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The hydrothermal (solvothermal) reactions of Zn', Co", and
Cu'® salts with the thiazole-based ligands 2-Htzc (thiazole-2-
carboxylic acid), 4-Htzc (thiazole-4-carboxylic acid), and
Htzc-py [2-(2-pyridyl)thiazole-4-carboxylic acid] led to the
formation of coordination complexes with assorted geometry
at the metal centers. The new complexes were characterized

by conventional spectroscopic methods as well as by single-
crystal X-ray analysis, TG-MS, and PXRD. Crystallographic
studies have shown that an extended supramolecular net-
work is generated in the solid state through the formaton of
hydrogen bonds between the several polar groups present in
the complex frameworks.

Introduction

The supramolecular assembly of organic, inorganic, and
metal-organic species to create multidimensional well-de-
fined architectures has become a very active area of re-
search in the last 20 years, particularly after the discovery
that the resulting materials have many specific practical ap-
plications.!! Contemporary crystal engineering is full of ex-
amples of the self-assembly of discrete units sustained by
hydrogen bonds or other weak interactions.”l Hydrogen
bonds are normally formed between polar functional
groups and heteroatoms. Synthetic organic chemistry offers
an extremely wide variety of accessible heterocycles, span-
ning the purely C,N-containing systems such as imidazoles,
pyrazoles, triazoles, or tetrazoles to the “mixed” C,O/C,S-
containing cycles such as furans, thiophenes, oxazoles, and
thiazoles.’1 The solid-state aggregation of these species
often leads to hydrogen-bonded architectures.[! However, if
this behavior is considered in the context of coordination
chemistry instead, the simultaneous presence of both highly
directional coordinative metal-to-ligand bonds and flexible
complex-to-complex hydrogen bonds can generate virtually
infinite multidimensional superstructures ranging from zero
to three dimensions.[!

We have recently turned our attention to the optimiza-
tion of synthetic methodologies for the large-scale prepara-
tion of thiazole-based carboxylates.[®! Examples of thiazole-
based spacers used for the synthesis of either multidimen-
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sional coordination polymers or organometallic complexes
with a polymeric assembly in the solid state are still rather
scant in the literature.l’”! In crystal engineering, weak nonco-
valent interactions are of fundamental importance for the
formation of highly ordered and possibly porous structures.
The formation of a porous solid requires that the number
of these weak interactions is high enough to compensate
the energetic penalty for the existence of cavities in the crys-
tal.[®] With this in mind we decided to investigate the coor-
dination properties of thiazole-4-carboxylic acid (4-Htzc),
thiazole-2-carboxylic acid (2-Htzc) and 2-(2-pyridyl)thi-
azole-4-carboxylic acid (Htzc-py, Scheme 1) towards dif-
ferent 3d metal salts such as zinc(II), cobalt(Il), and cop-

per(IT).
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2-Htze 4-Htzc Htze-py

Scheme 1. Thiazole-based ligands used in this study.

Herein we present our results on the synthesis of a wide
family of complexes that form supramolecular assemblies
in the solid state, generating 3D hydrogen-bonded networks.
Among them, an unusual trigonal-bipyramidal coordina-
tion geometry was found for the zinc(IT) complex [Zn(tzc-
py)»(H>0O)] in which a metal-coordinated water molecule
forms a quite unusual intramolecular hydrogen bond with
the dangling ortho-pyridyl arm. This kind of arrangement
is very uncommon for aromatic ligands.
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Results and Discussion

Ligand Thermal Stability and the Crystal Structure of
2-Htze

Before preparing the metal-organic compounds, the
thermal stabilities of the free ligands were examined by
TGA-MS to assess the maximum temperatures at which
the hydrothermal syntheses could be carried out without
incurring undesired ligand decomposition. The TGA-DTG
plot profiles of the three organic ligands used in this study
are collected in Figure S1. Htzc-py is the most thermally
robust ligand as its decomposition starts at over 221 °C
with a peak temperature (7p) at 243 °C (T}, peec = 221.6 °C,
Tosrset = 255.7 °C) whereas 2-Htzc and 4-Htzc show maxi-
mum decomposition rates at 115 °C (T} se¢ = 96.8 °C, Typrer
= 125.8°C) and 215°C (Topser = 1852°C, Typer =

217.2 °C), respectively. The MS spectra of the volatiles re-
corded during the heating of the three ligands evidence a
peak corresponding to CO, production (m/z = 44) within
the temperature ranges noted above. In all cases, the de-
carboxylation occurs almost simultaneously with the whole
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Figure 1. (a) Asymmetric unit of the crystal structure of 2-htzc (a).
Views of its solid-state assembly along (b) the [001] and (c) the [010]
Miller planes. Thermal ellipsoids in (a) are drawn at the 60% prob-
ability level. Hydrogen bonds in (b) are depicted as dotted lines.
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thermal decomposition of the samples, making any precise
attribution of the weight loss impossible. The COOH group
in the ortho position is the most labile, as confirmed by the
general organic reactivity of substituted thiazoles,!! and the
acidic environment catalyzes the ligand decarboxylation
(see below).

Colorless prismatic crystals of 2-Htzc were obtained
from concentrated acidic aqueous solutions upon cooling
to +4 °C. The crystal structure of the ligand is shown in
Figure 1. The main geometrical features of the heterocyclic
ring are similar to those reported for the only other existing
XRD structure of a thiazole-based molecule, Htzc-
py.lI Hydrogen-bonding between the OH moiety of the car-
boxylic group and the nitrogen atom of the adjacent thi-
azole ring in the lattice is present {d[O(1)---N(1)#] =
2.665(7) A}, generating a zig-zag arrangement of the mo-
lecules in the crystal packing along the ¢ axis that maxi-
mizes the number of these stabilizing interactions (Figure 1,
b). Additional m-stacking between the aromatic rings can
be observed [d(thiazole ring centroids) = 3.884 A, with a
slightly staggered relative disposition], generating an or-
dered assembly along the b axis as well (Figure 1, ¢). The
overall “helicoidal” packing generates a noncentrosym-
metric space group (Pn2;a) with intrinsic chirality. See the
Supporting Information (Tables S1 and S2) for the com-
plete crystallographic data.

Synthesis of the Complexes and XRD Characterization:
Towards Hydrogen-Bonded Architectures

To explore the coordination chemistry of the new thi-
azole-based ligands, the solvothermal synthetic technique
was preferred a priori to the “classic” conditions (the reac-
tion outcome being the same in both cases) for obtaining
better crystals of the final products for the structural analy-
sis. The solvothermal (hydrothermal) synthesis of coordina-
tion polymers is a well-known and widely applied tech-
nique.'! Nonetheless, it is also applicable to the production
of molecular species with a high degree of crystallinity in
most cases. Unfortunately, there are many factors that con-
trol the final reaction outcome and the effect of each of
them on the resulting material is as yet not clear.['”l The
temperature, concentration, time, the nature of both the
metal precursor and the counterion, and pH are all crucial
in driving the reaction course.['3 In the reaction between
the two regioisomeric forms of Htzc (thiazole-2- or -4-car-
boxylic acid) and zinc(II), two isomeric species of the same
chemical formula [Zn(tzc),]2H-O (1 and 2) were formed
(Scheme 2).

The thermal lability of 2-Htzc above 100 °C rules out
the possibility of carrying out the hydrothermal synthesis
at higher temperatures. In addition, the decarboxylation
process is ultimately favored by the strongly acidic condi-
tions of the reaction medium; when zinc(I) chloride
(ZnCl,) was chosen as the metal precursor, under the same
solvothermal conditions as described for 2, the [ZnCl,(x-N-
thiazole),] tetrahedral thiazole complex was finally isolated
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Scheme 2. pH- and temperature-dependent hydrothermal synthesis
of 1 and 2.

(see the Supporting Information for its XRD data).l'"¥! This
finding confirmed that the decarboxylation of 2-Htzc oc-
curs at either 7> 100 °C or pH = 2. The hydrothermal
reaction between copper(Il) acetate and 2-Htzc at 90 °C did
not lead to any ligand substitution: Crystals of the bis-hy-
drated metal precursor were collected, as confirmed by
comparing the unit cell parameters of the isolated material
with those of dimeric [Cu,(u-OAc)>(H,0),].l'% Although
the final pH of the solution preserves the ligand from unde-
sired decarboxylation, the stable acetate bridges in the Cul!
precursor do not allow for displacement by the 2-tzc
anion. The crystal structure of 1 is shown in Figure 2 (a).
The zinc(II) cation is hexacoordinated in an octahedral ge-
ometry. The two aquo ligands are trans to each other in the
axial positions and the two (deprotonated) 4-tzc ligands are
N,O-chelating in a bidentate fashion in the equatorial plane,
the zinc atom lying on an inversion center. The Zn—-N(3)
and Zn-O(1) bond lengths found in 1 (Tables S3 and S4)
are similar to those reported for other zinc(IT) complexes of
the general formula [Zn(L),(H,0),] [L = 3-carboxy-1,2,4-
triazole,'® imidazole-4-carboxylate,l!”! or 4-(carboxylato)-
imidazole-5-carboxylic acid].['®! In these examples the imid-
azole- and triazole-based ligands have an identical «>-N,O-
chelating coordination mode, the resulting complexes being
isostructural with the thiazole-based analogue 1. On the
other hand, the Zn—N(3) distance is shorter than that ob-
served in the complex (2,2'-diamino-4,4'-bi-1,3-thiazole)-
bis(glycinato)zinc(IT) [2.1823(13) A],['” and both the Zn-N
and Zn-O bonds are longer than those found in the poly-
meric poly{aqua[4-(carboxylato)imidazole-5-carboxylic
acid)zinc(II)} [1.985(2) and 2.020(3) A, respectively].l'8a]
The supramolecular arrangement resulting from extensive
intermolecular hydrogen-bonding between the coordinated
water molecules and the carboxylic groups of adjacent mo-
lecules (Table 1) is similar to those seen in the aforemen-
tioned species.?%1 This fact is responsible for the poor solu-
bility of 1 in aqueous solutions.

A similar network featuring the same type of hydrogen-
bonding pattern is observed in the isomeric complex 2 (Fig-
ure 3), the only difference being the position of the S atom
in the heterocyclic ring. Neither new geometrical motifs nor
other special solid-state properties are generated with re-
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Figure 2. (a) Asymmetric unit of the crystal structure of 1.
(b) Views of its solid-state assembly along the [100] Miller planes.
Thermal ellipsoids in (a) are drawn at the 60% probability level.
Hydrogen bonds are depicted as dotted lines.

Table 1. Hydrogen bonds in 1.

D-H--Al dD-H) dH+A) dD-A) ~DHA
[A] [A] [A] []

0()-HGa)~0Q)#2 0.76(4)  2.02(5) 2.7793) 177(4)

O()-H(3b)~O()#3  0.82(5)  1.956) 2.7693)  172(4)

[a] Symmetry transformations used to generate equivalent atoms;
H2—x,y— Yo,z #3:x -1, z.

spect to 1. Tables S5 and S6 in the Supporting Information
list the main structural parameters, the crystal data, and
structure refinement details. The hydrogen-bonding pattern
in the lattice is identical to that of 1 (Table 2).
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Figure 3. Asymmetric unit of the crystal structure of 2. Thermal
ellipsoids are drawn at the 60% probability level. Hydrogen atoms
on C(2) and C(3) have been omitted for clarity.

The reaction of 4-Htzc with the copper(I) species [Cu-
(MeCN)4]PF4 in acetonitrile led to metal oxidation under
aerobic conditions with the formation of the Cu™f complex
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Table 2. Hydrogen bonds in 2.

D-H--Al dD-H) dH+A) dD+A) /DHA
[A] [A] [A] €l

0(3) HB3a)~0Q)#2 0.86(3) 1.91(3) 2.7403)  161(2)

O()-H@3b)y-O()#3  0.76(3) 1.98(3) 2.725(3)  167(3)

[a] Symmetry transformations used to generate equivalent atoms;
H2: X, y— Yo,z #3:x-1,), z.

[Cu(4-tzc),] (3, Figure4, a). The coordination geometry
around the four-coordinate copper center is approximately
square planar {£[N(3)-Cu-O(1)] = 83.67(15)°, £[N(3)-
Cu-O(1)#] = 96.33(15)°} and the metal atom lies on an
inversion center (Tables S7 and S8). The tendency for Cu'!
to attain an octahedral coordination geometry is evident by
the short contacts present in the crystal structure {d[Cu-—

(b)

Figure 4. (a) Asymmetric unit of the crystal structure of 3.
(b) Views of its solid-state assembly along the [100] Miller planes,
showing the pillared arrangement of the complex molecules in the
lattice. Thermal ellipsoids in (a) are drawn at the 40% probability
level.

O(2)#] = 2.89 A}. The copper coordination sphere is ex-
panded by engaging in additional weak interactions with
the O(2) oxygen atoms of the upper and lower lattice mole-
cules to form a distorted octahedral geometry (Jahn—Teller
elongation along the axial direction). As a result, the final
assembly is a columnar arrangement of the molecules along
the a axis with the molecules slightly staggered with respect
to one another (Figure 4, b). Crystals of complex 3 are po-
orly soluble in water, like those of 1, because the extensive
number of such (weak) interactions overcome the solvation
effects.

The chemical versatility of the Htzc-py ligand is related
to its pH-dependent protonation/deprotonation equilibria
in water, which make this system very similar to a “classic”
amino acid (Scheme 3).

Indeed, the simultaneous presence of an acidic and a ba-
sic site within the same molecule makes Htzc-py very inter-
esting from a supramolecular point of view, engaging in
multiple coordination modes. The regioisomer of Htzc-py
containing a para-pyridyl substituent in the 2-position [2-(4-
pyridyl)thiazole-4-carboxylic acid, pytac], has already been
investigated and found capable of generating 3D coordina-
tion polymers with silver(I),’l zinc(I),’ and cop-
per(II).’1 The other regioisomer bearing a meta-pyridyl
dangling ring also forms polymeric species with zinc(IT), co-
balt(Il), and copper(Il).’4l In the case of Htzc-py, the N
atom of the ortho-pyridyl group cannot form bridges be-
tween two metal centers because it is constrained geometri-
cally. As a result, discrete complexes are formed (Scheme 4)
in which the ortho-pyridyl substituent (either protonated or
deprotonated) is involved in intramolecular hydrogen-bond-
ing.

The “zwitterionic” form of tzc-Hpy is the one that ap-
pears in the crystal structure of 4 (Figure 5, a): The zinc
atom is hexacoordinated with the ligand occupying the
equatorial plane and displaying the same x2-N,O coordina-
tion mode as 4-Htzc in complex 1. The metal lies on a crys-
tallographic inversion center and two water molecules trans
to each other complete the octahedral coordination geome-
try (Tables S9 and S10). The strongly acidic pH environ-
ment (the perchlorate anion does not alter the initial pH
conditions) generates a protonated nitrogen atom on the
pyridyl substituent, thus, the “pyridinium-like” ring is in-

s R <yl SN - 75—\
[ § X o= ) O ia 7
0 x —— N =/ > & N =
—_— H* H é
HO HO
[Htze-HpylX Htzec-py tze-py~
(X = halide) PKeq

H
s, W&
o. | V7 %N "zwitterionic" form
oF N —
o

tzc-Hpy

Scheme 3. Protonation/deprotonation equilibria of Htzc-py in water.
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Scheme 4. Reactivity of Htzc-py with zinc(II) salts.

volved in a N(2)-H(2):--O(2)# hydrogen bond. Additional
interactions between the aquo ligands and the C=0 groups
of neighboring molecules [O(1)-H(la)--O(3)#] and be-
tween the same ligands and the (disordered) perchlorate
ions [O(1)-H(1b)-«OClOs] are present (Table 3). The final
result is a complex network of embedded hydrogen bonds
that holds all the components together in a compact as-
sembly (Figure 5, b). The 9[N(1)-C(1)-C(5)-N(2)] dihedral
angle is very small [4.3(8)°] with the pyridyl ring almost
coplanar with the thiazole ring.

(b)

Figure 5. (a) Part of the asymmetric unit of 4. (b) View of the com-
plex hydrogen-bonding network present in the lattice. Hydrogen
atoms not relevant to the discussion have been omitted for clarity.
Thermal ellipsoids in (a) are drawn at the 40% probability level.
Disorder at perchlorate O(6) and O(7) are not explicitly drawn.

The two nitrogen atoms N(pyridyl) and N(thiazole) are
in a cisoid conformation, whereas the opposite situation is
observed in the free Htzc-py ligand [0 = 179.8(8)°].I! The
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Table 3. Hydrogen bonds in 4.

D H-Al dD-H)  dH~A) dD-A) /DHA[
[A] [A] [A]
O(1)-H(la)~O3)#2 0.82 184 2.647(5) 169.4
O(1)-H(1b)-O(5a) 0.75 221 2.777(14) 1331
O(1)-H(1b)-O(7b) 0.75 247 3051(15) 1355
NQ)-H(Q)~0Q)#1 0.86 189 2.737(6) 166.0

[a] Symmetry transformations used to generate equivalent atoms;
#l:—x+1,—y+1,z+ 1;#2:—x,—y+1,z+ 1.

Zn-0O(2) distance is shorter [2.001(4) vs. 2.1273(18) A] and
the Zn-N(1) is longer [2.242(4) vs. 2.066(2) A] than the cor-
responding values found for 1.

Under less acidic pH conditions, obtained by slow acet-
ate hydrolysis in the presence of Htzc-py, a different coordi-
nation compound is obtained. The five-coordinate species
5 exhibits a distorted trigonal-bipyramidal geometry (Fig-
ure 6) with the deprotonated (tzc-py ) ligand in the usual
k2-N,0 coordination mode. The N(thiazole) and O atoms
occupy the axial and equatorial positions, respectively
(Tables S11 and S12). The coordination polyhedron is com-
pleted by a water molecule located in the equatorial plane
of the bipyramid. The pyridyl substituent of one ligand en-
gages in one intramolecular hydrogen bond with the coordi-
nated water molecule [O(5)-H(5a)*N(2)]. The two aro-
matic rings in this ligand are slightly twisted around the C—
C linking bond: The O[N(2)-C(3)-C(5)-N(1)] dihedral an-
gle is 15.3(2)° with the pyridyl ring in a (distorted) cisoid
conformation to allow for its interaction with water. The
other ligand has the same conformation as the free Htzc-
py ligand!® with a transoid N(pyridyl)---N(thiazole) confor-
mation {0[N(3)-C(12)-C(14)-N(4) = 178.76(15)°]}. Finally,

S(1)

O(2)

“si2)
Figure 6. Crystal structure of complex 5. Hydrogen atoms on the

organic ligands have been omitted for clarity. Thermal ellipsoids
are drawn at the 40% probability level.
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the other hydrogen atom of the water ligand interacts with
the carboxylic group of the neighboring molecule [O(5)-
H(5b)--O(3)#, Table 4].

Table 4. Hydrogen bonds in 5.

D-H--All dD-H) dH+A) dD-A) LDHAJ[’]
[A] [A] [A]

O(5)-H(5a)"N(2) 0.84 1.86 2.664(2) 161.0

O(5)-H(5b)--O(3)#1 0.86 176 2.6153(2) 179.5

[a] Symmetry transformation used to generate equivalent atoms;
#l:x-1,p z

Although the Zn' ion in its d'° valence electron configu-
ration has no ligand field stabilization energy and can adopt
many different coordination numbers (between four and
eight), the trigonal-bipyramidal geometry is not a common
leitmotiv in its coordination chemistry; scattered examples
exist that contain tripodal ligands that “force” this geomet-
rical arrangement due to their flexible aliphatic arms bear-
ing pendant donor groups. Some of these ligands are the

o (8] — 1 s
N A 0~
L Qs Oor

L O\)f’/ NG/

Zn(nta)(L) Zn(bis-oxazoline) Zn(tpa)(L)
Scheme 5. Some Zn!' complexes with tripodal ligands forcing a tri-

gonal-bipyramidal coordination mode.

Figure 7. (a) Crystal structure of complex 6 and (b) its solid-state
packing showing the hydrogen-bonding network. Hydrogen atoms
on the organic ligands have been omitted for clarity. Thermal ellip-
soids in (a) are drawn at the 40% probability level. Weak interac-
tions are shown as yellow dotted lines.
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tetradentate  ligands  2,2',2''-nitrilotriacetate  (nta),!l
(2-picolyl)(N-pyrrolidinylethyl)(2-hydroxy-3,5-di-tert-butyl-
benzyl)amine,*? and tris(pyridylmethyl)amine (tpa)i’!
or the pentadentate bis(oxazoline)-based ligands
(Scheme 5).24 Fewer cases occur when the ligand is aro-
matic,[>] the same category to which compound 5 belongs.

The reaction of cobalt(Il) acetate tetrahydrate with Htzc-
py at pH 5 led to purple crystals of the complex [Co(tzc-
py)2]-2H>0 (6). The coordination geometry around Co'! is
octahedral (Figure 7, a) with the same ligand disposition as
seen in 4 (Tables S13 and S14). The only difference is in
the conformation of tzc-py: The O[IN(1)-C(3)-C(5)-N(2)]
dihedral angle is 161.3(3)° with a transoid N(1)-N(2) rela-
tive orientation identical to that of free Htzc-py.l) The
O(3)-H(3b)--O(1)# hydrogen bond between the aquo li-
gands and the carboxylic groups of neighboring molecules
in the lattice is still present (Table 5). Finally, the N(pyridyl)
engages in an additional O(3)-H(3a)*N(2)# hydrogen
bond with the other proton on the aquo ligand (Figure 7,
b). The trans-N,N disposition is probably the most energeti-
cally stable, nonetheless, when the N(pyridyl) atom is pro-
tonated (complex 4), the (strongly stabilizing) intramolecu-
lar hydrogen bond balances the extra energy coming from
a trans- to cis-N,N conformational change.

Table 5. Hydrogen bonds in 6.

D-H-Al dD-H) dH~A) dD=A) DHA[]
[A] [A] [A]

O(3)-H(3b)~O(1)#2 0.86 1.82 2.660(3) 165.2

0(3)-H(3a)~NQ)#3 0.84 2.33 3.126(4) 159.5

[a] Symmetry transformations used to generate equivalent atoms;
#2:x+1L,y+% —z+ Y #3x,—y Yo,z Y.

Thermogravimetric Analysis and Variable-Temperature
Powder X-ray Diffraction Analysis of the Isomeric
Complexes [Zn(x-tzc),]-2H,0 (x = 2, 4)

To collect additional characterization data for 1 and 2,
which contain two different isomeric forms (thiazole-4-
carboxylate for 1 and thiazole-2-carboxylate for 2) of the
same ligand, a combined thermogravimetric analysis/vari-
able-temperature PXRD experiment was carried out in the
30-450 °C temperature range. In 1 (Figure 8, a), coordi-
nated water loss (10wt.-%) occurs between 115 and 220 °C
with the formation of a well-defined intermediate anhy-
drous Zn(4-tzc), phase. Beyond 220 °C, decarboxylation
and concomitant complex decomposition occurs with the
appearance of the characteristic thiazole peak at m/z =
83 a.m.u. together with that of CO, (m/z = 44 a.m.u.) in the
mass spectrum (Figure S3a). In 2, the thermal behavior is
very similar (see part b of Figure 8 and of Figure S3 in the
Supporting Information), but the existence of the anhy-
drous species Zn(2-tzc), is limited to a narrower tempera-
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ture range (between 180 and 250 °C) because the decarbox-
ylation of 2-Htzc occurs at lower temperatures than found
for 4-Htzc (see above).
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Figure 8. TG-MS spectra of complexes (a) 1 and (b) 2.

The powder X-ray diffractograms of 1 recorded at dif-
ferent temperatures (Figure 9) mirror the results found in
the TG-MS analysis: After the loss of aquo ligands, the
peaks of the starting material disappear and reveal an
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Figure 9. VT-PXRD spectra of 1.
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amorphous phase above 150 °C. The anhydrous Zn(4-tzc),
phase does not generate any kind of well-defined diffraction
pattern, as may be expected if a change from an octahedral
to (probably) tetrahedral coordination geometry is assumed
when water is removed. The dramatic change in the coordi-
nation environment with temperature implies a structural
lattice rearrangement that does not lead to a crystalline in-
termediate. Complete decomposition above 200 °C occurs,
but no definite crystalline decomposition product could be
detected in the PXRD profile.

Conclusions

Novel coordination compounds containing thiazole-
based ligands have been synthesized and characterized by
IR spectroscopy and single-crystal X-ray diffraction analy-
sis. Differences and analogies between the 2-Htzc/4-Htzc
isomers have been identified. The influence of both pH and
temperature on the solvothermal (hydrothermal) reactions
has been carefully investigated. The coordination geome-
tries of Zn", Co'", and Cu' in these species have been criti-
cally discussed and compared, with either octahedral or un-
usual trigonal-bipyramidal coordination geometries for zinc
and cobalt, and square planar for copper. The presence of
an extended hydrogen-bonding network due to the several
polar groups in the asymmetric unit confers a “pseudo-
polymeric” nature on these solids, being insoluble in all sol-
vents. From this perspective, this study has to be considered
as the first step towards the synthesis of thiazole-based
metal-organic frameworks (MOFs) with potential applica-
tions in the field of gas storage. New polytopic ligands con-
taining thiazole and oxazole rings are currently under inves-
tigation along with their reactivity with first-row transition-
metal ions.

Experimental Section

General: Analytical grade reagents (including 4-Htzc) were ob-
tained from Aldrich and used as received without further purifica-
tion. Diethyl ether and acetonitrile solvents were dried and de-
gassed by the MB SPS solvent purification system (http://www.
solventpurifier.com/). Htzc-py!® and [Cu(MeCN),]PF 4% were pre-
pared according to literature procedures.

Thermal gravimetric analysis measurements were performed on an
Exstar Thermo Gravimetric Analyzer (TG/DTA) Seiko 6200 under
N, (50 mL/min) coupled with a ThermoStar™ GSD 301T (TGA—
MS) instrument for MS gas analysis of volatiles. 'H NMR spectra
were recorded with Bruker Avance DRX 300 and DRX 400 spec-
trometers operating at 300.13 and 400.13 MHz, respectively. '3C
NMR spectra were recorded with the same instruments at 75.48
and 100.61 MHz, respectively. Chemical shifts (J) are given in ppm
relative to external tetramethylsilane and were calibrated against
the residual protiated solvent ('H) or the deuteriated solvent mul-
tiplet (13C). Coupling constants (J) are reported in Hz. IR spectra
(KBr pellets) were recorded with a Perkin—Elmer Spectrum BX
Series FT-IR spectrometer in the range 4000-400 cm™' with a
2cm ! resolution. Elemental analyses were performed using a
Thermo FlashEA 1112 Series CHNSO elemental analyzer with an
accepted tolerance of £0.4 units.
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X-ray data were collected either with an Enraf-Nonius CAD4 dif-
fractometer equipped with a graphite monochromator (for 1 and
3) or on an Oxford Diffraction XCALIBUR 3 diffractometer
equipped with a CCD area detector (for all other compounds
studied by X-ray diffraction techniques), in both cases using Mo-
K, radiation (4 = 0.7107 A). The intensities collected in the first
case were corrected for Lorentzian and polarization effects and
their consistency checked every 2 h by collecting three standard
reflections repeatedly. In the second case, the program used for the
data collection was CrysAlis CCD 1.171.?71 Data reductions were
carried out with the program CrysAlis RED 1.171181 and the ab-
sorption corrections were applied with the program ABSPACK
1.17.271 Direct methods implemented in SIR97*°! were used to
solve the structures and the refinements were performed by full-
matrix least-squares against 2 implemented in SHELX97.5% All
the non-hydrogen atoms were refined anisotropically whereas the
hydrogen atoms of the ligands were fixed in calculated positions
and refined isotropically with the thermal factor depending on the
atom to which they are bound. The hydrogen atoms on the coordi-
nated water molecules in 1, 2, 4, 5, and 6 and on the protonated
pyridyl ring of tzc-Hpy in 4 were found on the Fourier difference
density maps and their positions were free to refine. Their thermal
factors were related to the oxygen (or nitrogen) atom to which they
are bound.

CCDC-781926 (for 1), -781927 (for 2), -781928 (for 2-Htzc),
-781929 (for 3), -781930 (for 4), -781931 (for 5), -781932 (for 6),
and 781933 [for ZnCl,(k-N-thiazole),] contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

X-ray powder diffraction (XRPD) measurements were carried out
with a Panalytical X’PERT PRO powder diffractometer equipped
with a diffracted beam Ni filter and a PIXcel® solid-state detector
in the 260 = 5-75° region operating with Cu-K, radiation (1 =
1.54 A). Divergence of 0.25° and anti-scatter slits of 0.5° on the
incident beam and a anti-scatter slit of 7.5 mm on the diffracted
beam were used. The step-size was 0.0263° of 26 with a counting
time of 60 s per step. Variable-temperature (VT) X-ray powder dif-
fractograms were collected in the 25-350 °C temperature range
using a Anton Paar HTK 1200N Oven camera. The measurements
were carried out at ambient pressure under a slow flow of N,.

Synthesis of 2-Htzc: The original synthesis described in 1968 by
Iversen!®!l was slightly modified. A solution of freshly distilled 2-
bromothiazole (9.00 g, 55 mmol) in diethyl ether (5 mL) was added
quickly to a solution of nBuLi (1.6 M in hexanes, 38 mL, 60 mmol)
in diethyl ether (100 mL) cooled to —78 °C. After stirring the mix-
ture at low temperature for 10 min, gaseous CO, was bubbled into
the reaction flask. A white solid immediately precipitated out. The
bubbling was prolonged for 10 min and the mixture was stirred
for another hour at —78 °C. Afterwards, slow warming to room
temperature (1 h) was followed by quenching with H,O (ca. 5 mL).
The aqueous phase was washed with ethyl acetate (3 X 25 mL) and
then acidified with concentrated HCI (pH 1, ca. 2 mL) to let the
carboxylic acid gradually precipitate from the mother liquor. The
off-white solid was collected by filtration through filter paper and
washed several times with H,O and Et,O to afford pure 2-Htzc as
a white crystalline solid; yield 4.562g (64%). 'H NMR
(300.13 MHz, [Dg]DMSO, 25°C): § = 8.10 (d, 3Jy iy = 3.0 Hz, 1
H), 8.08 (d, *Jyr = 3.0 Hz, 1 H) ppm. *C{'H}NMR (75.48 MHz,
[Dg]DMSO, 25°C): 6 = 161.2, 159.5, 145.25, 127.14 ppm. IR
(KBr): ¥ = 3140 (br, C-H) , 1719 (s, C=0)cm™!. C4H3NO,S
(129.14): caled. C 37.20, H 2.34, N 10.85; found C 37.17, H 2.45,
N 10.59.
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Synthesis of [Zn(4-tzc),]-2H,0 (1): A two-fold excess of Zn(ClOy),*
6H,O (1.73 g, 4.6 mmol) was dissolved with 4-Htzc (0.30 g,
2.3 mmol) in deionized water (10 mL). The clear solution was
transferred to a Teflon®-lined stainless-steel autoclave, which was
sealed and heated under autogenous pressure at 130 °C for 24 h.
After slowly cooling overnight, colorless cube-like crystals of 1 were
collected, washed with ethanol (4 X 10 mL), and dried under a
stream of nitrogen at room temperature; yield 0.201 g (48 %; calcu-
lated with respect to the ligand). 'H NMR (400.13 MHz, [Dg]-
DMSO, 25°C): 0 = 8.98 (Sapp, 1 H), 8.12 (Supp, 1 H), 3.34 (5,
H,0) ppm. BC{'H}NMR (100.61 MHz, [Dg]DMSO, 25 °C): § =
162.69, 154.75, 152.83, 122.57 ppm. IR (KBr): ¥ = 3219 (br m, O—
H), 3130 (m), 3114 (m, C-H), 1615 (vs, C=0)cm.
CgHgN,O4S,Zn (357.66): caled. C 26.84, H 2.23, N 7.83; found C
26.92, H 2.05, N 7.82.

Synthesis of [Zn(2-tzc);]'2H,O (2): Zn(OAc),2H,O (1.36 g,
6.2 mmol) was dissolved with 2-Htzc (0.40 g, 3.1 mmol) in deion-
ized water (5 mL). The clear solution was transferred to a Teflon®-
lined stainless-steel autoclave, which was sealed and heated under
autogenous pressure at 90 °C for 24 h. After slowly cooling over-
night, colorless prismatic crystals of 2 were collected, washed with
ethanol (4 X 10 mL), and dried under a stream of nitrogen at room
temperature; yield 0.291 g (55%; calculated with respect to the li-
gand). 'TH NMR (400 MHz, [D¢]DMSO, 25 °C): 6 = 7.99 (d, *Juu
= 3.1 Hz, 1 H), 8.08 (d, 3Jiz.;r = 3.0 Hz, 1 H), 3.34 (s, H,O) ppm.
BC{'H} NMR (100.6 MHz, [Dg]DMSO, 25°C): § = 168.69,
160.43, 140.01, 126.74 ppm. IR (KBr): ¥ = 3269 (s, br, O-H), 3115
(s), 3090 (s, C-H), 1676 (vs, C=0) cm!. CsHgN,O4S,Zn (357.66):
caled. C 26.84, H 2.23, N 7.83; found C 26.80, H 2.21, N 7.80.

Synthesis of [Cu(4-tzc),] (3):1*?1 Tetrakis(acetonitrile)copper(I)
hexafluorophosphate [Cu(MeCN)4]PFg (0.54 g, 1.1 mmol) was dis-
solved with 4-Htzc (0.30 g, 2.3 mmol) in acetonitrile (8§ mL). The
clear solution was transferred to a Teflon®-lined stainless-steel au-
toclave, which was sealed and heated under autogenous pressure at
110 °C for 24 h. After slowly cooling overnight, blue crystals of 3
were collected, washed with ethanol (4 X 10 mL), and dried under
a stream of nitrogen at room temperature; yield 0.102 g (27%; cal-
culated with respect to the ligand). IR (KBr): ¥ = 3094 (s, C-H),
1634 (vs, C=0) cm™!. CgH,CuN,0,S, (318.80): caled. C 30.05, H
1.26, N 8.76; found C 29.97, H 1.15, N 8.44.

Synthesis of [Zn(tzc-Hpy),:2H,0](ClOy4); (4): Zn(ClO4),6H,O
(1.08 g, 2.9 mmol) was dissolved with Htzc-py (0.30 g, 1.45 mmol)
in deionized water (5 mL). The clear solution was transferred to a
Teflon®-lined stainless-steel autoclave, which was sealed and heated
under autogenous pressure at 130 °C for 24 h. After slowly cooling
overnight, colorless crystals of 4 were collected, washed with etha-
nol (4X10mL), and dried under a stream of nitrogen at room
temperature; yield 0.387 g (75%; calculated with respect to the li-
gand). '"H NMR (400 MHz, [D¢]DMSO, 25 °C): 6 = 8.65 (dapps J
= 4.8,Hz, 1 H), 8.56 (s, 1 H), 8.14 (d,,p, J = 7.7 Hz, 1 H), 8.00
(dtypp, J = 7.7, 1.5Hz, 1 H), 7.54 (ddd, J = 7.7, 4.8, 0.8 Hz, 1 H),
3.75 (br. s, 1 H) ppm. *C{'H} NMR (100.61 MHz, [Dc]DMSO,
25°C): 0 = 168.8, 162.1, 149.9, 149.8, 148.5, 138.1, 130.8, 125.7,
119.5 ppm. IR (KBr): ¥ = 3524 (m, O-H), 3112 (m), 3091 (m), 3058
(w, C-H) , 2536 (br w, N-H) , 1697 (m), 1596 (m, C=0)cm.
CigH 6C1LN404S,Zn (712.75): caled. C 30.33, H 2.26, N 7.86;
found C 30.14, H 2.29, N 7.65.

Synthesis of [Zn(tzc-py),]'H,O (5): Zn(OAc),2H,O (0.64 g,
2.9 mmol) was dissolved with Htzc-py (0.30 g, 1.45 mmol) in deion-
ized water (5 mL). The clear solution was transferred to a Teflon®-
lined stainless-steel autoclave, which was sealed and heated under
autogenous pressure at 130 °C for 24 h. After slowly cooling over-

Eur. J. Inorg. Chem. 2011, 539-548



Coordination Chemistry of Thiazole-Based Ligands

Eur/IC

night, colorless crystals of 5 were collected, washed with ethanol
(4 X 10 mL), and dried under a stream of nitrogen at room tem-
perature; yield 0.080 g (22%; calculated with respect to the ligand).
'"H NMR (400.13 MHz, [Dg]DMSO, 25°C): 6 = 8.62 (dapp, J =
4.5Hz, 1 H), 8.48 (dapp, / = 7.1 Hz, 1 H), 8.23 (s, 1 H), 8.00 (t,pp,
J=7.1Hz, 1H),7.51(dd, J=17.1,4.5 Hz, 1 H), 3.33 (s, H,O) ppm.
I3C{'H} NMR (100.6 MHz, [D¢]DMSO, 25 °C): § = 168.5, 164.0,
153.4, 149.6, 179.0, 137.7, 126.1, 125.6, 120.4 ppm. IR (KBr): v =
3425 (br w, O-H), 3130 (w), 3089 (m, C-H) , 1654 (vs), 1609 (vs,
C=0) cm™!. CgH,N405S,Zn (493.85): caled. C 43.78, H 2.45, N
11.34; found C 43.16, H 2.32, N 11.62.

Synthesis of [Co(tzc-py),]-2H,O (6):% Co(OAc),-4H,O (0.72 g,
2.9 mmol) was dissolved with Htzc-py (0.30 g, 1.45 mmol) in deion-
ized water (5 mL). The clear solution was transferred to a Teflon®-
lined stainless-steel autoclave, which was sealed and heated under
autogenous pressure at 130 °C for 24 h. After slowly cooling over-
night, hexagonal light-yellow crystals of 6 were collected, washed
with ethanol (4 X 10 mL), and dried under a stream of nitrogen at
room temperature; yield 0.190 g (52%; calculated with respect to
the ligand). IR (KBr): ¥ = 3428 (m, O-H), 3140 (s), 3060 (w, C-H),
1609 (vs, C=0) cm™!. C;sH4CoN4O¢S, (505.39): caled. C 42.78, H
2.79, N 11.09; found C 42.65, H 2.70, N 11.22.

Supporting Information (see footnote on the first page of this arti-
cle): Crystal data and structure refinement plus tables reporting
selected bond lengths and angles for 2-Htzc, complexes 1-6, and
ZnCl,(x-N-thiazole),. TG-MS plots for 2-Htzc, 4-Htzc, Htze-py
and ambient-temperature PXRD spectra of compounds 1-6.
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