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Abstract — A  palladium-catalyzed cascade reaction for preparing
2,3-dihydrobenzo[b]thiophenes and the corresponding 1,1-dioxides bearing the
C3 benzylic quaternary carbon is described. This cascade reaction involves the
oxidative addition of aryl iodide to Pd(0) to form a c-aryl palladium intermediate,
insertion of the internal alkene into the c-aryl palladium intermediate to form a
o-alkyl palladium intermediate with concomitant formation of a heterocyclic ring
bearing a benzylic all-carbon quaternary stereogenic center, which undergoes
transmetalation with a TIPS ether of thiol, and finally, reductive elimination to
afford the product. The use of N,O-bis(trimethylsilyl)acetamide (BSA) under

previously optimized conditions is key to achieving a high yield.

2,3-Dihydrobenzo[b]thiophene (Figure 1) has continued to the attention of synthetic chemists owing to

the bioactive derivatives of this compound.
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Figure 1. Structures of 2,3-dihydrobenzo[b]thiophene, 2,3-dihydrobenzo[b]thiophene 1,1-dioxide,
compounds I, I1, and (—)-physostigmine
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For example, a raloxifene analog that exhibits selective estrogen receptor modulator activity,'
NSC-380292, which is a potential HIV-1 reverse transcriptase inhibitor,> and compounds that strongly
inhibit both adenosine 5 -diphosphate- and collagen-induced platelet aggregation® all include
2,3-dihydrobenzo[b]thiophene in their structures. Moreover, a variety of bioactive derivatives of
2,3-dihydrobenzo[h]thiophene 1,1-dioxide have also been reported.*

To the best of our knowledge, naturally occurring 2,3-dihydrobenzo[b]thiophene derivatives bearing two
alkyl groups at the C3 position, such as structure I (Figure 1), which has an all-carbon quaternary
stereogenic center, have never been reported. However, a number of bioactive derivatives with structure I
have been synthesized. For example, compound II, which is a sulfur analog of physostigmine with
bioactivity comparable to that of physostigmine, but with an enhanced safety profile, was reported by
Takamura and co-workers.> Thus, structure I is an important scaffold for bioactive compounds; hence, the
development of protocols for synthesizing structure I is important.

Indoline is an aza-analogue of 2,3-dihydrobenzo[b]thiophene and has been recognized as a biologically
important privileged scaffold because it is found in various bioactive natural products. Hence, its
synthesis has been reported by many research groups. However, indolines bearing two alkyl groups at the
C3 position, which are incorporated into the structure of various bioactive natural products, for example,
physostigmine (Figure 1), pose synthetic challenges because the construction of an all-carbon quaternary

stereogenic center is a synthetically formidable task.

a. Palladium-catalyzed cyclization/anion capture cascade
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b. Palladium-catalyzed carbothiolation with R2STIPS (Y = N, O, C) reported by us.1° TIPS: triisopropylsilyl.
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Scheme 1. Palladium-catalyzed cascade reactions

Recently, cascade reactions have attracted the attention of synthetic chemists because they enable the

successive formation of new bonds, which is advantageous for the efficient construction of complex
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structures. Moreover, cascade reactions reduce the time and labor required for the requisite
transformations, and also reduce waste output and the use of energy and resources.

Palladium-catalyzed reactions are efficient and useful because they comprise successive elementary
reactions, where the reactive palladium species formed in the catalytic cycle can be used for subsequent
reactions in a cascade manner. For example, an aryl-Pd(Il) intermediate, which is derived from the
oxidative addition of compound 1 to Pd(0) (Scheme 1a), undergoes alkene insertion to afford c-alkyl
palladium intermediate 2 with forming an all-carbon quaternary stereogenic center. Intermediate 2 does
not undergo B—elimination because it lacks a B-hydrogen, but 2 reacts with a nucleophile to afford 3.

The reactions of oc-alkyl palladium intermediate 2 with a nucleophile,® bis(pinacolate)diboron,’
hexamethyldisilane, hexamethyldistannane,® and diethyl H-phosphonate,” which afford the corresponding
alkyl pinacol borane, silane, stannane, and phosphonate, respectively, have been reported.

Recently, we reported the palladium-catalyzed carbothiolation reaction of 1 to afford 4 via the interaction
of in situ formed c-alkyl palladium intermediate 2 with a TIPS ether derivative of alkane or arylthiol
(Scheme 1b).!% This cascade reaction is the first example in which a c-alkyl palladium intermediate is
used to form various alkyl aryl and dialkyl sulfides with an all-carbon quaternary stereogenic center. Thus,
a variety of alkyl aryl and dialkyl sulfide derivatives of chromane, 2,3-dihydrobenzofuran,
2,3,4,5-tetrahydrobenzo[b]oxepine, 1,2,3,4-tetrahydronaphthalene, indoline, and indolin-2-one with an
all-carbon quaternary stereogenic center have been successfully prepared using this protocol. In these
reactions, Cs2CO3, (IPr)Pd(allyl)Cl, and a TIPS ether derivative of thiol in toluene are used to form the
desired product in high yield.

In the previous studies, it was found that the palladium-catalyzed carbothiolation reaction is sensitive to
the purity of the TIPS thioether, possibly because the crude TIPS thioether contains thiol or some
unidentified compounds, including sulfur, which could deactivate the used catalyst. Hence, our interest is
in preparing organosulfur compounds such as 2,3-dihydrobenzo[b]thiophene by the palladium-catalyzed
carbothiolation reaction developed in our group because this reaction has never been reported, but also
because it would shed light on the limitations of the carbothiolation reaction.

Herein, the palladium-catalyzed carbothiolation reaction of sulfur-tethered substrates is investigated,
demonstrating that a new carbon-sulfur bond is successfully formed with generating an all-carbon
quaternary stereogenic center, affording alkyl aryl and dialkyl sulfides.

Aryl iodide 6 (Scheme 2) was selected as a model compound for optimizing the conditions of the
palladium-catalyzed carbothiolation reaction. Compound 6 was readily prepared from 2-iodoaniline.
Diazotization of 2-iodoaniline and subsequent reaction with potassium thioacetate afforded compound 5,
which was then hydrolyzed with 1 M NaOH/methanol, followed by methallylation of the resultant thiol to

give compound 6.
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Scheme 2. Preparation of compound 6. AcSK: potassium thioacetate

The carbothiolation reaction of compound 6 was first carried out under the optimized conditions reported
previously for the carbothiolation reaction. Thus, compound 6 was treated with PhSTIPS (1.5 equiv) and
Cs2C03 (3.0 equiv) in the presence of a catalytic amount of (IPr)Pd(allyl)Cl (10 mol%) in toluene at
100 °C (Table 1, entry 1). Interestingly, a mixture of 7a and 8a (7a/8a = 64/36) was formed in 36%

combined yield and 39% of 6 was recovered.'!
Table 1. Optimization of palladium catalyst for the carbothiolation reaction of 6

' PhSTIPS (1.5 equiv) SPh SPh
Catalyst (10 mol%) +
S/\[( -~ S S/\”/

Cs,CO3 (3.0 equiv)

® toluene, 100 °C, 36 h 7a 8
Entry Catalyst Yield (%)° Ratio (7a/8a)°
1 (IPr)Pd(allyl)Cl 36 64/36
2 Pd.dbas, PPhs (20 mol%) 15 0/100
3 Pd.dbas, Sphos (20 mol%) 5 24/76
4 Pd.dbasz, Xantphos 45 44/56
5 Pdzdbas, dppf 13 0/100
6 PA(PPhs)s 48 19/81

“Isolated yield of a mixture of 7a and 8a. “Low conversion was observed in all entries. “Ratio determined
by 'H-NMR.

The reduced yield (Table 1, entry 1) prompted us to investigate the reaction conditions for compound 6.

First, the catalysts were screened. The reaction with Pd2dbas (5 mol%) and PPhs (20 mol%) afforded only
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8a (Table 1, entry 2), and the use of Sphos gave a mixture of 7a and 8a (7a/8a = 24/76) in only 5%
combined yield (Table 1, entry 3). The bidentate ligand Xantphos (Table 1, entry 4) afforded a mixture of
7a and 8a in 45% yield, but the ratio of 7a/8a was unsatisfactory. The use of dppf (Table 1, entry 5)
resulted in almost the same yield and 7a/8a ratio as those in entry 2, and the use of Pd(PPhs), afforded the
products in 48% yield, but the ratio of 7a/8a was 19/81 (Table 1, entry 6). The results in Table 1 indicate
that (IPr)Pd(allyl)Cl is the most suitable catalyst for the carbothiolation reaction of 6.

Table 2. Optimization of solvent for the carbothiolation reaction of 6

PhSTIPS (1.5 equiv)
@[l (IPr)Pd(allyCI (10 mol%) ©f§sph ©:8Ph
+
s/ﬁ( Cs,CO;3 (3.0 equiv) s S/T
Solvent, 100 °C, 36 h
6 7a 8a

Entry Solvent Yield (%)? Ratio (7a/8a)P
1 toluene 36° 64/36
2 benzene® 36° 47/53
3 THF® of —~
4 MeCN¢ 09 -
5 DMSO o -~
6 NMP o -~

“Isolated yield of a mixture of 7a and 8a. bRatio determined by 'H-NMR. ‘Low conversion was observed.
Reaction at 80 °C. “Reaction at 65 °C./No reaction even after 36 h. 8A large amount of 6 remained and
some unidentified by-products were formed. *Only decomposition was observed.

A suitable solvent for the palladium-catalyzed carbothiolation reaction of 6 (Table 2) was also examined.
The carbothiolation reaction of 6 in benzene afforded a mixture of 7a and 8a in 36% combined yield
(Table 2, entry 1), which is comparable to the yield obtained in in entry 1. However, the ratios of 7a and
8a were inferior to those in entry 1. Interestingly, the reactions in other solvents, such as tetrahydrofuran
(THF; Table 2, entry 3), MeCN (Table 2, entry 4), dimethyl sulfoxide (DMSO; Table 2, entry 5), and
N-methylpyrrolidone (NMP; Table 2, entry 6), did not afford the products. Thus, the reaction in THF did
not proceed even after 36 h and the use of MeCN resulted in almost no reaction with forming some

unidentified by-products. Only decomposition of 6 was observed in the reactions using DMSO or NMP.
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The reason for the solvent effect on the palladium-catalyzed carbothiolation reaction of 6 (Table 2) has

not yet been clarified; however, toluene was found to be the most suitable solvent for the reaction of 6.

Table 3. Optimization of base for the carbothiolation reaction of 6

PhSTIPS (1.5 equiv)

@I (IPr)Pd(allyl)Cl (10 mol%) ©\)§\ SPh ©:sph
S/ﬁ( Base (3.0 equiv) S ¥ S

toluene, 100 °C, 36 h

6 7a 8a
Entry Base Yield (%)? Ratio (7a/8a)P

1 Cs2C0s3 36 64/36

2 Li.CO3 4 34/66

3 Na>COs3 8 29/71

4 K2CO3 19 69/31

5 Ag2CO3 7 2/98

6 CsF 28 66/34

7 K3POg4 14 100/0

8 EtsN 0 —

“Isolated yield of a mixture of 7a and 8a. “Ratio determined by 'H-NMR.

The base (Table 3) for the carbothiolation reaction of 6 was re-examined, using toluene as the solvent.
Metal carbonates such as lithium carbonate (Table 3, entry 2), sodium carbonate (Table 3, entry 3),
potassium carbonate (Table 3, entry 4), and silver carbonate (Table 3, entry 5) were examined for the
carbothiolation reaction of 6. However, although the ratio of 7a/8a increased from 64/36 to 69/31 when
potassium carbonate was used, none of the yields in entries 2-5 exceeded the yield in entry 1. The use of
cesium fluoride (Table 3, entry 6) resulted in a comparable ratio of 7a/8a, but did not improve the yield.
The carbothiolation reaction of 6 using potassium phosphate (Table 3, entry 7) afforded 7a without the
formation of 8a; however, the yield of 7a was low. The reaction with triethylamine (Table 3, entry 8) did
not afford the desired products. Therefore, cesium carbonate was found to be the most suitable base for

the carbothiolation reaction of 6.
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Table 4. Optimization of additive for the carbothiolation reaction of 6
PhSTIPS (1.5 equiv)

©i| (IPr)Pd(allyl)CI (10 mol%) ©f§sph SPh
S/\[( Cs,CO3 (3.0 equiv) S + ©is/\”/

Additive (2.0 equiv)

6 toluene, 100 °C, 36 h 7a 8a
Entry Additive Yield (%)?2 Ratio (7a/8a)"

1 - 36 64/36
2 TBAC 0 —

3 TMSCI 80 65/35
4 TBSCI 14° 94/6
5 BSA 96 97/3
6 BTBSA 85 97/3
7 MSTFA 68 91/9
8 BSU 82 83/17
9 HMDS 174 96/4
10 2-methyl-2-oxazoline 11 75/25

“Isolated yield of a mixture of 7a and 8a. “Ratio determined by 'H-NMR. °86% of 6 remained. 46% of 6
remained and many by-products were observed on the TLC.

0
NTMS NTBS M rws 0 (\/N
F,¢” N 5
N N ' TMSHN)J\NHTMS _<Me

Me OTMS Me OTBS Me

BSA BTBSA MSTFA BSU 2-methyl-2-oxazoline

Figure 2. Structures of BSA, BTBSA, MSTFA, BSU, and 2-methyl-2-oxazoline

As shown in Tables 1-3, changing the catalyst, solvent, and base did not increase the yield and the ratio of
7a/8a in the carbothiolation reaction of 6; therefore, additives were investigated (Table 4). A phase

transfer catalyst has been reported to enhance the Heck reaction;? hence, the reaction of 6 was conducted
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in the presence of tetrabutylammonium chloride (TBAC) (Table 4, entry 2). However, no reactions were
observed.

In our previous work, it was observed that the carbothiolation reaction was very sensitive to thiol and
impurities containing sulfur atoms.*° Indeed, we reported that the carbothiolation reaction was retarded by
thiols and it was found that repeating purification of PhSTIPS by silica gel column chromatography
improved the yield. Since substrate 6 has been prepared, 6 was suspected to include impurities containing
sulfur atoms while 6 was purified by silica gel column chromatography. Hence, we examined the
carbothiolation reaction of 6 in the presence of a silylating reagent to scavenge impurities including thiol.
First, the reaction of 6 was carried out in the presence of trimethylsilyl chloride (TMSCI) (Table 4, entry
3). Gratifyingly, the use of TMSCI (2.0 equiv) improved the yield to 80%, while the ratio of 7a/8a was
the same as that in entry 1. Two equivalent of a silylating reagent was used to ensure the effect owing to
its high volatility. Use of tert-butyldimethylsilyl chloride (TBSCI) (Table 4, entry 4) resulted in low yield
while the ratio of 7a/8a was improved. Hence, other silylating reagents were screened, and it was found
that the use of 2.0 equiv of N,O-bis(trimethylsilyl)acetamide (BSA), which is frequently used for
preparing samples for gas chromatography analysis, largely improved the yield (96%) as well as the ratio
of 7a/8a (97/3) (Table 4, entry 5). N,O-Bis(tert-butyldimethylsilyl)acetamide (BTBSA) was also effective
but the yield was 85% (Table 4, entry 6). Suspecting that BSA and BTBSA may coordinate to palladium
to change its catalytic activity, other silylating reagents were tested.
N-Methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) (Table 4, entry 7) and N-bis(trimethylsilyl)urea
(BSU) (Table 4, entry 8) were effective, too, while the yield and the ratio of 7a/8a did not exceed those in
the reaction using BSA. A commonly used silylating reagent, 1,1,1,3,3,3-hexamethyldisilazane (HMDS)
(Table 4, entry 9), was not effective probably because it is base and could reduce the catalytic activity of
palladium by the strong coordination. The reaction with 2-methyl-2-oxazoline (Table 4, entry 10), which
can coordinate to palladium, afforded the products, but the yield was low. The results in Table 4 suggest
that silylating reagents scavenge impurities, including thiol, to retain the catalytic activity of palladium,

and BSA was found to be the best additive for the carbothiolation reaction of 6.
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RSTIPS (1.5 equiv)

©i| (IPr)Pd(allyl)Cl (10 mol%) ©\)§\SR QSR
2 T L ey

Cs,CO3 (3.0 equiv)
BSA (2.0 equiv)

6: X=S toluene, 100 OC, 36 h 7b-d: X=8 8b-d: X=8S
9: X =S0, 10a,b: X = SO, 11a,b: X = SO,
S S S
7b 92% (7Th/8b = 79/21)" 7¢ 93%“ (7c/8c = 97/3)° 7d 72%“ (7d/8d = 98/2)"

O//S\\o O//S\\o

10a 79%“ (10a/11a = >95/5)" 10b 85%“ (10b/11b = 75/25)

“Isolated yield of a mixture of products. “Ratio determined by 'H-NMR.

Scheme 3. Products prepared by the palladium-catalyzed carbothiolations of 6 and 9

Under the optimized reaction conditions, the carbothiolation reactions of 6 with some TIPS thioethers
were examined (Scheme 3). The reaction with the TIPS thioether of o-methylthiophenol afforded 7b in
92% combined yield (7b/8b = 79/21). The reduced yield and ratio of 7b/8b compared with those of the
reaction using PhSTIPS could be attributed to the steric hindrance induced by the o-methyl group of the
TIPS thioether. The reaction of the TIPS thioether of p-methylthiophenol proceeded without the steric
problem, to afford 7¢ in 93% combined yield (7¢/8¢ = 97/3). The reaction of the TIPS thioether of
benzylthiol afforded dialkyl sulfide 7d in 72% combined yield (7d/8d = 98/2).

The carbothiolation reaction of sulfone 9, which is derived from sulfide 6, was also investigated. The
reaction of 9 with PhSTIPS under the optimized reaction conditions afforded 10a exclusively in 79%
combined yield (10a/11a = >95/5), while the reaction with the TIPS thioether of o-methylthiophenol
afforded 10b in 85% combined yield (10b/11b = 75/25). The reduced yield and the ratio of the products
are consistent with those observed in the reactions of 6 with TIPS thioethers of thiophenol and o-methyl-

thiophenol.
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The successful carbothiolation reaction of sulfone 9 revealed that it is beneficial for the synthesis of a
variety of bioactive derivatives of 2,3-dihydrobenzo[b]thiophene 1,1-dioxide (Figure 1) bearing an

all-carbon quaternary stereogenic center at the C3 benzylic position.

?dLn
Csl Cs,CO3 ! 5203
|

Cs0,CO

PdLn @[Pdm
[:::I: S Cs
PhSTIPS S/ﬁ(
8-1 71
?dLn
| 7-4 0CO,Cs
TIPSOCO,Cs S

$Ph S |

PdLn /\ﬂ/ 7-3
X : S

S/\[( 7.4 PhSTIPS

8-2 Pd(0)Ln

SPh SPh> PdLn
SPh TIPSOCO,Cs
S/W( s s

8a 7a 7-5

Scheme 4. Plausible mechanism for the palladium-catalyzed carbothiolation of 6 with PhSTIPS

The proposed catalytic cycle for the reaction of 6 with PhSTIPS is shown in Scheme 4. This
palladium-catalyzed reaction involves the formation of c-alkyl palladium intermediates. The oxidative
addition of 6 to Pd(0) generated the c-aryl palladium intermediate 7-1, followed by alkene insertion to
afford the c-alkyl palladium intermediate 7-2. The reaction of iodide 7-4 with Pd(0) could regenerate 7-2.
Intermediate 7-2 did not undergoes B—elimination because it lacks a B—hydrogen. Subsequent reaction of
7-2 with Cs>COs3 afforded 7-3, which underwent transmetalation with PhSTIPS to give 7-5 owing to the
high affinity of the oxygen for the silicon atoms. Finally, the reductive elimination of 7-5 delivered
product 7a with concomitant regeneration of Pd(0). o-Aryl palladium intermediate 7-1 could also react
with Cs2COs; to afford 8-1, which underwent transmetalation with PhSTIPS to give 8-2, and reductive
elimination afforded product 8a with concomitant regeneration of Pd(0), but this pathway depends on the
additive used.

In conclusion, a palladium-catalyzed cascade reaction to form 2,3-dihydrobenzo[b]thiophenes and the

corresponding 1,1-dioxides bearing C3 benzylic quaternary carbons was developed. This cascade reaction
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involves the formation of a c-aryl palladium intermediate by the oxidative addition of aryl iodide to Pd(0),
insertion of the internal alkene into the c-aryl palladium intermediate to afford a c-alkyl palladium
intermediate having a carbocyclic ring with a benzylic all-carbon quaternary stereogenic center;
subsequent transmetalation with TIPS thioether and reductive elimination afford the product. In addition
to the use of Cs2CO;3, (IPr)Pd(allyl)Cl, and a TIPS ether derivative of thiol, the use of BSA as an additive
is key to attaining a high yield. It has been suggested that BSA preserves the catalytic activity of
palladium; hence, BSA should be useful for other palladium-catalyzed reactions that are retarded by

sulfur impurities.
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