coordinated to the N
core of the macrocycle in an out-of-plane (OOP) fashion on the
opposite side of the macrocycle relative to the intramolecular
hanging carboxylate group. The latter condition is not easy to
achieve, since it requires the stereoselective binding of a large
cation to the porphyrin, a domain of research still unexplored.
In 1p,'PbOAc, it was achieved by means of a translocation-
coupled transmetalation mechanism, with an apparent inside/
outside switching process of the N-core-bound Pb(II) cation
when comparing the mono- and bimetallic complexes (Pbl vs
Pb2, respectively, in Figure 1b). Indeed, Pb2 approaches from
the side opposite to Pbl, the latter being picked back up in a
HAT coordination mode by the hanging COO™ under the
specific condition of an exogenous AcO™ being present in the
medium. Thus, although the HAT Pb(1I) is not directly bound
to the N core, its binding to the strap has a deep influence on
the coordination of the other Pb(II) cation bound to the N
core. Upon further exploration of this HAT coordination mode
with other systems, it occurred to us that some related dynamic
processes might take place with the C,-symmetric complex
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Scheme 1. Complexation Behavior of Ditopic Ligand 2 toward Pb(II) Cation®
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“(top) In the absence of acetate anions, the C,-symmetric dinuclear complex 2Pb, is readily formed and behaves as an inactive Newton’s cradle-like
device (NCD). (bottom) The binding of an acetate anion to one of the Pb ions modifies the coordination spheres of both metal centers, leading to a
dissymmetric dinuclear complex that displays a Newton’s cradle-like motion of the metal ions (bottom). HAT and OOP stand for hanging-atop and

out-of-plane, respectively.
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Figure 2. Partial "H NMR spectra (500 MHz) related to the study of Pb(II) complexation by ligand 2 in the presence of 15 equiv of DIPEA: (a—c)
spectra of 2 recorded in DMSO-d, solution at 298 K (a) before and (b, c) after addition of 2.5 equiv of either (b) Pb(NO,), or (c) Pb(OAc),; (e—
h) spectra of 2 in a 9:1 CDCl;/CD;0D solution upon addition of 2 equiv of Pb(OAc), at (d) 298, (e) 275, (f) 263, (g) 243, and (h) 223 K. * labels
denote peaks due to solvent or grease. Inset: structures of the ligand 2 and the complexes 2Pb, and 2p,"PbOAc. “A” stands for AcO™.
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Figure 3. (a) Concentration dependence of the coalescence temperatures (T.) for the signals H, & H, and Hy, & Hy, in complex 2p,"PbOAc ([2],
= 047 x 107 mol L™}, 9:1 CDCl;/CD;0D, 15 equiv of DIPEA) upon addition of Pb(OAc), or Pb(acac),. In the case of Pb(acac),, 4 equiv of
tetrabutylammonium acetate were previously added, so only the concentration of Pb(II) cation was varied. (b) Idealized free energy profile for the
Newton’s cradle-like motion of the Pb(II) cations in the bimetallic complex 2p,"PbOAc.

2Pb, (Figure 1la), which bears the same straps. We also turned
our attention to the previously described mononuclear
bismuth(III) complex 2 (Figure 1a)."”?* In this complex,
the trivalent cation is OOP-bound to the porphyrin N core with
one of the hanging carboxylate groups as an intramolecular
counteranion. Therefore, the Bi atom sits on the opposite side of
the macrocycle relative to the remaining free carboxylic acid,
and this situation is precisely one of the requirements for the
binding of a HAT Pb(II) cation. Herein we describe the
formation and dynamic behavior of Pb(II) and Bi(III) homo-
and heterobimetallic complexes derived from the bis-over-
hanging carboxylate ligand 2 that exhibit a unique intra-
molecular coupled migration process of interest for the
construction of innovative molecular switches.**

B RESULTS AND DISCUSSION

Dynamic Features of Pb(ll) Homodinuclear Com-
plexes. The complexation behavior of ligand 2 toward Pb(II)
cation was investigated by 'H NMR spectroscopy in
perdeuterated dimethyl sulfoxide (DMSO-dg) solution in the
presence of diisopropylethylamine (DIPEA, 1S equiv). Ligand
2 was first titrated with a solution of Pb(NO,), [see the
Supporting Information (SI)]. Equilibria were reached
instantaneously at 298 K, and the solution turned deep green
right after the addition of Pb(Il). The titration evidenced a
highly cooperative process for lead insertion into 2, as the C,-
symmetric complex 2Pb, was the only observable species
quantitatively formed upon addition of 2 equiv of Pb(NO;),
(Scheme 1 top). No trace of a possible mononuclear complex
was detected, as a 1:1 ratio of 2 and 2Pb, was observed after
the addition of 1 equiv of the metal salt.** This drastically
differs from the complexation behavior of ligand 1, for which
mono- and dinuclear species are successively formed. The 'H
NMR spectrum of 2Pb, formed under those conditions is well-
defined at 298 K (Figure 2b) and very similar to that of the
isolated complex.'” The titration was repeated under the same
experimental conditions with a solution of Pb(OAc), (see the
SI), which led to the same behavior but with a significantly
broadened 'H NMR pattern of the dinuclear species with a
notable new signal at ca. 0.30 ppm (Figure 2, panel c vs b). This
chemical shift matches that of the bound acetate of
1p,"PbOAC.® The signal of the free acetate anions at 1.78
ppm was also large, indicating their implication in an exchange
process. Hence, the dinuclear species displays some fluxionality
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in the presence of acetate anions. A variable-temperature NMR
study in a 9:1 CDCl;/CD;0D solution revealed a similar
broadening of the "H NMR pattern of the dinuclear species at
298 K (Figure 2d). Low-temperature measurements (Figure
2e—h) evidenced a single species with a dissymmetric pattern,
with four singlets for protons H,, Hy, H,, and Hy, in the 5—6
ppm region instead of two singlets as for 2 or 2Pb, formed with
Pb(NO,), (the proton labeling is shown in Scheme 1). Also, a
sharp singlet accounting for three protons appeared at 0.24
ppm with decreasing temperature (Figure 2f—h) and was
attributed to a bound acetate counteranion on the basis of 2D
heteronuclear multiple-quantum coherence (HMQC), hetero-
nuclear multiple-bond correlation (HMBC), and rotational
Overhauser effect spectroscopy (ROESY) NMR experiments
(6ch, = 23.8 ppm and ¢, = 176.1 ppm; see the SI). These data

indicate that the two sides of the porphyrin bind Pb(II) cations
in different coordination modes. The upfield shift of 1.60 ppm
for the CHj; protons of the bound acetate is similar to that
observed in the case of the related dinuclear species 1p,"PbOAc
with a HAT Pb(II) cation (1.60 ppm in DMSO-dy at 298 K)
and is due to the location of this counteranion above the
porphyrin plane. Therefore, the dinuclear species formed upon
addition of lead acetate to 2 likely corresponds to complex
2p,"PbOAC (Scheme 1 bottom), in which one Pb(II) cation is
bound to the N core of the macrocycle in an OOP geometry
while the other is hung above the porphyrin plane in the HAT
coordination mode. High-resolution mass spectrometry
(HRMS) analysis gave further evidence for the formation of
this complex,” which is actually the two-strap analogue of
1p,"PbOAC.

The coalescence of the signals, leading to a broad C,-
symmetric NMR signature at 298 K, indicates an exchange of
the coordination modes of the Pb(II) cations between the
OOP and HAT coordination geometries. In other words, an
equilibrium between 2p,"PbOAc and 2PPbOAc (Scheme 1
bottom) does exist and is fast on the NMR time scale at room
temperature.”® Formally, these findings could be explained in
one of two ways: (i) through an intermolecular pathway that
would require the successive decomplexation and recomplex-
ation of both metal ions (ie., formal exchange of Pb2 and Pb3)
or (i) through an intramolecular pathway via coupled
migration of the metal ions with exchange of the acetate
counteranion, in which Pb2 and Pb3 remain on their respective
sides of the porphyrin. The first explanation is very unlikely. In
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Figure 4. NMR study evidencing an allosteric Newton’s cradle-like device: "H NMR spectra (9:1 CDCl;/CD,0D, 500 MHz) of (a, b) the isolated
complex 2Pb, at (a) 298 and (b) 223 K and (¢, d) after addition of 4 equiv of AcONa at (c) 223 and (d) 298 K. For proton labeling, see Scheme 1. *
indicates solvent or grease peaks. In the inset showing the structures, “A” stands for AcO™.

the case of exchange of the Pb(II) cations according to an
intermolecular pathway that is fast on the NMR time scale, one
would expect an average spectrum of 2 and 2p,"PbOAc at 298
K, which is not the case [see the titration experiment with
Pb(OAc), in the SI; the coalescence temperature for the
equilibrium between these two species is higher than 373 K in
DMSO-dg]. In addition, 2p,"PbOAc is quantitatively formed
upon the addition of 2 equiv of Pb(OAc),, which indicates high
binding strength. Decomplexation of both Pb(1I) cations would
be energetically costly and therefore not favored at all.
Conversely, an intramolecular translocation-coupled trans-
metalation process involving the Pb(II) cations (Scheme 1,
green arrows) that is similar to the intermolecular process
observed for the formation of the related dinuclear complex
15, PbOAc (Figure 1b) would have a lower energetic cost.
Such a process can be described formally as follows (Scheme 1
bottom, from left to right): translocation of the OOP Pb2
cation from the N core to the strap, with concomitant binding
of an acetate counteranion, is coupled to the reverse process for
the HAT Pb3 cation, namely, translocation from the strap to
the N core, with concomitant release of the bound Pb3 acetate
counteranion.

To obtain further insights into this mechanism, we examined
the effect of the metal salt concentration on the coalescence
temperature (T.). First, T, values were measured upon addition
of increasing amounts of Pb(OAc), to a solution of 2 (Figure
3a, squares). A significant decrease of 10—15 K was observed
upon addition of 1—6 equiv of the metal salt. This
concentration dependence of T, reflects an intermolecular
event. Second, T, values were measured at a fixed concentration
of acetate anions. For that, 4 equiv of tetrabutylammonium
acetate was added to 2, followed by increasing amounts of
Pb(acac),.”” Under those conditions, the T, values were not
affected by the changes in the concentration of Pb(II) cations
(Figure 3a, triangles). These data are in full agreement with
intramolecular coupled migration of the Pb(II) cations in going
from 25, PbOAc to 2"*PbOAc, this process being associated
with an intermolecular pathway for exchange of the bound
acetate. Consequently, the results also strongly suggest that the
C,-symmetric complex 2Pb, formed as a stable species in the
absence of acetate takes part in this exchange process as a
transition state intermediate (Figure 3b). From the X-ray

16021

structures of 2Pb,"” and 1p,"PbOAC,* the distances of a Pb
atom to the 24-atom mean plane (24MP) of the porphyrin are
1.795, 2.323, and 1.383 A in 2Pb, and for the HAT and OOP
Pb atoms in 1p,"PbOAC, respectively. Thus, the positions of the
Pb atoms in 2Pb, are midway between those expected in
25, PbOAc. Therefore, both the enthalpy and entropy of
activation are expected to be low (see below).

The inherent, coupled intraligand motion of the Pb(II)
cations in 2p,"PbOAC is reminiscent of the motion of spheres in
the well-known Newton’s cradle device.”® The process of
translocation from HAT to OOP coordination resembles the
motion of a sphere released from a lifted position. Similarly, the
coupled process of going from OOP to HAT coordination
resembles that of a sphere pushed up into the symmetrically
opposite lifted position. Therefore, the bimetallic complex
2p,"PbOAC can be viewed as the first example of a “two-ball”
Newton'’s cradle-like device (NCD). This complex can be
described as an active state of an NCD, and conversely, the
C,-symmetric complex 2Pb, would be an inactive or sleeping
state of an NCD (no HAT coordination, no lifted sphere)
(Scheme 1). On the basis of the above-mentioned Pb—24MP
distances, a magnitude of ca. 1 A would be expected for the
intraligand motion of a Pb(Il) cation.

A parallel can be drawn with the inherent dynamics of
degenerate [2]rotaxanes (systems possessing two identical
stations that allow a shuttling motion of a macrocycle)* or, for
example, with the tunneling motion of a Ag(I) cation in a
ditopic 1,3-alternate calix[4]arene,®® as the potential energy
surface is symmetric (AG = 0, so the two states of such
molecular shuttles/switches are equally populated). However,
in the present NCD system, the switching process is not purely
intramolecular, as the exchange of an acetate counteranion from
one to the other metal ion proceeds through an intermolecular
pathway. Figure 3b shows an idealized free energy profile of the
Newton’s cradle-like motion, for which the rate of metal ion
motion is determined by the free energy of activation (AGH).
The activation parameters were assessed from the T, values for
four different '"H NMR signals using the Eyring equation and
found to be AH¥ = 12.3 kcal mol™!, AS* = —4.9 cal mol™! K},
and AG¥,gex = 13.7 keal mol™ (see the SI). The latter value
corresponds to a rate of 534 s™' and thus to a frequency of ca.
500 swings of the cradle per second at room temperature. The
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Scheme 2. Formation of Coordination Isomers 25Bi(OAc), and 2(BiOAc), upon Addition of Bismuth(III) Acetate to the

Bismuth Complex 25 in DMSO-d; Solution”

DIPEAH*

2g 2g;.Bi(OAc), 2(BiOAc),
5 NHa/b = 870/8.78 A5 =148 10.12/10.32 9.66/8.61
} as=076 } A5=0.39 m‘—%s
i o=1.
5 NHalb' = 9.48/9.53 A9=0.32 9.81/9.84

“The ratio of these two homobimetallic complexes depends on the presence of a base (DIPEA; see the text and Figure S). Inset: chemical shifts (in
ppm) of the NHCO protons in the mono- and bimetallic complexes; Syy; are given in presence of excess of DIPEA (15 equiv); AS (absolute values)

are average values for protons NH,/NH, (and NH,/NHy).

enthalpy of activation is on the order of the energy needed to
break 2—3 H-bonds, which argues well for 2Pb, as the
transition state in the Newton’s cradle-like motion. In addition
to the breaking of H-bonds, the activation enthalpy probably
also reflects the inversion of the distorted (mainly dome-
shaped) porphyrin ring.

All attempts to isolate complex 2p,'PbOAc remained
unsuccessful. Rather surprisingly, precipitation of this complex
in a methanol/water mixture led to the release of the acetate
counteranion and formation of 2Pb, (Scheme 1 right). Indeed,
the isolated complex displayed a C,-symmetric NMR signature
at both 298 and 223 K (Figure 4a,b), with no signal of acetate
anions observed. Interestingly, the addition of few equivalents
of AcO™ in the NMR tube solution led to a dissymmetric NMR
pattern at 223 K (Figure 4c), with two new signals
corresponding to free and bound acetates (1.76 and 0.32
ppm, respectively; assigned through 2D HMBC and HMQC

experiments). This spectrum corresponds to the formation of
complex 2p,*PbOAc, which, as expected, displays a C,-
symmetric NMR signature at room temperature (average
spectrum; Figure 4d). These NMR data evidence an allosteric
process. Upon addition of AcO™ to the inactive NCD 2Pb,, the
coordination spheres of both Pb(II) cations are affected even
though AcO™ binds to only one of the metal centers. This leads
to an active state of the NCD, complex 2p,'PbOAc, in which
coupled intraligand motion of the Pb(II) cations occurs. Hence,
AcO~ behaves as an allosteric effector that “lifts up” a sphere
(ie., induces the HAT coordination mode) and activates the
device (Scheme 1 right). To the best of our knowledge, such an
allosteric NCD is unique.

The inherent dynamics of such a homodinuclear complex is a
general feature of degenerate systems with two identical states.
To explore further the NCD mechanism as a new entry in the
field of molecular switches, we were interested in breaking the

dx.doi.org/10.1021/ja307349d | J. Am. Chem. Soc. 2012, 134, 16017—16032
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(a) %

Figure 6. X-ray structure of 25Bi(OAc), (H atoms removed for clarity). (a) ORTEP perspective view (30% probability level). (b) Rod side view
orthogonal to the strap coordinating Bi2. (c) Rod side view orthogonal to the strap coordinating Bil. Selected distances (A): Bil—24MP, 1.310;
Bi2—24MP, 2.576; Bil—Bi2, 3.932; N1-Bil, 2.429; N2—Bil, 2.306; N3—Bil, 2.331; N4—Bil, 2.442; O1—Bil, 2.491; O3—Bi2, 2.493; O4—Bi2,

2212; O5—Bi2, 2.487; 06—Bi2, 2.292; O7—Bi2, 2.551; O8—Bi2, 2.260.

symmetry of the bimetallic system and therefore, we designed
an NCD with two different metal ions. In a next step, the
complexation behavior of ligand 2 toward a trivalent metal ion
was examined.

Dynamic Features of Bi(lll Homodinuclear Com-
plexes. Complex 2 (Figure la) was prepared as described
previously,'” and its binding properties toward Bi(III) cations
were investigated by 'H NMR spectroscopy in DMSO-dg
solution. In contrast to the C,-symmetric NMR pattern of
the free base, that of 2y is dissymmetric and displays four
singlets in the 5—6 ppm region for the H,, H,, H,, and Hy,
protons (Figure Sa; see Scheme 2 for labeling). We observed
that the "H NMR pattern of 2 was slightly affected by the
addition of excess of Bi(NO,);, suggesting some weak
interactions. Further addition of NaOAc to that mixture led
to a broadened NMR pattern distinct from that of 2. We
anticipated that a second bismuth cation might also interact in a
HAT fashion, this process being driven by the acetate
counteranions in a manner similar to what was observed with
Pb(1I). Well-resolved 'H NMR spectra were obtained using
Bi(OAc); instead of Bi(NO;); (Figure S). Two sets of signals
corresponding to the formation of two species were observed,
and the ratio of these species was strongly dependent on the
presence of a base. In the presence of DIPEA (15 equiv), the
addition of excess of Bi(OAc); to 25 followed by sonication led
to a ca. 95:5 ratio of these new complexes (Figure Sb, solid and

open triangles). The major species displays a dissymmetric
NMR pattern, with upfield-shifted singlets at 0.39 and 0.16
ppm accounting for three protons each. They were attributed
to two acetate anions on the basis of ROESY and HMQC 2D
NMR experiments (see the SI). The upfield shifts of 1.41 and
1.64 ppm for these CH; protons relative to those of the free
acetates are close to the shifts observed for a HAT PbOAc
moiety (ca. 1.60 ppm for 1,,"PbOAc and 24" PbOAc) and thus
indicate similar positioning of these counteranions above the
porphyrin plane. In addition, nuclear Overhauser effect (NOE)
cross-peaks were observed between these CHj signals at 0.39
and 0.16 ppm and the S-pyrrolic protons at 8.95 and 9.02 ppm,
respectively (see the SI). These data are in agreement with the
binding of a HAT Bi(Ill) cation to 2g; and the formation of the
bimetallic complex 25;Bi(OAc), (Scheme 2). Elemental
analysis of an analytical sample provided further evidence for
the bimetallic nature of this complex.” It is noteworthy that
two of the four NHCO protons appear as sharp singlets (Sxy =
10.32 and 10.12 ppm) and are downfield-shifted by ca. 1.48
ppm upon complexation of the HAT Bi(Ill) cation (Scheme
2).*" They are also downfield-shifted by ca. 0.39 ppm relative to
the two other NHCO signals in the bimetallic complex (broad
singlets at Oyy = 9.84 and 9.81 ppm) (Scheme 2). This
indicates that both acetate counteranions of the HAT Bi(III)
are H-bonded to the amide groups of the strap.
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We were able to grow crystals of 25:Bi(OAc), from a
chloroform/cyclohexane mixture. The complex crystallized in
the triclinic space group PI, and the structure confirmed the
homodinuclear nature of this species, in which two bismuth
atoms coexist but only one of them (Bil) is directly bound to
the N core of the porphyrin (Figure 6).>* This bismuth cation
is related to its counterpart observed in 2g. Bil is seven-
coordinate and 1.310 A out of the 24MP, with an average N—
Bil bond length of 2.375 A. It is also bound to a hanging
carboxylate group of the strap in a monohapto fashion (01—
Bil = 2.494 A) and to two water molecules (O,1 and O,2),
one of which (O,1) is stabilized by H-bonding with the 02
atom of the hung carboxylate group (O, 1—02 = 2.839 A). It is
worth noting that the locations of the OOP Bi(Il) cations in
25 and 25Bi(OAc), are the same (1.309 A and 1.310 A,
respectively) and that almost no difference in the dome-shaped
conformation of the macrocycle could be detected (see the SI).
The second bismuth cation (Bi2) is coordinated on the
opposite side of the porphyrin but without any direct
interaction with the N core (Bi2—24MP = 2.576 A; average
N-—Bi2 distance = 3.409 A). Indeed, it is bound in a bishapto
mode to the overhanging carboxylate group (03/04) and to
two acetate counteranions (O5/06 and O7/08). These latter
are maintained by H-bonds with the amide groups of the strap
(N5—05 =2.843 A and N8—O7 = 2.911 A). The plane of each
acetate group is almost perpendicular to that of the
intramolecular carboxylate group, thereby defining a strongly
hemidirected coordination sphere of Bi2 with an inward
orientation. Whether this unusual geometry for a six-coordinate
Bi(III) cation originates from possible activity of the 6s* lone
pair of bismuth®® or arises from a strong chelate effect of the
strapped ligand, or both, is under investigation. These data,
together with the previously reported structure of the dinuclear
Pb(II) complex 1p,"PbOAC,*® evidence a versatile coordination
site made of a carboxylate group hung over the concave face a
dome-shaped metalloporphyrin; this site can accommodate
either a HAT PbOAc or a HAT Bi(OAc), moiety, with the
second coordination sphere playing a crucial role.

As mentioned above, a minor species was detected together
with 25:Bi(OAc), in the presence of a base, but its low
proportion hampered attribution of its NMR pattern.
Interestingly, when Bi(OAc); was added to a DMSO-d,
solution of 2g; in the absence of DIPEA, this minor species
became the major one and 25;Bi(OAc), the minor one, in an
observed ratio of ca. 85:15 (Figure Sc). In contrast to 2g; and
25:Bi(OAc),, this species displayed a C,-symmetric NMR
pattern, as evidenced by, for example, two singlets at 5.90 and
5.23 ppm attributed to the H, and H, protons. The fact that
both sides of the porphyrin are identical indicates the binding
of a second bismuth cation, with both cations adopting the
same coordination mode. In addition, an upfield-shifted singlet
at 0.06 ppm accounting for six protons was attributed to acetate
anions on the basis of a ROESY 2D NMR experiment. Again,
the upfield shift of 1.81 ppm for the acetate protons relative to
the free ones indicates a position above the macrocycle. These
data strongly suggest the binding of a BiOAc moiety on both
sides of the porphyrin, affording the C,-symmetric complex
2(BiOAc), (Scheme 2). The downfield shift of 1.05 ppm for
protons NH, versus NHj, also indicates H-bonding interactions
of the acetate counteranions with one of the amide groups of
the strap.

The homobimetallic complexes 2y;Bi(OAc), and 2-
(BiOAc), are coordination isomers and the trivalent analogues
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of complexes 2p,"PbOAc and 2Pb,, respectively. The ROESY
spectrum of the mixture of these bismuth complexes displayed
exchange correlations between these two species, and it was
therefore intriguing to study the dynamics of this system.
Variable-temperature NMR studies were undertaken with
complex 25Bi(OAc), as the major species (up to 408 K in
DMSO-dg). 1ll defined spectra were obtained with no clear
coalescence, indicating that a dissociative mechanism might
operate at high temperature. More interesting data came from
the ROESY spectrum of a 95:5 mixture of 25Bi(OAc), and
2(BiOAc), (see the SI). Similarly to Pb(II), we found that the
same Bi(Ill) cation in the complex 24Bi(OAc), adopts
alternatively the HAT and OOP coordination modes. Indeed,
exchange correlations were observed between the signals of the
“C,-symmetry-related” protons of the two straps (Figure 7).
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Figure 7. Selected correlations observed in the 2D ROESY spectrum
(6 in ppm) of a 95:5 mixture of 2pBi(OAc), and 2(BiOAc),
(DMSO-dj solution, 15 equiv of DIPEA): (a) NOE cross-peaks; (b,
c) exchange correlations.

For instance, exchange correlations occurred exclusively
between protons H, (H,) and H, (H,) and also between
protons NH, (NH,) and NH, (NH,) (red arrows in Figure
7b,c, respectively). As a result, in addition to the expected NOE
cross-peak between, for example, protons NH, and H, (Figure
7, blue arrows), an indirect NOE cross-peak was observed
between NH, and H,, (Figure 7, orange arrows).>* Similarly, an
indirect NOE cross-peak occurred between protons NH, and
H, (Figure 7, orange arrows). These data evidence an exchange
of the two metal binding sites (i.e., an interconversion of the
HAT and OOP coordination modes) that, for the following
reasons, must arise from an intramolecular mechanism
involving an equilibrium with 2(BiOAc),:

(i) Exchange of the OOP and HAT Bi(III) cations through
intermolecular processes (i.e., through equilibria with the
monometallic complex 2g; and the free base 2) would
require decomplexation of both cations with a high
energetic cost; this is unlikely to occur since 2g:Bi-
(OAC), is formed starting from the isolated complex 2g;.
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(i) The ROESY spectrum of the mononuclear complex 2y,
formed in situ by addition of 1 equiv of Bi(OAc); to 2
(DMSO-dg, 15 equiv of DIPEA) did not show any
exchange correlation between the protons of the two
straps (see the SI). Also, in the case of a ~ 2:1 mixture of
2g; and 2, no exchange correlation between the signals of
these two species was observed. This indicates a high
residence time of the Bi(IIl) cation in 2g;, in line with the
strong stability of the complex'”** with no exchange of
the metal center between the two sides of the ligand.

Therefore, following the example of 25, PbOAc, a Newton’s

cradle-like intramolecular motion for the apparent exchange of
the two Bi(II) cations in 2gBi(OAc), is proposed (Figure
8a). Formally, translocation of one Bi(III) cation from the strap

QoP

HAT

AN —

N\

2(BiOAc),

= with base
— With acid

b)

AG

dé 1§¥

Figure 8. (a) Acid—base-controlled, bistable NCD formed by
homobimetallic Bi(III) complexes derived from 2 (“A” stands for
AcO7). (b) Idealized free energy profile for the coupled migration of
the Bi(IIl) cations.

25,-Bi(OAc), 28 Bi{OAc),

reaction coordinate

to the N core (i.e.,, from HAT to OOP coordination) is coupled
to the reverse process for the other Bi(Ill) cation, namely,
translocation from the N core to the other strap (i.e., from
OOP to HAT coordination). During this process, an apparent
switch of the OOP N-core-bound Bi(III) cation from one to
the other side of the macrocycle occurs (i.e., 25; < 25). From a
mechanistic point of view, this intramolecular exchange (from
left to right in Figure 8a) requires the binding of an acetate
anion to Bil and the removal of one from Bi2, thus leading to
2(BiOAc),. The further binding of an acetate anion to Bil and
the departure of the bound acetate on Bi2 generates the
complex 2%+Bi(OAc),, which is formally identical to 24 Bi-
(OAc), but has the two Bi(IIl) cations in opposite
coordination modes. In contrast to the parent Pb(II) NCD,
for which the C,-symmetric complex 2Pb, is likely a transition
state (Figure 3b), the C,-symmetric complex 2(BiOAc), is an

intermediate species observed in solution. In other words, the
coupled migration of the Bi(IIl) cations occurs through a two-
step process, for which an idealized free energy profie is
displayed Figure 8b. Hence, the lifted and resting states coexist
in solution. It is noteworthy that the slower metal motion
displayed by this Bi(III) NCD in comparison with its Pb(II)
analogue is in line with the stronger stability of bismuth versus
lead complexes. For instance, 2Pb, and 2p,"PbOAc are rapidly
demetalated on silica gel, whereas 2y; tolerates a large excess of
trifluoroacetic acid (TFA). Hence, the more labile complex
swings faster.

DIPEA deeply influences the selective formation of one of
the coordination isomers 25;Bi(OAc), and 2(BiOAc), over
the other, although its exact role is still poorly understood.
Interestingly, we further observed that these complexes are fully
interconvertible in solution, as shown by the following results
summarized in Figure 9. First, the bimetallic complex
2(BiOAc), was formed as the major species by addition of
Bi(OAc), to a DMSO-d, solution of 2; in the absence of a base
(Figure 9a,b). Second, addition of DIPEA afforded the
coordination isomer 25 Bi(OAc), and subsequent addition
of TFA restored the complex 2(BiOAc), (Figure 9¢,d). With a
larger excess of TFA, selective demetalation of one bismuth
cation occurred, giving the monometallic complex 2y; (Figure
9e). Finally, addition of excess DIPEA led to the successive
formation of 2(BiOAc), and 2;Bi(OAc), (Figure 9f,g). These
data nicely evidence a unique coordination behavior: (i) a
Bi(III) cation can adopt three different coordination modes,
tuned by the presence of a base, when taking part in
homobimetallic porphyrin complexes; (ii) the same Bi(III)
cation can switch between two different coordination modes in
the same complex. In this set of experiments, a full cycle
between three different states (off, resting, and lifted; Figure 9)
was achieved through acid—base amplification of one or the
other coordination isomer (Figure 8a). The major difference
with the parent Pb(II) NCD, which is present in either an
inactive state (2Pb,, no acetate) or an active state (2p,"PbOAC,
triggered by acetate), is that the populations of the resting and
lifted states [2(BiOAc), and 24Bi(OAc),, both part of an
active NCD] in the case of Bi(III) can be tuned (Figure 8b).
This gives an additional possibility in the design of NCD-based
switches.

Breaking the Symmetry: Selective Formation of a
Bi(lll)—Pb(ll) Heterodinuclear Complex. The next degree of
sophistication involved the design of a dissymmetric NCD as an
extension to nondegenerate systems. For that, we investigated
the complexation behavior of 2 toward a mixture of Pb(II) and
Bi(III) cations. In the case of a heteroselective process (i.e., the
selective formation of a heterodinuclear Bi—Pb complex), three
possibilities can be envisioned according to the above studies,
corresponding to three different states of a dissymmetric NCD
(Scheme 3): a “bismuth lifted state” with HAT coordination of
Bi(III) and OOP coordination of Pb(II), a “resting state” with
OOP coordination of both both Bi(III) and Pb(II), and a “lead
lifted state” with OOP coordination of Bi(IlI) and HAT
coordination of Pb(II).

The binding properties of complex 2y; toward Pb(II) were
investigated by '"H NMR spectroscopy in DMSO-d solution
without DIPEA. Whereas addition of excess of Pb(NO;), or
PbCl, led only to minor effects on the NMR spectrum of 2g;,
this complex was fully consumed upon addition of 1 equiv of
Pb(OAc), (Figure 10a—c). The corresponding NMR spectrum
is characterized by four broad singlets for the H,, Hy, H,, and
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Figure 9. '"H NMR study (500 MHz, DMSO-d,, 298 K) of the acid—base-controlled interconversion of mono- and bimetallic Bi(III) complexes
derived from 2: (a) 2g; (b) upon addition of excess of Bi(OAc); and sonication; (c) upon addition of DIPEA; (d, e) upon addition of TFA; (f, g)
upon further addition of DIPEA. In the inset, “A” stands for AcO™. Equilibria were reached instantaneously.

Scheme 3. Schematic Representation of Three Possible
Heterodinuclear Bi(III)—Pb(II) Complexes Derived from
Ligand 2

state: [ Lifted Bi | [ Resting | ( Lifted Pb |
Q : Po(Il) —
Q :Bi(m C/ J)J) | ;{
s AcOr
Coordination: HAT OOP QOP OOP OOFP HAT

H,, protons (for labeling, see Scheme 4), in agreement with the
formation of a dissymmetric species. No traces of the Pb(II)
and Bi(IlI) homobimetallic species derived from 2 were
observed (see the reference spectra in Figure 10d,e), indicating
a highly selective process to form a heterobimetallic complex. A
broad signal of three protons was also observed at 0.36 ppm,
consistent with a single acetate bound to this species (assigned
on the basis of a ROESY 2D NMR experiment; see the SI).
From these NMR data, the formation of the Bi—Pb
heterobimetallic complex with the Bi(III) cation in the HAT
coordination mode (“Lifted Bi” in Scheme 3) is excluded. The
coordination isomers called “Resting” and “Lifted Pb” in
Scheme 3 both incorporate a single acetate counteranion and
thus cannot be easily distinguished. However, the chemical shift
of 0.36 ppm for the bound acetate (Figure 10c) is much closer
to that of a PbOAc moiety (ca. 0.30 ppm for 2,,"PbOAc) than
that of a BiIOAc moiety [0.06 ppm for 2(BiOAc),]. Thus, the
spectrum of Figure 10c is expected to correspond to the
heterobimetallic complex 25 PbOAc (Scheme 4), with OOP
and HAT coordination of Bi(Ill) and Pb(II), respectively
(“Lifted Pb” in Scheme 3). This hypothesis was supported by
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Figure 10. (a—c) Partiall 'H NMR spectra for the addition of
Pb(OACc), to 25 (DMSO-dg, 298 K) and (d, e) reference 'H NMR
spectra of the homodinuclear complexes 2(BiOAc), and 2;,"PbOAc.
Equilibria were reached instantaneously; for proton labeling, see
Scheme 4. The label “S” indicates a solvent peak.

an X-ray structure obtained from single crystals grown upon
slow evaporation of the NMR tube (Figure 11).

The complex crystallized as dark-green crystals in the
monoclinic space group C2/c. The structure confirmed the
heterodinuclear Bi(III)—Pb(II) complex 25 PbOAc, with the
bismuth and lead cations located on opposite sides of the
porphyrin (Bi—Pb = 3.802 A) and only the bismuth cation
bound to the porphyrin N core (Figure 11a). The coordination
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Scheme 4. Complexation Behavior of Complex 25; toward
Pb(II) in DMSO-d,, Leading to the Heterodinuclear
Complex 25PbOAc
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modes of bismuth and lead acetate are very similar to those
encountered in 2g;, 25°Bi(OAc),, and 1p,"PbOAc and coexist
in the same ligand with a remarkable degree of complemen-
tarity. On one side, the bismuth cation is seven-coordinate,
1.559 A out of the 24MP in an antiprismatic polyhedron. It is
bound to the four nitrogen atoms of the macrocycle and to the
hanging carboxylate group of the strap in a monohapto fashion.

The coordination sphere is completed with two molecules of
DMSO maintained by H-bonds with the amide groups of the
straps (dashed lines in Figure 11b). On the other side, the lead
cation adopts an inward orientation, with a strongly hemi-
directed coordination sphere due to the stereochemically active
Pb lone pair, as in 1p,"PbOAc. The Pb(II) ion is at the apex of
a distorted pyramid composed of an intramolecular carboxylate
counterion from the strap, an exogenous acetate counteranion
(both bound in a bishapto fashion), and a DMSO ligand. The
acetate and DMSO are perpendicular to the intramolecular
carboxylate and are stabilized by H-bonds with the amide
groups of the strap (dashed lines in Figure 11c). Lead is hung
over the 24MP at a height of 2.231 A and does not interact with
the N core (average N—Pb = 3.115 A). On the basis of our
previous study,”® the Pb lone pair is assumed to point toward
the N core of the macrocycle.

Direct comparison of the HAT Pb(Il) geometries in
25;'PbOAc and the related complex 1, PbOAc was done by
superimposition of their X-ray structures (see the SI). This
operation evidenced strong similarities in both the position and
coordination sphere of the hung PbOAc moiety and in the
conformation of the strap binding Pb(II). In other words, the
HAT Pb(Il) is almost insensitive to the nature of the second
metal ion bound to the N core on the opposite side [i.e., four-
coordinate Pb(II) vs seven-coordinate Bi(III) with an intra-
molecular counteranion]. The distortion of the porphyrin
induced by these two large cations is indeed roughly the same.

Figure 11. X-ray structure of 25:PbOAc (H atoms removed for clarity). (a) ORTEP perspective view (30% probability level). (b) Rod side view
orthogonal to the strap coordinating Pb(II). (c) Rod side view orthogonal to the strap coordinating Bi(III). Selected distances (A): Bi—24MP, 1.559;
Pb—24MP, 2.231; Bi—Pb, 3.802; N1—Bi, 2.638; N2—Bi, 2.342; N3—Bi, 2.393; N4—Bi, 2.678; O1—Bi, 2.294.
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The second coordination sphere, and notably the key H-bond
between the acetate counteranion and the NHCO group of the
strap, are almost identical (do_y &~ 2.9 A in both cases).
Similarly, the coordination spheres of the N-core-bound Bi
atoms in 2pPbOAc and the parent complexes 25 and
25;"Bi(OAc), were also compared (see the SI). A significant
difference in the OOP position was observed, as Bi is located
1.559 A from the 24MP in 25;PbOAc versus 1.309 A in 25; and
1.310 A in 25Bi(OAc),. The distortion of the porphyrin
appears to be similar in these three complexes, but the average
N-—Bi distance is slightly longer in 25,PbOAc [2.513 vs 2.388
Ain 25 and 2.375 A in 25;Bi(OAc),]. These data reflect some
repulsive electrostatic interaction between the two metal
cations [HAT Pb(II) and OOP Bi(IIl)] in a more constrained
environment, the HAT Pb atom being closer to the 24MP in
25'PbOACc than the HAT Bi atom in 25Bi(OAc), (2.231 vs
2.575 A, respectively).

These structural data indicate that the two coordination
modes of both bismuth and lead nicely fit together into the
same ligand with remarkable complementarity. The “recoil” of
the OOP Bi in the heterobimetallic complex evidences
communication between the two binding sites of the ditopic
ligand (N core and strap). Again, the binding of the HAT
Pb(II) is possible because of the OOP binding of Bi(III) on the
opposite side, which distorts the porphyrin, and the presence of
an acetate counteranion favorably oriented for H-bonding with
the strap.

Various experimental conditions for the binding of Pb(II) to
2p; were explored, and we did not find any evidence for an
equilibrium with other possible heterobimetallic complexes
such as those drawn in Scheme 3.%° It therefore seems that
25 "PbOAc constitutes a frozen lifted state of a dissymmetric
NCD or, said differently, an inactive NCD with a lifted sphere

(Scheme 4). This behavior constitutes a major difference
between the heterobimetallic system and the parent Pb(II) and
Bi(IlI) homobimetallic NCDs (degenerate systems), which
present an inherent coupled migration of the cations when one
of them adopts the HAT coordination mode. From NMR
studies under similar experimental conditions, complex
25 "PbOAc was also formed upon addition of Bi(OAc); and
Pb(OAc), to the free base 2 independent of the order of
introduction of the metal ions, and therefore, the formation
process is under thermodynamic control. The process leading
to 25PbOAc is highly selective, as no other species was
observed with excess Bi(III) and Pb(II) cations (S equiv each).
The higher stability of the HAT Pb(II) cation versus Bi(III) is
rather surprising, as both acetate anions in the case of Bi(III)
are stabilized by H-bonds with the amide groups of the strap.
This could be ascribed to better preorganization of the PbOAc
moiety in comparison with Bi(OAc), due to the more active 6s*
lone pair of Pb, resulting in a higher degree of complementarity
with the binding site. More detailed investigations are obviously
needed to substantiate this. Interestingly, the binding of HAT-
coordinated Pb(II) was also found to be subject to acid—base
control: addition of excess TFA to 25PbOAc led to the
selective decomplexation of the lead cation and formation of
2p;, while subsequent addition of excess DIPEA led to full
recovery of 25 PbOAc (see the SI).

Selective Metal lon Exchanges for the Successive
Formation of Six Different Pb(ll)/Bi(lll) Metal Complexes.
As a further example of the versatility of this system, we
attempted to form successively in the same NMR tube all of the
above-described complexes derived from 2 (Figure 12).
Starting from a solution of 2 in DMSO-d, in the presence of
S equiv of DIPEA, addition of lead(Il) nitrate (2 equiv) and
then tetrabutylammonium acetate (S equiv) led successively to
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the homodinuclear complexes 2Pb, and 2p,"PbOAc (Figure
12a—c). Subsequent addition of 1 equiv of bismuth(III) nitrate
led to the selective exchange of the OOP-coordinated Pb(II)
cation to form the heterodinuclear complex 25-PbOAc (Figure
12d). Further addition of TFA led to the selective
decomplexation of the Pb(II) cation, giving 2g; (Figure 12e).
Upon addition of excess of bismuth(IIl) acetate, the C,-
symmetric complex 2(BiOAc), was obtained quantitatively
(Figure 12f). Finally, addition of excess DIPEA, tetrabutylam-
monium acetate, and bismuth(III) nitrate afforded 2pBi-
(OAc), as a minor species (Figure 12g, nonoptimized
conditions). Hence, the equilibria among the mononuclear
and homo- and heterodinuclear complexes can be easily shifted
and proceed instantaneously at room temperature. This holds
good promises if one wants to tune the rate of an NCD by
selective metal ion exchange (Figure 12 right).

B CONCLUSION

In summary, a unique intramolecular coupled migration process
involving two metal cations has been evidenced in Pb(II) and
Bi(IlI) homobimetallic complexes derived from a bis-strapped
porphyrin ligand with an overhanging carboxylate group on
each side of the N core. These complexes incorporate a metal
cation on each side of the macrocycle, and an inherent coupled
metal motion occurs under the conditions that one of the
cations adopts the so-called hanging-atop (HAT) coordination
mode. In this process, the two cations exchange their
coordination modes: translocation of a HAT Pb(II) or Bi(III)
cation from its binding strap to the N core is coupled to the
reverse process for the other cation, a formal translocation from
the N core to the other strap. An N-core-bound cation is thus
artificially switched from one side to the other. The rate of the
metals’ motion depends on the involved metal center: the more
labile metal ion exhibits faster motion (Pb > Bi). This particular
process is reminiscent of the motion of spheres in the well-
known Newton’s cradle device, in which a sphere released from
its lifted position induces an opposite motion of a symmetri-
cally related sphere upon collision. In the present Newton’s
cradle-like devices, the coupled motion of the metal ions can be
induced (allosteric control) or tuned (acid—base control):

e In the case of Pb(Il), a C,-symmetric homobimetallic
complex is formed in the absence of acetate anions, and
hence, no metal motion occurs. The binding of an
acetate anion to one of the Pb(II) cations modifies the
coordination spheres of both metal ions and generates an
active NCD, as one of the Pb(I) displays a HAT
coordination mode. Hence, acetate acts as an allosteric
effector that “lifts up a sphere” and induces the inherent
coupled motion of the cations.

e In the case of Bi(III), two coordination isomers coexist in
solution and are part of a two-step NCD: a C,-symmetric
homobimetallic complex that constitutes a resting state
[no HAT Bi(Ill) cation] and a dissymmetric homo-
bimetallic complex with a HAT Bi(Ill) cation that
constitutes a lifted state. The population of these two
states is under acid—base control, and a full switching
cycle involving three species (mono and bimetallic) was
achieved.

In the case of the heterobimetallic Bi—Pb complex, in which
Bi(III) and Pb(II) are bound to the N core and in HAT
coordination mode, respectively, no intramolecular metal
motion occurs. Thus, a dissymmetric NCD is selectively

formed and appears as frozen in a “Pb lifted” state. Selective
metal ion exchange in solution was also demonstrated, with up
to six different complexes being successively formed. Thus,
triggering the NCD (inactive — fast motion) and tuning the rate
of swinging (fast motion — frozen — slow motion) can be easily
done.

As revealed by the X-ray structures of the homobimetallic
Bi(1II) and heterobimetallic Bi(IIl)/Pb(II) complexes, the key
points of these versatile NCDs are the following:

(i) OOP coordination of a large metal ion from the opposite
side of an overhanging carboxylate, hence mimicking a
stereoselective metalation. This results in a dome-shaped
macrocycle that can “accommodate” a second cation in a
HAT coordination mode.

(i) A second sphere of coordination that involves H-bonding
between the metal bound acetate(s) and the amide
group(s) of the strap. This stabilizes the HAT
coordination mode.

(iii) Several interdependent activation phenomena allowing
dynamic processes. These include deconvolution of a
metal salt by an overhanging carboxylate group, which
allows fast metalation and translocation processes, and
distortion of the macrocycle induced by OOP coordina-
tion of a large cation. The latter process is reminiscent of
the distortion-induced metal insertion mechanism
displayed by chelatases.*®.

Together, these results open new perspectives in supra-
molecular coordination chemistry with metalloporphyrins and
related macrocycles, particularly in the field of molecular
switches. On the basis of these findings, we are currently
investigating various ligands and metal ions, trying to identify
fully switchable tristable NCDs.

B EXPERIMENTAL SECTION

General. All of the NMR experiments were conducted in 5 mm
standard NMR tubes. '"H NMR spectra were recorded at S00 MHz.
Chemical shifts are expressed in parts per million, and traces of
residual solvents were used as internal standards. All of the '"H NMR
signals were assigned using 2D NMR experiments (COSY, HMQC,
ROESY). For ROESY experiments, different mixing times ranging
from 75 to 750 ms were used. ComEound 2 and complex 2g; were
prepared as previously described.'” All of the chemicals were
commercial products and used as received.

Procedures for the Formation of Complexes 2,,PbOAc,
ZBi'Bi(OAC)Z, Z(BiOAC)Z, and ZBi'PbOAC. The complex Zpb'PbOAC
was prepared by mixing 3.0 mg of 2 (2.38 umol), S00 uL of 9:1
CDCl,/CD;0D, 6 uL of DIPEA (34.4 umol, 15 equiv), and 80 uL
(4.77 pmol, 2 equiv) of a stock solution of Pb(OAc),-3H,0 (11.3 mg
in 500 uL of 9:1 CDCl;/CD;0D). The 'H NMR spectrum recorded
at 223 K showed the quantitative formation of 2p,"PbOAc.

The complex 25-Bi(OAc), was prepared from a solution of 3.5 mg
of 2g; (2.39 pumol) in 500 uL of DMSO-d4 to which 6 uL of DIPEA
(34.4 pmol, 15 equiv) and 4.6 mg of Bi(OAc); (11.9 ymol, 5 equiv)
were added. The mixture was subjected to sonication for a few
minutes. The '"H NMR spectrum recorded at 298 K showed the
formation of 25;Bi(OAc), as the major species (95%; see above).

The complex 2(BiOAc), was prepared following the protocol used
for 2 Bi(OAc), except that no DIPEA was added. After sonication,
the "H spectrum recorded at 298 K showed the formation of
2(BiOAc), as the major species (85%; see above).

The complex 25, PbOAc was prepared from a solution of 3.5 mg of
2 (2.39 pmol) in 500 uL of DMSO-d, to which 40 yL (2.38 ymol, 1
equiv) of a stock solution of Pb(OAc),-3H,0 (11.3 mg in 500 L of
DMSO-d;) was added. The 'H spectrum recorded at 298 K showed
the quantitative formation of 25 PbOAc.

dx.doi.org/10.1021/ja307349d | J. Am. Chem. Soc. 2012, 134, 16017—16032



Journal of the American Chemical Society

Assignment of the NMR Signals of Complexes 2,,-PbOAc,
25Bi(OAC),, 2(BiOAC),, and 25;-PbOAC. 25,-PbOAC. '"H NMR (9:1
CDCl,/CD;0D, 15 equiv of DIPEA, 223 K, 500 MHz): § 9.50 (d, 1H,
J =4 Hz, Hy,,), 941 (d, 1H, ] = 4 Hz, Hy, ), 927 (d, 1H, ] = 9 Hz,
HAr,,,), 910 (d, 1H, J = 4 Hz, Hg,,,), 9.08 (d, 1H, ] = 4 Hz, Hy,,,),
9.00 (d, 1H, ] = 4 Hz, H,,), 8.96 (vd, 1H, ] = 4 Hz, Hy, ), 8.94 (d,
1H, ] = 8 Hz, HAr,,,,), 8.92—8.85 (m, SH, 2H,, + 3HAr,,,,), 8.64
(d, 1H, J = 8 Hz, HAr,,.,,), 8.14 (d, 1H, ] = 8 Hz, HAr,,,,,), 7.90—7.82
(m1 3H, HArmeso)/ 7.78 (t; 1H, J = 8 Hz, HArmeso); 7.77 (t; IH,J=38
Hz, HAr,,..), 7.72 (t, 1H, ] = 8 Hz, HAr,,.,), 7.69 (t, 1H, ] = 8 Hz,
HAr,..,), 7.50 (t, 1H, ] = 8 Hz, HAr,,.), 748 (t, 1H, J = 8 Hz,
HAr,.,,), 7.30 (d, 1H, ] = 8 Hz, HAr,,), 725 (d, 1H, ] = 8 Hg,
HAry,,), 7.18 (d, 1H, ] = 8 Hz, HAry,,), 7.08 (d, 1H, ] = 8 Hg,
HAry,,,), 695 (t, 1H, ] = 8 Hz, HAry,,,), 691 (t, 1H, ] = 8 Hg,
HAry,,), 6.89 (t, 1H, ] = 8 Hz, HAry,,,), 6.88 (t, 1H, ] = 8 Hg,
HAr,,,,), 6.86 (d, 1H, ] = 8 Hz, HAr,,,,), 6.80 (d, 1H, ] = 8 Hg,
HAry,,), 6.78 (d, 1H, ] = 8 Hz, HAry,,,), 673 (d, 1H, ] = 8 Hg,
HAry,,,), 6.02 (s, 1H, HAr,,,), 5.74 (s, 1H, HAr,,,), 5.37 (s, 1H,
HAry.,), 527 (s, 1H, HAry,), 248 (d, 1H, ] = 9 Hz, CHyy,), 2.39
(d, 1H, J = 9 Hz, CHy.y,), 2.34 (d, 1H, ] = 9 Hz, CH,,,,), 2.27 (d, 1H,
J = 9 Hz, CHy,,,), 2.20 (m, 1H, CH,,,,), 2.04 (m, 1H, CH,,,,), 1.80
(m, 1H, CHy,,,), 1.71 (m, 1H, CH,,,,), 1.48 (m, 1H, CHCO), 1.31
(m, 1H, CHCO), 0.24 (s, 3H, Hy.o).

25Bi(OAc),. "H NMR (DMSO-dg, 15 equiv of DIPEA, 298 K, 500
MHz): § 10.33 (s, 1H, NHCO), 10.12 (s, 1H, NHCO), 9.88 (s, 1H,
NHCO), 9.85 (s, 1H, NHCO), 9.37 (d, 1H, ] = 9 Hz, HAr,,.,,), 9.34
(d, 1H, ] = 9 Hz, HAr,,,), 9.30 (m, 2H, Hy,, + HAr,.,), 9.26 (d,
1H, ] = 9 Hz, HAr,,,), 9.15 (d, 1H, ] = 4 Hz, Hy, ), 9.02 (d, 1H, ] =
4 Hz, Hy,,), 899 (d, 1H, ] = 4 Hz, Hy, ), 895 (d, 1H, ] = 4 Hg,
Hp,,.), 892 (d, 1H, ] = 8 Hz, HAr,,,,,), 8.85 (d, 1H, ] = 4 Hz, Hy,,,),
8.82 (d, 1H, ] = 4 Hz, Hy,,,), 8.80 (d, 1H, J = 4 Hz, Hy,,), 8.64 (d,
1H, ] = 7 Hz, HAr,,,), 7.94—7.85 (m, 3H, HAr,,,), 7.84—7.76 (m,
3H, HAr,.,), 7.75-7.67 (m, 2H, HAr,,), 7.53 (t, 1H, ] = 7 Hz,
HArmeso)! 749 (t! 1H} ] =7 HZ) HArmeso)! 7.30—7.21 (m) ZH, HArstrap)ﬁ
7.24 (d, 1H, ] = 8 Hz, HAry,,,), 7.17 (d, 1H, ] = 8 Hz, HAr,,,), 7.04—
6.97 (m, 2H, HAr,,,,), 6.96 {)d, 1H, ] = 8 Hz, HAry,,,), 6.94—6.89 (m,
3H, HAr,,,,), 6.86 &1, 1H, ] = 8 Hz, HAr,,,,), 6.82 (d, 1H, ] = 8 Hz,
HArstrap)l 591 (S, IHJ HArstrap)l 5.70 (SJ 1H; HArstra ); 5.52 (S/ IHI
HAr,,,,), 548 (s, 1H, HAr,,,), 2.57 (m, 1H, CH,,y,), 2.39 (m, 1H,
CHbenZS, 228 (m, 1H, CH,,,,), 2.09 (m, 1H, CHy,,,), 1.87 (m, 1H,
CHyy,), 1.83 (m, 1H, CHy,,,), 1.59 (m, 2H, CHy,,,), 1.34 (m, 1H,
CHCO), 1.26 (m, 1H, CHCO), 0.39 (s, 3H, Hy.o"), 0.16 (s, 3H,
HAcoi)'

2(BiOAc),. "H NMR (DMSO-d, 298 K, 500 MHz): & 9.66 (s, 2H,
NHCO), 945 (s, 2H, Hy, ), 9.38 (d, 2H, ] = 8 Hz, HAr,,.,), 923 (d,
2H, ] = 8 Hz, HAr,,,,), 9.18 (d, 2H, ] = 4 Hz, HArg,,.), 9.11 (d, 2H, J
= 4 Hz, HAry, ), 9.07 (s, 2H, Hy, ), 8.89 (d, 2H, ] = 8 Hz, HAr,,,,),
8.61 (s, 2H, NHCO), 7.98 (t, 2H, ] = 8 Hz, HAr,,.,,), 7.90 (t, 2H, ] =
8 Hz, HAr,,.,,), 7.85 (t, 2H, ] = 7 Hz, HAr,,.,,), 7.78 (d, 2H, ] = 7 Hz,
HAr,,s,), 7-58 (t, 2H, J = 7 Hz, HAr,,.,), 7.33 (d, 2H, ] = 8 Hg,
HAry,,,), 726 (d, 2H, ] = 8 Hz, HAry,,,), 7.07 (t, 2H, ] = 8 Hg,
HAr,,,), 7.03 (t, 2H, ] = 8 Hz, HAry,,,), 7.01 (d, 2H, ] = 8 Hg,
HAr,,,), 6.94 (d, 2H, ] = 8 Hz, HAr,,,,), 5.90 (s, 2H, HAr,,,,), 5.23
(s, 2H, HAry,,,), 2.68 (d, 2H, ] = 12 Hz, CHy,,,), 2.54 (d, 2H, ] = 12
Hz, CH,.,,), 2.10 (t, 2H, J = 12 Hz, CH,,,,), 1.74 (t, 2H, ] = 12 Hz,
CHy.,,), 1.46 (m, 2H, CHCO), 0.06 (s, 6H, Hy.o").

25+PbOAc. 'TH NMR (DMSO-dg, 298 K, 500 MHz): § 10.1-6.7
(complex region with broad and overlapped signals, 40H, Hy,, +
HAr,,, + HAry,,; see the SI), 5.91 (s, 1H, HAr,,), 5.60 (s, 1H,
HAry,,,), 543 (s, 1H, HAr,,,,), 5.16 (s, 1H, HArg,,), 2.52 (m, 1H,
CHbemS, 2.38 (m, 1H, CHbmj, 2.15—1.75 (m, SH, CHy,y,,), 1.61 (m,
1H, CHy.y,), 1.49 (m, 1H, CHCO), 1.15 (m, 1H, CHCO), 0.36 (s,
3H’ HAcoi)'

HRMS Analysis of 2p,)PbOAc. Complex 2p,"PbOAc was
prepared from a DMSO solution of 2, DIPEA (1S equiv), and
Pb(OAc), (2 equiv). The deep-green solution was evaporated to
dryness under high vacuum. The residue was solubilized in
dichloromethane and subjected to HRMS analysis (ESI-TOF,
negative-ion mode): caled for CgHg,NgO,,Pb, [M*"], m/z
1729.3740; found, m/z 1729.3752.

Preparation of an Analytical Sample of 25;Bi(OAc),. Complex
25 (32 mg, 21.8 umol) was dissolved in 3 mL of CHCl,;, and
Bi(OAc); (42 mg, 108 pmol) was added. The mixture was sonicated
for ~5 min and then stirred for 1 h at room temperature. The excess
bismuth was removed by filtration on a pad of Celite. Pentane was
added to the eluate, and the green precipitate was isolated by
centrifugation. The solid was solubilized in ~3 mL of CHCl;, and the
solution was filtered a second time on a pad of Celite. Upon
precipitation with pentane and centrifugation, 25 Bi(OAc), was
obtained as a green solid in 82% yield (32 mg). 'H NMR (CDCl,, 298
K, 500 MHz): § 9.81 (d, 1H, ] = 4 Hz, Hy, ), 9.61 (d, 1H, ] = 4 Hg,
Hp,), 945 (d, 1H, ] = 4 Hz, Hg, ), 9.43 fd, 1H, ] = 7 Hz, HAry,,,),
9.41 (d, 1H, ] = 4 Hz, Hy,,,), 940 (s, 1H, NHCO), 9.38 (d, 1H, ] = 8
Hz, HAr,,,,), 9.35 (d, 1H, ] = 4 Hz, Hg,,,), 9.28 (s, 1H, NHCO), 9.27
(d, 1H, ] = 4 Hz, Hy,,,), 924 (d, 1H, ] = 8 Hz, HAr,,,), 9.16 (d, 1H, J
= 4 Hz, Hy,,), 9.14 (d, 1H, ] = 4 Hz, Hy,,), 9.12 (d, 1H, ] = 8 Hz,
HAr,,,,), 8.69 (d, 1H, J = 8 Hz, HAr,,,), 847 (d, 1H, ] = 8 Hg,
HAr,,,,), 845 (s, 1H, NHCO), 8.27 (s, 1H, NHCO), 7.99 (t, 1H, ] =
7 Hz, HAr,,,,), 7.95 (t, 1H, ] = 7 Hz, HAr,...), 7.93—7.88 (m, 4H,
HAr,.i), 7.72 (4, 1H, ] = 7 Hz, HAr,,), 7.70 (t, 1H, ] = 7 Hg,
HAr,..), 7.56 (t, 1H, ] = 8 Hz, HAr, ), 7.52 (t, 1H, | = 8 Hz,
HArmeso)J 744 (d) 1H1 ] =8 HZ! HArstrap)) 7.39 (m; ZH) HArstra ); 7.31
(d, 1H, J = 8 Hz, HAr,,,,), 7.01-6.94 (m, 3H, HAr,,,), 6.90 (t, 1H, J
= 8 Hz, HAr,,,), 6.83 (d 1H, ] = 8 Hy, HAr,,,,), 6.80 (d, 1H, ] = 8
Hz, HAr,,,,), 6.76 (d, 1H, ] = 8 Hz, HAr,,), 6.69 (d, 1H, ] = 8 Hg,
HArstrap)l 5.59 (S’ 1H, HArg,, )/ 5.87 (51 1H, HArstrap)) 540 (S; 1H,
HAr,,,,), 5.30 (s, 1H, HAry,,,), 2.50 (d, 1H, J = 14 Hz, CH,,,), 2.47
(4, 1H, J = 14 Hz, CH,,,), 2.35 (d, 1H, J = 14 Hz, CH,,,), 2.32 (d,
1H, ] = 9 Hz, CH,,,,,), 1.95 (t, 1H, ] = 12 Hz, CHy,,,), 1.87 (t, 1H, ] =
12 Hz, CH,,,,), 1.64 (t, 1H, J = 12 Hz, CH,,,,), 1.47—1.31 (m, 3H,
CH,.,, + CHCO), 0.68 (s, 3H, Hy.o"), 0.52 (s, 3H, Hy.o). Anal
Caled for Cg,HgoBi,NO,,-4H,0: C, 54.14; H, 3.68; N, 6.01. Found:
C, 53.97; H, 3.33; N, 5.96.

Crystal Data for Complex 23;*Bi(OAC),.
Cys.60Hes 30Bi1 0:ClgNgOy355, M = 2034.79; Bruker-AXS APEXII
diffractometer, Mo Ka radiation (4 = 0.71073 A), T = 150(2) K;
triclinic, PT; a = 13.6220(6) A, b = 17.1160(8) A, ¢ = 19.5296(9) A, «
=101.445(2)°, = 93.541(2)°, v = 94.140(2)°%; V = 4437.7(4) A%, Z =
2,d = 1523 gcm™, y = 4.047 mm™". The structure was solved by
direct methods using SIR97%” and then refined with full-matrix least-
squares methods based on F? using SHELXL-97°% with the aid of
WINGX.* The contribution of the disordered solvents to the
calculated structure factors was estimated using the BYPASS
algorithm®® as implemented in the SQUEEZE option in PLATON.*!
A new data set, free of solvent contributions, 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 F* with 19 365 unique
intensities and 996 parameters converged at wR(F*) = 0.1635 [R(F) =
0.0633] for 11401 observed reflections with I > 26(I). The
crystallographic data were deposited with the Cambridge Crystallo-
graphic Data Centre as entry CCDC 893282.

Crystal Data for Complex 25;:PbOAc. CgH,BiN;O,;PbS;, M =
1964.91; Bruker-AXS APEXII diffractometer, Mo Ka radiation (1 =
0.71073 A), T = 150(2) K; monoclinic, C2/c; a = 44.3331(12) A, b =
16.6415(4) A, ¢ = 31.6038(10) A, p = 115.3480(10)% V =
21071.5(10) A% Z = 8, d = 1.239 g em™, y = 3.376 mm™". The
structure was solved by direct methods using SIR97>” and then refined
with full-matrix least-squares methods based on F* using SHELXL-
97°® with the aid of WINGX.* The contribution of the disordered
solvents to the calculated structure factors was estimated using the
BYPASS alﬁorithm40 as implemented in the SQUEEZE option in
PLATON.*' A new data set, free of solvent contributions, 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 F* with 24
047 unique intensities and 1040 parameters converged at wR(F?) =
0.1262 [R(F) = 0.0505]) for 17 764 observed reflections with I >
26(I). The crystallographic data were deposited with the Cambridge
Crystallographic Data Centre as entry CCDC 845671.
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