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Stoichiometrically Controlled Revocable Self-Assembled “Spiro”
versus Quadruple-Stranded “Double-Decker” Type Coordination
Cages

Sreenivasulu Bandi,[a, b] Amlan K. Pal,[b] Garry S. Hanan,*[b] and Dillip Kumar Chand*[a]

Dedicated to Professor Makoto Fujita on the silver jubilee of his molecular square

Abstract: The simple combination of PdII with the tris-

monodentate ligand bis(pyridin-3-ylmethyl) pyridine-3,5-

dicarboxylate, L, at ratios of 1:2 and 3:4 demonstrated the

stoichiometrically controlled exclusive formation of the

“spiro-type” Pd1L2 macrocycle, 1, and the quadruple-

stranded Pd3L4 cage, 2, respectively. The architecture of 2

is elaborated with two compartments that can accommo-

date two units of fluoride, chloride, or bromide ions, one

in each of the enclosures. However, the entry of iodide is

altogether restricted. Complexes 1 and 2 are interconverti-

ble under suitable conditions.

Combination of PdII with suitable nonchelating bis-monoden-

tate ligands is an established strategy for the preparation of

a variety of discrete coordination complexes of the general for-

mula PdmL2m.
[1] Mononuclear “spiro-type” complexes of Pd1L2

formulation are rarely reported;[2] however, the family of self-

assembled quadruple-stranded binuclear “cage-type” com-

plexes of Pd2L4 formulation[1c, 3–9] (Figure 1) is arguably the

most reported PdmL2m-type compound. Among the Pd2L4 type

of complexes, only a few are helicates[3] or of the homochiral

type[7] and the rest are symmetrical/propeller shaped.[4–6, 8–9]

Their applications include the binding of guests such as inor-

ganic/organic anions,[4, 5] metal complexes,[4c–f] neutral organic

molecules,[5b, f] fullerenes,[8] among others. The functionaliza-

tion[6] and fluorescence[8] behavior of some cages have also

been studied. Two units of the Pd2L4 cages in some specific

cases are catenated to form three-dimensional [2]-catenanes[9]

with anion-binding capabilities.[9b,e] Considering the over-

whelming success of Pd2L4-type complexes, the next genera-

tion “double-decker” cages of general formula Pd3L4 (Figure 1)

is envisioned as a fresh design using PdII and a judiciously de-

signed “E-shaped” tris-monodentate ligand, L (Scheme 1). In

this work, ligand L is bis(pyridin-3-ylmethyl) pyridine-3,5-dicar-

boxylate.

Structural variation of the coordination cages by simply vary-

ing the solvent,[10] counter anion, or the templating guest mol-

ecules[11] is known in the literature. However, the variation of

metal-to-ligand ratios during the complexation reactions could

potentially lead to variation in the empirical formula of the

cages and naturally the architectures. This phenomenon is re-

ported for the preparation of discrete coordination cages by

using the variable coordination number of metal ions, for ex-

ample, AgI and HgII.[12] We propose to conceptualize the differ-

ential coordination ability of ligand L with a metal ion of fixed

coordination number, for example, PdII, without the use of

a template/guest, and to validate this phenomenon by varying

the metal-to-ligand ratio.

Herein, we demonstrate the exclusive synthesis of a “spiro-

type” complex, [Pd(L)2](NO3)2 (1) and a molecular “double-

decker” coordination cage [Pd3(L)4](NO3)6 (2) in a stoichiometri-

cally controlled manner by the combination of Pd(NO3)2 with

the new tris-monodentate ligand, L, at ratios of 1:2 and 3:4, re-

spectively (Scheme 1). The differential coordination abilities of

the two terminal pyridine groups versus the internal pyridine

are successfully exploited for the variation of the architectures

by simply controlling the metal-to-ligand ratios. Complex 2 is

further used for the encapsulation of two units of halide ions,

one in each of the compartments. Although fluoride, chloride,

and bromide ions could be encapsulated very easily to prepare

Figure 1. Cartoon representation of the self-assembled discrete coordination
complexes of the (a) well-explored cage-type Pd2L4, and (b) the new double-
decker Pd3L4 architectures.
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the corresponding [(X)2�Pd3(L)4](NO3)4 complexes, 2a–2c

(Scheme 1), iodide was not accommodated in the compart-

ments.

The new tris-monodentate ligand bis(pyridin-3-ylmethyl) pyr-

idine-3,5-dicarboxylate, L, was prepared by reacting 3,5-pyridi-

nedicarbonyl chloride with 3-hydroxymethyl pyridine in dry di-

chloromethane in the presence of triethylamine. A detailed de-

scription of the synthesis and characterization of the ligand is

provided in the Supporting Information. The 1H NMR spectra

of the ligand, 1, and 2 in [D6]DMSO are shown in the Figure 2.

The self-assembled spiro-type complex [Pd(L)2](NO3)2, 1, with

PdII as the spiro-atom, was synthesized by the combination of

Pd(NO3)2 with L at a ratio of 1:2 in DMSO (Scheme 1). The clear

solution obtained by mixing the participating components was

stirred at r.t. for 10 min. Complex 1 was isolated from this solu-

tion as a white solid by addition of excess ethyl acetate. In

contrast, the double-decker coordination cage [Pd3(L)4](NO3)6,2,

was prepared by the combination of Pd(NO3)2 with L at a ratio

of 3:4 in DMSO (Scheme 1). The clear solution was heated at

90 8C for 2 h, and then cooled down to r.t. The cage 2 was pre-

cipitated from the solution as a white solid by addition of

excess ethyl acetate. The single discrete nature of the com-

plexes were ascertained by recording their 1H NMR spectra in

[D6]DMSO (Figure 2). The mononuclear Pd1L2 (for 1) and the tri-

nuclear Pd3L4 (for 2) compositions were confirmed by ESI-MS

(Figure in Supporting Information).

The ESI-MS spectrum of the pure compound 1 showed a set

of peaks at m/z=402.05 assignable to the fragment

[1�2NO3]
2+ that corresponds to the loss of two nitrate ions

from 1. This set shows the isotopic pattern for a fragment con-

taining one unit of palladium and was found to be in good

agreement with the calculated data. The ESI-MS spectrum of

compound 2 showed peaks at m/z=982.73, 634.35, and

460.23, which correspond to the fragments [2�2NO3]
2+ ,

[2�3NO3]
3+ , and [2�4NO3]

4+ , respectively. The peaks show iso-

topic patterns for fragments containing three palladium units

and are in good agreement with the calculated data.

The appreciable downfield shift of the signals of Ha (Dd=

0.93 ppm) and Hb (Dd=0.81 ppm), and at the same time

a very small downfield shift for that of Hf (Dd=0.06 ppm), in

the 1H NMR spectrum of compound 1 as compared to the free

ligand L is noteworthy. This behavior could be considered as

a signature for the ligation of the terminal pyridine nitrogen

atoms and free (no ligation) internal pyridine nitrogen atom in

complex 1. This priority of coordination by the terminal pyri-

dine is expected because these pyridines are comparatively

electron-rich as compared to the diester-substituted internal

pyridine. Furthermore, the ideal metal-to-ligand ratio of 1:2 fa-

cilitated the Pd1L2 composition. On the other hand, the signals

of Ha, Hb, and Hf are all shifted downfield appreciably (Dd=

1.16, 0.66, and 1.30 ppm, respectively) in complex 2 as com-

pared to the free ligand, indicating the engagement of the ter-

minal as well as the internal pyridine nitrogen atoms for

metal–ligand interactions. The calculated electron density at

the terminal and internal pyridine nitrogen atoms found by

using DFT method (Figure S64 of the Supporting Information)

support the observed differential coordination ability of the

ligand L.[13] The downfield shift of hydrogen atoms Hg and Hd,

located at positions remote from the metal-binding sites, and

those of Hc, which are somewhat nearer, are all marginally

Scheme 1. Metal-to-ligand stoichiometrically controlled exclusive synthesis
of self-assembled (a) “spiro-type” Pd1L2, 1, and (b) “double-decker” Pd3L4, 2.
Synthesis of (c) complex 2 from 1, and (d) complex 1 from 2, using addition-
al amounts of PdII or ligand through dynamic reorganization processes.
Preparation of [(X)2�Pd3(L)4](NO3)4, 2a–2c (X= fluoride, chloride, or bromide)
by (e) encapsulation of two units of the halide ions in cage 2 or (f) further
complexation of 1 with PdII followed by halide encapsulation. (Note: in step
(d), 2 equivalents of L are added to 1 equivalent of 2 to afford 3 equivalents
of 1. The abbreviation TBAX stands for tetrabutylammonium halide, that is,
nBu4NX).

Figure 2. 1H NMR spectra in [D6]DMSO (residual solvent as internal standard)
for the ligand L, [Pd(L)2](NO3)2, 1, and [Pd3(L)4](NO3)6, 2.
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downfield shifted for complexes 1 and 2 as compared to

ligand L (Dd for Hg, Hd, and Hc=0.18, 0.15, and 0.29 for 1; and

0.18, 0.18, and 0.33 for 2). In fact, the signals of these protons

are located in comparable positions for both complexes 1 and

2 with DDd of 0.01, 0.02, and 0.04 ppm for Hg, Hd, and Hc, re-

spectively.

The complexation reactions were also carried out in situ by

using deuterated DMSO as the solvent system. The quantita-

tive formation of single discrete products was confirmed by

changes in the 1H NMR spectra of the reaction mixtures under

appropriate conditions. Although compound 1 self-assembled

spontaneously at r.t. , the organization of the components to

form 2 required either a longer reaction time or elevated tem-

peratures (Figures S24 and S25 of the Supporting Information).

When the synthesis of 2 was monitored by recording the
1H NMR spectra at r.t. , initially only 1 was observed as a single

product and the unutilized PdII remained in solution. The reac-

tion mixture was stirred at r.t. , giving a mixture of 1 and 2

over time, with additional signals probably corresponding to

some intermediate products. Eventually, over a period of 15

days, quantitative formation of 2 was observed. Alternatively,

the self-assembly process to build 2 from a mixture of L and

Pd(NO3)2 could be completed within 2 h when stirred at an ele-

vated temperature of 90 8C. The 1H NMR spectra of the isolated

and in situ prepared complexes are found to be closely com-

parable. Thus, by simple variation of the metal-to-ligand ratios,

complexes 1 and 2 could be prepared, amazingly, in a quantita-

tive manner.

Pure compound 1 could also be completely converted to 2

by the addition of Pd(NO3)2 to effect the reorganization of the

assemblies. The reorganization of 1 to 2 happened smoothly

within 2 h when the mixture was heated at 90 8C (Scheme 1,

and Figure S26 in the Supporting Information). However, the

synthesis of 2 from 1 has no kinetic advantage over its prepa-

ration from the subcomponents, that is, the ligand L and PdII.

The conversion of the trinuclear cage 2 to the mononuclear

cage 1 was also possible when the required amount of the

ligand L was added to 2 and the solution was stirred at r.t. for

24 h (Scheme 1, Figure S27 in the Supporting Information).

In addition to the positive charges of the metal centers and

suitable pocket sizes, the inner walls of the two cavities of the

cage 2 are also delineated with several electron deficient pyri-

dine-a protons and hence the cage could be considered as

a suitable host for anionic guests. There is a growing demand

for the study of molecular recognition/binding of anionic moi-

eties by a variety of host molecules.[14] It was planned to en-

capsulate spherical halide ions as guest molecules by combin-

ing 2 with nBu4NX (X= fluoride, chloride, bromide, or iodide).

In a typical experiment, a solution of nBu4NX in [D6]DMSO was

added to a solution of 2 in [D6]DMSO in a portion-wise

manner. The changes in the 1H NMR spectra of the system

were monitored as a function of the amount of the added

guest component. To our satisfaction, one unit of the cage 2

could encapsulate two units of the halide ions, one in each of

the two compartments (Scheme 1). Although fluoride, chloride,

and bromide are accommodated, no entry was extended to

iodide ions. The formation of [(X)2�Pd3(L)4](NO3)4, 2a–2c (X=

fluoride, 2a ; chloride, 2b ; bromide, 2c), is confirmed on the

basis of detailed 1H NMR studies and the single-crystal X-ray

structure of [(Cl)2�Pd3(L)4](PF6)4, 2b’. Also the ESI-MS of 2b,

2b’, and 2c further supported the claim. All these host–guest

complexes were also prepared in DMSO and were precipitated

with ethyl acetate. Although 2b and 2c could be isolated and

characterized, complex 2a decomposed during isolation. Com-

pound 2b’ was prepared from a solution of 2b in CH3CN/H2O

by anion exchange using NH4PF6. The
1H NMR spectra of 2b

and 2b’ are in fact closely comparable. As a representative

case, the required amount of the two reagents, that is,

Pd(NO3)2 and nBu4NCl were added to a solution of 1 in

[D6]DMSO, where upon compound 2b was formed within 2 h

at 90 8C (Scheme 1).

The 1H NMR data corresponding to the portion-wise addition

of halide ions indicated that during the initial stages a mixture

of the mono-halide complex [(X)�Pd3(L)4](NO3)5, and the di-

halide complex [(X)2�Pd3(L)4](NO3)4 was formed along with

some proportion of unutilized free cage 2. Upon further addi-

tion of the halide components, no free cage remained and

a mixture of mono- and di-halide complexes were seen. Subse-

quently, the reaction mixture showed exclusive formation of

the di-halide complex [(X)2�Pd3(L)4](NO3)4, denoting that some

dynamic behavior of the slightly flexible cage occurs with

halide encapsulation during the self-assembly process as noted

in other systems.[15] The 1H NMR spectra of halide encapsula-

tion at each stage of guest addition are given in the Support-

ing Information (Figures S29, S37, and S47). The final 1H NMR

spectra of the di-halide complexes [(X)2�Pd3(L)4](NO3)4, 2a–2c,

are shown in Figure 3 along with the NMR spectrum of free

cage 2. The downfield shift of the relevant protons in the
1H NMR spectra of the di-halide complexes as compared to the

free cage are: 2a (Hf=0.51, Ha=0.38, and Hb=0.31 ppm); 2b

(Hf=0.87, Ha=0.60 and Hb=0.37 ppm); and 2c (Hf=1.05, Ha=

0.77 and Hb=0.39 ppm) as compared to 2. The Dd values ob-

served are quite supportive of guest encapsulation.

The ESI-MS spectrum of compound 2b showed peak pat-

terns at m/z=955.67, 616.13, and 446.58, corresponding to the

Figure 3. 1H NMR spectra in [D6]DMSO (residual solvent as internal standard)
for 2, 2a, 2b, and 2c (see the inset in Figure 2 for the designation of pro-
tons).
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fragments [2b�2NO3]
2+ , [2b�3NO3]

3+ , and [2b�4NO3]
4+ , re-

spectively. The ESI-MS data for 2b’ also showed the required

peaks at m/z=1039.00, 644.34, and 446.76, corresponding to

the fragments [2b’�2PF6]
2+ , [2b’�3PF6]

3+ , and [2b’�4PF6]
4+ ,

respectively. As per theoretical calculations, the two encapsu-

lated chloride ions are retained in the formula of all these frag-

ments. Similarly, compound 2c displayed peak patterns at

m/z=645.99 and 468.98, corresponding to the fragments

[2c�3NO3]
3+ and [2c�4NO3]

4+ . Here also, the two encapsulat-

ed bromide ions are accounted for in the formula of the frag-

ments. The calculated and observed isotopic distribution pat-

terns of the peaks corresponding to the abovementioned frag-

ments are found to be comparable (see the Supporting Infor-

mation).

Single crystals suitable for data collection from X-ray diffrac-

tion (XRD) were obtained for complex 1 (Figure 4 and the Sup-

porting Information) by layering a solution of Pd(NO3)2 in ace-

tonitrile over a solution of ligand L in chloroform. The com-

pound crystallized as 1·2CHCl3. The coordination environment

of the square-planar PdII center is completed by two units of

the ligand L. The ligand adopts a “U-shape” and metallo-mac-

rocycle rings are formed to create the “spiro-type” complex of

Pd1L2 formulation. Each of the two strands of the ligand

occupy the cis-positions of the PdII center, where the individual

ligand loops are oriented in an alternate manner one above

and the other below the coordination square plane. The Pd�N

bond lengths in the complex are in the range 2.027–2.038 �,

and the cis-N-Pd-N bond angles span the range 87.33–92.678.

Single crystals suitable for data collection by XRD were ob-

tained for [(Cl)2�Pd3(L)4](PF6)4, 2b’ (Figure 5 and the Support-

ing Information). The crystals of 2b’·n(solvent) were grown by

slow diffusion of toluene into a DMF solution of 2b’. The struc-

ture showed a double-decker arrangement with two compart-

ments. These compartments lodge one chloride ion in each,

whereas the hexafluorophosphate counter anions are located

outside the cavity. The Pd�N bond lengths involving the termi-

nal and internal pyridine nitrogen atoms span the ranges

2.013–2.030 and 2.066–2.067 �, respectively. The cis-N-Pd-N

bond angles of the two outer PdII and the lone inner PdII cen-

ters span the ranges 88.83–91.068 and 88.36–91.648, respec-

tively. The Pd–Pd nonbonded separation in a given compart-

ment and between the two extreme PdII centers are 6.970 and

13.940 �, respectively. The encapsulated chloride ions are in

short contact with the inwardly pointed protons of the ligand

strands (i.e. , Ha and Hf as designated in Figure 2) of the

double-decker cage. The calculated distances of H(py)–Cl span

the range 2.731–2.807 �,[16] which is indicative of a hydrogen-

bonding interaction.

In summary, we have demonstrated stoichiometry-controlled

self-assembly of a tris-monodentate ligand, L, with PdII to pre-

pare a “spiro-type” complex, [Pd(L)2](NO3)2 (1) and a “molecular

double-decker” coordination cage, [Pd3(L)4](NO3)6 (2). Com-

plexes 1 and 2 are interconvertible under suitable conditions

when suitable amounts of PdII or L are added. The double-

decker cage, 2, could encapsulate two halide ions (fluoride,

chloride, or bromide), one unit in each of the enclosures, with

no entry permitted for iodide. In particular, a new avenue is

opened by the fresh architecture of 2. In this context, the

design and synthesis of several other double-decker cages and

utilization of their isolated cavities is likely to contribute to the

progress of supramolecular coordination chemistry.
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