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ABSTRACT: Four new mononuclear/coordination polymeric
(CP) zinc(II) complexes (1—4) of ferrocenyl/pyridyl-function-
alized dithiocarbamate ligands, N-ferrocenylmethyl-N-butyl dithio-
carbamate (L1), N-ferrocenylmethyl-N-ethylmorpholine dithiocar-
bamate (L2), N-ferrocenylmethyl-N-2-(diethylamino)ethylamine
dithiocarbamate (L3), and N-4-methoxybenzyl-N-3-methylpyridyl
dithiocarbamate (L4), have been synthesized and characterized by
elemental analyses, IR, UV—vis, and 'H and BC{'H} NMR
spectroscopic techniques. The solid-state structures of complexes
1, 3, and 4 have been determined by single-crystal X-ray
crystallography as well as powder X-ray diffraction. Single-crystal
X-ray crystallography revealed a monomeric structure for complex
1 but 1D polymeric structures for complexes 3 and 4. In all
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complexes, dithiocarbamate ligands are bonded to the Zn(II) metal ion in a $AS chelating mode, and in the CPs, N atoms on the 2-
(diethylamino)ethylamine and 3-pyridyl functionalities in the ligands on the neighboring molecules are also bonded to metal centers,
leading to the formation of either a discrete tetrahedral molecule in 1 or 1D CP structures in 3 and 4. The Zn(II) metal centers in
the polymeric structures exhibited either square-pyramidal or octahedral geometries. The supramolecular structures in these
complexes are sustained via C—H---z (ZnCS,, chelate; 3 and 4), C—H---z, and H---H interactions. The catalytic performances of
complexes have also been assessed in the Knoevenagel condensation and one-pot multicomponent reactions. Catalysis results
showed that the CP 3 acts as a heterogeneous bifunctional catalyst with excellent transformation efficiency at low catalyst loading.

B INTRODUCTION

The Knoevenagel reaction, a well-known synthetic method-
ology for C—C bond formation by the condensation of
aldehydes and active methylene compounds, has been
extensively applied for the synthesis of important chemicals
and pharmaceutical products.’ Also, the products of
Knoevenagel condensation are key intermediates in many
one-pot multicomponent organic transformation reactions
including the synthesis of 2-amino-4H-chromene and
imidazopyrimidine derivatives. The chromene derivatives
show several pharmacological properties including antitumor,
antimalarial, anti-HIV, antimicrobial, antiinflammatory, and
antiallergenic.” Similarly, imidazopyrimidine derivatives ex-
hibited a wide range of biological and pharmacological
applications such as antimicrobial, antibacterial, antiinflamma-
tory, antitubercular agents, anticancer, antimalarial, antihyper-
tensive, antineoplastic, calcium anagostic,3 and CK2 inhibitor
and are used for the treatment of anxiety disorders, ulcers, etc.t

Owing to the importance of these chromene and
imidazopyrimidine derivatives in the pharmaceutical industry,
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the development of an efficient catalytic system for the
synthesis of these organic molecules that especially operates
under mild reaction conditions is needed, so as to lower the
energy consumption and also production costs. A variety of
metal—organic framework (MOF) catalysts, such as zeolite
imidazolate frameworks, many solid-supported amine-function-
alized catalysts, heterometallic catalysts, cation-exchange
zeolites, and ionic liquids, have been utilized for this reaction.’
Albeit there are only a few examples of heterogeneous
bifunctional catalysts, based on coordination polymers (CPs)
having both active sites, i.e., coordinatively unsaturated metal
centers acting as the Lewis acidic sites and free Lewis basic
sites within the same molecular framework.’ It has been shown
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that such bifunctional catalytic systems exhibited enhanced
catalytic activity in comparison to the monomeric complexes.
The search for a rational design and synthesis of MOFs with
suitable scaffolds for this reaction to produce eflicient
transformations is highly desirable. In addition, process
chemists have been concerned with associated issues such as
mild reaction conditions, green chemistry, low catalyst loading,
recyclability and purity of products formed, and low cost with
the use of catalysts.

There are certain reports that highlight the catalytic behavior
of transition-metal-based MOFs/CPs as bifunctional catalysts
toward the Knoevenagel condensation reaction as well as one-
pot multicomponent reactions.’ The tandem one-pot deace-
talization—Knoevenagel condensation reaction has been
described using the PCN-124 MOF as a heterogeneous
catalyst for the synthesis of benzylidene malononitrile where
Cu(Il) centers behaved as weak Lewis acidic sites while
pyridine groups worked as Lewis basic sites.* Another Cu(1I)/
amine-based MOF (Cuy;TATAT) as a bifunctional catalyst has
been employed for a one-pot aerobic oxidation/Knoevenagel
condensation reaction in the absence of basic additives.”” Han
et al. reported two similar core—shell MOF@COFs (PCN-
222-Co@TpPa-1 and UiO-66@SNW-1) as robust bifunctional
catalysts for deacetalization—Knoevenagel cascade reac-
tions.°” Kim et al. have described the remarkable substrate
selectivity shown by the bifunctional catalyst NH,-MIL-
101(Al) in the tandem Meinwald rearrangement—Knoevenagel
condensation reaction.’® Another Zr-based MOF, UiO-66-
NH, with acidic (Zr) and basic (—NH,) sites, gave 98%
conversion of aldehyde to benzylidene malononitrile in the
Knoevenagel condensation reaction.® Recently, some Zn(II)
and Cd(II) MOF/CPs have also been investigated as
bifunctional heterogeneous catalysts for such condensation
reactions.”™"'

The metal thiolato complexes including dithiocarbamates
have been used as catalysts for a variety of transformations.”
Our research group has developed several transition-metal
complexes of functionalized thiolato ligand systems that afford
systematically designed ordered architectures, and also these
complexes have been used in catalysis for the synthesis of
triazoles via Click reactions,7f_h Chan—Lam coupling,7i
electrocatalytic oxygen evolution,”® etc. Most recently, we
have turned our attention to investigate zinc(II)/cadmium(1I)
P-oxodithioester complexes in Knoevenagel reactions and one-
pot multicomponent reactions.” Within the realm of metal
dithiolates, the dithiocarbamate ligands have occupied the first-
row position because of their rich structural varieties, optical
and conducting properties, and applications as sensitizers in
solar energy schemes, single-source precursors for the
preparation of metal sulfide thin films, rubber vulcanization
accelerators, and medicines and in biological systems.®
Notwithstanding their synthetic versatility and practical utility,
the catalytic activity of ubiquitous dithiocarbamate ligand
complexes has not been investigated in this reaction until now.
Encouraged by our recent study” and in a continuation of our
ongoing efforts, we were tempted to undertake the synthesis
and crystal structures of new ferrocenyl/pyridyl-functionalized
dithiocarbamate complexes of zinc(1l) featuring mononuclear
1 and CP structures 3 and 4 (Schemes 1 and 2). The high
catalytic activity obtained for all four complexes, particularly
for the CP 3 serving as a potential bifunctional (Lewis acid—
Lewis base) catalyst, is described in this contribution. Our
interest in this system arises in view of the following
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considerations: (i) The monoanionic 1,1-dithiocarbamate
ligands having identical SAS-donor atoms on the same C
atom differ remarkably from the monoanionic f-oxodithioester
having hard/soft SAO-donor atoms on the 1,3-C atoms. The
former forms a strained four-membered chelate ring, whereas
the latter forms a delocalized stable six-membered chelate ring
about the metal center.” Usually the dithiocarbamate ligand is
strongly SAS-chelating because of the major contribution of
resonance form III (Scheme S1). A switch to dithiocarbamate
complexes may make huge differences in the structures and
reactivities of the metal complexes. (ii) The dithiocarbamate
unit also offers functionalization of the substituents, which may
substantially modify the structures and properties of the
complexes. Therefore, it is crucial to make systematic changes
in the substituents in order to map out the structures and
catalytic activities of the complexes. Compounds containing
ferrocene moieties are of considerable interest in the
stabilization of interesting structures, electrochemical sensors,
and catalysis.””'’ Judiciously, n-butyl, n-ethylmorpholine, and
2-(diethylamino )ethylamine substituents with different steric
and electronic properties were incorporated in the ferrocenyl-
derived dithiocarbamate ligands KL1—KL3, whereas KL4 was
derived from 4-methoxybenzyl and 3-pyridyl substituents
(Scheme 1). The presence of additional donor (N and O)
atoms on the substituents may facilitate the formation of
covalent/noncovalent bonding, thereby organizing the CP and
supramolecular architectures. (iii) Zn(II) with a d'® electronic
configuration shows no stereochemical choices arising from the
ligand-field stabilization effect. Usually, 4-, 5-, and 6-
coordination geometries are stabilized in these complexes.
However, the lower coordination numbers can raise up to a
maximum of 6-coordination, with the extra bonds provided by
the presence of free N-donor atoms on the 2-(diethylamino)-
ethylamine sites, thus producing a potentially bifunctional
(Lewis acid and Lewis base) catalyst.

B EXPERIMENTAL SECTION

Materials and Instrumentation. All experiments were per-
formed in the open air at ambient temperature and pressure. The
solvents were purified by standard reported procedures and dried
before use where necessary.'' The commercially available reagent-
grade chemicals ferrocenecarboxaldehyde (98%), 3-picolylamine
(99%), 4-(2-aminoethyl)morpholine (99%), and butylamine
(99.5%) (all Sigma-Aldrich), 4-methoxybenzaldehyde (98%, Avra),
2-(diethylamino)ethylamine (99%, Alfa-Aesar), and Zn(CH;CO,),:
2H,0 (98.5%, SRL) were used without further purification. The
melting points of the complexes were determined in open capillaries
using a Gallenkamp apparatus and are uncorrected. Elemental
analyses (C, H, and N) and recording of the IR (KBr) spectra are
the same as those described elsewhere.®”’**¥ 'H and *C{'H} NMR
spectra were recorded in deuterated solvents [CDCl,;, dimethyl
sulfoxide (DMSO)-d,, and D,0] on a JEOL ECZ 500 MHz FT NMR
spectrometer. Chemical shifts are quoted in parts per million (ppm)
downfield from the internal tetramethylsilane (TMS), and coupling
constant (J) values are given in hertz (Hz). The UV—vis absorption
spectra of the ligands and their zinc(II) complexes were recorded in
methanol (MeOH) and dichloromethane solutions, respectively on a
Shimadzu UV-1800 instrument. Thin-layer chromatography (TLC)
was performed on a Merck 60 F,;, silica gel, precoated on aluminum
plates. Column chromatography was performed on silica gel 100—200
meshes (Merck). The details on single-crystal X-ray data are provided
in the crystal discussion section, and powder X-ray diffraction data
were collected using a Briiker D8 diffractometer with Cu Ka radiation
(A =1.541836 A) in the 26 range S—50°, with a scan speed and a step
size of 1° and 0.02° min™!, respectively.
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Scheme 1. Potassium Salts of the Dithiocarbamate Ligands (KL1—KL4) Used in This Work
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Synthesis of Dithiocarbamate Ligands. The potassium salts of
the dithiocarbamate ligands KL1—KL4 (Scheme 1) were synthesized
by adopting the following procedure, and all ligands are characterized
by IR and NMR (*H and “*C{'H}) and UV—vis spectroscopy.

N-Ferrocenylmethyl-N-butyl Dithiocarbamate (KL1). In a typical
reaction, ferrocenecarboxaldehyde (0.214 g, 1 mmol) and n-
butylamine (0.073 g, 1 mmol) were taken in ethanol (EtOH; 1S
mL) and refluxed for about 8—10 h at 70 °C. The Schiff base was
formed, reduced by using NaBH, at 0 °C with an ice bath, and
allowed to stir for about 6 h. This yielded a secondary amine, which
was extracted using dichloromethane, followed by washing of the
dichloromethane layer with water and removal of the solvent. The
formed secondary amine was dissolved in 10 mL of tetrahydrofuran
(THF), and potassium hydroxide (KOH; 0.056 g, 1 mmol) was
added followed by the addition of carbon disulfide (CS,; 0.076 g, 1
mmol) under ice-cold conditions. The reaction mixture was stirred
further for 6 h, and the solvent was removed on a rotary evaporator.
The product obtained was washed three times with diethyl ether to
yield a reddish-brown solid of the N-ferrocenylmethyl-N-butyl
dithiocarbamate (KL1) ligand. Yield: 0.31 g, 82%. 'H NMR (500
MHz, D,0): § 5.15 (s, 2H, —CH,Fc), 4.46 (s, 2H, C{H,), 4.24 (s,
2H, CsH,), 429 (s, SH, C¢Hy), 4.01-3.97 (m, 2H, —-N—CH,—CH,—
CH,—CH,), 1.67-1.64 (m, 2H, —N—CH,—CH,—CH,—CH,),
1.33—1.29 (m, 2H, —-N—CH,—CH,—CH,—CH,), 092 (t, ] = 7.3
Hz, 3H, —N-CH,—CH,—CH,—CH,). *C{'H} NMR (125 MHz,
D,0): § 207.5 (—CS,), 52.9 (—CH,Fc), 83.6, 69.6, 69.0, 68.2 (—Fc),
52.6, 28.2, 19.7, 13.4 (N—CH,—CH,—CH,—CH,). IR (KBr, cm™):
1462 (ve—y), 1025 (ve_g). UV—vis [MeOH; A, nm (¢, M™"
em™)]: 260 (1.3 x 10%), 290 (1.1 x 10%), 437 (0.07 X 10%).

N-Ferrocenylmethyl-N-ethylmorpholine Dithiocarbamate (KL2).
The potassium salt of ligand KL2 was prepared by the following
procedure used in the synthesis of ligand KL1 by utilizing
ferrocenecarboxaldehyde (0.214 g, 1 mmol) and 4-(2-aminoethyl)-
morpholine (0.130 g, 1 mmol). Yield: 0.35 g, 79%. 'H NMR (500
MHz, DMSO-dq): & 5.12 (s, 2H, —CH,Fc), 440 (s, 2H, C,H,), 4.05
(s, 2H, CiH,), 4.13 (s, SH, CHy), 4.00 (t, J = 5.0 Hz, 2H, —N—
CH,—CH,—N—(C,H;)—0), 2.50—2.44 (m, 2H, —-N—CH,—CH,—
N—(C,Hg)-0), 3.54—-3.40 (m, 4H, —-N—-CH,—CH,—-N—(C,H,—
C,H,)-0), 2.44-2.35 (m, 4H, —N-CH,—CH,-N—(C,H,—
C,H,)—0). BC{'H} NMR (125 MHz, DMSO-d¢): & 213.3
(=CS,), 54.6 (—CH,Fc), 84.9, 69.4, 67.9, 66.8, 65.9, 67.0 (—Fc),
53.4, 53.0, 50.3, 47.3 (-N—CH,—CH,—N—(C,H,)—0). IR (KBr,
em™): 1457 (ven), 1036 (vc_g). UV—vis [MeOH; A, nm (g, M™!
em™)]: 260 (1.9 x 10%), 290 (1.3 x 10*), 437 (0.11 X 10%).

N-Ferrocenylmethyl-N-2-(diethylamino)ethylamine Dithiocarba-
mate (KL3). The potassium salt of ligand KL3 was synthesized by
adopting the procedure used in the synthesis of ligand KL1 by using
ferrocenecarboxaldehyde (0.214 g, 1 mmol) and 2-(diethylamino)-
ethylamine (0.116 g, 1 mmol). Yield: 0.34 g, 81%. 'H NMR (500
MHz DMSO-di): § S.11 (s, 2H, —CH,Fc), 4.38 (s, 2H, C;H,), 4.06
(s, 2H, C{H,), 4.12 (s, SH, CiH;), 3.93 (t, J = 5.0 Hz, 2H, —N—
CH,—CH,—N(CH,—CHj,),), 2.53 (t, J = 5.0 Hz, 2H, —-N—CH,—
CH,—N(CH,—CHs),), 243 (q, ] = 6.9 Hz, 4H, —-N—CH,—CH,—
N(CH,—CHj,),), 0.94 (t, ] = 7.1 Hz, 6H, —-N—CH,—CH,—N(CH,—
CH,),). BC{*H} NMR (125 MHz, DMSO-dg): 6 213.0 (—CS,), 50.7
(—CH,Fc), 85.0, 69.3, 68.00, 67.00 (—Fc), 48.6, 46.8, 12.00 (N—
CH,—CH,—N(CH,—CH,),. IR (KBr, cm™'): 1449 (vc_y), 1043
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(ve_g). UV—vis [MeOH; A, nm (&, M~ cm™)]: 260 (1.6 x 10%),
290 (1.0 x 10%), 440 (0.05 x 10%).

N-4-Methoxybenzyl-N-3-methylpyridyl Dithiocarbamate (KL4).
The potassium salt of ligand KL4 was prepared by following the
procedure used in the synthesis of ligand KL1 by utilizing 4-
methoxybenzaldehyde (0.136 g, 1 mmol) and 3-picolylamine (0.108
g, 1 mmol). Yield: 0.30 g, 86%. '"H NMR (500 MHz, DMSO-d;): &
8.45—8.40 (m, 2H, —C(H,N), 7.70—6.84 (m, 2H, —C(H,N, 4H,
—C¢H,OCHj,), 5.34 (s, 2H, —CH,—C¢H;N), 5.28 (s, 2H, —CH,—
C¢H,OCH;), 3.72 (s, 3H, —OCH;). C{'H} NMR (125 MHz,
DMSO-dy): § 216.5 (—CS,), 55.1 (—CH,—C¢H,N), 53.0 (—CH,—
C¢H,OCH,), 51.0 (—OCHS,), 158.1, 148.9, 147.7, 1352, 13423,
130.6, 128.9, 123.2, 113.6 (—C4H,N, —C¢H,OCH,). IR (KBr, cm™):
1427 (ve—y), 1040 (vc_g). UV—vis [MeOH; A, nm (g, M~}
em™)]: 260 (1.5 x 10%), 295 (1.1 x 10%).

Synthesis and Characterization of Complexes 1—4. The
homoleptic zinc(II) dithiocarbamate complexes 1—4 were prepared
by adopting the following general procedure.

[Bis{(N-ferrocenylmethyl-N-butyldithiocarbamate-SASjzinc(ll)]
(1). To a stirred 15 mL MeOH solution of the potassium salt of the
ligand KL1 (0.385 g, 1 mmol) was slowly added at room temperature
10 mL of a MeOH/water (90:10, v/v) solution of Zn(CH;COO),
2H,0 (0.110 g, 0.5 mmol), and the reaction mixture was further
stirred for 2 h. A brown precipitate thus obtained was filtered off,
washed with a MeOH/water mixture (3 times), followed by diethyl
ether, and dried in air. The auburn needle-shaped single crystals of the
complex suitable for X-ray diffraction analysis were obtained from a
dichloromethane solution of the compound layered with MeOH
within 2 weeks. Empirical formula: [Zn(L1),]. Yield: 0.61g, 81%. Mp:
152—156 °C. '"H NMR (500 MHz, CDCL,): 5 4.84 (s, 4H, —CH,Fc),
4.40 (s, 4H, C;H,), 4.18 (s, 4H, C;H,), 4.17 (s, 10H, CsHg), 3.70 (t, ]
= 5.0 Hz, 4 H, -N-CH,—CH,—CH,—CH,), 1.68—1.29 (m, 8H,
—N-CH,-CH,—CH,—CH,;), 0.92 (t, ] = 7.4 Hz, 6H, —-N—CH,—
CH,—CH,—CH,). BC{'H} NMR (125 MHz, CDCL): § 202.7
(=CS,), 53.6 (—CH,Fc), 81.3, 70.0, 69.0, 68.8 (—Fc), 53.0, 28.7,
20.2, 13.9 (N—-CH,—CH,—CH,—CH,). IR (KBr, cm™): 1498
(veen), 1005 (vc_g). Anal. Caled for Cs,HyoN,S,Fe,Zn: C, 50.70;
H, 5.32; N, 3.70. Found: C, 50.45; H, 5.30; N, 3.68. UV—vis
[CH,CL; Ay nm (g, M™h em™)]: 265 (1.4 x 10%), 450 (0.29 X
10%).

[Bis{(N-ferrocenylmethyl-N-ethylmorpholine)dithiocarbamate-
SASjzinc(ll)] (2). Complex 2 was prepared following the procedure
used in the synthesis of complex 1 by utilizing ligand KL2 (0.351 g, 1
mmol) and Zn(CH;C0OO0),2H,0 (0.110 g, 0.5 mmol). Complex 2
was obtained as a brown precipitate. Empirical formula: [Zn(L2),].
Yield: 0.68 g, 78%. Mp: 150—155 °C. "H NMR (500 MHz, CDCL;): &
4.93 (s, 4H, —CH,Fc), 4.39 (s, 4H, C;H,), 4.19 (s, 4H, C;H,), 4.19
(s, 10H, C,Hs), 3.85 (t, ] = 5.0 Hz, 4H, —-N-CH,—CH,—N-—
(C,H,)—0), 2.64 (t, ] = 5.0 Hz, 41, —N—CH,—CH,—N—(C,H,)—
0), 3.71-3.69 (m, 8H, —N—-CH,—CH,-N-(C,H,—C,H,)—0),
2.62—2.48 (m, 8H, —N-CH,-CH,-N-(C,H,—-C,H,)-0).
BC{'H} NMR (125 MHz, CDCl,): é 203.6 (—CS,), 55.1
(=CH,Fc), 81.2, 70.0, 68.9, 68.8, 67.1 (—Fc), 54.8, 53.9, 49.9
(~N—CH,—CH,~N—(C,H,)—0). IR (KBr, cm™): 1486 (vc—y),
100S (v¢_g). Anal. Caled for C34H,4O,N,S,Fe,Zn: C, 49.58; H, 5.32;
N, 6.42. Found: C, 49.15; H, 5.35; N, 6.35. UV—vis [CH,CL; 4.,
nm (g, M™' em™)]: 265 (1.4 x 10*), 440 (0.22 X 10%).

https://doi.org/10.1021/acs.inorgchem.1c00162
Inorg. Chem. 2021, 60, 6446—6462


https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00162?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00162?fig=sch1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00162?rel=cite-as&ref=PDF&jav=VoR

Inorganic Chemistry

pubs.acs.org/IC

Scheme 2. Synthetic Methodology for the Synthesis of the Potassium Salts of the Dithiocarbamate Ligands KL1-KL4
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Poly[bis{u,-(N-ferrocenylmethyl-N-2-(diethylamino)ethylamine-
KESAS:N)zinc(Il)] (3). Complex 3 was prepared following the
procedure used in the synthesis of complex 1 from KL3 (0.428 g, 1
mmol) and Zn(CH;CO0),2H,0 (0.110 g, 0.5 mmol). A brown
precipitate was obtained in the reaction, and auburn needle-shaped
single crystals of 3 suitable for X-ray diffraction analysis were obtained
from a dichloromethane solution layered by MeOH within 2-3
weeks. Empirical formula: [Zn(L3),],. Yield: 0.67 g, 80%. Mp: 160
°C. 'H NMR (500 MHz, CDCL,): 6 4.92 (s, 4H, —CH,Fc), 441 (s,
4H, C;H,), 4.18 (s, 4H, C{H,), 4.18 (s, 10H, CHy), 3.79 (t, ] = 5.0
Hz, 4H, -N—CH,—CH,—N(CH,—CHS,),), 2.70 (t, ] = 5.0 Hz, 4H,
—N-CH,-CH,—N(CH,—CHs;),), 2.52 (q, ] = 7.0 Hz, 8H, —N—
CH,—CH,—N(CH,—CH,),), 1.02 (t, J = 7.2 Hz, 12H, -N—CH,—
CH,—N(CH,-CHj,),). BC{'H} NMR (125 MHz, CDCl,): § 202.9
(=CS,), 55.1 (—CH,Fc), 81.3, 70.0, 69.0, 68.8 (—Fc), 51.6, 49.5,
477, 123 (N—CH,—CH,—N(CH,—CH,),. IR (KBr, cm™): 1471
(ve=n), 1020 (vc_g). Anal. Caled for C34HgoN,S,Fe,Zn: C, 51.22; H,
5.97; N, 6.64. Found: C, 51.53; H, 5.99; N, 6.65. UV—vis [CH,Cl,;
Amaw 1M (g, M™1 em™)]: 267 (1.3 x 10*), 440 (0.26 X 10%).

Poly[bis{u,-N-4-methoxybenzyl-N-3-methylpyridyl)-
dithiocarbamate-k>SAS:Njzinc(ll)] (4). Complex 4 was synthesized
following the procedure used in the synthesis of complex 1 from KL4
(0.342 g, 1 mmol) and Zn(CH;C0OO0),-2H,0 (0.110 g, 0.5 mmol). A
yellow precipitate was obtained in the reaction and light-yellow
needle-shaped single crystals of 4 suitable for X-ray diffraction analysis
were obtained from a dichloromethane solution layered by MeOH
within 2—3 weeks. Empirical formula: [Zn(L4),]. Yield: 0.57 g, 85%.
Mp: 230 °C. '"H NMR (500 MHz, CDCL): 6 8.93—8.81 (m, 4H,
—C4H,N), 7.76—6.86 (m, 4H, —C4H,N, 8H, —C¢H,OCH,), 5.24 (s,
4H, —CH,—CH,N), 5.17 (s, 4H, —CH,—CH,OCH,), 3.80 (s, 6H,
—OCH,). ®C{'H} NMR (125 MHz, CDCL,): 6 209.3 (—CS,), 56.8
(~CH,—C4H,N), 55.5 (—CH,—C4H,0CH,), 53.6 (—OCH,), 159.6,
148.7, 137.7, 133.1, 129.9, 1272, 124.5, 1144 (—C4H,N,
—C4H,OCH,). IR (KBr, cm™): 1455 (vc—y), 1003 (vc_g). Anal
Caled for CyoHagO,N,S,Zn: C, $3.60; H, 4.50; N, 8.33. Found: C,
53.45; H, 4.56; N, 8.35. UV—vis [CH,Cl,; 4,,,, nm (&, M™* cm™)]:
265 (1.2 x 10%).

Procedure for the Knoevenagel Condensation Reactions.
Knoevenagel condensation reactions were carried out according to the
reported methods.>>'” In a typical reaction, benzaldehyde (0.107 g,
1.0 mmol), malononitrile (0.080 g, 1.2 mmol), and catalyst 3 (0.1 mol
%) were added to the reaction flask containing water (2 mL), and the
reaction mixture was stirred for 1 h at room temperature. After
completion of the reaction (monitored by TLC), the reaction mixture
was evaporated to get the crude mass, which was further purified by
column chromatography (ethyl acetate/hexane) to yield the pure
product. The final product was obtained as a white solid, which was
further characterized by NMR spectral analysis. The isolated yield,
characterization data, and representative NMR spectra of the
Knoevenagel condensation products are given in Data S1 and Figure
S12.

Procedure for One-Pot Multicomponent Reactions (Syn-
thesis of 2-Amino-4H-chromene Derivatives). In a typical
reaction, a reaction flask was charged with a mixture of benzaldehyde
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(0.107 g, 1.0 mmol), malononitrile (0.080 g, 1.2 mmol), cyclohexane-
1,3-dione (0.112 g, 1.0 mmol), and catalyst 3 (0.1 mol %). EtOH (2
mL) was added to the reaction flask, and the reaction mixture was
stirred for 2 h at room temperature. The progress of the reaction was
monitored by TLC. The solvent was removed in vacuo to get a crude
product, which was purified by column chromatography (ethyl
acetate/hexane) to yield the pure product. The isolated yield,
characterization data, and representative NMR spectra of 2-amino-
4H-chromene derivatives are given in Data S2 and Figure S13.

Procedure for the Preparation of Imidazopyrimidine
Derivatives. A mixture of benzaldehyde (0.107 g 1.0 mmol),
malononitrile (0.080 g, 1.2 mmol), 2-aminobenzimidazole (0.133, 1.0
mmol), and catalyst 3 (0.1 mol %) was refluxed at 80 °C in EtOH (S
mL). Progress of the reaction was monitored by TLC. Product was
obtained as a white solid, which was filtered and washed with EtOH.
The obtained solid residue was recrystallized from EtOH to afford the
pure product. The isolated yield, characterization data, and
representative NMR spectra of 2-amino-4-phenyl-1,4-dihydrobenzo-
[4,5 ]imidazopyrimidine-3-carbonitrile derivatives are given in Data S3
and Figure S14.

Single-Crystal Structure Determinations. Single-crystal X-ray
diffraction data for complex 1 were collected on a Bruker SMART
CCD diffractometer with graphite-monochromated Mo Ka radiation
at 293 K, whereas data for complexes 3 and 4 were collected on an
Oxford Diffraction X-calibur CCD diffractometer using Mo Ka
radiation at 150 K. Data reduction for 1 was carried out using Bruker
SAINT,"® while those for 3 and 4 were carried out using the CrysAlis
program.'* The structures were solved by direct methods using
SHELXS-97"° and refined on F* by a full-matrix least-squares
technique using SHELXL2016-6.'° Non-H atoms were refined
anisotropically, and H atoms were geometrically fixed with thermal
parameters equivalent to 1.2 times that of the atom to which they
were bonded. Diagrams for all complexes were presented using
DIAMOND,"”* Mercury 3.8,'"° and OLEX2'" software. Crystallo-
graphic data for 1, 3, and 4 have been deposited at the Cambridge
Crystallographic Data Centre as CCDC 2043315, 2043314, and
2043313 respectively.

B RESULTS AND DISCUSSION

Synthesis and Spectral Characterization of Ligands
and Complexes 1—4. The potassium salts of the
dithiocarbamate ligands KL1—KL4 were synthesized by
reaction of the appropriate secondary amine and CS, in the
presence of KOH in a MeOH solvent following the literature
procedure (Scheme 2). Secondary amines are prepared from
Schiff base condensation of the corresponding aldehyde and
primary amine followed by reduction with NaBH,. All ligands
were obtained as solid products, which are air- and moisture-
stable. These ligands are fully characterized by IR and NMR
spectral studies.

The zinc(II) complexes 1—4 with these ligands were
synthesized by the treatment of a MeOH solution of
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Scheme 3. Synthesis of Complexes 1—4 from the Dithiocarbamate Ligands KL1—KL4 and Metal Salts
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Zn(CH;C00),2H,0 with the ligands KL1-KL4 in a
MeOH/water (90:10, v/v) mixture in a 1:2 molar ratio.
Complexes were obtained as auburn/light yellow solids in
good yield (Scheme 3).

All complexes are air- and moisture-stable solids, which melt
in the 150—230 °C temperature range. These complexes are
soluble in dichloromethane, N,N-dimethylformamide, and
DMSO, but they are insoluble in water, EtOH, and MeOH.
Complexes are fully characterized by microanalysis and IR and
NMR spectral analyses.

IR and NMR Spectral Studies. The IR spectra of all
complexes show the vc_g and v_y vibrations in the 1003—
1020 and 1455—1498 cm™ regions, respectively, which are
diagnostic of dithiocarbamate ligand coordination.*" A
significant increase in the v¢_y frequency found in complexes
compared to the uncoordinated ligands KL1—-KL4 (1427—
1462 cm™") may be attributed to 7 delocalization of the N
atom’s lone pair of electrons over the NCS, backbone
(resonance form III in Scheme S1). IR spectra of all ligands
and complexes are given in Figures S1 and S2.

The 'H and *C{'H} NMR spectra of complexes 1—4 show
resonance signals characteristic of the ligand functionalities. In
the '"H NMR spectra, sharp singlets at chemical shift values of
4.84, 4.93, and 4.92 ppm are present because of the methylene
protons attached to the ferrocene fragment in complexes 1-3,
respectively. In 4, methylene protons attached to the pyridyl
and 4-methoxyphenyl are observed at 524 and 5.17 ppm,
respectively. The signals for the ferrocene protons are observed
at 4.40—4.18 ppm, and the associated aliphatic proton signals
are observed at 3.87—0.91 ppm in 1-3. In complex 4, the
aromatic proton resonances at 8.93—6.86 ppm and a sharp
singlet at 3.80 ppm are assigned to the methoxy protons. In
comparison to the free ligands, there is no perceptible shift in
the 'H NMR spectra of the complexes. In the “C{'H} NMR
spectra, complexes 1—3 show ferrocene carbon signals in the
range of 81.3—67.1 ppm; methylene carbon attached to the
ferrocene at 53.6, 53.0, and 5S5.1 ppm, respectively, whereas
aliphatic carbon signals are observed in the range of 54.8—12.3
ppm. Complex 4 shows signals at 56.8 and 55.5 ppm for
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methylene carbon attached to 3-pyridyl and 4-methoxyphenyl,
respectively, aromatic carbon resonances occur at 159.6—114.4
ppm, and the signal at 53.6 ppm is assigned to methoxy
carbon. All complexes displayed a single higher-field resonance
signal of the NCS, group at 202.7—209.3 ppm compared to
free ligand signals at 207.5—216.5 ppm, indicating metal—
dithiocarbamate ligand coordination due to 7 delocalization
over the NCS, backbone.®” The 'H and “C{'H} NMR
spectra of all ligands and complexes are given in Figures S3 and
S4.

Crystal Structures. The solid-state structures for com-
plexes 1, 3, and 4 have been determined by single-crystal X-ray
diffraction studies. Single crystals of the complexes suitable for
X-ray analysis were obtained by slow evaporation of a solution
of the complexes in dichloromethane layered with MeOH.
Table 1 summarizes the crystallographic data and structure
refinement details, whereas selected bond distances and angles
are listed in Table 2.

Complexes 1, 3, and 4 crystallize in the monoclinic system
with P2/¢, C¢, and I2/a space groups, respectively. Their
molecular structures are illustrated in Figures la, 2a, and 4a,
respectively. The coordination geometry about the metal
center in the mononuclear complex 1 is distorted tetrahedral
(Figure 1b) with a ZnS, core in which the two symmetric SAS-
chelating dithiocarbamate ligands L1 are bonded to the metal
atom. The Zn—S distances at 2.324(9)—2.348(9) A are
comparable to values found in the literature.'* ™ The
distortion from ideal tetrahedral geometry indicated with the
much smaller bite angles at 78.34(3) and 78.75(3)° and the
larger remaining angles in the range 119.77(4)—132.62(4)°.
The dihedral angle between the planes formed by the chelate
rings Zn(1), S(11), S(13), C(12) and Zn(1), S(41), S(43),
C(42) is 79.38(1)°, indicating that the two rings are
significantly distorted from the ideal 90°. The two four-
membered chelate rings are almost planar showing root-mean-
square (rms) deviations of 0.023 and 0.014 A. The
cyclopentadienyl planes of each ferrocene group are nearly
parallel, forming angles of 0.6(2) and 1.1(3)°, and the
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Table 1. Crystallographic Parameters for Complexes 1, 3,

and 4

Compound

chemical
formula

fw (g mol™")

cryst syst

space group

a (A)

b (A)

c (A)

B (deg)

V (&%)

V4

T (K)

Peac(g cm™)

u(Mo Ka)
(mm™")

F(000)

reflns collected

indep reflns

reflns with I >
206(I)

final indices R;,”

wR, [I >
26(1)]

R,% wR,” (all
data)

GOF*

residual electron
density, e A7

1
Cy,HyoFe,N,S,Zn

757.97
monoclinic
P2,/c
12.4053(12)
13.7811(13)
19.8616(19)
103.240(3)
3305.3(S)

4

293(2)
1.523

1.864

1568
52215
8222
6200

0.0374, 0.0949

0.0636, 0.1198

0.975
0.481, —0.693

3
CysHyoFe,N,S,Zn

844.11
monoclinic
Cc
19.1088(8)
13.7251(4)
14.0935(4)
91.153(3)
3695.5(2)
4

150(2)
1.517
1.677

1760
12041
6405
5670

0.0413, 0.0843

0.0498, 0.0886

1.027
0.479, —0.435

4

C30 H30 N4
0, S, Zn

672.19
monoclinic
2/a
16.5867(7)
11.9202(6)
15.0635(6)
96.338(4)
2960.1(2)
4

150(2)
1.508
1.148

1392
7492
4137
3444

0.0389,
0.0864

0.0519,
0.0923

1.010

0.521,
—0.429

“R, = YIIF,| — IEI/YIF. PwR, = {[Tw(F,2 — F2)/Yw(F.2)*}2
‘GOF=S={Y[w(F - F»*/(n— p)}l/z, where 7 is the number of

reflections and p is the number of the refined parameters.

conformations of the pairs of five-membered rings are nearly
eclipsed with torsion angles of 0.8(1) and 7.6(1)°, respectively.

The molecular packing is dominated by close interactions
between ferrocene groups. Notable among these is Fel with
Fe2 on neighboring molecules, thus, Fel---Fe2 (1 + x, —1 + y,
z) at a distance of 7.243(5) A and Fel--Fe2 (1 + x,y, z) at a
distance of 7.566(5) A, which gives rise to a zigzag-wave-

layered structure, as shown in Figure lc. A 1D polymeric chain
structure is sustained through C—H--z (ferrocene) inter-
actions (Figure SS), and dimensions are given in Table S1.

Interestingly, the Zn(II) metal center in complex 3 exhibited
a distorted square-pyramidal geometry (Figure 2b) around the
metal ion in which a Zn(II) ion is bonded with two SAS-
chelating dithiocarbamate L3 ligands in the equatorial plane,
and a free NS3 atom present on the 2-(diethylamino)-
ethylamine group of the adjacent molecule is occupying the
apical position (Figure 2c). This is also supported by the
calculated geometrical index value (7) 0.258. Thus, a
spectacular wavelike 1D CP structure (Figure 2c,d) is formed
in which ligand L3 is uniquely bonded in a Uyl >-N,S,S-
bridging/chelating fashion. While two of the Zn—S distances in
the equatorial plane, i.e., Zn—S13 and Zn—S43 at 2.3841(13)
and 2.3589(13) A, respectively, are similar to those found in
complex 1. However, the Zn—S11 and Zn—S41 bond distances
of 2.5804(13) and 2.5988(12) A, respectively, are significantly
longer although still within the literature range.””'® The axial
Zn—N53 bond distance is 2.151(4) A. The two four-
membered chelate rings show rms deviations of 0.01 and
0.022 A, and also they intersect at an angle of 40.3(1)°, thereby
showing a tetrahedral twist. The four S atoms in the equatorial
plane show a rms deviation of 0.134 A, and the Zn(II) metal
ion is situated 0.537(2) A away from the plane in the direction
of the axial-coordinated N atom of the 2-(diethylamino)-
ethylamine group.

Similar to complex 1, complex 3 also displays a wavelike-
layered arrangement of the ferrocene moieties along the a
crystallographic axis (Figure 3); each Fe atom of a chain is
linked to two Fe atoms on the neighboring ferrocene groups at
Fe—Fe distances of 7.418(5) and 7.458(5) A. The distances
between two Fe atoms on the adjacent chains are at 6.918(5)
and 7.338(6) A. The cyclopentadienyl planes in each ferrocene
moiety are nearly parallel [angles of intersection are 2.57(2)°
and 2.83(2)°] and their conformations are nearly eclipsed [1.6
and 1.6° rotations].” The supramolecular structure is sustained
through C—H--z (ZnCS,, chelate), C—H--x (ferrocene), and
H--H interactions (Figures S6—S8), and dimensions are given
in Table S1.

Table 2. Bond Lengths (A) and Bond Angles (deg) in the Metal-Coordinated Sphere of the 1, 3, and 4 Complexes

1 3 4
Bond Length
Zn1-S11 2.3307(9) Zn1-N53“ 2.151(4) Zn1-N34" 2.1768(16)
Zn1-S13 2.3246(8) Zn1-S11 2.5804(13) Zn1-S11 2.5896(6)
Zn1—-S41 2.3483(8) Zn1-S13 2.3841(13) Zn1-S13 2.4807(5)
Znl1-543 2.3320(9) Znl1-S41 2.5988(12)
Zn1-S43 2.3589(13)
Bond Angle
$13—Znl1-S11 78.76(3) N53“—Zn1-543 108.99(11) N34°—Zn1-N34° 86.75(8)
$41-Zn1-S11 119.77(3) N53“~Zn1-S13 110.55(11) N34”—Zn1-5137 101.63(4)
S11-Zn1-S43 131.82(3) S43—Zn1-S13 140.43(5) N34°—Zn1-§137 93.73(4)
S41-Zn1-843 78.34(3) $13—Zn1-S11 72.59(4) $13—Zn1-S13¢ 158.86(3)
N53“—Zn1—S41 103.62(10) N34°—~Zn1-811¢ 163.30(4)
$43—Zn1-S41 72.78(4) N34°~Zn1-§11¢ 91.29(4)
S13—Zn1-S41 99.19(4) S13—Zn1-S11¢ 95.036(19)
S11-Zn1-S41 155.93(5) $139-Zn1-811¢ 70.415(17)
S119— Zn1- S11 95.19(3)

“Symmetry elements: x, 2 — y, !/, + z. "Symmetry elements: 1 — x, 1 — y, 1 — z. “Symmetry elements: '/, + x, 3/, — y, z. “Symmetry elements: */,

-xyl1—-=z
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Figure 1. (a) Molecular structure of 1. Thermal ellipsoids are shown at the 50% probability level. (b) Distorted tetrahedral geometry around the
Zn(II) metal ion. (c) Wavelike-layered structure formed by the stacking of ferrocene moieties. The remaining atoms in the molecules are omitted

for clarity.
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Figure 2. (a) Coordination environment of complex 3 showing the atom-numbering scheme depicted with 50% probability for thermal ellipsoids.
(b) Distorted square-pyramidal geometry around the metal atom. (c) 1D CP chain running via Zn—N bonds, resulting in a wavelike structure. (d)
View of the packing diagram in the space-filling mode along the a axis.
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Figure 3. Wavelike architecture formed by the stacking of ferrocene moieties in complex 3 along the crystallographic a axis. The molecular skeleton

except for the ferrocene moieties is omitted for clarity.

C

Figure 4. (a) Molecular structure of 4 drawn with 50% probability for thermal ellipsoids. (b) Distorted octahedral geometry around the Zn(II)
metal ion. (c) 1D CP chain along the ¢ axis in 4 formed through intermolecular Zn—N bonds. H atoms are omitted for the sake of clarity.

Upon switching from complexes 1 and 3 formed with the
ferrocenyl-functionalized dithiocarbamate ligands L1-L3 to
complex 4 formed with the pyridyl-functionalized dithiocarba-
mate ligand L4, a different structure is found. The Zn(II) metal
ion in complex 4 is situated on a crystallographic 2-fold axis
with a distorted 6-coordinate octahedral environment. The
metal is bonded to four S atoms from two S,S-chelated
dithiocarbamate ligands L4 (Figure 4a,b) in which the Zn—S$
distances are 2.4807(5) and 2.5896(6) A.'**~%' The
remaining two mutually cis coordination sites are occupied
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by two 3-pyridyl(N) atoms from the two neighboring Zn(L4),
units, thus resulting in the formation of an intriguing 1D CP
structure (Figure 4c). The Zn—N distances at 2.1768(16) A
are well within the expected range.si’ls‘1 The equatorial plane
formed by S11, S13, S13’, and N34 show a rms deviation of
0.189 A, with the metal atom 0.130(1) A from that plane.
However, the N34'—Zn—S11" angle is not linear and subtends
an angle of 163.30(4)°, thus considerably deviating from the
ideal value of 180°. Complex 4 also forms supramolecular
structures similar to those of complexes 1 and 3. These
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Figure S. (a) UV—vis absorption spectra of complexes 1—4 in a CH,Cl, solution. (b) d—d absorption band of complexes 1-3. (c) UV—vis
absorption spectra of the ligands KL1—KL4 in a MeOH solution. (d) d—d absorption bands of ligands KL1—-KL3.

structures are sustained via C—H--z (ZnCS,, chelate) and C—
H---z (Figures S9 and S10) interactions, and dimensions for
these interactions are given in Table S1.

A notable feature in the crystal packing of complexes 3 and 4
is the existence of supramolecular architectures stabilized by
C—H-x (ZnCS,, chelate) interactions (Figures S6 and S9),
thereby strengthening their observed polymeric structures.
Tiekink and Zukerman-Schpector have also described the
structural features of C—H--z (MCS,, chelate) interactions
between MS,C chelate rings in metal bis(1,1-dithiolates); for
metal bis(dithio) complexes, the values of @ < 20, f} ranging
from 110 to 180° and d between 2.4 and 3.6 A were key to
assessing the interactions, where « is the angle between the
perpendicular to the ring and the Cg:--H vector,  the Cg---H—
C angle, and d the Cg---H distance. Recently, we also reported
similar C—H-7 interactions in heteroleptic nickel(II) 1,1-
dithiolatephosphine complexes.”

In 3, there is an intermolecular ferrocenyl H34 and an
intramolecular methylene HS6B, which interact with the
centroid Cg of ZnS,C chelate rings, having parameters a =
19 and 16°, f = 138 and 112° and d = 2.86 and 2.96 A,
respectively. In complex 4, ortho H33 of the 3-pyridyl group
interacts with Cg having parameters a = 6°, f = 113°, and d =
2.771 A, which are well within the ra.nge20 (Figures S6 and S9).

In 1, 3, and 4, the C—N bond lengths of the dithio unit are
in the range of 1.315 (4)—1.336(3) A, intermediate between
the C—N (1.47 A) and C=N (1.28 A) bond lengths, thereby
indicating the partial double-bond character of the C—N bond.
The C—S bond distances at 1.703(2)—1.739(3) A are shorter
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than the C—S single-bond distance of 1.82 A due to #
delocalization over the NCS, backbone. The effect of =z
delocalization has also been seen in the *C NMR spectra of
the complexes, as discussed in the NMR section.

We also examined the phase purity of the bulk samples of 1,
3, and 4 by comparing the experimental PXRD patterns with
the respective simulated powder patterns obtained from the
single-crystal data. The experimental and simulated PXRD
patterns matched well, indicating the phase purity of the bulk
samples (Figure S11).

UV-Vis Absorption Spectral Studies. The UV-—vis
absorption spectra (Figure S) of the potassium salts of the
dithiocarbamate ligands KL1-KL4 in MeOH and their
corresponding zinc(II) complexes 1—4 in a dichloromethane
solution have been recorded at room temperature at 10~* and
107> M concentration. The former show medium broad
absorptions near 260 nm [(1.3—1.9) X 10* M™' cm™")] and
290 nm [(1.0—1.3) X 10* M~ cm™"], whereas the latter show
a strong broad band extending between 250 and 300 nm,
which are assigned to ligand-centered and metal-perturbed
ligand-centered charge-transfer transitions, respectively. In the
ligands KL1—KL3 and their respective complexes 1—3, the
appearance of an additional medium broad absorption near
450 nm [(0.22—0.29) X 10°> M~'ecm™] is characteristic of the
ferrocenyl fragment.”"”’

Catalytic Studies. Complexes 1—4 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 zinc(II) dithiocarbamate ligand
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complexes are synthesized and used as catalysts in C—C, C-0,
and C—N bond formation reactions. The presence of the
exposed Lewis acidic sites [Zn(II) center] and basic sites [2-
(diethylamino)ethylamine-N] in the complexes make com-
plexes applicable for organic transformation reactions.
Knoevenagel Condensation Reaction. The catalytic
activities of complexes 1—4 were evaluated in the Knoevenagel
condensation reaction. The screening of complexes as catalysts
was assessed by a model reaction involving the reaction of
benzaldehyde (1.0 mmol), malononitrile (1.2 mmol), catalyst
(0.5 mol %), and MeOH (2 mL) at 60 °C temperature under
air, which resulted in the formation of benzylidene
malononitrile as the principal product (Table 3, entries 1—

Table 3. Catalyst Screening for the Knoevenagel
Condensation of Benzaldehyde with Malononitrile”

(0]
CN
_— Catalyst (1-4) N CN
CN CN
tem yield”
entry catalyst mol % time (°C solvent (%)
1 1 0.5 1h 60 MeOH 92
2 2 0.5 15 min 60 MeOH 95
3 3 0.5 1S min 60 MeOH 93
4 4 0.5 2h 60 MeOH 92
S 2 0.5 15 min 25 MeOH 85
6 3 0.5 1S min 25 MeOH 92
7 3 0.1 1h 25 MeOH 81
8 3 0.2 1h 25 MeOH 84
9 3 0.3 1h 25 MeOH 85
10 3 0.1 1h 25 SS
11 3 0.1 1h 25 DCM 94
12 3 0.1 1h 25 hexane 84
13 3 0.1 1h 25 DMSO 97
14 3 0.1 1h 25 THEF 77
15 3 0.1 1h 25 acetonitrile 77
16 3 0.1 1h 25 toluene 93
17 3 0.1 1h 25 ethyl acetate 72
18 3 0.1 1h 25 water 96
19 1h 25 water 40
20 Zn(OAc), 0.1 1h 25 water 44
21 KL3 0.1 1h 25 water 48

“Reaction conditions: benzaldehyde (1 0 mmol) and malononitrile
(1.2 mmol) under an air atmosphere. “Isolated yield.

4). The catalysis result showed that 100% aldehyde conversion
occurred in 1 and 2 h, respectively, when complexes 1 and 4
are used as catalysts, whereas with complexes 2 and 3, this
conversion was completed in 15 min with isolated yields of
>93%.

The crystal structures of complexes indicated that the metal
centers in complexes 1 and 2 displayed tetrahedral geometry,
whereas 3 and 4 exhibited square-pyramidal and octahedral
geometries, respectively. Therefore, complexes 1—3 have open
coordination sites/site at Zn(II) to interact with benzaldehyde,
thereby enhancing the electrophilicity of the aldehyde
functional group, which resulted in better reactivity. However,
high activities of complexes 2 and 3 are attributed to the
presence of the free basic moieties morpholine (in 2) and 2-
(diethylamino)ethylamine-N (in 3), in addition to an open
coordination site. In complex 4, the activation of benzaldehyde
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by a metal complex was insignificant because there is no open
coordination site at the Zn(II) center and lower activity was
expected. The catalytic studies have revealed that complexes 2
and 3 might be behaving as bifunctional catalysts, and
therefore high catalytic activities were promoted synergistically
by the dual nature (Lewis acidic and basic) of the complexes.
To ensure that complex 2 or 3 is the best catalyst, we also
performed the same reaction using complexes 2 and 3 at 25 °C
and isolated yields were ~8S and 92%, respectively (Table 3,
entries S and 6). This indicated that the catalytic performance
of complex 3 is better than other complexes, which can be
explained by considering the presence of a free 2-
(diethylamino)ethylamine-N fragment in the 1D-coordinated
polymeric structure of the complex (Figure 6) .

Lewis Acidic Site >
LewisBasic Site

b4

(\
\\/

Figure 6. Schematic representation of the bifunctional zinc(II)
dithiocarbamate complex 3 with labeled catalytic active sites and a
metal coordinating site.

The effect of catalyst loading was also studied. It is revealed
that a low catalyst loading resulted in a slight decrease in the
catalytic activity (Table 3, entries 7—9). Furthermore, a
reaction carried out under neat conditions with 0.1 mol %
catalyst 3 at room temperature gave 55% yield in 1 h (Table 3,
entry 10). To test the catalytic efficiency in different solvents,
experiments were performed in H,0, DMSO, ethyl acetate,
dichloromethane, acetonitrile, hexane, THF, and toluene. It
can be revealed from Table 3 (entries 11—18) that higher
conversion was achieved in water as a solvent in comparison
with other organic solvents under similar reaction conditions
and excellent yield (96%) was obtained with 0.1 mol % catalyst
3 and substrates (benzaldehyde and malononitrile) within 1 h
of reaction time. The controlled experiments showed that the
Knoevenagel condensation reactions also occurred without
using a catalyst, which yielded ~40% product in 1 h of reaction
time (Table 3, entry 19). Additionally, the reactions utilizing
separate Zn(OAc), salt and the dithiocarbamate ligand KL3
result in 44% and 48% isolated products (Table 3, entries 20
and 21), respectively. These controlled experiments clearly
indicated that a zinc(II) complex played a crucial role in the
Knoevenagel condensation reactions and hence can be
efficiently used as a catalyst. The details of comparative studies
among various bifunctional MOF/CP catalysts used in the
Knoevenagel condensation reactions between benzaldehyde
and malononitrile along with our investigation are presented in
Table S2. There are several advantages of using our catalyst
like performing reaction in water at 25 °C and the isolated
yield is >96% in 1 h, which is comparable to the some of the
reported catalysts. In addition to this, the low catalyst loading
(0.1 mol %) to achieve excellent yields similar to those
reported in the literature makes our complex a better catalyst.

Furthermore, the substrate scope for the Knoevenagel
condensation reactions catalyzed by complex 3 has been
explored, and the results are given in Table 4. The nature of
the substituent on the benzaldehyde ring has no significant
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Table 4. Knoevenagel Condensation Reactions of Aromatic Aldehydes with Malononitrile Using Catalyst 3“

CN

j)L . Catalyst 3 H CN
R” H cN  H,0 (2mL), 1h,rt. < o
1a 2a (3a-n)
Entry R Product Yield® % Entry R Product Yield" %
H CN H CN
1 -CeHs d_<CN 96 8 4-OMeCeHa {;§_<CN 89
3a MeO
H CN 3h
— H CN
2 4-FCHs CN 96 —
9 4-CH3CoHa CN 91
F
3b H,;C
H CN 3i
— H CN
3 4-CICsHq CN 93 —
10 4-CH2CH;3CoHs CN 88
Cl
3¢
T H,;CH,C .
— gj .
N
4 4-BrCsHa CN 92 _
CN
Br 11 4-N(Me)2CeHy4 91
3d
H CN -~
= 3k
5 4-NO2CeHa {;§_<CN 95 H CN
O,N 12 1-Naphthalenyl O CN 90
x O
H CN
— 3l
6 4-CN CoHa CN 96 H CN
! CN
NC 13 3-Pyridyl N\ 84
3f =
H CN H3'“ -
- CN —
7 4-OH,3-OMe 95 . /7 oN
CoH3 {;§_< 14 2-Thienyl 93 82
HO OMe 3n
3g

“Reaction conditions: aldehyde (1.0 mmol), malononitrile (1.2 mmol), water (2 mL), room temperature, and time (1 h) under an air atmosphere.

blsolated yield.

effect on the yield of the product, and good-to-excellent yields
were obtained with benzaldehyde derivatives containing either
electron-withdrawing or -releasing substituents (Table 4,
entries 2—11). Similarly, the use of 1-naphthaldehyde (fused
aromatic system) also yielded 90% corresponding product
(Table 4, entry 12). However, heteroaromatic aldehydes (3-
pyridinecarboxaldehyde and 2-thienylcarboxaldehyde) pro-
vided slow reaction and lower yields (Table 4, entries 13
and 14).

Multicomponent Reaction. Synthesis of 2-Amino-4H-
chromene Derivatives. The formation of 2-amino-4H-
chromene derivatives from the one-pot reaction of aromatic
aldehyde, malononitrile, and active methylene cyclic 1,3-
diketone has also been explored using complex 3 as a catalyst.
The catalytic results are summarized in Table S. The reaction
of benzaldehyde, malononitrile and cyclohexane-1,3-dione in
EtOH at room temperature occurring in the absence of catalyst
3 yielded a trace amount of product 5a (Table S, entry 1).
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However, the addition of a catalyst facilitated the reaction and
afforded the products Sa—Sl with 85—97% isolated yield
(Table S, entries 2—13). The catalyst scope in the chromene
derivative synthesis was investigated with aromatic aldehydes
(benzaldehyde, 4-nitrobenzaldehyde, 4-methoxybenzaldehyde,
and 3-pyridinecarboxaldehyde) and cyclohexane-1,3-diones
(cyclohexane-1,3-dione, $,5-dimethylcyclohexane-1,3-dione,
and S-phenylcyclohexane-1,3-dione). It has been revealed
from the catalysis result that with all aromatic aldehydes
good-to-excellent yields of the desired product were obtained.
The highest yields were obtained with 4-nitrobenzaldehyde
irrespective of used 1,3-dione (Table S, entries 3, 7 and 11). It
is interesting to note that when cyclohexane-1,3-dione was
replaced with either S,5-dimethylcyclohexane-1,3-dione (en-
tries 6—9) or S-phenylcyclohexane-1,3-dione (entries 10—13),
excellent yields of the corresponding products were obtained.
It can be deduced that complex 3 showed promising catalytic
activity for the one-pot multicomponent synthesis of 2-amino-

https://doi.org/10.1021/acs.inorgchem.1c00162
Inorg. Chem. 2021, 60, 6446—6462


https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00162?fig=tbl4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00162?fig=tbl4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00162?fig=tbl4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00162?fig=tbl4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00162?fig=tbl4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00162?fig=tbl4&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00162?rel=cite-as&ref=PDF&jav=VoR

Inorganic Chemistry pubs.acs.org/IC

Table S. One-Pot Multicomponent Reactions for the Synthesis of 2-Amino-4H-chromene Derivatives”

0 [0 R
(0} CN X Catalyst 3 (0.1 mol%) CN
RJLH * - EtOH (2 mL), 2 h, .t | |
CN X 0~ “NH,
0 Y
1a 2a 4a (5a-1)
X, Y=H
X = CHj, H, and Y= CHj;, Phenyl
Entry R 4a(X, Y) Product Yield® % Entry R 4a(X, Y) Product Yield® %
H,H OMe
0]
1 -CsHs M CN K 8 4-OMeCeHa CHs, CHs [o 85
0~ "NH,
5a
(0]
2 -CeHs H,H CN 92
| o | NH. 9 3-Pyridyl CH3s,CH3 96
2
5a
NO,
3 4-NO2CeHs H,H o 95
M N 10 CeHs H,Ph 91
0~ “NH,
5b
OMe
4 4-OMeCgH. HH o
OMeCeHs ’ 8 11 4NO:CeHs | H, Ph 96
5 3-Pyridyl H,H 86
12 4-OMeCsHa | H, Ph 90
[0]
6 -CsHs CH3, CHs R CN 95
0~ "NH,
se 13 3-Pyridyl H, Ph 91
NO,
7 4-NO2CeHs CH3,CHs o 97
CN
| |
0~ “NH,
sf

“Reaction conditions: aldehyde (1.0 mmol), malononitrile (1.2 mmol), 1,3-diketone (1.0 mmol), EtOH (2 mL), room temperature, and time (2 h)
under an air atmosphere, “Isolated yield. “Reaction without catalyst.

4H-chromene derivatives. Kathiresan and co-workers have also synthesis of imidazopyrimidine derivatives. The one-pot
achieved a very high yield of 2-amino-4H-chromene derivatives reaction of benzaldehyde, malononitrile, and 2-aminobenzimi-
(>90%) using Zn-Bp-BTC MOF as a heterogeneous catalyst, dazole in EtOH was chosen as the model reaction, with 0.1
but they have run the reaction for longer time (S h). Similarly, mol % catalyst 3 resulting in 72% isolated product in 4 h of
the zinc(Il) f-oxodithioester complex also behaves as a reaction time at 80 °C refluxed conditions. The results are
bifunctional catalyst for multicomponent reactions, and summarized in Table 6. Similar to the Knoevenagel reaction
excellent yields were obtained.” and one-pot 2-amino-4H-chromene synthesis, this reaction
Synthesis of Imidazopyrimidine Derivatives. We have also also proceeds in the absence of a catalyst, but only a trace
tested the usefulness of complex 3 as a catalyst for the one-pot amount of the product was obtained (Table 6, entry 1). We
6457 https://doi.org/10.1021/acs.inorgchem.1c00162
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Table 6. One-Pot Multicomponent Reactions for the Synthesis of Imidazopyrimidine Derivatives”

R CN
o CN N A\
JL . < . N>—NH Catalyst3 (0.1 mol%) N NH,
/
RTSH 0N N EtOH, 80°C, 4h. ©:N/>_NH
la 2a 6a (7a-1)
Entry R Product Yield® % Entry R Product Yield” %
HO OMe
CN
1 -CeHs -¢ CN
N V—nm, 8 4-OH, 3-OMe 65
(:[N)’NH CeH3 N N NH,
NH
7a C[N/)’
g
CN MeO,
2 -CeHs Q 72
N NH, CN
NH
@Nb’ 9 4-OMeCsHa g N P
7a ©: )—NH
F, N
7h
3 4-FCsHa CN 74 H;C,
N D—nm, CN
/)~ N\H §
©:N>’ 10 4-CH3CeHa R N
7b (:[ />’NH
Cl N
7i
CN H,CH,C
4 4-CIC¢H. 75
o N Y—NH, CN
©: p—NH 11 4-CH2CH:CoHs Q 72
N N NH,
Tc NH
Br. (:[N%
7i
CN
5 74 O
5 4-BrCsHa N N\ NH, O
CN
@[N?’NH 12 1-Naphthalenyl 7
7d AR
O,N, />/NH
N
CN . 7k
6 4-NO2C¢H. 74 -
o ©:N A A e
/>,NH
N 13 3-Pyridyl A T 71
Te NH
NG e
71
CN
7 4-CNCsHa R .
oot
N
7f

“Reaction conditions: aldehyde (1.0 mmol), malononitrile (1.2 mmol), 2-aminobenzimidazole (1.0 mmol), EtOH (S mL), and 80 °C temperature.
bIsolated yield (based on the product obtained after crystallization). “Reaction without catalyst. Time 4 h.

have established the optimized reaction conditions and
successfully synthesized a variety of 4-amino-1,2-
dihydrobenzo[4,S]imidazo[1,2-a]pyrimidine-3-carbonitrile de-
rivatives 7a—71 (Table 6, entries 2—13). To further investigate
the substrate scope for this reaction, varieties of aromatic
aldehydes including substituted benzaldehyde, 1-naphthalde-
hyde, and 3-pyridinecarboxaldehyde are used in the study. All
aldehydes used in this study form the corresponding product in
moderate-to-good yield.

To demonstrate the practical synthetic utility of catalyst 3, a
gram-scale experiment was performed for the synthesis of 3a
(Table 4, entry 1). The treatment of benzaldehyde (1.07 g, 10

mmol), malononitrile (0.746 g, 12 mmol), and catalyst 3 (0.1
mol %) in water (20 mL) under the same optimized protocol
gave product 3a in good isolated yield (1.10 g, 72%). Similarly,
we have also performed the synthesis of Sa (Table S, entry 1)
on a gram scale with benzaldehyde (1.07 g 10 mmol),
malononitrile (0.746 g, 12 mmol), cyclohexane-1,3-dione (1.12
g, 10 mmol), and catalyst 3 (0.1 mol %) in EtOH (20 mL),
which furnish product Sa in 77% isolated yield (2.05 g).
Plausible Mechanism for the Knoevenagel and
Multicomponent Reactions. The reaction mechanisms for
the Knoevenagel condensation and one-pot multicomponent
reactions are well established and documented in the
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. sb—d,6h,22,3jk ) . .
literature.”~“°"*>?" The plausible mechanism for organic

transformation reactions are depicted in Schemes S2 and S3.
As illustrated in Scheme S2, the Knoevenagel condensation
reaction of benzaldehyde with malononitrile was initiated with
the activation of carbonyl carbon (I) of benzaldehyde by
catalyst 3, which increases its electrophilicity. A malononitrile
nucleophile, (CN),CH™ (II), is generated by proton
abstraction by the basic site (—NEt,) of the catalyst, which
then attacks the activated aldehyde and results in C—C bond
formation (III). The next step involves the dissociation of an
intermediate from the catalyst surface followed by dehydration
to give the benzylidene malononitrile as the Knoevenagel
condensation product I, and also a catalyst is regenerated.Sb’éh

The plausible mechanistic scheme for both multicomponent
reactions is shown in Scheme S3. The multicomponent
reaction A involves the attack of enolate generated from 1,3-
cyclohexanedione (VI) on the in situ generated Knoevenagel
condensation product I, which results in a second C—C bond
formation via Michael addition reaction (VII).”> This was
followed by tautomerization and intramolecular cyclization
(C—O bond formation) to form a 2-amino-4H-chromene
derivative as the multicomponent reaction product IL
Similarly, in the multicomponent reaction B, the in situ
generated Knoevenagel condensation product I and 2-amino-
benzimidazole led to C—N bond formation via Michael
addition reaction (X). Finally, the imidazopyrimidine deriva-
tive product III was formed by tautomerization, followed by
intramolecular concerted cyclization (second C—N bond
formation) of Michael adduct X.>"*

B CONCLUSIONS

New ferrocenyl/pyridyl-functionalized zinc(II) dithiocarba-
mate complexes 1—4 have been synthesized and fully
characterized. Single-crystal X-ray diffraction revealed discrete
tetrahedral mononuclear complex 1 and CP structures for 3
and 4. The dithiocarbamate ligands are bonded to the metal
center in a SAS bidentate mode in these structures, but
additionally in complexes 3 and 4, the N atom on the 2-
(diethylamino)ethylamine and 3-pyridyl functionalities on the
neighboring molecules are uniquely bonded to the metal
center, forming 1D CP structures in which the square-
pyramidal and octahedral geometries are established, respec-
tively, about the metal center. Complexes have been applied as
catalysts in the Knoevenagel condensation and one-pot
multicomponent reactions. In particular, complex 3 serves as
an excellent bifunctional heterogeneous catalyst for the
Knoevenagel condensation and one-pot multicomponent
reactions for the synthesis of useful chemicals. The higher
catalytic activity of the 5-coordinate square-pyramidal complex
3 is ascribed to its Lewis acidic character because of the labile
coordinative behavior of the metal center. Thus, the steric and
electronic properties of the substituents on the dithiocarba-
mate backbone have a substantial impact on the structures and
catalytic properties of the complexes. Notably, the Knoevena-
gel catalytic transformations of the present series of complexes
are superior compared to the S-oxodithioester ligand
complexes because of the remarkable differences in the
features of the two ligands described (vide supra) in the
Introduction. As a result of its mild condition and high
efficiency, this catalytic system may be useful in the synthesis
of biologically important and other useful chemicals. This
study describes an environmentally benign way of carrying out
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a zinc-complex-catalyzed C—C/C—0O/C—N coupling reaction
in water and even in solvent-free conditions.
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