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1. Introduction we have reported the first example of sole diredtd @ond

) » ) arylation of benzdj]furans with aryl chlorides in the presence of
During the past decades, the transition metal-czdldirect NHC-Pd(I)-Im  complex 1 giving the C2-arylated

C-H bond arylation of heteroaromatic conépounds retrcted  penzopjfurans in acceptable to high yieldfsThese results thus
much attention and thus got great succeés. a result, the rompted us to further investigate its applicatiorthe direct C-

transition-.metal catalyzed direct C-.H bond _arylatioof H bond arylation of (benzo)thiophenes with aryl clues.
(benzo)thiophenes also attracted chemists’ atterstiwcessfully.  Herein. we report these results in detail.

However, to the best of our knowledge, there are stilne

shortcomings remained in the direct C-H bond amytatof 2. Resultsand discussion

(benzo)thiophenes, which thus hampered them todbenpally L ) . .
practical methods in organic synthesis: (1) in nwasies, only the The optimization for the reaction conditions was dregvith
more active aryl bromides and iodides were useti@stylating the model reaction using benzothiophee (0.5 mmol) and
reagents in the presence of phosphine ligdfidsthe very fewer ~chlorobenzenga (0.6 mmol) as the substrates, NHC-Pd(ll)-Im
successful examples using the inert aryl chloriatethe arylating  complex1 (1.0 mol%) as the catalyst, CuO (10.0 mol%) as the
reagents; (2) air-sensitive phosphine ligands amessary** (3) additive in THF (2.0 mL) {at 13€C for 6 h to test varltous bases
papers using N-heterocyclic carbene (NHC)-palladium (1.0 mmol) (Table 1, entries 1-6). It was found tH&@Bu was
complexes were also reported recently, however, dported ~ the best base, giving the highest yield of 97% (@ah entry 1).
complexes were all not readily available and/orsainsitive In the presence of other bases such asBlaQX,CO;, CsCO;,
phosphine ligand was also involvedherefore, great demand KOH and KPO,, almost no reaction occurred (Table 1, entries 2-
stil remains for the direct C-H bond arylation of 6). Using KOBu as the base, a variety of normal solvents was
(benzo)thiophenes with the easily available, cheagele inert  then screened. It was found that good yield cahtstilachieved
aryl chlorides catalyzed by stable and readily labd catalyst§. ~ when dioxane was used as the solvent (Table 1, 8jtwyhile in
From 2011, we developed a well-defingdheterocyclic carbene- toluene, very low yield was observed (Table 1, efjyand in
palldium(ll)-1-methylimidazole [NHC-Pd(Il)-Im] compie 1 polar solvents such as DMAc and &N, no desired product
from commercially available starting materials #&l, PdCj  can be detected (Table 1, entries 9 and 10). Basetie above
and 1-methylimidazole in a one-pot procedure, whiels been results, a series of copper salts was also test@dekample,
proven to be one of the most versatile NHC-Pd(ll) plexes ~ good yields can be still observed when@uCul and Cu(OAg)
with highly catalytic activity in activating aryl @brides toward Wwere selected as the additives, respectively (Tapkentries 11,
C-C and C-N coupling reactiori8.For example, very recently, 13 and 14). However, in the presence of CuCl, thddyie
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decreased dramatically to 52% (Table 1, entry 1t2js worth

noting here that the addition of the copper addiissessential for
such transformation, because in the absence of capper
additive, almost no reaction took place (Tablentrel5).

Table 1. Optimization for the complex 1 catalyzed reaction of
benzothiophene 2a with chlorobenzene 3a.

: NHC-Pd(Il)-Im 1 I

1 0 mol%)
base solvent

Pr
P Cl

N 7
NHC-Pd(Il)-Im 1: [ )>—P:d—N\//j
N —

PrCi

Entry? Base Solvent Additive Yield (%)P
1 KOBu THF CuO 97
2 NaO'Bu THF CuO NR
3 K,CO4 THF CuO NR
4 Cs,CO; THF CuO NR
5 KOH THF CuO <5
6 K;PO, THF Cuo NR
7 KO'Bu toulene CuO 29
8 KO'Bu dioxane CuO 87
9 KO'Bu DMAc CuO NR
10 KO'Bu CH3CN CuO NR
11 KO'Bu THF Cu,0 89
12 KOBu THF CuCl 52
13 KO!Bu THF Cul 90
14 KO!Bu THF Cu(OAc), 90
15 KOBu THF — <5

@ All reactions were carried out using 2a (0.5 mmol), 3a (0.6
mmol), 1 (1.0 mol%), additive (0 or 10.0 mol%), base (2.0
equiv) in solvent (2.0 mL) at 130 °C for 6 h. P Isolated yields.

Once the optimal conditions in hand, we first in\getiéd the
reactions of benzothiophe®a with various aryl chlorides to test
the generality and limitation. The results are shawiTable 2.
As can be seen from Table 2, under suitable comditionost
reactions took place smoothly to give the desirédaG/lated
products in good to high yields. It seems that stuents on the
aryl chlorides affected the reactions to some exteor example,
under identical conditions, the reactions involving-
methylphenyl chloride3b, 3-methylphenyl chlorideSc and 2-
methylphenyl chlorid&d, gave very low yields (Table 2, entries
1, 3 and 5). Satisfyingly, increasing the catalgading to 2.0 or
3.0 mol%, high to almost quantitative yields can dmhieved
within 3 h (Table 2, entries 2, 4 and 7). When 4ylphenyl
chloride 3g was chosen as the substrate, good yield can
observed under the optimal conditions (Table 2yeht), which
can also increase to 92% within shorter time whencttalyst
loading was increased to 2.0 mol% (Table 2, entry. The
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lowest yield was found when 4-fluorophenyl chloridle was
used (Table 2, entries 13-15). By decreasing theuain of
KO'Bu to 1.2 equiv, the best yield was achieved in §6&ble 2,
entry 15).

Table 2. NHC-Pd(Il)-Im complex 1 catalyzed reactions of
benzothiophene 2a with aryl chlorides 3.

NHC-Pd(I1)-Im 1
(X mol%) N\ -
©j> * @ CuO (10.0 mol%) @_Q
R"  KO'Bu, THF 4 R
130°C, 30r6h
Entry? 3 (R) IX] Time (h)  Yield (%)°

1 3b (4-Me) 1 6 4b, 33
2 3b 2 3 4b, 98
3 3c (3-Me) 1 6 4c, 32
4 3c 2 3 4c, 99
5 3d (2-Me) 1 6 4d, 33
6 3d 2 6 4d, 52
7 3d 3 3 4d, 90
8 3e (4-OMe) 2 3 4e, 62
9 3e 3 3 4e, 86
10 3f (3-OMe) 3 3 4f, 82
11 3g (4-vinyl) 1 6 4g, 81
12 3g 2 3 4g, 92
13 3h (4-F) 1 6 4h, 20
14 3h 3 3 4h, 35
15¢ 3h 3 3 4h, 56

@ Otherwise specified, all reactions were carried out using 2a
(0.5 mmol), 3 (0.6 mmol), 1 (X mol%), CuO (10.0 mol%),
KO!Bu (2.0 equiv) in THF (2.0 mL) at 130 °C for 3 or 6 h.

b |solated yields. ¢ KO'Bu: 1.2 equiv.

Encouraged by the above successful results forahetions
between benzothiophen€2a and aryl chlorides 3, we
subsequently turned our attention to the reactafnthiophenes
such as 2-phenylthiophen2b and 2-methylthiophenec to
further test the limitation and generality of thigthodology. The
results are summarized in Table 3. For the reastioh 2-
phenylthiophene2b with a variety of aryl chlorides3, all
reactions worked well to give the desired C-H bondated
products4i-p in moderate to almost quantitative yields (Table 3
entries 1-8). Electron-rich, -neutral and -steficahindered
substitutents on the aryl chlorid8sdid not affect the reactions
significantly. For instance, for the reaction opRenylthiophene
2b with 2-methylphenyl chloride3d, good vyield can be still
obtained (Table 3, entry 4). Moderate yield was oleskfor the
reaction of 4-fluorophenyl chloridép (Table 3, entry 8). Under
the optimal conditions, even if the catalyst logdmas increased
to 5.0 mol%, the yield was still very low for theaotion of 2-

p@ethylthiophene2c with 3-methylphenyl chloridgc (Table 3,

entry 9). Therefore, to develop efficient methodr feuch
transformation, more effort was performed. To owaplire, after
some errors and trials, it was found that by adjgstihe substrate



ratio (2c:3c = 2:1), increasing the catalyst loading (5.0 mol%)
and prolonging the reaction time (12 h), the yiedeh drastically
elevate to 79% (Table 3, entry 11). Based on #ssIlt, a series
of aryl chlorides3 was then subjected to such conditions. All
reactions performed well to give the correspondingl ®ond
arylated product4d in moderate yields (Table 3, entries 10-14).
For all aryl chlorides tested, the substituentst@nphenyl rings

3

(77.0 ppm), respectivelyl-values are in Hertz. Flash column
chromatography was performed on silica gel (300+#@8h).

4.2 Experimental procedure

Under N atmosphere, NHC-Pd(ll)-Im compléx(1.0 mol%),
CuO (10.0 mol%), benzothiophera (0.5 mmol), K(Bu (1.0
mmol), dry THF (2.0 mL) and chlorobenzeBa (0.6 mmol)

did not affect the reactions evidently. were successively added into a sealed tube. Theuraixvas

stirred vigorously at 130C for 6 h. After cooling to room
temperature, the reaction mixture was concentratederu
reduced pressure and the residue was purified Ish ftalumn
chromatography on silica gel to afford pure prodizct

Table 3. NHC-Pd(ll)-Im complex 1 catalyzed reactions of 2-
substituted thiophenes 2 with aryl chlorides 3.

D N e Y 4.2.1 Compounda® white solid."H NMR (CDCl, 500 MHz,
a0 (100 rr?ol%) RN TMS) 5 7.83 (d,J = 7.5 Hz, 1H), 7.77 (dl = 7.5 Hz, 1H), 7.72 (d,
R‘ KO'Bu, THF PR J=7.5Hz, 2H), 7.54 (s, 1H), 7.42 {t= 7.5, 2H), 7.36-7.29 (m,
130°C, 3 h R 3H). °C NMR (CDCk, 125 MHz)3 144.3, 140.7, 139.5, 134.3,
128.9, 128.3, 126.5, 124.5, 124.3, 123.6, 122.8,5.1
Entry@ 2 (R) 3(R) [X]  Yield (%)°
1 2b (Ph) ( ) 2 4,99 4.2.2 Compoundb?® white solid."H NMR (CDCk, 500 MHz,
2 2b b (4-Me) 2 4j, 93 TMS) 8 7.78 (d,J = 8.0 Hz, 1H), 7.72 (d) = 8.0 Hz, 1H), 7.58
(d,J = 8.0 Hz, 2H), 7.46 (s, 1H), 7.31 §t= 8.0 Hz, 1H), 7.27 (t,
3 2b (3 Me) 2 k94 J=8.0 Hz, 1H), 7.19 (d] = 8.0 Hz, 2H), 2.36 (s, 3H'C NMR
4 2b d (2-Me) 3 41,87 (CDCl;, 125 MHz)§ 144.4, 140.8, 139.3, 138.2, 131.5, 129.6,
5 b 3e (4-OMe) 3 4m, 89 126.3,124.4,124.1, 123.4,122.2,118.8, 21.2.
6 2b 3 (3-OMe) 3 4n. 81 4.2.3 Compoundc® white solid.*H NMR (CDC, 500 MHz,
7 2b 3g (4-vinyl) 2 40,98 TMS) § 7.82 (d,J = 8.0 Hz, 1H), 7.76 (d] = 7.5 Hz, 1H), 7.53-
3H). ®C NMR (CDCL, 125 MHz)$ 144.4, 140.7, 139.4, 138.6,
9 2c (Me) 3¢ 5 4q, 32 134.2, 129.0, 128.8, 127.2, 124.4, 124.2, 123.8.5,2122.2,
10¢ 2c 3b 5 4r, 69 119.3,21.4.
11¢ 2c 3c 5 4q,79 o o
g 4.2.4 Compoundid™® white solid."H NMR (CDC}k, 500 MHz,
12 2 3d 5 4s, 70 TMS) § 7.84 (d,J = 7.5 Hz, 1H), 7.78 (d] = 7.5 Hz, 1H), 7.47
13¢ 2c 3e 5 4t, 68 (d, J = 7.0 Hz, 1H), 7.38-7.22 (m, 6H), 2.47 (s, 3HC NMR

(CDCl;, 125 MHz) 6 143.5, 140.2, 140.1, 136.4, 134.2, 130.8,

a Otherwise specified, all reactions were carried out using 2
130.6, 128.3, 125.9, 124.3, 124.1, 123.5, 123.9,0,21.0.

(0.5 mmol), 3 (0.6 mmol), 1 (X mol%), CuO (10.0 mol%),
KO'Bu (2.0 equiv) in THF (2.0 mL) at 130 °C for 3 h.
blsolated yields. ¢ KO'Bu: 1.2 equiv.

4 The reactions were carried out using 2¢ (1.0 mmol), 3 (0.5
mmol), KO'Bu (1.2 equiv), 1 (5.0 mol%), Cu,0 (10.0 mol%) in
THF (2.0 mL) at 130 °C for 12 h.

4.2.5 Compounde™ yellow solid."H NMR (CDClk, 500 MHz,
TMS)$ 7.80 (d,J = 8.0 Hz, 1H), 7.73 (d] = 8.0 Hz, 1H), 7.64 (d,
J=9.0 Hz, 2H), 7.42 (s, 1H), 7.33 (til= 8.0, 1.0 Hz, 1H), 7.28
(td, J = 8.0, 1.0 Hz, 1H), 6.95 (d,= 9.0 Hz, 2H), 3.85 (s, 3H).
*C NMR (CDC}, 125 MHz)§ 159.8, 144.2, 140.9, 139.2, 127.7,
127.1, 124.4, 123.9, 123.2, 122.2, 118.2, 114.4.55

3. Conclusion 4.2.6 Compoundf®™ yellow solid.*H NMR (CDCl, 500 MHz,

In conclusion, we report herein the first examplg@lbsphine TMS)8 7.82 (d.J = 8.0 Hz, 1H), 7.76 (d] = 7.5 Hz, 1H), 7.53

ligand-free, NHC-Pd(ll) complex catalyzed direct C-ténd
arylation of (benzo)thiophenes with the inert, whigasily
available aryl chlorides as the arylating reagebitsing a well-
defined NHC-Pd(Il)-Im complex as the catalyst, alaatons
performed well to give the desired C-H bond arylated
(benzo)thiophenes in moderate to high yields, dffgy an
inexpensive and alternative methodology for thelatign of
(benzo)thiophenes.

4, Experimental section

4.1 General remarks.

Melting points are uncorrected. NMR spectra were naexb at
500 (for'H NMR) or 125 MHz (for*C NMR), respectively’H
and ®C NMR spectra recorded in CDClsolutions were
referenced to TMS (0.00 ppm) and the residual smheeak

(s, 1H), 7.36-7.20 (m, 4H), 7.24 (s, 1H), 6.89 (dt, 7.5, 2.0 Hz,
1H), 3.87 (s, 3H)°C NMR (CDCL, 125 MHz)$ 159.9, 144.0,
140.5, 139.4, 135.6, 129.9, 124.5, 124.3, 123.€.212119.6,
119.0, 113.7, 112.1, 55.3.

4.2.7 Compoundg™ white solid."H NMR (CDCk, 500 MHz,
TMS)$ 7.82 (d,J = 7.5 Hz, 1H), 7.77 (d) = 7.5 Hz, 1H), 7.68
(d,J=8.0 Hz, 2H), 7.55 (s, 1H), 7.46 @@= 8.0 Hz, 2H), 7.35 (t,
J=7.5Hz, 1H), 7.31 () = 7.5 Hz, 1H), 6.74 (dd] = 18.0, 11.0
Hz, 1H), 5.80 (d,J = 18.0 Hz, 1H), 5.30 (dl = 11.0 Hz, 1H)**C
NMR (CDCl, 125 MHz)§ 143.9, 140.7, 139.5, 137.5, 136.2,
133.7,126.7, 126.6, 124.5, 124.4, 123.5, 122.9,41114.4.

4.2.8 Compoundh® white solid."H NMR (CDCk, 500 MHz,
TMS) 5 7.82 (d,J = 8.0 Hz, 1H), 7.76 (d] = 8.0 Hz, 1H), 7.67
(dd,J = 8.5, 5.0 Hz, 2H), 7.46 (s, 1H), 7.37-7.25 (m, 2H)27,



J = 8.5 Hz, 2H).°C NMR (CDC}, 125 MHz)5 162.8 (d,Jor =
246.875 Hz), 143.1, 140.7, 139.5, 130.6 J¢r = 3.375 Hz),
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162.3 (dJcr = 245.875 Hz), 143.6, 142.4, 134.2, 130.6(d; =
3.375 Hz), 128.9, 127.6, 127.3 (@ = 8.0 Hz), 125.6, 124.0,

128.2 (d,Jcr = 8.125 Hz), 124.6, 124.4, 123.5, 122.2, 119.4116.9 (d,Jc.r = 21.75 Hz). IR (neaty 2346, 1590, 1540, 1511,

115.9 (dJer = 21.75 Hz).

4.2.9 Compoundli?: white solid.'"H NMR (CDCk, 500 MHz,
TMS) & 7.64 (d,J = 7.5 Hz, 4H), 7.40 (1) = 7.5 Hz, 4H), 7.30-
7.27 (m, 4H)°C NMR (CDCk, 125 MHz)3 143.6, 134.3, 128.9,
127.5, 125.6, 124.0.

4.2.10 Compoundj® white solid.*H NMR (CDCk, 500 MHz,

TMS) 5 7.63 (d,J = 7.5 Hz, 2H), 7.53 (d] = 8.0 Hz, 2H), 7.39 (t,
J=8.0 Hz, 2H), 7.29-7.24 (m, 3H), 7.20 (c= 8.0 Hz, 1H), 2.37
(s, 3H). °C NMR (CDCL, 125 MHz)5 143.8, 143.0, 137.4,
134.4, 131.5, 129.6, 128.9, 127.4, 125.6, 125.8.9,2123.5,

21.2.

4.2.11 Compoundk™: white solid."H NMR (CDCk, 500 MHz,

TMS) 6 7.64 (d,J = 8.0 Hz, 2H), 7.44 (d] = 8.0 Hz, 2H), 7.39 (t,
J=7.5Hz, 2H), 7.30-7.27 (m, 4H), 7.11 (& 8.0 Hz, 1H), 2.40
(s, 3H).®C NMR (CDCk, 125 MHz) 143.8, 143.4, 138.5,
134.3, 134.2, 128.9, 128.8, 128.3, 127.4, 126.%.612123.9,

123.8,122.7, 21.4.

4.2.12 Compound!™: white solid."H NMR (CDClk, 500 MHz,
TMS) § 7.63 (d,J = 8.0 Hz, 2H), 7.46-7.44 (m, 1H), 7.39 Jt=
7.5 Hz, 2H), 7.30-7.22 (m, 5H), 7.04 @= 3.5 Hz, 1H), 2.49 (s,
3H). °C NMR (CDC}, 125 MHz)5 143.9, 142.5, 135.9, 134.3,
134.0, 130.8, 130.2, 128.9, 127.8, 127.4, 126.(,.61.2123.1,
21.2.

4.2.13 Compoundim?®: yellow solid. 'H NMR (CDCk, 500
MHz, TMS) & 7.62 (d,J = 7.5 Hz, 2H), 7.56 (d] = 8.0 Hz, 2H),
7.38 (t,J = 7.5 Hz, 2H), 7.28-7.25 (m, 2H), 7.17 (s, 1H), 6.82 (
J = 8.0 Hz, 2H), 3.84 (s, 3H)*C NMR (CDCk, 125 MHz)?
159.2, 143.6, 142.6, 134.4, 128.9, 127.3, 127.5.9,2125.5,
123.9,122.9, 114.3, 55.4.

4.2.14 Compoundin'* yellow solid. '"H NMR (CDClk, 500
MHz, TMS) § 7.62 (d,J = 7.0 Hz, 2H), 7.38 (1] = 7.0 Hz, 2H),
7.31-7.23 (m, 5H), 7.16 (s, 1H), 6.83 (ds 8.0 Hz, 1H), 3.84 (s,
3H). ®C NMR (CDCk, 125 MHz)$ 159.9, 143.7, 143.4, 135.6,
134.2, 129.9, 128.9, 127.5, 125.6, 124.2, 123.8.211113.0,
111.2, 55.3.

4.2.15 Compoundo: yellow solid. mp: 189-190 °CH NMR

(CDCl,, 500 MHz, TMS) 7.63 (d,J = 7.5 Hz, 2H), 7.60 (d] =

7.5 Hz, 2H), 7.43 (dJ = 8.0 Hz, 2H), 7.39 (&) = 7.5 Hz, 2H),
7.30-7.27 (m, 3H), 6.73 (dd,= 17.5, 11.0 Hz, 1H), 5.78 (d,=

17.5 Hz, 1H), 5.27 (dJ = 11.0 Hz, 1H)*C NMR (CDC}, 125
MHz) & 143.6, 143.3, 136.8, 136.2, 134.3, 133.7, 1289.5,
126.7, 125.63, 125.61, 124.04, 123.97, 113.9. Eatjrv 3055,
2920, 2858, 1624, 1601, 1489, 1455, 1407, 12782,12080,
1118, 990, 938, 903, 840, 805 tmMMS (ESI): 263 [M+H];

HRMS (ESI) caled for GH;sS [M+H]": 263.0899; found:
263.0896.

4.2.16 Compoundip: white solid. mp: 158-159 °C'H NMR
(CDCl;, 500 MHz, TMS)3 7.62 (d,J = 7.5 Hz, 2H), 7.58 (1] =
6.5 Hz, 2H), 7.38 () = 7.5 Hz, 2H), 7.30-7.24 (m, 2H), 7.20 (s,
1H), 7.07 (t,J = 8.0 Hz, 2H)."*C NMR (CDCk, 125 MHz) &

1494, 1455, 1238, 1159, 1101, 937, 906, 864, 835, B55 crit.
MS (ESI): 255 [M+H]; HRMS (ESI) calcd for GH.FS
[M+H]*: 255.0638; found: 255.0647.

4.2.17 Compoundiq>: colorless liquid.*H NMR (CDChk, 500
MHz, TMS) § 7.34 (d,J = 9.0 Hz, 2H), 7.21 (] = 8.0 Hz, 1H),
7.07 (d,J = 4.0 Hz, 1H), 7.03 (d] = 7.5 Hz, 1H), 6.69-6.68 (m,
1H), 2.48 (s, 3H), 2.35 (s, 3H)C NMR (CDCk, 125 MHz)$
142.1, 139.2, 138.3, 134.6, 128.7, 127.8, 126.5.112122.7,
122.6, 21.4, 15.4.

4.2.18 Compoundr®® white solid."H NMR (CDCk, 500 MHz,
TMS) & 7.43 (d,J = 8.5 Hz, 2H), 7.13 (dJ = 8.5 Hz, 2H), 7.04
(d,J = 3.5 Hz, 1H), 6.69-6.68 (m, 1H), 2.48 (s, 3H), 2.833H).
¥C NMR (CDCL, 125 MHz)8 142.1, 138.8, 136.7, 131.9, 129.4,
126.0, 125.4, 122.3, 21.1, 15.4.

4.2.19 Compoundis® colorless liquid."H NMR (CDCh, 500
MHz, TMS) 8 7.38-7.36 (m, 1H), 7.24-7.16 (m, 3H), 6.84 {d,
= 3.0 Hz, 1H), 6.73-6.72 (m, 1H), 2.50 (s, 3H), 2.4288K).°C
NMR (CDCl, 125 MHz)§ 140.8, 139.6, 135.9, 134.5, 130.7,
130.2, 127.4, 126.2, 125.8, 125.3, 21.2, 15.2.

4.2.20 Compoundt® yellow solid."H NMR (CDCk, 500 MHz,
TMS) & 7.47-7.44 (m, 2H), 6.97 (d, = 3.5 Hz, 1H), 6.89-6.86
(m, 2H), 6.68-6.67 (m, 1H), 3.80 (s, 3H), 2.48 (s, 3f). NMR
(CDCl;, 125 MHz) 5 158.8, 141.9, 138.4, 127.6, 126.7, 126.0,
121.8,114.2, 55.3, 15.3.
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