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Introduction

The virtually infinite choice and combination of inorganic
nodes and organic linkers for the construction of metal-organic
frameworks (MOFs) is the key factor that makes them so
successful for their widespread practical exploitation in several
fields of contemporary materials science. The creation of MOFs
or coordination polymers (CPs) with variable dimensionality
(spanning from 1D chains to 2D sheets or 3D scaffolds as
constituting parts of the crystal lattice) is normally achieved
through the mixing of metal salts and polytopic linkers under
solvothermal conditions.! In some cases, the metal ions self-
assemble into more complex Secondary Building Units (SBUs)
as a result of the “harsh” temperature and pressure synthetic
conditions (autogenously generated pressure by prolonged
reaction heating in a sealed vessel), generating polyatomic
clusters at the lattice nodes, like the (Zn,0)®" motif present in
the MOF-5 isoreticular series® or the [Zrg(u’-0)4(pn*-OH),]">*
cluster typical of the UiO-66 family.® In the creation of new
MOFs though, the synthetic chemist is mostly spoilt by the
choice of the organic spacers, which can be prepared ad hoc
with a tailor-made approach for a specific application through
the introduction on the ligand backbone of functional groups to
make them suitable for catalysis,* luminescence,” magnetism®
or gas storage and separation.” The typical MOFs ligands
belong to the classes of (aliphatic or aromatic) polycarboxylic
acids and polydentate N-heterocyclic bases (such as pyridines,
imidazoles, pyrazoles and tetrazoles).® Literature examples can
also be found where both acids and bases are present together
within the same polymer, giving rise to the so-called “mixed-
MOFs” (MIXMOFs).” The same definition holds for
“homoleptic” frameworks built of more than one chemically
distinct spacer, i.e. two different carboxylic acids (like UMCM-
1'% or the MIXMOF-5 family'") or two different N-heterocyclic
bases (4,4-bipy/pyrazine,'> 4,4'-bipy/pyrazolate’> or 4,4'-
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and thiazolidine-containing metal-organic frameworks and coordination polymers, along with
the description of their applications in the fields of luminescence, magnetism, CO, storage

bipy/imidazolate'*). While N-heterocycles as spacers are
ubiquitous, there are fewer examples of MOFs or CPs built
with more than one heteroatom type in the heterocyclic core.
Besides modifying the electron density distribution within the
linker, additional heteroatoms may represent alternative
coordination sites for the metal ions employed for the MOF
synthesis. The increased overall bond polarization within the
cycle is highly desired in gas storage applications; in fact, it has
been proved (both theoretically'> and experimentally'®) that a
MOF with increased bond polarity or doped with extra-alkaline
metal ions in the lattice has an improved gas adsorption
capacity for those gases with a very small dipole moment (H,,
CH,4, CO,). In addition, the abundance of electron-rich atoms in
the linkers increases the number of non-covalent interactions
(like hydrogen bonds or =m---m stacking) in the solid state,
making the material more thermally/chemically stable and
creating fascinating supramolecular architectures. N,S-
containing heterocycles in particular are intriguing building
blocks. The simultaneous presence of a hard (N) and a soft (S)
base favours the coordination to both hard and soft metal ions,
making the related ligand more versatile for MOFs design. The
simplest and most naturally occurring N,S heterocycles are
thiazoles and thiazolidines (Scheme 1). Thiazoles and the
related thiazolium salts are found in many natural products, like
the essential vitamin B1 (also called thiamine). Many thiazoles
are flavor compounds (present in the roasted peanuts or cooked
beef aromas for example) and possess anti-tumoral activity.
They have also shown wide practical applications in materials
science; several compounds exhibit fluorescence properties'’
(benzothiazoles are present in luciferines, bioluminescent
substances that are produced by fireflies) and have been used
for the preparation of organic light-emitting diodes (OLEDs)
and semiconductor materials.'®
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Scheme 1. Thiazole and thiazolidine heterocycles.

The N atom in the heterocycle can be protonated under
acidic conditions (pK, = 2.5). As a donor towards Lewis acidic
metal ions, it is less basic than pyridine (pK, = 5.2) but more
basic than oxazole (pK, = 0.8), isoxazole (pK, -3),
isothiazole (pK, = —0.5) or 1,3,4-thiadiazole (pK, = —4.9).
Thiazoles are commonly obtained through the classical
Hantzsch reaction between an o-halocarbonyl compound and a
thioamide (Scheme 2a); an alternative approach that consists of
a simple condensation between an aldehyde and the naturally
occurring amino acid L-cysteine followed by oxidation of the
corresponding thiazolidine (Scheme 2b-c)'® has been optimized
by our group for the obtainement of assorted 4-substituted 2-
carboxythiazoles and thiazolidines for multi-gram scale
preparations (that are necessary when the as-synthesized
molecule is the starting material for MOFs syntheses).?
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Scheme 2. (a) Hantzsch thiazole synthesis. (b,c) Preparation of 4-substituted
thiazolidine- and thiazole-2-carboxylic acids from the naturally occurring L-

cysteine.

This highlight will focus on the description from a
crystallographic perspective of MOFs/CPs containing thiazoles
and thiazolidines within their organic constituents. A brief
paragraph dealing with the practical applications of these
organic/inorganic hybrid materials in the fields of gas storage,
luminescence and magnetism will also be developed at the end
of the discussion.

Discussion

1. Thiazole-based MOFs and/or CPs

Table 1 lists all the compounds discussed in this section
classifying them by ligand type. The simplest ligand

2 | CrystEngComm, 2014, 00, 1-3

conceivable is thiazole itself; indeed, simple 1D chains have
been obtained through the combination of monodentate x-N
thiazole and metal halides from the first transition series, where
the halogen atom acts as a bridge between adjacent metal
centers. The resulting polymers have general formula [MX,(&-
N-thiazole),],, (1-5; M = Fe, Ni, Co, Cu; X = Cl, Br).21 In the
solid state, the metal ion has octahedral coordination geometry,
where the equatorial positions are occupied by the bridging
halides and the axial positions by two thiazole molecules. The
network topology calculated with the TOPOS 4.0 software® is
2C1, typical of linear 1D chains. The same crystal lattice
topology is obtained when using a different bridging anion, like
SiF¢>. The compound [Cu(x-N-thiazole)s(SiFg)]. (6) shows a
distorted octahedral coordination environment (Jahn-Teller
effect) for Cu", and the equatorial positions are occupied by
four monodentate thiazole molecules. Cu-F-Si-F-Cu linear
arrangements are present on the axial positions (Fig. 1).%
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Fig. 1. The 1D chain in the lattice of 6. Atom color code: gray, C; blue, N;
yellow, S; green, F; magenta, Si; copperbrown, Cu. Reproduced with permission

from ref. 23.

Infinite linear chains in the solid state are obtained with L =
2-aminothiazole and cadmium thiocyanate, in the compound
[Cd(&=N-L)»(SCN),]., (7).** Two SCN
adjacent Cd" centers, in an octahedral coordination geometry

ions are bridging

with a N4S, donor set. 2-aminothiazole is monodentate through
the cyclic N atom in an alternate cis and #rans conformation.

Colourless crystals of the linear polymer [HgCly(x-N-L)].,
(8) are prepared from slow evaporation of water/acetonitrile
mixtures of HgCl, and L = 2-aminobenzothiazole.”” Pairs of
bidentate bridging CI” anions connect Hg" centers, which are 5-
coordinated in a NCl, donor set. The coordination geometry is
(distorted) trigonal bipyramidal, and the ligand is monodentate
through the cyclic N atom. Additional N-H---Cl hydrogen
bonding between the hexocyclic amino group and the chloride
atoms lead to supramolecular 2D layers in the crystallographic
ab plane.

The bridging species 2-aminobenzothiazole-6-carboxylate,
together with the auxiliary ligand 2,2'-bipyridyl, forms a 1D
chain in the presence of Cd" precursors. The resulting
compound has minimal formula [Cd(u-x-N:x-COO-L),(1*
N,N'-2,2'-bipy)]. (9).2° The CdN;04 coordination polyhedron is
a distorted pentagonal bipyramid with one O and one N atoms
on the axial positions. 2,2'-bipyridyl is in a chelating mode. The
infinite chain propagates along the [100] Miller direction,
through bridging coordination of the carboxylate group and the
thiazole N atom. Extensive N-H:--O and N-H:--N hydrogen
bonding engaged by the exocyclic —NH, groups creates a

This journal is © The Royal Society of Chemistry 2014
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Table 1. Thiazole-based organic linkers discussed in this work, along with the related MOFs/CPs formulae and net topology.

Dimensionality / Net

Ligand formula MOFs/CPs unit formulae Ref.
topology
[FeCly(L), ] (1) [21c]
[N\> [FeBry(L)]» (2) [21c]
[NiBry(L),]. (3) [21b]
1D/2C1
° [CoCly(L)),, (4) [21a]
Thiazole [CoBry(L),].. (5) [21a]
[CuSiFg(L)s) (6) [23]
N
1 H—nw,
S [CA(SCN),(L),]. (7) 1D/2C1 [24]
2-aminothiazole
N
L
s [HeCly(L):]. 8) ID/2C1 [25]
2-aminobenzothiazole
N
L
HOOC s [Cd(L)x(2,2"-bipy)]» (9) Ib/2C1 [26]
2-aminobenzothiazole-6-carboxylic acid (HL)
Mn(terephtalate)(L)(H,0), - 2H,0].,(10) 1D/2C1 [27]
sw [
HZN)\ N N™ “NH,
2,2'-diamino-4,4'—bithiazole [Pb(SCN)(NO3)(L)]w (1 1) 1D/2C1 [28]
s/\>_(/\s [CdCLy(L)]., (12) 1D/2C1 [29b]
2 0
/‘QN N/J\
2,2'-dimethyl-4,4'-bithiazole [CdBry(L)], (13) 1D/2C1 [29a]
N
)I S—NH,
Hooc” S [Cu(L), (H20)]. (14) 2D /sql [23]
2-aminothiazole-5-carboxylic acid (HL)
N
I
Hooc” S [Cu(L),: 1.5(H,0)]., (15) 2D /sql (23]
Thiazole-5-carboxylic acid (HL)
[Mn(L)(H,0),].. (16) 1D/2C1 [31]
S N
Co(L)(H,0),],, 17 1D/2C1 31
wooc— T H—coon [Co(L)(H:0):1., (17) [31]
N S [Cu(L)(H,0)].. (18) 1D/2C1 [31]
Thiazolo[5,4-d]thiazole-2,5-dicarboxylic acid [Zn(L)(H,0),].. (19) 1D /2C1 [31]
[Aga(L)]-- (20) 3D (31]

This journal is © The Royal Society of Chemistry 2014
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1-(2-pyridyl)-1-amino-4-methyl-4-thiazolyl-2,3-
aza-1,3-butadiene (HL)

[Zny(L)(N3)3] (21)

3D/ snp (3%4*6°7)

2

S N
<L

N N

9

2-(2-thiazole)-4.,4,5,5-tetramethyl-4,5-dihydro-1H-
imidazolyl-1-oxy-3-oxide

{Mn(L)[N(CN), ]2}, (22)

3D/ dia (6%

T

2,2'-[1,4-phenylenebis(methylenethio)]bisthiazole

[Ag2(L)(NOs), - EtOH],, (23)

2D/ (3%-418.5)

[s
N/>_\\—®COOH

(E)-4-(2-thiazolyl)ethenylbenzoic acid (HL)

[Cdx(L)s(H20)].. (24)

2D/ tts (3°-4°-5%)

S —
Lo~
HOOC

2-(4-pyridyl)-thiazole-4-carboxylic acid (HL)

[Cus(L)s - (H20)14] (25)
[Zn(F)(L) - H,0]., (26)
[Zn(L), - (Hy0)413] (27)
[Ag(L) - H,0]., (28)
[Cos(L)s - (H20)s](29)
[Co3(L)2(V401,)(H0)4]., (30)
[CdI)L)(H0) - H,0],, (31)
[Cd(L),(H,0)4] (32)
[Pb(L)2]. (33)

[Pby(L);(NO3)] (34)

3D/ (4*6%8%)(4-6*8),
3D
2D / sql (4*6%)
3D/ (312~420'5“'62)
3D
3D
1D
0D
2D

1D

W W W
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e —
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W W W W W W
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2-(4-pyridyl)-4-methylthiazole-5-carboxylic acid
(HL)

[Cd(L),(H,0)4DMF)], (35)

[Mn(L),(H,0);(DMF)],, (36)

3D/ beu (4%*-6%)

3D/ beu (4**-6%)

[40]

HOOC ¢ N
)
IN \_/
2-(3-pyridyl)-4-methylthiazole-5-carboxylic acid
(HL)

[Ni(L)2(H20)4].. (37-38)

[Zn(L)2(H,0)]., (39)

[Cu(L)2(H20)].. (40)

2D

2D

2D

supramolecular 3D net. Additional stabilizing m-- -7 interactions
between the thiazole and bipy rings are also present. Chelating
ligands (x*-N,N', analogous to 2,2-bipy as a coordination

4 | CrystEngComm, 2014, 00, 1-3

mode) derived from 4,4'-bithiazole and bearing different
substituents on the 2 and 2' positions have been exploited for
the synthesis of 1D CPs having the same network topology.

This journal is © The Royal Society of Chemistry 2014
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The chain propagation in the lattice is guaranteed by the
presence of an extra bridging ligand anionic in nature, like the
terephtalate anion in [Mn(terephtalate)(2,2'-diamino-4,4'-
bithiazole)(H,0), 2H,0],, (10),%” the thiocyanate/nitrate
anions in [Pb(SCN)(NO;)(2,2'-diamino-4,4"-bithiazole)],, (11)*
or simple halides as in [CdX,(2,2'-dimethyl-4,4'-bithiazole)].,
(12-13; X =Cl, Br).”? With simple thiazole carboxylic
acid as a spacer, moving the —-COOH group from the 2-/4- to
the 5-position of the heterocyclic ring leads to bridging rather
than chelating ligands, more suitable for MOFs synthesis
(Scheme 3).%°

M
O~V v ﬁ
Ay N, O IS

N 2 4
© 4> [ and 0\25: S
S S O // \
My--~0
(N,O)-chelating (N,O)-chelating bridging

Scheme 3. The different coordination modes of thiazolecarboxylic acid

regioisomers.

Indeed, 2D coordination networks have been obtained with
suitable Cu" precursors under solvothermal conditions. The
compounds {Cu[p-(x-N:x-COO)-L], - (H,0)}, (14; HL = 2-
aminothiazole-5-carboxylic acid) and {Cu[u-(k-N:x-COO)-L],
- 1.5 (H,0)},, (15; HL = thiazole-5-carboxylic acid) belong to
the sql (4*6%) network topology, revealing a 2D polymeric
structure.” In the lattice of 14, undulated sheets extend along
the [001] Miller direction, kept together by the extensive sheet-
sheet and water-sheet N—H---O hydrogen bonding engaged by
the exocyclic —NH, substituents on the ligand with either
adjacent carboxylate groups or with crystallization water
molecules. In 15, the 2D regular grid along the [101] Miller
direction is more planar, and the ordered stacking of the
bidimensional sheets along the a axis generates supramolecular
3D channels (Fig. 2).
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Fig. 2. View of the 3D supramolecular channels in the lattice of 15. Atom color
code: gray, C; blue, N; yellow, S; red, O; copperbrown, Cu. Reproduced with

permission from ref. 23.
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Dense 1D CPs have been obtained with the symmetrical
spacer thiazolo[5,4-d]thiazole-2,5-dicarboxylic acid combined
with transition metal ions from the first series, under
hydrothermal conditions. Within these compounds, of general
formula [M(L)(H,0),].. (16-19; M" = Mn, Co, Cu, Zn; x = 1,
2),*! the ligand adopts a preferential (N, O)-chelating rather than
the (O,0"-bridging mode, as observed in analogous cases
where the carboxylic functional group occupies an a-position
with respect to the heterocyclic N (i.e. either on the C-2 or on
the C-4 position). The metal ions are octahedrally coordinated;
water molecules complete the N,O,4 coordination sphere, and
they engage into hydrogen-bonding interactions with the
carboxylate groups of the adjacent chains in the lattice. A
genuine 3D framework is instead obtained with silver(I):
[Agy(L)]. (20). The coordination geometry at the metal centre
is diagonal (severe distortion from linearity is observed), with
extra-interactions with the S atoms of the ligands.

Crystals of the compound [Zn(HL)(N3);],, (21) have been
obtained through slow diffusion of methanolic solutions of Zn"
perchlorate hydrate, the ligand HL = 1-(2-pyridyl)-1-amino-4-
methyl-4-thiazolyl-2,3-aza-1,3-butadiene (an open chain
diazine Schiff-base) and sodium azide in a H-shaped tube.
The ligand is anionic and pentadentate, bridging adjacent metal
ions in a n*m?® mode. The thiazole fragment of the spacer is
coordinated through its N atom. In the asymmetric unit, there
are two non-equivalent Zn" ions, one with a pseudo-octahedral
geometry and the other with a distorted square pyramidal ligand
arrangement. Additional end-on azido bridges form Zn,(Nj),
four-membered rings that complete the tridimensional
connection, generating a (3%-4*-6°-7) snp net topology (Fig. 3).
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Fig. 3. View of the 3D lattice of 21. Atom color code: gray, C; blue, N; yellow, S;
aquamarine, Zn. Zny(N3), four-membered rings simplified for clarity. Adapted

from ref. 32.

The manganese(II) nitronyl-nitroxide MOF
{Mn(L)[N(CN),]»}«» (22) has been prepared with the Ullman-
type radical L = 2-(2-thiazole)-4,4,5,5-tetramethyl-4,5-dihydro-
1H-imidazolyl-1-oxy-3-oxide.>> The dicyanoamide [N(CN),]
ion shows long-range magnetic ordering properties, and in this
case it has also been exploited as a bridging ligand to build the
3D framework around the Mn" ions in an octahedral
coordination environment. The radical-ion adopts a chelating
bonding mode through one of its N—O bonds and the thiazole
N-atom. The resulting framework has dia (6°) topology.

Reaction between the thioether compound L = 22'-[1,4-
phenylenebis(methylenethio)]bisthiazole and silver nitrate led

to the 2D polymer [Agy(L)(NOs), - EtOH], (23).** In the

CrystEngComm, 2014, 00, 1-3 | 5
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lattice, the silver(I) ion is in a tetrahedral coordination
environment, and the bridging ligand is in a (V,S)-chelating
fashion through the thiazole N-atoms and the S atoms coming
from the thioether groups. The resulting zigzag chain is
propagating along the b axis; the nitrate anions are also
bridging Ag' centers coming from adjacent chains, linking them
together to form a 2D brick network along the [001] direction
with (3°-4'%-5) topology. Weak C-H---O hydrogen bonds
between the nitrate oxygen atoms and the thiazole C—H bonds
are also present.

In situ hydrolysis of a nitrile compound produces the
corresponding carboxylate ion during the synthesis of the Cd"
coordination polymer [Cd,(L),(H,O)]l., [24; L = (E)-4-(2-
thiazolyl)ethenylbenzoate] in methanol/water binary mixtures
under solvothermal conditions.*® The metal SBU is the “paddle-
wheel” dimer of Cd,L, type, analogous to the Zn,L4 one found
in many Zn" MOFs.® The dimers are kept together by four
carboxylate bridges (plus one bridging aquo ligand), and each
Cd, dimer is linked to the others via the thiazole N-atom
coordination to the wvacant coordination position of the
octahedral Cd" ions. This ligand arrangement forms a 2D sheet
on the crystallographic ab plane. The resulting network
topology is tts (3°-4°-5%).

The multidentate ligand 2-(4-pyridyl)-thiazole-4-carboxylic
acid has been widely exploited for the design of MOFs and CPs
of assorted dimensionality. Its ability at acting as a bridging
spacer comes from the co-existence of a chelating (V,O0)-
thiazole/COO™ group at one edge and a terminal pyridine at the
opposite edge. The chelating group is not exactly opposite to
the terminal pyridine, but they are rather perpendicular to each
other. The geometrical constraint forces the ligand to behave as
a bent (rather than a linear) spacer. This feature generates
fascinating multidimensional arrangements in the solid state
when combined with transition metal ions.

A 3D net with moganite (4°-6°-8%)(4-6*8), topology has
been obtained with Cu™: [Cus(L)s © (H20)14]. (25).% Copper
atoms are in a distorted octahedral environment, with a N,O,
donor set. The MOF accommodates 14 water molecules per
formula unit within channels that extend along the [101]
direction. Zinc-containing compounds of wunit formula
[Zn(F)(L) - H,0]., (26) and [Zn(L), - (H,O)4/3] (27) have been
prepared under similar reaction conditions.’” Both are two-
dimensional CPs. In 26, the Zn" ion is in an octahedral
coordination environment, bound to two fluorine atoms on the
positions, while one water molecule, a chelating
carboxylate and the N atom coming from pyridine lie on the
equatorial plane. The organic ligand creates infinite chains that
are assembled together by F-Zn—F transversal linkages
(fluoride anions are in a bridging mode). The resulting extended
sheets are hydrogen-bonded to parallel sheets, to form a
supramolecular 3D structure. In the homoleptic Zn" compound
27, the metal ion adopts a trigonal bipyramidal coordination
geometry, in a N,Os donor set. The axial positions are occupied
by the thiazole N-atoms; one ligand molecule is in a (N,O)-
chelating coordination mode, while the other is terminally
bound to the metal through its —COO™ group. The resulting

axial

6 | CrystEngComm, 2014, 00, 1-3

network is made of corrugated 2D sheets [sql (4*6%) topology],
and the crystallization water molecules lie in between.

Silver gives the [Ag(L) - H,O],, MOF (28).*7 It is a chiral
3D polymer (it crystallizes in the chiral P2,2,2, space group),
where the metal ion is in a distorted tetrahedral N,O,
coordination environment. Channels along the [100] direction
are filled with water molecules (Fig. 4). The network topology
is (312:420.51.62),
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Fig. 4. View along the [100] direction of the 3D lattice of 28. Atom color code:
gray, C; blue, N; yellow, S; red, O; light blue, Ag. Within the channels,
crystallization water molecules can be clearly seen. Adapted from ref. 37,

Copyright (2006), with permission of Elsevier.

Additional polymeric materials are obtained with cobalt or
cadmium ions. In [Coz(L)s - (H,O)sl, (29), 3D scaffolds are
formed by the bridging ligand in a (&, O)-chelating/N(py)-
unidentate mode.*® Channels along the [101] direction contain
the crystallization water molecules; the two crystallographically
Col
geometry, with N3O; and N4O, donor sets, respectively. When

independent centers have octahedral coordination
a mixture of cobalt nitrate and ammonium vanadate is used as
the inorganic starting material, the compound
[Co3(L)2(V4012)(H50)4]. (30) is the final product obtained
under hydrothermal conditions.*® This framework contains
interlinked layers of 1D strands of two distinct types, purely
inorganic [made of Co(H,0)4(V40,) units, Fig. 5a] and metal-
organic [Coy(L), units, Fig. 5b] in nature. The connection
between the two layer types is ensured by O—H:--O hydrogen
bonding between the aquo ligands and the uncoordinated

carboxylate oxygen.

[CA(L)(H,O) - H,0],, (31) consists of infinite 1D chains
kept together by an extensive hydrogen bonding network.*® The
infinite chains propagate along the [01-1] direction and are built
from the octahedrally coordinated cadmium(Il) centers.

This journal is © The Royal Society of Chemistry 2014
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Fig. 5. View of the two distinct interwoven chains in the lattice of 30: (a) the
inorganic Co(H,0)4(V401,) units, extending along the [0-11] Miller direction. (b)
the Coy(L), units, along the [001] Miller direction (the vanadate oxygen atoms on
the axial Co" coordination sites have been omitted for clarity). Atom color code:
gray, C; blue, N; yellow, S; red, O; dark brown, V; magenta, Co. Adapted from
ref. 38, Copyright (2008), with permission of Elsevier.

The ligand is bridging in the usual (&, 0)-chelating/N(py)
unidentate mode. Finally, the OD molecular complex
[Cd(L),(H,0),4] (32) is obtained after a slow evaporation of a
methanol/water mixture of cadmium(II) acetate, the ligand and
NaOH.*® In this case, the abundance of (stabilizing) hydrogen
bonding interactions that can be switched on by a free -COO"
group prevails on the tendency to bridge adjacent metal ions.
As a result, a discrete coordination compound rather than a
polymer is the preferred product.

The same ligand can be found in the lead(Il) species of
general formula [Pb(L),]., (33, 2D layers) and [Pb,(L);(NO3)].,
(34, 1D chains), respectively.*” In 33, the thiazole N-atom is not
the bridging in a (O,0"-
chelate/N(py)-unidentate fashion; the Pb" ion shows an
octahedral coordination geometry. On the contrary, in 34 the

coordinated, and ligand is

thiazole N-atom is engaged into the typical (N,O)-chelating
coordination mode.

Isomeric variations of the aforementioned ligand have also
been exploited for the construction of MOFs. One modification
is related to a —COO™ group shift from the 4- to the 5-position.
Another viable option is the modification of the position of the
coordinating N on the pyridine fragment, passing from the 4-
pyridyl to the 3-pyridyl substituent.

2-(4-pyridyl)-4-methylthiazole-5-carboxylic acid is present
within two isostructural 3D frameworks of manganese(Il) and
cadmium(II) showing permanent porosity:
[CA(L)(H,0)4(DMF)]., (35) and [Mn(L)>(H,0);(DMF)], (36;
DMF = N,N-dimethylformamide, Fig. 6).*> While the Cd" ion
is seven-coordinated (pentagonal bipyramidal geometry), the
Mn" ion is six-coordinated (octahedral), probably because of
the smaller size with respect to Cd". In both polymers, the
ligand is bridging through a (O,O’)-chelate/N(py)-unidentate
mode. Chelation with the N-atom of the thiazole ring is
prevented when the carboxylate function is in 5-position. If the

This journal is © The Royal Society of Chemistry 2014

CrystEngComm

dimeric M,(COO), clusters are considered as a node, the
network topology is beu (4°*6%).
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Fig. 6. View of the 3D network of 35. Atom color code: gray, C; blue, N; yellow,
S; red, O; light green, Cd. Adapted from Ref. 40 with permission from the Centre
National de la Recherche Scientifique (CNRS) and The Royal Society of
Chemistry.

2-(3-pyridyl)-4-methylthiazole-5-carboxylic acid has been
assembled with a variety of metal ions from the 3d series.*'
Two conformational polymorphs with the same formula unit
[Ni(L),(H,0)4]. (37-38) are obtained by changing the metal
salt used for the synthesis (either nickel(Il) nitrate hydrate or
acetate hydrate). Both compounds are two-dimensional grids,
where the Ni" centers are in an octahedral coordination
geometry, with a N,O,4 donor set. The four O atoms around the
metal come from two aquo ligands and two monodentate
carboxylates, while the N-atoms come from the pyridyl
fragment. The ligand is in a syn-syn coordination mode in 37,
and in a syn-anti conformation in 38 (Scheme 4). Since the only
difference is the counterion used for the synthesis, it seems that,
although no anions are included in the final polymer, they may
act as templates and play a dominant role during the

hydrothermal crystal assembly.
N N
NN g J N\
ST = S
// O /
M] ]

SIMp M

syn-syn syn-anti

Scheme 4. The different coordination modes of 2-(3-pyridyl)-4-methylthiazole-5-
carboxylic acid in MOFs 37 and 38.

The Zn" and Cu" derivatives are isostructural: [M(L),(H,0)].
(39-40; M" = Zn, Cu). They are 2D corrugated frameworks,
with the metal ion surrounded by an aquo ligand and four
ligands in a N(py)/O(carboxylate, unidentate) bridging mode.
As usual, an extended hydrogen bonding network among the
numerous polar bonds present in the structure keeps the layers
interconnected to each other.

CrystEngComm, 2014, 00, 1-3 | 7
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2. Thiazolidine-based MOFs and/or CPs

The saturated version of thiazole, thiazolidine, has been used
for MOFs synthesis in a few cases. The presence of optically
active carbon atoms in the ligand backbone adds further levels
of complexity to the rational design of the related hybrid
material. When working with optically pure spacers, the final
MOF/CP obtained from these building blocks generally
maintain the same chiral nature as their constituting ligands. In
addition, new applications in scientific contexts where chirality
is an added value can be envisaged (vide infra). Table 2 collects
the ligand structures discussed in this section, along with the
related MOFs/CPs.

A 3D MOF built with thiazolidine-2-thione and silver(I) has
been prepared through slow solvent diffusion at ambient
temperature: [Agy(L)4(HL),]., (41).** The tetranuclear Agy(L),
cluster is self-assembled during the crystal formation; each
cluster is then connected to the others via (S,N)- or S-bridging
coordination of L. The sulphur atom involved in coordination is
always the exocyclic one (from the thione moiety). The
resulting network topology is (37-4%)(3%-4-9'%).

Homochiral helical CPs have been obtained through the
combination of L-thioproline (R-thiazolidine-4-carboxylic acid)
and metals from the first transition series.* All of them have
the same formula unit [M(L),],, (42-44), but while M" = Zn
gives a 1D polymer made of right-handed helical chains with
pentacoordinated Zn" jons, M"" = Cd, Ni form a 2D homochiral
framework with sql (4*-6%) topology containing right-handed
(Cd) or left-handed (Ni) -chains,
structures, the ligand is chelating the metal centers through its

respectively. In these
carboxylate group and the cyclic N atom, in the same manner as
that observed for the aromatic analogue thiazole-4-carboxylic
acid. The spatial arrangement is more “distorted” than that of
thiazole though, since the ring is not planar and it adopts the
typical “envelope” conformation of penta-atomic aliphatic rings
(i.e. cyclopentane).

Thiazolidine-2,4-dicarboxylic acid has been exploited for
the synthesis of a number of MOFs containing cobalt and
nickel. The as-synthesized materials are optically pure, despite
the use of a racemic mixture of the (R,S) and (R,R) ligand
diasteroisomers. Spontaneous resolution occurs, and chirality is
introduced in the final MOFs either through a temperature-
directed process or through an external driving force such as
solvent or additives. An example of temperature-directed
structural recurrence is An—interesting—temperature-dependent

conformational-change has-beenrecordedin the synthesis of the
two polymers of molecular formulae isemerie—forms

[Co(L)(H,0), - H,0],, (45) and [Co(L)(H,0) -0.5H,0],, (46).**
At ambient temperature, the preferred ligand conformation is
the (R,S)-transoid one, while at higher (353 K) or lower (278
K) temperature the (R,R)-cisoid conformation is the one found
in the final polymer. As a consequence, in the former case a 1D
helical chain crystallizing in the P2; space group is isolated,
while in the latter case a chiral 3D framework of (3°-5°-6%7)

8 | CrystEengComm, 2014, 00, 1-3

topology showing permanent porosity and crystallizing in the
P4, space group is the final reaction outcome. In 46, two
different channels are alternating within the crystal lattice, one
hydrophilic (with the exposed aquo ligands forming hydrogen
bonding with the crystallization water molecules within the
channels) and the other hydrophobic (with exposed S atoms
from the spacer, Fig. 7). Circular Dichroism measurements
have proved that the chiral information in the (enantiomerically
pure) ligand is preserved in the corresponding MOF.
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Fig. 7. View of the 3D lattice of 46. Atom color code: black, C; blue, N; yellow,

S; red, O; magenta, Co. Reproduced with permission from ref. 44b.

Additives can also induce the same phenomenon. The
nickel(Il) compounds [Ni(L)(H,O0), H,O],, (47) and
[Ni(L)(H,0) -0.5H,0],, (48)* are isostructural with 45 and 46,
respectively. In the presence of polyvinylpyrrolidone (PVP) as
a surfactant, a preferential formation of 47 occurs, at both
ambient and high temperature (353 K), thus revealing the
influence of surfactants on the reaction course. In this specific
case, the ability of PVP at engaging into hydrogen bonds with
the polar groups present in the ligand has been invoked as the
key factor that influences the reaction outcome. The effect of
PVP is even stronger than that of temperature.

3. Applications of thiazole- and thiazolidine-based MOFs

3.1. Luminescence

Luminescent properties are mostly related to the intraligand
n—1* or n—>71* electronic transitions, albeit in a very few cases
a metal-to-ligand (MLCT) or a ligand-to-metal (LMCT) charge
transfer has been observed. In compound 8, a strong emission
band at A =361 nm is ascribed to the n—n* transition of the 2-
aminobenzothiazole spacer.”” In the L-thioproline derivatives 42
and 43, blue fluorescent emission peaks at A = 458 and 452 nm
are recorded respectively, with a strong red shift with respect to
the free ligand, whose emission is centered at A = 398 nm.*’
Since Zn" or Cd" are notoriously difficult to be oxidized or
reduced because of their stable d'® electronic configuration, the
observed MOFs emissions are reasonably due to the proline
internal transitions (modified by its metal coordination). The
red shift is ascribed to the chelation to the metal ions, which

This journal is © The Royal Society of Chemistry 2014
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increases the rigidity and the localization of electrons on the
organic rather than the inorganic MOF component.

CrystEngComm

Table 2. Thiazolidine-based organic linkers discussed in this work, along with the related MOFs/CPs formulae and net topology.

Ligand formula MOFs/CPs unit formulae TG ISDIELLy NG Ref.
topology
[Agy(L)4(HL),]., (41) 3D/ (37-4%)(3%49") [42]
thiazolidine-2-thione (L)
[Zn(L),]. (42) 1D [43]
[CA(L),].. (43) 2D/ sql (4*-6%) [43]
L-thioproline (R-thiazolidine-4-carboxylic acid)
(HL) [Ni(L),].. (44) 2D/ sql (4*-6%) [43]
[Co(L)(H,0), - H,0],, (45) 1D [44a]
[Co(L)(H,0) -0.5H,0],, (46) 3D/ (3%5%6°7) [44b]
[Ni(L)(H,0), - H,0]., (47) 1D [45]
Thiazolidine-2,4-dicarboxylic acid (H,L) [Ni(L)(H,0) -0.5H,01., (48) 3D/ (3%5565-7) [45]

3.2. Magnetism

When a paramagnetic metal ion is the inorganic constituting
of the MOF,
antiferromagnetic interactions between the metal centers has

part the existence of ferromagnetic or
been assessed in a number of cases. Room temperature
magnetic susceptibility of 1 is consistent with a high-spin Fe"
ion, with the possibility of intrachain magnetic superexchange
occurring via the dihalide bridges.”' In polymers 4 and 5,
magnetization measurements at 5 K reveal a metamagnetic
transition between antiferromagnetic and ferromagnetic states.”'
As for 1, ferromagnetic interactions between the Co" centers
are present along the direction of the 1D chain, because of the
halide bridges. In species 22, the strong antiferromagnetic
interactions present are switched on more by the Mn-radical
than by the contacts.” In 36,
antiferromagnetic interactions within the dimeric Mn,L, units
are present, over the 2-300 K temperature range.*’

Mn-dicyanoamide

3.3. CO, storage

The 2D polymer 15 has been exploited for CO, adsorption
under ambient temperature and pressure conditions (T =298 K,
Pco2 = latm).” Despite its low BET surface area (only 15 m?%/g,
measured through N, physisorption at T = 77 K), the material is
mesoporous, and it shows a remarkable CO, uptake of 9.0 wt.%
(Fig. 8). This value is comparable with those of other Cu-based
MOFs with a much higher BET specific surface area. The
selectivity for CO, over N, is also guaranteed by a direct
comparison of the gas weight percentage adsorbed at a given
absolute pressure (from the pressure-composition plots). This

This journal is © The Royal Society of Chemistry 2014

selectivity makes the material promising for applications in
carbon dioxide post-combustion capture in industrial processes.
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Fig. 8. (a) N, adsorption isotherm of 15 at T = 77K and (inset) related pore size
distribution (BJH model, Harkins-Jura approximation). (b) Pressure-composition
plot for CO, physisorption on 15 at T = 303 K, pco, max. = 920 torr. Reproduced

with permission from ref. 23.

The Cd" MOF 35 has been tested for CO, physisorption at
different temperatures (T = 273, 288 and 298 K) and ambient
pressure.*” The adsorption isotherms are of type-I, typical of a
microporous material. The maximum uptake at ambient

conditions equals 5.8 wt.%. 35 has been found to be selective

CrystEngComm, 2014, 00, 1-3 | 9
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for CO, sorption over a wide range of gases (CHy, N,, O,, H,
and CO). The high affinity of the material for CO, has also
been confirmed by the experimental measurement of the
isosteric heat of adsorption, which is around 21.5 kJ mol™,
holding potential for gas mixtures separation/purification
applications of industrial relevance.

The thiazolidine-based MOF 45 has also been exploited for
CO, capture; for this material (pre-activated after water
removal), the maximum gas uptake at T = 273 K and pco, =
latm equals 4.7 wt.%.*® The isotherm though does not show
any plateau at p = latm, this suggesting that this value could be
significantly improved at higher pressures.

3.4. Heterogeneous catalysis

The enantiomerically pure Co" MOF 45 has been exploited
in alkenes oxidation under aerobic (O, as oxidant) and
anaerobic (fert-butyl hydroperoxide as oxidant) conditions.*
Different alkenes have been employed (cyclohexene, Z-
cyclooctene, 1-octene), and different chemoselectivity is
observed, being both substrate- and oxidant-dependent. A
moderate enantioselectivity is also obtained in the case of pro-
chiral precursors, revealing the chiral induction ability of the
optically pure metal environment. Among the various olefins
considered, cyclohexene is the most efficiently oxidized
substrate. During its anaerobic oxidation, a 100 % selectivity
towards the chiral zers-butyl-2-cyclohexenyl-1-peroxide product
has been achieved, albeit with a moderate conversion (at ¢t = 24
h). The highest conversion (37 % after 24 h) reported to date
for a Co-MOF catalyzed cyclohexene oxidation (but a lower
selectivity) is achieved under aerobic conditions, leading to the
o,B-unsaturated ketone 2-cyclohexenone as the main product.
As a complement to the experimental work, a DFT
computational analysis of O, interaction with the exposed metal
sites in 45 (after water removal) was performed. The optimized
structures, the calculated atomic charges and the spin state are
consistent with the n'-superoxo nature of bound O, (Fig. 9).

() (®)

‘5- ﬁé

Fig. 9. DFT-optimized geometry of one O, molecule/cell adsorbed by
45. (a) The coordination environment of the cobalt center after O,
adsorption. The internuclear O-O and Co-O distances (A) are reported.
Atomic charges transferred to O atoms are reported in parenthesis. (b)
The unpaired spin density surfaces in 45 after O, adsorption. Reprinted
with permission from ref. 46. Copyright (2014), American Chemical
Society.
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Summary

A comprehensive survey of thiazole- and thiazolidine-
containing MOFs has been presented here. Almost fifty
compounds have appeared in the literature since the first
examples in 1998. The wide variety of network topologies and
dimensionality that is recorded for this class of materials stems
from the multidentate nature of the organic linkers bearing N,S-
containing heterocycles with more than one coordination site
within the linker core. The abundance of polar C—N, C—S, N-S
bonds in the lattice facilitates the occurrence of stabilizing
weak interactions and represents an added value for future
practical applications in (polar) gas storage and separation via
selective physisorption. Last but not least, the heterocycles
luminescent properties can be exploited in photocatalytic
organic transformations. There is still plenty to discover in this
field of MOFs science!
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