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Self-assembly of self-assembled molecular triangles
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Abstract. A rare variety of self-assembled molecular triangle [Pd3;(bpy)s;(imidazolate);](NOs3)3, 1 is prepared
by the combination of Pd(bpy)(NOs), with imidazole, at 1:1 ratio, in acetonitrile-water. Deprotonation of imi-
dazole happened during the course of the complexation reaction where upon the metallomacrocycle is formed.
The bowl-shaped trinuclear architecture of 1 is crafted with three peripheral bpy units capable of 7 — 7 stacking
interactions. While the solution state structure of 1 can be best described as a trinuclear complex, in the solid-
state well-fashioned intermolecular 7 — 7w and CH-7r interactions are observed. Thus, in the solid-state further
self-assembly of already self-assembled molecular triangle is witnessed. The triangular panels are arranged in
a linear manner utilizing intermolecular 7 — 7 interactions where upon two out of three bpy units of each

molecule participated in the chain formation.
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1. Introduction

The metal-directed self-assembly has provided pow-
erful tools to construct finite architectures with well
defined shapes and sizes and also the rational design
in the self assembly has resulted in significant progress
in recent years.! These approaches involve mixing of
chosen metal ions with a multidentate ligand in a spe-
cific ratio to afford infinite or finite self-assembled
molecules. Apart from the synthesis and characteriza-
tion of new self-assembled molecules, it is necessary
to take into account the possible weak intermolecular
interactions which contribute to the supramolecular
association in the solid-state. The weak interactions
encountered most often in the packing in solid-state are
hydrogen bonding,” and 7 — 7 stacking.® The forma-
tion of large crystalline systems depends upon these
interactions.

Square planar Pd(II) component has been one of
the favourite metal ions used for the self-assembly
approach.'*™¢ A variety of Pd(II) components are
utilized to prepare discrete coordination cage type
molecules upon complexation with suitably chosen lig-
ands. Combination of a bis-monodentate ligand L with
a cis-protected Pd(II) component ML’ results in ML L,
type self-assembled compound having the general
formula [Pd,(N—N),(L),](monoanion),,.'"*™ In this
formula “N—N” stands for a chelating bidentate ligand,
e.g., ethylenediamine (en), tetramethylethylenediamine

*For correspondence

Palladium(II); 2,2’-bipyridyl; imidazole; self-assembly; molecular triangle.

(tmeda), 2,2'-bipyridine (bpy), and 1,10-phenanthroline
(phen), etc. The synthesis and dynamic studies of a vari-
ety of designed Pd(II) cages are well studied'*¢ but
the crystal engineering of Pd(II)-based self-assembled
coordination cages has been less explored.* Recently
we have been investigating the significance of these
compounds in crystal engineering. We have reported a
few binuclear self-assembled coordination complexes
which undergo further self-assembly in solid-state by
exploiting weak interactions such as H-bonding and
7 —m stacking.*® The 7 —7 stacking is exploited as the
targeted intermolecular interactions in the designs.*®®
In previous reports, we considered some binuclear com-
plexes for investigating the novel packing behaviours of
the already self-assembled molecules and then studied
the self-assembly of self-assembly phenomenon in the
solid state.*®® The self-assembly of self-assembly was
formed due to the packing of the ‘opened jaws type’
complexes in a linear intermolecular locking fashion*?
in one case. In another case ‘steps type’ complexes
got packed in a ‘toppled domino set’ fashion.*® These
targeted packing of molecules are obtained due to the
presence of m-surfaces at the strategically located cis-
protecting moieties located around the Pd(II) centres.
Study of the intermolecular interactions using
trinuclear Pd(II) complex having suitably located -
surfaces could be a new and fascinating contribution
to the crystal engineering. Thus we explored the solid-
state packing behaviours of designed tri-nuclear Pd(II)
based coordination complexes. Most of the complexes
of general formula [Pd,(N—N),(L),](monoanion),
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prepared using bis-monodentate ligands, are binuclear
in nature whereas there are only a few trinuclear struc-
tures reported so far.!®3- The trinuclear complexes are
usually found in dynamic equilibrium with correspond-
ing bi or tetra-nuclear complexes.!®>® However, there
are a few complexes that are isolated solely as trinu-
clear single discrete structure.’ We have prepared a new
trinuclear compound [Pd;(bpy);(imidazolate); [(NO;)3,
1 (figure l1a and scheme 1) to study the role of weak
intermolecular interactions in the solid-state packing.
It was anticipated that the judicial introduction of cis-
protecting units, having m-surfaces, at the corners of a
triangular architecture as in 1 should give rise to specific
intermolecular interactions via 7 — 7 stacking as shown
in figure 1. There are two possible ways of arrange-
ment of triangular units. These units can be associ-
ated in a circular fashion (figure 1b) and linear fashion
(figure 1c) to give rise to a specific packing. During this
study we observed the linear chain like arrangement as
shown in figure 1b. The packing diagram in the crystal
structure of 1 is analyzed to elaborate the roles played
by weak interactions like m — 7 and CH-7 stacking
interactions.

2. Experimental

2.1 Materials

PdCl, was obtained from Aldrich, whereas AgNO;,
imidazole (L-H) and all the common solvents were

(a)

Mili C Naranthatta et al.

obtained from Spectrochem, India. The deuterated sol-
vent (DMSO-d;) was obtained from Aldrich and Cam-
bridge Isotope Laboratories. 'H and all NMR spectral
data were obtained from a Bruker 500 MHz FT NMR
spectrometer using external TMS in CDCl; as refer-
ence. The mass spectrum was obtained from a Micro-
mass Q-TOF Mass Spectrometer. The crystal struc-
ture was determined using a Bruker X8 Kappa XRD
instrument. The cis-protected Pd(II) component was
obtained following well-known processes.” Imidazole
was used as such for the complexation reaction without
any purification.

2.2 Synthesis of [Pds(bpy)s(imidazolate); [(NO;)s, 1

To a solution of Pd(bpy)(NO;), (11.0 mg 0.025 mmol)
in 1:1 acetonitrile—water (3.0 mL), imidazole, L'H
(1.76 mg, 0.025 mmol) was added and the mixture
was stirred at room temperature for 2h. The result-
ing solution was evaporated by standing at room tem-
perature and dried under vacuum to afford a dark
yellow solid as the product. Yield: (93%). M.p.:
210°C. 'H NMR (8§ 500 MHz, DMSO-d, external
CDCL/TMS): 9.29 (d, J = 10Hz, 2H, Hy), 9.03(t,
J = 10Hz, 2H, H,), 8.62 (bs, 2H, H,), 8.35-8.32 (m,
2H, Hy), 8.00-7.39 (broad signals, 2H, Hy); '*C NMR
(125 MHz, DMSO-dg, residual solvent) §: 155.76,
150.54, 142.50, 142.12, 128.16, 126.94, 124.10. ESI-
MS: m/z = 329 and 525 corresponding to [1-3NO;]**
and [1 — 2NO;]**, respectively. Single crystals were

(b)

Figure 1.

(a) Cartoon representation of the complexed cation part the self-

assembled trinuclear complex [Pd3;(bpy)s;(imidazolate);](NO3)3, 1 where the
bound imidazolate units are oriented in a syn, syn, syn manner. (b)/(c) Self-
assembly of the self-assembled trinuclear macrocycle utilizing w — 7 stacking
interactions to form circular, and infinite linear architectures. (Each triangular
unit in (b)/(c) represents the core of the trinuclear macrocyclic molecule).
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obtained by slow evaporation of a solution of 1 in
acetonitrile—water.

2.3 Single crystal x-ray diffraction

X-ray data collection was performed with a Bruker
AXS Kappa Apex II CCD diffractometer equipped
with graphite monochromated Mo(K«) (A = 0.7107 A)
radiation. Crystal fixed at the tip of the glass fibre
was mounted on the Goniometer head and was opti-
cally centred. The automatic cell determination rou-
tine, with 32 frames at three different orientations of
the detector was employed to collect reflections and the
programAPEX2-SAINT (Bruker, 2004) was used for
finding the unit cell parameters. Four-fold redundancy
per reflection was utilized for achieving good absorp-
tion correction using a multi-scan procedure. Besides
absorption, Lorentz polarization and decay correction
were applied during data reduction. The program SAD-
ABS was used for absorption correction using the
multi-scan procedure. The structures were solved by
direct methods using SHELXL-97 (Sheldrick, 1997)8
and refined by full-matrix least-squares techniques
using SIR92 (WinGX) computer program. All hydro-
gen atoms were fixed at chemically meaningful posi-
tions and riding model refinement was applied Molec-
ular graphics were generated using Mercury programs
(version 3.3). The crystal data with refinement details
are summarized in table 1.

8 N

(NO3)3

Synthesis of the self-assembled trinuclear complex [Pd(bpy);(imidazolate);](NO3)s, 1.

3. Results and Discussion

The design of the complex [Pd(bpy);(imidazolate);]
(NO3)3, 1 was envisioned considering the fact that
imidazolate is a bent bidentate bridging ligand which
upon complexation with the right-angled cis-protected
Pd(II) component i.e., Pd(bpy)(NO3), should yield
a cyclic trinuclear bowl type cage molecule. Spon-
taneous deprotonation of pyrazoles and also imida-
zoles is a known phenomenon as observed during
their use as ligands for the preparation of coordination
complexes.’*®? The coordination vectors in imidazole
derivatives subtend an angle of approximately around
150 degrees.'” Imidazole groups are likely to be ori-
entated either in a syn, syn, syn (cone conformer)’*~¢
(figure 1) or syn, anti, anti (alternate conformer)'® fash-
ion in the cages. Based on the predefined geometry
and binding mode, the rigid non-linear bidentate imi-
dazole ligand was considered as an ideal choice for
the construction of a bowl type trinuclear molecule. In
order to investigate the possible intermolecular inter-
actions among such bowls, the m-surface containing
cis-protecting unit such as bpy was considered to craft
around the Pd(II). The reaction of cis-[Pd(bpy)](NOs3),
with one equivalent of imidazole, L'H in acetonitrile:
water (1:1) at room temperature over a period of 2h lead
to the formation of [Pd(bpy);(L);](NOs);, 1. This com-
pound was prepared targeting fascinating intermolecu-
lar association in the solid-state, as shown in figure 1. It
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Figure 2. 500 MHz 'H NMR spectrum in DMSO-ds(TMS as external standard) for [Pd3(bpy)s(imidazolate);](NO3)3, 1.
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Table 1.
of 1 (CCDC No. 989714).

Empirical formula

Formula weight

Crystal system

space group

a(A)

b(A)

c(A)

(%)

B()

y(®)

Volume (A)3

Z

Wavelength A)

Temperature (K)

Calculated density (g/cm?)
Absorption coefficient (mm™!)
F(000)

Crystal dimensions (mm)?3

6 min/max (deg)

Reflections collected / unique
Data / restraints / parameters
Goodness-of-fit on F*2

Final R indices [I>2sigma(l)
R indices (all data)

Largest diff. peak and hole.A"

is expected to have w —r stacking interactions since the
cis-protecting unit i.e., bpy has m-surfaces. The inten-
tion of choosing cis-protecting unit like bpy was to sen-
sibly study the importance of 7 -surface on crystal pack-
ing and analyze the overall packing in the structure.
During this work, we observed a trinuclear macrocy-
cle with syn, syn, syn conformation (cone conformer).
Analysis of the crystal structures of the complex 1
revealed the anticipated intermolecular w — m stack-
ing interactions between planar bpy units present in
1. The complex [Pd(bpy);(imidazolate); J(NOs);, 1 dis-
plays the targeted packing where triangular molecules
are arranged in a linear sequence depending on avail-
ability of m-surface as shown in figure 1b. A detailed
description of the synthesis and the crystal structure of
the complex are provided here.

3.1 Synthesis and characterization of the ML’ L
type self-assembly

The complex 1 is prepared by the combination of
equimolar quantities of the ligand L-H with cis-
[Pd(bpy)](NO3), in acetonitrile-water (1:1) at room
temperature (scheme 1). A trinuclear complex of for-
mula [Pd(bpy);(imidazolate); J(NOs3);, 1 was isolated in
quantitative yield. The trinuclear complex is characte-
rized by 'H NMR, *C NMR, H-H COSY, HSQC,
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Crystallographic data and structure refinement parameters

C39 H33 Ny5 Oy Pds
1207

Monoclinic

C2/c

26.180(2)

25.241(2)

15.4614(12)

90

119.006(3)

90

8935.6(13)

8

0.71073

173(2)

1.794

1.271

4784

0.15 x 0.10 x 0.08
1.20/21.04

17034/4744 [R(int)=0.0694]
4744 /127613

1.010
R1=0.0494,wR2=0.1298
R1=0.1000,wR2=0.1616
0.93 and —0.55

ESI-MS (Supporting Information) and single crystal X-
ray diffraction (XRD) methods. The 'H NMR spec-
trum of the complex have been recorded in DMSO-d,
(figure 2). While the signals of the protons present in
the bpy units are observed at expected positions, the
signal due to H, was found to be broad. The imida-
zolate protons designated as Hy appeared as broad sig-
nals spanning a range of 0.61 ppm. However, the pro-
tons designated as H, are probably merged inside the
other signals. The NMR data indicates that in the solu-
tion state there is a slow conformational movement due
to the possibility of formation of syn, syn, syn and syn,
anti, anti- isomers and other intermediates. The for-
mation of the trinuclear complex in the solution state
was confirmed from ESI-MS data of the complex. The
mass spectrum of 1 shows peaks at m/z = 329 and
525 corresponding to [1 — 3NO;]** and [1 — 2NO;]**,
respectively.

3.2 Crystal structure of 1

Single crystals suitable for X-ray analysis were
obtained for the complex 1. Details of the crystal struc-
ture are discussed in following sections. Analysis of the
crystal structures revealed several intermolecular inter-
actions. Two different views of the crystal structure
of 1 are given in figure 3. The coordination geometry
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Figure 3. Crystal structure of the cationic fragment of the complex 1. Views
along the axis: (a) parallel and (b) perpendicular to the imaginary triangle
created by joining the three metal centres.

around the metal centres and the related bond lengths
and bond angles in the structure are within the usual
range. The three imidazolate units in the complex are
oriented in a syn, syn, syn manner. Apparently the
m —surface of the cis-protecting group and also the imi-
dazolate protons are involved in significant intermole-
cular interactions which are discussed in a later section.
The crystallographic parameters are listed in table 1.

3.2a Crystal structure of [Pds;(bpy)s(imidazolate)s;]
(NO3)s I:  Single crystals suitable for X-ray diffraction
studies were obtained by slow evaporation of a solu-
tion of 1 in acetonitrile—water. The complex got crys-
tallized in monoclinic space group C2/c. The structure
is composed of one unit of [Pd;(bpy);(imidazolate); ]**
cation and three nitrate ions. Two water molecules are
also located in the structure. The crystal structure of
1 displays a bowl like molecular triangle (figure 3).
The imaginary plane created by the three Pd(II) centres

(b)

C

in the complex can be considered as the reference
plane of the molecular triangle. The three Pd centres
form an almost equilateral triangle with Pd-Pd non-
bonded distances of 5.95, 5.96 and 5.97 A. The dihe-
dral angles between ‘bpy’ plane and the reference plane
are 10.58 10.59 and 12.90° indicating the bowl shape of
the molecule. All the three bpy units are almost sym-
metrically disposed with respect to the reference plane.
The three imidazolate moieties play the role of bridg-
ing ligands and are oriented in a syn, syn, syn manner
(figure 3). Analogues trinuclear complexes derived
from some imidazole derivatives are known to exist in
syn, syn, syn form.>*=° These molecules can be consid-
ered as curved macrocycles and the structure possesses
both concave and convex surfaces. The C2 carbon of the
imidazolate moieties are pointed towards the concave
side of the bowl. The dihedral angles between the bound
imidazolate, L and the reference plane are 61.02, 67.97
and 84.09°. Thus, the three imidazolate units are not

Figure 4. Two different views of chain like arrangement due to intermolecular 7 —
interactions using the cationic part of the complex 1.
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Figure 5. Packing diagram showing the CH-7 interactions formed due to the 7 -surfaces of
a chain with the relevant imidazolate hydrogen atoms of neighbouring bowls.

symmetrically disposed with respect to the reference
plane. Arguably, one unit is disposed very differently
from the other two.

The crystal structure of complex 1 exhibits inter-
molecular w —m stacking interactions using the planar
bpy components as shown in figure 4. The m-surface
of the bpy units located on the concave side of the
bowls participated in the stacking. One molecule is
stacked with two other neighbouring molecules by
m—m stacking interactions where upon the bpy units
are stacked in a parallel displaced manner. Such par-
allel displaced stacking is usual for the association of
two bpy moieties.*>*!! The distance between the two
stacked bpy planes is 3.48 A which is similar to the
ideal distance for w —m stacking. The triangular units
are thus arranged in a linear fashion to form a chain like
array where the participation of one of the three bpy
units of any given molecule is not required. The bpy
units not involved in the chain formation are actually

engaged with CH-m interactions with some of the
imidazolate-based C4 and C5 hydrogen atoms of neigh-
bouring bowls located above and below the relevant bpy
planes as shown in figure 5.

It is interesting to note that a chain is weakly
connected to two neighbouring chains as shown in
figure 6a to form a wavy-bilayer like arrangement. Fur-
ther arrangement of the bilayers one above the other
in a slanted-stacked fashion happened to complete the
molecular packing of the cationic part of the com-
plex 1 in the crystal structure. The bilayers immedi-
ately above/below a given bilayer are very similar in
the arrangement of the molecules as compared to the
reference bilayer. However, the direction of the chain
propagation is different. If the chains of a given bilayer
are considered to propagate in horizontal lines, then
the chains of the neighbouring bilayers are propagated
in vertical lines as shown in figures 6a and 6b. Thus
the relative direction of the chain propagation is same

(b)

Figure 6. The arrangement of chains (a) in a given reference bilayer and (b) the neighbouring bilayer

present above the reference one.
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in every alternate bilayer. A stacking of three bilayers
is provided in the supporting information for further
elaboration of the packing.

4. Conclusion

It is demonstrated that the presence of the m-surface
in the cis-protecting group has significant influence
on the packing behaviour of palladium(Il)-based self-
assembled macrocycles in the solid-state. The trinu-
clear bowl shaped molecule studied in this work dis-
play 7 —m and CH-r interactions to make an interesting
contribution to the crystal engineering.

Supplementary Information

The '"HNMR, *C NMR, H-H COSY, HSQC, ESI-MS
spectrum along with the relevant packing diagrams in
the crystal structure of the complex 1 are provided. X-
ray crystallographic data in CIF format for the structure
of 11is also included. These are available free of charge
at www.ias.ac.in/chemsci.
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