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ABSTRACT: Five novel zinc(II) and cadmium(II) p-oxodithioester
complexes, [Zn(L1),] (1), [Zn(L2),], (2), [2n(L3),], (3) [Cd(L1),], R O o
(4), [Cd(L2),], (5), with p-oxodithioester ligands, where L1 = 3- A~ ><::X(crv
(methylthio)-1-(thiophen-2-yl)-3-thioxoprop-1-en-1-olate, L2 = 3-(methyl-
thio)-1-(pyridin-3-yl)-3-thioxoprop-1-en-1-olate, and L3 = 3-(methylthio)-
1-(pyridin-4-yl)-3-thioxoprop-1-en-1-olate, were synthesized and charac-
terized by elemental analysis, IR, UV—vis, and NMR spectroscopy ('H and
BC{'H}). The solid-state structures of all complexes were ascertained by
single-crystal X-ray crystallography. The p-oxodithioester ligands are
bonded to Zn(II)/Cd(II) metal ions in an O"S and N chelating/ e N H__eN
chelating—bridging fashion leading to the formation of 1D (in 2—4) and RS ' NH, >—<
2D (in §) coordination polymeric structures, but complex 1 was obtained
as a discrete tetrahedral molecule. Complex 4 crystallizes in the C2 chiral
space group and has been studied using circular dichroism (CD) spectroscopy. The multidimensional assemblies in these complexes
are stabilized by many important noncovalent C—H---z (ZnOSC;, chelate), 7+--7, C—H--z, and H---H interactions. The catalytic
activities of 1—35 in reactions involving C—C and C—O bond formation have been studied, and the results indicated that complex 3
can be efficiently utilized as a heterogeneous bifunctional catalyst for the Knoevenagel condensation and multicomponent reactions
to develop biologically important organic molecules. The luminescent properties of complexes were also studied. Interestingly, zinc
complexes 1—3 showed strong lumniscent emission in the solid state, whereas cadmium complexes 4 and S exhibited bright
luminescent emission in the solution phase. The semiconducting behavior of the complexes was studied by solid-state diffuse
reflectance spectra (DRS), which showed optical band gaps in the range of 2.49—2.62 eV.
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B INTRODUCTION

Coordination polymers (CPs) derived from transition-metal
ions and organic ligands have received considerable attention
in recent years due to their multifaceted chemistry, intriguing
structural features, and photophysical properties as well as their

In the majority of complexes reported so far, the
coordination sphere of the metal is closely controlled through
the use of bridging/chelating/monodentate ligands containing
N/O/S donor atoms.' > Dithioesters have found applications
in ionic resins for the separation of transition-metal ions,"" for

diverse applications in catalysis, adsorption, and conductiv-
ity."™ In general, the properties of coordination polymers are
greatly affected by their structures, the nature of the metal ions,
and the steric and electronic properties of functional groups
attached to the organic linkers.'™® The porous nature and
larger surface area of CPs along with open Lewis acid sites
make them suitable catalysts for several organic reactions such
as Knoevenagel condensation,® cyanation,()a Strecker reac-
tion,” aldol condensation,’ transesteriﬁcation,gd reactions of
epoxide,” hydrogenation,” oxidation,”® Friedel—Crafts alkyla-
tion,” the Henry reaction,” Suzuki—Miyaura cross-coupling,”
and Michael addition.” However, there have been only a few
studies of organic transformation reactions catalyzed by
bifunctional CPs: i.e. those having acidic and basic sites
within their architectures.'’

© XXXX American Chemical Society

WACS Publications

Ag'-selective membrane electrodes,'> and as hair-growing
agents in combination with zinc."” The p-oxodithioesters are
strongly O”S-chelating ligands and have been utilized to
synthesize homo- and heteroleptic complexes with several
transition metals, yielding a stable delocalized six-membered
ring about the metal center.'”
organosulfur ligands including those of f-oxodithioesters have
served as catalysts in a variety of organic transformation

"> The metal complexes of
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Scheme 1. Synthesis of Complexes 1—5 from KL1—KL3 and Metal Salts
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reactions'® and also exhibited biological properties such as
antileishmanial and anticancer activities.'> Intriguing coordi-
nation polymeric structures and photoluminescence properties
of TI(I) p-oxodithioester complexes displaying varied poly-
meric structures have also been described.'” Recently, a chiral
compound was obtained via spontaneous resolution and
chirality induction (using chiral inducers) in a discrete
tetrahedral Zn(II) complex containing an achiral f-oxodi-
thioester ligand.'® Despite their synthetic versatility and
practical applicability, the chemistry and photophysical proper-
ties of group 12 metal (Zn, Cd, Hg) complexes with f-
oxodithioester ligands have been much less explored.'®"”

In this contribution, the synthesis, crystal structures, and
optical, conducting, and catalytic properties of homoleptic
Zn(II) and Cd(II) complexes 1—5 with functionalized f-
oxodithioester ligands (Scheme 1) are presented. The
important aspect of undertaking this work is to study the
effect of the steric and electronic aspects of substituents on the
p-oxodithioester backbone on the structure and luminescent
and semiconducting properties of the complexes. Also, the
catalytic activities of the complexes in the Knoevenagel
condensation and multicomponent reactions are explored.
The following points provided the main impetus for under-
taking this work. (i) It is critical to make methodical changes to
the ligand environments in order to map out both the
structural features and photophysical properties of the
complexes. Accordingly, 3-pyridyl, 4-pyridyl, and 2-thienyl
groups have been incorporated into the p-oxodithioester
framework to influence the electronic and steric properties of
the ligands and hence the complexes. (ii) Zn(II) and Cd(1I)
metals with a d'® configuration display no stereochemical
preferences arising from the ligand field stabilization effects.
Therefore, they may show a variety of coordination numbers
and stereochemical arrangements on the basis of the interplay
of electrostatic forces, covalent bonds, and size factors. Usually

they have a tetrahedral/octahedral geometry. (iii) The f-
oxodithioesters having both hard “O” and distinctly soft “S”
donor atoms may display chelating/bridging behavior toward
Cd(II), a soft metal ion, and Zn(II) in the border of hard and
soft Lewis acids. The highly electronegative oxygen has small p
orbitals, whereas the large and less electronegative sulfur has
more diffuse d orbitals that may facilitate better metal—ligand
overlapping and hence electron delocalization in the molecule.
Furthermore, because of the differences in these properties, the
HOMO-LUMO gap may be substantially modified, thereby
influencing the luminescent characteristics of the complexes.
(iv) The additional donor atoms on the substituents can be
involved in bonding to the metal centers on adjacent molecules
to generate extended polymeric structures and to sustain
multidimensional supramolecular networks through secondary
noncovalent interactions, thereby tuning the solid-state
emission properties. Also, the lone pair of pyridyl(N) may
enhance the electron conjugation within the extended rigid
polymeric structure and therefore the solid-state emission
properties of the complexes.

B EXPERIMENTAL SECTION

General Methods and Materials. All reactions were carried out
in the open and at room temperature unless specifically mentioned.
The solvents were purified by standard procedures and, where
necessary, dried before use.”® All of the commercially available
reagents of analytical grade were purchased from Sigma-Aldrich,
Spectrochem, S. D. Fine Chemicals, or Avra and were used as received
without further purification. Melting points of the complexes were
determined in open capillaries with a Gallenkamp apparatus and are
uncorrected. FTIR spectra in the 4000—400 cm™' region were
recorded as KBr disks using a PerkinElmer FTIR spectrophotometer.
Elemental analyses (C, H, and N) were performed with an Elementar
Vario EL III Carlo Erba 1108 elemental analyzer. '"H and ®C{'H}
NMR spectra were obtained in CDCl;/DMSO-ds on a JEOL ECZ
500 MHz FT NMR/Bruker 400 MHz spectrometer.17 Tetrmethylsi-
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lane (TMS) was used as an internal standard for recording NMR
spectra. CD spectra were collected on a JASCO J-815 spectropho-
tometer. UV—visible absorption spectra in solution (DMSO) and the
solid state were obtained on a Shimadzu UV-1800 instrument and a
Harrick Praying Mantis accessory on a Shimadzu UV-3600 instru-
ment, whereas emission spectra were recorded on Fluorolog Horiba
Jobin Yvon spectrophotometers. Powder X-ray diffraction (PXRD)
patterns were collected using a Rigaku MiniFlex-600W system with
Cu Ka radiation (1 = 1.54056 A), in which the X-ray tube was
operated at a voltage of 40 kV, a current of 20 mA, and an angular
range 260 = 5—50° with a scan rate of 2° min~' and a step size of 0.02°.

Synthesis of the Ligands HL1-HL3 and Their Potassium
Salts KL1—KL3. The ligands, methyl 3-hydroxy-3-(2-thienyl)-2-
propenedithioate (HL1), methyl 3-hydroxy-3-(3-pyridyl)-2-propene-
dithioate (HL2), and methyl 3-hydroxy-3-(4-pyridyl)-2-propenedi-
thioate (HL3) and their potassium salts KL1—KL3 were pregared by
following the procedure previously reported (Scheme 2)."” In the

Scheme 2. Synthesis of the Ligands HL1-HL3 and Their
Potassium Salts KL1-KL3
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general procedure, an acetyl derivative (10.0 mmol) was added
dropwise to a solution of NaH (0.6 g, 25 mmol) in a DMF/hexane
mixture (4/1; 20 mL) with constant stirring under an N, atmosphere.
After the mixture was stirred for 1 h in an ice bath, a solution of
dimethyltrithiocarbonate (TTC)*' (1.38 g 10 mmol) was added
slowly and the reaction mixture was further stirred for 10 h at room
temperature. Excess NaH was neutralized by adding 0.1 M HCI (50
mL), and the product was extracted with dichloromethane (3 X 50
mL). The dichloromethane solution was collected, washed with water
and brine solution, and dried over anhydrous Na,SO,. The crude
product was further purified by silica gel (100—200 mesh)
chromatography using hexane as the eluent, resulting in HL1-HL3
as yellow solids (characterization data and NMR and FTIR spectra are
given in sections S1—S3 in the Supporting Information). Further, the
potassium salts of the ligands KL1—KL3 were obtained by refluxing
solutions of HL1-HL3 (1.0 mmol) with solid K,CO; (0.21 g, 1.5
mmol) in acetone (10 mL) for 4—5 h with constant stirring. The
solution was cooled and filtered, and the filtrate was dried using a
rotary evaporator to yield KL1—KL3 as orange solid products.
Synthesis and Characterization of Complexes 1-5. [Bis{3-
(methylthio)-1-(thiophen-2-yl)-3-thioxoprop-1-en-1-olato-S"O}-
zinc(ll)] (1). A solution of Zn(NO;),-6H,0 (0.148 g, 0.5 mmol) in 10
mL of methanol/water (80/20) was added dropwise to a 10 mL
methanolic solution of the potassium salt of the ligand KL1 (0.254 g,
1 mmol) at room temperature with stirring. The reaction mixture was
further stirred for 2 h. The yellow solid thus formed was filtered,
washed with methanol, and dried in air. Pale yellow needle-shaped
crystals of product were obtained from a DMF solution of the
compound within 2—3 weeks. Empirical formula: [Zn(L1),]. Yield:
0.45 g 91%. Mp: 216-220 °C. 'H NMR (500 MHz, DMSO-d,,
ppm): & 7.95 (d, J = 3.5 Hz, 1H, —C,H,S), 7.91 (d, ] = 5.0 Hz, 1H,
—C,H,8), 7.20 (t, 1H, —C,H,S), 6.9 (s, 1H, —CH=C(S)-), 2.55
(s, 3H, —SCH;). *C{'H} NMR (125 MHz, DMSO-dg, ppm): &
189.3 (=C-S), 172.6 (—C=0), 153.3, 146.9, 116.2, 112.8
(—C,H;S), 107.6 (=CH—-C(S)-), 16.6 (=SCH;). IR (KBr, cm™):
1572 (vc—o), 1524 (ve—c), 1101 (ve_g). Anal. Caled for
CH14,0,S¢Zn (496.0): C, 38.74; H, 2.84. Found: C, 38.61; H,
3.05. UV—vis: DMSO, 4., (nm), ¢ (M™! ecm™) 410 (8.19 x 10%),
315 (2.18 X 10%); Nujol, 4., (nm) 325, 430.
Poly[bis{u,-3-(methylthio)-1-(pyridin-3-yl)-3-thioxoprop-1-en-1-
olato-x>S"O:Njzinc(ll)] (2). Complex 2 was prepared following the

procedure used in the synthesis of complex 1 from KL2 (0.249 g, 1
mmol) and Zn(NO;),-6H,0 (0.148 g 0.5 mmol). A yellow
precipitate was obtained in the reaction, and brown needle-shaped
crystals of 2 suitable for X-ray studies were obtained from DMF
solution of the compound within 2—3 weeks. Empirical formula:
[Zn(L2),],. Yield: 0.41 g 85%. Mp: 207—212 °C. '"H NMR (500
MHz, DMSO-dg, ppm): 5 9.11 (s, 1H, —~C;H,N), 8.33 (d, ] = 4.0 Hz,
1H, —C,H,N), 8.29 (d, J = 7.5 Hz, 1H, —C;H,N), 7.54 (dd, ] = 7.5,
4.0 Hz, 1H, —C,H,N), 7.04 (s, 1H, —CH=C(S)-), 2.58 (s, 3H,
—SCH;). BC{'H} NMR (125 MHz, DMSO-d;, ppm): 6 193.3 (=
C-S), 181.9 (—=C=0), 152.1, 148.5, 135.3, 135.0, 123.8 (—C;H,N),
108.9 (=CH-C(S)-), 169 (—=SCH;). IR (KBr, cm™): 1580
(ve—o), 1468 (vo—c), 1118 (vc_g). Anal. Calcd for C;gH(N,0,S,Zn
(485.94): C, 44.49; H, 3.32; N, 5.76. Found: C, 44.25; H, 3.37; N,
5.53. UV—vis: DMSO, 4,.,, (nm), ¢ (M™! cm™) 400 (8.49 x 10%),
315 (1.94 x 10%); Nujol, 4., (nm) 335, 400.
Poly[{3-(methylthio)-1-(pyridin-4-yl)-3-thioxoprop-1-en-1-
olato}{u,-3-(methylthio)-1-(pyridin-4-yl)-3-thioxoprop-1-en-1-
olato-k°’S"O:N}zinc(ll)] (3). Complex 3 was prepared following the
procedure used in the synthesis of complex 1 from KL3 (0.249 g, 1
mmol) and Zn(NO;),-6H,0 (0.148 g 0.5 mmol). A yellow
precipitate was obtained in the reaction, and brown needle-shaped
crystals of 3 suitable for X-ray studies were obtained from a DMF
solution of the compound within 2—3 weeks. Empirical formula:
[Zn(L3),],. Yield: 0.43 g, 89%. Mp: 214—218 °C. '"H NMR (500
MHz, DMSO-d, ppm): & 8.73 (s, 2H, —C;H,N), 7.82 (s, 2H,
—C{H,N), 7.04 (s, 1H, —CH=C(S)-), 2.58 (s, 3H, —SCH,).
BC{'H} NMR (125 MHz, DMSO-d, ppm): § 195.7 (=C-S), 181.2
(=C=0), 150.5, 146.9, 121.0 (—CH,N), 108.7 (=CH—-C(S)-),
16.9 (—SCH,). IR (KBr, cm™): 1571 (vc—o), 1503 (ve—c), 1064
(vc_g). Anal. Calcd for C;gH(N,0,S,Zn (485.94): C, 44.49; H, 3.32;
N, 5.76. Found: C, 44.32; H, 3.43; N, 5.61. UV—vis: DMSO, 1.
(nm), e (M~ em™) 415 (8.46 x 10*), 315 (2.02 x 10*); Nujol, A,
(nm) 335, 400.
Poly[bis{u,-3-(methylthio)-1-(thiophen-2-yl)-3-thioxoprop-1-en-
T-olato-1>S*O:Sjcadmium(ll)] (4). A solution of Cd(NO;),-4H,0
(0.154 g 0.5 mmol) in 10 mL of methanol/water (80/20) was added
dropwise to a 10 mL methanolic solution of the potassium salt of the
ligand KL1 (0.254 g, 1 mmol) at room temperature with stirring. The
reaction mixture was further stirred for 2 h. The yellow solid thus
formed was filtered, washed with methanol, and dried in air. Pale
yellow needle-shaped crystals of 4 suitable for X-ray studies were
obtained from a DMF solution of the compound within 2—3 weeks.
Empirical formula: [Cd(L1),],. Yield: 0.40 g, 73%. Mp: 172—175 °C.
'"H NMR (400 MHz, DMSO-dg, ppm): 6 7.79 (d, ] = 4.8 Hz, 1H,
—C,H,S), 7.76 (d, ] = 3.2 Hz, 1H, —C,H,S), 7.79 (t, 1H, —C,H,S),
6.87 (s, 1H, —CH=C(S)-), 2.47 (s, 3H, —SCH;). *C{'H} NMR
(100 MHz, DMSO-d,, ppm): § 187.8 (=C-S), 178.1 (-C=0),
148.0, 132.5, 129.0, 128.3 (—C,H,S), 109.1 (=CH-C(S)-), 17.14
(=SCH;). IR (KBr, cm™): 1547 (vc—o), 1515 (vec), 1065 (ve_s).
Anal. Calcd for C4H;,0,S,Cd (543.03): C, 35.39; H, 2.60. Found:
C, 35.18; H, 2.70. UV—vis: DMSO, A, (nm), ¢ (M~ cm™) 410
(8.54 x 10%), 315 (2.39 X 10*); Nujol, 4, (nm) 325, 400.
Poly[bis{u,-3-(methylthio)-1-(pyridin-3-yl)-3-thioxoprop-1-en-1-
olato-x>S"O:Njcadmium(ll)] (5). Complex 5 was prepared following
the procedure used in the synthesis of complex 4 from KL2 (0.249 g,
1 mmol) and Cd(NO;),-4H,0 (0.154 g, 0.5 mmol). A yellow
precipitate was obtained in the reaction, and brown rectangular-
shaped crystals of § suitable for X-ray studies were obtained from a
DMF solution of the compound within 2—3 weeks. Empirical
formula: [Cd(L2),],. Yield: 0.42 g, 79%. Mp: 195—198 °C. '"H NMR
(500 MHz, DMSO-d, ppm): & 9.01 (s, 1H, —C,H,N), 8.67 (d, ] =
6.0 Hz, 1H, —C,H,N), 8.16 (d, ] = 8.5 Hz, 1H, —C,H,N), 7.46—7.44
(m, 1H, —C(H,N), 6.87 (s, 1H, —CH=C(S)-), 2.53 (s, 3H,
—SCH,). BC{'H} NMR (125 MHz DMSO-d,, ppm): & 191.4 (=C—
S), 183.0 (—C=0), 151.5, 148.5, 136.3, 134.9, 123.5 (—C;H,N),
109.7 (=CH-C(S)-), 17.3 (=SCH,). IR (KBr, cm™): 1596
(ve—o), 1515 (vc—c), 1065 (vc_g). Anal. Calcd for C,gH (N,0,S,Cd
(532.97): C, 40.56; H, 3.03; N, 5.26. Found: C, 40.48; H, 2.85; N,
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Figure 1. (a) UV—vis absorption in DMSO solution, (b) solid-state UV—vis absorption in Nujol mull, (c) fluorescence spectra in DMSO solution,

and (d) solid-state fluorescence spectra of complexes 1—5.

4.96. UV—vis: DMSO, A, (nm), e (M™! cm™) 405 (8.41 x 10%),
315 (2.39 x 10%); Nujol, 4,,., (nm) 335, 400.

Procedure for the Knoevenagel Condensation Reactions.
Knoevenagel condensation reactions were performed according to the
reported procedure.”'’ In a typical reaction, a double-neck round-
bottom flask was charged with benzaldehyde (0.107 g, 1.0 mmol),
malononitrile (0.066 g, 1.0 mmol), and catalyst 3 (0.024 g, S mol %).
Methanol (S mL) was placed in the reaction flask, and the reaction
mixture was stirred at 60 °C for 1 h. The progress of the reaction was
monitored by thin-layer chromatography (TLC), and the reaction
mixture was filtered after 1 h to separate the catalyst. The solvent was
removed in vacuo from the clear filtrate, giving the crude product,
which was further purified by silica gel column chromatography using
9/1 hexanes/EtOAc as the eluent. The final product was obtained as a
white solid that was further characterized by NMR spectral analysis.
The isolated yield and characterization data as well as NMR spectra of
the Knoevenagel condensation products are given in sections S7 and
S8 in the Supporting Information.

Procedure for One-Pot Multicomponent Reactions (Syn-
thesis of 2-Amino-4H-chromene Derivatives). In a typical
reaction, a double-neck round-bottom flask was charged with
benzaldehyde (0.107 g 1.0 mmol), malononitrile (0.066 g 1.0
mmol), cyclohexane-1,3-dione (0.112 g, 1.0 mmol), and catalyst 3
(0.024 g, S mol %). Ethanol (10 mL) was placed in the reaction flask,
and the reaction mixture was stirred at 80 °C for 1.5 h. The progress
of the reaction was monitored by thin-layer chromatography (TLC),
and the reaction mixture was filtered after 1.5 h to separate the
catalyst. The solvent was removed in vacuo from the clear filtrate,
giving the crude product, which was further purified by silica gel
column chromatography using 1/1 hexanes/EtOAc as the eluent. The
product was obtained as an off-white solid which was further
characterized by NMR spectral analysis. The isolated yield and
characterization data as well as NMR spectra of 2-amino-4H-
chromene derivatives are given in sections S9 and S10 in the
Supporting Information.

Theoretical Calculations. Sin%le-point calculations were carried
out using the Gaussian 03 program. * Structures were optimized using
the B3LYP density functional together with the basis sets LANL2DZ
for Zn and Cd, 6-31+G* for S, N, and O, and 6-31G for the remaining

atoms. Starting models were taken from the crystal structures but with
hydrogen atoms given theoretical normalized positions.

X-ray Structure Determinations. Single-crystal X-ray diffraction
data for complexes 1, 2, and 4 were collected on an Oxford
Diffraction X-Calibur CCD diffractometer using Mo Ka radiation (4
=0.71073 A) at 150 K; those of 3 and § were collected on a Bruker
SMART CCD diffractometer with graphite-monochromated Mo Ka
radiation at 100 K. Data reduction for 1, 2, and 4 was carried out
using the CrysAlis program™ and that for 3 and $ using Bruker
SAINT.** All structures were solved by direct methods using
SHELXS-97*° and refined on F* by a full-matrix least-squares
technique using SHELXL2016-6.”° Non-hydrogen atoms were refined
anisotropically, and hydrogen atoms were geometrically fixed with
thermal parameters equivalent to 1.2 times that of the atom to which
they were bonded. In complex 1 the sulfur atom in the thienyl ring is
disordered over two positions. In complex 4, the thienyl ring is more
severely disordered with four different arrangements in which there
are two different orientations of the five-membered ring and then two
different positions of the sulfur atom in each. Diagrams for complexes
1-5 were prepared using DIAMOND*"* and Mercury””® software.
Crystallographic data for 1—-5 were deposited at the Cambridge
Crystallographic Data Centre with reference numbers CCDC
1983320, 1983319, 1998352, 1983318, and 1983321.

B RESULTS AND DISCUSSION

Synthesis and Spectral Characterization of Com-
plexes 1-5. The reactions of the potassium salts of the f-
oxodithioester ligands KL1—KL3 with methanol/water (80/
20, v/v) solutions of Zn(NO;),-6H,0 and Cd(NO;),4H,0
in a 2:1 molar ratio resulted in the formation of the homoleptic
complexes 1—5 in good yield (Scheme 1). All complexes were
obtained as air- and moisture-stable pale yellow solids. Zinc
complexes are insoluble in water, methanol, ethanol, and
acetonitrile and sparingly soluble in dichloromethane, chloro-
form, and acetone but are soluble in DMF and DMSO.
Cadmium complexes are insoluble in common organic solvents
but are sparingly soluble in DMF and DMSO. All complexes
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were fully characterized by elemental analysis, IR, UV—vis, and
'"H and “C{'H} NMR spectral analyses. The monomeric
structure of 1 and coordination polymeric structures of 2—35
have also been confirmed by single-crystal X-ray crystallog-
raphy (SCXRD). The homogeneity of the bulk samples of 1—5
was ascertained by comparing the experimental PXRD patterns
with the respective simulated powder patterns obtained from
the single-crystal data. The peak positions of the experimental
and simulated PXRD patterns matched well, revealing the
phase purity of bulk products (Figure S1 in the Supporting
Information). The semiconducting behavior of the complexes
has been studied by diffuse reflectance spectra (DRS). All the
complexes show luminescent properties in both the solution
and solid phase.

In the IR spectra, complexes 1—5$ display bands at 1596—
1547, 1524—1464, and 1118—1027 cm™" for the vc—o, Vec
and v_g vibrations, respectively, diagnostic of a coordinated f-
oxodithioester ligand."*'”"® The free ligands HL1—HL3 show
characteristic bands at 1065—1060, 1591—1576, and 1232—
1217 em™ for the ve_om Ve—c and ve—g frequencies,
respectively. The decrease in the v_g frequency in complexes
1-5 in comparison to HL1—HL3 is indicative of coordination
via the S atom of the —SCSMe group of the dithioester ligands.
In the "H NMR spectra of the ligands HL1—HL3, the signals
of the —OH proton signal appear at chemical shift values (&)
of ~15.0 ppm, and these signals are absent in complexes 1-35.
The signal for the vinylic proton in the complexes appeared at
0 6.82—7.04 ppm, remaining unchanged in comparison to the
corresponding ligands. The signal for the methyl protons of
—SCH; in the complexes did not show a significant shift and
appeared at 6 ~2.50 ppm.

The O”S bidentate mode of binding of ligands with Zn(II)/
Cd(II) metal ions is also revealed by *C{'H} NMR spectral
studies. In *C{'H} NMR spectra, the resonance for the C—
OH carbon in the free ligands is observed at & 164.3—166.2
ppm, which is shifted downfield by 8—17 ppm in the spectra
for the complexes and appeared at 6 172.6—183.0 ppm. This
indicates coordination of the metal toa —C=O oxygen and
partial double-bond character in the C=0 group.'*"’~"" The
—C=S carbon located at 6 216.0—219.4 ppm in the free
ligand shows an upfield shift and is observed at 6 187.8—195.7
ppm in the complexes, indicating metal—sulfur bonding. These
findings are further supported by the crystal structures (vide
infra). The signal for the vinylic carbon of the ligands is not
affected significantly on coordination with metal ions and
appeared at 6 107.6—109.7 ppm.

Optical Properties. Absorption and Emission Spectral
Studies. We have studied the absorption characteristics of the
ligands HL1—HL3 and their corresponding complexes 1—35 by
recording UV—vis spectra in dichloromethane (section S6 in
the Supporting Information) and DMSO (Figure la)
solutions, respectively. The solid-state UV—vis spectra of the
complexes have also been recorded (Figure 1b). Absorption
spectra of the complexes in solution and the solid state are
similar, apart from variations in peak intensity. UV—vis spectra
of the ligands HL1-HL3 show absorptions near 290 and
360—400 nm in dichloromethane solution. The DMSO
solutions of complexes 1—35 display bands near 315 nm (& =
(1.94-2.39) x 10* M~ cm™) and 400—415 nm (& = (8.19—
8.54) X 10* M~ cm™") and are assigned to slightly metal
perturbed ligand-centered and intraligand charge transfer
(ILCT) transitions, respectively. The complexes in the solid

stati ﬁ}flowed similar transitions at 325—335 and 400—430
m.

In emission spectral studies the Zn(II) complexes 1-3
exhibited strong emission bands in comparison to Cd(II)
complexes 4 and $ in the solid state, whereas the latter showed
strong fluorescence in DMSO solution. The cadmium
complexes 4 and S upon excitation at 400 nm in DMSO
solution show unstructured strong emission bands at A"
465—475 nm (Figure lc) that emanate from the 1ntrahgand
charge transfer (ILCT) and metal-perturbed ILCT states.**"
However, the zinc complexes 1—3 are only weakly fluorescent
in solution (Figure 1c). All complexes on excitation at 400 nm
in the solid phase exhibit A" at 510—625 nm at room
temperature with a noticeable red shift in comparison to the
values in solution (Figure 1d), thus indicating that the
luminescent behavior is slightly different in the two media. It
is worth noting that despite a close homology in the chemistry
of zinc and cadmium, the latter exhibits a coordination number
of 6 more frequently than zinc owing to its larger size. The
difference observed in the luminescent characteristics of the
zinc(1I) and cadmium(1I) complexes may be attributed to the
conformational rigidity crystal packing effects as well as the
solvent effects presumably slightly influencing the lumino-
phores in the zinc and cadmium complexes. A greater red-
shifted emission in the range 510—625 nm with Stokes shifts of
about 110—225 nm is observed in the solid state in comparison
to solution. This observation can be ascribed to efficient close
packing®® (vide infra in the crystal structures) in 1—5 via 77
stacking/C—H-n(ZnOSC;, chelate) interactions and to
conformational rigidity as well as enhanced conjugation due
to the Py(N) lone pair of electrons in the extended structures
in 2, 3, and S. This clearly reveals the relationship between
structure and luminescent properties in the complexes. Such
packing interactions are further weakened in the solution
phase.

Circular Dichroism Spectral Study. Complex 4 crystallized
in chiral space group C2 of the monoclinic crystal system.
Hence, its CD spectrum was recorded in DMSO solution to
understand the chiral nature of the complex. The spectrum
shows dichroic signals in the range 385—416 nm which
correspond to the absorption maximum of the complex at 410
nm (inset) as depicted in Figure 2. The chirality of 4 probably
originates from the twisted arrangement of the chelate ring
(0,S,) of the p-oxodithioester ligand L1 about the metal

. . g 18,28
center (crystal structure discussion, vide mfm). ’
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Figure 2. CD spectrum of complex 4 in DMSO.
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Diffuse Reflectance Spectral Studies. The optical band
gaps for complexes 1—5 were estimated by solid-state diffuse
reflectance spectra (DRS) recorded against BaSO, as a
reference at ambient temperature (Figure 3a). The reflectance
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Figure 3. (a) Diffuse reflectance plots for solids 1-5 at room
temperature using BaSO, as a reference. (b) Kubelka—Munk function
vs energy plot for complexes 1—S5. The inset shows differentials of the
solid-state absorbance of complexes with respect to radiation energy
inflection points which give the band gap values.

spectra revealed that the complexes reflect wavelengths up to
ca. 700 nm. This suggests that the corresponding energies are
being used by the complexes for excitation of electrons from
valence to conduction bands. The band gaps were calculated
by using Planck’s equation Ej,,g 4o = hc/4, where h is Planck’s
constant (4.135667516 X 107" eV s), ¢ is the velocity of light
(2.998 x 10* m/s), and 4 is the wavelength (nm). The suitable
wavelength for band gap determination was determined by the
first differential of diffuse reflectance spectra (Figure 3b)."”*’
Band gaps of 2.58, 2.50, 2.49, 2.62, and 2.57 eV have been
observed in complexes 1-S§, respectively, which are in
agreement with values derived from Kubelka—Munk func-
tions”’ using the software package available with the Shimadzu

UV-3101PC spectrometer (Figure 3b). Band gaps in the range
2.49-2.62 eV suggest a semiconductor behavior of the
complexes.'727%3!

Crystal Structures. Single crystals of 1—5 were grown
from the saturated DMF solution of compounds within 2—3
weeks. Crystallographic data of all crystals and their structure
refinement details are present in Table 1 while selected bond
distances and angles are listed in Tables S1—SS (Supporting
Information). The 2—S§ are the first examples of zinc(II) and
cadmium(II) complexes with the functionalized p-oxodi-
thioester ligands (L1—L3) displaying unique coordination
polymeric structures.

The molecular structures of Zn and Cd complexes 1—S5 are
presented in Figures 4, Sa, 6a, 7a, and 8a, respectively. Except
for complex 1, which is monomeric, complexes 2—5 display
polymeric structures. The mononuclear zinc complex 1
crystallizes in the monoclinic system with C2/c space group.
The coordination geometry about the metal center, which
occupies a 2-fold axis, is distorted tetrahedral, having O,S,
coordination from the two chelating B-oxodithioester ligands
(L1) as presented in Figure 4. In 1, the unique Zn—O and
Zn—S distances are 1.967(3) and 2.285(1) A respectively,
which are comparable to the reported values,"™"'® and the
angles O(11)—Zn—S(15), O(11')-Zn—S(15), Ol11-Zn—
O11', and S15-Zn-S15' are 101.67(8), 112.74(8),
105.28(16), and 121.94(6)°, respectively.

In 2, the zinc atom lies on a crystallographic center of
symmetry and is bonded by two f-oxodithioester ligands (L2)
via (O"S) donor atoms in a chelating manner forming an O,S,
equatorial plane. The 3-pyridyl(N) groups on the adjacent
molecules are interestingly weakly bonded to the metal atoms
in axial positions, establishing an octahedral geometry with a
0,S,N, core, overall forming a 12-membered metallacyclic

Table 1. Crystallographic Parameters for Complexes 1—5

complex 1 2 3 4 S
empirical formula C1sH,40,5¢Zn C,sH6N,0,S8,Zn C;sH¢N,0,8,Zn C6H,40,5,Cd C;sH,¢N,0,5,Cd
formula wt 496.00 485.94 485.94 543.03 532.97
cryst syst monoclinic monoclinic monoclinic monoclinic orthorhombic
space group C2/c C2/c P2,/n C2 Pbca
a (A) 23.755(4) 14.2134(18) 12.9400(3) 27.488(3) 15.3848(9)

b (A) 4.9919(7) 9.7475(12) 12.1915(3) 3.9372(3) 14.4075(8)
¢ (&) 16.989(3) 14.0086(12) 14.2632(3) 8.8421(6) 17.5204(11)
B (deg) 108.043(19) 96.831(10) 115.6240(10) 96.141(7) 90

v (43) 1915.5(6) 1927.0(4) 2028.84(8) 951.45(13) 3883.5(4)
z 4 4 4 2 8

et (g cm™) 1.720 1.675 1.591 1.895 1.823

T (K) 150(2) 150(2) 100(2) 150(2) 100(2)
#(Mo Ka) (mm™) 1.944 1725 1.638 1.814 1.572
F(000) 1008 992 992 540 2128

no. of rflns collected 6182 4299 31931 2636 14884

no. of indep rflns 2737 2124 5045 1430 3434

no. of rflns with I > 26(I) 1957 1284 4603 1263 2272

final indices (I > 20(I)): R1,* wR2"
R1,* wR2" (all data)

0.0615, 0.1356
0.0898, 0.1535

GOF* 0.977 1.089
residual electron density (e A™3) 1.569, —1.059 1.058, —0.706
CCDC no. 1983320 1983319

Flack param

0.0761, 0.1950
0.1244, 0.2615

0.0223, 0.0699
0.0261, 0.073S

0.0527, 0.1393
0.0597, 0.1471

0.0448, 0.1168
0.0858, 0.1416

0.958 1.080 0.860

0.395, —0.282 1.124, —1.275 1.353, —0.844

1998352 1983318 1983321
0.26(10)

“R1 = YIF,| — IFI/YIF. "wR2 = {[Sw(F,? — F2)/ Yw(F2)*}2 “GOF = S = {X[w(F.2 — F2)*]/(n — p)}?, where n is the number of

reflections and p is the number of refined parameters.

https://dx.doi.org/10.1021/acs.inorgchem.0c01195
Inorg. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01195/suppl_file/ic0c01195_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01195?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01195?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01195?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01195?fig=fig3&ref=pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1983320&id=doi:10.1021/acs.inorgchem.0c01195
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1983319&id=doi:10.1021/acs.inorgchem.0c01195
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1998352&id=doi:10.1021/acs.inorgchem.0c01195
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1983318&id=doi:10.1021/acs.inorgchem.0c01195
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1983321&id=doi:10.1021/acs.inorgchem.0c01195
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01195?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

C24

Figure 4. Molecular structure of 1 with ellipsoids at 50% probability
showing the atom-numbering scheme. Hydrogen atoms of the thienyl
ring are omitted for clarity.

ring leading to a linear 1D coordination polymeric structure
(Figure Sb). The Zn—O, Zn-S, and Zn—N distances of

Figure S. (a) Dimeric unit of 2 drawn with 50% probability for
thermal ellipsoids. (b) 1D coordination polymeric chain running
down the ¢ axis in 2, formed through intermolecular axial Zn—N
bonds. Hydrogen atoms are omitted for clarity.

2.043(4), 2.363(2), and 2.455(6) A, respectively, and the
O(11)—Zn—S(1S) angle of 93.79(12)° are well within the
expected ranges.**>'® The energy of the interaction involving
the formation of the two Zn—N axial bonds was calculated by
taking three adjacent molecules into consideration. The single-
point energy calculation evaluated from E(trimer) —
3E(monomer) is found to be —12.55 kcal mol™!, thus
indicating a significant interaction. For this purpose a trimeric
model having three molecular units connected via Zn—N

contacts was used, as depicted in Figure Sb. The coordinates
were taken from the crystal structure.

By comparison in 3, the Zn atom occupies a general position
and is chelated by two unique f-oxodithioester ligands (L3)
via OS-donor atoms in a bidentate manner. The two S atoms
(S1S, S35) together with N24 of the pyridine ring form a basal
trigonal equatorial plane, NS,. This equatorial plane along with
the two apicophilic O11 and O31 atoms in the axial positions
establish a trigonal-bipyramidal geometry about the Zn atoms,
leading to a wavelike 1D coordination polymeric structure
(Figure 6b). The Zn—S and Zn—N distances in the equatorial

Figure 6. (a) Coordination environment of compound 3 showing the
atom-numbering scheme depicted with 50% probability for thermal
ellipsoids. H atoms are omitted for clarity. (b) Bridging coordination
of L3 via Zn—N bonds resulting in a wavelike 1D coordination
polymeric chain running along the screw axis in the b direction.
Hydrogen atoms are omitted for clarity.

plane range from 2.3381(4) to 2.3476(4) and 2.0726(12) A,
respectively,**>'® and Zn—0O distances at the axial positions
are 2.0361(10) and 2.1013(10) A. The 7 value is 0.86,
confirming the distorted-TBP geometry.

The importance of the intermolecular bond to nitrogen is
emphasized by a single-point calculation showing that the
energy of interaction of two adjacent molecules with symmetry
elements «, y, z and 3/2 — &, 1/2 + y, 3/2 — z, part of Figure
6b, given by E(dimer) — 2E(monomer) is —22.88 kcal mol™".

Unlike the tetrahedral zinc complex 1, the Cd complex 4
crystallizes in the monoclinic system with chiral space group
C2 with the metal situated on a 2-fold axis. The two f-
oxodithioester ligands (L1) are bonded in a p, k’-tridentate
(0”8"S) coordination mode in contrast to the x>-bidentate
(O"S) coordination mode observed in complex 1. The Cd
center is chelated by O11"S15-donor atoms and simulta-
neously is involved in bridging with another Cd atom through
the S15 atom, establishing a distorted-octahedral coordination
geometry. The bridging atoms facilitate the fusion of
homochiral units to yield a 1D homochiral coordination
polymeric structure (Figure 7b). The thienyl rings are severely
disordered with four different arrangements in which there are
two different orientations of the five-membered ring and then
two different positions of the sulfur atom in each. Only the
major component of this disorder is shown in Figure 7. The
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(a)

Chiral Propeller

Figure 7. (a) Coordination environment of compound 4 showing the
atom-numbering scheme depicted with 50% probability for thermal
ellipsoids. The cadmium atom occupies a 2-fold axis. Only the major
component of the disordered thienyl ring is shown. Hydrogen atoms
are omitted for clarity. (b) Edge sharing of octahedral chiral propeller
motifs along the b axis resulting in a 1D homochiral coordination
polymeric chain. H atoms, —SMe groups, and thienyl substituents are
omitted for clarity.

Figure 8. (a) Coordination environment of compound 5 showing the
atom-numbering scheme depicted with 50% probability for thermal
ellipsoids. Hydrogen atoms are omitted for clarity. (b) Packing
diagram (down the ¢ axis) depicting a 2D square lattice network in
compound $ stacked in an AAA pattern with its underlying sql
topology presented on the right-hand side. Hydrogen atoms and
—SMe groups are omitted for clarity.

preferential involvement of distinctly soft S atoms in bridging
the neighboring Cd centers is in accordance with the HSAB
principle. It is worth noting that, because of the orientation/
constraint imposed by the six-membered chelate ring about the
metal center, the chelating Cd—S distance at 2.719(6) A is
slightly longer than the bridging Cd—S distance at 2.691(6) A.
The Cd—O distance is 2.246(6) A.>* The geometry around the
metal is a slightly distorted octahedron with the four sulfur
atoms in an equatorial plane and the two oxygen atoms in axial
positions, resulting in a propeller-shaped chiral motif (Figure
7a). The cis angles are in the range 86.0(2)—93.4(1)° and trans
angles in the range 176.6(14)—179.4(2)°.

In complex §, the two unique S-oxodithioester ligands L2
chelate to Cd atom through O”S donor atoms to form a
Cd(L2), unit (Figure 8a). The O"S donor atoms occupy four
of the six coordination sites around the distorted-octahedral
metal centers’ with Cd—O distances of 2.303(5) and
2.313(5) A and Cd-S distances of 2.641(2) and 2.570(2) A.
The remaining two mutually cis coordination sites are occupied
by two 3-pyridyl(N) atoms from the two neighboring Cd(L2),
units with Cd—N distances of 2.342(5) and 2.422(5) A, thus
resulting in the formation of a 2D coordination polymeric
square lattice with sql topology (Figure 8b). This polymeric
structure also involves the formation of a 24-membered
metallacyclic ring (Figure S9 in the Supporting Information).

It is interesting to note that complexes 1—5 form
multidimensional structures which are stabilized by various
weak noncovalent interactions such as C—H:-z(ZnOSC;,

chelate), 77, C—H--nr, C—H-N and H--H interactions
(Figures S2—S8 in the Supporting Information).

A noteworthy feature of the crystal packing of complexes 1
and 3 is the existence of supramolecular structures sustained by
C—H--7 (ZnOSC;, chelate) interactions (Figures S2 and SS in
the Supporting Information), leading to a 1D supramolecular
architecture via molecular aggregation. Recently, Tiekink and
Zukerman-Schpector™ evaluated the structural characteristics
of C—H---z(chelate) interactions between C—H bonds and the
centroid CG of four-membered MS,C chelate rings in metal
bis(1,1-dithiolates). For homoleptic bis-dithio complexes the
values of a < 20, f ranging from 110 to 180° and d between
2.4 and 3.6 A were crucial to assess the interactions where a is
the angle between the perpendicular to the ring and the CG--
H vector, ff the CG--H—C angle, and d the CG---H distance.

In contrast in the present structures, there is a six-membered
MSOC; ring and this ring is often found to be folded. In the
structure of complex 1, the rms deviation of the six atoms is
0.036 A, whereas in complex 2 such rms deviations are 0.033
and 0.018 A. However, in complex 3, the atoms in the two
rings have rms deviations of 0.018 and 0.234 A, indicating that
one ring is approximately planar while the other is folded. In
complexes 4 and § the rings are folded, with the rms deviation
in 4 being 0.208 A and in § the two rings having rms deviations
of 0.220 and 0.30S A respectively. There is some correlation
between the presence of H atom interactions with the planarity
of the rings and presumably their aromaticity. In the structures
of 1 and 3, it is apparent that the hydrogen atoms of —SMe,
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—SMe and pyridyl substituents occupy suitable axial positions
for these types of interactions. Indeed in 1, there are two such
hydrogen atoms from the methyl group on the same side of the
chelate ring from molecules with symmetry elements x, 1 + y, z
and —x, —y, —z with the following respective values: @, 14 and
3; B, 157 and 131; d, 3.56 and 3.58 A. These distances are
relatively long in comparison to those found in the MS,C rings
referred to above, and we therefore calculated the energy of
interaction between the two molecules involved in the
interactions using the formula E(dimer) — 2E(monomer).
Using molecules with symmetry elements x, y, zand x, 1 + y, z
the energy of interaction was —3.56 kcal mol™ and with
molecules ¥, y, z and —x, —y, —z the energy was —3.85 kcal
mol~". However, a shorter contact is found in complex 3 to the
near-planar ring with an intramolecular contact in which a, j,
and d are 14°, 120°, and 2.69 A, respectively.

Catalytic Studies. Complexes 1—5 have been investigated
as catalysts for the Knoevenagel condensation and one-pot
multicomponent reactions. To the best of our knowledge, this
is the first report in which Zn(Il) and Cd(II) with f-
oxodithioester ligands have been synthesized and used as
catalysts in C—C bond formation reactions. The presence of
the exposed Lewis acidic sites (Zn®*/Cd** centers) and basic
sites (pyridyl-N) in the complexes encouraged us to explore
their abilities in the organic transformation reactions.

Knoevenagel Condensation Reaction. The Knoevenagel
condensation is a well-known synthetic methodology to
construct a C—C bond from an aldehyde and a compound
containing an activated methylene group. This reaction is
highly effective in the organic synthesis of biologically
important compounds®* and also fine chemicals.”> Although
Knoevenagel condensation reactions are catalyzed by amine
bases in excess quantity under homogeneous conditions,*
several Lewis acid catalysts have also been successfully utilized
under heterogeneous conditions and these are always preferred
due to their stabilitgr, potential recyclability, and ease of
product separation.”’

The catalytic activities of complexes 1—5 were evaluated in
the Knoevenagel condensation reaction. The screening of
complexes as catalysts was assessed by a model reaction
involving the reaction of benzaldehyde with malononitrile in
the presence of S mol % of the complex as a catalyst in
methanol at 60 °C, which resulted in the formation of
benzylidene malononitrile as the principal product (Table 2).
Although the polaritgf of solvents has a great effect on the
catalytic reaction,'’*" we chose methanol as solvent in the
catalysis due to the insolubility of complexes in it and, hence,
reactions could be performed heterogeneously. However, a
high catalytic activity of complex 3 was also observed when
DMSO was used as the solvent in the reaction. We observed
100% consumption of benzaldehyde in less than 20 min. Since
complex 3 is soluble in DMSO, i.e. homogeneous catalysis, this
resulted in difficulties regarding separation of the catalyst and
lack of catalyst recyclability. Therefore, homogeneous catalysis
is practically undesirable in this case.

The Knoevenagel reaction does occur in the absence of a
catalyst, but it is very slow and only a 30% yield was obtained
in 4 h (Table 2, entry 1). Similar results have also been
obtained when zinc complex 2 and cadmium complexes 4 and
S were used in the reaction (Table 2, entries 3 and 5—7). On
the other hand, complexes 1 and 3 afforded excellent yields
and we observed >95% isolated yields in 2 h (for complex 1;
Table 2, entry 2) and 1 h (for complex 3; Table 2, entry 4).

Table 2. Catalyst Screening for the Knoevenagel
Condensation of Benzaldehyde with Malononitrile”
CN
CHO H

=~ °CN
CN Catalyst

+
CcN MeOH, 60 °C, -H,0

entry catalyst (S mol %) time (h) yieldb (%)
1 4 30
2° 1 2 96
3 2 4 30
4° 3 1 98
S 4 4 30
6 S 4 30

“Reaction conditions: benzaldehyde (1.0 mmol), malononitrile (1.0
mmol), MeOH (5 mL) in an air atmosphere. “Isolated yield. “100%
consumption of benzaldehyde.

The metal centers in complexes 2, 4, and S exhibited
octahedral coordination geometries, and therefore, the
possibility of activation of benzaldehyde by metal complexes
was insignificant. Interestingly, the geometries around metal
centers in complexes 1 and 3 are distorted tetrahedral and
TBP, respectively, which may allow the benzaldehyde to
interact with Zn®" ions and hence result in high activities.
Furthermore, it is interesting to note that pyridyl-N at one of
the ligands coordinated to the Zn** metal ion in complex 3 is
not engaged in the bonding and thus might participate in one
of the steps in the catalytic cycle, namely proton abstraction
from malononitrile and, therefore, easy generation of
nucleophile. The catalytic studies have revealed that complex
3 behaves as a bifunctional catalyst and therefore an excellent
yield was promoted synergistically by Lewis acidic and basic
sites of the complex.

There have been a few reports'” describing bifunctional role
(acidic and basic) of MOFs as heterogeneous catalysts in the
Knoevenagel condensation reactions (Table S7). MOFs can
act as Lewis acids or bases in the catalytic reactions depending
on the nature of the ligands, the metal ions, and coordination
environment around the metal centers. Zhou and co-
workers'” studied a one-pot tandem deacetalization—
Knoevenagel condensation reaction for the synthesis of
benzylidene malononitrile using PCN-124 MOF as a
heterogeneous catalyst. The weakly Lewis acidic open Cu**
centers and Lewis basic pyridine as well as amide
functionalities of PCN-124 made this MOF useful for one-
pot tandem reactions. Similarly, a tandem Meinwald rearrange-
ment—Knoevenagel condensation reaction catalyzed by the
bifunctional catalyst NH,-MIL-101(Al) with remarkable
substrate selectivity was reported by Kim and co-workers.'"”
Yang et al. also reported an amine-functionalized Zr based
MOF; UiO-66-NH, possessing acidic (Zr) and basic (—NH,)
sites showed 98% conversion of aldehyde to benzylidene
malononitrile in the Knoevenagel condensation reaction.'’ In
recent years, some Zn(Il) and Cd(II) MOFs have also been
utilized as bifunctional heterogeneous catalysts in the
Knoevenagel reactions. Suresh and co-workers reported Zn(II)
and Cd(II) MOFs as potential bifunctional catalysts under
ambient conditions with excellent yield."*" A cationic Zn(II)—
organic framework with Lewis acidic and basic bifunctional
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sites has also exhibited high activity and substrate selectivity
under solvent-free reaction conditions.'”® A very high catalytic
activity was achieved in the Knoevenagel condensation
reaction using a Zn(II)-based metal—organic framework, Zn-
Bp-BTC MOF, as an effective bifunctional heterogeneous
catalyst." "

To explore the catalytic performance of complex 3, the
reactions of several benzaldehyde derivatives, 1-naphthalde-
hyde and heteroaromatic aldehydes, with malononitrile have
been studied (Table 3). The nature of the substituent on the
benzaldehyde ring has a considerable effect on the yield of the
product. Electron-withdrawing substituents, e.g. fluoro, chloro,
nitro, cyano, and hydroxy, at the para position of benzaldehyde
and the 3,4,5-trimethoxy substituent are more effective and
gave excellent yields (Table 3, entries 2—7). In contrast,
electron-donating substituents (methyl and methoxy) at the
para position of benzaldehyde made the reaction slow and
resulted in a lower product yield (Table 3, entries 8 and 9). A
fused aromatic system (1-naphthaldehyde) and heteroaromatic
aldehydes (2-thienylcarboxaldehyde and 4-pyridinecarboxalde-
hyde) provided slow reactions and also lower yields (Table 3,
entries 10—12).

Multicomponent Reaction: Synthesis of 2-Amino-4H-
chromene Derivatives. We have also explored the usefulness
of complex 3 as a catalyst for multicomponent condensation
reactions of aromatic aldehyde, malononitrile, and active
methylene cyclic 1,3-diketone derivatives, resulting in the
formation of 2-amino-4H-chromene derivatives, which are an
important class of heterocyclic compounds possessing bio-
logical and pharmaceutical properties.”” The catalytic results
are summarized in Table 4. The one-pot reaction of
benzaldehyde, malononitrile, and cyclohexane-1,3-dione in
ethanol at 80 °C does not occur in the absence of catalyst 3
(Table 4, entry 1). However, the addition of the catalyst
facilitated the reaction and afforded the product in 97%
isolated yield (Table 4, entry 2). The reaction was also studied
using different types of aromatic aldehydes, and high yields of
the desired products were obtained with 1-naphthaldehyde, 2-
thienylcarboxaldehyde, and 4-pyridinecarboxaldehyde (Table
4, entries 3—5). It is interesting to note that when cyclohexane-
1,3-dione was replaced with either $,5-dimethylcyclohexane-
1,3-dione (entries 6—9) or S-phenylcyclohexane-1,3-dione
(entries 10—13) excellent yields of the corresponding products
were obtained. Kathiresan and co-workers have also achieved a
very high yield of 2-amino-4H-chromene derivatives (>90%)
using Zn-Bp-BTC MOF as a heterogeneous catalyst, but they
ran the reaction for a longer time (5 h).lof It can be seen that
the Zn(II) p-oxodithioester complex showed promising
catalytic activity for the one-pot multicomponent synthesis of
2-amino-4H-chromene derivatives.

Recyclability of the Catalyst. The catalyst recyclability is an
essential requirement in the heterogeneous catalysis. There-
fore, we also evaluated the recyclability of catalyst 3 in the
Knoevenagel condensation reaction of benzaldehyde and
malononitrile under optimized reaction conditions. At the
end of the reaction, catalyst 3 was simply collected by filtration,
washed three times using methanol, dried, and reused in a
consecutive reaction. Notably, complete consumption of
benzaldehyde with over 96% isolated yield of product was
observed for five recycles (Figure S10a in the Supporting
Information). Also, characterization of the recovered catalyst
by PXRD showed the retention of catalyst integrity (Figure
S10b in the Supporting Information).

Table 3. Knoevenagel Condensation Reactions of Aromatic
Aldehydes with Malononitrile Using Catalyst 3P

CN  Catalyst 3 (5 mol%) H CN
Ar—CHO + { >:<
CN MeOH, 60 °C, -H,0 Ar CN
A B (la-)
Entry | Ar Product Yield" %
H CN
1 CeHs C§_<CN 98
la
H CN
2 4-FCeH, & CN o8
F
1b
H CN
3 4-CIC,H, {;§—< CN 08
Cl
1lc
H CN
4 4-NO,CH, {:§_< CN o7
O,N
1d
H CN
CN
5 4-CNCH, 9
NC
le
H CN
6 34,5-(Me0);CH, ILCO<;§_<CN o8
H,CO OCHj,
If
H CN
7 4-OHC(H, & CN 9%
HO
lg
H CN
38 4-MeC4H, {;g_< CN o1
H;C
1h
H CN
9 4-OMeC¢H, & CN 89
H,CO
li
H CN
10 1-Naphthalenyl C N 94
1j
H CN
11 2-Thienyl N 92
LS
1k
H CN
12 4-Pyridyl _ ‘CN 89
\
N/
11

“Isolated yield. “Reaction conditions: aldehyde (1.0 mmol),
malononitrile (1.0 mmol), MeOH (5 mL), temperature (60 °C),
time (1 h) in an air atmosphere.
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Table 4. One-Pot Multicomponent Reactions for Synthesis of 2-Amino-4H-chromene Derivatives®

O (0} Ar
R . <CN Catalyst 3 (5 mol%) CN
- + )
ArCHO cn EOH,80°C,-H,0 R ||
2 07 "NH,
A c O R
2 (2a)
R,,R,=H
R,=H, and R, = CH;, Phenyl
Entry | Ar Diketone Product Yield® (%) Entry | Ar Diketone Product Yield® (%)
O
1 Phenyl O b 7 1-Naphthalenyl 98
CN
0 |
0" NH,
2a
8 2-Thienyl 93
2 Phenyl 97
9 4-Pyridyl 89
3 1-Naphthalenyl 94
10 Phenyl 97
6]
4 2-Thienyl 92 Ph _0 NH,
2i
O
H
11 1-Naphthalenyl PI 94
6]
5 4-Pyridyl 87
O
H
12 2-Thienyl PI 92
O
o)
lo) (0]
6 Phenyl oN 98 H
0 | 13 4-Pyridyl o 86
07 "NH, Y
2e

“Isolated yield. bReaction without catalyst. “Reaction conditions: aldehyde (1.0 mmol), malononitrile (1.0 mmol), 1,3-diketone (1.0 mmol), EtOH

(5 mL), temperature (80 °C), time (1.5 h) in an air atmosphere.

Plausible Mechanism for the Knoevenagel and Multi-
component Reactions. The reaction mechanisms for the
Knoevenagel condensation and one-pot multicomponent
reactions have been well documented in the literature (Scheme
S1 in the Supporting Information).'***** The Knoevenagel
condensation reaction of benzaldehyde with malononitrile
proceeds first via the activation of benzaldehyde by the catalyst
3, which increases the electrophilicity of the carbonyl carbon
(I). The activated aldehyde is now attacked by the
malononitrile nucleophile, (CN),CH~ (II), generated by
proton abstraction, which leads to C—C bond formation

(II1). In the next step, the intermediate is dissociated from the
catalyst surface and undergoes dehydration to give the final
benzylidene malononitrile as the Knoevenagel product-I and
the catalyst is regenerated.md’f

The multicomponent reaction involves the attack of enolate
generated from 1,3-cyclohexanedione (VI) on the in situ
generated Knoevenagel condensation product-I, resulting in a
second C—C bond formation via a Michael addition reaction
(VII).*® This is followed by tautomerization and intra-
molecular cyclization (C—O bond formation) to afforded the
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2-amino-4H-chromene derivative as multicomponent reaction
product-II.

B CONCLUSIONS

Novel heteroleptic Zn(II) and Cd(II) complexes 1—5 with
functionalized f-oxodithioester ligands have been synthesized
and fully characterized. The solid-state molecular structures
revealed that complex 1 is a tetrahedral monomer, whereas
complexes 2—4 are spectacular 1D coordination polymers and
S is a 2D coordination polymer. In these complexes, f-
oxodithioester ligands act as suitable linkers for the
construction of metal—organic frameworks utilizing O”S-
chelates and bridges along with pyridyl(N). Complex 3
displayed efficient heterogeneous catalytic activity in the
Knoevenagel condensation and one-pot multicomponent
reactions. The higher catalytic performance of trigonal
bipyramidal complex 3 is attributed to its Lewis acidic
character due to the coordinative unsaturation around Zn**
and the presence of a free 4-pyridyl(N) substituent, which
serves as a Lewis base. Hence, complex 3 behaves as a
bifunctional catalyst and could be recycled five times without
an obvious decrease in activity. The zinc complexes strongly
luminesce in the solid state whereas the cadmium complexes
showed luminescent characteristics in solution, which may be
ascribed to the changes in luminophores of the complexes in
the different media, though in both cases the emission
emanates from the metal-perturbed intraligand charge transfer
transitions (ILCTs). In addition, the band gap values (2.49—
2.62 eV) evaluated from DRS studies indicated the semi-
conductor characteristics of the complexes. The electronic and
steric characteristics of the substituents on the f-oxodithioester
backbone have a significant effect on the structures and
properties of the complexes. This study demonstrates that the
zinc(II) and cadmium(II) complexes of functionalized f-
oxodithioesters may be useful for the design of new
compounds with promising material properties.
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