
Dalton
Transactions

PERSPECTIVE

Cite this: Dalton Trans., 2019, 48,

5476

Received 4th February 2019,

Accepted 20th March 2019

DOI: 10.1039/c9dt00542k

rsc.li/dalton

On the preferences of five-membered chelate
rings in coordination chemistry: insights from the
Cambridge Structural Database and theoretical
calculations†
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Antonio Frontera *b

The purpose of this review is to give an overview of three important N-bidentate ligands: 1,10-phen-

anthroline (phen), 2,2’-bipyridine (bpy), and ethylenediamine (en). We have not attempted to be comprehen-

sive because of the huge amount of activity being done in coordination chemistry using these ligands.

Instead we present a full structural and geometrical study by using the Cambridge Structural Database

(CSD) combined with theoretical calculations that allow us to parameterize their coordinating properties

and ability to coordinate to transition and non-transition metals. More importantly, we illustrate that upon

coordination and formation of the five-membered chelate ring, these ligands are able to adapt themselves

to the requirements of the different metals by changing the MN distances and NMN angles. Therefore, a

redefinition of the preferences of these ligands to metals with large ionic radii is needed. Finally, we will

present some facts about the participation of these ligands in inorganic–organic hybrids (IOHs) based on

Keggin polyoxometalates (POMs).

1. Introduction

Nowadays, one of the main purposes of modern chemistry and
crystal engineering is the design and creation of new crystal-
line materials with tailored properties. To understand the mys-
teries of crystal engineering, a deep comprehension of non-
covalent interactions and the effects of their intricate combi-
nations is needed. Therefore, it is necessary to find the logical
relationship between the molecular shape, symmetry and the
nature of intermolecular forces, such as hydrogen bonds, π⋯π

stacking, CH⋯π, lone pair⋯π interactions, etc.1–4 The study
and comprehension of the geometrical behavior of ligands
and their coordination properties to metal centers are also
important to succeed in crystal engineering. However, the
inability to completely synthesize desired crystals seems to be
a great limitation in this field. Undoubtedly, ligand design can
be an important issue for crystal designers because of its sig-
nificant role in the complex stability and metal ion selectivity.
Ligand design involves the examination of existing metal–

ligand complex structures according to the available experi-
mental geometrical data and also computer models. The use
of innovative arrays of donor atoms, that are chosen to bind to
one or more metal ions, allows creating complexes that display
new properties.5–7 Therefore, developing, designing and inves-
tigating highly organized ligands have a bright future since
they are capable of binding substrates with high efficiency and
selectivity. Accordingly, two main steps in the ligand design
strategy arise: (i) full understanding of the structural infor-
mation of the organic ligands such as the rigidity and flexi-
bility of the skeleton, the nature of the donor atoms, chelating
ring size and coordination behavior;8 (ii) studying of the poss-
ible participation of the ligand in non-covalent intermolecular
interactions via the ligand backbone or its functional groups
that link directly to supramolecular chemistry.9

The aim of this review is to provide the crystal engineering
community with a thorough structural study of three amine
and/or imine ligands; ethylenediamine (en), 2,2′-bipyridine
(bpy), and 1,10-phenanthroline (phen). This is achieved by
examining the Cambridge Structural Database (CSD) and per-
forming theoretical calculations of their coordination behavior
with different metal centers. We begin with a brief presentation
of the foundation of rigidity vs. flexibility of N-donor ligands
and continue with more specific research on the N-bidentate
ligands (phen/bpy/en) as selected examples of preorganized and
non-preorganized ligands. The full CSD results help us to
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realize that these ligands are versatile since they are able to
bind with a variety of metal centers. We relate this feature to the
formation of five-membered chelate rings, which is favorable in
a variety of metals with quite different ionic radii and electronic
configurations. Finally, their inorganic–organic hybrids (IOHs)
based on Keggin polyoxometalates (POMs) will be presented.
This review will inspire more interest in the development of
new materials with more predictable properties.

2. Rigid vs. flexible N-donor ligands

Many different factors affect the final solid state structure in
the crystals of coordination compounds, such as the coordi-
nation geometry of the central metal ion, binding modes of
the organic ligands, and the synthesis conditions.8,10 To ade-
quately select a ligand, it is important to know its geometrical
characteristics and behavior. A library of compounds and their
key features is convenient for a better design of the target
structure. Many articles and CSD searches have showed that
many structures are composed of neutral flexible and/or rigid
N-donor ligands (see Fig. 1).11,12 However, the lack of negative
charge in these ligands may cause synthetic troubles because
the anionic counterpart needs to be incorporated into the
framework for neutrality. It is well known that flexible N-donor
ligands have conformational freedom resulting from their
rotation around the single bond(s). They can chelate the metal
ion through their ends or act as linkers bridging the metal
centers and increasing the dimensionality of the system.
Accordingly, more flexibility always leads to lower selectivity.

Also, some investigations have shown that the long alkyl chain
in the flexible N-donor ligands can be suitable for the con-
struction of chiral frameworks.13 Nonetheless, rigid N-donor
ligands have only limited movement in their backbone
because of their planarity and stability which arise from their
aromaticity. Moreover, the reaction of the rigid ligands is com-
paratively easy to control and reduce the uncertainty of the
assembly during the formation of the final product. The use of
rigid N-donor ligands prevents the formation of high dimen-
sional frameworks and they are also known as “terminators”.14

Finally, rigid N-donor ligands have more predictable beha-
viors, due to their restrictive coordination modes and they are
good candidates for use in crystal engineering.

3. N-Bidentate ligands

In this section, three commonly used N-bidentate ligands
(phen, bpy and en) are introduced briefly. They are versatile
ligands for designing and synthesizing metal organic com-
plexes (MOCs) with desired properties in molecular biology,
such as DNA cleavage or insertion reagents,15–17 contrast
agents for magnetic resonance imaging,18,19 chelation thera-
pies20 and metalloenzymes.21 Several reviews have been pub-
lished summarizing their properties.22,23 In the chemistry of
nitrogen donor ligands, en has been very popular since the
naissance of coordination chemistry.24 The bpy ligand was dis-
covered at the end of the nineteenth century and has gained
renewed interest due to its importance in fields like photo-
voltaics,25,26 OLEDs27,28 and molecular sensors.29,30 Finally, phen

Fig. 1 Chemical representation of rigid and flexible N-donor ligands. Phen: 1,10-phenanthroline; bpy: 2,2’-bipyridine; en: ethylenediamine; terpy:

terpyridine; DPA: dipyridoacridine; bpp: 1,3-di(4-pyridyl)propane; bbi: 1,1’-(1,4-butanediyl)bis(imidazole); bix: 1,4-bis(imidazol-1-ylmethyl)benzene;

btx: 1,1’-(1,6-hexanediyl)bis(1H-1,2,4-triazole); 4,4’ bpy = 4,4’-bipyridine.
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is known as a rigid coplanar ligand that is important in fields
like genetic engineering and molecular biology due to its
efficiency to cleave the DNA and RNA backbone.15,16,31 Also,
the electron-conjugated heteroaromatic system in phen/bpy
rigid ligands makes them adequate to establish π–π inter-
ligand interactions and create supramolecular architectures
with interesting photoluminescence, electrochemical,32–34

magnetic35 and antiproliferative36 applications. Their empty π*
orbitals have good potential to accept electrons from metal
centers and, consequently, some of their MOCs have an
intense metal-to-ligand charge-transfer (MLCT), which is
characteristic in the visible region of spectra. Therefore, they
can be good candidates for optical and photoelectronic
materials.37–39 The sp3-hybridzed N-donors of en present
higher basicity than sp2-hybridized pyridyl N-donors and the
influence on their metal complexes will be further discussed
below. Regarding the C–C bond rotation, bpy and en ligands
present cis/trans isomerism, whereas the phen ligand is pre-
organized in the cis-locked conformation (Fig. 2).

4. Preorganized ligands

The earliest investigations of preorganized ligands involved
basically multidentate macrocyclic molecules such as crown
ethers, cryptands and aza-macrocycles. In 1988 Cram stated
that “preorganization is a central determinant of binding
power”.40 Since this discovery, a large amount of research
studies focused on this family of ligands in order to success-
fully design and construct new crystalline materials with tai-
lored applications like sensors, catalysts and magnetic reso-
nance imaging agents.41–43 Hemoglobin and vitamin B12 are
also well-known biological metallocomplexes based on pre-
organized macrocyclic ligands. The main synthetic dis-

advantage of macrocyclic ligands is the final cyclization step
that is usually difficult with relatively high-cost and low yield.
Thus, the use of non-macrocyclic preorganized ligands is con-
venient to overcome this problem. Although these ligands do
not have a cavity, the arrays of donor atoms show suitable selecti-
vity for metal ions by creating chelate rings. Herein, the ability
to form chelate rings of phen/bpy/en is examined. A CSD survey
revealed that the cis-form is dominated even for the non-pre-
organized en ligand (see Scheme 1) which is attributed to the
chelate effect. Therefore, their structures will be highly predict-
able since it prefers chelate coordination instead of the bridge
form (see Fig. 2). From the view point of crystal engineering, pre-
organized ligands act as structural directing tools, which is the
case of the three ligands studied herein. That is, based on the
CSD analysis given in Scheme 1, bpy and en, which are not pre-
organized ligands from a classical point of view, have a high pre-
ference to form chelate rings (cis conformation >99.7%) and,
consequently, they act as if they were preorganized ligands.44,45

5. Datasets and methods

Crystallographic data were retrieved from the CSD version 5.38
(update May 2017) using ConQuest, version 1.19. The structure
searches were restricted to the phen, bpy and en ligands
without any restriction regarding the coordinated metal (M).
N–M distances and N–M–N angles were determined for all
structures by using ConQuest and analyzed using Mercury
version 3.9. The results are limited to mononuclear complexes
(compounds with one type of metal and not mix metals).

6. CSD structural study of the
phen/bpy/en complexes
6.1. Geometrical preference

As shown in Scheme 2 the majority of phen/bpy/en ligands are
mononuclear due to their preference for the chelate coordi-

Fig. 2 Representation of the cis-locked mode in the rigid phen ligand

(top) and the C–C bond rotation in the bpy/en ligand (down).

Scheme 1 cis- versus trans-mode in the phen/bpy/en complexes.
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nation mode. However, dinuclear, polynuclear (n = 3–24) and
polymeric compounds have also been prepared by using auxiliary
ligands such as aromatic or aliphatic carboxylic acids or flexible
multidentate N-donor ligands. The purpose of using a mixture of
ligands is to enhance some properties in the final structure. For
example, coordination complexes of [Ln(β-diketonate)3phen]
(Ln = Eu3+ and Tb3+) showed great luminescence properties
specially in solar cells.46 It is worth mentioning that in the
absence of phen, β-diketonate complexes generally form hydrated
complexes like [Ln(β-diketonate)3(H2O)2], where the water mole-
cules quench the luminescence.

It is well known that [M(phen/bpy/en)3]
n+ complexes are

chiral and form right and left handed enantiomers (Δ or Λ).

However, both the Δ and Λ configurations usually co-exist in
the crystals, resulting in racemic compounds. To date, only a
limited number of crystals with one enantiomer have been
reported.47–50

6.1.1. 1,10-Phenanthroline (phen). Although the chelating
bidentate mode is predominating for phen (Fig. 3, Ia), in a
very unusual structure phen can act as a monodentate ligand
(Fig. 3, Id) such as [PtCl(phen)(PEt3)2][BF4] and [PdCl(phen)
(PPh3)2][BF4]·(CH3)2CO. Their X-ray diffraction data revealed
that both M–N and M–N′ bond distances are unequal (2.13
and 2.84 Å for M = Pt; and 2.09 Å and 2.68 Å for M = Pd).46,51

The elongation of the Pd/Pt–N′ bonds (0.34–0.18 Å) is signifi-
cantly longer than the sum of the ionic radii (2.50 Å). It is

Scheme 2 Structural preferences for phen, bpy and en in the mononuclear complexes that are extracted from the CSD data.

Fig. 3 Classification of coordination modes found for the phen, bpy and en ligands based on the CSD analysis.
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attributed to the known preference of Pt(II) and Pd(II) for a
square planar geometry, along with steric effects that prevent
the formation of the [MCl(phen)(PR3)2]

+ cation. In a few com-
plexes of Na, K and Rb, phen acts as both a chelate and a brid-
ging ligand simultaneously.52–56 This rare phenomenon can be
attributed to the large size of alkaline group elements as well
as π-stacking and crystal packing effects (Fig. 3, Ib and Ic). As
shown in Scheme 3 (blue columns), the probability of 1 : 4 and
1 : 5 metal to ligand ratios is negligible. In fact, the 1 : 4 ratio is
only observed for Ca, Ba and Pb metal centers and the 1 : 5
ratio only occurs for Ba. All of these metal ions have ionic radii
larger than 1.1 Å. It is worth commenting how four or five
bulky ligands are able to arrange around these metal centers:

[Ca(phen)4]I2 (1),57 [BrBa(phen)4]Br·MeOH (2), [Ca(phen)4]
(ClO4)2·2L L = (4-(dimethylamino)benzaldehyde molecule)
(3),58 [Pb(phen)4](ClO4)2 (4), [ClO4Pb(phen)4] (5)59 and
[Ba(phen)5]·MeCN (6),57 (1 and 6 are shown in Fig. 4). The
metal is an eight-coordinated distorted square antiprism in
compounds 1, 3 and 4, a nine-coordinated distorted mono-
capped square antiprism in complexes 2 and 5 and a ten-
coordinated distorted bicapped square antiprism in com-
pound 6. Consequently, for reducing the steric hindrance in
these complexes, the metal center moved outside the ligand
planes or two pairs of ligands lied in the quasi-parallel planes.

6.1.2. 2,2′-Bipyridine (bpy). As mentioned before, cis- and
trans-conformations are possible for bpy (Fig. 2, middle).

Scheme 3 Percentage of the metal to ligand ratio in the mononuclear monomeric compounds.

Fig. 4 Geometrical preference for the Ca(phen)4 (1) and Ba(phen)5 (6). Figure reproduced from ref. 57 and 58.
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These two conformers are different in several aspects such as
dipole moment and charge distribution. Theoretical calcu-
lations and solid state and solution studies have shown that
the most stable one is the trans-form. Destabilization of the
cis-conformer is caused by steric repulsion of two hydrogen
atoms (H3,H3′) and coulombic repulsion of the nitrogen lone
pairs.60 In spite of these facts, as shown in Scheme 1, the cis-
conformation is commonly found in bpy complexes because of
the formation of a five-membered chelate ring (Fig. 3, IIa).
Other coordination modes such as IIb (chelating and brid-
ging), IIc (dinucleating), IId (bridging), IIe, IIf and IIg (N′, C(3)
bonded tautomeric form) are rare or extremely rare. For the
latter, the trans-conformation in combination with an appro-
priate metal intermediate may activate the C(3)–H bond of one
pyridine ring, forming an N′, C(3) five-membered cyclometa-
lated ring.61 This process is known as rollover cyclometalation
and is feasible for all ligands that can adopt at least the biden-
tate coordination mode and that are flexible enough to
undergo internal rotation such as bpy and 2-(2-thienyl)pyri-
dine. The reaction must involve, after chelation, partial decom-
plexation of the ligand that undergoes internal rotation
around a suitable bond and promote the selective activation of
a C–H bond and the formation of the metallocycle. As shown
in Scheme 3 (red columns), the probability of forming com-
plexes with metal to ligand ratios of 1 : 3 and 1 : 4 is low and
there is not any example in the literature with a 1 : 5 ratio. For
the very rare 1 : 4 ratio, all complexes have the [M(bpy)4]

n+

formula, where M = Pb, Sm, Eu, Yb, Lu and U in which the bpy
ligands establish π-stacking interactions in the solid state.62–64

6.1.3. Ethylenediamine (en). The behavior of the en ligand
is very similar to that of phen/bpy ligands. Therefore, despite
its flexible backbone, the cis-form (chelating bidentate mode)
is dominant. However, monodentate (IIIe), bridging (IIIb and
IIId) and dinucleating (IIIc) fashions also exist (Fig. 3). Metal
to ligand ratios of 1 : 4 and 1 : 5 (see Scheme 3) are relatively rare.
Indeed, the 1 : 4 ratio is observed for one transition metal Y,

three group 2 elements Ca, Sr, and Ba and lanthanoids (Lns)
like La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm and Yb. The
1 : 5 ratio is only observed for [La(en)5]Cl3·en·CH2Cl2 in a dis-
torted bicapped square antiprism coordination geometry
around the La3+.65

6.2. Metal preference

Neutral N,N′-coordinated phen/bpy/en ligands are able to form
stable complexes with most of the metal centers in a variety of
oxidation states. Most of their mononuclear complexes involve
d block elements followed by f block elements (see Scheme 4).
As expected due to their large ionic size and small electro-
negativity, the coordination compounds of the alkali and alka-
line earth metals are relatively rare. The frequencies of the
phen/bpy/en complexes are shown in Fig. S1.† It clearly reveals
that these ligands can fit themselves to various types of metal
ions simply by moving the metal center with respect to the
ligand plane (shortening or lengthening of the M–N coordi-
nation bonds) and leading to some distortion of the metal/
nitrogen/carbon angle (see Table 1). As the metal ion radius
increases, the number of compounds decreases in the follow-
ing order phen > bpy > en. This is due to several reasons: (i)
The phen ligand is rigid with an entropically favored chelate
binding (cis conformation) compared to en and bpy; (ii) low-
lying LUMO orbitals in the phen enhance the π-back accep-
tance compared to the other two ligands;20,66 (iii) the experi-
mental data revealed that the stability constant data (log K) for
many complexes are in the phen > bpy > en order.67,68

7. Five-membered chelate ring

Many articles and reviews reported that the important factor
for metal ion selection is the chelate ring size in which five-
membered chelate rings promote selectivity for large metal
ions with an ionic radius (r+) close to 1.0 Å. Theoretical calcu-

Scheme 4 Percentage of the metal centers in the MOCs of phen/bpy/en, which is extracted from the CSD data.
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lations show that for five-membered NCCNM chelate rings the
ideal size for the N–M distance is 2.5 Å and the N–M–N angle
is 69°.68–70 Here, by using the CSD search, we want to survey
this relationship using phen/bpy/en ligands since they have
great potential to form five-membered chelate rings. As is
shown in Scheme 5 (up), there is an inverse relationship
between the bond length and the bond angle. It means that
the variation of the NMN angle of the five-membered chelate

rings is directly related to the MN bond length. Therefore, by
increasing the metal ion size, the N–M–N angle becomes
smaller and its corresponding M–N bond becomes longer (see
Fig. 5 left and Table 1). This relationship and flexibility
between the bond length and angle cause the ligand cavity
NCCN matching itself with most of the elements. The NN dis-
tances for phen/bpy/en compounds are very similar, see
Scheme 5 (down) and by increasing the metal ion size the

Table 1 Details of the five-membered chelate ring geometry for the 3d, 4d, 5d, 4f and all compounds by phen/bpy/en up to now, which are

extracted from the Cambridge Structural Database (version 5.38, updated May 2017). Note: Ang. 1–4 are shown on the Fig. 5 right

Compounds
Number of
compounds

r (M–N)
average (Å)

d (N–N)
average (Å)

α (N–M–N)
average (°)

Ang. 1
average (°)

Ang. 2
average (°)

Ang. 3
average (°)

Ang. 4
average (°)

phen
3d 6857 2.097 2.667 79.109 113.224 117.040 117.040 113.59
4d 2003 2.225 2.694 74.881 114.602 117.527 117.571 114.654
5d 829 2.258 2.681 73.765 115.400 117.262 117.341 115.154
4f 1366 2.609 2.718 62.829 119.656 118.096 118.065 119.680
All 11 909 2.209 2.681 75.559 114.391 117.319 117.322 114.524
bpy
3d 4469 2.074 2.623 78.600 115.235 115.122 115.071 115.285
4d 2607 2.121 2.634 77.003 115.785 115.333 115.376 115.795
5d 979 2.125 2.627 76.610 116.156 115.267 115.259 116.156
4f 405 2.583 2.687 62.739 121.283 116.253 116.537 121.248
All 8788 2.123 2.631 76.985 115.865 115.273 115.292 115.831
en
3d 1884 2.036 2.175 83.75 108.910 109.069 109.188 108.848
4d 393 2.115 2.747 81.249 109.129 109.092 109.808 109.162
5d 266 2.124 2.732 80.729 109.908 109.008 109.015 109.990
4f 96 2.594 2.813 65.706 114.331 109.838 109.664 114.464
All 2704 2.077 2.726 82.447 109.187 109.213 109.274 109.126
Ideal five-
membered ring68–70

— 2.5 2.83 69 120 120

Scheme 5 Up: Inverse relationship between the MN bond length and the NMN bond angle in the phen/bpy/en complexes. Down: Distribution of

the NN distance for phen/bpy/en ligands in their compounds.
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M–N coordination distances lengthen and, concomitantly, the
values of Ang. 1, Ang. 4 and the N⋯N distance increase.

Table 1 lists the structural details and CSD reference codes
of all the five-membered chelate rings created by phen/bpy/en
ligands (see Fig. 5 right). Some important issues arise from
the inspection of the results from Table 1: (i) the M–N bond
distance in metal complexes is adjusted according to the posi-
tion of the metal atom in the periodic table; (ii) according to
the reported data from the literature, the five-membered
chelate ring is ideal for lanthanides (4f blocks because of their
radii close to 1.0 Å) but experimental data from CSD show that
the formation of the five-membered chelate ring is preferred
for 4d and 5d metals. To answer this contradiction, we
decided to select some complexes based on phen/bpy/en and
metal ions with various ranges of radii; Cu2+ (r = 0.73 Å), Zn2+

(r = 0.74 Å), Cd2+ (r = 0.95 Å), Hg2+ (r = 1.02 Å), La3+ (r = 1.03 Å)
and Ba2+ (r = 1.35 Å) (see the theoretical part). Moreover, these
results clearly confirm, in agreement with previous results,71

that the model proposed by Hancock19,69,70 is not adequate to

describe these types of complexes. This is due to the fact that
it ignores that the angular geometry around the coordination
centers is very flexible and it does not take into consideration
electronic effects.

8. Theoretical study

We have optimized using DFT calculations (BP86-D3/def2-
TZVP, see the ESI† for details) the geometry of several [ML3]

n+

complexes where M = Cu, Zn, Cd, Hg, La and Ba and L = phen,
bpy and en. The geometric and energetic features of the com-
plexes are gathered in Table 2 and the optimized geometries of
the three representative complexes are shown in Fig. S2.† Form
the inspection of the results of Table 2 several interesting
issues arise. First, the phen complexes are energetically more
favorable than the bpy complexes, likely due to the preorgani-
zation of the ligand. The en complexes are less favored energe-
tically compared to the phen and bpy ones because the en
ligand presents a low preorganization and an intramolecular
N–H⋯N hydrogen bond that is broken upon complexation.
Second, the Cu complex is the strongest one in the three series
followed by the La complex. The lanthanum complex is more
favored than Zn2+, Cd2+ and Hg2+ complexes likely due to its
higher atomic charge (+3 oxidation state). The energetically
weakest complex in each series is the Ba2+ one that also presents
the longest coordination distance (>2.8 Å). The Hg2+ complexes
exhibit larger chelate ring energies than their corresponding
Cd2+ complexes, likely due to the lanthanide contraction effect.
Third, the average coordination distance (M–N) in Cu is longer
than in Zn2+ due to the Jahn–Teller effect in the former. Finally,

Fig. 5 Left: Metal ion size and its effect on the bond length and bond

angle in the five-membered chelate ring. Right: Angle labelling for

Table 1.

Table 2 Theoretical calculation of the energy and geometrical parameters of the five-membered chelate rings that are created by phen/bpy/en

ligands with M = Cu2+, Zn2+, Cd2+, Hg2+, La3+, Ba2+ (ML3)

Ionic
radius (Å)

Energy of the
chelate ringa

(kcal mol−1)
M–N
average (Å)

N–N
average (Å)

N–M–N
average (°)

Ang. 1
average (°)

Ang. 2
average (°)

Ang. 3
average (°)

Ang. 4
average (°)

χ (N–C–C–N)
(°)

phen
Cu 0.73 −311.1 2.253 2.706 77.5 115.3 118.3 117.7 109.7 0.9
Zn 0.74 −287.0 2.192 2.712 76.4 113.5 118.2 118.2 113.5 1.5
Cd 0.95 −234.6 2.376 2.758 70.9 115.3 119.2 119.2 115.3 1.1
Hg 1.02 −259.6 2.427 2.766 69.5 115.8 119.4 119.4 115.8 1.2
La 1.03 −306.7 2.603 2.747 63.7 119.2 118.9 118.9 119.2 1.1
Ba 1.35 −131.9 2.833 2.766 58.4 121.5 119.3 119.3 121.5 0.9
bpy
Cu 0.73 −296.5 2.156 2.667 76.4 117.4 116.4 115.5 112.5 3.7
Zn 0.74 −274.3 2.187 2.676 75.4 115.7 116.3 116.3 115.7 8.3
Cd 0.95 −221.4 2.371 2.732 70.4 116.7 117.4 117.4 116.7 13.4
Hg 1.02 −246.1 2.421 2.745 69.0 116.9 117.6 117.6 116.9 16.2
La 1.03 −291.8 2.596 2.701 62.7 121.6 116.8 116.8 121.6 8.6
Ba 1.35 −119.8 2.828 2.745 58.1 122.4 117.5 117.5 122.4 17.5
en
Cu 0.73 −273.6 2.218 2.826 79.1 111.1 109.2 109.1 105.5 55.7
Zn 0.74 −250.8 2.246 2.836 78.4 108.8 109.8 109.8 108.8 56.2
Cd 0.95 −203.4 2.434 2.918 73.7 108.9 110.9 110.9 108.9 60.4
Hg 1.02 −229.1 2.493 2.933 72.1 109.2 111.2 111.2 109.2 61.3
La 1.03 −222.5 2.669 2.924 62.2 116.4 110.4 110.4 116.4 61.6
Ba 1.35 −104.2 2.909 2.999 62.1 111.9 111.5 111.5 111.9 66.2

a Computed using the following equation: M(II/III) + L→ML.
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the en complexes present longer N–N distances (2.906 Å
average) and larger N–C–C–N dihedral angles (60.2°) as expected
by the alkyl chain connecting the N-donor atoms.

In general, the trends in the geometric features retrieved
from the CSD and those from theoretical calculations are in
good agreement. For instance, both experimental and theo-
retical results indicate that the N–N distances and N–M–N
angles are greater for the en ligand complexes and similar for
phen and bpy complexes. In addition, the N–M–N angle
decreases on going from 3d to 5d transition metals.

9. Inorganic–organic hybrid POMs

As a part of our interest in the preorganized ligands, we have
also analyzed polyoxometalates (POMs) as ligands and their
participation in the synthesis of inorganic–organic hybrids
(IOHs). The motivation comes not only from their intriguing
structural diversity but also from their potential applications
in many fields such as catalysis,72–74 magnetic75 and optical
materials and sensitive devices,76 electro/photochromic
systems,77 sensors78 and medicine.79,80 IOH POMs can gener-
ally be divided into two categories. Type I comprises the
covalent bonds between POMs and MOCs in which POMs,
with a large number of terminal and bridging oxygen atoms,
act as monodentate or multi-dentate inorganic ligands. The
type II category comprises supramolecular assemblies between
POMs and MOCs governed by the formation of various non-
covalent interactions. Moreover, in the type II category, the
POM could simply act as a charge neutralizing agent and/or a
void filler.81 It is noteworthy that many factors influence the
final geometry of both categories, which are temperature,82

pH,83 nature of the metal ion in the MOCs84 and the nature of
organic ligands.85,86 Among many types of POMs, Keggin
anions with the general formula {XM12O40}

n− where X is the
central atom (X = B3+, Si4+, P5+, As5+ etc.) and M is a metal in a
high oxidation state (M = W5+/6+, Mo5+/6+, V4+/5+ etc.) have been
mostly employed due to their size suitability and structure
stability. We have recently demonstrated that Keggin POMs
adopt a wide range of coordination numbers (from 1 to 12) in
symmetric or asymmetric modes.81,87

Although many compounds have been reported based on
phen/bpy/en, their IOH POMs are not studied sufficiently yet

(see Scheme 2). In this section, we review IOHs constructed
using these ligands and Keggin POMs, namely IOH-1/IOH-2/
IOH-3 for phen/bpy/en, respectively.

9.1. Synthetic routes of IOHs

Many different preparation methods have been used to syn-
thesize IOHs, which are not easy to crystallize under conven-
tional conditions due to the poor solubility of the organic
ligands. The hydro(solvo)thermal (HT) technique, in which
high pressure and temperature are used, reduces viscosity and
increases ionicity of the solvents. This procedure effectively
enhances the solubility of materials and diffusion of the reac-
tants and increases the chances to obtain good-quality crystals.
Two strategies have been used for the HT synthesis: (i) in situ

method, in which POM building blocks are constructed during
the reaction and (ii) the use of predefined POMs as building
blocks. HT synthesis is the primary method used for the con-
struction of IOHs and there are several parameters that should
be considered during the synthesis. These parameters are: the
amount of solvent, pH value, temperature, time of the reaction
and, in some cases, the order of addition of the reactants to
the reaction mixture. Even small deviations from certain syn-
thesis conditions usually result in microcrystalline products,
mixtures or amorphous powders.88

Some examples of IOH-1–3 synthesized under the HT con-
ditions are shown in Scheme 6 (left), including capped sup-
porting Keggin POMs of formulae [XM12O40(VO)a]

n− where a =
1, 2, 3, which were in situ synthesized in the presence of
NH4VO3, Na3VO4, NaVO3 or VOSO4 as auxiliary reactants.89–91

Mixed-addenda Keggins like [XM12−mM′m]
n− (ref. 92–94) or

lacunary Keggins like [XM12−bO40]
n− where b = 1, 2, 3, …95,96

have also been used for the construction of IOH-1–3 using the
in situ procedure. In fact, most of the examples reported so far
have been synthesized using the in situ methodology
(Scheme 6 right).

9.2. Features of the hybrid structures

All synthesized IOH-1–3 include transition metals (TMs) as a
main part of MOCs (see Fig. S3†). However, no studies have
been focused on lanthanides and there are few examples avail-
able in the literature. Just recently, Mirzaei et al.,97 Alipour
et al.98 and Derakhshanrad et al.99 have reported new hybrids

Scheme 6 Left: Percentages of synthetic routes for IOH-1–3. Right: The abundance of two types of HT methods for creating IOH-1–3.
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with 1,10-phenanthroline-2,9-dicarboxylic acid and
[SiW12O40]

4− as ligands and Ce, Nd, Sm and Dy as metal
centers. The latter hybrid exhibits ferromagnetic behavior
opening up a new window for researchers and crystal engin-
eers for designing POM-based IOHs with new properties
taking advantage of the incorporation of the lanthanide.

9.2.1. The nature of organic ligands and the coordination

environment around the metal. For the IOH-1–3, the behavior
of both types of hybrids (I and II) is summarized in Scheme 7
(left). According to statistics, the probability of finding type I

for all three ligands is greater than type II. Furthermore, the
reduction of the ligand size from phen to en facilitates the for-
mation of M–O coordination bonds to the Keggin POM
ligands. Therefore, the probability of having type I is higher.

The metal coordination environment of the MOCs has been
examined and the compounds with auxiliary ligands or having
different metals in the structures were not considered. The
results show that the majority of IOH-1–3 have [M(phen/bpy/en)],
[M(phen/bpy/en)2] or [M(phen/bpy/en)3] stoichiometries.
All [M(phen/bpy/en)3] complexes belong to hybrid type II due

Scheme 7 Left: Percentages of two types of hybrids in the IOH-1–3 and. Right: Categories of IOH-1–3 based on the polyoxomolybdates

(XMo12O40) and polyoxotungstates (XW12O40).

Table 3 Structural and preparation information of IOH-1–3 synthesized by the direct HT method

No. Formula Keggin T (°C)/time (day) pH Type Space group Ref.

phen
1 [Cu(phen)(H2O)3]0.5[Cu(phen)2(H2O)][PMo12O40] [PMo12O40]

3− 170/6 1.5 II Triclinic/P1̄ 114
2 [Fe(phen)3]2[GeMo12O40]·0.5H2O [GeW12O40]

4− 175/5 5 II Triclinic/P1̄ 115
3 [Zn(phen)3]2[SiW12O40]·5H2O [SiW12O40]

4− 160/3 — II Triclinic/P1̄ 116
4 [Co(phen)3]2[SiW12O40] [SiW12O40]

4− 160/3 — II Monoclinic/C2/c 116
5 [Ni(phen)3]2[SiW12O40]·2H2O [SiW12O40]

4− 160/3 — II Monoclinic/C2/c 116
6 [Cu(phen)2]4[SiW12O40] [SiW12O40]

4− 160/5 — II Orthorhombic/P212121 101
7 [Fe(phen)2(H2O)]2[PMo12O40]·2H2O [PMo12O40]

3− 175/5 5 I Triclinic/P1̄ 115
8 [Zn(phen)2]2[PW12O40] [PW12O40]

3− 160/5 2.17 I Monoclinic/P21/n 117
9 K[Zn(phen)2(H2O)]2(OH)[SiW12O40]·H2O [SiW12O40]

4− 160/5 3.5 I Triclinic/P1̄ 117
10 [Mn(phen)2(H2O)]2[SiW12O40]·nH2O [SiW12O40]

4− 160/5 2.8 I Triclinic/P1̄ 118
11 [Co(phen)2(H2O)]2[SiW12O40]·nH2O [SiW12O40]

4− 160/5 3.2 I Triclinic/P1̄ 118
12 [Cu(phen)2]2[SiW12O40] [SiW12O40]

4− 160/5 2.8 I Monoclinic/P21/c 119
13 [Cu(phen)(μCl)Cu(phen)2]2[SiW12O40]·H2O [SiW12O40]

4− 160/5 4.2 I Monoclinic/P21/c 100
14 [Cu2(phen)4][(GeW12O40] [GeW12O40]

4− 160/4 — I Monoclinic/P21/c 120
15 {[Cu(phen)]3(μ2-Cl)4}2[GeMo12O40] [GeMo12O40]

4− 170/5 4.8 I Triclinic/P1̄ 121
bpy
16 [Cu(bpy)2]2[PMo12O40]·3H2O [PMo12O40]

3− 160/10 — II Orthorhombic/Pbca 122
17 [Cd(bpy)3]2[PMo12O40] [PMo12O40]

3− 160/2 — II Monoclinic/P21/c 123
18 {Ag3(bpy)6[PW12O40]} [PW12O40]

3− 160/4 4 II Monoclinic/C2/c 124
19 [Mn(bipy)3]2[SiW12O40] [SiW12O40]

4− 160/5 — II Monoclinic/P21/c 125
20 [Fe(bpy)3]3[H2W12O40]·6H2O [H2W12O40]

6− 120/2 — II Monoclinic/P21/n 126
21 [Cu(bpy)2]2[HPMo12O40]·2H2O [PMo12O40]

3− 160/4 — I Orthorhombic/Pbca 109
22 [Cu(bpy)2](HPMo12O40)·H2O [PMo12O40]

3− 160/3 4.5 I Orthorhombic/Pbca 111
23 [Cu(bpy)2](HPW12O40)·H2O [PW12O40]

3− 160/3 4.5 I Orthorhombic/Pbca 111
24 [Cu(bipy)2]2[SiW12O40] [SiW12O40]

4− 160/5 — I Orthorhombic/Pbca 125
25 {[Ni(bpy)3]1.5[Ni(bpy)2(H2O)GeW12O40]}

− [GeW12O40]
4− 180/3 4.3 I Monoclinic/C2/c 110

26 [Ni2(bpy)4(H2O)2(GeW12O40)]·2H2O [GeW12O40]
4− 160/4 — I Monoclinic/P21/c 120

27 [Cu(bpy)2]2[H2SiMo12O40]·2H2O [SiMo12O40]
4− 160/4 — I Orthorhombic/Pbca 109

28 [Ni(bpy)3]1.5[Ni(bpy)2(H2O)BW12O40] [BW12O40]
5− 180/3 4.3 I Monoclinic/C2/c 110

29 [Co(bpy)3]1.5{[Co(bpy)2(H2O)][HCoW12O40]}·0.5H2O [HCoW12O40]
5− 160/6 4.3 I Orthorhombic/C2/c 127

30 [Zn(bpy)3]3{[Zn(bpy)2(H2O)]2[HCoW12O40]2}·H2O [HCoW12O40]
5− 170/4 4–5 I Orthorhombic/C2/c 128

31 [Zn(bpy)3]1.5[H3W12O40Zn(bpy)2(H2O)]·0.5H2O [H2W12O40]
6− 120/3 7.5 I Orthorhombic/C2/c 129

32 [Co(bpy)3]3[{Co(bpy)2(H2O)}2{H3W12O40}2]·H2O [H2W12O40]
6− 160/5 1.7 I Monoclinic/C2/c 130

33 [H2bpy]0.5[{Cu(bpy)2}2{H3W12O40}]·H2O [H2W12O40]
6− 160/5 1.7 I Monoclinic/P21/n 130

en
34 [Cu(en)2(H2O)]2{GeW12O40[Cu(en)2]}·2.5H2O [GeW12O40]

4− 160/10 8.27 I Monoclinic/C2/c 131
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to the steric hindrance around the metal ion. On the other
hand, the unsaturated [M(phen/bpy/en)] or [M(phen/bpy/en)2]
complexes tend to coordinate by the Keggin anions via oxygen
atoms to complete the metal coordination sphere and both
types of hybrids are found.

9.2.2. pH effect. We have analyzed the influence of pH in
all IOH-1–3 (see Table 3) synthesized by the direct HT method.
We have not considered those where any extra reactant is
needed (auxiliary ligands or other metals) or those with
capped Keggin POMs in the final structures. According to
Table 3, most IOHs with pH < 2 are type II except compounds
2 and 18. According to Chi et al., the weak coordination ability
of POMs increases with increasing pH. Therefore most reac-
tions involving POMs are pH-dependent.83 As an illustrating
case, it is interesting to compare three IOH-3 structures con-
structed by using only Cu, phen and SiW12O40 (SiW) (see
Fig. 6). That is, the reaction conditions for 1a100 and 1b101

were direct HT (with the same reaction temperature and time)
and for 1c102 was RT, thus 1a and 1b are expected to be
similar. However, the structural results showed that 1a and 1c

yield hybrid type I, in sharp contrast to 1b that yields type II

due to the different pH value used for the synthesis. Therefore,
the higher the pH, the higher the chance to obtain a hybrid
type I is. It is worth mentioning that in 1c, trilacunary
[SiW9O34]

10− is used as a reactant that is transformed into the
saturated SiW due to its low stability under the reaction con-
ditions (pH = 6).102

9.2.3. The nature of the Keggin POM. Most of the POM-
based IOH-1–3 present either polyoxomolybdates (XMo12O40)
or polyoxotungstates (XW12O40) (Scheme 7 right) in the struc-
tures, the latter being almost twice more frequent than the
former. This may be attributed to the greater stability of
heteropolytungstates compared to molybdates, which is due to
the lower energy of the d-metal orbitals103,104 of W. As can be
seen in Scheme 8, there is no clear relationship between the
charge density of Keggin and its probability of connecting with
MOCs to form type I hybrids. Some examples of IOH-1–3 with
similar structures synthesized with different Keggin’s formula
and charge are as follows: (I) Isostructures of IOH-1:
[Cu(Phen)2]4[Cu5Br4(Phen)4][XW12O40]·nH2O (X = P, n = 4;
X = Al, n = 6; X = B, n = 8),105 [Cu(Phen)2]4[Cu5Cl4(Phen)4]
[XW12O40]·nH2O (X = P, n = 4; X = Al, n = 4; X = B, n = 2),106

Fig. 6 pH-dependent examples of IOH-1. Figure reproduced from ref. 100–102.
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{[Cu(phen)2]2Cl}[PX12O40]·H2O (X = Mo and W),107

[Cu(phen)2]4[XW12O40] (X = Si, Ge).101,108 (II) Isostructures of
IOH-2: [Cu(bpy)2]2[HnXMo12O40]·2H2O (X = P, n = 1; X = Si,
n = 2),109 {[Ni(bpy)3]1.5[Ni(bpy)2(H2O)XW12O40]}

n− (X = P, n = 0,
X = Ge, n = 1; X = B, n = 2),110 [Cu(bpy)2][(HPX12O40)]·H2O
(X = Mo and W).111 (III) Isostructures of IOH-3:
[Cu(en)2(H2O)]3[XW12O40] (X = V and Si),112 [Keggin]
[Co(en)3]3·6DEF (Keggin = [PW12O40]

3−, [PMo12O40]
3−,

[SiW12O40]
4−, DEF = diethylformamide).113

Accordingly, it seems that the formula and charge of the
Keggin POM do not play a key role in the formation of the
supramolecular assemblies. Thus, it is expected that isostruc-
tural compounds can be synthesized with different types of
Keggin POMs.

10. Conclusion

In this review article we present the less studied aspects of
phen/bpy/en ligands. Although several studies have been
reported in the literature where these ligands are involved,
their full structural and geometrical details have not been ana-
lyzed in detail yet from the perspective of preorganization and
the ability to form five-membered chelate rings with a wide
variety of elements. By means of CSD searches we demonstrate
that the distances and angles of the five-membered chelate
rings adequately change to fit the requirements of the
different metal ions, especially 3d elements. As shown in the
theoretical part, the Cu2+ (r = 0.74 Å) complexes are energeti-
cally more favorable than other elements, especially La3+ (r =
1.03 Å and with a higher atomic charge than Cu2+) and Hg2+

(r = 1.02 Å) compounds. This result disagrees with the old defi-
nition: “five-membered chelate rings promote selectivity for
large metal ions with an ionic radius (r+) close to 1.0 Å”,68,69

and agrees well with some other interpretations derived from
experimental and theoretical calculations.47

In addition, we provide some interesting facts about their
IOH assemblies based on Keggin POMs. In agreement with the
above lines, all reported IOH-1–3 include TMs as a main part
of MOCs (not large metal ions like Lns). We have also summar-
ized some key geometric and synthetic features that favored
the formation of IOHs belonging to either type I or II.
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