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Abstract We have developed a nickel-catalyzed insertion reaction of
an alkyne into a 2-(trifluoromethyl)-1,3-benzothiazole to give a seven-
membered benzothiazepine that is converted into a 2-(trifluorometh-
yl)quinoline by thermal desulfidation. This process can be considered a
formal substitution of a sulfur atom with an alkyne. The structure of the
thianickelacycle intermediate formed through oxidative addition of a C-
S bond in the benzothiazole to nickel(0) was confirmed by X-ray single-
crystal structure analysis and in situ X-ray absorption fine-structure
spectroscopy.

Key words nickel catalysis, cycloaddition, desulfidation, alkynes, ben-
zothiazoles, trifluoromethylquinolines

The quinoline skeleton appears in a variety of natural
products, especially alkaloids, and is widely used in the de-
sign of many pharmaceuticals. In particular, fluorine-con-
taining quinolines, such as 2-(trifluoromethyl)quinoline,
have been attracting significant interest, because the fluo-
rine atoms play a pivotal role in bioactivity and they pro-
vide a further utility for structural elaboration.! For exam-
ple, the antiprotozoal agent mefloquine, which has a 2-(tri-
fluoromethyl)quinoline skeleton, is one of the main drugs
currently used in the treatment of malaria. Therefore, we
expected that the development of new methods for the syn-
thesis of trifluoromethyl-substituted quinolines would be
important and might involve a nickel-catalyzed insertion
reaction. Here, we report a nickel-catalyzed insertion reac-
tion of an alkyne with 2-(trifluoromethyl)-1,3-benzothi-
azoles through the cleavage of the C-S bond in the aromatic
thiazole ring to afford a seven-membered benzothiazepine
that gives a 2-(trifluoromethyl)quinoline through facile
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thermal elimination of the sulfur atom. Various types of
carbothiolation of C-C unsaturated bonds with various
transition-metal catalysts have previously been studied
but, to the best of our knowledge, transition-metal-cata-
lyzed carbothiolation with sulfur-containing aromatic com-
pounds has not been widely studied.?*

We initially examined the reaction of 2-(trifluorometh-
yl)-1,3-benzothiazole (1a) with oct-4-yne (2a) in the pres-
ence of 10 mol% of [Ni(cod),] and 1,3-bis(2,6-diisopropyl-
phenyl)imidazol-2-ylidene (IPr) in hexane at 25 °C for 12
hours (Scheme 1). The reaction gave the 2-(trifluorometh-
yl)benzothiazepine 3aa in 38% yield, along with the 2-(tri-
fluoromethyl)quinoline 4aa in 8% yield through the elimi-
nation of the sulfur atom. Notably, the starting benzothi-
azole 1a is readily available through the condensation
reaction of 2-aminobenzenethiol with trifluoroacetic anhy-
dride. When our reaction was performed at 80 °C, 4aa was
obtained as the sole product in 12% yield. Further examina-
tion revealed that the yield of 4aa improved to 50% when
the reaction was performed initially at 25 °C for 12 hours
and then at 80 °C for three hours.

Ni(cod), (10 mol%)

N Pr IPr (10 mol°/
©: S—CFy + # ——— / Pr+
S Pr hexane

1a 2a
_ "S"
Reaction conditions 1a (recovery) 3aa 4aa
25°C,12h 53% 38% 8%
80°C, 12h 87% <1% 12%
(1)25°C, 12h o o o
2)80°C.3 46% <1% 50%

Scheme 1 Nickel-catalyzed reaction and thermal desulfidation
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To investigate this insertion-elimination process of an
alkyne and sulfur atom in detail, we next examined the re-
action conditions. The results of our attempts to optimize
the reaction conditions are summarized in Table 1. Phos-
phine ligands were not effective for this insertion reaction
(Tablel, entries 1-4); however, with IPr, quinoline 4aa was
obtained in moderate yield after elimination of the sulfur
atom (entry 5). The yield increased slightly when the
amount of IPr was increased to 20 mol% (entry 6). On in-
creasing the concentration of 1a to 0.67 M, 4aa was ob-
tained in almost quantitative yield (entry 7). We confirmed
that this reaction does not proceed in the absence of the Ni
precatalyst (entry 8). Neither 2-methyl-1,3-benzothiazole
nor 2-phenyl-1,3-benzothiazole reacted with 2a, even un-
der more severe conditions (e.g., in toluene at 130 °C), and
neither the corresponding benzothiazepine 3 nor the quin-
oline 4 was obtained. These results suggest that the pres-
ence of a trifluoromethyl group at the C2 position of sub-
strate 1 is essential for this transformation. The trifluoro-
methyl group might contribute to an acceleration of
oxidative addition and/or insertion of an alkyne in the nick-
el-catalyzed reaction. Of note, the presence of other func-
tional groups, such as F or MeO, in the benzothiazole did
not promote the cycloaddition.*

With the optimized reaction conditions, we carried out
the nickel-catalyzed reactions of various 2-(trifluorometh-
yl)benzothiazoles 1 and alkynes 2 to examine the scope of
the transformation to form 2-(trifluoromethyl)quinolines 4
(Scheme 2). Hex-3-yne (2b) and dodec-6-yne (2c) reacted
smoothly with benzothiazole 1a to give the corresponding

Table 1 Reaction Conditions for the Insertion Reaction and Elimination?

1) Ni(cod), (10 mol%)

ligand
hexane N CF
N P 25°C,12h 3
(Lo o7 E5m
S Pr 2)80°C,3h Z >R
1a 2a
4aa
Entry Ligand (mol%) 1a (M) Yield® (%)
1 PMe; (20) 0.2 0
2 PPr, (20) 0.2 4
3 PCy; (20) 0.2 8
4 PPh; (20) 0.2 5
5 IPr (10) 0.2 50
6 IPr (20) 0.2 66
7 IPr (20) 0.67 96 (94)°
8¢ IPr (20) 0.67 0

2 Reaction conditions; 1a (0.2 mmol), 2a (0.4 mmol), [Ni(cod),] (0.02
mmol), ligand, hexane, 25 °C, 12 h, then 80 °C 3 h.

b Determined by "°F NMR.

¢lsolated yield.

¢ Without [Ni(cod),].

1) Ni(cod), (10 mol%)

IPr (20 mol%)

4 hexane N CE
5N R 25°C, 12 h o Na 3
R—(/\[ \>—CF3 + / ———— Ry
67 S R 2)80°C, 3h ZNF R

7

1 2 R
4
(/ =
CsH1y
4ab; 83% 4ac; 90% 4ad; 90% (59/49)2

C\ N\ CF3
NG =
CsHﬂ

Can
4ae; 84% (71/29) 4af; 32%
4ag; 90% P 4ah; 55% 4ai; 78% oTBS
N\ CF3 N\ CF3 Cl N\ CF3
e 7 py FoC Z > py Z > py

Pr Pr Pr
4ba; 96% 4ca; 78% 4da; 79%
m Me Pr
dea; 92% 4fa; 67% 4ga; 75%"

Scheme 2 Substrate scope. Isolated yields are reported. @ Ratio of re-
gioisomers. P Reaction temperature: 25 °C (12 h), then 100 °C (6 h).

quinolines 4ab and 4ac in high yields of 83 and 90%, respec-
tively. Unsymmetrically substituted alkynes afforded regio-
isomeric mixtures of quinolines in high yields (4ad, 90%;
4ae, 84%). Cyclopentadecyne also participated in the reac-
tion to give the corresponding product 4af, albeit in low
yield (32%). Ether, ester, and siloxy functional groups were
tolerated in the reaction, giving moderate-to-good yields
(4ag, 90%; 4ah, 55%; 4ai, 78%). However, diaryl-substituted
alkynes, such as diphenylethyne, and terminal alkynes,
such as oct-1-yne, did not give the desired products, and 1a
was fully recovered. The reaction of 1a with sterically bulky
triisopropylsilyl- or tert-butyl-substituted alkynes did not
give the corresponding cycloadducts. The reaction is there-
fore sensitive toward steric effects of substituents on the
alkyne. The effect of substituents on 1 was also investigat-
ed. Electron-donating or electron-withdrawing groups at
the C6 position had a negligible effect on the reactivity
(4ba, 96%; 4ca, 78%). A chloro group at the C6 position was
tolerated under the reaction conditions, and the corre-
sponding 2-(trifluoromethyl)quinoline 4da was obtained in
79% yield. The reaction of benzothiazoles bearing a methyl
group at the C6 or C4 position with alkyne 2a gave the cor-
responding quinolines (4ea; 92%, 4fa; 67%). 5,7-Dimethyl-
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2-(trifluoromethyl)-1,3-benzothiazole 1g reacted with 2a
to afford quinoline 4ga in 75% yield. Notably, a higher reac-
tion temperature (100 °C) and a prolonged reaction time (6
h) for the elimination of the sulfur atom were required to
afford 4ga.

From this result, we found that the reaction of benzothi-
azole 1g with 2a afforded the thermally stable seven-mem-
bered benzothiazepine 3ga as the sole product in 73% iso-
lated yield (Scheme 3). Steric repulsive effects of the sub-
stituents on 3ga effectively prevented the elimination of
the sulfur atom.>® When 3ga was heated at 100 °C, the cor-
responding 2-(trifluoromethyl)quinoline 4ga was obtained
in almost quantitative yield through elimination of the sul-
fur atom. These results clearly indicate that (a) the nickel-
catalyzed reaction of benzothiazole 1 with alkyne 2 affords
benzothiazepine 3, and (2) subsequent thermal desulfida-
tion of 3 gives quinoline 4.

Ni(cod), (10 mol%,

) N CF3
Me N Pr IPr (20 mol%) Me =
S—cFy + # )P
S Pr hexane, 25 °C, 12 h S
Me Pr

Me

19 2a
39a; 73%
CF3
Me N= hexane Me Ny CFs
Vaa =
S 100°C,6h Pr
Me Pr Me Pr
3ga 4ga; 96%

Scheme 3 Stepwise process: nickel-catalyzed insertion reaction of an
alkyne and thermal elimination of sulfur atom.

To elucidate the mechanism underlying the nickel-cata-
lyzed reaction, we performed a stoichiometric reaction of
benzothiazole 1a with the nickel(0) catalyst (Scheme 4a).
When equimolar amounts of 1a, [Ni(cod),], and IPr were re-
acted in hexane at room temperature, a precipitate formed
immediately and was collected by filtration after 30 min-
utes. A high-quality crystal, suitable for X-ray single-crystal
analysis, was obtained by crystallization from toluene at
-30 °C, and the structure of the product was unambiguous-
ly confirmed to be that of the thianickelacycle dimer 5a(di-
mer) (Figure 1).” Treatment of 5a(dimer) with alkyne 2a in
toluene at room temperature for 12 hours and then at 80 °C
for three hours resulted in quantitative formation of quino-

line 4aa (Scheme 4b).
N CFa
hexane @[S]\“T—IPr

N
@\%CFS + Nilcod), + IPr — > NS (a)
S 25 °C, 30 min IPr’)'\ :@
N

1a (1 equiv) (1 equiv) FoC™

5a (dimer); 96%

5a(dimer) CF3
. toluene N 80°C,3h Ny CFs
pr @[ | ——— ©)
y 25°C, 12h S - b
Pr 2a Pr Pr
(1 equiv) 3aa 4aa; 99%

Scheme 4 Stoichiometric reactions

Figure 1 (a) ORTEP drawing of 5a(dimer). (b) DFT-calculated structure
of cyclooctadiene-coordinated thianickelacycle 5a (monomeric com-
plex).

To gain insight into the formation of the monomeric thi-
anickelacycle 5a in the solution phase, we conducted an in
situ X-ray absorption fine-structure (XAFS) spectroscopic
study of the stoichiometric reaction of [Ni(cod),] (1 equiv)
and IPr (1equiv) with 1a in toluene (Figure 2). The fit of Ni
K-edge EXAFS spectrum was performed with cyclooctadi-
ene-coordinated thianickelacycle 5a (Figure 1b). The spec-
tral features arising from the coordination sphere of the
nickel atoms matched the spectra simulated by using the
DFT-calculated structure of complex 5a (R¢,ctor = 1.7%). The
structural results obtained from the EXAFS analysis were in
good agreement, confirming that nickel(0) catalyst reacts
with 1a to afford 5a as a monomeric thianickelacycle.

5

Observed spectrum
Simulated spectrum

IX(R)I(A)

0 1 2 3 4 5 6 7 8
Radial distance (A)

Figure 2 Solution-phase Ni K-edge EXAFS analysis [Fourier transform
of the ks-weighted spectrum: experimental spectrum (black line) and
FEFF-calculated fitting of DFT model 5a (red line), R,cior = 1.7%]

On the basis of the formation of the seven-membered
benzothiazepine and the thermal elimination of the sulfur
atom (Scheme 3), as well as the results of the stoichiometric
reaction with the nickel complex (Scheme 4) and the in situ
X-ray absorption fine-structure analysis (Figures 1 and 2),
we propose the plausible reaction mechanism shown in
Scheme 5.7 As the first step, oxidative addition of the C-S
bond of benzothiazole 1a to the nickel(0) complex occurs to
afford thianickelacycle 5a. Subsequent coordination of
alkyne 2a to the resulting nickel complex and migratory in-
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sertion affords thianickelacycle 7aa. Reductive elimination
then gives benzothiazepine 3aa, with regeneration of the
nickel(0) catalyst. Finally, 3aa is converted into quinoline
4aa by thermal elimination of the sulfur atom through a
pericyclic reaction.

C[ } ”j/ \((I )

, NiL, 5a(dimer) <= @[ NI,|pr
( Pr / Pr “~cod
_nge /
2a
N._CF3

| A N\ o (i[ \\r cod
N pr 7 S/N‘JL” Pr
Lz
Pr Pi
4aa 6aa

Scheme 5 Plausible reaction mechanism

In conclusion, we have developed a nickel-catalyzed in-
sertion reaction of an alkyne into a C-S bond of benzothi-
azole to give benzothiazepine derivative, which can be
thermally converted into a quinoline through facile elimi-
nation of the sulfur atom.®! Overall, the reaction process
provides an unconventional entry to the (trifluorometh-
yl)quinoline ring system, which is an important fluorinated
heterocyclic moiety in pharmaceutical chemistry. Further-
more, we successfully confirmed that a thianickelacycle is
formed through oxidative addition of the C-S bond of the
aromatic heterocycle to nickel(0). Further studies on ex-
panding the substrate scope are ongoing in our laboratories,
and the results will be reported in due course.
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(0.20 mmol) and alkyne 2a (0.40 mmol; 2.0 equiv) were added
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mmol, 10 mol%) and IPr (15.6 mg, 0.04 mmol, 20 mol%) in
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filtered through a pad of silica gel, and concentrated in vacuo.
The residue was purified by flash column chromatography
[silica gel, hexane-EtOAc (20:1)] to give a white solid; yield:
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IR (KBr): 2965, 2872, 1364, 1302, 1177, 1126, 1065, 768, 740
cm~'. "H NMR (500 MHx, CDCl;): 8 =8.15(dd, J= 8.5, 1.0 Hz, 1 H,
Ar), 8.02 (dd, J = 8.5, 1.0 Hz, 1 H; Ar), 7.73-7.69 (m, 1 H, Ar),
7.65-7.62 (m, 1 H, Ar), 3.12-3.09 (m, 2 H, CH,Et), 2.90-2.87 (m,
2 H, CH,Et), 1.73-1.60 (m, 4 H, 2CH,CH,CH;), 1.15 (t, ] = 7.5 Hz, 3
H, CH;), 1.11 (t, J = 7.5 Hz, 3 H, CH;). 3C NMR (125.7 MHz,
CDCl5): 8 =149.3,146.2 (q,J = 31 Hz), 145.0, 130.9, 130.4, 129.1,
128.2,123.6, 122.4 (q, ] = 275 Hz), 30.5 (d, ] = 2.4 Hz), 30.2, 24.9,
24.3, 14.80, 14.78. '9F NMR (188 Hz, CDCl;): & = -64.1. HRMS
(ESI+): m/z [M + HJ]* caled for CgH;qFsN: 282.1464; found:
282.1460.
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