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We describe herein a new unexpected palladium-catalyzed O-arylation reaction in fluorinated nitro(o-
nitrophenyl)imidazole series involving arylboronic acids under Suzuki-Miyaura cross-coupling reaction

© 2012 Elsevier Ltd. All rights reserved.

During the course of our research on the chemistry of new safer
antiprotozoal' agents in 5-nitroimidazole series,”> we observed
what appeared to be palladium-catalyzed O-arylation of an aryl
fluoride.

The development of mild conditions for the synthesis of diaryl
ethers has attracted considerable attention, mainly due to their
biological activity.> Reactions used to generate aryl ethers appear
in the literature, for example the Cu-promoted arylation of alcohol
derivatives with phenylboronic acids known as Chan-Lam cou-
pling, the Cu-mediated Ullmann condensation of phenols with
aryl halides,® and the Buchwald’s palladium-catalyzed C-O cou-
pling of phenols with aryl halides.® However, to the best of our
knowledge, no example of diaryl ether synthesis using arylboronic
acid and aryl halides under the catalytic effects of palladium spe-
cies has ever been described.

The Suzuki-Miyaura cross-coupling has proved to be extremely
versatile and is extensively used in natural products and heterocy-
clic synthesis.” To our knowledge, only a few examples of
Suzuki-Miyaura cross-coupling in haloimidazole series have been
reported.? Bromides and chlorides are commonly used as leaving
groups in Suzuki-Miyaura cross-coupling.® Although aryl fluorides
have long been considered inert to palladium(0)-catalyzed cou-
pling reactions, Yu and Kim described in 2003 an original palla-
dium(0)-catalyzed Suzuki cross-coupling reactivity of highly
electron-deficient aryl fluoride.'®
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Indeed, they demonstrated a possible mechanism for the oxida-
tive addition step occurring via the palladium(0) species which, in
the case of electron-deficient aryl fluoride, acts as a nucleophile
and displaces the fluoride in an SyAr manner to form the car-
bon-palladium bond, as suggested by Amatore and others.!" Final-
ly, a Nickel-catalyzed Suzuki-Miyaura reaction of aryl fluorides
was recently described in the literature.'?

This report focuses on the unexpected O-arylation of the aryl
fluoride derivative 2 with boronic acids, giving diaryl ether deriva-
tives instead of the expected C-C derivatives during the Suzuki-
Miyaura cross-coupling study. The required starting material'3
was obtained by nitration using a mixture of HNO3 60%/H,SO, of
compound 18° (Scheme 1).

Compound 2, reacted with 4-methoxyphenylboronic acid under
classical Suzuki-Miyaura reaction conditions using Pd(OAc),/
xantphos catalyst, Cs,CO3; under inert atmosphere in DME at
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Scheme 1. Preparation of starting material 2.
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Scheme 3. Reaction using 1 and 4-methoxyphenylboronic acid.
70°C in the presence of tetrabutylammonium bromide (TBAB), F B(OH), Pd OH
. T (GAc), NO
gave unexpected methoxyphenoxy derivative 4 in 60% yield, and NO, Xantphos 2
traces of nitrophenol derivative 10 instead of the expected C-C +
coupled derivative 3. Adding 10 equiv of water to the same reac- SEAZECO,\‘& ";%Aog
tion medium afforded compound 4 in similar yields (51% vs 60% CHO OMe P2 CHO
without addition of water). Thus, the formation of compound 10 11 12 75%
0

could result from a SyAr reaction between compound 2 and, either
carbonate or hydroxide anion as oxygen sources. Then, this reactiv-
ity was confirmed with other boronic acids, giving O-arylated com-
pounds 5-9 in 30-79% yields (Scheme 2).4

X-ray spectroscopy'® of 4 and 5 (Fig. 1) and HRMS spectrum of
these four compounds confirmed the C-O bond formation.

Since palladium-catalyzed O-arylation had never been de-
scribed with arylboronic acids and electron-deficient aryl fluorides,

Scheme 4. Reaction using 4-fluoro-3-nitrobenzaldehyde 11 and 4-meth-
oxyphenylboronic acid.

additional experiments were performed to further understand the
mechanism of the C-0 bond formation.

First, palladium catalysis was investigated by treating 2 and 4-
methoxyphenylboronic acid under our experimental conditions
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but without palladium. After 5 days, this reaction did not produce
any compound 4, but only traces of the nitrophenol derivative 10,
which suggests that palladium plays a key catalytic role in the
reaction.

As Kim and Yu'° stated that a fluoride has to be activated by
two withdrawing groups in order to react, the roles of the o-nitro
and 5-nitroimidazole groups of substrate 2 were investigated.
We found that the reaction of compound 1 (which does not bear
the o-nitro group on the phenyl ring) and the 4-methoxyphenylbo-
ronic acid did not yield any expected product under our conditions
(Scheme 3).

In the same way, the reaction of the 4-fluoro-3-nitrobenzalde-
hyde 11, bearing an aldehyde as electron-withdrawing group (in-
stead of the 5-nitroimidazole group), only gave nitrophenol 12
under our experimental conditions (Scheme 4).

These two reactions suggest that both the o-nitro and the nitro-
imidazole groups are essential to the formation of the C-O bond.

Furthermore, as the nitrophenol derivative 10 was formed un-
der these experimental conditions, we suggest that substrate 2
gives the nitrophenol derivative 10, which could undergo a cross-
coupling with the boronic acid derivatives.

Indeed, this coupling is known as the Chan-Lam reaction, but
the reaction is copper-promoted. However, when the reactivity of
nitrophenol 10 with 4-methoxyphenylboronic acid was examined
under the previous experimental palladium-catalyzed conditions,
no C-0 coupled compound was detected. Another assay involving
classic Chan-Lam copper-promoted conditions* was also ineffec-
tive (Scheme 5).

Next, we turned our attention to the boron species. Thus, by
replacing arylboronic acids by a boronic ester (4,4,55-tetra-
methyl-2-(5-methylthiophen-2-yl)-1,3,2-dioxaborolane) or potas-
sium trifluoroborate (potassium 4-methoxyphenyltrifluoroborate),
no reaction was observed. Furthermore, Lam and co-workers
demonstrated that boronic acids can be oxidized into the corre-
sponding phenol derivatives induced by copper- promoted condi-
tions, or in the presence of 10 equiv water, and we therefore

investigated the possibility of the 4-methoxyphenylboronic acid
being converted into 4-methoxyphenol under the experimental
conditions previously cited, subsequently reacting with substrate
2 via an O-arylation and SyAr mechanism and leading to compound
4 (Scheme 6). However, no trace of methoxyphenol was produced
(confirmed by LC/MS and TLC). Moreover, other oxidation assays
were also performed, but no trace of 4-methoxyphenol was ever
observed.

These unsuccessful results led us to re-examine LC/MS spectra
previously observed under Pd-catalyzed reactions. A mass peak
(m/z 539 [M+H]") was chosen because of its occurrence throughout
the reactions using different arylboronic acids. Complementary
spectral analysis confirmed the formation of 4,4'-[4,4’-oxybis(3-ni-
tro-4,1-phenylene)]bis(1,2-dimethyl-5-nitro-1H-imidazole) 13.

We hypothesized that a possible mechanism for the O-arylation
could be via intermediate 13 after a palladium oxidative addition
and a cross-coupling with arylboronic acids, even though, to the
best of our knowledge, no such palladium addition had ever been
described.

In order to propose a mechanism, supposing the in situ forma-
tion of compound 13, we realized a particular assay using the same
reaction conditions and 1equiv of compound 10. Thus, with
p-chlorophenylboronic acid, the desired product 6 was formed in
30% yield. In order to reinforce the proposed mechanism, com-
pound 13 was synthesized by reaction with aryl fluoride derivative
2 and nitrophenol derivative 10 under base-mediated conditions.!®
Then, compound 13 was tested with 4-methoxyphenylboronic acid
under the above experimental conditions. After 48 h, a conversion
of 13 in O-arylated compound 4 (39%), nitrophenol 10 (60%), and
C-arylated compound 3 (traces) were observed, suggesting the pos-
sible mechanism depicted in Scheme 7.

The present work is the first example of a palladium-catalyzed
C-0 bond formed from a reaction between an activated phenylflu-
oride derivative and aryl or heteroaryl boronic acids. Initial mech-
anistic studies indicate that the reaction may occur via the
formation of a nitrophenol derivative 10 and a diphenyl ether
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Scheme 7. Proposed mechanism of C-O bond formation.

derivative 13 obtained via SyAr reaction, which could have a key
role in the reactivity. Further investigations of the scope and mech-
anism involved here, as well as potential synthetic applications, are
currently in progress and will be reported in due course. We hope
these data will provide useful input for further mechanistic and
computational studies, as well as fueling additional studies of this
mechanism.
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General synthesis and data of compounds 4, 5, 6, 7, 8, 9, 10: To a two neck flask,
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of the appropriate arylboronic acid was added with 0.54 mmol (1.5 equiv) of
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inert atmosphere at 70 °C during 48 h until disappearance of the starting
material. After cooling, the DME was evaporated under reduced pressure and
the residue was purified by column chromatography with a mixture of CH,Cl,—
MeCN (95-5) as eluent. 4-[4-(4-Methoxyphenoxy)-3-nitrophenyl]-1,2-dimethyl-
5-nitro-1H-imidazole (4): Yellow crystals, mp 109°C (i-PrOH).'H NMR
(200 MHz, CDCls): § 2.52 (s, 3H), 3.83 (s, 3H), 3.92 (s, 3H, 6.99-6.95 m, 3H),
7.07 (d, J=9.2 Hz, 2H), 7.90 (dd, J = 2.2 Hz, 8.8 Hz, 1H), 8.43 (d, J = 2.2 Hz, 1H).
13C NMR (50 MHz, CDCl3): 6 14.1 (CHs), 34.3 (CH3), 55.6 (CH3), 115.2 (2 x CH),
117.9 (CH), 121.4 (2 x CH), 121.6 (C), 126.1 (C), 127.2 (CH), 135.1 (CH), 139.8
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[M+H]": 369.1193, found 369.1191.

4-[4-(4-Chlorophenoxy )-3-nitrophenyl]-1,2-dimethyl-5-nitro-1H-imidazole ~ (6):
Yellow oil. '"H NMR (200 MHz, CDCl5): § 2.53 (s, 3H), 3.94 (s, 3H), 7.00-7.06
(m, 3H), 7.33-7.39 (m, 2H), 7.97 (dd, J = 2.1 Hz, 8.8 Hz, 1H), 8.45 (d, J= 2.1 Hz,
1H). 3C NMR (50 MHz, CDCl5): 6 14.1 (CH3), 34.3 (CHs), 119.6 (CH), 120.8
(2 x CH), 127.4 (CH), 127.5 (C), 130.2 (2 x CH), 135.3 (CH), 140.2 (C), 140.8 (C),
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148.7 (C), 150.9 (C), 154.1 (C). The two C-NO, groups did not appear in these
conditions. HRMS calcd for Cy7H;3CIN4O5 [M+H]*: 389.0647, found 389.0650.
1,2-Dimethyl-5-nitro-4-(3-nitro-4-phenoxyphenyl)-1H-imidazole (7): Yellow oil.
TH NMR (200 MHz, CDCl5): § 2.52 (s, 3H), 3.93 (s, 3H), 6.99-7.22 (m, 3H), 7.37-
7.45 (m, 3H), 7.94 (dd, J = 2.2 Hz, 8.8 Hz, 1H), 8.45 (d, J = 2.2 Hz, 1H). ">°C NMR
(50 MHz, CDCl3) 6 14.2 (CH3), 34.3 (CH3), 119.2 (CH), 119.7 (2 x CH), 125.0
(CH), 126.9 (C), 127.2 (CH), 127.9 (C), 128.7 (C), 130.2 (2 x CH), 135.1 (CH),
140.5 (C), 148.7 (C), 151.6 (C), 155.2 (C). HRMS calcd for C;7H;4N4O5 [M+H]":
355.1036, found 355.1031.

1,2-dimethyl-5-nitro-4-[3-nitro-4-(o-tolyloxy )phenyl]-1H-imidazole (8): Yellow
oil. "TH NMR (200 MHz, CDCls): & 2.24 (s, 3H), 2.52 (s, 3H), 3.93 (s, 3H), 6.81
(d,J=8.8 Hz, 1H), 7.01 (dd, J = 1.7 Hz, 7.3 Hz, 1H), 7.15-7.32 (m, 3H), 7.90 (dd,
J=2.2Hz, 8.8 Hz, 1H), 8.46 (d, J = 2.2 Hz, 1H). '*C NMR (50 MHz, CDCl3) 6 14.2
(CH3), 16.0 (CHs), 34.3 (CHs3), 117.3 (CH), 120.4 (CH), 125.7 (CH), 126.1 (C),
127.4 (CH), 127.6 (CH), 130.4 (C), 131.9 (CH), 135.2 (CH), 139.6 (C), 140.7 (C),
148.7 (C), 152.0 (C), 152.6 (C), a C-NO, group did not found. HRMS calcd for
CigH16N4O5 [M+H]*: 369.1193, found 369.1190.
4-[4-(1,2-dimethyl-5-nitro-1H-imidazol-4-yl)-2-nitrophenoxy Jpyridine 9):
Brown powder, mp 235 °C (i-PrOH). 'H NMR (200 MHz, CDCl3): 6 2.55 (s,
3H), 3.96 (s, 3H), 6.48 (d, J=7.8 Hz, 2H), 7.34 (d, J=7.8 Hz, 2H), 7.55 (d,
J=8.3 Hz, 1H), 8.22 (dd, J = 2.0 Hz, 8.3 Hz, 1H), 8.58 (d, ] = 2.0 Hz, 1H). 3*C NMR
(50 MHz, CDCl3) 6 14.2 (CH3), 34.4 (CH3), 119.1 (2 x CH), 127.4 (CH), 128.3
(CH), 134.1 (C), 135.4 (CH), 136.1 (C), 138.7 (C), 139.4 (2 x CH), 144.1 (C), 149.1
(C), 178.7 (C), a C-NO; group did not found. HRMS calcd for C;6H;3N505
[M+H]": 356.0989, found 356.0990.
4-(1,2-Dimethyl-5-nitro-1H-imidazol-4-yl)-2-nitrophenol (10): Orange oil. 'H
NMR (200 MHz, CDCl3): ¢ 2.53 (s, 3H), 3.93 (s, 3H), 7.22 (d, J=8.8 Hz, 1H),
8.05 (dd, J = 2.2 Hz, 8.8 Hz, 1H), 8.63 (d, J = 2.2 Hz, 1H), 10.75 (s, 1H). '*C NMR
(50 MHz, CDCls): 6 14.2 (CHs), 34.3 (CH3), 119.6 (CH), 124.5 (C), 126.6 (CH),
127.6 (C), 133.2 (C), 138.6 (CH), 140.8 (C), 148.7 (C), 155.6 (C). HRMS calcd for
C11H10N4Os [M+H]*: 279.0724, found 279.0725.

Crystal data for compound 4: CygH16N40g, M = 384.35, triclinic, a = 7.3800(2) A,
b=9.2849(2) A, c=13.6130(4) A, o = 90.672(1)°, f=105.679(1)°, y = 94.599(1)°,
V=894.66(4) A3, T=293(2) K, space group PI, Z=2, 14055 reflections
measured, 4399 independent reflections (R;, = 0.04). The final R; values were
0.066 (I>20(I)). The final wR(F?) values were 0.2022 (I > 2¢(1)). The final R;
values were 0.1023 (all data). The final wR(F?) values were 0.2494 (all data).
CCDC 877509 contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge at www.cdcc.cam.ac.uk/data_
request/cif of from the Cambridge Crystallographic Data Centre, 12, Union
Road, Cambridge CB2 1EZ, UK; fax: +44 (1223) 336033; email: deposit@ccdc.
cam.ac.uk.

Crystal data for compound 5: C1gH16N40s, M = 368.35, triclinic, a = 7.4586(2) A,
b=9.5297(2) A, c=12.8344(4) A, 0. = 83.826(1)°, = 75.061(1)°, 7 = 86.635(1)°,
V=875.85(4) A3, T=293(2) K, space group Pi, Z=2, 10098 reflections
measured, 4275 independent reflections (R;, =0.042). The final R; values
were 0.0682 (I > 2c(I)). The final wR(F?) values were 0.1831 (I > 24(I)). The final
R; values were 0.0983 (all data). The final wR(F?) values were 0.2232 (all data).
CCDC 877510 contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge at www.cdcc.cam.ac.uk/
data_request/cif of from the Cambridge Crystallographic Data Centre, 12,
Union Road, Cambridge CB2 1EZ, UK; fax: + 44 (1223) 336033; email:
deposit@ccdc.cam.ac.uk.

Synthesis and data of compound 13: A mixture of compound 10 (0.23 mmol) in
DMSO in the presence of KOH (0.23 mmol, 1 equiv) was added slowly to an
excess of 2 (0.46 mmol, 2 equiv) and heated at 80 °C by conventional oil-bath
heating. Appearance of compound 13 was monitored by LC/MS. After 7 days,
the mixture was poured into cold H,0O and extracted with CHCls. The organic
layers were washed with brine, dried over Na,SO, and evaporated under
reduced pressure. The compound was isolated (34% yield) after purification by
column chromatography using a mixture of acetone-CHCl; (50-50) as eluent.
4,4'-[4,4'-0xybis(3-nitro-4,1-phenylene)|bis(1,2-dimethyl-5-nitro-1H-imidazole)
(13): Orange oil. "H NMR (200 MHz, CDCl5): 6 2.54 (s, 6H), 3.94 (s, 6H), 7.15 (d,
J=8.7 Hz, 2H), 8.06 (dd, ] = 2.2 Hz, 8.7 Hz, 2H), 8.56 (d, ] = 2.2 Hz, 2H). 3C NMR
(50 MHz, CDCl3): 6 14.1 (2 x CH3), 34.3 (2 x CH3), 120.5 (2 x CH), 127.6
(2 x CH), 129.1 (2 x C), 135.0 (2 x C), 135.7 (2 x CH), 139.8 (2 x C), 140.6
(2xC), 148.8 (2 xC), 149.3 (2 x C). HRMS calcd for Cy;HgNgOg [M+H]™:
539.1270, found 539.1270.
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