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3.1 Introduction

Nickel cataysis has made tremendous advances in organic synthesis for the construction of
small and complex molecules [1-2]. Nickel was first identified and isolated by the Swedish
Chemist Baron Axel Frederich Cronstedt in 1751 [3]. Initially, nickel was thought to be of not
much use, but later the demand increased intensely due to its remarkable properties such as
hardness, corrosion resistance, cost-effectiveness, and recyclability. Mostly itisfound in steels
and metd alloys but is also used in the production of permanent magnets and batteries [4]. It
is the extensively used element in metal-based catalyst and its first application as a
hydrogenation catalyst led to the Nobel Prize in Chemistry in 1912 [5]. Later on, its catalytic
applications were observed in several processes, such as steam reforming [6], hydrogenolysis
[7], desulfurization [8], reductive amination [9], and methanation [10]. Regardless of the
enormous success and broad applications of the Ni catalyst in industry, Ni metal and its salts
as catalysts are still not able to fulfill the desired requirements viz. activity, selectivity, and
stability for many organic transformations. Tremendous research efforts have been made to
improve the properties of traditional nickel catalyst and severa nickel complexes of
phosphines [11], bipyridines [12], Schiff bases [13] and N-heterocyclic carbenes [14] are
widely explored in organic synthesis. Nickel complexes are used as catdysts for severd
organic reactions due to low cost, high abundance, ease of synthesis, higher reactivity,
excellent thermal, and air stability [15-16]. They are utilized in different organic reactionslike
alkane and alkene oxidation [17], alkynylation of trifluoromethyl ketones[18], hydrogenation

of ketones[19], and cross-couplings [20], etc.

C-X (X = carbon, oxygen, nitrogen, sulfur) cross-coupled products are important synthetic
intermediates in the biochemistry and pharmaceutical industry [21]. This includes DNA
cleavage, stabilisation of peptides in proteins, drugs, flavours, combinatorial synthesis and in
the design of rechargeable lithium batteries. The aromatic carbon-sulfur bond formationisan
important synthetic organic transformation [22]. The ubiquitous distribution of organosulfur
functionalitiesin nature and biological systems representsits essential role in the maintenance
and growth of life[23-24]. Organosulfur motifs widely exist in natural bioactive products and
synthetic drugs, which has led to their application in the pharmaceutical industry [25-26]. A
number of drugs in therapeutic areas such as diabetes and inflammatory, immune,
Alzheimer’s, and Parkinson’s diseases contain the organosulfur functionality. Few examples

of drugs containing organosulfur unit, which are employed as anti-depressant [27], anti-
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tumour [28], antibacteria [29], anti-inflammatory, MCF-6 growth inhibitor [30] and LFA-
1/ICAM-1 inhibitor [31] are givenin Figure 3.1.
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Figure 3.1 Selected examples of biologicaly active organosulfur derivatives

Organosulfur compounds can be synthesized by addition, substitution, and cross-coupling
reactions. The traditional protocols for the synthesis of organosulfur compounds utilize
transition metal-catalyzed cross-coupling of nucleophilic sulfur and eectrophilic carbon
source [32-33]. Among numerous reported procedures, palladium and copper-based catalysts
arewidely used under basic conditions. In addition, nickel, iron, indium, and other metal -based
catalysts are aso employed as effective catalysts for this transformation. However, many
reports are available on palladium catalysts, whereas the applications of nickel and other
transition metal complexes for C-S coupling are limited. Most of the palladium-catalyzed
reactions are based on a Pd(0)/Pd(l1) catalytic cycle. Similarly, Ni(0)/Ni(ll) catalytic cycles
are prevalent, but many transformations are aso based on Ni(l)/Ni(I11), Ni(Q)/Ni(l11)/Ni(l),
Ni(I1)/Ni(IV) or cyclesinwhich Ni remainsin the Ni(l) state for the entire catalytic cycle [34-
35].

3.1.1 Nickd metal complexesfor C-S cross-coupling reaction

Nickel complexes of Schiff base ligands have been extensively employed in various organic

reactions including, polymerization [36], ring-opening of epoxides [37], Michael reactions
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[38], epoxidation of olefins [39], nitroaldol condensation [40], transfer hydrogenation of

ketones [41], etc., whereas afew reports are avail able for the C-S cross-coupling reactions.

Barman and coworkers reported o-aminophenol based Schiff base Ni(ll) complex 1 (Figure
3.2) as a catalyst for the reaction of akyl/aryl/benzyl chlorides with different thiophenol
derivativesin presence of KOH in DMF. The aromatic chlorides having electron-withdrawing
groups provided better yields in comparison with those having eectron-donating groups.
Benzyl chlorides were found to be most reactive and this protocol afforded a variety of C-S
cross-coupled productsin good to excellent yields[42]. Morales and coworkers reported eight
fluorinated bis-imino Ni(I1) NNN pincer complexes 2a-h (Figure 3.2) for the thiolation of
diakyl/diaryl disulfides with iodobenzene derivatives using Zn metal as a reducing agent in
DMF. From all the tested complexes, 2e afforded higher yields of thiolated products [43].
They further extended the scope of reaction and obtained products in moderate yields from
bromobenzene derivatives by changing temperature from 110 to 160 °C [44]. They also
proposed an air and moisture stable phosphinite Ni(Il) PCP pincer complex 3a (Figure 3.2)
for thiolation of iodobenzene with dialkyl/diaryl disulfides. Six derivatives of dialkyl/diaryl
sulfides were prepared in excellent yields. They aso proposed the mechanism for this
transformation, which involved a 15-electron Ni(l) radical and a nickel thiolate intermediate
[45]. Zhang et al. provided a mechanistic investigation of the sulfenylation reaction of aryl
halides with thiophenol derivatives using complexes 3a-d (Figure 3.2). Complexes 3b-d
exhibited less activity than 3a due to the presence of sterically bulky groups at phosphorus
atom which causes steric congestion at the nickel centre. 3!P{*H} NMR spectroscopy
suggested the formation of nickel thiolate complexes and participation of base in the
generation of the active catalyst [46]. In another report, Moraes and coworkers proposed a
series of six SPS-Ni(ll) pincer complexes 4a-f (Figure 3.2) with different para-substituted
triphenyl phosphines. All complexes were tested for the sulfenylation reaction of iodobenzene
and diphenyldisulfide with Zn as a reducing agent in DMF. Using complex 4a, different
dialkyl and diaryl disulfides on reaction with iodobenzene derivatives resulted in excellent
yields of sulfides[47]. Serrano-Becerra et al. disclosed the synthesis and catalytic activity of
phosphinite thiophosphinito POCSP-Ni(I1) pincer complex 5 (Figure 3.2) for the C-S bond

formation reaction.
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The disulfide substrates with less steric hindrance was found to be more reactive than highly

sterically hindered substrates [48].
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Figure 3.2 Schiff base (1) NNN (2a-h) PCP (3a-d) SPS (4a-f) and POCSP (5) pincer Ni(Il)

complexes

Venkanna et al. synthesized eight Ni(ll) PNP pincer complexes 6a-h (Figure 3.3) as

precatalysts for the C-S cross-coupling reaction. They constructed a library of sulfenylated

alkyl and aryl sulfides by using catalyst 6a and studied the mechanism using al these

precatalysts. With the help of H and 3P NMR spectroscopy and cyclic voltammetry

techniques they proposed that Ni(l) generated by the reduction of Ni(Il) in the presence of

excess thiolate worked as an active catalyst [49]. Basauri-Molina et al. prepared a family of
SCS and SNS pincer complexes 7a-c and 8a-c (Figure 3.3) and studied their effect on both

the Suzuki-Miyaura and thioetherification C-S couplings under both conventional and

microwave conditions.
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They observed that Pd-SCS complexes were more efficient catalysts for Suzuki-Miyaura
coupling and Ni-SNSfor thioetherification C-S coupling [50].
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Figure 3.3 Ni(ll) PNP (6a-h), SNS (7a-c) and Pd(I1) SCS (8a-c) pincer complexes

Gehrtz et al. also reported the coupling of aliphatic and aromatic thiols with a variety of
aromatic and heteroaromatic chlorides by using homogeneous nickel precatalysts 9a-b
(Figure 3.4). They used PhZnClI-LiCl and PhMgBr-LiCl as a stoichiometric base to generate
in situ Mg or Zn thiolate with aryl chlorides. Precatalysts 9a was found to be more active in

comparison to 9b [51].

P\Ni\—P
’ 28}

9b

Figure 3.4 POP pincer (9a-b) Ni(ll) complex

Zhang et al. disclosed the first series of NHC-based Ni catalysts and among them 10 (Figure
3.5) was found to be more active for sulfenylation reaction. It was found that the electronic
and steric features of NHC ligand greatly affected the catal ytic activities and the active specie
involved was bis(NHC)-Ni(0) [52]. Further Iglesias et al. documented that complex 11
(Figure 3.5) for C-S cross-coupling between aryl thiols with iodo and bromobenzene
derivatives afforded high yields of cross-coupled products at low catalyst loadings.[53] Martin
et al. reported two complexes 12a and 12b (Figure 3.5) for the thiolation of aryl thiols with
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aryl halides. Electron rich as well as electron-deficient aryl halides with electron-rich thiols
provided high product yields [54]. Junquera et al. proposed two picolylimidazolidene based
Ni-NHC complexes 13a and 13b (Figure 3.5) as efficient catalysts for sulfenylation reaction.
Differently substituted aryl halides bearing electron-donating groups reacted efficiently with
p-substituted aryl thiols having eectron-donating or electron-withdrawing groups [55].
Working on supported catalysis, Yoon et al. documented the synthesis of magnetite/silica
nanoparticle-supported NHC nickel catayst 14 (Figure 3.5) for C-S bond formation. The
reaction of thiophenols with aryl halides having electron-donating and electron-withdrawing
substituents afforded aryl sulfides in excellent yields. This catalyst could be recovered by
simple filtration and recycled up to three cycles [56]. Paul and coworkers devel oped a tetra-
coordinated singlet diradical Ni(ll) complex 15 (Figur e 3.5) having two antiferromagnetically
coupled one-electron oxidized redox non-innocent diamine type ligands for C-S bond
formation. They proposed this methodology avoided high-energetic Ni(O)/Ni(ll) or
Ni(1)/Ni(111) redox steps in the cataytic cycle via synergistic participation of both nickel and
the coordinated ligands during oxidative addition/reductive eimination steps [57].
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Figure 3.5 NHC (10-14) and diradical (15) Ni(ll) complexes

Gupta and coworkers constructed two Ni(I1) coordination polymers 16a and 16b based on two
Co(111) metalloligands decorated with appended arylcarboxylate moieties (Figure 3.6). Both
coordination polymers were used for the sulfenylation of aryl iodides with thiophenols and

supported the exchange of coordinated water with the inclusion of iodine in the porous

54



Chapter 3

network. Both 16a and 16b could be recycled up to five cycles without any loss in catalytic
activity [58].
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Figure 3.6 Ni (I1) coordination polymers 16a-b

3.1.2 Sulfonyl hydrazidesasthe sulfur sourcein C-S cross-coupling reaction

Traditional sulfenylating agents used for the C-S cross-coupling reaction are thiol s, disulfides,
thioamides, N-thioimides and 2-thiobenzamides [59-65]. But these are highly toxic, volatile,
and foul-smelling sulfur sources and lead to serious environmenta and health issues. The other
limitati ons associ ated are catal yst deactivation through sulfur moieties, oxidative S-S coupling
(disulfide formation), and difficult handling of the substrates [66-69]. Thus, in the search for
efficient synthetic methodologies, another sulfur source, aryl/alkyl sulfonyl hydrazide, which
is readily available, free of offensive odour and compatible with moisture, has been used.
Many metal -based catalytic systems utilizing sulfonyl hydrazides have been reported to give
the desired C-S coupled product in good yields.

Li etal. reported CuCl catalyzed regio- and stereoselective synthesis of sulfones and thioethers
through N-S and/or S-O bond cleavage of sulfonyl hydrazides (Scheme 3.1). An array of
alkenes bearing electron-withdrawing and electron-donating substituents provided the desired

vinyl sulfonesin moderate to high yields.
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This method also afforded a variety of synthetically valuable aromatic and heteroaromatic
thioether in good yields [70].
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Scheme 3.1 Sulfenylation of alkenes, indoles, and arenes with sulfonyl hydrazides

Kumaraswamy and coworkers achieved aerobic dehydrogenative sulfenylation of H-
phosphonates, H-phosphonites, and phosphine oxides with sulfonyl hydrazides catalyzed by a
sub-stoichiometric amount of Cul (Scheme 3.2). The reaction progressed smoothly with
aromatic as well as aiphatic sulfonyl hydrazides to afford the desired thiophosphate
derivativesin good to high yields [71].
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Scheme 3.2 Sulfenylation of H-phosphonates, H-phosphonites and phosphine oxides
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Paul et al. disclosed a CuBr-MeS-catalyzed direct sulfenylation of 4-hydroxycoumarins and
4-hydroxyquinolinones to provide diverse 3-arylsulfanyl-4-hydroxycoumarins and 3-
arylsulfanyl-4-hydroxyquinolinones in good yields (Scheme 3.3). This protocol involved the
SO, SN bond cleavage of sulfonyl hydrazides and C-S cross-coupling reactions. Both 4-
hydroxycoumarins and 4-hydroxyquinolinones substrates bearing electron-donating or
electron-withdrawing groups provided good to high yields of desired products [72].
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Scheme 3.3 Sulfenylation of 4-hydroxycoumarins and 4-hydroxyquinolinones

Yu et al. reported the synthesis of C5-sulfenylated 8-aminoquinolines using unprotected 8-
aminoquinolines and sulfonyl hydrazides using Cul (Scheme 3.4). This protocol involved the
direct reaction of NH>-functionalized quinolines to afford the products containing afree NH>

group without using any additional protection or deprotection step [73].
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Scheme 3.4 C5-H sulfenylation of unprotected 8-aminoquinolines
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Singh and coworkers reported microwave-assisted ionic liquid [DBU][HOACc] based Cul
catalyzed synthesis of unsymmetrical sulfides using aryl/heteroaryl/benzyl halides (Scheme
3.5). The sulfonyl hydrazides with electron-donating groups and aryl haides with electron-
withdrawing groups showed better yields. The reaction with aliphatic benzyl halides was also
feasible without Cul, but product yields were low [74].

( )
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1 20U 2 MW, 130 °C 1 2

R1 = C6H5, 4-CH3C6H4, 4-OCH306H4, 4-N02C6H4, 4-C|CGH4, benzyl, 2-pyr|dy|,
3-quinonyl, 3-pyrimidiyl, 2-naphthyl, X = I, Br

R2 = C6H5, 4-CH3CGH4, 4-N0206H4, 4-OCH3C6H4, 4-C(CH3)3C6H4, benzyl
\_ W,

Scheme 3.5 C-S cross-coupling of aryl halides with sulfonyl hydrazides

Singh and coworkers proposed NiCl2-6H20/2,2'-bipyridine, DBU, and iodine-based cross-
coupling of alkyl/aryl/heteroaryl boronic acids with alkyl/aryl sulfonyl hydrazides (Scheme
3.6). Both the coupling partners with electron-donating groups at the para-position provided
excellent product yields whereas, the presence of electron-withdrawing groups reduced the
product yields.[75] Wang et al. documented [Cu(CHsCN)4BF4]/2,2'-bipyridine catalyzed
sulfenylation of arylboronic acids with sulfonyl hydrazides (Scheme 3.6). The reaction well
tolerated both eectron-withdrawing and electron-donating groups either on aryl sulfonyl
hydrazides or arylboronic acids. The reaction also worked well with alkylboronic acids but

octyl sulfonyl hydrazide gave a complex mixture of products [76].
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Scheme 3.6 Sulfenylation of boronic acids with sulfonyl hydrazides
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Sun et al. disclosed an oxidative sulfenylation protocol for the formation of diverse sulfenyl
amides in the presence of Mn(OAC)./DTBP catalyst system (Scheme 3.7). N-methyl amides
worked as a solvent as well as an amide source in reaction. Sulfonyl hydrazine as a sulfur
source in the presence of a manganese salt activated the sp® C-H bond of N-methyl amides

through a free-radical pathway using DTBP [77].
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Scheme 3.7 Sulfenylation of N-methyl amides with sulfonyl hydrazides

Xu et al. achieved regioselective hydroxysulfenylation of unactivated C=C double bonds of
N-allylsulfonamides with sulfonyl hydrazides using FeBrs and N&:S0s as the oxidant in 1,4-
dioxane-H>0 to provide a variety of f-hydroxysulfides in moderate to good yields (Scheme
3.8). The mechani sm studies suggested that reactionin dry 1,4-dioxane or 1,4-dioxane/ethanol

solvents gave the product in reduced yields, suggesting that H20 played a role in the reaction
[78].
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Scheme 3.8 Regioselective hydroxysulfenylation of N-allylsulfonamides

Kumar and coworkers reported the regioselective sulfenylation of indoles with aryl sulfonyl
hydrazides using CeCls-7H>O-Nal in ethanol (Scheme 3.9). This method involved the
breaking of SO and S-N bonds and the formation of a C-S bond. The indoles containing
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electron-donating group reacted faster as compared to the indoles with electron-withdrawing
groups. This method worked equaly well with the electron-deficient and electron-rich

hydrazides under the given conditions[79].
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4-CH3C6H4, 2,4,6-tri-CH3C6H2

J

Scheme 3.9 Regioselective sulfenylation of indoles with sulfonyl hydrazides

The methodol ogies for C-S bond formation are associated with certain drawbacks viz. harsh
reaction conditions, tedious workup, toxic organic solvents, etc. Therefore, it is a challenging
task for synthetic chemiststo overcome these limitations by simplifying the reaction condition
and waste minimization. The catalytic reactions in water have gained importance over the last
few decades because it is readily available, non-toxic, and non-flammable solvent for several
organic transformation reactions involving metal catalyst [80]. Moreover, microwave
synthesis has gained much attention due to its unique features including shorter reaction time,
enhanced reaction rate, adjustable activation parameters, and excellent atom efficiency [81].
Therefore, a water-soluble imidazolium-based nickel catalyst for the C-S cross-coupling
reaction is developed. Reaction under microwave irradiation, using water as a solvent,
employing sulfonyl hydrazide as a sulfur source, and recycling of catalyst are the highlighting

features of this protocol.
3.2 Resultsand Discussion
3.2.1 Synthesis and characterization of L1H2 and L 1Ni

Imidazolium-based aldehyde I mA was synthesized based on our previously reported methods
[82-83]. Initialy ImA was treated with ethylenediamine to give ligand L 1Ho>. Further L1H>
reacted with Ni(OAc)..4H>O and gave corresponding Ni(Il) complex L1Ni in 95% yield
(Scheme 3.10). Both L 1H2 and L INi were stable in air and compl etely solublein highly polar
solvents (DMF, DM SO, MeOH, EtOH, water, etc.). In the solid-state, L1H2 and L INi were
obtai ned respectively as bright yellow and brown coloured solids. The structures of both L 1H2
and L INi were well established using FT-IR, UV-visible, *H and 3C NMR spectroscopy and
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mass spectrometry. Several trials failed to yield suitable crystals of both L 1H2 and L 1Ni for

single-crystal XRD.
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Scheme 3.10 Synthesis of ligand L 1H2 and complex L 1Ni
In the IR spectra (Figure 3.7), a peak at 1623 cm * due to v(C=N) stretching in the spectrum
of L1H> shifted towards a lower frequency (1605 cm™) in the spectrum of L1Ni, which
suggested coordination through the two azomethine groups.
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3250-3500 cm™

1623cm™ 1172cm™
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Wavenumber (cm™)

4000

Figure 3.7 IR Spectraof L 1H2 and L 1Ni
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In the spectrum of L 1H2, abroad band dueto the intra-mol ecular hydrogen-bonded O-H group
was observed at 3250-3500 cm, this disappeared in L1Ni due to deprotonation upon
complexation. The phenolic C-O stretching peak observed at 1172 cm * in L1H:2 shifted to
1124 cmtin L INi further confirmed the coordination [84-85].The UV-visible spectral studies
were performed in DMSO solvent (Figure 3.8a). For L1H2, two intense absorption bands
appeared a 278 nm and 308 nm due to the excitation of the z-electrons of the aromatic ring
and athird band at 393 nm was attributed to the n-z* transition of the C=N groups. For L 1N,
along with these three absorption bands, a band at 438 nm appeared due to the charge transfer
transitions and a characteristic broad band with weak intensity (540-560 nm) due to d-d
transitions. This broad band was further confirmed in the solid-state UV-visible spectra and

its presence suggested the formation of a square planar complex (Figure 3.8b) [86-87].
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Figure 3.8 UV-visible spectraof (a) L 1H2 and L 1Ni in DMSO (10° M) (b) L 1Ni in solid-
dstate

0.0 -

Wavelength (nm)

The 'H NMR spectrum of L1H> showed resonance signals at § 8.45 assigned to the
azomethine protons and a downfield singlet at 13.79 ppm due to the phenolic -OH protons
(Figure 3.9). The shift of the H-C=N- protons to & 7.81 and the absence of -OH signals in
L INi confirmed the bonding of oxygen and nitrogen with the metal ion. In the 'H NMR
spectrum of L 1Ni, the presence of only one sharp singlet for the -CH=N proton indicated
equivalent magnetic environment for both protons and planar arrangement of the ligand around
the nickel ion (Figure 3.10). Also, the absence of any other proton signal confirmed the
proposed environment around the nickel centre.
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Figure 3.10 *H NMR Spectrum of L 1Ni (DMSO-de)

The 3C NMR spectrum of L1H2 showed a strong NMR signal at § 163.2, which may be
assigned to the azomethine carbon, and on coordination with nickel metal , it shifted downfield
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to & 165.8 ppm. All the other 3C NMR signals were in agreement with the proposed structure
(Figure 3.11 and Figure 3.12) [88-89].
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Figure 3.11 *C NMR Spectrum of L 1H2 (DM SO-ds)
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Figure 3.12 3C NMR Spectrum of L 1Ni (DM SO-ds)
The high-resol ution mass spectrum of L 1H2 showed an m/z (z = 2) peak at 273.1483 (found)

(273.1472 calculated), which correspondsto [L 1H2 - 2Br]?* (Figure 3.13) and for L 1Ni, an
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m/zpeak at 301.1069 (found) (301.1071 cal cul ated) dueto [L 1Ni - 2Br]?* (Figure 3.14). These
peaks further supported the same structures and absence of other coordinating groups around
the metal ion.
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Figure 3.13 HRMSof L1H2
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Figure 3.14 HRMS of L 1Ni
3.2.2 Catalytic application of L INi in C-S cross-coupling reaction

220 240 260 280 300 3

o

After successful synthesis and characterization of L 1H2 and L 1Ni, the catalytic efficiency of
L INi for the C-S cross-coupling reaction was explored. Initialy, the C-S cross-coupling of
iodobenzene 17a and p-tolylsulfonyl hydrazide 18b in the presence of catalyst L 1Ni was
selected asthe modd substrates for the optimization of the reaction conditions. The influence
of base, temperature, and catalyst loading was investigated to determine the most suitable
conditions for this transformation (Table 3.1). Using water as a solvent, different organic and
inorganic bases (3 equiv.) such as DBU, K2COs, C5COs, and NEts along with 10 mol% of
catalyst L1INi at 120 °C temperature under microwave irradiation (MW) was investigated
(Table 3.1, entries 1-4). Base K>COs and Cs,CO3 showed less conversion (Table 3.1, entries
2 and 3) whereas, by using DBU and NEtz the product yield wasimproved (Table 3.1, entries
1 and 4). In the case of NEtz, smilar product yields were observed at 2 equiv. and 3 equiv. of
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the base a a catalyst loading of 5 mol% (Table 3.1, entries 5-6). No improvement in the
product yield was observed at high (10 mol%) and low (4 mol%) catalyst loading (Table 3.1,
entries 4 and 8). The lower yield of the product was observed at low (110 °C) and high (130
°C) temperature (Table 3.1, entries 9-10). Using Ni(OAc)2.4H>0 under standard reaction
condition no product formation was observed (Table 3.1, entry 13).

Table 3.1 Optimization of the reaction conditions?

()t e o) — B ()l
17a 18b i, temp- 190
Entry Catalyst (mol %) | Base(equiv.) | T(C) | Yield® (%)
1 L INi (10) DBU (3) 120 60
2 L1Ni (10) K2COz (3) 120 21
3 L1Ni (10) CsC0s3 (3) 120 23
4 L1Ni (10) NEts (3) 120 82
5 L1Ni (5) NEtz (3) 120 86
6 L1Ni (5) NEts (2) 120 86
7 L1INi (5) NEt; (1) 120 40
8 L1Ni (5) NEts (2) 120 65
9 L1Ni (5) NEts (2) 130 53
10 L1INi (5) NEt; (2) 110 19
11 L1INi (5) NEt; (2) 120 -
12 L1INi (5) - 120 -
13 Ni(OAC)2.4H20 (5) NEts (2) 120 -
@Reaction condition: 17a (1 mmol), 18b (2 mmol), water (3 ml).
b solated yield.

After having the optimized reaction conditionsin hand, the scope and versatility of thismethod
were extended to the reaction of phenyl, p-tolyl, p-nitrophenyl, benzyl, p-tert-butylphenyl, and
2-naphthyl hydrazides with different aryl halides. A diverse range of unsymmetrical diaryl
sulfides 19a-s were obtained in moderate to good yields under MW for 15 min (Table 3.2).
Both electron-donating and el ectron-withdrawing groups at different positions of the reactants
were well tolerated during the reaction. The reactants having electron-donating groups at the

para position provided good yields of diaryl sulfides (Table 3.2, entries 19b, 19c¢, 19b’, 19g,
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and 19h). Aryl halides derivatives with electron-withdrawing groups at the para position
(Table 3.2, entries 19d" and 19i’) were more reactive than the similarly substituted sulfonyl
hydrazides derivatives (Table 3.2, entries 19d and 19i). Aryl halides bearing chloro and fluoro
groups at the para position also provided satisfactory yields (Table 3.2, entries 19f and 19K).
The less reactive o-nitro and o-amino aryl iodide (Table 3.2, entries 19e and 191) also reacted
under these reaction conditions.

Table 3.2 Substrate scope for sulfenylation reaction using L INi&P

L1Ni (5 mol%),

SO mamos{ 3 gt =23,

1 2
MW, 120 °C
17a-h 18a-f 19a-s
s <}%}—O+®<%%{>
@ @ /
19a 19b 19b’ 19¢
X =1(82%), Br (69%) X =1(86%), Br (73%), X =1(78%) =1(80%)
Cl (49%) NO,
©+Oww{}{>Ch© %%{>
19d 19d’ 19e 19f
X =1(75%), Br (62%) X =1(87%), Br (80%) X =1(64%) X =1(62%)
OO OO OO OO
199 19h 19i 197
X =1(87%) X =1(85%) X = 1(70%) X =1(89%), Br (61%)
. ~
@@ F@s@m @s@w @s
19j 19k 191 19m
=1(62%) =1 (60%) =1(59%) =1(72%)
19n 190 19p l
=1(68%) =1(70%) (76%) 2%)
195
= | (79% (69%)

aReaction condition: aryl halide (1 mmol), sulfonyl hydrazide (2 mmol), L INi (5 mol%), NEtz
(2 equiv.), water (3 ml). PIsolated yield.

Additionally, sterically hindered and bulky sulfonyl hydrazides a so reacted well to provide
the desired thioethers (Table 3.2, entries 190, 19p, 19q, 19r, and 19s). The reaction was also
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performed using other haloarenes. Only bromobenzene and p-nitrobromobenzene reacted
(Table 3.2, entries 19b, 19d and 19d’) and the trids failed for other derivatives of
bromobenzene. In the case of chloroarenes only chlorobenzene reacted with p-tolylsulfonyl
hydrazide and gave 49% product yield (Table 3.2, entry 19b). All the synthesized compounds
were isolated by column chromatography and characterized by *H and **C NMR spectroscopy.
A representative H and 3C NMR spectrum depicted in Figure 3.15 and Figur e 3.16 confirms
the proposed structure of 19b.
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Figure 3.15 *H NMR Spectrum of 19b (CDCl3)
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Figure 3.16 *C NMR Spectrum of 19b (CDCl3)
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3.2.3 Recyclability of catalyst L 1Ni

The reusability of the agueous catalytic system is very important from practical and economic
viewpoints. Therefore, areusability test on L 1Ni was performed, where the use of this water-
soluble nickel catalytic system enabled the easy separation of the catalyst from the organic
phase. After the completion of reaction, the product was extracted in ethyl acetate and the
aqueous layer containing L 1Ni wasfurther charged with iodobenzene, sulfonyl hydrazide, and
base for the second run. The same procedure was applied for the next consecutive cycles and

the catalyst was recycled up to 5 cycles as shown in Figure 3.17.

100 1 56% 85% 83% 8205 go,

80 1

60 4

40 A

20 1

0 T T T T 1
1 2 3 4 5

Run

Yield %

Figure 3.17 Recyclability of the catalyst L INi
3.2.4 Mechanism of C-Scross coupling reaction

To investigate the possible mechanism for thisarylthiolation, a series of control reactions was
carried out with p-tolylsulfonylhydrazide under different reaction conditions and the reaction
mixtures were analyzed using mass spectroscopy (Scheme 3.11, steps 1 and 2). 18b in the
presence or absence of base gave only sulfinic acid 20. When 5 mol% of L1Ni was added,
thiosulfonate 21 (59%) was obtained together with sulfonic acid 22, which indicates that the
base has no role in the formation of 21. Isolated 21 upon further treatment with iodobenzene
under standard reaction conditions provided the desired product in 86% yield. No coupling
was observed in the absence of a base, whereas the desired product was obtained when the

base was present, which suggests the necessity of a base for the effective removal of halide.
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’

without NEt; :no product

L 19b (86%)

H,0
120 °C, 15 mi
OSOZNHNHZ 15 min OSOZH
with and without
18b NEt; 20
L1Ni, H,0 o
120 °C, 15 min I
SO,NHNH, S-S SO;H step 2
W|th and without (')'
18b NEt,
isolated and confirmed
by NMR and HRMS
L1Ni, 17a, H,0
9 120 °C, 15 min
S-S S
5 W|th NEt,  :86%

step 1

Scheme 3.11 Control experiments

Therefore, a plausible mechanistic pathway based on the above control experiments and the

evidence shown in previous literature was proposed (Scheme 3.12) [34, 90-94]. With the aid

of catalyst L INi and air oxidative decomposition, 18b converts into sulfur sou
release of N2 and H20. In the catalytic cycle, the oxidative addition of the aryl

rce 21 with the
halideto L 1Ni

gives nickd species 23, which on reaction with sulfur source 21 gives nickel species 24.

Finally, upon reductive elimination, the coupling product was formed and again L INi was

regenerated and used for the next catalytic cycle.

e - ~
air
L1Ni
R2802NHNH2 RQSOZH RQSOZSRQ + R2803H + Hzo ref. 80-82
18b 20 21 22
R4= CgH
H 1 6'15
20 Ry = p-CH3CgHy
1—[Ni]—I
\/;etected in LCMS) NEts
[Ni]
L1Ni R,SO,SR,
H,O
+ -
R=—[Ni]—/SR;, HNEt3l  + R,SO;H
R—S—R, 24
L 19b (detected in LCMS) )

Scheme 3.12 Plausible mechanistic pathway
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A few species involved in the reaction were identified with the help of mass spectrometry
(Figure 3.18-3.21) and 21 was confirmed by *H, *C NMR (Figure 3.22 and Figure 3.23) and
HRMS (Figure 3.24).
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Figure 3.18 Mass spectra of reaction mixture (step 1)
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Figure 3.19 Mass spectra of reaction mixture (step 2)

x10 5 |+ES1 Sean (n: 0.447 min) Frag=135.0V VS-379-3.d

3.5

387.18

[c;; H,;gl N5N|O4]+2

404.21

-405.21

—3B88.18
-389.19

o ! ;
372 374 376 378 380 382 384 386 9388 390 392 394 396 398 400 402 404 406
Counls vs. Mass-to-Charge {m/z)

Figure 3.20 Mass spectra of species 23
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Figure 3.21 Mass spectra of species 24
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Figure 3.22 'H NMR Spectrum of isolated 21 (CDCl5)

72



Chapter 3

fNcvoang N
TN - o
e A - NN
SN N v
C ‘.? C
ﬁ—S
0

200 190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 )]
f1 (ppm)

Figure 3.23 *C NMR Spectrum of isolated 21 (CDCl3)
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Figure 3.24 HRMS of isolated 21
3.3 Experimental

3.3.1 Synthesis of imidazolium-based aromatic aldehyde (ImA)

A round bottom flask containing 1,3-dibromopropane (8.0 mmoal), 24-
dihydroxybenza dehyde (6.0 mmol) and sodium bicarbonate (6.0 mmol) in acetone (50 mL)
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was heated at 60 °C for 60 h. After completion, the reaction mixture was cooled down to room
temperature and acetone was removed under vacuum. The residue was diluted with water and
the product extracted in ethyl acetate. The ethyl acetate layer was washed with water, dried
over anhydrous sodium sulfate, and evaporated under reduced pressure. The mixture was
purified over a silica ge column to give pure 4-(3-bromopropoxy)-2-hydroxybenzal dehyde.
A mixture of 1-methylimidazole (3.5 mmol) and 4-(3-bromopropoxy)-2-
hydroxybenzaldehyde (3.5 mol) was stirred at 80 °C for 48 h to give a viscous liquid. The
reaction mixture was washed with diethyl ether and ethyl acetate to give the ImA.

3.3.2 Synthesis of imidazolium-based salen ligand L 1H>

To an ethanolic solution of ethylenediamine (1 mmol), ImA (discussed in chapter 2, section
2.4) (1 mmol) was added dropwise. The resulting solution was refluxed for 5 h and then cooled
at room temperature. The solvent was evaporated under reduced pressure and washed with
ether and ethyl acetate. Obtained solid was dried under vacuum and ligand L 1H2was obtained
as bright yellow solid (Scheme 3.10).

3.3.3 Synthesis of imidazolium-based salen nickel(I1) complex L 1Ni

The ligand L1H2 (1 mmol) was stirred in ethanol for 15 min. An ethanolic solution of
Ni(OAC)2.4H20 (1 mmol) was added to it and the mixture was kept on refluxing for 6 h. The
resulting solution was evaporated under reduced pressure, washed with ether, ethyl acetate and
after drying, L INi wasisolated as a brown solid (Scheme 3.10).

3.3.4 General procedure for the nickel-catalyzed carbon-sulfur bond formation

A mixture of aryl iodide (1 mmol), sulfonyl hydrazide (2 mmol), NEts (2 equiv.) and L INi (5
mol%) in 3 mL water was stirred under microwave irradiation a 120 °C for 15 min. After
completion, the reaction mixture was cooled down to room temperature and the product
extracted in ethyl acetate. The ethyl acetate layer was washed with water, dried over anhydrous
sodium sulfate and evaporated under reduced pressure. The crude product was purified by

column chromatography using a mixture of hexanes and ethy| acetate as the eluent.
3.3.5 Reusability and recovery of the catalyst L 1Ni

After the extraction of the product, the agueous layer containing L 1Ni was further charged
with iodobenzene, sulfonyl hydrazide, and base for the second run. The same procedure was

applied for the next consecutive cycles and the catalyst was used five times.
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3.3.6 Physical and spectral data of synthesized compounds

Imidazolium-based aromatic aldehyde (ImA)

White solid (99%); mp 101-102 °C; *H NMR (400 MHz,

CHO
OH DMSO0-dg) § 10.02 (s, 1H), 9.25 (s, 1H), 7.84 (s, 1H), 7.74 (s,
14 ® 8 | 1H), 7.62 (d, J = 8:64 Hz, 1H), 6.52-6.42 (m, 2H), 4.36 (t, J =
0 ~_Nw 6.88 Hz, 2H), 4.10 (t, J = 5.88 Hz, 2H), 3.86 (s, 3H), 2.32-2.26

(m, 2H); 3 C NMR (100 MHz, DMSO-dg) § 193.8, 164.5, 163.8,
137.3,134.9, 124.9, 120.2, 115.9, 109.6, 102.2, 66.7, 46.0, 36.7, 28.6.

Imidazolium-based salen ligand (L1H>)
- ~ Bright yellow solid
(92%); mp 130-135 °C;
Br dOH Ho:@ éar FTIR/em ™ 3250-3500,
1623, 1172; 'H NMR
\ /(400 MHz, DMSO-ds)
§ 13.79 (s, 2H), 9.22 (s, 2H), 8.45 (s, 2H), 7.83 (s, 2H), 7.74 (s, 2H), 7.27 (d, J = 8.6 Hz, 2H),
6.35(d, J=2.3Hz, 2H), 6.33 (d, J= 2.3 Hz, 2H), 6.29 (d, J = 2.2 Hz, 2H), 4.35 (t, J = 6.8 Hz,
4H), 4.03 (t, J = 5.9 Hz, 4H), 3.85 (s, 6H), 3.83 (s, 4H), 2.33-2.20 (m, 4H); **C NMR (100
MHz, DMSO-dg) 6 166.1, 163.2, 161.8, 137.2, 134.3,124.0, 122.9, 115.3, 105.5, 102.4, 64.9,

58.3, 46.9, 36.3, 29.4. HRMS (ESI): mVz calcd for [CaoH3sNeO4]?* [L 1H2 - 2Br]2* 273.1472,
found 273.1483.

Imidazolium-based Ni complex (L 1Ni)
Brown solid (95%);

mp  210-215 °C;
Br d b r@ FTIRlem™ 1605,
1124; 'H NMR (400
MHz, DMSO-ds) &
9.19 (s, 2H), 7.81 (s, 2H), 7.73 (d, J = 7.9 Hz, 4H), 7.16 (d, J = 8.7 Hz, 2H), 6.16 (5, 2H), 6.10
(d, = 8.6 Hz, 2H), 434 (t, J = 6.9 Hz, 4H), 3.97 (t, J = 6.0 Hz, 4H), 3.85 (5, 6H), 3.33 (5, 4H),
2.41-2.16 (M, 4H); 3C NMR (100 MHz, DMSO-0s) 5 166 3, 165.8, 162.6, 1372, 133.7, 124.0,
1229, 112.6, 1065, 102.0, 65.1, 57.6, 46.8, 36.2, 29.4. HRMS (ESI): m/z calcd for

[CaoHasNsO4Ni]2* [L INi - 2Br]2* 301.1071, found 301.1069.
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!H NMR and *3C NMR Spectral data of the C-S cross-coupling products
Diphenylsulfane (19a)
Colourlessoil; 'H NMR (400 MHz, CDCl3) § 7.40-7.25 (m, 10H); *3C
s

[@ @ NMR (100 MHz, CDCls) § 135.8, 131.1, 129.2, 127.0.
Phenyl (p-tolyl)sulfane (19b and 19b’)

Colourless oil; *H NMR (400 MHz, CDCl3) 6 7.34 (d, J = 1.9 Hz,
—< >—S
( @J 1H), 7.32(d, J= 1.8 Hz, 2H), 7.30 (s, 2H), 7.24-7.21 (m, 1H), 7.19-

7.15 (m, 3H), 2.37 (s, 3H): 3C NMR (100 MHz, CDCls) § 137.6,
137.1, 132.3, 131.3, 130.1, 129.8, 129.0, 126.4, 21.2.

(4-M ethoxyphenyl)(phenyl)sulfane (19c)
Colourless oil; *H NMR (400 MHz, CDCl3) 6 7.44 (d, J= 8.8 Hz,
[POS@ 2H), 7.27-7.15 (m, 5H), 6.93 (d, J = 8.8 Hz, 2H), (3.85 Hz, 3H):
13C NMR (100 MHz, CDCl3) 6 159.8, 138.6, 135.4, 128.9, 128.2,
125.8,124.3, 115.0, 55.4.
(4-Nitrophenyl)(phenyl)sulfane (19d and 19d")
Yellow solid; *H NMR (400 MHz, CDCls3) ¢ 8.09 (d, J = 9.1
E’Z“‘OS@] Hz, 2H), 7.58-7.58 (m, 2.6 Hz, 2H), 7.50-7.47 (m, 2H), 7.20 (d,
J = 9.1 Hz, 3H); 3C NMR (100 MHz, CDCl3) § 1485, 14525,
134.8, 130.5, 130.1, 129.7, 126.7, 124.1.

2-Nitrophenyl phenyl sulfane (19¢)
Yellow solid; *H NMR (400 MHz, CDCl3) 6 8.25 (dd, J = 8.3, 1.4 Hz,

NO,
@ @ 1H), 7.63-7.59 (m, 2H), 7.53-7.50 (m, 3H), 7.36 (d, J = 2.5 Hz, 1H),

S
7.28-7.19 (m, 1H), 6.88 (dd, J = 8.2, 1.2 Hz, 1H); *C NMR (100

MHz, CDCl3) § 144.0, 139.5, 135.9, 133.4, 131.0, 130.1, 130.0, 128.3,

125.8,124.9.
(4-Chlorophenyl)(phenyl)sulfane (19f)
White solid; *H NMR (400 MHz, CDCl5) 7.38-7.25 (m, 9H); °C

E:' < > S@] NMR (100 MHz, CDCls): & 135.1, 134.7, 133.0, 132.0, 131.3,

129.3, 127 4.
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Di-(p-tolyl)sulfane (19g)
[OSO White solid; *H NMR (400 MHz, CDCls) 6 7.25 (d, J = 7.9 Hz,

4H), 7.12(d, J = 7.9 Hz, 4H), 2.35 (s, 6H); 3C NMR (100 MHz,
CDCls) § 136.9, 132.7, 131.1, 129.9, 21.1.

(4-M ethoxyphenyl)(p-tolyl)sulfane (19h)
Colourless oil; '*H NMR (400 MHz, DMSO) 6 7.35 (d, J= 8.8
[/O@S{H Hz, 2H), 7.16-7.07 (m, 4H), 6.98 (d, J= 8.8 Hz, 2H), 3.7 (s,
3H), 2.26 (s, 3H); *C NMR (100 MHz, DMSO) § 159.8,
136.4,134.7, 134.1, 130.4, 129.4, 124.8, 115.7, 55.7, 21.0.

(4-Nitrophenyl)(p-tolyl)sulfane (19 and 19i’)
Light yellow solid; *H NMR (400 MHz, CDCl3) 6 8.07 (d, J
[OzN@S@J = 9.1 Hz, 2H), 7.46 (d, J = 8.2 Hz, 2H), 7.30 (d, J = 8.8 Hz,
2H), 7.15 (d, J = 8.9 Hz, 2H), 2.44 (s, 3H); 3C NMR (100
MHz, CDCl3) 6149.4, 145.1, 140.3, 135.1, 130.9, 126.5, 126.1, 124.0, 21.4.

(4-Chlorophenyl)(p-tolyl)sulfane (19j)
Colourless oil; *H NMR (400 MHz, CDCl3) 6 7.34-7.29 (m,

[C'OS@] 4H), 7.21-7.16 (m, 4H), 2.38 (s, 3H); °C NMR (100 MHz,

CDCl3) ¢ 138.1, 136.0, 132.5, 132.3, 130.8, 130.2, 129.5,

129.1, 21.2.
4-fluor ophenyl 4-nitrophenyl sulfane (19k)

Light yellow solid; *H NMR (400 MHz, CDCl3) & 8.09 (d, J
[FOSONOJ = 89 Hz, 2H), 7.61-7.53 (m, 2H), 7.24-7.11 (m, 4H); 13C
NMR (100 MHz, CDCl3) § 164.95, 162.45, 148.51, 145.38,
137.30, 137.21, 126.27, 125.48, 125.45, 124.10, 117.49, 117.27.

2-amino-4-nitr odiphenyl sulfane (19I)
NH, Light yellow solid; *H NMR (400 MHz, CDCls-d) § 8.08 (d, J
@S C vo,| = 8.9 Hz, 1H), 7.47 (d, J= 7.6 Hz, 1H), 7.34 (d, J = 7.2 Hz, 1H),
7.13 (d, J = 8.9 Hz, 2H), 6.92-6.77 (m, 2H), 4.31 (s, 2H); 13C
NMR (100 MHz, CDCl3) 6 148.7 , 147.8 , 139.4,137.3,130.4,128.4,124.0,117.9, 115.8
,114.8.
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Benzyl(phenyl)sulfane (19m)

Colourless oil; *H NMR (400 MHz, CDCls) ¢ 7.36-7.19 (m, 10H),
@S ] 4.15 (s, 2H); 3C NMR (100 MHz, CDCl3) § 137.5, 136.4, 129.8,
Benzyl(4-nitrophenyl)sulfane (19n)

128.9,128.5, 127.2, 126.4, 39.1.
Yellow solid; *H NMR (400 MHz, CDCl3) 6 8.13 (d, J = 9.0
E)ZNOS/_Q Hz, 2H), 7.44-7.30 (m, 7H), 4.28 (s, 2H); °C NMR (100 MHz,

CDCl3) 6 147.2, 145.2, 135.4, 128.9, 128.7, 127.8, 126.6,

123.9, 37.0.
(4-(tert-butyl)phenyl)(phenyl)sulfane (190)
[@SQ_@ Colourless oil; *H NMR (400 MHz, CDCl3) ¢ 7.35-7.25 (m,

9H), 1.31 (s, 9H); *C NMR (100 MHz, CDCl3) 6 150.6, 136.7,
131.5,131.1, 130.3, 129.1, 126.6, 126.3, 34.6, 31.3.

(4-(tert-Butyl)phenyl)(4-methoxyphenyl)sulfane (19p)
Colourless oil; *H NMR (400 MHz, CDCl3) 6 7.43 (d, J =
[/OOS < > < ] 8.9 Hz, 2H), 7.31 (d, J = 8.6 Hz, 2H), 7.17 (d, J = 8.6 Hz,
2H), 6.92 (d, J=8.8 Hz, 2H), 3.84 (s, 3H), 1.32 (s, 9H); *C
NMR (100 MHz, CDCls) 6 159.6, 149.2, 134.8, 134.7, 128.6, 126.0, 125.1, 114.9, 55.4, 34.4,
31.3.
Naphthalen-2-yl(phenyl)sulfane (19q)
White solid; 'H NMR (400 MHz, CDCls) & 7.86 (d, J = 1.4 Hz, 1H),
@S 7.85-7.74 (m, 3H), 7.53-7.29 (m, 8H); 3C NMR (100 MHz, CDCl3) &
W)

135.8, 133.8, 133.0, 132.3, 131.0, 129.9, 129.2, 128.9, 128.8, 127.7,
127.4,127.1, 126.6, 126.2.

Naphthalen-2-yl(p-tolyl)sulfane (19r)
White solid; 'H NMR (400 MHz, CDCl3) & 7.80-7.67 (m, 3H), 7.62
OS (s, 1H), 7.50-7.42 (m, 4H), 7.32 (dd, J = 8.6, 1.9 Hz, 1H), 6.94 (d,
O J=8.9Hz, 2H), 3.86 (s, 3H); *C NMR (100 MHz, CDCl3) § 159.8,

135.9, 135.2, 133.8, 131.7, 128.5, 127.7, 127.1, 126.7, 126.5,
126.5, 125.6, 124.4, 115.0, 55.4.
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(4-methoxyphenyl)(naphthalen-2-yl)sulfane (19s)
White solid; *H NMR (400 MHz, CDCl3) & 7.80-7.71 (m, 4H),
/OOS O 7.47-7.35 (m, 5H), 7.19 (d, J = 7.9 Hz, 2H), 2.39 (s, 3H); 13C
O NMR (100 MHz, CDCl3) 6 137.6, 134.3, 133.8, 132.1, 130.1,
128.7,128.4, 127.9, 127.7,127.3, 126.5, 125.9, 21.2.

4-methylbenzenesulfonothioic acid S-(4-methylphenyl) ester (21)
» White solid; *H NMR (400 MHz, CDCl3) 6 7.48 (d, J= 8.3
[@ﬁ_SOJ Hz, 2H), 7.28-7.21 (t, 4H), 7.16 (d, J = 8.0 Hz, 2H), 2.44 (s,
3H), 2.40 (s, 3H); *C NMR (100 MHz, CDCI®) § 144.6,
142.1, 140.4, 136.5, 130.2, 129.4, 127.6, 124.6, 21.7, 21.5.

3.4 Conclusion

In summary, an imidazolium-based nickel catayst for the cross-coupling reaction of different
sulfony! hydrazides with aryl halides under microwave irradiation using water as the solvent
isdeveloped. Sulfonyl hydrazidesworked well asa sulfenylating agent for C-S bond formation
and afforded various symmetrical and unsymmetrical thioethers in moderate to good yields
under mild reaction conditions. The reaction in water and recycling of the catalyst makesthis

protocol green and environmentally friendly.
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