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Abstract—A combinatorial synthetic route yielding benzoxazoles and benzothiazoles is described. The use of o-halophenylisocya-
nides in the Ugi reaction (U-4CR) followed by a copper-catalyzed cyclization affords the benzoxazole as well as the benzothiazole

moiety in good yield and high diversity.
© 2007 Elsevier Ltd. All rights reserved.

Benzoxazoles and benzothiazoles belong to an impor-
tant class of molecules and are common heterocyclic
scaffolds in biologically active and pharmaceutically sig-
nificant compounds. Benzoxazoles are found in a variety
of natural products' and are important scaffolds in drug
discovery.>? Therefore several classical synthetic proce-
dures were developed,*> but with a lack of diversity,
which is required for an effective lead discovery and
optimization. In contrast to the classical organic synthe-
sis, the combinatorial synthesis of ‘drug-like’ com-
pounds permits the fast preparation of compound
libraries suitable for lead finding and optimization.®'°
Thus multi-component reactions (MCRs) represent a
powerful tool for high-throughput screening strat-
egy.!”18 Bspecially the Ugi-reaction has generated much
interest due to its synthetic potential, and its capacity to
generate molecular diversity. In the Ugi-four component
reaction,!® amine 1, aldehyde 2, carboxylic acid 3 and
isocyanide 4 react simultaneously to afford peptide-like
structure 5/6 (Scheme 1). In order to reach a maximum
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of diversity, several research groups have successfully
joined different classical methods with multi-component
reactions.??23 For further progress in molecular diver-
sity we combined the Ugi-4CR with a copper-catalyzed
cyclization. The reaction involves an intramolecular C-O
or C-S cross-coupling of the ortho-halophenylamide
originating from the isocyanide and is believed to pro-
ceed via an oxidative insertion/reductive elimination
pathway through a Cu(I)/Cu(III) manifold in analogy
with other Cu- and Pd-catalyzed C-X bond forma-
tions>2% 2% (Scheme 2). Herein the first step of the reac-
tion involves the coordination of the amide group 5/6
with catalyst 9 to give intermediate 10, then followed
by an oxidative insertion to 11 and finally a reductive
elimination to release product 7/8 with simultaneous
regeneration of catalyst 9.

The Ugi-reaction is generally initiated by the condensa-
tion of amine 1 with aldehyde 2 leading to an intermedi-
ate imine, which subsequently reacts with carboxylic
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Scheme 1. Combinatorial synthesis of benzoxazoles and benzothiazoles via U-4CR and copper-catalyzed cross-coupling strategy.
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Scheme 2. Mechanistic proposal for the copper-catalyzed formation of benzoxazoles and benzothiazoles.
Table 1. Synthesized benzoxazoles
NC (0] R, R, 10 mol% Cul o
H R, Rs
o 0 X N 20 mol% Ligand
RIS TN U N e
R, R, R, OH R, O Cs,CO, !
1 X R, o
Rs R, DME
X=Br,Cl, F 85°C reflux Rs
1 2 3 4 5 7
Entry R, R, R; Ry X Rs Yy (%) MCR Y> (%) Final product
* Y X,
1 H \ Br H 99 5a 31 7a
* =
* Y XN,
2 H | Br 4-F, 6-Br 87 5b 42 b
* =
3 ©/ H hd CH, Br H 62 5 99 7e
4 ©/ H Y H Br H 99 5d 65 7d
5 ©/ H Y CH3; Cl 3-CF; 99 Se 0 Te
6 ©/ H Y CH, F H 90 s 0 7
* | X
7 ©/ H - P CH, Br H 3 sg 65 7g
(0]
* X
8 H H | Br H 99 5h 37 7h
=
* X
9 CH; CH; \ Br H 68 5i 68 7i
=
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Table 1 (continued)
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Entry R, R, R3 R, X R; Yy (%) MCR Y5 (%) Final product
10 ©/ CH;  CHs CH, Br H 58 i 8 %
Y X
11 O _+ H \ Br H 99 5k 44 7k
* 4
12 _o._~ H H CH,3 Br H 33 51 57 7l
N«
13 o _~+ H H \ Br H 99 5m 44 7m
=
N«
14 _o._-+ CH, CH, \ Br H 27 5n 74 7n
=
X S
15 \ H | CH, Br H 76 N 39 7o
= \O =
AN *
16 | CH; CH; CH; Br H 13 5p 81 7p
=
AN N
17 \ CH, CH, \ Br H 17 5q 81 7q
= =

Y;: Yield of MCR product (equimolar: aniline, aldehyde, carboxylic acid and isocyanide, TFE or MeOH, 21 °C).
Y>: Yield of cyclization product (MCR product (1 equiv), Cul (10 mol %), ligand (20 mol %), Cs,COs5 (2 equiv), DME, 85 °C, pressure tube).

Table 2. Synthesized benzothiazoles

NH, o
NC 10 mol% Cu /U\
1) o X U ACR 20 mol% ngand R, N N
+ >—[< + M+ :@ Cs,CO, S@
H R, SH R DME R,
5 85°C reflux
X=Br,ClLF
12 13 14 4 8
Entry X Ry Rs Y1 (%) MCR product Y5 (%) Final product
1 Br CH; H 99 6a 63 8a
2 cl CH, 3-CF, 99 6b 43 8b
3 F CH3; H 76 6¢ 59 8c
4 Br CH; 4-F, 6-Br 81 6d 94 8d
7
5 Cl CH; H,Co -+ 71 6e 62 8e
(0]

X
6 Br | H 89 of 75 8f

=

X
7 Cl | 3-CF; 52 6g 93 8g

=
8 F CH; H 76 6h 55 8h*

Y;: Yield of MCR product (equimolar: aniline, aldehyde, carboxylic acid and isocyanide, TFE or MeOH, 21 °C).
Y>: Yield of cyclization product (MCR product (1 equiv), Cul (10 mol %), ligand (20 mol %), Cs,COs3 (2 equiv), DME, 85 °C, pressure tube).
# Cyclization without catalyst: MCR product (1 equiv), Cs,COs (2 equiv), DME, 85 °C, pressure tube.
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acid 3 and isocyanide 4 to afford the desired product 5/6.
Here MeOH or trifluoroethanol (TFE) turned out to be
the best solvents for the MCR step. After completion of
the MCR the solvent was removed in vacuo. The
conversions of the MCR products 5a—q and 6a-h deter-
mined by HPLC-MS3® were generally good. Therefore
in most cases the crude products could be used in the
next reaction step without further purification, other-
wise clean-up was done by column chromatography.?!
In the subsequent copper-catalyzed cyclization a catalyst
combination of Cul (10 mol %), 1,10-phenanthroline
(20 mol %) and Cs,CO; (2 equiv) in DME was used at
85°C in pressure tubes. Conversions were monitored
by HPLC-MS. Generally, after 16 hours of reaction
time a maximum of conversion was reached. All
compounds were isolated by column chromatography
on silica gel in good yields (Y>) and purities.??

Table 1 shows the results for the synthesized benzoxaz-
oles 7a—q with specific yields for each step (¥; = MCR,
Y, = copper-catalyzed cyclization). Aliphatic, phenylic
and benzylic amines, aldehydes as well as ketones and
aliphatic as well as aromatic acids could successfully
be involved in the reaction, if ortho-bromophenylisocya-
nides were used. The use of fluoro- or chloro-phenyliso-
cyanides did not lead to the desired cyclization.

After receiving good results for the benzoxazoles we
extended the underlying synthetic procedure to benzo-
thiazoles 8a-h. In preliminary studies (Table 2), benzyl
amine and iso-butyraldehyde were used for the prepara-
tion of the imine component. As a higher reactivity of the
thioamides was supposed, different haloisocyanides
were tested, whereby no significant differences between
fluoro-, chloro- and bromo-derivatives were detected.
For the fluoro-isocyanide a SyAr mechanism was sup-
posed, which was verified by an additional experiment
without catalyst (Table 2, entry 8). In both reactions sim-
ilar results were obtained. The reaction times (rt) for the
cyclization are generally short and the conversions are
moderate to good for all compounds. Chromatographic
methods allow the isolation of products with high purity
§>95%). All compounds were characterized by 'H NMR,
3C NMR and HPLC-MS data. The protocol is quite
robust and tolerates a broad range of starting materials.

In summary, a novel two-step synthesis procedure for
the preparation of highly substituted benzoxazoles and
benzothiazoles has been described. Amines, carbonyls,
acids and isocyanides can be varied broadly, leading to
compounds with five potential points of diversity.
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General procedure for the synthesis of MCR products 5a—q
and 6a-h (GP-MCR): Amine 1 (1 mmol) and aldehyde 2
(1 mmol) were stirred in 3 mL methanol for 2 h. Then,
carboxylic acid 3 or 7 (1 mmol) and isocyanide 4 (1 mmol)
were added and the reaction mixture was stirred for 16 h at
room temperature. Then, 10 mL water was added and the
mixture was extracted with 3 x 15 mL of dichloromethane.
The organic layer was dried over MgSO, and the resulting
crude product was purified by flash chromatography or
used in the next step without further purification.

General procedure for the synthesis of benzoxazoles Ta—q
and benzothiazoles 8a—h (GP-cyclization): 1.0 mmol of
MCR product 5a—q resp. 6a—h was dissolved in 4 mL
DME (Glyme) and 10 mol % of Cul, 20 mol % of 1,10-
phenanthroline and 2 mmol Cs,CO; were added. The
reaction mixture was stirred at 85 °C in a pressure tube for
16 h, followed by filtration over silica in order to remove
the catalyst. The solvent was removed in vacuo. Then,
10 mL water was added and the mixture was extracted
with 3 x 15mL of ethyl acetate. The organic layer was
dried over MgSQO,4 and the resulting crude product was
purified by flash chromatography.

Compound 7¢ was prepared according to GP-cyclization
and purified by flash chromatography on silica gel with
eluent chloroform/methanol/ammonia (7 N in metha-
nol) = 90/9/1 (318 mg, 99%). m/z = 323 [M+H]", m/z =
345 [M+Na]". '"H NMR (CDCls, 250.13 MHz): 7.60-6.82
(m, 9H), 5.99 (d, J=11.1 Hz, 1H), 4.71 (s, 2H), 2.71-2.89
(m, 1H), 2.13 (s, 3H), 1.06-1.03 (m, 6H). '*C NMR
(CDCls, 62.89 MHz): 172.4, 163.8, 150.4, 140.9, 136.9,
128.5, 127.7, 126.9, 125.7, 124.4, 120.2, 110.9, 56.7, 48.4,
28.9, 22.4, 20.3, 19.2.

Compound 7i was prepared according to GP-cyclization
and purified by flash chromatography on silica gel with
eluent ethyl acetate/hexane = 1/1 (253 mg, 68%). m/z =
371 [M+H]", m/z =393 [M+Na]". 'H NMR (CDCl;,
250.13 MHz): 7.71-7.68 (m, 1H), 7.53-7.23 (m, 13H), 4.87
(s, 2H), 1.82 (s, 6H). *C NMR (CDCl;, 62.89 MHz):
173.1,150.7, 141.7, 137.7, 129.5, 128.7, 126.8, 124.5, 124.3,
120.1, 110.7, 59.1, 46.0, 30.0, 26.2.

Compound 7j was prepared according to GP-cyclization
and purified by flash chromatography on silica gel with
eluent ethyl acetate/hexane =4/1 (133 mg, 43%). m/z =
309 [M+H]", m/z =331 [M+Na]". '"H NMR (CDCl,,
250.13 MHz): 7.70-7.67 (m, 1H), 7.50-7.41 (m, SH), 7.35-
7.25 (m, 3H), 4.82 (s, 2H), 2.16 (s, 3H), 1.74 (s, 6H). '*C

NMR (CDCl;, 62.89 MHz): 172.0, 171.1, 150.6, 141.7,
138.5, 129.3, 127.7, 126.2, 124.4, 124.3, 120.1, 110.8, 58.4,
49.2, 30.0, 26.1, 23.6.

Compound 7n was prepared according to GP-cyclization
and purified by flash chromatography on silica gel with
eluent ethyl acetate/hexane =2/1 (251 mg, 74%). m/z =
339 [M+H]", m/z =361 [M+Na]". '"H NMR (CDCl;,
250.13 MHz): 7.69-7.66 (m, 1H), 7.49-7.45 (m, 1H), 7.41-
7.35 (m, 5H), 7.28-7.24 (m, 2H), 3.74 (t, J = 6.2 Hz, 2H),
3.47 (t, J = 6.0; 6.3 Hz, 2H), 3.26 (s, 3H),1.94 (s, 6H). '*C
NMR (CDCl;, 62.89 MHz): 173.1, 171.1, 150.7, 141.7,
137.7, 129.5, 128.7, 126.8, 124.5, 124.3, 120.1, 110.7, 72.7,
59.1, 58.3, 46.0, 30.0, 26.2.

Compound 7p was prepared according to GP-cyclization
and purified by flash chromatography on silica gel with
eluent ethyl acetate/hexane =1/1 (251 mg, 81%). m/z =
309 [M+H]", m/z=1331 [M+Na]". '"H NMR (CDCl;,
250.13 MHz): 7.73-7.71 (m, 1H), 7.53-7.51 (m, 1H), 7.36—
7.26 (m, 6H), 2.44 (s, 3H), 1.78 (s, 3H), 1.67 (s, 6H). °C
NMR (CDCl;, 62.89 MHz): 171.1, 171.0, 150.9, 141.9,
139.1, 138.3, 130.5, 130.4, 124.5, 124.3, 120.2, 110.9, 58.4,
27.2,24.8, 21.5.

Compound 7q was prepared according to GP-cyclization
and purified by flash chromatography on silica gel with
eluent ethyl acetate/hexane =2/1 (304 mg, 82%). m/z =
371 [M+H]", m/z =393 [M+Na]". 'H NMR (CDCl;,
250.13 MHz): 7.75-7.71 (m, 1H), 7.54-7.50 (m, 1H), 7.20—
7.30 (m, 6H), 7.14-7.05 (m, 5H), 2.28 (s, 3H), 1.77 (s, 6H).
13C NMR (CDCls, 62.89 MHz): 171.3, 170.9, 150.9, 141.9,
138.4,137.6, 137.3, 131.6, 129.7, 129.3, 128.4, 127.7, 124.5,
124.3, 120.2, 110.8, 59.3, 30.0, 27.0, 21.3.

Compound 8b was prepared according to GP-cyclization
and the resulting crude product was purified by flash
chromatography on silica gel with eluent ethyl acetate/
hexane = 2/1 (175 mg, 43%). m/z =407 [M+H]", m/z =
429 [M+NaJ". 'H NMR (CDCl;, 250.13 MHz): 8.05 (s,
1H), 791 (d, J=8.5Hz, 1H), 7.56 (d, J=8.5Hz, 1H),
7.05-6.83 (m, SH), 5.65 (d, J=11.1 Hz, 1H), 4.89-4.51
(m, 2H), 2.94-2.82 (m, 1H), 2.10 (s, 3H), 1.03 (d,
J=6.6Hz, 3H), 0.94 (d, J=6.6Hz, 3H). 3*C NMR
(CDCl;, 62.89 MHz): 172.4, 170.9, 152.3, 138.9, 137.3,
129.0, 128.9, 128.5, 128.0, 127.1, 1239 (d,
'J(CF)=272.6 Hz) 122.5, 1223, 121.8, 120.6 (d,
3J(C,F) =4.6 Hz), 62.4, 49.7, 29.8, 22.8, 20.4, 19.7.
Compound 8d was prepared according to GP-cyclization
and the resulting crude product was purified by flash
chromatography on silica gel with eluent ethyl acetate/
hexane = 1/1 (410 mg, 94%). m/z = 436 [M-+H]", m/z =
458 [M+Na]". '"H NMR (CDCl;, 250.13 MHz): 7.39-7.31
(m, 2H), 7.04-6.89 (m, 5H), 5.53 (d, J = 10.9 Hz, 1H), 4.84
(d, J=17.2 Hz, 1H), 4.67 (d, J=17.2 Hz, 1H), 2.98-2.88
(m, 1H), 2.43 (s, 3H), 1.02 (d, J=6.6 Hz, 3H), 0.94
(d,J = 6.6 Hz, 3H). *C NMR (CDCl;, 62.89 MHz): 172.3,
168.7, 168.7, 161.9, 158.0, 147.9, 137.2, 128.4, 127.0, 126.3,
118.7, 118.2, 117.2, 117.0, 107.3, 106.9, 50.1, 29.9, 22.8,
20.5, 19.7.
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