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Abstract: A recyclable iron/graphite (Fe/Cg) catalyst for the effi-
cient C-S cross-coupling of various iodoarenes with aromatic/
aliphatic thiols has been developed under ligand-free conditions (26
examples, up to 99% yield). The catalyst can be easily recovered
and recycled up to seven cycles without loss of activity.
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Organosulfur compounds have wide applications in me-
dicinal and material chemistry. Their preparations are a
bit challenging owing to the deactivation of metal by sul-
fur due to its strong co-ordinating properties. Various
Metals viz. Pd,! Cu,? Ni,> Co,* La,’ etc. are all well ex-
plored for C—S bond formation and the very recent devel-
opment of iron-catalyzed sustainable reactions has drawn
the attention of the scientific community.® Though C-S
cross-coupling of aryl halides with thiols employing iron
catalysts are reported,” none of these are recyclable and
apart from this the recent ones using phosphine ligands 3
makes these methods more expensive from the economic
point of view. Considering the above limitations, a recy-
clable protocol employing iron is highly desirable. There-
fore in continuation to our sustainable method
development program’ we present herein our recently in-
novated Fe/Cg!” catalyst for the C-S cross coupling of
various iodoarenes with aromatic/aliphatic thiols under
ligand-free conditions. Metals dispersed on graphite, viz.
M-—graphite (M = K, Zn, Sn, Fe, Ti, Pd),!! are reported for
organic transformations, but their tedious preparation pro-
cedures limit their usage as catalysts. However, our iron—
graphite catalyst was prepared via simple easy-to-handle
procedure in which, Fe(Ill)(acac); was dispersed on
graphite simply by stirring in THF solution under nitrogen
atmosphere. The amount of iron was found to be 4.3% on
graphite by ICP-AES analysis.'?> The catalytic perfor-
mance of Fe/Cg along with various iron catalysts like Fe/
C, nano Fe;0,, and nano Fe,0, was screened for the thio-
etherification of iodobenzene and thiophenol as model
reaction, in combination with various bases like Na,CO;,
K,CO;, K;PO,, etc. and solvents toluene, 1,4-dioxane,
DMSO, DMF, etc. for the catalyst, base, and solvent opti-
mization (as summarized in Table 1). The best combina-
tion turned out to be DMSO as solvent and KOH as the
base for the optimum yields obtained (Figure 1). Howev-
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er, the reaction in the presence of Fe(Ill)(acac); or graph-
ite alone gave very low yields of the product (Table 1).
The bromo/chloro benzenes were also screened using the
same combination of solvent and base. Of all the iron cat-
alysts employed with various bases, solvents, and aryl
halides, Fe/Cg-catalyzed reaction of iodobenzene with
thiophenol using DMSO-KOH gave the best results
(Figure 1).

Table 1 Optimization of Fe/Cg-Ccatalyzed lodobenzene Reaction
with Thiophenol®

A A

Entry Fe catalyst Base Solvent Temp (°C) Yield (%)
1 Fe/Cg Cs,CO;  DMSO 125 52
2 Fe/Cg K;PO, DMSO 125 56
3 Fe/Cg K,CO; DMSO 125 traces
4 Fe/Cg KO#Bu DMSO 125 44
5 Fe/Cg Na,CO; DMSO 125 traces
6 Fe/Cg NaOH DMSO 125 86
7 Fe/Cg KOH DMSO 125 99
8 Fe/C KOH DMSO 125 69
9 nanoFe,O; KOH DMSO 125 72
10 nanoFe;0, KOH DMF 125 51
11 Fe/Cg KOH toluene 125 60
12 Fe/Cg KOH dioxane 125 24
13 Fe/Cl, KOH DMSO 125 traces
14 Fe/Cl, KOH DMSO 125 traces
15 Fe(acac); KOH DMSO 125 8
16 graphite KOH DMSO 125 5

* Reaction conditions: Fe/Cg (7 wt%, 162 mg), iodobenzene (1.2
mmol), thiophenol (1.0 mmol), solvent (1.5 mL), base (2.0 mmol),
under N, atmosphere for 24 h.



LETTER Catalyst for C-S Cross Coupling of Thiols with Aryl Halides 1261

Table 2 Fe/Cg-Catalyzed Coupling of Iodoarenes with Thiols*

Product 3 Yield (%)°
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Table 2 Fe/Cg-Catalyzed Coupling of lodoarenes with Thiols* (continued)
Entry Iodoarene 1 Thiol 2 Product 3 Yield (%)°
(0] s Q
SH
o ¥
3n

* Reaction conditions: Fe/Cg (7 wt%, 162 mg), iodoarene (1.2 mmol), thiol (1.0 mmol), DMSO (1.5 mL), KOH (2.0 mmol), 125 °C under

nitrogen atmosphere were stirred for 24 h.
® Isolated yield.
¢ Conditions: 2 equiv thiophenol.
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Scheme 1 Fe/Cg-catalyzed cross-coupling

Thus the optimized reaction conditions for the desired C—
S cross-coupling were found to be 7 wt% (162 mg) ' of
Fe/Cg, 2.0 equiv of KOH, 125 °C with DMSO (1.5 mL)
as solvent. The yields were higher with DMSO when
compared to other solvents such as DMF, toluene, and di-
oxane. The most probable explanation for the strong de-
pendence of the reaction on the solvent system, especially
DMSO, may be due to the formation of dimsyl ion in the
presence of KOH forming an equilibrium by proton ex-
change with RSH, leading to the formation of RS~ thus ac-
celerating the reaction. The formation of dimsyl ion with
KOH and similar type of equilibrium with ROH is already
well established.!* A variety of bases were screened in
which NaOH and KOH provided the product in good to
excellent yields with KOH giving the maximum yield
(Table 1, entries 6 and 7), whereas the yields were moder-
ate with bases like Cs,0;, K;PO,, and KOz-Bu. With the
optimized conditions on hand, we have put a variety of
iodobenzenes to test viz. substituted iodoarenes, iodo-
uracils, vinyl iodides, heteroiodoarenes for thioetherifica-
tion. It can be seen from Table 2 that the reaction of these
iodobenzenes afforded aryl sulfides in excellent to good
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yields. The reaction of thiophenol with electron-with-
drawing, electron-releasing para-substituted iodoarenes
afforded good yields of coupled partners (entries 2-6,
Table 2). The heteroarenes, iodouracils, and vinyl iodides
successfully cross-coupled in good to excellent yields (en-
tries 9-12) exemplifying the catalyst’s efficiency. We
have further put many aliphatic thiols to test the efficiency
of the catalyst in converting the aryl halides to coupled
products. This was summarized in Table 3 where many al-
iphatic thiols were successfully coupled to afford thioet-
hers in moderate to excellent yields. This reaction might
be proceeding by the activation of aryl halide by iron in
the layers of graphite which further reacts with the mer-
capto nucleophile as proposed by Nagai et al. in the case
of alkylation of phenols.'> Next, we studied recyclability
of the catalyst. The catalyst was easily separated by cen-
trifugation and washed with ethyl acetate followed by ac-
etone, then dried in a hot air oven at 80 °C and employed
for the next reaction. It was observed to be recyclable up
to seven cycles without loss of activity (Figure 2). To
check whether any iron has leached into the solution dur-
ing the reaction, the supernatant after the reaction was
subjected to ICP-AES analysis and we found that 0.005%
of iron has leached into the reaction mixture. The XPS!®
and IR spectral studies confirmed that Fe(acac); on graph-
ite is intact even after the seventh cycle.!” To rule out the
possibility that the reaction was catalyzed by traces of
copper impurities,'® we analyzed iron/graphite carefully
by XPS, EDX, and ICP analysis. The spectral analysis has
shown no signature of copper (934.5 eV binding-energy
curve in XPS was absent).
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Figure 2 Recyclability of Fe/Cg catalyst
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Table 3 Fe/Cg-Catalyzed Coupling of lodoarenes with Thiols®

Entry Todoarene 1 Thiol 2 Product 3 Yield (%)°
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* Reaction conditions: Fe/Cg (7 wt%, 162 mg), iodoarene (1.2 mmol), thiol (1.0 mmol), DMSO (1.5 mL), KOH (2.0 mmol), 125 °C under

nitrogen atmosphere were stirred for 24 h.

® Isolated yield.
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ICP-AES and EDX analysis also showed no traces of Cu,
thus ruling out the possibility of traces of copper cata-
lyzing the reaction.

In conclusion we have developed a novel catalytic system
employing heterogeneous iron catalyst, which can be eas-
ily prepared from the readily available raw materials and
can be recycled up to seven cycles without loss of activity
for thioetherification reaction. '

Supporting Information for this article is available online at
http://www .thieme-connect.com/ejournals/toc/synlett.
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Typical Procedure for C-S Cross-Coupling

Fe/Cg (7 wt%, 162 mg) was added to a 25 mL flask, which
was previously charged with iodoarene (1.2 mmol), thiol

(1 mmol) and KOH (2.0 equiv). Dry DMSO (1.5 mL) was
added while purging the flask with nitrogen. The round-
bottom flask was purged once again and back filled with
nitrogen and heated in an oil bath at 125 °C for a period of
24 h after which the flask was removed from the oil bath and
allowed to come to r.t. Fe/Cg was removed by ultracentri-
fugation at 8000 rpm. After which the reaction mixture was
poured into H,O (5 mL), and the aqueous layer was extracted
with EtOAc (3 x 10 mL).
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