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cis-Protected palladiumĲII) based binuclear
complexes as tectons in crystal engineering and
the imperative role of the cis-protecting agent†

Shobhana Krishnaswamy and Dillip Kumar Chand *

A survey of the Cambridge Structural Database (CSD) for crystal structures of binuclear coordination com-

plexes, formed by the combination of suitable ligand(s) and PdĲII) centres which are protected in a cis fash-

ion by 2,2′-bipyridine (bpy), 1,10-phenanthroline (phen), tetramethylethylenediamine (tmeda) or ethyl-

enediamine (en), was carried out. The structures of these binuclear complexes could be classified into five

different categories – “opened jaws”, “helicate”, “plateau”, “step” and “bow-shaped” based on the relative

spatial orientation of the PdĲII) square planes of the cations and the conformation of the ligand(s). Investiga-

tion of the molecular packing in these complexes revealed involvement of the cis-protected PdĲII) units in

the self-assembly of the cations. Cations in the complexes that contained bpy and phen moieties often as-

sembled via π⋯π stacking and C–H⋯π interactions between the aromatic rings of the cis-protecting PdĲII)

units. In contrast, in the en and tmeda complexes, molecular self-organisation in most cases occurred

through noncovalent interactions between the cis-protected PdĲII) units and the ligand, counteranion or in-

cluded solvent molecules. Hence, the cations can be defined as ‘tectons’, each of which contains two cis-

protecting units, which play the role of ‘supramolecular synthons’ in the self-assembly of these binuclear

complexes. The study of these crystal structures provides information about preferred patterns of molecu-

lar association in these complexes, which is invaluable for the crystal engineering of pre-designed self-as-

sembled coordination complexes for desired functions or properties.

1. Introduction

Solid-state chemistry deals with the synthesis, characterisa-
tion and applications of solid materials. It includes areas of
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study as diverse as materials science, organic chemistry, solid-
state physics, inorganic chemistry, physical chemistry, metal-
lurgy and the chemistry of minerals.1 The solid-state struc-
tures and properties of chemical compounds are often differ-
ent from those observed in the solution state, arising from
the packing of the constituent molecules, atoms or ions. Ad-
vances in the field of X-ray crystallography have led to the in-
creased availability of modern instruments and software for
determining single crystal structures rapidly and accurately,
resulting in an upsurge of interest in structural chemistry. Or-
ganic chemists have recognised the potential of the crystalline
state in recent decades, with numerous literature accounts de-
voted to understanding phenomena such as polymorphism,
solvatomorphism, phase transitions and solid-state reactions.
These studies led to the development of the field of crystal en-
gineering which deals with the understanding of inter-
molecular interactions and their subsequent use in the design
and synthesis of molecular solids with desired structures and
properties.2 Molecular subunits termed ‘supramolecular
synthons’ can be reliably utilised to build a structure with the
desired molecular organisation, an approach that parallels
retrosynthesis in synthetic organic chemistry. In contrast,
tectons are molecules that contain information regarding
intermolecular recognition, which results in their self-
assembly into crystalline networks upon combination with
suitable atoms or molecules.3 For instance, the carboxylic acid
dimer and amide synthons are ubiquitous in organic crystal
engineering, while 4,4′-bipyridine and related linear linkers
are commonly used as tectons in the construction of coordi-
nation networks and metallosupramolecular structures.4

Crystal engineering in organic compounds has been the
focus of many literature reports, reviews,5 books2a,6 and even
a textbook.7 However, the crystal structures of metal–organic
compounds have not received as much attention, apart from
coordination polymers and metal organic frameworks.8

Robson and Hoskins described the metal atom as a node and
the coordinated ligand as a connector or linker in their re-
port of the crystal structure of zinc cyanide, setting the stage
for crystal engineering in coordination polymers.9 Since then,
the field has grown rapidly, with the synthesised networks
finding applications as NLO materials,10 materials for gas ad-
sorption and storage11 and catalysis,12 as chemical sensors13

and as substrates for solid-state reactions.14

Transition metal ions provide a wide range of coordina-
tion geometries upon complexation, which can be exploited
for preparing a variety of discrete complexes or polymeric
networks. There are several literature reports describing the
formation of pre-designed coordination complexes obtained
by judiciously choosing ligands and metal ions.15 However,
studies of noncovalent interactions involving specific molecu-
lar sub-units in the complexes that contribute to different
modes of molecular organisation in the solid-state, are less
common. This information can provide insight into the role
of intermolecular interactions in the structures of functional
coordination complexes, aiding in the design of crystalline
metal–organic solids with desired molecular packing and in

the modification of their solid-state properties.16 In general,
it is observed that the hydrogen bonding patterns associated
with common functional groups in organic crystals are also
seen in the crystal structures of metal–organic compounds,17

leading to their use as supramolecular synthons in the crystal
engineering of coordination complexes. Despite the availabil-
ity of this information at the disposal of the solid-state chem-
ist, crystalline forms different from those desired or envis-
aged are often obtained during crystallisation. They appear
concomitantly with the required crystals in the form of poly-
morphs or solvates (formed by the mediation of solvents dur-
ing crystallisation). In coordination complexes,
counteranions or solvents in the crystal lattice often influ-
ence hydrogen bonding outcomes and the molecular packing,
in addition to the occurrence of phenomena such as supra-
molecular isomerism.18

2. Background

The Cambridge Structural Database19 (CSD, version 5.36,
with updates to May 2015) contains 758 844 structures out of
which 323 149 are organic structures (42%) while more than
375 561 (49%) contain at least one transition metal. Of these,
a total of 37 731 structures (10%) contain either Pd (19 632
structures) or Pt (18 099 structures) atoms. The PdĲII) metal
centre has been exploited for the design and preparation of
various self-assembled coordination compounds, particularly
because of its ability to form discrete and stable square pla-
nar complexes. The added advantage of using PdĲII) is the
favourable dynamic nature of the metal–ligand interaction,
which is indispensable for the self-healing of wrongly formed
structures, and leads to the formation of a thermodynami-
cally stable equilibrium.15b,20

In our laboratory, we synthesised a series of pre-designed
PdĲII) based self-assembled coordination compounds by com-
bining selected nonchelating ligands with cis-protected metal
centres. We determined the crystal structures of cis-protected
PdĲII) based binuclear complexes containing pyridyl N-donor
ligands with urea,21 piperazine22 and imidazole cores.23 The
effect of changing the cis-protected PdĲII) unit on the struc-
ture and molecular packing of these self-assembled com-
plexes prompted a survey of the CSD for the structures of
similar complexes. We present some of our results here along
with comparisons of the structures available in the CSD.

The complexation of cis-protected PdĲII) units (PdĲL′)) with
chosen ligand(s) (L) results in discrete PdxL′xLy type coordina-
tion complexes, where the ratio and values of ‘x’ and ‘y’ de-
pend upon the denticity of the ligand(s) and the direction of
coordination vectors, respectively. The general molecular for-
mula of the complex is represented as [PdxĲL′)xĲL)y]-
Ĳmonoanion)2x. In this formula, L′ denotes a chelating
bidentate ligand, i.e., ethylenediamine (en), tetra-
methylethylenediamine (tmeda), 2,2′-bipyridine (bpy) or 1,10-
phenanthroline (phen). The nonchelating ligand(s), L, often
contains N-donor atoms (belonging to pyridine rings) and
may also be a metalloligand with the metal centre in most
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cases being PtĲII). A discrete structure is obtained in most of
the designs, whereas, a dynamic equilibrium containing two
or more species is observed in some cases. For instance, mix-
tures of mononuclear and binuclear,24 binuclear and
trinuclear,25 or trinuclear and tetranuclear complexes26 have
been reported. A few examples of ligands that form coordina-
tion polymers when combined with cis-protected PdĲII) units
are also reported.27 In this review, we present the analysis and
comparison of related structures of complexes containing two
cis-protected PdĲII) units, designated as binuclear complexes.
Other metal atoms may be present in the structure (ligand
moiety) if the coordinating ligand is a metalloligand.

3. Methodology

A survey of the CSD19 was undertaken for examining the crys-
tal structures of cis-protected PdĲII) based binuclear com-
plexes. We searched for structures containing [PdĲen)]2+,
[PdĲtmeda)]2+, [PdĲbpy)]2+ and [PdĲphen)]2+ moieties, in turn,
with no restrictions on the ligand(s) coordinated to the PdĲII)
metal centre or counteranions. Structures which showed dis-
order in the main cationic unit were not considered further
for analysis. The structures were sorted manually into catego-
ries based on the cis-protected PdĲII) unit and the relative ori-
entation of the Pd–(N)2ĲX)2 planes, where N and X (usually N/
S/O/C) represent the donor atoms of the cis-protecting unit

and the chosen ligand, respectively. The different modes of
packing of the cationic units in the crystal structures of these
self-assembled complexes were analysed in the context of the
role played by the cis-protecting agent in the molecular self-
assembly. The imperative role of the cis-protecting units
containing π-surfaces in steering the packing of the cations
was observed and is discussed in the following sections.

4. Classification of binuclear
complexes

Binuclear complexes may be formed by the combination of
two units of selected cis-protected PdĲII) centres PdĲL′) with:
(a) two units of a bidentate ligand LB, i.e. [Pd2ĲL′)2ĲL

B)2], (b)
one unit each of two different bidentate ligands LB1 and LB2,
i.e. [Pd2ĲL′)2ĲL

B1)ĲLB2)], (c) one unit of a bidentate ligand LB

and two units of a monodentate ligand LM, i.e. [Pd2ĲL′)2-
ĲLB)ĲLM)2], (d) one unit of a bis-chelating tetradentate ligand
LQ, i.e. [Pd2ĲL′)2ĲL

Q)] or (e) one unit each of a tridentate ligand
LT and a monodentate ligand LM, i.e. [Pd2ĲL′)2ĲL

T)ĲLM)], the
first category accounting for the largest number of examples.
As shown in Fig. 1, the approximate shapes of various cis-
[Pd2ĲL′)2ĲL

B)2] type molecules, derived by displacement of one
of the Pd–(N)2ĲX)2 planes, while keeping the other plane at a
fixed position are: (a) “plateau” (no displacement); (b) “step”
(axially displaced from plateau by an acute angle θ1); (c)

Fig. 1 Schematic depiction of coordination complexes of Pd2ĲL′)2ĲL
B)2 formulation showing the spatial orientation of ligands and relative positions

of the two Pd–(N)2ĲX)2 square planes in a variety of architectures: (a) “plateau”, (b) “step”, (c) “bow-shaped”, (d) “opened jaws”, (e) “zigzag plateau”,
and (f) and (g) left-handed (M, or minus) and right-handed (P, or plus) “helicates”, respectively, derived from “plateau” (adapted from ref. 23
reprinted with permission from M. C. Naranthatta, S. Bandi, R. Jagan, and D. K. Chand, Cryst. Growth Des., 2016, 16, 6722. © 2016 American Chem-
ical Society). The “twisted” Pd2ĲL′)2ĲL

Q) type complexes are depicted in Fig. 7.
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“bow-shaped” (radially displaced from plateau by an acute
angle θ2); (d) “opened jaws” (radially displaced from plateau
by an obtuse angle θ2); (e) “zigzag plateau” (displacement
from “plateau” in the xy-plane by an acute angle θ3) and (f),
(g) left-handed and right-handed “helicate” (circularly
displaced from “plateau” in either direction by θ4). A variant
of the “helicate” is the “twisted” architecture, which com-
prises a single tetradentate ligand coordinated to two
cis-protected PdĲII) centres with the two Pd–(N)2ĲX)2 planes
oriented nearly perpendicular to each other. The “opened
jaws”, “step” and “plateau” architectures are common,
whereas the “bow” and “zigzag plateau” shapes are seldom
observed (Fig. 1). A plot of the number of structures vs. the
type of assembly shows the distribution of the various types
across the four cis-protected PdĲII) units (Fig. 2). For clarity
and simplicity, the formula [Pd2ĲL′)2ĲL

B)2] and its correspond-
ing schematic diagram (Fig. 1) are used here to represent the
binuclear complex. The relative positions of the two
Pd–(N)2ĲX)2 square planes in a [Pd2ĲL′)2ĲL

B)2] structure depend
upon the spatial positions of the coordination vectors of the
nonchelating bidentate ligand component.

The largest number of structures belong to the “opened
jaws” category (Table S1†), followed by “step”, “plateau”,
“helicate” and “bow” (Tables S2–S5†). Structures containing
en and tmeda are distributed across all types, but many be-
long to the “opened jaws”, “plateau” or “step” category. The
θ1 values (Fig. 1b) for a few structures of the “step” type lie in
the range of 0–1°, particularly when the cis-protecting unit is
en, blurring the line between the “plateau” and “step” types
of assemblies (Tables S3 and S4†). These examples have been
placed in the “plateau” category. Complexes of the “zigzag
plateau” and “twisted” types are placed in the “plateau” and

“helicate” categories, respectively. In a few examples of the
“opened jaws” and “twisted” categories, the second
Pd–(N)2ĲX)2 plane lies slightly displaced from the ideal posi-
tions described in Fig. 1. Incidentally, the helicate type com-
plexes are the rarest when the “twisted” type is not counted.

Each structure has been assigned a number (see Table 1,
Tables S1–S5†) and is also identified by its CSD refcode. Rep-
resentative examples for each type of packing are discussed
in the sections below and molecular packing diagrams for all
structures are available in the ESI.†

4.1. “Opened jaws”

The solid-state conformation of the molecule in many exam-
ples in the “opened jaws” category is driven by intra/inter
molecular π⋯π stacking interactions and/or intramolecular
metal–metal interactions.28 The intramolecular Pd⋯Pd dis-
tances29 in most of the “opened jaws” structures containing
bpy and phen lie in the range of 2.7–3.7 Å (and exhibit intra-
molecular metal⋯metal interactions), whereas, those which
contain tmeda and en often exhibit larger Pd⋯Pd distances
in their structures (Table S1†). This structural variation can
be attributed to the fact that structures containing bpy or
phen units are also likely to exhibit intramolecular π⋯π

stacking interactions30 between the aromatic rings of the
bipyridine or phenanthroline units. Accordingly, the intramo-
lecular Pd⋯Pd distances are defined as ‘short’ (2.7–3.7 Å) or
‘long’ (>4.0 Å) in these complexes (Table S1†) with there be-
ing no examples with the Pd⋯Pd distance in the range of
3.7–4.0 Å. The types of molecular packing adopted by the cat-
ions in these complexes may be broadly divided into four cat-
egories. In the case of complexes with ‘short’ intramolecular
Pd⋯Pd distances, cations may associate directly via Pd⋯Pd
interactions and/or π⋯π stacking interactions (bpy/phen
units) and form infinitely long columns (Fig. 3b) or dimers
(Fig. 4b), which may be further linked by anions or solvent
molecules. With increasing Pd⋯Pd distance, a cavity is cre-
ated between the “opened jaws”, which may be occupied by
anions or solvent molecules (Fig. 5b). However, one or more
cis-protected PdĲII) units may also be partially accommodated
in the cavity, resulting in a closed packed structure (Fig. 6b).
Illustrative examples of each type of packing are discussed
below, along with related structures.

4.1.1. Complexes with short intramolecular Pd⋯Pd dis-
tances (2.7–3.7 Å). Adjacent cationic units in the crystals of
18 (RIZKUG),31 which contains a substituted pyrimidine li-
gand, associate via π⋯π stacking interactions between the

Table 1 Summary of structure numbers for different architectures

Architecture of the
binuclear complexes

Structure number corresponding to the
cis-protecting units:

bpy phen en tmeda

“opened jaws” 1–38 39–51 52–62 63–66
“helicate”/“twisted” 67–73 74 75–84 85–87
“plateau”/“zigzag plateau” 88–94 95–98 99–110 111–112
“step” 113 114 115–130 131–141
“bow” — 142 143–145, 108 146–147

Fig. 2 Plot of the number of structures (irrespective of the number
and denticity of the ligand(s) coordinated to PdĲII)) vs. the binuclear
assembly type shows distribution of the various types of complexes
across the four cis-protected PdĲII) units. “Zigzag plateau” and
“twisted” types are placed in the “plateau” and “helicate” categories,
respectively.
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aromatic rings of the bpy units, forming infinitely long mo-
lecular columns (Fig. 3a). This pattern of molecular packing
is observed in the bpy complexes 1 (AGIGAZ),32 formed with
a 2,2′-azanediyldibenzoic dianion as the ligand; 2
(BATMOY),33 3 (BATPIV),33 5 (FASQUL)34 and 6 (FASRAS),34

formed using the related ligands 1,8-naphthyridin-2,7-dione,
7-amino-1,8-naphthyridin-2-one, 1,8-naphthyridin-2-one and
7-methyl-1,8-naphthyridin-2-one, respectively; 14 (NAGSIZ)35

and 15 (NERHIB),36 containing chelating bidentate nitrate li-
gands; 19 (RONQUI),37 20 (RONRAP)37 and 21 (RONRET)37

formed using bis-chelating tartrate as the ligand; 27
(SELSUX),38 formed using the ligand 1-methylthymine; struc-
turally related 31 (WUHCEI)39 and 32 (WUHCOS)39 prepared
with the ligands 1-methylcytosine and 2-aminopyridine, re-
spectively; 34 (XIMZEZ)40 formed using acetamide as the li-
gand and the tris-osmium complex 35 (YUMWEI).41 The
diacetate complex formed by PdĲOAc)2ĲOTf)2 with
neocuproine, 44 (JIWVUH),42 and the phen complex 42
(JAMLOZ)43 also exhibit packing of the cationic units in the
form of infinitely long molecular columns through π⋯π

Fig. 3 Association of cationic units in (a) 18 (RIZKUG)31 through π⋯π stacking interactions between bpy units forming a column-like assembly;
(b) its schematic representation and (c) the chemical structure of the cationic unit in 18. Some anions, solvent and hydrogen atoms and interac-
tions are omitted for clarity. Dotted lines between Pd atoms indicate metal⋯metal interaction.

Fig. 4 Dimeric association of cationic units in (a) 29 (VERRUG)51 via π stacking interactions between bpy units; (b) its schematic representation
and (c) the chemical structure of the cationic unit in 29. Some anions, solvent and hydrogen atoms and interactions are omitted for clarity. Dotted
lines between Pd atoms indicate metal⋯metal interaction.
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stacking interactions between the aromatic rings of the
phenanthroline moieties.

The bpy complexes 22 (RONRIX)37 and 33 (XIMZAV)40 and
the bis-acetato and bis-acetamido phen complexes 41
(IVUCIM),44 48 (RASZIV)45 and 49 (RASZOB),45 respectively,

exhibit a slightly different mode of packing, wherein the cat-
ions are alternately linked through Pd⋯Pd interactions and π

stacking interactions, forming columns. In 9 (LABVAN)46 and
13 (MUBNOM)47 the cations are packed in infinitely long col-
umns through hydrogen bonding interactions involving the

Fig. 5 Self-assembly of molecules in (a) 7 (GEQSEC)21; (b) its schematic representation and (c) the chemical structure of the cationic unit in 7.
Some anions, solvent and hydrogen atoms and interactions are omitted for clarity.

Fig. 6 Association of cations in (a) 40 (GEQSUS)21; (b) its schematic representation and (c) the chemical structure of the cationic unit in 40. Some
anions, solvent and hydrogen atoms and interactions are omitted for clarity.
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atoms of the cis-protecting unit and the ligand. The bpy com-
plexes 8 (LABTUF),46 12 (MUBNIG)47 and 23 (RONROD)37 and
the phen complexes 43 (JEGNEP)48 and 46 (MUBNUS)47 (with
a slightly longer intramolecular Pd⋯Pd distance) represent
structures where the second Pd–(N)2ĲX)2 is displaced from the
ideal position (Fig. 1). The patterns of molecular self-
assembly in 8 (LABTUF),46 12 (MUBNIG)47 and 46
(MUBNUS)47 are like that observed in 18 (RIZKUG)31 (Fig. 3),
i.e. formation of infinitely long molecular columns through π

stacking interactions. However, in 23 (RONROD)37 and 43
(JEGNEP),48 the cations assemble in the form of parallel
catemeric chains via π stacking interactions. The cations in
62 (XIMZOJ),40 the en analogue of 33 (XIMZAV),40 assemble
in infinitely long columns through N–H⋯O interactions be-
tween the en unit and ligand, analogous to the molecular as-
sembly through π⋯π stacking observed in bpy/phen com-
plexes. The corresponding packing diagrams for these
structures are available in the ESI† (Fig. S1–S30).

The tetranuclear [Pd2ĲL′)2ĲML)2] (where ML is a meta-
lloligand, M is Pd in this case) “opened jaws” complexes,
formed by 2-aminoethanethiolate upon complexation with
cis-protected PdĲII) units containing bpy (38),49 phen (50),50

dimethyl bpy (37),50 and dimethyl phen (51)50 units, also ex-
hibit short Pd⋯Pd distances and adopt different modes of
molecular packing in the solid state. In 38 (DEBKEA),49 pairs
of molecules associated through π⋯π stacking interactions
between the bpy units. Anion⋯π interactions in 38
(DEBKEA)49 prevent the extension of these dimers into infi-
nitely long molecular columns, unlike the structure of its
phen counterpart 50 (XIDSOS).50 The introduction of a pair
of methyl substituents in the aromatic rings results in molec-
ular assembly in the form of columns through π⋯π and C–
H⋯π interactions in 37 (XIDSIM)50 and π⋯π stacking in 51
(XIDSUY).50 These modes of packing can be correlated with
those observed in the case of simple binuclear complexes.
The corresponding packing diagrams for these structures are
available in the ESI† (Fig. S31–S34).

In some of the structures with short Pd⋯Pd distances,
cationic units associate via π⋯π stacking interactions (in the
case of bpy and phen) or Pd⋯Pd interactions (in the case of
en and tmeda) and form dimers. These dimers may be linked
by anions or solvent molecules which interrupt further propa-
gation of the cationic assembly. For instance, in 29
(VERRUG),51 where L is dimethylpyrazole, the cations associ-
ate through π⋯π stacking interactions between the bpy units,
forming dimers (Fig. 4a) which are linked by PF6 anions (not
shown). The cations in the bpy complex 25 (SAZMEN),52

formed using a pyridinyl dimethylpyrazole ligand, and the
phen complex 47 (MULKAF)53 assemble in this fashion, as
well as those in the bpy complexes of the [Pd2ĲL′)2ĲL

B)ĲLM)2]
variety, 24 (RORFUZ)54 and 36 (YUPMAY).55

The cations in the α-pyridone complexes 52 (ACIMIJ)56

and 61 (VENHEB10)57 containing the counteranions perchlo-
rate and nitrate, respectively, and en as the cis-protecting
unit, assemble as dimers through intermolecular Pd⋯Pd in-
teractions and supporting N–H⋯O and C–H⋯π interactions

between the ligand and en units. Interestingly, all the tmeda
complexes exhibit Pd⋯Pd distances greater than 4.0 Å (Table
S1†). This is perhaps due to the steric aspects associated with
the proximity of the methyl groups in an “opened jaws” con-
formation. The corresponding packing diagrams for these
structures are available in the ESI† (Fig. S35–S40).

4.1.2. Complexes with long intramolecular Pd⋯Pd dis-
tances (>4.0 Å). Complex 26 (SEHKUN),58 which contains two
tert-butyl substituted PdĲbpy)2+ units coordinated to four pyri-
dine 4-thiol ligands separated by ZnCl2 spacers and a ‘long’
Pd⋯Pd distance, reveals packing of the cationic units in the
form of infinitely long helical chains through π⋯π stacking
interactions between the bpy units. The phen complex 39
(EMEHIO)59 also contains Pd atoms separated by greater
than 4.0 Å, wherein the cations assemble to form infinitely
long chains via π⋯π stacking interactions.

This category also contains a family of complexes (bpy – 7
(GEQSEC), phen – 40 (GEQSUS), en – 53 (GEQSIG) and tmeda
– 63 (GEQSOM)) formed from the combination of a urea
based ligand and the four cis-protected PdĲII) units,21

reported recently from our laboratory.21 The bpy complex 7
(GEQSEC) shows a completely different type of packing due
to the presence of the perchlorate anion in the cavity of the
cationic unit (Fig. 5a). The perchlorate forms hydrogen bond-
ing interactions with the urea protons and prevents the close
approach of the second cationic unit. The aromatic rings of
complexed ligands in adjacent cationic units interact through
π stacking interactions. A similar kind of molecular packing
is observed in its en and tmeda analogues, 53 (GEQSIG)21

and 63 (GEQSOM),21 though the nitrate counteranions in the
former structure are not present in the cavity of the “opened
jaws”. Further, the introduction of a methyl group in the aro-
matic ring of the urea based ligand followed by complexation
with [PdĲen)ĲNO3)2] results in the complex 54 (KAXJOK60) with
molecular packing like that observed in 63.

The diphenylpyrazolato bridged bpy and phen complexes 11
(MAQFIU)61 and 45 (MAQFEQ),61 respectively, exhibit modes of
self-assembly like 7, even though the intramolecular Pd⋯Pd
distances in the structures are ∼3.0 Å. Tetrafluoroborate and
nitrate anions, respectively, occupy the cavity created by the
“opened jaws”. These complexes also exhibit intramolecular
Pd⋯Pd interactions. The en complex 56 (NEPCER),25b

containing a bis-pyridyl benzene ligand, can also be classified
in this category, with nitrates occupying the cavity of the cat-
ionic unit. In the [Pd2ĲL′)2ĲL

Q)] tmeda complex 66 (SUHFUX),62

the anions do not occupy the cavity of the displaced “opened
jaws”. However, the packing of the cations is like that observed
in 7.21 The corresponding packing diagrams for these struc-
tures are available in the ESI† (Fig. S41–S49).

A fourth type of molecular packing in “opened jaws” com-
plexes is seen in the crystal structure of 40 (GEQSUS).21 The
cationic units in the phen complex associate through π stack-
ing interactions between the aromatic rings of the
cis-protected PdĲII) unit, resulting in two cis-protected metal
centres, one each from two different molecules accommo-
dated in the cavity of a third molecule (Fig. 6a).
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Apart from the four types of molecular packing discussed
here, some “opened jaws” complexes exhibit other modes of
organization in the solid state. These structures cannot be
readily classified into different categories and hence, their
packing diagrams are placed in the ESI† (Fig. S50–S62). They
include the bpy complexes 4 (EDUSIG),63 10 (LAJVOH),64 16
(PEYBOL),65 17 (POZGEQ),66 28 (SOSQUO)67 and 30
(VIDJAU);68 the en complexes 55 (LABDAU),69 57 (RIZKOA),31

58 (UFAWEE),70 59 (UFAWII)70 and 60 (VAGRUQ)71 and the
tmeda complexes 64 (IWOVAS)72 and 65 (NABQEO).73

4.2. “Helicate/twisted”

The category of “helicate/twisted” structures comprises
binuclear complexes where the second Pd–(N)2ĲX)2 plane is
twisted in a circular fashion about the Pd⋯Pd axis through
angle θ4 (Fig. 1f and g and Table S2†). In this category, some
complexes are formed from two units of a bidentate ligand
(“helicate”, Fig. 7a) while others contain a single unit of a
tetradentate ligand (“twisted” complexes, Fig. 7b).

4.2.1. “Helicate”. The first examples of binuclear
cis-protected PdĲII) helicates were recently reported from our
laboratory,23 namely the tmeda complexes 85 (IZOJUE) and
86 (IZOKAL). The cationic units of the (P) and (M) configura-
tions in 85 are arranged in enantiomeric stacks (Fig. 8a) via
π⋯π interactions.

However, in the structurally related complex 86 (IZOKAL),
which contains a biphenyl spacer in the ligand backbone, the
cationic units of the (P) and (M) configurations are stacked
alternately through C–H⋯π interactions between ligand units

of adjacent cations. Further, 111 (IZOKEP) containing a
terphenyl spacer in the ligand exhibits a “zigzag step” struc-
ture. The cis-protecting agent in these structures is tmeda,
which does not contain a π-surface. In the bimetallic
helicates 67 (ETASEY),74 68 (ETASIC)74 and 69 (ETASOI)74

which contain metalloligands (ML, where M is Pt), the cat-
ions assemble as chains through π⋯π stacking interactions
between the bpy units (Fig. 9).

The corresponding packing diagrams for these structures
are available in the ESI† (Fig. S63–S65).

4.2.2. “Twisted” complexes. In the case of “twisted” com-
plexes a uniform mode of self-assembly was not observed,
but rather the molecular organisation in the solid state de-
pends upon the ligand, cis-protecting units and anions. Com-
plexes 72 (IBUHAQ)75 and 73 (UJAGIV)76 represent “twisted”
molecules of the [Pd2ĲL′)2ĲL

B)ĲLM)2] variety, containing two
pyridyl monodentate ligands and a single bidentate ligand.
The cations in 7275 self-assemble through C–H⋯π interac-
tions between the tert-butyl substituted bpy groups present in
the cis-protecting units, whereas those in 7376 associate via
π⋯π interactions between the aromatic rings of the dimethyl
bpy units. The cations in the tmeda complex, 87 (XUPKEZ),77

(also of the [Pd2ĲL′)2ĲL
B)ĲLM)2] variety) assemble through C–

H⋯Br interactions between the protons of en and the Br
atoms of the ligand in addition to Br⋯Br interactions be-
tween ligand molecules. All other examples belonging to the
“twisted” complex category consist of a tetradentate ligand
coordinated to cis-protected PdĲII) centres. Complex 70
(OLIXOW)78 formed from a metalloligand (ML, M = Li) and

Fig. 7 Schematic representation of (a) a “helicate” complex formed from two bidentate ligands and (b) a “twisted” complex formed from one unit
of a tetradentate ligand.

Fig. 8 Association of cations in the helicate 85 (IZOJUE)23 where: (a) cations of (M) and (P) (not shown) configuration are linked by π⋯π stacking
interactions between ligand moieties; (b) top view of the molecules shows alternating rows of (P) (pink) and (M) (yellow) isomers and (c) the
chemical structure of the cationic unit in 85. Some anions, solvent and hydrogen atoms and interactions are omitted for clarity.
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dimethyl bpy as the cis-protected PdĲII) unit, contains BPh4
−

as the anion. The cations assemble through a combination of
weak π stacking between the aromatic rings of the dimethyl
bpy units and the aromatic rings of the anions. The cations
in the bisacetylacetonato complexes 71 (VENCEX)79 (Fig. 10)
and 74 (KERBUF)80 assemble through π⋯π stacking interac-
tions between the aromatic rings of their bpy and phen units,
respectively.

The en complexes formed with the reducing sugars β-D-
arabinopyranose, β-D-galactofuranose, β-rac-mannopyranose
and β-D-ribopyranose as the ligands, 75 (EHUDOA),81 76
(EHUDUG),81 77 (EHUFAO)81 and 78 (EHUFES),81 respec-
tively, and the complexes 79 (IFOTAY),82 80 (KAKDAD),83 81
(KAKDIL)83 and 82 (PIGMUO)84 featuring lyxose, glucose and
xylitol based ligands are also members of the “twisted” com-
plexes category. The cations in these complexes (except for
77) self-assemble through N–H⋯O interactions between the
amine protons of en and ligand oxygen atoms to form dimers
or catemers that are further linked by water molecules. In the
case of 77 (EHUFAO), the molecular self-assembly is brought
about by O–H⋯O hydrogen bonding interactions between
the coordinated ligand molecules. In the en complexes 83

(WIJRUD)85 and 84 (WIJSAK),85 the cations self-assemble via
C–H⋯π interactions between the protons of en and the aro-
matic rings in the ligand, in addition to weak C–H⋯π and
π⋯π interactions between the ligands of adjacent cations.
The corresponding packing diagrams for these structures are
available in the ESI† (Fig. S66–S81).

4.3. “Plateau” and “Step”

We reported a series of binuclear complexes formed from
bisĲ4-pyridylmethyl) piperazine and cis-protected PdĲII)
units,86 of which the bpy complex (92, HITHID, Fig. 11a) is of
the “plateau” variety (Fig. 1a), whereas the phen (114,
HITHOJ, Fig. 12a) and tmeda (133, HITHUP) complexes can
be classified in the “step” category (Fig. 1b). Similarities in
the molecular packing of complexes belonging to the “pla-
teau” and “step” varieties (Tables S3 and S4†) arise due to
the flattened structure of the cationic units. The “plateau”
category also includes examples of the “zigzag plateau” vari-
ety (Fig. 1e).

The bpy complex 113 (HUXXAA)87 also belongs to the
“step” category. The cations in 92,86 11486 and 11387 as-
semble primarily through π⋯π stacking interactions

Fig. 9 Association of cations in (a) 67 (ETASEY)74 through π⋯π stacking interactions between (P) (pink) and (M) (yellow) isomers and (b) the
chemical structure of the cationic unit in 67. Some anions, solvent and hydrogen atoms and interactions are omitted for clarity.

Fig. 10 Association of cations as tetrads in (a) 71 (VENCEX)79 through π⋯π interactions between the aromatic rings of bpy and (b) the chemical
structure of the cationic unit in 71. Some anions, solvent and hydrogen atoms and interactions are omitted for clarity.
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between the aromatic rings of the bpy/phen units of adja-
cent molecules, forming a one-dimensional π-polymer.
This mode of molecular arrangement also resembles top-
pled dominoes.

Some bpy and phen complexes exhibit short intramolecu-
lar Pd⋯Pd distances by virtue of the ligand's structure. The
cations in these complexes self-assemble through inter-
molecular π⋯π stacking interactions to form dimers which
form the toppled dominoes through aromatic stacking inter-
actions with adjacent dimers. The bpy complexes 90
(DEGKUW)88 and 91 (GEJJAI),89 and the phen complexes 95
(JEGMUE),90 96 (WEYJUH),91 97 (WEYJUH01)92 and 98
(WIVNIZ)93 exhibit this type of packing in their structures. In
the bpy complex 88 (AQIXON),94 the cations associate in a di-
meric fashion via aromatic stacking interactions but these di-
mers do not assemble as toppled dominoes due to the pres-
ence of the counteranions. There are many parallels between
the modes of packing observed in the “opened jaws” com-
plexes (section 4.1) and “plateau/step” complexes containing
bpy and phen as the PdĲII) cis-protecting units.

The bimetallic bpy complex 89 (DAQSAQ),95 and struc-
turally related 93 (KIYKIN)96 and 94 (KIYKOT)96 all con-
tain tert-butyl substituted bpy units. The cations assemble
in a toppled domino fashion in these complexes, though
no aromatic stacking interactions are observed between
the bpy units. In 94, C–H⋯π interactions are observed be-
tween the protons of the tert-butyl unit and aromatic
rings of the cis-protecting units. The bulky tert-butyl units

prevent the overlap of the aromatic rings of adjacent bpy
units.

The unusual bimetallic en complex 99 (DAHBOF)97 of the
“zigzag plateau” variety shows arrangement of the cations in
the form of toppled dominoes through C–H⋯π interactions.
Similarly, the en complexes of the [Pd2L′2ĲL

Q)] variety, 103
(PIGMIC),98 104 (PIGNOJ)98 and 105 (PIGMOI)98 all contain
sugar alcohols as tetraanionic polyol ligands and exhibit as-
sembly of the cations in the form of molecular dominoes
through N–H⋯O interactions between the en units and the
oxygen atoms of the ligands. The related complex 106
(PIGNAV)98 shows catemeric association of the cations
through similar N–H⋯O interactions. The structures of the
en complexes 125 (WAFTEC)99 and 130 (YIQFOT)100 revealed
association of the cations through C–H⋯π and N–H⋯O in-
teractions, respectively, giving rise to a layered arrangement.
The tmeda complexes 131 (GAVDUE)101 and 137 (IWOVEW)72

contain aromatic rings in the ligand moiety which engage in
π⋯π stacking interactions and contribute towards the layer-
like assembly of the cations.

Many of the other en (100 (DOMBIR),102 102 (HOVWIZ),103

107 (RAKCOX),104 127 (XIVGEP),105 108 (XUQZUF),106 109
(YIMDEE)107 and 110 (YIMDII)107) and tmeda (112,
(QEGXIJ)108) complexes belonging to the “plateau” category
exhibit layer-like assemblies. There are no interactions be-
tween the cationic units in these structures and hence an-
ions, solvents and guest molecules often link the cations
through hydrogen bonding contacts. Notably, the en complex

Fig. 11 Association of cations in (a) 92 (HITHID)86 (“plateau”); (b) its schematic representation and (c) the chemical structure of the cationic unit in
92. Some anions, solvent and hydrogen atoms and interactions are omitted for clarity.
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108 (XUQZUF)106 contains cations of two different conforma-
tions, namely, the “plateau” and “bow-shaped” units
(discussed in the next section) in the same crystal. Unlike the
related complexes 85 (IZOJUE)23 and 86 (IZOKAL),23 which
belong to the “helicate” category, the tmeda complex 111
(IZOKEP)23 is of the “zigzag step” variety. Cations assemble
via π⋯π stacking interactions between the phenyl rings of
the ligand to form columns which are further connected by
molecules of the solvent and anions.

The en and tmeda complexes of the “step” category rou-
tinely show molecular packing in the form of layers due to
the flat shape of the molecule. These include the en com-
plexes 116 (DOMBEN),102 118 (ENBAPD),109 119 (MAXHOI),110

120 (NIHVOP),111 123 (VITVEA),112 126 (XAGWOT),113 129
(XURBAO)106 and the tmeda complexes 132 (GAWHUJ),114

134 (IXUQAU),115 135 (IXUQEY),115 136 (IXUQIC),115 138
(IWOVIA),72 139 (SUWVEM)116 and 140 (SUWVOW).116 Some
of the structures exhibit zigzag or antiparallel arrangements
of the layers in different directions. These include the en
complex of the “plateau” variety 101 (HETQAY)117 and the en
complexes of the “step” variety, 115 (COCBED),118 117
(DUDPAU),119 121 (RAKCUD),104 122 (SUWVIQ),116 124
(VITVIE)112 and 128 (XIVGIT).105 The tmeda complexes of the
“step” variety, 133 (HITHUP),86 137 (IWOVEW)72 and 141
(XAYGOU),120 also show zigzag arrangement of the cationic
layers in their structures. These layers are interlinked with

the help of anions, solvents or included guest molecules. The
corresponding packing diagrams for structures belonging to
the “plateau” and “step” categories are available in the ESI†
(Fig. S82–S133).

4.4. “Bow-shaped”

The last category of binuclear PdĲII) complexes consists of the
“bow-shaped” variety (Fig. 1c and Table S5†). A representative
example is the tmeda complex 147 (WINQIV),121 wherein the
bow is formed by the coordination of the ligand 1,3-bisĲ4-
pyridylethynyl)benzene to cis-protected PdĲII) units. The aro-
matic rings of the ligands of adjacent molecules are involved
in π⋯π stacking interactions leading to a molecular arrange-
ment that appears like waves (Fig. 13). The μ-hydroxo
PdĲneocuproine) complex 142 (JIWWAO)42 of the [Pd2ĲL′)2-
ĲLB)2] variety also belongs to this category. The cations assem-
ble through π⋯π stacking interactions between the aromatic
rings of the phen units, forming wavy layers which are inter-
connected by the anions. The en complex 143 (DAHBUL)97

contains a metalloligand wherein a Pt atom is present at the
centre of the bow. Though the cations do not directly interact
with each other, the pattern of assembly resembles that ob-
served in 142.42 The cations in the en complex 145
(ODALIO)122 (which contains a glucopyranose tetrol ligand)
self-assemble in a catemeric fashion through N–H⋯O inter-
actions between the –NH protons of en and the oxygen atoms

Fig. 12 Association of cations in (a) 114 (HITHOJ)86 (“step”); (b) its schematic representation and (c) the chemical structure of the cationic unit in
114. Some anions, solvent and hydrogen atoms and interactions are omitted for clarity.
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of the ligand. The cis-protected PdĲII) units in the en complex
144 (XIMZID)40 are held together by a bridging amidate li-
gand and a hydroxo bridge, giving rise to the “bow” shape.

The cations of each wavy layer are linked by C–H⋯O and N–
H⋯O interactions between the en unit and hydroxo oxygen
atoms and the adjacent layers are interlinked by N–H⋯N in-
teractions between the en units and amidate nitrogen atoms.

The phenyl rings of the ligand moiety play a greater role
than the cis-protecting unit in the molecular packing of the
tmeda complexes 147 (WINQIV)121 and 146 (GAVDOY).123

Cationic units in 146 are linked through weak C–H⋯π inter-
actions between the aromatic protons and phenyl rings of li-
gands of neighbouring molecules. The corresponding pack-
ing diagrams for these structures are available in the ESI†
(Fig. S134–S138).

Finally, complex 108 (XUQZUF)106 has a unique structure
that contains two types of cationic units, namely, “plateau”
and “bow-shaped” (Fig. 14). This phenomenon is similar to the
‘conformational isomerism’ observed in organic compounds.

5. Summary

In summary, five main categories of binuclear complexes
could be identified based on the relative spatial orientation
of the Pd–(N)2ĲX)2 planes. The “opened jaws” structure is the
most commonly observed orientation followed by the closely
related “step” and “plateau” structures. The combination of
the same ligand with different cis-protected PdĲII) units can
result in structures which belong to diverse categories. Com-
plexes containing bpy and phen moieties often tend to self-
assemble through π⋯π stacking interactions between the ar-
omatic rings, irrespective of the type of structure. In a few
cases, anions or included solvent molecules can interrupt
this self-assembly by their interactions with the cis-protected

Fig. 13 Association of cations in (a) 147 (WINQIV)121 through π⋯π

stacking interactions between the aromatic rings of the ligands of
adjacent molecules, an arrangement that appears like waves and (b)
the chemical structure of the cationic unit in 147. Some hydrogen
atoms and interactions are omitted for clarity.

Fig. 14 Assembly of two types of cations (“plateau” (violet) and “bow-shaped”) in (a) 108 (XUQZUF)106 and (b) the chemical structure of the
cationic unit in 108. Some anions, solvent and hydrogen atoms and interactions are omitted for clarity.
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PdĲII) units. The presence of methyl or tert-butyl groups on
the bpy and phen aromatic rings can prevent the close ap-
proach of cationic units and hence, assembly through π

stacking interactions. The “step” and “plateau” complexes of-
ten self-assemble as layers which are interconnected by inter-
actions with anions and solvent molecules which occupy the
gaps between adjacent layers. Some modes of self-assembly
of the cationic units in the “opened jaws” and “plateau/step”
architectures are comparable, particularly in the case of the
cis-protecting units, bpy and phen. Hence, the cations can be
termed ‘tectons’ which tend to self-assemble in a predictable
manner through π stacking interactions between the aro-
matic rings of the cis-protected PdĲII) units, bpy or phen,
which function as the ‘supramolecular synthons’ in these
crystals. The relatively small number of crystal structures and
wide variety of ligands and anions available for analysis pre-
clude any discussion of the direct impact of the ligands'
structure or specific anions on the orientation of the
Pd–(N)2ĲX)2 planes. Many of the examples studied are com-
plexes obtained by the combination of the ligand with a sin-
gle kind of cis-protected PdĲII) unit; the structures of its com-
plexes containing the other cis-protecting units are unknown
and hence unavailable for analysis.

6. Outlook

The variation in the crystal structure and packing of organic
molecules upon perturbation of the functional groups in the
chemical structure has been well explored. Such analyses in
the case of coordination complexes or metal–organic com-
pounds have not been attempted, with the exception of coor-
dination polymers or MOFs. The difficulties associated with
conducting such a study are obtaining X-ray quality, stable
crystals of large complexes, greater probability of disorder in
the cationic and anionic units, inclusion of solvent or free li-
gand molecules in the crystal and structure solution of com-
pounds containing many non-hydrogen atoms. The present
study of structures of binuclear PdĲII) complexes reported in
the CSD attempts to analyse the distinct modes of molecular
packing observed upon varying the cis-protecting unit (bpy,
phen, en, tmeda). This information is vital for the crystal en-
gineering of pre-designed supramolecular architectures for
specific functions such as anion encapsulation, guest recog-
nition, photoluminescence and solid-state reactivity.
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