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Abstract: Complexation of 1,4-phenylenebis(methylene) di-

isonicotinate, L1, with cis-protected PdII components,
[Pd(L’)(NO3)2] , in an equimolar ratio yielded binuclear com-
plexes, 1 a–d of [Pd2(L’)2(L1)2](NO3)4 formulation where L’
stands for ethylenediamine (en), tetramethylethylenediamine
(tmeda), 2,2’-bipyridine (bpy), and phenanthroline (phen).
The combination of 4,4’-bipyridine, L2, with the cis-protect-

ed PdII units is known to yield molecular squares, 2 a–d.

However, 2 b–d coexist with the corresponding molecular
triangles, 3 b–d. Combination of an equivalent each of the li-

gands L1 and L2 with two equivalents of cis-protected PdII

components in DMSO resulted in the D-shaped heteroligat-
ed complexes [Pd2(L’)2(L1)(L2)](NO3)4, 4 a–d. Two units of the
D-shaped complexes interlock, in a concentration depen-
dent fashion, to form the corresponding [2]catenanes
[Pd2(L’)2(L1)(L2)]2(NO3)8, 5 a–d under aqueous conditions.
Crystal structures of the macrocycle

[Pd2(tmeda)2(L1)(L2)](PF6)4, 4 b’’, and the catenane

[Pd2(bpy)2(L1)(L2)]2(NO3)8, 5 c, provide unequivocal support
for the proposed molecular architectures.

Introduction

Mechanically interlocked molecules[1] continue to fascinate
chemists owing to the inherent challenges in their synthesis,

intriguing structural features, dynamic behavior, and potential
applications in the form of molecular machines[2] and sensors.[3]

Interlocked molecular species of various topologies, such as
catenanes,[4] rotaxanes,[5] knots,[6] Borromean rings,[7] Solomon

links[8] and interlocked cages,[9] have been prepared in the lab-

oratory.
The first catenane prepared in the laboratory, more than five

decades ago,[10] was a [2]catenane (molecule with Hopf link
topology), composed of a pair of interlocked rings and was iso-

lated in a very low yield. The [2]catenanes are particularly at-
tractive because of their potential applications in molecular de-

vices using the controlled gliding motion of the linked rings.[11]

The synthesis of a variety of catenanes has been accomplished
by using only acyclic components or a mixture of acyclic and

macrocyclic components. Both interlocking and cyclization
must happen in a cooperative manner during the synthesis to

afford the catenanes in high yields. In the cyclization steps,
either covalent[4, 12a–v] or coordinate-covalent bonds[4, 13a–e] are

formed, depending upon the component design, where the

nature of the cyclization routes are conventional and self-as-
sembly, respectively. Proper orientation of the participating
components is essential to assemble the catenane from its
components in a targeted manner. The chemical forces respon-

sible for catenation are aromatic donor/acceptor,[12e–f, 13a–e] hy-
drophobic,[13d] hydrogen bonding,[12g–k] and metal(template)–

ligand interactions.[12l–p] Anionic[12q–s] and radical templates[12t, u]

have also been exploited for synthesizing such interlocked spe-

cies, in addition to the well-explored metal ion templated syn-

thesis.
The use of a metal ion as part of the catenane rings instead

of a template is a convenient strategy, whereupon the cycliza-
tion occurs owing to coordinate-covalent bond formation. In

this strategy, the rings, that is, the self-assembled metalloma-
crocycles, are fabricated in situ and subsequently form cate-

nanes. Metallomacrocycles containing FeII, RuII, PdII, PtII, CuII,

AgI, AuIII, and ZnII have been utilized for the synthesis of a varie-
ty of catenanes.[14] Among these metal ions, PdII has a distinct

advantage over others owing to the favorable dynamic behav-
ior of the metal–ligand interaction, which is indispensable for

the self-healing of wrongly formed structures. Fujita et al. re-
ported the synthesis of a [2]catenane of general formula

(M2L’2L2)2, demonstrating the use of metallomacrocycles in cat-

enane synthesis. The catenane was obtained by combining
equimolar amounts of a cis-protected PdII center, ML’, and

a pyridyl appended bidentate non-chelating ligand, L, under
aqueous conditions.[15] This catenane is composed of a pair of

identical macrocyclic rings, each having a general formula of
M2L’2L2, where L’ is ethylenediamine (en). Although catenanes

of a few other formulations have been prepared from cis-pro-

tected PdII and suitable ligands, these are limited in number in
contrast to the large number of PdII-based self-assembled coor-

dination complexes that are not interlocked.[16] The compara-
tive shortage of cis-protected PdII-containing catenanes can be
ascribed to the difficulty in identifying suitable ligand compo-
nents for the synthesis of the targeted catenanes.

We are interested in probing the influence of cis-protecting
agents on different aspects of PdII-based self-assembled coordi-
nation compounds. The focus of our interest so far has been in

the fields of crystal engineering,[17] ligand exchange reac-
tions,[18] and one-pot synthesis.[19] In the present work, we

have used a variety of cis-protected PdII components, ML’, for
the construction of metallomacrocycles and [2]catenanes

(Figure 1).

The [2]catenanes of general formula (M2L’2(L1)(L2))2 are pre-
pared by the one-pot combination of a mixture of the “flexi-

ble” ligand, L1, and the “rigid” ligand, L2, with a variety of cis-
protected PdII components, ML’, under appropriate reaction

conditions. L’ stands for ethylenediamine (en), tetramethyleth-
ylenediamine (tmeda), 2,2’-bipyridine (bpy), and phenanthro-
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line (phen); the other ligands used are 1,4-phenylenebis(meth-
ylene) diisonicotinate, L1, (Figure 2) and 4,4’-bipyridine, L2. A

comparable design was reported previously, using L2 and
a rigid ligand in place of L1, with en as L’. Interestingly, the in-

dividual ring was not detected in that design owing to the

high stability of the catenane, even at low concentration.[20] In
the present study, the individual D-shaped rings of general for-

mula M2L’2(L1)(L2) are prepared by performing the complexa-
tion in DMSO (Figure 1). The D-shaped rings can be considered

as molecular karabiners bearing coordination-bond gates, in
line with the spring gate of real karabiners. The spring or coor-

dination bond is the force responsible for releasing/closing the

gate to assist the interlocking phenomenon. The variable con-
centration dynamic equilibrium of the D-shaped metallomacro-

cycles with corresponding [2]catenanes (Figure 1) is studied (in
D2O) using 1H NMR techniques. The diffusion constants deter-

mined by DOSY techniques further confirm their solution be-
havior. The crystal structures of one of the individual D-shaped
rings and one of the [2]catenanes provide reliable evidence for

the proposed molecular architectures. Preferential formation of
the D-shaped rings is supported by DFT calculations.

Results and Discussion

Geometrical description of the ligands and their coordina-
tion vectors

The structure and coordination abilities of the ligands L1 and

L2 is briefly presented here. The well-known compound 4,4’ bi-
pyridine, L2, is widely utilized as a ligand for the synthesis of

discrete[21] as well as polymeric[22] coordination complexes,
owing to its ability to act as a rod-like building block. The di-
rections of the coordination vectors present in L2 are fixed
owing to the rigid nature of the ligand backbone. The rotation
of the pyridyl units around the pyridyl–pyridyl bond does not

alter the direction of the coordination vectors.
The synthesis of the pyridyl-appended non-chelating biden-

tate ligand L1 has been reported in the literature,[23] but it has

not been used for the preparation of metallomacrocycles.
However, it acts as a linker in some binuclear organometal-

lic[23a] and porphyrin-based ZnII complexes.[23b] The flexibility in
L1 is manifested by the possibility of rotation around phenyl-

ene¢CH2, and CH2¢O bonds of the molecule and, to a lesser
extent, around the O¢C(O) and pyridyl¢C(O) bonds. Therefore,

the coordination vectors of the ligand L1 are not located in

fixed positions, in contrast to L2. Their directions change as
a result of the rotations around the above-mentioned bonds.

Slow evaporation of a CH3CN solution of L1 afforded single
crystals suitable for data collection. The crystal structure of un-

complexed L1 can be used to visualize the direction of its co-
ordination vectors. The compound crystallized in an extended

anti-conformation (Figure 2 a), wherein the coordination vec-

tors of the pyridine rings point in opposite directions (Fig-
ure 2 b). The planes of the pyridine rings (or isonicotinate moi-

eties) are positioned orthogonal to the plane of the central p-
phenylene moiety and disposed in an anti-fashion. However, in

the syn-form of L1 (Figure 2 c), the pyridine rings are anticipat-
ed to be most suited for the formation of discrete macrocyclic

coordination complexes, particularly those of cis-protected PdII.

In the syn-form, the coordination vectors are expected to be
positioned in the same direction, albeit in a somewhat diver-
gent manner. The ligand can easily achieve the syn/anti-forms
through rotation of the substituents around suitable bonds,

that is, the phenylene¢CH2

bond(s). Additional rotation

around the CH2¢O bonds can
shorten the non-bonded dis-
tance between the pyridine ni-

trogen atoms and position the
coordination vectors in a less di-

vergent fashion. Thus, the
ligand L1 is capable of adapting

to the coordination requirement

in a given situation.

Figure 1. Cartoon representation of the one-pot synthesis of the D-shaped
metallomacrocycle M2L’2(L1)(L2) and [2]catenane (M2L’2(L1)(L2))2. The C
shape and the rod represent L1 and L2, whereas the semi-protected sphere
represents ML’. L’ is en, tmeda, bpy, or phen (a–d).

Figure 2. a) Crystal structure of the ligand L1; b) and c) Chemical drawing of L1 showing the anti and syn confor-
mations.
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Complexation of the ligands L1 or L2 with cis-protected PdII

components

Complexation of the ligand L1 with cis-protected PdII compo-

nents, [Pd(L’)(NO3)2] in a 1:1 ratio yielded binuclear complexes,
(1 a–d) of [Pd2(L’)2(L1)2](NO3)4 formulation, where L’ represents
en (1 a), tmeda (1 b), bpy (1 c), and phen (1 d) (Scheme 1). De-
tailed description of the synthesis and characterization of
these complexes is given below.

The combination of L2 and [Pd(en)(NO3)2] in a 1:1 ratio is
known to yield a highly symmetric molecular square-type

of complex, that is, [Pd4(en)4(L2)4](NO3)8, 2 a (Scheme 2).[21a]

However, complexation of L2 with [Pd(tmeda)(NO3)2][21b] in

a 1:1 ratio results in an equilibrium mixture of molecular
square- and molecular triangle-shaped complexes

[Pd4(tmeda)4(L2)4](NO3)8, 2 b, and [Pd3(tmeda)3(L2)3](NO3)6, 3 b
(Scheme 2). Similar equilibria of squares/triangles, that is, 2 c/
3 c or 2 d/3 d are also obtained when the cis-protecting com-

ponents (L’) employed are bpy[21c] or phen,[21d] re-
spectively (Scheme 2).

Combination of equimolar amounts of the ligand
L1 (10 mm) and cis-protected PdII components

[Pd(L’)(NO3)2] in 1:1 CH3CN/H2O at ambient tempera-
ture resulted in clear solutions. The solutions were

stirred for 24 h and then subjected to slow evapora-

tion to afford the corresponding binuclear complexes
1 a–d. The complexes were characterized by their 1D

and 2D NMR spectra in [D6]DMSO (see the Support-
ing Information, Figures S2–S21). The complexes

were also prepared by dissolving the ligand and
metal components directly in [D6]DMSO. The NMR

spectra of the isolated and in situ prepared com-

plexes are comparable. The complexation reactions
were performed in CH3CN/H2O (not in DMSO) to facil-

itate the isolation of complexes. Comparison of the
1H NMR spectra of 1 a–d with that of ligand L1 re-

vealed a downfield shift of the signals corresponding
to the pyridine a and b protons of L1 (Ha and Hb), at-

tributed to the electron-withdrawing effect of the

metal centers. The complexation-induced changes in
the chemical shift values for the protons of the

ligand moieties in 1 a–d are
summarized in Table 1. For in-

stance, in 1 b, the pyridine
a protons (Ha) appear at

9.93 ppm, that is, 0.59 ppm

downfield relative to the ligand
L1. The pyridine b protons (Hb)

are less influenced by the metal
center and are situated at

8.62 ppm, with a downfield shift
of only 0.22 ppm. The phenyl-

ene protons (Hd) are located at
7.97 ppm, having shifted upfield
by 0.09 ppm whereas, the

methylene protons (Hc) appear
at 5.87 ppm, with upfield shift

of 0.07 ppm relative to uncom-
plexed ligand L1. The peaks of

the protons present in the cis-

protecting moieties, that is, en,
tmeda, bpy, and phen in 1 a–d
are located in the expected po-
sitions.[17a–b, 25]

The evidence for the forma-
tion of these binuclear com-

Scheme 1. Synthesis of the metallomacrocycles [Pd2(L’)2(L1)2](NO3)4, 1 a–d.

Scheme 2. Synthesis of the molecular square 2 a and the equilibrium mixtures of the molecular square-/triangle-
type compounds, that is, 2 b/3 b, 2 c/3 c, and 2 d/3 d. The equilibrium mixture of 2 d and 3 d and their synthesis is
previously unpublished,[21d] whereas the other compounds are reported.[21a–c]
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plexes was gathered from cold-
spray ionization mass spectro-

metry[24a] (CSI-MS) data (see the
Supporting Information, Fig-

ures S87–S98). The mass spec-

trum of 1 a showed relevant
peaks at m/z = 577.0713, which

corresponds to the dication [1 a-
2 NO3]2 + . Similarly, the com-

plexes 1 b’, 1 c, and 1 d showed
peaks at m/z = 409.7674,

1408.1255, and 1456.1257 corre-

sponding to the ions [1 b’-
3BF4]3 + , [1 c-(NO3)]+ , and [1 d-

(NO3)]+ , respectively. The isotop-
ic distributions for these ions

are consistent with the theoreti-
cally predicted distributions.

Other ions are also present in

the mass spectra. Coldspray ionization is a very soft ionization
method, helping to preserve labile interactions as the ions

move from solution to gas phase, but this increases the likeli-
hood of seeing additional signals

arising from different charge states
due to ion pairing, aggregates,

and solvent adducts.[24a,b]

Attempts to grow single crystals
of the complexes 1 a–d proved un-
successful. The energy-minimized
structure of the cationic fragment

of the complex 1 a, obtained from
DFT study using the Gaussian 09

package,[25] is shown in Figure 3
(see the Supporting Information
for details). The energy-minimized

structure is a good model of the
molecular architecture. The confor-

mation of the coordinated ligand
in the energy-minimized structure

is close to that shown in Fig-

ure 2 c) ii), resulting in some strain
in the molecule, which is relieved

by the slight bending of some of
the planes to satisfy the square-

planar coordination geometry
around the PdII centers.

Complexation of a mixture of the ligands L1 and L2 with cis-
protected PdII components in DMSO: D-shaped molecular
karabiner like macrocycles, 4 a–4 d

Combination of an equimolar mixture of the ligand L1 (5 mm)
and L2 with two equivalents of the cis-protected PdII compo-
nents [Pd(L’)(NO3)2] in DMSO or DMF at ambient temperature
resulted in clear solutions. The solutions were stirred for 24 h
and the complexes [Pd2(L’)2(L1)(L2)](NO3)4, 4 a–d (Scheme 3)
were isolated as off-white solids by precipitation upon addition
of excess EtOAc. The complexes were characterized by their

1D and 2D NMR spectra in [D6]DMSO (see the Supporting In-
formation, Figures S22–S43). The complexes were also pre-

pared by dissolving the ligand and metal components directly
in [D6]DMSO. A model experiment suggested that synthesis of

4 b is possible in a CH3CN/H2O mixture, but only at low con-
centration. At higher concentration, a dynamic equilibrium of
4 b with the corresponding [2]catenane is observed (discussed

later).
NMR spectra of the isolated and in situ prepared complexes

4 a–d are found to be closely comparable. The 1H NMR spectra
of the complexes recorded in [D6]DMSO were compared with
those of L1 and L2. The peaks corresponding to the pyridine
a and b protons (i.e. , Ha, Hb and He, Hf) showed downfield

shifts. This is ascribed to the electron-withdrawing effect of the
metal centers. However, no significant change in the chemical
shift was observed for the protons corresponding to the phen-

ylene and methylene groups, which is arguably due to their
distance from the metal centers. The signals of protons present

in the L’ moieties showed two sets of peaks in the self-assem-
bled complexes owing to the loss of their plane of symmetry

ascribed to the heteroligand coordination. The cis-protecting

groups in the complexes 4 c and 4 d are composed of aromatic
rings (i.e. , bpy or phen). The signals corresponding to Hk and

Hl in bpy (Ho and Hp in phen) showed upfield shift due to the
anisotropic effect of the pyridine rings of the coordinated li-

gands L1 and L2.[17a–b, 26]

Table 1. Selected 1H NMR chemical shift data ([D6]DMSO) showing the
complexation-induced changes due to formation of the macrocycles 1 a–
d.

Complex Dd [ppm] (compared with L1)
Ha Hb Hc Hd

1 a 0.15 0.13 ¢0.05 ¢0.11
1 b 0.59 0.22 ¢0.07 ¢0.1
1 c 0.71 0.39 0.02 ¢0.02
1 d 0.64 0.36 0.01 ¢0.03

Figure 3. Energy-minimized
structure of [Pd2(en)2(L1)2]4 + ,
that is, the cationic fragment
of complex 1 a.

Scheme 3. One-pot synthesis of the D-shaped macrocycles [Pd2(L’)2(L1)(L2)](NO3)4, 4 a–d.
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Ions matching the composition of the complexes 4 a–d were
observed in CSI-MS of the samples (see the Supporting Infor-

mation, Figures S99–S106). The peaks at m/z = 481.0550,
537.1153, 364.0447, and 380.0412 correspond to the ions [4 a-

2NO3]2 + , [4 b-2NO3]2+ , [4 c-3NO3]3 + , and [4 d-3NO3]3 + , respec-
tively. A molecule of similar design to that of 4 is reported in

literature.[27] Crystal structures of one of the complexes, that is,
[Pd2(L’)2(L1)(L2)](PF6)4, 4 b’’, is discussed in a later section. The
1H NMR spectra of the complexes 4 b and 4 b’’ are found to be
closely comparable.

Reorganization of 1 and 2/(2 ++ 3) into 4 in DMSO

Stock solutions of the preformed complexes of L1 and L2, that

is, [Pd2(L’)2(L1)2](NO3)4 (10 mm in metal) and

[Pdx(L’)x(L2)x](NO3)2x (10 mm in metal) were prepared in
[D6]DMSO. Equal volumes of the solutions were combined,

where upon reorganization took place and the complexes
[Pd2(L’)2(L1)(L2)](NO3)4, 4 a–d, were formed as observed from
1H NMR spectra (see the Supporting Information, Figures S75–
S78). One example of the reorganization was monitored by
1H NMR and is described below. When a solution of the macro-

cycle 1 b was added to a solution containing (2 b + 3 b), the
1H NMR spectrum showed the appearance of a new set of

peaks at the expense of those of 1 b, 2 b, and 3 b. The new set
of peaks is assignable to the D-shaped macrocycle 4 b. The

conversion occurred rapidly and the peaks corresponding to
only 4 b could be seen in approximately 2 h (Figure 4). Similar

results were also obtained in the reorganization experiments
that targeted the other complexes (4 a, 4 c, and 4 d). This indi-

cates that the D-shaped macrocycles are probably more stable

than the collective stability of the complexes 1 and 2/2 + 3.
The overall free energy and the enthalpy change for the for-

mation of 4 a from 1 a and 2 a are calculated to be
¢340.778 kcal mol¢1, and ¢335.736 kcal mol¢1, respectively (see

the Supporting Information, Figure S119, Table S1). The change

in entropy was found to be 0.01692 kcal mol¢1 K¢1. These
values were obtained by using the Gaussian 09 package.[25]

The data indicates the feasibility of formation of the D-shaped
complexes through reorganization.

From molecular karabiners to [2]catenanes

In anticipation of a possible interlocking of two units of the D-
shaped karabiners in aqueous conditions, the 1H NMR spec-
trum of 4 b (isolated as described above) was recorded in D2O.
As expected, two sets of signals were observed (see the Sup-
porting Information, Figure S53). Although one of the sets is
attributed to the macrocycle 4 b, the other set clearly exhibited

the signature of a [2]catenane, 5 b. Thus, the coordination-
bond loaded gate of the karabiners opened and then closed
with concomitant interlocking. Detailed description of the cat-
enane formation is provided below.

Complexation of a mixture of the ligands L1 and L2 with cis-
protected PdII components in H2O: Dynamic equilibrium of
D-shaped macrocycle and corresponding [2]catenane

Combination of an equimolar mixture of the ligand L1 and L2
with two equivalents of cis-protected PdII components
[Pd(L’)(NO3)2] , where L’= en, tmeda, bpy, or phen, in H2O at

ambient temperature resulted in clear solutions in 2–8 h. The
off-white solids obtained by the evaporation of the reaction

mixtures yielded a pair of related complexes, 4 a/5 a–4 d/5 d
(Scheme 4). The 1H NMR spectrum of a sample recorded in D2O
revealed two sets of signals, attributed to the coexistence of

the macrocycle and the [2]catenane, for instance, 4 b and 5 b.
The 1D and 2D NMR spectra of the equilibrium mixtures in

D2O are provided (see the Supporting Information, Fig-
ures S44–S46, S53–S55, S63–S66, S70–S73). One of the equili-

bria is explained here in detail.

The macrocycle 4 b and the corresponding catenane 5 b
exist as equilibrating mixtures of complexes (Figure 5 (iv)). Fur-

ther, the equilibrium is found to be concentration dependent
as discussed in the next section. In one of the sets, the peaks

for the phenylene proton, Hd, and the methylene proton, Hc, of
the L1 moieties are located in the usual positions. However, in

the other set, these protons are shifted significantly upfield.
This upfield shift is a signature of the interlocking of the

rings,[15, 20] that is, the formation of the catenanes 5 a–d. These

protons in the catenanes are designated as Hd’ and Hc’, respec-
tively. The upfield shift of the protons is attributed to the influ-

ence of the diatropic ring currents of the five aromatic moiet-
ies of one of the interlocked macrocycles on the partner ring

and vice versa. In the macrocycle 4 b, the phenylene (Hd) and
methylene (Hc) protons of coordinated ligand L1 are seen at

7.41 and 5.50 ppm, respectively (Figure 5 (vi)). The insolubility

of ligand L1 in water precluded comparison of its 1H NMR
chemical shifts in D2O in the free and complexed forms. How-

ever, the peaks for the phenylene and methylene protons (i.e. ,
Hd’ and Hc’, respectively) of the coordinated ligand L1 in the

catenane 5 b are observed at 5.08 and 4.58 ppm, respectively
(Figure 5 (i)). Thus, a direct comparison of the macrocycles with

Figure 4. 1H NMR spectra (400 MHz, [D6]DMSO, 25 8C, TMS as an external
standard) of: (i) 1 b ; (ii) equilibrium mixture of 2 b and 3 b ; 1H NMR spectra of
a mixture of 1 b, 2 b, and 3 b recorded after (iii) 5 min; (iv) 30 min; and
(v) 2 h. After 2 h, complete reorganization occurred to form 4 b as depicted
in the 1H NMR spectrum in (v).
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the catenanes is possible. The locations of phenylene as well

as methylene protons of macrocycles 4 a–d (Hd and Hc), and

that of [2]catenanes 5 a–d (Hd’ and Hc’) in the 1H NMR spectra
and their differences are summarized in Table 2.

Evidence for [2]catenane formation and the overall composi-
tions was further obtained from CSI-MS and DOSY-NMR stud-

ies. The X-ray crystal structure of one of the catenanes pro-
vides proof for the proposed architecture and the interlocking.

Ions matching the composi-
tion of the complexes were de-

tected in the CSI-MS of the sam-
ples (see the Supporting Infor-

mation, Figures S107–118). The
mass spectrum of an aqueous
solution of 4 a + 5 a revealed
peaks at m/z = 481.1012 and
661.7941, which could be attrib-

uted to the polycations [4 a-
2NO3]2 + and [5 a-3NO3]3 + , re-

spectively. Similarly, the mass
spectrum of the mixture 4 b’++
5 b’ showed peaks at m/z =

561.6326 and 777.8470, which

correspond to the ions [4 b’-
2BF4]2 + and [5 b’-3BF4]3 + , respec-
tively. The concomitant presence

of 4 c’ and 5 c’ was observed in
the mass spectrum, which

showed peaks at m/z = 601.5667
and 831.1043 assignable to [4 c’-
2BF4]2 + and [5 c’-3BF4]3 + , respec-

tively. The mass spectrum for
4 d’+ 5 d’ showed peaks at m/

z = 625.5715 and 863.1007, cor-
responding to [4 d’-2BF4]2 + and

[5 d’-3BF4]3 + , respectively. The
isotopic distributions for the

peaks of the above-mentioned

ions were consistent with the
theoretical distributions.

Concentration-dependent equilibrium of macrocycles and
[2]catenanes in D2O

The equilibrium between the D-shaped macrocycles and their

corresponding [2]catenanes (4 a + 5 a, 4 b + 5 b, 4 c + 5 c, and
4 d + 5 d) in D2O was studied by recording their 1H NMR spec-

tra at different concentrations by successive dilution experi-
ments at ambient temperature in D2O (see the Supporting In-
formation, Figures S52, S61, S69, S74). At lower concentrations,
the D-shaped macrocycles 4 a–d are the exclusive products

and at higher concentrations the [2]catenanes 5 a,b are found
as the exclusive products. Owing to solubility problems, 5 c,d
could not be prepared exclusively in the solution state. The 1D
and 2D NMR spectra of 5 a,b in D2O are provided (see the Sup-
porting Information, Figures S47–S51, S56–S60). The results ob-

tained from the equilibrium mixture of 4 b and 5 b is described
here. At lower concentrations, the macrocycle 4 b is the major

product, whereas at higher concentrations the equilibrium

shifted in favor of the corresponding [2]catenane, 5 b
(Figure 5). The complexes containing aliphatic cis-protecting

groups (en and tmeda) were found to be clearly soluble in
water, whereas solubility issues occurred for those containing

aromatic cis-protecting groups (bpy and phen), particularly at
higher concentrations. Hence, a higher percentage of catenane

Figure 5. Variable-concentration 1H NMR spectra (400 MHz, D2O, 25 8C, TMS
as an external standard) of (4 b + 5 b) at: (i) 50; (ii) 15; (iii) 8; (iv) 4; (v) 1; and
(vi) 0.25 mm (with respect to PdII). The circle (*) and triangle (~) symbols
represent the macrocycle, 4 b, and the [2]catenane, 5 b, respectively.

Scheme 4. Synthesis of the complexes 4 a–d and 5 a–d.
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was observed in the mixtures of 4 a + 5 a and 4 b + 5 b at
a given concentration.

The equilibrium constants were calculated from the 1H NMR

data as 1.75 Õ 10¢3 and 3.89 Õ 10¢3 mmol¢1 L for the equilibria
of 4 a with 5 a and 4 b with 5 b, respectively (see the Support-

ing Information for details, Tables S2–S5). The macrocycles and
catenanes are composed of one and two rings, respectively.

The calculated amount of the macrocycle and catenane pres-
ent in the equilibrium mixture of 4 b and 5 b, as obtained from

the 1H NMR spectrum of a sample prepared at 50 mm with re-

spect to the PdII component, is explained below. The calculat-
ed percentages of rings that existed as [2]catenane and macro-

cycle are 93 and 7 %, respectively. Thus, the molar ratio of cate-
nane and macrocycle at equilibrium is 46.5:7. As the concen-

tration was reduced, the fraction of the macrocycle increased.
At 0.25 mm, the macrocycle 4 b was observed as the sole prod-

uct. The percentages of the rings present as [2]catenane/mac-

rocycle are plotted as a function of the concentration for all
the equilibrium mixtures (Figure 6). The calculated free energy

and the enthalpy change for the formation of 5 a from two
molecules of 4 a are 416.855 kcal mol¢1 and 398.199 kcal mol¢1,

respectively (see the Supporting Information for details). The
change in entropy is close to zero (¢0.06258 kcal mol¢1 K¢1) in

the case of the formation of [2]catenane 5 a from two mole-

cules of 4 a. However, the catenane is stabilized by C¢H···O and

p···p stacking interactions, as
suggested by the crystal struc-

ture data of the related 5 c
(Figure 10). These values were

obtained by using the Gaussian
09 package.[25] This suggests

that the reaction process is
non-spontaneous. However, as
per the experimental data, the

catenation is found to be feasi-
ble at higher concentrations

under aqueous conditions.

Influence of acetonitrile on the catenation

To study the effect of solvent on the dynamic equilibrium,
CD3CN was added to a sample of the [2]catenane 5 b in D2O.
Thus, 0.04 mL of CD3CN was added to 0.4 mL of the sample

corresponding to the spectrum shown in Figure 5 (i). In this
process, immediate reorganization occurred and the propor-

tion of [2]catenane depreciated spontaneously, generating a dy-
namic equilibrium of 5 b with the D-shaped macrocycle 4 b as

observed from its 1H NMR spectrum (see the Supporting Infor-

mation, Figure S62).

Reorganization of 1 and 2/(2 ++ 3) into 4 and 5 in D2O

Combination of the aqueous solutions of the preformed com-
plexes of L1, that is, [Pd2(L’)2(L1)2](NO3)4, and L2 (i.e. ,

[Pdx(L’)x(L2)x](NO3)2x), also resulted in reorganization within 8 h.

The experiments resulted in the equilibrium mixtures of the D-
shaped macrocycles 4 a–d with the corresponding catenanes

5 a–d as observed from 1H NMR spectra (see the Supporting In-
formation, Figures S79–S82) in a comparable proportion as de-

scribed in the above section.

DOSY NMR study of D-shaped macrocycle and [2]catenane

DOSY (Diffusion Ordered Spectroscopy) NMR is a technique

used to detect the presence of multiple species in solution
(which diffuse at different rates) and also provides diffusion co-

efficients.[28] The DOSY NMR spectra for the four sets of equilib-
rium mixtures (see the Supporting Information, Figures S83–

S86) were recorded in D2O at 25 8C at a concentration where

the macrocycle and corresponding [2]catenane are present in
approximately equal proportions (determined from variable-

concentration 1H NMR data). The dissimilar diffusion rates of
the macrocycle and [2]catenane in D2O enabled the separation

of the two components. The macrocycle 4 b, owing to its
smaller size, is expected to diffuse faster (diffusion constant =

2.952 Õ 10¢10 m2 s¢1) compared with the [2]catenane 5 b (diffu-

sion constant = 2.227 Õ 10¢10 m2 s¢1). The DOSY NMR spectra for
the equilibrium mixtures 4 a + 5 a, 4 b + 5 b, 4 c + 5 c, and 4 d +

5 d were recorded at concentrations of 8 mm, 2 mm, and
2x5 mm, respectively. The data obtained supports the assign-

ment of the two sets of peaks in the equilibrium mixtures as
separate molecules. The bigger molecules correspond to the

Table 2. 1H NMR chemical shift data (ppm) for phenylene and methylene protons of the macrocycles 4 a–d
and [2]catenanes 5 a–d in D2O.

Complexes Phenylene proton
Hd

of macrocycle

Phenylene proton
Hd’

of [2]catenane

Dd due
to
catenane
formation

Methylene proton
Hc

of macrocycle

Methylene proton
Hc’

of [2]catenane

Dd due
to
catenane
formation

4 a/5 a 7.35 5.23 ¢2.12 5.40 4.46 ¢0.94
4 b/5 b 7.41 5.08 ¢2.33 5.50 4.58 ¢0.92
4 c/5 c 7.46 5.31 ¢2.15 5.53 4.66 ¢0.87
4 d/5 d 7.49 5.40 ¢2.09 5.56 4.73 ¢0.83

Figure 6. Plot of the percentage of rings in the [2]catenane (5 a–d) and the
macrocycle (4 a–d) under aqueous conditions, as a function of the concen-
tration. Concentration: with respect to PdII.
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peaks assigned for catenane and the smaller to the D-shaped
macrocycle. A representative DOSY spectrum of a mixture of

4 b and 5 b is given in Figure 7.

Crystallization of D-shaped macrocycles and [2]catenanes

We attempted to crystallize the D-shaped macrocycles 4 a–d
and the [2]catenanes 5 a–d using a variety of experiments. As

mentioned in the previous sections, the complexes 4 exist in

DMSO. However, attempts to crystallize these from their DMSO
solutions by slow evaporation, anion exchange, or the vapor

diffusion method were unsuccessful. The crystallization experi-
ments were performed by using a mixture of CH3CN/H2O as

the solvent. However, in this solvent system, 4 exists in equilib-
rium with 5. Thus, the cavity of the complex 4 must be occu-

pied to prevent catenation. Keeping this in mind, a set of crys-

tallization experiments were performed targeting the crystals
of 4. Diffusion of solvents such as benzene, toluene, THF, or di-

oxane were carried out with encapsulation anticipated. The
complex [Pd2(tmeda)2(L1)(L2)](PF6)4, 4 b’’, crystallized with in-

clusion of 1,4-dioxane in its cavity. Crystallization of the cate-
nanes 5 was attempted by the method of slow evaporation of
their equilibrium mixtures in CH3CN/H2O or only H2O. As the

catenanes are favored at higher concentrations, slow evapora-
tion should favor crystallization of 5. Single crystals of
[Pd2(bpy)2(L1)(L2)]2(NO3)4, 5 c, were obtained by slow evapora-
tion of its solution (in either of the solvent systems). Crystallo-

graphic data and structure refinement parameters and ORTEPs
corresponding to the crystal structures of L1, 4 b’’, and 5 c are

provided in the Supporting Information (see Table S2 and Fig-
ures S120–S123).

Crystal structure of [Pd2(tmeda)2(L1)(L2)](PF6)4·4.5 (1,4-diox-
ane), 4b’’·4.5 (1,4-dioxane)

The complex [Pd2(tmeda)2(L1)(L2)](PF6)4, 4 b’’, was synthesized

in situ in 1:1 CH3CN/H2O. X-ray quality crystals were obtained

by diffusing 1,4-dioxane into the solution of 4 b’’. The crystals
were unstable; hence, they were mounted and analyzed under

a liquid nitrogen atmosphere. The macrocycle crystallized in
the triclinic space group P1̄. A molecule of 1,4-dioxane was

found encapsulated in the cavity of the D-shaped molecule
(Figure 8).

Crystal structures of [2]catenane
[Pd2(bpy)2(L1)(L2)]2(NO3)8·15 (H2O), 5c·15 (H2O)

Crystals of 5 c suitable for single-crystal X-ray diffraction analy-

sis were obtained by slow evaporation of a 1:1 CH3CN/H2O so-

lution of the equilibrium mixture of 4 c and 5 c. The catenane
5 c crystallized in the monoclinic space group Pc as a pair of in-

terlocked symmetry-independent molecules. The pair interact
in a non-symmetric fashion as observed in the asymmetric unit

(Figure 9). The crystals contained a number of water molecules,
the slow loss of which resulted in a decrease in crystallinity

over time. A total of seven out of eight nitrate anions were lo-

cated. Catenation of the macrocycles occurs such that the L2
units are located on the outside; no other isomers were ob-

served. The four metal centers of the rings are disposed in
a manner that can be considered as them being located at the

corners of a trapezoidal shape. The interlocked rings, arbitrarily
designated as macrocycles A and B (Figure 10), interact

through a pair of C¢H···O interactions and a number of weak

p···p interactions (see the Supporting Information, Table S3).

Figure 7. Diffusion-ordered 1H NMR (DOSY) spectrum of a mixture contain-
ing 4 b and 5 b in D2O at 2 mm. The bold line corresponds to macrocycle 4 b
and dotted line corresponds to [2]catenane 5 b.

Figure 8. Crystal structure of 4 b’’ showing inclusion of a 1,4-dioxane mole-
cule. Hydrogen atoms, counter ions, and solvent molecules are omitted for
clarity.

Figure 9. Space-filling view of the asymmetric unit in the crystal structure of
5 c. Hydrogen atoms, anions, and solvent molecules are omitted for clarity.
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One of the aromatic protons of the electron-deficient pyridyl

aromatic ring of the L1 moiety of macrocycle A is engaged in

a short (2.50 æ) and linear (1508) C¢H···O interaction (C4¢
H4···O8) with one of the carbonyl groups of the L1 moiety of

macrocycle B. Similarly, the aromatic proton of the electron-de-
ficient pyridyl ring of macrocycle B is also involved in a short

(2.58 æ) and linear (1528) C¢H···O interaction (C54¢H54···O2)
with the carbonyl oxygen of the L1 moiety of macrocycle A

(Figure 10). The interplanar spacing between the aromatic sys-

tems, described by the sequence (4,4’-bpy)A-(phenylene)B-(phe-
nylene)A-(4,4’-bpy)B, spans the range 4.65–4.82 æ. However, the

planes are not parallel to each other but are tilted with the di-
hedral angles spanning the range 19.8–44.68. These separa-

tions are larger than those observed in the interlocked rectan-
gular boxes (3.2–3.6 æ).[20]

The N–N non-bonded distances in the L2 units are in the

range of 7.02–7.03 æ in 5 c (7.06 æ in 4 b’’) compared with
a value of 7.1 æ observed in its own crystals,[29] suggesting that
the 4,4’-bpy units are gently bent to accommodate the square-
planar coordination geometry around the metal centers. The

N–N non-bonded distances in the L1 units are in the range of
10.11–10.17 æ in 5 c (10.08 æ in 4 b’’). The experimental and si-

mulated powder XRD patterns recorded for the crystals of 5 c
are found to be comparable, indicating the bulk sample is the
catenane (see the Supporting Information, Figure S124).

Conclusion

A series of D-shaped heteroligated complexes of general for-

mula M2L’2(L1)(L2) were prepared. Two units of the D-shaped

complexes are interlocked, in a concentration-dependent fash-
ion, to form the corresponding [2]catenanes of M2L’2(L1)(L2)

formulation under aqueous conditions. The nature of the sol-
vent, and also the concentration, largely controls the dynamic

equilibrium of the D-shaped macrocycle versus the [2]cate-
nanes. The cis-protecting moiety L’ influenced the solubility

and crystallinity of the compounds. The interlocked rings are
stabilized by a number of C¢H···O, and p···p interactions as ob-

served in the solid state.

Experimental Section

Ligand L1 was prepared by following a literature procedure.[23] The
ligand L2, PdCl2, and silver salts were acquired from Aldrich, where-
as all common reagents and solvents were obtained from Spectro-
chem, India. The cis-protected PdII units, that is, Pd(L’)Cl2 and
[Pd(L’)(NO3)2] ,[30] were synthesized according to literature proce-
dures. The compounds Pd(L’)(BF4)2 and Pd(L’)(PF6)2 were prepared
by reacting Pd(L’)Cl2 with AgBF4 and AgPF6, respectively. Deuterat-
ed solvents [D]6DMSO, CD3CN, and D2O were obtained from Aldrich
and Cambridge Isotope Laboratories. NMR spectra were recorded
with Bruker 400 MHz and 500 MHz FT-NMR spectrometers using
tetramethylsilane in CDCl3 as an external reference. The mass spec-
tra were recorded by using a Bruker ESI-TOF/ESI-TRAP/FTMS fitted
with a Bruker Cryospray system. Powder XRD patterns were record-
ed on a Bruker D8 Advance X-ray diffractometer using CuKa radia-
tion (l= 1.54178 æ).

DOSY

Diffusion Ordered Spectroscopy (DOSY) NMR measurements were
performed with a Bruker Avance (AV III) 500 MHz NMR spectrome-
ter, equipped with a 5 mm broadband observe (BBO) z-axis gradi-
ent probe, which delivers a maximum gradient strength of
50 G cm¢1. Experiments were carried out with active temperature
regulation at 298 K. Self-diffusion coefficients were measured by
using the stimulated echo, bipolar gradient (stebpgp1s) pulse se-
quence. Generally, the diffusion coefficient (D) is experimentally de-
termined by monitoring the signal intensity decay in a 1D pulsed-
field gradient spin-echo experiment (PFGSE) spectrum as a function
of the applied gradient strength.[31] In the two dimensional DOSY
experiment,[32–33] the decay of magnetization as a function of in-
creasing gradient intensity (i.e. , the gradient ramp) is observed.
The gradient ramp in our experiment was adjusted between 2 and
95 % strength of the gradient amplifier using 16 equidistant steps.
Each experiment was acquired with a spectral width of 4500 Hz
and 16k complex points. The diffusion time (D) of 100 ms was
used and the duration of the gradient pulse (d) was 1 ms. After
Fourier transformation and baseline correction, the spectra were
processed with DOSY processing tools from the Bruker Topspin 2.1
package. Data were analyzed by using the variable gradient fitting
routines, and in all cases the proton resonances were fit with
a single exponential decay function using peak intensities. The dif-
fusion coefficient values reported are an average value obtained
based on intensities measured from a minimum of three or four
separate peaks.

Crystallography

Single-crystal X-ray measurements were recorded for crystals of L1,
4 b’’, and 5 c with a Bruker AXS Kappa Apex II CCD diffractometer
with graphite-monochromatized (MoKa l= 0.71073 æ) radiation.
The crystals were fixed at the tip of a glass fiber, mounted on the
goniometer head, and optically centered. The crystals of 4 b’’ start-
ed cracking when taken out of the sample vial. Hence, one of
them was carefully coated with paraffin oil and immediately trans-
ferred to the goniometer under a flow of liquid nitrogen (100 K).
The automatic cell determination routine, with 36 frames at three
different orientations of the detector, was employed to collect re-

Figure 10. Dotted lines show the C¢H···O and p···p interactions between the
catenating macrocycles in the crystal structure of 5 c. Hydrogen atoms not
involved in hydrogen bonding, disordered solvent, and anions are omitted
for clarity.
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flections, and the APEXII-SAINT program[34] was used for determin-
ing the unit cell parameters. The data were corrected for Lorentz-
polarization effects. Semi-empirical absorption correction (multi-
scan) based on symmetry equivalent reflections was applied by
using the SADABS program.[35] The structures were solved by direct
methods and refined by full-matrix least-squares, based on F2 by
using the SHELX-2014 software package[36] and the program
WinGX.[37] All the hydrogen atoms were placed in geometrically
idealized positions and refined isotropically. Molecular and packing
diagrams were generated using Mercury CSD 3.3/3.5.[38] Geometri-
cal calculations were performed using PLATON.[39]

General procedure A (synthesis of the complexes 1)

Ligand L1 (0.029 mmol) and the chosen cis-protected PdII unit
(0.029 mmol) were added to acetonitrile/water (1:1, 3 mL) and
stirred for 24 h at ambient temperature to obtain clear solutions.
Slow evaporation of the solutions yielded pale-yellow solid sam-
ples. The complexes were also prepared in situ by combining
Ligand L1 (1 equiv) and the corresponding cis-protected PdII unit
(1 equiv) in [D]6DMSO (0.6 mL).

[Pd2(en)2(L1)2](NO3)4, 1 a : The complex was synthesized according
to general procedure A using L1 (10.4 mg, 0.029 mmol, 1 equiv)
and Pd(en)(NO3)2 (8.7 mg, 0.029 mmol, 1 equiv). Yield: 15.3 mg,
80 %.; m.p. : 218 8C (decomposed); 1H NMR (500 MHz, [D6]DMSO):
d= 9.49 (d, J = 6.6 Hz, 8 H, Ha), 8.54 (d, J = 6.8 Hz, 8 H, Hb), 7.96 (s,
8 H, Hd), 6.14 (s, 8 H, Hh), 5.89 (s, 8 H, Hc), 3.21 ppm (s, 8 H, Hg) ;
13C NMR (125 MHz, [D6]DMSO): d= 163.98, 153.74, 140.74, 136.16,
128.94, 126.23, 68.18, 46.71 ppm; MS (CSI): m/z calcd for [1 a-
2NO3]2 + : 577.0717; found: 577.0713.

[Pd2(tmeda)2(L1)2](NO3)4, 1 b : The complex was synthesized ac-
cording to general procedure A using L1 (10.4 mg, 0.029 mmol,
1 equiv) and Pd(tmeda)(NO3)2 (10.3 mg, 0.029 mmol, 1 equiv). Yield:
17. 2 mg, 83 %; m.p. : 212 8C (decomposed); 1H NMR (500 MHz,
[D6]DMSO): d= 9.93 (d, J = 5.3 Hz, 8 H, Ha), 8.62 (d, J = 8.6 Hz, 8 H,
Hb), 7.97 (s, 8 H, Hd), 5.87 (s, 8 H, Hc), 3.51 (s, 8 H, Hj), 3.06 ppm (s,
24 H, Hi) ; 13C NMR (125 MHz, [D6]DMSO): d= 163.64, 153.08, 140.49,
135.86, 128.75, 126.78, 68.02, 62.97, 50.98 ppm; MS (CSI): m/z calcd
for [1 b’-3BF4]3+ : 409.7654; found: 409.7674.

Complex 1 b’ was prepared in a similar manner by using Pd(tme-
da)(BF4)2 instead of Pd(tmeda)(NO3)2.

[Pd2(bpy)2(L1)2](NO3)4, 1 c : The complex was synthesized according
to general procedure A using L1 (10.4 mg, 0.029 mmol, 1 equiv)
and Pd(bpy)(NO3)2 (11.5 mg, 0.029 mmol, 1 equiv). Yield: 18.4 mg,
84.01 %; m.p. : 222 8C (decomposed); 1H NMR (500 MHz, [D6]DMSO):
d= 10.05 (d, J = 5.0 Hz, 8 H, Ha), 9.64 (d, J = 8.0 Hz, 4 H, Hm), 8.96 (s,
4 H, Hn), 8.79(d, J = 5.2 Hz, 8 H, Hb), 8.49-8.52 (m, 8 H, Hk and Hl),
8.04 (s, 8 H, Hd), 5.97 ppm (s, 8 H, Hc) ; 13C NMR (125 MHz,
[D6]DMSO): d= 163.45, 153.40, 151.73, 146.41, 142.08, 141.01,
135.71, 131.08, 129.01, 128.58, 127.26, 67.88 ppm; MS (CSI): m/z
calcd for [1 c-(NO3)]+ : 1408.1323; found: 1408.1255.

[Pd2(phen)2(L1)2](NO3)4, 1 d : The complex was synthesized accord-
ing to general procedure A using L1 (10.4 mg, 0.029 mmol,
1 equiv) and Pd(phen)(NO3)2 (12.3 mg, 0.029 mmol, 1 equiv). Yield:
19.1 mg, 84.14 %; m.p. : 226 8C (decomposed); 1H NMR (500 MHz,
[D6]DMSO): d= 9.99 (s, 8 H, Ha), 9.30 (d, J = 8.0 Hz, 4 H, Hq), 9.03 (d,
J = 7.8 Hz, 4 H, Hp), 8.76 (s, 8 H, Hb), 8.21 (s, 4 H, Ho), 8.03 (s, 12 H,
Hr + d), 5.95 ppm (s, 8 H, Hc) ; 13C NMR (125 MHz, [D6]DMSO): d=
163.48, 156.33, 153.19, 150.84, 143.40, 140.96, 135.75, 129.15,

129.04, 128.65, 127.36, 125.20, 67.93 ppm; MS (CSI): m/z calcd for
[1 d-(NO3)]+ : 1456.1328; found: 1456.1257.

General procedure B (synthesis of the complexes 4)

Ligand L1 (0.005 mmol), L2 (0.005 mmol), and the corresponding
cis-protected PdII unit (2 equiv) were added to DMSO or DMF
(3 mL) and stirred for 24 h at ambient temperature to obtain
a clear yellow solution. Addition of excess EtOAc, in a typical isola-
tion process in a given experiment, gave an off-white precipitate,
which was separated by filtration, washed several times with
EtOAc, and dried under vacuum to obtained an off-white solid. All
complexes were isolated in the same fashion.

[Pd2(en)2(L1)(L2)](NO3)4, 4 a : The complex was synthesized accord-
ing to general procedure B (in DMF) using L1 (1.8 mg,
0.005 mmol), L2 (0.8 mg, 0.005 mmol), and Pd(en)(NO3)2 (3.0 mg,
0.010 mmol). Yield: 48.66 mg, 87.5 %; m.p.: 218 8C (decomposed);
1H NMR (500 MHz, [D6]DMSO): d= 9.36 (d, J = 6.0 Hz, 8 H, Ha and
He), 8.44 and 8.40 (d and d, J = 6.6 and 6.1 Hz, 4 H and 4 H, Hb and
Hf), 7.91 (s, 4 H, Hd), 6.14 and 6.10 (s and s, 4 H and 4 H, Hg1 and
Hg2), 5.85 (s, 4 H, Hc), 3.23 ppm (s, 8 H, Hh) ; 13C NMR (125 MHz,
[D6]DMSO): d= 164.11, 153.65, 153.26, 146.33, 141.15, 136.87,
130.95, 126.47, 125.11, 68.29, 47.99, 46.98 ppm; MS (CSI): m/z calcd
for [4 a-2(NO3)]2 + : 481.0503; found: 481.0550.

[Pd2(tmeda)2(L1)(L2)](NO3)4, 4 b : The complex was synthesized ac-
cording to general procedure B (in DMF) using L1 (1.8 mg,
0.005 mmol, 1 equiv), L2 (0.8 mg, 0.005 mmol, 1 equiv), and
Pd(tmeda)(NO3)2 (3.5 mg, 0.010 mmol, 2 equiv). Yield: 53.61 mg,
87.3 %; m.p. : 214 8C (decomposed); 1H NMR (500 MHz, [D6]DMSO):
d= 9.84 and 9.76 (dd and d, J = 6.5, 4.0, and 6.7 Hz, 4 H and 4 H, Ha

and He), 8.67 and 8.56 (d and dd, J = 6.8 and 7.0, 4.0 Hz, 4 H and
4 H, Hb and Hf), 7.95 (s, 4 H, Hd), 5.92 (s, 4 H, Hc), 3.53 (s, 8 H, Hj), 3.14
and 3.09 ppm (s and s, 12 H and 12 H, Hi1 and Hi2) ; 13C NMR
(125 MHz, [D6]DMSO): d= 163.27, 152.75, 152.15, 145.01, 140.09,
136.42, 130.26, 126.49, 124.79, 67.36, 62.75, 50.89, 50.76 ppm; MS
(CSI): m/z calcd for [4 b-2(NO3)]2 + : 537.1131; found: 537.1153.

The complex 4 b’’ was prepared in a similar manner by using
Pd(tmeda)(PF6)2 instead of Pd(tmeda)(NO3)2.

[Pd2(bpy)2(L1)(L2)](NO3)4, 4 c : The complex was synthesized ac-
cording to general procedure B (in DMSO or DMF) using combin-
ing L1 (1.8 mg, 0.005 mmol, 1 equiv), L2 (0.8 mg, 0.005 mmol,
1 equiv), and Pd(bpy)(NO3)2 (4.0 mg, 0.010 mmol, 2 equiv). Yield:
6.03 mg, 92.1 %; m.p. : 222 8C (decomposed); 1H NMR (500 MHz,
[D6]DMSO): d= 9.91 and 9.87 (d and d, J = 6.6 and 6.7 Hz, 4 H and
4 H, Ha and He), 9.34 (d, J = 8.0 Hz, 4 H, Hn), 9.04–9.08 (m, 4 H,
Hm1 + m2), 8.80 and 8.67 (d and d, J = 6.8 and 6.6 Hz, 4 H and 4 H, Hb

and Hf), 8.35 and 8.21 (d and d, J = 5.5 and 5.0 Hz, 2 H and 2 H, Hk1

and Hk2), 8.29–8.22 (m, 4 H, Hl1 + l2), 8.01 (s, 4 H, Hd), 5.98 ppm (s, 4 H,
Hc) ; 13C NMR (125 MHz, [D6]DMSO): d= 163.33, 156.27, 153.04,
152.50, 151.26, 151.15, 145.93, 143.36, 140.80, 136.40, 130.42,
129.18, 127.23, 125.64, 125.19, 67.55 ppm; MS (CSI): m/z calcd for
[4 c-3(NO3)]3 + : 364.0376; found: 364.0447.

[Pd2(phen)2(L1)(L2)](NO3)4, 4 d : The complex was synthesized ac-
cording to general procedure B (in DMSO or DMF) using combin-
ing L1 (1.8 mg, 0.005 mmol, 1 equiv), L2 (0.8 mg, 0.005 mmol,
1 equiv), and Pd(phen)(NO3)2 (4.2 mg, 0.010 mmol, 2 equiv). Yield:
6.54 mg, 96.2 %; m.p. : 220 8C (decomposed); 1H NMR (500 MHz,
[D6]DMSO): d= 9.98 and 9.96 (d and d, J = 6.5 and 6.5 Hz, 4 H and
4 H, Ha and He), 9.70 and 9.69 (dd and dd, J = 7.8, 5.0 and 8.0,
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5.0 Hz, 2 H and 2 H, Hq1 and Hq2), 9.00 (s, 4 H, Hr), 8.87 and 8.72 (d
and d, J = 6.5 and 6.5 Hz, 4 H and 4 H, He and Hf), 8.84 and 8.69 (d
and d, J = 5.3 and 5.3 Hz, 2 H and 2 H, Ho1 and Ho2), 8.61 and 8.58
(dd and dd, J = 8.0, 5.5 and 8.5, 5.5 Hz, 2 H and 2 H, Hp1 and Hp2),
8.03 (s, 4 H, Hd), 6.00 ppm (s, 4 H, Hc) ; 13C NMR (125 MHz,
[D6]DMSO): d= 163.40, 153.34, 152.83, 152.35, 152.18, 146.09,
142.18, 142.14, 140.92, 136.42, 131.14, 130.44, 128.73, 127.46,
127.24, 125.70, 67.6 ppm; MS (CSI): m/z calcd for [4 d-3(NO3)]3 + :
380.0377; found: 380.0412.

General procedure C (synthesis of equilibrium mixture of
complexes 4 and 5)

Ligand L1 (0.025 mmol), L2 (0.025 mmol) and the corresponding
cis-protected PdII unit (0.050 mmol) were mixed in 5 mL water and
stirred for 24 h at ambient temperature to obtain a clear solution,
which, upon slow evaporation, yielded a pale yellow solid/crystals.
When solid was dissolved in D2O, two sets of signals were revealed,
corresponding to the macrocycle (4 a–d) and [2]catenane (5 a–d).

[Pd2(en)2(L1)(L2)](NO3)4, 4 a, and [Pd4(en)4(L1)2(L2)2](NO3)8, 5 a :
The equilibrium mixture was synthesized according to general pro-
cedure C using L1 (8.7 mg, 0.025 mmol, 1 equiv), L2 (3.9 mg,
0.025 mmol, 1 equiv), and Pd(en)(NO3)2 (14.5 mg, 0.050 mmol,
2 equiv). Yield: 24 mg, 88.56 %; 13C NMR (125 MHz, D2O): d= 163.47,
152.76, 152.25, 145.48, 140.68, 134.19, 128.26, 126.42, 124.21,
66.56, 47.09 ppm.

Complex 4 a : 1H NMR (500 MHz, D2O): d= 8.84 (t, J = 6.0 Hz, 8 H, Ha

and He), 8.00 and 7.87 (d and d, J = 6.5 and 5.9 Hz, 4 H and 4 H, Hb

and Hf), 7.46 (s, 4 H, Hd), 5.50 (s, 4 H, Hc), 2.98 ppm (s, 24 H, Hh) ; MS
(CSI): m/z calcd for [4 a-2(NO3)]2 + : 481.0503; found: 481.1012.

Complex 5 a : 1H NMR (500 MHz, D2O): d= 9.18 and 8.92 (d and d,
J = 6.5 and 6.3 Hz, 8 H and 8 H, Ha’ and He’), 7.97 and 7.63 (d and d,
J = 5.9 and 6.4 Hz, 8 H and 8 H, Hb’ and Hf’), 5.29 (s, 8 H, Hd’), 4.48 (s,
8 H, Hc’), 2.93 ppm (s, 24 H, Hh’ and Hh) ; MS (CSI): m/z calcd for [5 a-
3(NO3)]3 + : 661.7303; found: 661.7941.

[Pd2(tmeda)2(L1)(L2)](NO3)4, 4 b, and
[Pd4(tmeda)4(L1)2(L2)2](NO3)8, 5 b : The equilibrium mixture was
synthesized according to general procedure C using L1 (8.7 mg,
0.025 mmol, 1 equiv), L2 (3.9 mg, 0.025 mmol, 1 equiv), and
Pd(tmeda)(NO3)2 (17.3 mg, 0.050 mmol, 2 equiv). Yield: 27 mg,
90.3 %; 13C NMR (125 MHz, D2O): d= 163.29, 152.52, 151.96, 144.84,
141.23, 134.04, 128.42, 127.45, 124.51, 66.59, 63.09, 50.68,
50.62 ppm.

Complex 4 b : 1H NMR (500 MHz, D2O): d= 9.21 and 9.10 (d and d,
J = 6.4 and 6.6 Hz, 4 H and 4 H, Ha and He), 8.10 and 7.92 (d and d,
J = 6.6 and 6.6 Hz, 4 H and 4 H, Hb and Hf), 7.41 (s, 4 H, Hd), 5.50 (s,
4 H, Hc), 3.19 (s, 24 H, Hj + j’), 2.80 (s, 36 H, Hi1 + i’1), 2.66 ppm (s, 36 H,
Hi’2 + i2) ; MS (CSI): m/z calcd for [4 b’-2(BF4)]2 + : 561.6292; found:
561.6326.

Complex 5 b : 1H NMR (500 MHz, D2O): d= 9.41 and 9.11 (d and d,
J = 6.6 and 6.5 Hz, 8 H and 8 H, Ha’ and He’), 8.21 and 7.76 (d and d,
J = 6.6 and 6.7 Hz, 8 H and 8 H, Hb’ and Hf’), 5.07 (s, 8 H, Hd’), 4.53 (s,
8 H, Hc’), 3.15 (s, 24 H, Hj’+Hj), 2.76 (s, 36 H, Hi’1 +Hi1), 2.68 ppm (s,
36 H, Hi’2 +Hi2) ; MS (CSI): m/z calcd for [5 b’-3BF4]3+ : 777.8403;
found: 777.8470.

The mixture of 4 b’ and 5 b’ was prepared in a similar manner by
using Pd(tmeda)(BF4)2 instead of Pd(tmeda)(NO3)2.

[Pd4(bpy)4(L1)2(L2)2](NO3)8, 4 c, and [Pd2(bpy)2(L1)(L2)](NO3)4, 5 c :
The equilibrium mixture was synthesized according to general pro-

cedure C using L1 (8.7 mg, 0.025 mmol, 1 equiv), L2 (3.9 mg,
0.025 mmol, 1 equiv), and Pd(bpy)(NO3)2 (19.3 mg, 0.050 mmol,
2 equiv). Yield: 26.5 mg, 83.1 %; 13C NMR (125 MHz, D2O): d=
163.40, 152.98, 152.44, 150.34, 145.80, 143.13, 141.75, 134.23,
128.90, 128.64, 128.29, 127.85, 125.31, 124.65, 66.74 ppm.

Complex 4 c : 1H NMR (500 MHz, D2O): d= 9.25 and 9.19 (d and d,
J = 5.95 and 5.95 Hz, 4 H and 4 H, Ha and He), 8.48 (s, 4 H, Hn), 8.41–
8.36 (m, 12 H, Hm +Hm’), 8.16 and 8.06 (d and d, J = 6.5 and 6.5 Hz,
4 H and 4 H, Hb and Hf), 7.65 (t, J = 6.0 Hz, 4 H, Hl), 7.44 (s, 4 H, Hd),
7.65–7.57 (m, 20 H, Hk + l’+ k’), 5.51 ppm (s, 4 H, Hc) ; MS (CSI): m/z
calcd for [4 c’-2(BF4)]2 + : 601.5735; found: 601.5667.

Complex 5 c : 1H NMR (500 MHz, D2O): d= 9.57 and 9.29 (d and d,
J = 5.95 and 5.95 Hz, 8 H and 8 H, Ha’ and He’), 8.50 (s, 8 H, Hn’), 8.41–
8.36 (m, 12 H, Hm’+Hm), 8.35 and 8.06 (d and d, J = 5.8 and 5.8 Hz,
8 H and 8 H, Hb’ and Hf’), 7.65–7.57 (m, 20 H, Hk’+Hl’+Hk), 5.28 (s, 8 H,
Hd’), 4.64 ppm (s, 8 H, Hc’) ; MS (CSI): m/z calcd for [5 c’-3BF4]3 + :
831.0904; found: 831.1043.

The mixture of 4 c’ and 5 c’ was prepared in a similar manner by
using Pd(bpy)(BF4)2 instead of Pd(bpy)(NO3)2.

[Pd2(phen)2(L1)(L2)](NO3)4, 4 d, and [Pd4(phen)4(L1)2(L2)2](NO3)8,
5 d : The equilibrium mixture was synthesized according to general
procedure C using L1 (8.7 mg, 0.025 mmol, 1 equiv), L2 (3.9 mg,
0.025 mmol, 1 equiv), and Pd(phen)(NO3)2 (20.5 mg, 0.050 mmol,
2 equiv). Yield: 30 mg, 90.6 %;

Complex 4 d : 1H NMR (500 MHz, D2O): d= 9.37 and 9.32 (d and d,
J = 6.4 and 6.45 Hz, 4 H and 4 H, Ha and He), 9.00 (d, J = 8.0 Hz, 12 H,
Hq+ q’), 8.33 (s, 4 H, Hr), 8.25 (d, J = 6.5 Hz, 4 H, Hb/Hf), 8.19–8.15 (m,
8 H, Hb/Hf and Hp1 + Hp2), 7.98–7.92 (m, 12 H, Ho1 + Ho2 + Ho’1 + Ho’2),
7.49 (s, 4 H, Hd), 5.56 ppm (s, 4 H, Hc) ; MS (CSI): m/z calcd for [4 d’-
2(BF4)]2 + : 625.5664; found: 625.5715.

Complex 5 d : 1H NMR (500 MHz, D2O): d= 9.70 and 9.44 (d and d,
J = 6.25 and 6.41 Hz, 8 H and 8 H, Ha’ and He’), 9.00 (d, J = 8.0 Hz,
12 H, Hq’ + Hq), 8.44 (d, J = 6.4 Hz, 8 H, Hb’/Hf’), 8.32 (s, 8 H, Hr’), 8.09–
8.03 (m, 16 H, Hb’/Hf’ + Hp’1 + Hp’2), 7.98–7.92 (m, 12 H, Ho’1 + Ho’2 +
Ho1 + Ho2), 5.40 (s, 8 H, Hd’), 4.73 ppm (s, 8 H, Hc’) ; MS (CSI): m/z calcd
for [5 d’-3BF4]3+ : 863.0903; found: 863.1007.

The mixture of 4 d’ and 5 d’ was prepared in a similar manner by
using Pd(phen)(BF4)2 instead of Pd(phen)(NO3)2.
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