An dte

Chemie

GDCh

~_~7 Communications

Internatic

12224 Wiley Online Library

Heterocycles

International Edition: DOI: 10.1002/anie.201606177
German Edition: DOI: 10.1002/ange.201606177
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Masahiro Kojima and Motomu Kanai*

Abstract: Catalytic acceptorless dehydrogenation is an envi-
ronmentally benign way to desaturate organic compounds.
This process is traditionally accomplished with transition-
metal-based catalysts. Herein, a borane-catalyzed, metal-free
acceptorless dehydrogenation of saturated N-heterocycles is
disclosed. Tris(pentafluorophenyl)borane was identified as
a versatile catalyst, which afforded several synthetically
important N-heteroarenes in up to quantitative yield. Specif-
ically, the present metal-free catalytic system exhibited
a uniquely high tolerance toward sulfur functionalities, and
demonstrated superior reactivity in the synthesis of benzothia-
zoles compared to conventional metal-catalyzed systems. This
protocol can thus be regarded as the first example of metal-free
acceptorless dehydrogenation in synthetic organic chemistry.

N itrogen-containing heteroarenes are a commonly encoun-
tered structural motif in pharmaceuticals, natural products,
and synthetic materials. Therefore, the development of
efficient methods for the synthesis of this compound class is
a central research area in synthetic organic chemistry. One
method to access these heteroarenes is the dehydrogenation
of the corresponding saturated N-heterocycles using a stoi-
chiometric oxidant (Scheme 1a)."!" Conversely, catalytic
acceptorless dehydrogenations are more atom efficient?
since no external reagent is required, and in addition,
valuable molecular hydrogen is expelled during the desatura-
tion.”! Synthetically, the most relevant reaction conditions
have been accomplished with ruthenium- or iridium-based®!
homogeneous transition-metal catalysts (Scheme 1b). Fujita,
Yamaguchi, et al. have made primary contributions to this
field, and reported the catalytic dehydrogenation of 1,2,3,4-
tetrahydroquinoline and other cyclic amines using homoge-
neous iridium catalysts.’< Xiao and co-workers were able to
achieve acceptorless dehydrogenations under milder reaction
conditions by using cyclometalated iridium complexes, and
also disclosed the unique characteristics of using trifluoro-
ethanol as a solvent.”™ Crabtree and co-workers used
homogeneous iridium/N-heterocyclic carbenes and chelated
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Scheme 1. Dehydrogenation methods for the synthesis of N-hetero-

arenes.
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iridium catalysts for the dehydrogenation of 1,2,3.4-tetrahy-
droquinaldine.F*! Recently, Jones reported related dehydro-
genation reactions based on homogeneous iron® and
cobalt®? catalysts. These precedents prompted us to explore
a new class of acceptorless dehydrogenations, which may be
suitable for the synthesis of N-heterocycles with high func-
tional-group tolerance and environmental friendliness.

In an attempt to develop a versatile acceptorless dehy-
drogenation for the synthesis of N-heteroarenes, we focused
our attention on Lewis-acidic borane catalysts in the context
of frustrated Lewis pairs (FLPs).) Borane catalysts play
a fundamental role in FLP-mediated hydrogenations,” but
their use in catalytic dehydrogenations of organic compounds
has remained unexplored.’! We hypothesized that hydride
abstraction from amines by tris(pentafluorophenyl)borane to
generate borohydride species,”’! and subsequent hydrogen gas
evolution through protonolysis of the borohydride, would
allow the development of a novel catalytic acceptorless
dehydrogenation process. Indeed, catalytic hydride abstrac-
tion from an amine and cyclohexadienyl silanes by the
electrophilic borane was previously described in transfer
hydrogenation® and transfer hydrosilylation,”*#" respec-
tively. In addition, the modest coordination ability of the
nitrogen lone pair in various N-heteroarenes, together with
appropriate sterics on the Lewis acid catalyst, should provide
high catalytic turnover numbers. Considering the uniquely
high chemoselectivity of borane catalysis and the fact that
these systems do not require expensive or toxic metals,
borane-catalyzed dehydrogenations should constitute
a highly valuable method for the synthesis of N-heteroarenes
(Scheme 1c¢).
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Our initial investigations proved the validity of our
hypothesis. The catalytic dehydrogenation of 2-methyl-
1,2,3,4-tetrahydroquinoline (2a) proceeded in the presence
of 5mol% tris(pentafluorophenyl)borane (1a) to afford 2-
methylquinoline (3a) in 92% yield (Table 1, entry 1).% In
addition, the release of H, from 2a during the dehydrogen-
ation was unambiguously confirmed by a dual reactions
experiment.'!! Under the optimized reaction conditions, we
proceeded to investigate the substrate scope of this catalytic
dehydrogenation of N-heterocycles (Table 1). Variation of the
substituents at the 2-position of 1,2,3,4-tetrahydroquinoline
induced minor effects on the catalytic performance: bulkier
alkyl (e.g. butyl; entry 2) or aryl (entries 3-5) substituents did
not affect the reaction efficiency negatively. It is noteworthy
that the present protocol is tolerant to a Lewis-basic thioether
group (entry 6), which is sensitive under the standard
oxidation conditions. Tetrahydroquinolines with electron-
donating (entries7 and 8) or electron-withdrawing
(entries 9-11) substituents afforded the dehydrogenated
products in good to excellent yields. These results suggest
that the catalytic efficiency does not depend on the electron
density of starting amines. The relatively low yield of 6-
methoxytetrahydroquinaldine (3h) might be due to a poten-
tial deactivation of the borane catalyst upon coordination
with the oxygen atom of the ether moiety. Under similar
reaction conditions, 8-substituted 1,2,3,4-tetrahydroquino-
lines could also be successfully dehydrogenated (entries 12
and 13). These results demonstrate both the high reactivity
and functional-group tolerance of the present dehydrogen-
ation protocol.

Encouraged by these results, we attempted to apply this
dehydrogenation to other partially saturated N-heterocycles.
Quinoxaline derivatives represent a recurring structural motif
in antibiotics such as echinomycin."? The synthesis of
quinoxalines by dehydrogenation would provide a new,
practical, and efficient route to this class of N-heteroarenes.
Under the optimized reaction conditions, the 1,2,3,4-tetrahy-
droquinoxaline derivatives 2n and 20 were dehydrogenated
in good to excellent yield (Table 1, entries 14 and 15), and the
difference in steric hindrance at the 2- and 3-positions did not
result in a substantial difference with respect to catalytic
efficiency. Indoles represent another frequently encountered
structural motif in both pharmaceuticals and natural products.
Given that the preparation of indolines is well established,™!
their dehydrogenation should constitute an attractive syn-
thetic route to indoles. While unsubstituted indoline (2p) was
dehydrogenated in only modest yield (entry 16) by the
present protocol, the dehydrogenation of 2-methylindoline
(2q) was accomplished in excellent yield (entry 17). It is
noteworthy that the dehydrogenation of N-methyl indoline
(2r) also proceeded smoothly (entry 18), because this sub-
strate cannot be efficiently dehydrogenated using transition
metal-free aerobic conditions.'! Pyrazoles are another impor-
tant class of N-heteroarenes with interesting bioactivity, and
are present in pharmaceuticals such as celecoxib."¥! As
pyrazolines can be readily synthesized from hydrazine and
enones, their metal-free dehydrogenation would provide
direct access to biologically active pyrazoles. Indeed, dehy-
drogenation of 2s and 2t afforded the pyrazoles 3s and 3t,
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Table 1: Substrate generality in the dehydrogenation of the N-hetero-

cycles 2.
Rya_Xyyn 1a (5 mol%) Rya_Xgyn
A7) Y L,
‘:L"Y\N\R p-xylene (0.5 m) R N‘\R
H 150°C,22h
Entry N-heterocycle (2) Product (3): Yield [%]
2 2
RGOV G !
N" R N" R
H
1 2a:R'=Me, R2=H 3a: 92
2 2b:R'"=Bu,R2=H 3b: 98
3 2¢c:R'=Ph,R?=H 3c: 90
4 2d: R' = 4-MeCgH,4, R2=H 3d: quant.
5 2e: R'=4-CICgH,, R2=H 3e: 85
6 2f: R" = 4-SMeCgH,, R? = H 3f: 67
7 2g: R' = Me, R2= Me 3g: 91
8 2h: R' = Me, R%2 = OMe 3h: 70
9 2i:R'=Me, R2=F 3i: 96
10 2j:R"=Me, R2=ClI 3j: 90
11 2k: R' = Me, R = Br 3k: 89
12 A
o
N N
Me T2 Me  31:70
13 ‘ X
~
” N
2m 3m: 90!
H
N__R3 N R®
1 X
N"R3 N” "R®
H
14 2n: R®=Me 3n: 93
15 20: R®=Ph 30: 71
N N
RS RS
16 2p:R*=H,R5=H 3p: 450!
17 2q:R*=Me, RS =H 3q: 90
18 2r:R*=H, R®=Me 3r: 91
R® R®
WPh th
N-p N-N
Ph Ph
19 2s: R6 = Me 3s: 7508
20 2t: R®=Ph 3t: 91
S S
7 7
N N
H
21 2u: R” =Ph 3u: 91
22 2v: R’ = 1-naph 3v: 920
23 2w: R’ = CH,CH,Ph 3w: 740

Yield is that of the isolated product. [a] 10 mol % of 1a was used. [b] The
reaction was run for 48 hours.
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respectively, in high yield, thus requiring only a slight
modification to the optimal reaction conditions (entries 19 ©;);equw)
and 20). Benzothiazoles represent another ubiquitous struc- NH
tural motif in pharmaceuticals and their synthesis by the 4 NHOMe RTEésomm =
dehydrogenation of thiazoline has been widely investigated. 78% 1a p-xylene
Because of the presence of sulfur atoms in benzothiazoles, ©PFs (10 mol%) | 180°C.22h
catalyst poisoning presents a severe synthetic obstacle, and quant.
the acceptorless dehydrogenation of thiazoline using homo- NH,

_ : ) Ref. [15] = 8

geneous metal catalysts remains to be achieved. However, in < O
the presence of 10 mol% of 1a, the dehydrogenative syn- O N
thesis of benzothiazoles was accomplished in good to 3 4 oH,

excellent yield (entries 21-23).

The catalytic dehydrogenation of 2w is particularly
challenging using either [Cp*Ir(2-hydroxypyridine)]® or
quinone-catalyzed transition-metal-free aerobic conditions,!"!
thus providing 3w in 38 and 7% yield, respectively (Table 2,
entries 2 and 3). In comparison to conventional acceptorless
or aerobic dehydrogenation catalysts, these results clearly
demonstrate the exceptionally high tolerance of 1a toward
sulfur functionalities.

Table 2: Comparison of the catalytic dehydrogenation activity for the
synthesis of the benzothiazole 3 w.

@:S>_/*Ph conditions @[ >_/7Ph
H 2w

Entry Conditions Yield [%)]
1 1a (10 mol %), p-xylene, 150°C 74
1b (10 mol %), p-xylene, 150°C 38

3 phd (10 mol%) Znl, (5 mol %), O, balloon MeCN, RT 7

|I'\C|

Yield is that of the isolated product.

To assess the synthetic utility of this borane-catalyzed
dehydrogenation method, we applied our protocol to the
synthesis of a functional molecule (Scheme 2). Tobita and co-
workers reported that the iridium complex 5 acts as a mito-
chondria-targeted oxygen probe in HeLa cells."” Although
the m-extended heterobiaryl ligand 3x can be synthesized by
palladium-catalyzed Suzuki coupling, the risk of contamina-
tion with toxic palladium should be avoided in the context of
biological applications. We envisaged that the transition-
metal-free synthesis of this heterobiaryl might be accom-
plished by the catalytic dehydrogenation of the corresponding
partially saturated N-heterocycle. Following the method
reported by Miyata and co-workers,' treatment of the
readily available hydroxylamine methyl ether 4 with the
respective organolithium reagent afforded the 2-heteroaryl
1,2,3,4-tetrahydroquinoline 2x in 78 % yield. The subsequent
catalytic dehydrogenation of 2x with 10 mol % of 1a afforded
the heterobiaryl 3x in quantitative yield. This highly efficient
transition-metal-free method may thus serve as a new route to

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

mitochondria-targeted O, probe

Scheme 2. Transition-metal-free synthesis of the heterobiaryl 3x by
catalytic dehydrogenation.

2-substituted quinolines, which are not only interesting from
a materials science perspective, but also for the synthesis of
biologically active substances.

In summary, we have established a borane-catalyzed
metal-free acceptorless dehydrogenation of N-heterocycles.
As these borane catalysts are less toxicl'”! and more accessible
than transition-metal complexes, and also exhibit an unpre-
cedented chemoselectivity toward a broader range of N-
heterocyclic substrates, the present metal-free dehydrogen-
ation protocol offers explicit advantages relative to transition
metal catalyzed reactions. The method reported herein thus
represents the first example for a borane-catalyzed accept-
orless dehydrogenation in organic synthesis. This reaction
thus uncovers a new aspect of borane-mediated catalysis in
synthetic organic chemistry. Further expansion of the sub-
strate scope, a detailed mechanistic analysis,"*! and the
application of this borane-mediated catalysis to the function-
alization of sp’ C—H bonds are currently in progress in our
laboratory.
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For mechanistic discussions, see section3 of the Supporting
Information.
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