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Coordination supramolecules (CSs), constructed by assembly of metal ions/clusters (referred to as nodes)
and organic bridging ligands (referred to as linkers), are a class of inorganic-organic hybrid materials. The
key to construct such functional materials is the careful choice of organic linkers due to their readily tai-
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lored nature. The geometry, rigidity and types of organic linkers, especially together with elaborately deco-
rated functional groups, certainly exert influence on the structures of CSs, as well as the structure-driven
properties. In this highlight, we will focus on the recent development of CSs with oxazoline-containing li-
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gands, including discrete coordination complexes and coordination polymers. This highlight will be benefi-
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1. Introduction

Coordination supramolecules (CSs) are a class of inorganic-
organic hybrid materials that have been proved to be impor-
tant for both fundamental research and potential applica-
tions. In recent years, they have attracted extensive attention
due to their diverse and fascinating structures’ along with
interesting properties in gas storage and separation,” sens-
ing,” catalysis,” ferroelectronics, non-linear optics and LEDS,’
and drug delivery.” CSs consist of two primary building com-
ponents: metal ions (primary building unit, PBU) or metal
clusters (secondary building unit, SBU), referred to as nodes,
and multitopic organic ligands, referred to as linkers, which
are combined together through coordination interactions,
leading to formation of zero- (0D), one- (1D), two- (2D) and
three-dimensional (3D) metal-organic architectures.® Theoret-
ically, the combinations between inorganic and organic build-
ing units are versatile and limitless, providing a vast stage for
researchers to achieve the desired CSs.

Up to now, varied metal ions have been utilized in the
construction of CSs, which have different valences and radii,
responsible for different affinities for different ligands.’
Consequently, the metal affinity for ligands plays a vital role
aside from the coordination numbers and geometries of
metal centers in the crystal engineering and molecular archi-
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cial to researchers attempting the design and synthesis of oxazoline-based CSs.

tecture fields. On the other hand, compared to the metal ions
and metal clusters, the number of organic linkers is enor-
mous. Furthermore, they can be judiciously tailored by incor-
porating functional groups into the organic skeleton. There-
fore, in the past years, most attention on the CSs has been
paid to the synthesis of new bridging organic ligands as well
as chemical modifications of the known ligands."®

To this day, the reported carboxylate- and/or N-donor-
containing ligands occupy a dominant position in the con-
struction of CSs. In contrast to the definite carboxylate group,
the N-donor-containing heterocyclic moieties are versatile in-
cluding pyridine, pyrimidine, imidazole, triazole, tetrazole,
imidazoline and so on, which have different N-donor atom
numbers, coordination abilities and modes. In addition, the
N-donor-containing heterocycles themselves, apart from the
ligand skeleton, can be chemically modified enabling us to
facilely adjust the steric and electronic behavior of the
linkers.”* Among the N-donor-containing heterocyclic li-
gands, to date, the use of oxazoline-based ligands as linkers
is relatively limited in crystal engineering and molecular
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Scheme 1 Typical synthetic methods for 2-oxazolines. Adapted from
ref. 13b.

CrystEngComm, 2018, 20, 6109-6121 | 6109


http://crossmark.crossref.org/dialog/?doi=10.1039/c8ce01099d&domain=pdf&date_stamp=2018-10-09
http://orcid.org/0000-0001-8966-9728
https://doi.org/10.1039/c8ce01099d
https://pubs.rsc.org/en/journals/journal/CE
https://pubs.rsc.org/en/journals/journal/CE?issueid=CE020040

Published on 31 August 2018. Downloaded on 9/24/2024 11:32:30 PM.

Highlight

architecture fields, although they have been widely employed
in asymmetric catalytic processes mainly as the chiral auxil-
iaries."” From another perspective, this provides a huge li-
gand candidate pool for researchers, facilitating the design
and synthesis of oxazoline-containing bridging ligands. On
the other hand, as shown in catalysis, oxazoline-containing li-
gands have their own advantages compared with other N-
donor-containing heterocyclic ligands: the synthesis is facile
because they can be directly synthesized from carboxylate de-
rivatives or nitriles and aminoalcohols that are readily avail-
able by reduction of a-amino acid (Scheme 1). Moreover,
there are abundant chiral a-amino acids in nature, which
can be conveniently employed to prepare chiral oxazoline-
containing ligands with the stereocenter close to the N-donor
atom.”® Obviously, these advantages are also valid for the
construction of CSs, particularly chiral CSs.

Oxazolines, commonly known as 2-oxazolines, can be
regarded as hydrogenated oxazoles, which possess one soft
o-donor N atom compared with other azoles and azolines
and incline to coordinate with soft Lewis d'® metal cations
such as Ag(1), Cu() and Hg(u) rather than hard ones like
lanthanide [Ln(m)]. However, by taking advantage of the che-
lating effect, oxazoline groups which are difficult to bind to
hard metal ions can be successfully solved by using chelate
oxazoline-containing ligands."* It means that there are re-
markable differences between the coordination behaviors of
oxazoline- and imidazole-containing ligands, even though
both oxazoline and imidazole are N-donor containing five-
membered rings.

In this highlight, we will focus our attention on the latest
developments in the structures and properties of oxazoline-
based CSs with definite structures, including discrete coordi-
nation complexes and 1D and 2D coordination polymers
(CPs). We hope that this highlight will be beneficial to chem-
ists for the design and construction of targeted oxazoline-
based CSs with desired properties.

2. Discrete coordination complexes
based on oxazoline-containing
ligands

Varied synthetic strategies including the symmetry interac-
tion model, molecular library model, molecular panelling
model and molecular clip approach have been utilized to
construct molecular coordination architectures with specific
geometries."”

2.1. Homoleptic discrete oxazoline-based coordination com-
plexes with transition metal ions

A molecular clip approach based on ligand symmetry di-
rected interactions has been used to construct supramolecu-
lar cages, rectangles, etc. For example, C;-symmetric disk-
shaped tri-monodentate ligands combined with 2-connected
metal nodes produce M;L, type cages.'*'® In 2002, Hong
et al. reported the first enantiomerically pure propeller-
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shaped M;L, supramolecular cage M-[Ag;(L1°),]** (1) with Cs-
symmetric chiral ligand (S)-1,3,5-tris(4-methyl-oxazolin-2-yl)-
benzene (L1%) (Scheme 2)."” As reported, the helical supramo-
lecular cage 1 was readily achieved by mixing chiral tri-
monodentate tris(oxazoline) ligand L1° and labile Ag(i) as a
2-connected node in a 2:3 ratio. It is worth noting that the
chirality of propeller-shaped [Ags(L1),]*" originates from the
chiral ligand since [Ag;(L1°),]*" presents only the M-form and
[Ag5(L1%),]** (2) shows only the P-form. In addition, in a race-
mic mixture of chiral L1 ligands and AgNO;, exclusive ligand
self-recognition was observed, which was ensured by "H NMR
spectroscopy and single crystal X-ray diffraction analysis.
More importantly, the chirality of [Ag;(L.1),]*" induced by chi-
ral ligands was further confirmed by later work.'®* When achi-
ral analogous ligand 1,3,5-tris(2-oxazolin-2-yl)-benzene (L2)
was utilized to react with Ag(1)/Cu(i) perchlorate, two similar
meso propeller-shaped [M;(L2),]*" cages [3, M = Ag(1); 4, M =
Cu(1)] were isolated with P- and M-configurational cages in a
1:1 ratio and PMPM stacking mode. The results show that
the formation of propeller-shaped cages relies on the rigid li-
gands as well as the ortho-positioned N-donor atoms, which
can be further ascertained by the following examples 6-11.
When a similar C;-symmetric disk-shaped tri-monodentate
imidazole ligand 1,3,5-tris(1-imidazolyl)benzene (tib) with
meta-positioned N-donor atoms was used to react with Ag(1)
salts, no propeller-shaped M;L, cages were obtained,"
whereas the reaction of flexible C;-symmetric tripodal ligand
1,3,5-tris(imidazol-1-ylmethyl)-2,4,6-trimethylbenzene (timtmb)
with silver(r) salts can generate M;L, triangular prisms rather
than propeller-shaped M;L, cages.”® On the other hand, it is
known that the assembly of CSs can be influenced by varied
factors including counter anions. An M,L, macrocycle
[Cuy(L2),]** (5) was obtained by addition of CuBr in the prep-
aration reaction, in which one oxazoline group of L2 did not
participate in the coordination with Cu(i) ions.'®” Namely, L2
ligands act as bis-monodentate bridging ligands to link two
2-connected Cu(1) ions to generate a 16-membered
metallocycle.

In addition to the aforementioned C;-symmetric tri-
monodentate oxazoline-containing ligands, a Cj;-symmetric
hexa(oxazoline) ligand (L3) with alternately arranged oxa-
zolinyl and oxazolinylphenyl groups outlined in two circles
has been deliberately designed and synthesized. By using the
L3 ligand to react with Ag(1) and Hg(u) salts, Shionoya et al.
reported a hetero-metal [Ag;Hg;(L3),]>" (6) supramolecular
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Scheme 2 Schematic representation for the synthesis of propeller-
shaped MsL, cages 1-4 from ligands L1 and L2. Adapted from ref. 17
and 18.
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cage with a hierarchical array of Ag(1) and Hg(n) ions (Fig. 1).>"
Further studies revealed that the specific hierarchical arrange-
ment is attributed to the larger electrostatic repulsion be-
tween Hg(u) ions than that between Ag(1) ions, together with
the stronger binding affinity between Hg(u) and oxazoline
groups than that between Ag(1) and oxazoline groups. Mean-
while, the formation of 6 was investigated in detail as illus-
trated in Fig. 1. Furthermore, for comparison, three homo-
metal M;L, cages [Ag;(L4),]*" (7) and [M5(L5),]*" [M = Ag() (8),
Cu(1) (9)] were prepared by using disk-shaped tri-monodentate
oxazoline-based ligands L4 and L5 as depicted in Scheme 3.

To further study the arrays of two distinct d'® metal ions
on a circle and understand the assembly mechanism, two
rigid Cg-symmetric ligands hexa(4-(4,4-dimethyl-oxazolin-2-
yDphenyl)benzene (L6) and hexa(4-(oxazolin-2-yl)phenyl)-
benzene (L7) were designed and two [M3Hg;(L6),]°" [M = Ag()
(10), Cu(1) (11)] supramolecular cages, accompanied with
three M(1) (M = Ag, Cu) and three M(u) (M = Hg) alternately
arrayed on a concentric circle, were achieved (Fig. 2).>*

In addition to the above mentioned C; and Cs ligands
with high symmetry, low symmetric oxazoline-based ligands
can also be employed to build discrete supramolecular com-
plexes. For instance, in 2010, we designed a flexible bridging
ligand N,N'-bis(4-(2-oxazolinyl)benzyl)ethane-1,2-diamine (L8)
(Scheme 4) and used it to react with Ag(1) and Cu(u) salts to
generate an M,L, molecular rectangle [Ag,(L8),](NO3),
-4CH;3NO, (12) and an M,L, molecular cage [Cu4(L8),(OCHj),-
(OH),(NO;),](NO5),-0.32H,0 (13).* In the case of 12, two L8
ligands, acting as bis-monodentate ligands, combine with
two linear Ag(i) to form a metallocyclic rectangle with side
lengths of 16.36 x 6.30 A% while in the case of 13, two L8 li-
gands, serving as U-shaped tetradentate ligands, connect with
two dinuclear Cu(u) cores to give a novel M,L, cage. It is note-
worthy that in contrast to the NO coordination of the ethane-
1,2-diamine unit in L8 with Ag(i) in 12, the ethane-1,2-
diamine unit in 13 binds to a Cu(n) ion as a chelating ligand.

Aside from the flexible L8 ligand, in 2012, a rigid C,-sym-
metric ligand 1,3-bis(oxazolin-2-yl)benzene (L9) (Scheme 5)
was used to react with six different silver(i) salts, leading to
the formation of six CSs [Ag,(L9),|(NOs), (14),

HgsAgs(L3),

Hgs(L3).
l € Hg> ]

Ags(L3):

Fig. 1 Schematic representation of the hierarchical arrangement of
Ag() and Hg(n) between two hexa-monodentate L3 ligands in 6.
Adapted from ref. 21.
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Scheme 3 Schematic drawing for ligands L4 and L5. Adapted from
ref. 21.

[Ag2(L9)](Cl0,),  (15), [Ag,(L9)x(CH,S0;),](CH;0H),  (16),
[Ag2(L9)2(CF350;),] (17), [Ag(L9)x(CH;CN),](PFe), (18), and
[Ag5(1.9),](SbFe); (19).>* Complexes 14-18 have similar 16-
membered M,L, metallocyclic structures to 5, while 19 fea-
tures a novel ML, structure with Ag(i)-shared two inter-
connected 16-membered rings as exhibited in Scheme 5,
however, they show different 3D packing structures derived
from different sizes, shapes, coordinations and hydrogen
bonding abilities of the counter anions. In the cases of iso-
structural anions CF;SO; and CH3;SO; , both act as terminal
ligands due to their stronger coordination ability than the
other four counter anions ClO,, NO;, PFs, and SbFy . Fur-
thermore, the formation of the M;L, structure of 19 may be
ascribed to the large size and volume of SbF .

Replacement of the benzene ring in L9 with the pyridine
ring gives another C,-symmetric ligand 2,6-bis(oxazolin-2-yl)-
pyridine (pybox). In catalytic studies, pybox derivatives have
been widely used as tri-dentate chelating ligands to generate
varied catalysts. In contrast, chiral pybox derivatives have
been successfully used to construct optically pure CSs as bis-
monodentate ligands without coordination of the pyridine
N-donor atom.”

In fact, as early as 1997, Williams and co-workers
employed two chiral pybox derivative ligands L10 and L11 to
react with AgBF, in a 1:1 ligand-to-metal ratio, affording chi-
ral double and triple helicates [Ag,(L10),](BF,), (20) and
[Ag;(111);](BF,); (21), respectively (Scheme 6).>> In the case
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Fig. 2 Schematic representation of the alternate arrangement of M()
(M = Ag, Cu) and Hg(n) ions to form hetero-metal hexanuclear
[M3Hgs(L6),]°* cages 10 and 11. Adapted from ref. 22.
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Scheme 4 Schematic drawing for the synthesis of rectangle 12 (a)
and cage 13 (b) with the L8 ligand. Adapted from ref. 23.
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of 20, two Ag(1) ions, located on the pseudo-twofold axes, are
wrapped by two twisted L10 ligands (Fig. 3a). In contrast, 21
is made up of an equilateral triangle of Ag(1) ions, which are
linked together by three bridging L11 ligands tilted in one di-
rection (Fig. 3b). Recently, Gamasa et al. used a pybox deriva-
tive ligand  2,6-bis[(3aS,8aR)-8,8adihydro-3aH-indeno[1,2-
dJoxazol-2-yl]-pyridine (L12) and three different Ag() salts in a
3:2 ratio to construct three optically pure [Ag,(L12);][X],
triple-stranded helicates [X = CF;S0; (22), SbF, (23), and PFg
(24)] rather than mononuclear or dinuclear complexes in dif-
ferent L: M ratios (Scheme 6 and Fig. 3c). Among them, L12
ligands take a twisted bis-monodentate bridging mode to
connect two three-coordinated Ag() ions.

2.2. Homoleptic discrete oxazoline-based coordination com-
plexes with Ln** ions

In contrast to the well-used d-block transition metal ions,
Ln** jons are relatively less employed in the construction of
discrete CSs with specific geometries. The main reasons are
attributed to the inherent varied coordination numbers, weak
stereochemical preference and kinetic lability of Ln**. Addi-
tionally, the hard acid nature of Ln** ions makes them diffi-
cult to bind with soft bases like oxazoline N-donor atoms.

Scheme 5 Schematic drawing for the 16-membered metallocycles
14-18 (a) and the MsL,4 structure with two inter-connected rings 19 (b).
Adapted from ref. 24.
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Scheme 6 Schematic drawing for the synthesis of M,L, (20) (a), MsL3
(21) (b) and M,L3 (22-24) (c) helicates. Adapted from ref. 25.

To achieve discrete CSs and prevent the formation of CPs,
symmetric multi-topic ligands with oxazoline-containing che-
lating units have been used to react with Ln** salts.”® This
synthetic strategy is also called the symmetry interaction
model. For example, by using analogue bis-tridentate oxa-
zoline-containing ligands L13 and L14 with 1,5-
diaminonaphathalene and benzidine as spacers, respectively,
(Scheme 7) and Eu(OTf);, two triple-stranded helicates
[Euy(L13);]%" (25) and [Eu,(L14);]°" (26) were afforded in low
concentration, whereas in high concentration, a new tetrahe-
dral cage [Euy(L13)s]*" (27) appeared (Scheme 7 and
Fig. 4a).”° In other words, triple-stranded helicate 25 and tet-
rahedral cage 27 can be converted to each other by changing
the concentration. In addition to the MyLg type tetrahedron
27, in the same year, two isostructural M L, tetrahedral cages
[Euy(L15),]%" (28) and [Euy(L16),]°" (29) were obtained by as-
sembly reactions of tris-tridentate oxazoline-based ligands
L15 and L16 with Eu(OTf);, respectively (Scheme 8).2°°
According to the "H NMR and ESI-TOF-MS data, both 28 and
29 exist in solution. Moreover, the crystal structure of 28

a) b) c)
) °Q
CJ
Fig. 3 Crystal structures of helicates 20 (a), 21 (b) and 22 (c). Adapted

from ref. 25.
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Scheme 7 Schematic representation for the synthesis of MjlLs
helicates 25, 26 and MyL¢ tetrahedron 27 from L13 and L14. Adapted
from ref. 26a.

further ensured the formation of the M,L, tetrahedral cage in
the solid state (Fig. 4b).

Compared with the well-used symmetry interaction model
using multi-topic chelating ligands, Mazzanti and his co-
workers employed a metal-directed method using asymmetric
multidentate ligands to generate polynuclear Ln-based CSs.*’
For instance, they designed and synthesized two asymmetric
chiral tetradentate oxazoline-containing ligands (R/S)-6"-(4-
phenyloxazolin-2-yl)-2,2"-bipyridine-6-carboxylate  (L17%/%) to
build Eu-oxazoline-containing CSs. Following this synthetic
strategy, two enantiopure trinuclear triangles: (AAA)-
[Eu(L17%),];*" (30) and (AAA){Eu(L17%),];*" (31) and two
heptanuclear wheels [Eu C (A-Eu(L17°),A-Eu(L17°),);](OTf)o
(32) and [Eu C (A-Eu(L17%),A-Eu(L17%),);])(OTf)s (33) have
been successfully obtained.>’? Notably, during the assembly
process, steric constraints caused by the phenyl groups on
the oxazoline rings result in the formation of
diastereoselective homochiral triangles 30 and 31. It is inter-
esting that the chiral trinuclear triangles and heptameric
wheels can interconvert, which are controlled by the Eu®*
concentration (Scheme 9).

2.3. Heteroleptic discrete oxazoline-based coordination
complexes

In addition to the above described coordination complexes,
each with only one kind of oxazoline-containing ligand, the

Fig. 4 Crystal structures of tetrahedral cages 27 (a) and 28 (b).
Adapted from ref. 26.

This journal is © The Royal Society of Chemistry 2018
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Scheme 8 Schematic drawing for the synthesis of ML, tetrahedral
cages 28 and 29 from ligands L15 and L16. Adapted from ref. 26b.

combination of mixed organic ligands, including at least one
oxazoline-containing ligand, with transition metal ions may
generate more complicated coordination-driven supra-
molecules and molecular devices. Hong et al. successfully
constructed a hamburger-shaped coordination complex
M-[Ag6(L18X),(tbib)]**  (34) with unidirectional helicity
(Scheme 10). 34 consists of chiral Cj;-symmetric tri-
monodentate  tris(oxazoline) (L18%) and achiral tris-
(benzimidazoline)benzene (tbib) with a ratio of 2:1,
connected through six 2-coordinated Ag(i) ions.”® The left-
handed helicity of 34 relies on the chirality of L18%, which fa-
cilitates the formation of CH-n hydrogen bonds and avoids
steric repulsion. Additionally, it is notable that deprotonated
tbib acting as a bis(tris-monodentate) ligand plays a key role
in the formation of hamburger-shaped supramolecule 34.

2.4. Oxazoline-based coordination supramolecular devices

Through ingenious design, heteroleptic CSs with multi-
decker structures can serve as molecular devices based on
molecular motion in solution as reported by Shionoya and
his co-workers.>® In 2004, they reported a molecular ball
bearing [Ag;(L19°%)(htb)]** (35), obtained by association of a
hexa-monodentate thiazolyl ligand (htb) and a chiral tris-
monodentate oxazolyl ligand (L19%) in a 1:1 ratio with three
Ag(1) ions. In CD;0D solution, two disk-shaped ligands htb
and L19° in 35 can reversely rotate with equal probability,

1/2 Eu(OTf)s 31
—

EtsN, CH3CN

Excess Eu(OTf){ CH3CN

7/12 Eu(OTf)s
-
EtsN, CH3CN

Scheme 9 Synthesis of enantiopure Eu(i)-based trinuclear triangle 31
and heptameric wheel 33. Adapted from ref. 27c and d.
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Scheme 10 Schematic representation for synthesis of hamburger-
shaped coordination supramolecule 34. Adapted from ref. 28.

which was realized by the successive ligand exchange and
concurrent flip motions (Scheme 11).>°* In fact, the coexis-
tence of P- and M-configurational helical cages of [Ag;(L.2),]*"
(3) or [Cus(L2),]*" (4) in one crystal is just the manifestation
of such flip movements.'® Interestingly, on the basis of such
a molecular ball bearing, to replace the tris-monodentate oxa-
zolyl ligand (L19°%) with the Cs;-symmetric hexa(oxazoline) li-
gand (L3), two quadruple-decker complexes [AgsM;(L3),-
(htb),]*3?* [M™ = Ag* (36), Hg*" (37)] as displayed in Fig. 5
were achieved, which can be considered as the assembly of
two molecular ball bearings mediated by three Ag* or Hg**
ions.?®” In other words, the in-between part [AgeM;(L3),]¢ ™"
(M = Ag or Hg) can be regarded as the transmitter in solu-
tion, which correlates the motions of two rotor htb molecules
through helix inversion between helical P and M isomers. In
brief, both molecular ball bearing and rotor-transmitter-rotor
rely on the inter-transformation between P and M forms of
propeller-shaped M;L, cages.

3. Coordination polymers with
oxazoline-containing ligands

Oxazoline-containing ligands serve mainly as neutral ligands
in the assembly of CPs. Thus, to balance the positive charges

S-119

Scheme 11 Schematic drawing of molecular ball bearing 35. Adapted
from ref. 29a.
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Transmitter

i— R.F
Fig. 5 Crystal structure of 36 showing the molecular rotor-
transmitter-rotor device. Adapted from ref. 29b.

of metal ions, counter anions must participate in the forma-
tion of CPs as either guest anions or terminal/bridging li-
gands; accordingly the counter anions may have subtle but
important influence on the final structures of CPs. In addi-
tion to the counter anions, 4-substituted groups of oxazoline
located near the donor-N atom can also affect the final struc-
tures of CPs due to the steric hindrance. In addition, most of
the reported oxazoline-containing ligands used in the assem-
bly of CPs are homogeneous ditopic and Cj;-symmetric
tritopic linkers. Only limited heterogeneous oxazoline-based
ligands are employed in the construction of CPs.

3.1. Homoleptic coordination polymers with ditopic
oxazoline-based ligands

Aside from the helicates illustrated in Scheme 6 and Fig. 3,
the assembly of twisted C,-symmetric bis(oxazoline) ligands
with 2-connected nodes can afford 1D helical or 1D zigzag
chains. And on this basis, by using chiral bis(oxazoline) li-
gands, the corresponding stereospecific 1D chains can be
realized.

As depicted in Scheme 12, three chiral bis(oxazoline) li-
gands L20-L22 are all derivatives of 2,2-bis(oxazolin-2-yl)-
propane, which have been used as bis-monodentate linkers
to react with 2-connected d** M" (M* = Cu" and Ag") ions,
affording three chiral 1D chains [Cu(L20°%)]OTf (38),
[Ag(1.21%%)]OTf (39) and [Ag(122°%)]OTf (40).*° 1t is interesting
that, although Cu’ and Ag" ions all take nearly linear coordi-
nation geometries, 38-40 exhibit totally different structures
from each other. 38 and 39 feature 1D helical chain struc-
tures with threefold and twofold symmetry, respectively,
whereas 40 is a 1D zigzag chain. The structural differences
among them may result from the different steric hindrances
of 4-substituted groups of oxazoline. In addition, the spacer
between the two oxazoline groups in L20-L22 is iso-
propylidene, which is smaller than the pyridyl spacer in li-
gands L10-L12, resulting in a larger steric hindrance of L20-
L22 than that of L10-L12. Thus, the two oxazoline moieties
in ligands L20-L22 take the exo-configuration in the 1D
chains of 38-40 owing to the large steric hindrance

This journal is © The Royal Society of Chemistry 2018
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Scheme 12 Schematic representation for the synthesis of 1D helical
chains 38 and 39 and 1D zigzag chain 40 from ligands L20, L21 and
L22. Adapted from ref. 30.

(Scheme 12), rather than the endo-one which appeared for
L10-L12 in 20-24 (Fig. 3), together with L9, L23 and L24 in
the following complexes 41-44.

Replacing the -C(CHj;),~ spacer between the two oxazoline
groups in ligands L20-L22 with a benzene or pyridine group,
larger C,-symmetric bis(oxazoline) ligands for example the
above-mentioned L9,  1,3-bis[4-(S)-isopropyloxazolin-2-yl]-
benzene (L23) and 2,6-di(oxazolin-2-yl)-pyridine (L24) can be
obtained (Scheme 13). For these bis(oxazoline) ligands, once
the two oxazolinyl groups adopt a cis,trans-conformation, they
will exhibit a twisted nature, which allows them to easily
form a helical structure with a 2-connected linear Ag(1) node.
In 2011, we used L9 and AgBF, to construct a new complex
[Ag4(L9)4(BF,),] (41) with 1D left- and right-handed helical
chains (Fig. 6).>' It is noteworthy that the synthetic condi-
tions of 41 are the same as those for 14-19. Apparently, they
show significantly distinct structures: helical chain 41 vs. 16-
membered cyclic CSs 14-19, resulting from the different
counter anions. Interestingly, 41 crystallizes in the acentric
space group Cc, which may show nonlinear optical (NLO)

e ot

'Pr
L23 L24

Scheme 13 Schematic drawing for ligands L23 and L24. Adapted from
ref. 32 and 33.
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Fig. 6 Left- and right-handed helical chains in 41 with ligand L9.
Adapted from ref. 31.

and ferroelectric properties. The experimental results prove
that 41 has modest SHG activity and ferroelectric behavior. In
2015, Gamasa and co-workers employed an analogous chiral
bis(oxazoline) ligand L23 to react with AgPF, yielding an ir-
regular chiral screw chain [Ag,(L23),](PFs)s (42).*> Intrigu-
ingly, the 1D chains in 41 take a parallel packing mode, while
the 1D chains in 42 adopt a plywood-like stacking fashion. In
addition, two 1D helical chains, namely [Ags(L24);](BF,)s (43)
and [Ag(L24)](SbFs) (44), similar to 41, have been yielded by
reaction of achiral pybox ligand L24 and the corresponding
silver salts.*® Notably, the pybox ligand L24 adopts a bis-
monodentate bridging mode like that of L9 rather than a
tridentate chelating mode. Interestingly, 44 crystallizes in the
chiral space group C222,, which means that conglomerate
crystallization occurred, in line with its circular dichroism
(CD) signal. The second-order NLO measurements suggest
that 44 has a stronger SHG intensity than 41. Furthermore,
the ferroelectric measurement of 44 exhibits an electric hys-
teresis loop.

In addition to angular ditopic oxazoline-based ligands,
rod-like ditopic ones are another type of excellent bridging li-
gand. A rod-like ligand 1,4-bis(oxazolin-yl)-benzene (L25) and
its corresponding four CPs [Ag(L25)(NO;)] (45), [Agx(L25);)-
(BF4) (46), [Ag(L25)5](PFe) (47) and [Ag,(L25)(CF;COs),] (48)
were prepared and characterized (Fig. 7).>* 45 has a 1D zigzag
chain structure, in which nitrate anions serve as terminal li-
gands, while 46 and 47 feature an identical (6,3) topological
2D layer structure, in which counter anions BF, and PFs do
not participate in the coordination. In contrast to 46 and 47,
48 also possesses a 2D organic-inorganic hybrid layer struc-
ture, consisting of 1D inorganic [Ag,(CF;CO,),] chains and
bis-monodentate bridging L25 ligands. Since the synthetic
conditions are identical for 45-48, evidently, the structure dif-
ferences are ascribed to the different coordination abilities of
counter anions. As a continuation of this work, in 2014, a
longer rod-like ligand 1,4-bis(oxazolin-yl)-biphenyl (L26)
(Fig. 8) was designed and the effect of reaction media on the
structures was investigated, thereby yielding three Ag(1) CPs:
[Ag2(L26),(CF5C0,),]  (49), [Ag(L26)05(CF5C0O,)] (50) and
[Ag(L26),](CF5CO,)(H,0),] (51).>° 49 displays a novel great
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Fig. 7 Crystal structures of CPs 45-48 with ligand L25. Adapted from
ref. 34.

wall-like 1D chain structure rather than an M,L, metallocycle,
in which L26 takes a cis,cis-conformation. 50 has a 2D layer
structure similar to that of 48, in which L26 shows a cis,
trans-conformation. Considering that 49 and 50 have the
same chemical components and distinct structures, appar-
ently, they are conformational supramolecular isomers. 51
possesses a (4,4) topological 2D network, in which CF;COO~
anions act as guest counter ions (Fig. 8).

Fig. 8 Crystal structures of CPs 49-51 with ligand L26. Adapted from
ref. 35.
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3.2. Homoleptic coordination polymers with tritopic
oxazoline-based ligands

As described in section 2.1, C3;-symmetric oxazoline-based li-
gands with a cis,cis,cis-conformation have been widely utilized
in the construction of discrete CSs. Yet, when such oxazoline-
containing ligands take a cis,trans,trans-conformation, they
can act as bridging ligands to construct CPs. Starting from
the L2 ligand, seven Ag() CPs, [Ag,(L2),(CF;S03),] (52),
[Ag5(L2)x(CH;S05;),] (53), [Ag2(L2):](BF,); (54), [Ag2(L2),](ClO,),
(55), [Ags(L2),(NO;),]NO;-5H,0 (56), [Ag,(L2)(NO;),]-CH;0H
(57) and [Agy(L2),(CH3CN),(CF5CO,),] (58), were successfully
isolated (Fig. 9)."*“® Results of crystal structural analyses re-
vealed that they all have 1D chain structures, which can be
viewed as the connection of basic 16-membered metallocycles
through different bridging modes. For 52 and 53, they have
the same structures, in which each L2 ligand takes a bis-
monodentate bridging mode with the cis-arm being non-coor-
dinated. Such two L2 ligands with a gauche arrangement
linked by two Ag(1) ions first form an M,L, ring, which is fur-
ther joined together by trifluoromethylsulfate or methyl-
sulfate anions in a double bridging fashion to generate two
isostructural 1D chains. It is noticeable that two isostructural
anions CF;SO; and CH3SO; take the mono-atom bridging
mode to link two Ag(1) ions. For framework isomers 54 and
55, each M,L, ring is directly connected with two adjacent
ones via two cis-arms coordinating to Ag(i) ions from two
neighbouring rings, leading to the formation of new 1D
chains, in which the counter anions ClO, and BF, with a
tetrahedral geometry do not participate in the formation of
1D chains. Compared with 54 and 55, for 56, the M,L, rings
are combined via the bonding of other Ag(i) ions and two
cis-arms from two neighbouring rings, resulting in the

AgCF3S0s (52)
—_—

AgCH3S0;3 (53)

AgBF; (54)

AgCIOq (55)

(56) o

AgNO3

(57)

AgCF3CO: (58)
-

Fig. 9 1D chain structures of CPs 52-58 with Ag,(L2), subunits.
Adapted from ref. 18a and 36.
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formation of a new 1D chain, in which nitrate anions serve
as terminal ligands. In contrast to the terminal nitrate anions
in 56, each nitrate anion in 57 acts as a bridging ligand,
which is bound to two Ag(1) ions: one is from the M,L, meta-
llocycle and the other is bonded to a cis-arm from the
adjacent M,L, metallocycle. For 58, each cis-arm of the M,L,
metallocycle is first bonded to a Ag(1) ion, which is further so-
lidified into the M,L, ring via a bis-monodentate bridging
CF;CO0™ anion to form a new [Ag,(L2),(CF;C00),]** SBU.
Such SBUs are further linked together via two bis-
monodentate bridging CF;COO™ anions to produce a new 1D
chain. The results illustrate that different coordination abili-
ties of anions play a critical role in the construction of CPs.
On the other hand, in contrast to insoluble AgX (X = Cl, Br),
CuX (X = Cl, Br) is soluble in acetonitrile. Thus the influence
of anions, especially CI" and Br anions, on the final struc-
tures of Cu(1) CPs with the oxazoline-based L2 ligand was in-
vestigated, and the corresponding four Cu() CPs
[Cuy(L2),(H,0)](ClO,),  (59),  [Cuy(L2),CIClO,:(9/4)H,0-(3/
4)CH;CN, (60), [Cuy(L2)Br,] (61) and [Cuy,(L2),Br,]-2CH;CN
(62) were described (Fig. 10)."*” Like the Ag(1) CPs 52-58, the
PBU of Cu(i) complexes with the exception of 60 is also an
M,L, metallocycle. 59 displays a 1D chain structure like that
of 54 and 55. 61 consists of [Cuy(L2),(Br),] SBUs, which are
directly connected to 1D chains through p,;-Br anions. 62
possesses a 1D chain structure analogous to that of Ag(i) 56,
whereas, different from the 1D chain structure of 56, the 1D
chains in 61 are further joined together by bridging Br™ ions
to generate a 3D structure. Interestingly, there are no M,L,
16-membered metallocycles in 60. In contrast, 60 features
M,L, cage-like subunits, which are further extended into a
2D layer structure via bridging CI™ anions.

3.3. Homoleptic coordination polymers with multi-functional
oxazoline-based ligands

Introduction of multi-functional oxazoline-containing ligands
can make more diverse structures of CPs. In 2004, Reiser

. [

[Cu(CH3CN),]CIO,, ¢

o"™N
60 / 62
cis,trans,trans-.2

Fig. 10 Crystal structures of CPs 59-62 with the cis,trans,trans-L2
ligand. Adapted from ref. 18b.
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et al. reported a chiral, flexible, C,-symmetric, pentadentate
bis(oxazoline) ligand L27, which was employed to investigate
the chirality transfer from ligands to metal centers, thereby
creating two chiral 1D spiral chains [Cd,(L27)X,] [X = CI (63),
Br (64)].>” It is noteworthy that 63 and 64 have similar 1D
chain structures, which consist of achiral Cd-(u-X) inorganic
backbone and twisted L27 ligands (Fig. 11). Apparently, the
helicity from 63 and 64, originating from the superposition of
mononuclear helicate [Cd(L27)], differs from that of spring-
like spiral chains arising from angular ditopic oxazoline-
based ligands and 2-connected Ag(1) ions as exhibited in 41.
Like ligand L27, the aforementioned L8 is also a flexible
multi-functional oxazoline-containing ligand. Aside from two
discrete coordination complexes 12 and 13, we have also
reported four CPs with molecular formulas [Ag(L8)]CF;SO;
(65 and 66), [Ag(L8)]NOs-0.5CH;OH (67) and [Ag(L8)|BF, (68),
synthesized by reaction of the L8 ligand and the correspond-
ing Ag(1) salts (Fig. 12).>> Complexes 65 and 66 are supramo-
lecular isomers. 65 features a 2D wave-like layer composed of
3-connected oxazoline-based L8 ligands and tetrahedral Ag(i)
nodes. By replacing the methanol solution of 65 with a mix-
ture of dichloromethane and acetonitrile, 66 was obtained,
displaying a 1D double-stranded helix. In 66, each L8 ligand
adopting a twisted conformation first connects with two Ag(1)
ions via two terminal N atoms to generate a 1D spring-like
helical chain. Subsequently, free ethylenediamine groups che-
late with Ag(1) ions from another 1D chain to generate an
entwined double-stranded helix structure. Evidently, reaction
solvents play a key role in the formation of CPs. Due to the
lack of chiral induction and the absence of conglomeration,
65 crystallizes in a meso form. Although 67 and 68 have

Fig. 11 1D chain structures of 63 and 64, consisting of 1D inorganic
chains and twisted L27 ligands. Adapted from ref. 37.
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Fig. 12 2D layer of 65 with a (6,3) topology and 1D entwined double-
stranded spiral chain structures of 66-68 with ligand L8. Adapted from
ref. 23.

different counter anions from 66, they have identical double-
stranded helical structures. In other words, CPs 66-68 are
also framework isomers. Surprisingly, the reaction of L8 with
Hgl, in the presence of tetrahydrofuran (THF) leads to the
formation of a new Hg(u) CP [Hgl,(L28),][Hg,ls]-2H,O (69)
with in situ generated 1,3-bis(4-(oxazolin-2-yl)benzyl)-2-(3-
hydroxy-propyl)-imidazolinium (L28) salt (Fig. 13).*® Detailed
mechanism studies reveal that CO, first promotes the ring
opening of THF, which accelerates the formation of interme-
diate imidazolidine. Finally, the intermediate imidazolidine
was oxidatively dehydrogenated by HgI, to produce ligand
L28, which further reacted with excess Hgl, to yield the 1D
chain structure of 69 as shown in Fig. 13.

In addition to the flexible multi-functional oxazoline-
based ligands, we also designed a simple rigid ditopic
oxazoline-based  ligand  4-(oxazolin-2-yl)-pyridine  (L29)
(Fig. 14) which, according to the coordination vector princi-
ple, may be considered as an angular organic linker. Starting
from L29 and AgBF,, CP [Ag(L29)](BF,) (70) with a 1D zigzag
chain structure was created, in which the 2-connected Ag(1)
nodes take a nearly linear geometry.*® Instead of AgBF, with
AgNO;, AgSbFs and AgCF;CO, to react with L29, three dis-
tinct 2D CPs with formulas [Age(L29)4(NOs)s] (71),

g
h
9
3

@ Hgl Lo s O

[Hglx(L28)2][ Heale]2H:0 69

Fig. 13 1D chain structure of 69 with in situ generated ligand L28.
Adapted from ref. 38.
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e
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AgCF3S0; |cocrystal

Fig. 14 Crystal structures of CPs 70-74 with ligand L29. Adapted from
ref. 39.

[Ag5(L29),(CH;CN),](SbFe)3(H,0) (72) and [Ag(L29)(OOCCF;)]
(73) were obtained. It is noticeable that both 71 and 72 pos-
sess a linear metallo-ligand [L29-Ag-L29], consisting of one
2-connected Ag(1) and two head-to-head coordinated L29 li-
gands. For 71, the combination of Ag(i) ions with bis-
monodentate bridging nitrate anions first yields a 1D inor-
ganic chain [Ag(NO;3)Ag],, which further extends into a 2D
wavy network by the linkage of cis,trans-conformational meta-
llo-ligands. In contrast to 71, the trapezoid 2D layer of 72 is
made up of 1D zigzag chains similar to that of 70 and cis,cis-
conformational bridging metallo-ligands, whereas the 2D
sheet of 73 is composed of 1D zigzag chains like that of 70
and bridging trifluoromethyl acetate. Replacing CH;CO, with
CH;S0;™ to react with L29, a cocrystal complex [Ag(L29)(p-
CH;S05)][Ag(L29)(1,-CH;3S03)] was yielded, which is made up
of 1D zigzag chains like that of 70 and a 2D network analo-
gous to that of 73. Obviously, in the case of 70 and 72, the
anions BF, and SbFs serve only as free counter ions, while
NO;, SO;CF; and SO;CH; anions in 71, 73 and 74 are in-
volved in the coordination, which are responsible for the var-
ied structures. All in all, combined with the above discussed
examples, it can be preliminarily concluded that the coordina-
tion ability of anions plays a remarkable role compared to
their size and shape in the construction of CSs and the coor-
dination ability sequence is X" (CI” and Br') > CF;COO >
CF(H);SO; > NO; > ClO, = BF; > PF; = SbF .

Ph
VAN +
ph/§ 4 N,CHCO,Et CHCly

CO,E
Tmoi% 38 3gq COZE PA 38bcozst

Scheme 14 Reaction of styrene and ethyl diazoacetate catalyzed by
chiral Cu() helical chain 38. Adapted from ref. 30a.
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Scheme 15 Three-component coupling reaction of aldehyde, alkyne
and amine catalyzed by 1D zigzag chain 45. Adapted from ref. 34a.

4. Properties of oxazoline-based co-
ordination supramolecules

4.1. Luminescence properties of oxazoline-based discrete co-
ordination complexes

It is known that luminescent Eu-based CSs have potential ap-
plications in the fields of chemical and biological sensing.
For example, CSs 27 and 28 are Eu-based tetrahedral cages
with inherent cavities (Fig. 4), which can accommodate small
guest molecules/ions and thus facilitate their luminescence
recognition.>® 27 is an ML cage with excellent photo-
luminescence properties, which displays highly efficient and
selective detection toward explosive picric acid at the ppb
level via fluorescence quenching. Compared with 27, 28 is an
M,L, cage with C;-symmetric L15 exhibiting excellent intra-
ligand charge transfer (ILCT) sensitization. Based on the
ILCT transition of the L15 ligand, 28 displays unusually dual-
responsive detection toward I based on a turn-off effect and
Cu*" based on a turn-on effect. In contrast to achiral 27 and
28, Eu-oxazoline-based CSs 30-33 are all chiral, which exhibit
large circularly polarized luminescence (CPL), among which
triangles 30 and 31 have the highest intensity.?”“¢

4.2. Catalytic properties of oxazoline-based coordination
polymers

As mentioned in the Introduction, oxazoline ligands have
been widely employed in catalytic fields in the past years.
Hence, incorporation of oxazoline-based ligands into CPs for
catalysis can readily realize the heterogenization of homoge-
neous catalysts. However, there are two disadvantages that
limit their further application. First, the metal centers of
oxazoline-based CP catalysts are mainly soft Lewis acids:
Cu(1), Ag(1) and Hg(u). Second, there are no reported 3D po-

OMe
MeO
o o
_N
MeO O O
N © \i 10 mol% EtzN, CHyCN NH
X 10 mol% Cat. MeO
OMe
OMe

Scheme 16 Cycloaddition reaction of methyl 2-(4-methoxybenzyli-
deneamino)acetate and methyl acrylate catalyzed by the Ag() CPs 49,
50 and 51 in CH3zCN. Adapted from ref. 35.
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Scheme 17 Aza-Diels-Alder reaction of N-benzylideneaniline and
Danishefsky's diene catalyzed by Hg(i) CP 69. Adapted from ref. 38.

rous oxazoline-based CPs. That is, except for 51, for other CP
catalysts, there is no synergistic effect between the pore size
and catalytic site. The following is the reported catalytic ap-
plication of oxazoline-based CPs.

Chiral CP [Cu(L20°%)]OTf (38) discussed in section 3.1
(Scheme 12) can effectively catalyse enantioselective cyclo-
propanation of olefins by ethyl diazoacetate. For example,
when styrene was subjected to this reaction with ethyl
diazoacetate in the presence of 38 (1 mol%), enantioselective
ethyl cyclopropanecarboxylates 38a and 38b were obtained in
a 73:27 ratio both with a 98% ee value (Scheme 14).>%“

Ag(1) oxazoline-based CP 45 (Fig. 7) has been applied in
the three-component coupling reaction of aldehyde, alkyne
and amine in air rather than in a N, atmosphere using other
catalysts (Scheme 15). Under the optimal conditions, the
range of this three-component coupling reaction by using dif-
ferent amines and aldehydes to react with phenylacetylene
was examined. The results reveal that the cyclic and acyclic
secondary aliphatic amines and aliphatic aldehydes have
high reactivity. More importantly, the catalyst 45 can be con-
veniently recycled by simple filtration and reused at least four
times with no obvious decrease in its catalytic activity.***

In addition, 49, 50 and 51 (Fig. 8) were further used to ca-
talyse the cycloaddition reactions between imino esters and
methyl acrylate (Scheme 16). Among the three CPs, channel-
structured 51 gives the highest activity, which is ascribed to
the synergistic effect of the pores and catalytic sites. Further-
more, during the catalytic reaction, the structures of the three
complexes show good solvent stability, which are ascertained
by PXRD.?” In 2017, we found that in situ generated Hg(i) CP
69 (Fig. 13) is an active catalyst for the aza-Diels-Alder reac-
tion between N-benzylideneaniline and Danishefsky's diene
(Scheme 17). When 10 mol% 69 was used, 99% conversion
was observed.*®

5. Conclusions

Coordination supramolecules (CSs) are still a flourishing re-
search field due to their fascinating structures, interesting
properties and potential applications in many aspects. How-
ever, the insight into the relationship between their struc-
tures and properties remains unclear for researchers. This
highlight presented the progress of oxazoline-based CSs, in-
cluding discrete coordination complexes and coordination
polymers (CPs), together with their applications in lumines-
cence and catalysis.

For discrete CSs such as cages, rectangles and helicates,
oxazoline-containing ligands with C, and C; symmetry are
useful. They can be directionally synthesized by a molecular
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clip approach based on ligand-directed symmetry interac-
tions. Particularly, tetrahedral cages with large cavities, which
can accommodate guest molecules and ions, can be obtained
by assembly of C,/Cs;-symmetric multi-topic ligands with
oxazoline-containing chelating moieties and naked Ln*" ions,
which can be used as sensors for detecting ions. It is note-
worthy that the presence of bulky 4-substituted groups of the
oxazoline ring can facilitate the formation of discrete coordi-
nation complexes.

On the other hand, reported oxazoline-based CPs mainly
possess 1D chain structures and a few 2D networks. The rea-
son can be ascribed to the ortho-positioned N-donor atom in
the oxazoline moiety, which hinders the outward expansion
of the structures. In contrast, an analogous tib ligand can
form porous 3D frameworks.*® Furthermore, although some
of the oxazoline-based CPs have been utilized as heteroge-
neous catalysts, reports on the catalytic reaction type and
their efficiency are still scarce. In conclusion, the study on
oxazoline-based CSs is still in its infancy and there are ample
opportunities for further exploration.
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