The Coupling of Arylboronic Acids with
Nitroarenes Catalyzed by Rhodium
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The coupling of arylboronic acids with electron-deficient nitroarenes was realized for the first time by using a rhodium(l) catalyst under an air
atmosphere, achieving unsymmetrical diaryl ethers with yields ranging from poor to good. From a deuterium labeling experiment, the oxygen
atom is derived from ambient water. The efficiency of this reaction was demonstrated by its compatibility with fluoro, bromo, chloro, and

trifluoromethyl groups.

Diaryl ethers constitute an important building block for
the synthesis of natural products, and polymer science and
pharmacologically active compounds.' Common synthetic
routes for the preparation of these compounds involve an
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Ullmann coupling reaction of aryl halides and phenols
with copper in the form of a metal salt.” These methods,
which suffer from drawbacks as a result of limited applica-
tion, use copper in stoichiometric amounts. Later, many
improved methods have been reported for the synthesis of
symmetrical or unsymmetrical diaryl ethers in the presence
of copper® or palladium* catalytic systems that enable the
Ullmann coupling reaction. To the best of our knowledge,
only three examples have been described in which aryl
halides are not coupled to oxygen via a phenol but via an
inorganic oxygen source (K;PO4/H>0.** KOH.’® or
CsOH™) to afford diaryl ethers.” By far, transition-me-
tal-catalyzed Ullmann coupling reactions, which generally
employ aryl halides and organometallics as coupling part-
ners, have served as the most common methods for con-
structing biaryl ether unions. However, several problems
still remain, such as a high catalyst loading and elevated
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temperature. Therefore, we set out to search for alternative
coupling partners and novel catalytic systems.
Organoboron reagents are highly regarded due to their
advantages of stability to air and moisture as well as good
functional group tolerance.® A continuation of our interest
in the development of organoboron reactions led us to
explore the potential reactions between organoboron re-
agents and aldehydes or aldimines.” Herein, we report a
new method for the synthesis of unsymmetrical diaryl
ethers for the first time by Rh-catalyzed coupling of
arylboronic acids with nitroarenes. In many cases, direct
use of ubiquitous arylboronic acids and nitroarenes in
cross-coupling could be a synthetically ideal route that is
environmentally friendly, avoiding the use of halides.
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We recently observed that 4-phenoxybenzaldehyde 3aa
occurred as a secondary product during the palladium- or
copper-catalyzed synthesis of (4-nitrophenyl)(phenyl)-
methanol 4aa’®¢ and (4-nitrophenyl)(phenyl)methanone
5aa’® from the coupling of 4-nitrobenzaldehyde 1a with
phenylboronic acid 2a (Scheme 1). This surprising devel-
opment encouraged us to carefully adjust reaction para-
meters for the selective generation of 3aa by a coupling
reaction of arylboronic acids with nitroarene. First, we
began our investigation by testing the model reaction of
4-nitrobenzaldehyde 1a with phenylboronic acid 2a in the
presence of catalytic amounts of a palladium catalyst such
as Pd(OAc), and PdCl, under various reaction conditions.
However, only trace amounts of the desired product 3aa
were obtained. To our delight, after the catalyst was
switched to a rhodium catalyst such as RhCl3-3H,O0, the
desired product 3aa was isolated in 35% yield in DMF
(Table 1, entry 5). RhCI(PPhs); exhibited the highest
catalytic activity compared to other rhodium catalysts,
affording a 78% yield (Table 1, entries 5—8). Among the
solvents examined, only DMSO was found to be as
effective as DMF (Table 1, entries 8—14). When the
reaction was performed in various bases, the yield im-
proved significantly, with Cs,COj being the best (Table 1,
entries 8, 15—23). Shortening the reaction time decreased
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the yield (Table 1, entry 24), whereas a longer reaction time
did not improve the yield (Table 1, entry 25). A trace
product was obtained when the procedure was preformed
under a nitrogen atmosphere (Table 1, entry 26). In
addition, no reaction occurred when the procedure was
carried out in the absence of catalyst (Table 1, entry 27).
Finally, the use of an additional 0.5 equiv of Cs,COj3
increased the yield to 81% (Table 1, entry 28).

Under the optimized reaction conditions, the reaction of
various arylboronic acids with nitrobenzenes was exam-
ined to explore the scope and generality of this coupling
reaction (Table 2).

Table 1. Optimization of Reaction Conditions®

Rhodium source Q
O,N CHO + PhB(OH)y —— OPh
base, solvent H

1a 2a 3aa
entry Rh source base solvent yield (%)°
1 RhCl3-3H,0 CsyCO;3 toluene <5
2 Rhclg . 3H20 CSZCO3 CH3N02 <5
3 RhCl;-3H,0 CsoCO3 1,4-dioxane <5
4 RhCl3-3H,0 Cs,CO3 xylene <5
5 RhCl3-3H,0 Cs5CO3 DMF 35
6 Rhg(OAC)g CS2CO3 DMF <5
7 Rh(CO)H(PPhg); Cs,COg DMF 65
8 RhCI(PPhjy)s Cs2CO3 DMF 78
9 RhCI(PPhjy)s Cs5,CO3 CH3NO, <5
10 RhCI(PPhs)s CsCO3 toluene <5
11 RhCI(PPhgy)s Cs,CO3 1,4-dioxane <5
12 RhCI(PPhs)s CsCO3 xylene <5
15 RhCI1(PPhy)s NaHCO3; DMF <5
16 RhCI(PPhg)s K,CO;3 DMF 62
17 RhCI(PPhgy)s NayCO3 DMF 35
18 RhCI(PPhg)s KF-2H,0 DMF <5
19 RhCI1(PPhj)s NEt; DMF <5
20 RhCI(PPhjs)s LiF DMF 21
21 RhCI(PPhjy)s CsF DMF 29
22 RhCI(PPhs)s TBAF DMF <5
23 RhCI(PPhgy)s tBuONa DMF <5
24¢ RhCI(PPhgy)s Cs5CO3 DMF 58
257 RhCI1(PPhj)s Cs2CO3 DMF 76
26° RhCI(PPhg)s Cs5,CO3 DMF <5
27 Cs5C04 DMF 0
288 RhCI(PPhg)s Cs,CO3 DMF 81

“Unless otherwise noted, the reaction conditions were as follows: 1a
(0.6 mmol), indicated rhodium source (1 mol %), 2a (0.3 mmol), base
S0.6 mmol), solvent (3 mL), 100 °C, 24 h, air. b Isolated yield. ¢ For 12 h.
4For 48 h. Under N, atmosphere. “No rhodium source was added.
£ With 2.5 equiv of Cs,COs.

Both electron-withdrawing and electron-donating sub-
stituted arylboronic acids were successfully coupled to
nitroarenes (Table 2, entries 1—11). As shown in Table 2,
the influence of a monosubstituent group at the ortho-
and para-position for arylboronic acids (Table 2, entries
2—5) was investigated to examine the steric effect in our
system. For example, 1a proceeded with arylboronic acids
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Table 2. Substrate Scope in the Rhodium-Catalyzed Coupling
of Arylboronic Acids with Nitroarenes®

A _RhCIPPh3); (1 mol %) SN
QNOZ+ @B 2 C52003 DMF, air R1+ - S TR
100 °C, 24 h
3
yield
entry Art (1) Ar? (2) product (%)°

1 p-(CHO)CgH4 (1a) Ph (2a) 3aa 81
2 p-(CHO)CgH,4 (1a) p-(Me)CgH,4 (2b) 3ab 76
3 p-(CHO)CgH4 (1a) 0-(Me)CgH4 (2¢) 3ac 56
4 p-(CHO)CgH,4 (1a) p-(MeO)CgHy (2d)  3ad 80
5 p-(CHO)CgH, (1a) 0-(MeO)CgH, (2€) 3ae 58
6 p-(CHO)CgH4 (1a) m-(MeO)CegHy (2f)  3af 48
7 p-(CHO)CgH, (1a) p-(F)CeHy (2g) 3ag 52
8 p-(CHO)CgH4 (1a) p-(C1HCgHy (2h) 3ah 71
9 p-(CHO)CgH4 (1a) p-(Br)CgHy (2i) 3ai 36
10 p-(CHO)C¢Hy(1a)  p-(CF3)CgHy (2§) 3aj 31
11 p-(CHO)CgH4 (1a) 2-naphthyl (2k) 3ak 61
12 0-(CHO)CgH4 (1b) Ph (2a) 3ba 52
13 0-(CHO)CgH, (1b) p-(Me)CeHy (2b) 3bb 55
14  0-(CHO)CgH4 (1b) 0-(Me)CgHy (2¢) 3bc 32
15  0-(CHO)CgH, (1b) p-MeO)CgH, (2d)  3bd 35
16  0-(CHO)CgHy (1b) p-(F)CcHy (2g) 3bg 29
17  0-(CHO)CgH4 (1b) p-(C1)CgH, (2h) 3bh 47
18 0-(CHO)CgHy (1b) p-(Br)CgHy (21) 3bi 31
19 p-(MeC=0)CgH,4 (1¢) Ph(2a) 3ca 62
20 p-(MeC=0)Ce¢H4 (1c) p-(Me)CgHy (2b) 3cb 61
21  p-(MeC=0)CgH,4 (1e) o-(Me)CgHy (2¢) 3ce 58
22 p-(MeC=0)CgH4 (1e) p-(F)CeHy (2g) 3cg 41
23  p-(MeC=0)CgH,4 (1e) p-(C1)CgH,4 (2h) 3ch 54
24  p-(MeC=0)CgH4 (1e) p-(Br)CgHy (2i) 3ci 32
25  p-(PhC=0)CgH, (1d) Ph (2a) 3da <5
26  p-(PhOSO,)CgH, (1e) Ph (2a) 3ea 35
27  p-(MeOyC)CgHy (1f)  Ph (2a) 3fa 0
28 p-(CN)CgH4 (1g) p-(Me)CegHy (2b) 3gb 34
29 m-(CHO)CgHy4 (1h) Ph (2a) 3ha 0

“Unless otherwise noted, the reactions conditions were as follows: 1
(0.6 mmol), RhCI(PPh3); (1 mol %), 2 (0.3 mmol), Cs,CO;5 (0.75 mmol),
DMEF (3 mL), 100 °C, 24 h, air. ? Isolated yield.

(2b and 2c¢) efficiently, affording the corresponding products
3ad—3af in 76% and 56% yields, respectively (Table 2,
entries 2—3). Electron-rich aromatic arylboronic acids with
a methoxy group at the ortho-, para-, or meta-position
proved to be good substrates for this transformation,
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214.0885 (ionic flux: 689) by HRMS. From this result we confirmed by
calculation that the 'O content is 40.3%, which greatly exceeds the
natural °O content in 3ca.
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affording the corresponding products 3ad—3af in impress-
ive yields (Table 2, entries 4—6). Notably, the fluoro, chloro,
and bromo moieties (commonly used for cross-coupling
reactions) in phenylboronic acids 2g, 2h, and 2i (Table 2
entries 7—9, 16—18, and 22—24) were all tolerated under
this novel coupling and afforded the targeted products in
poor to good yields, making further elaborations of the
corresponding biaryl products possible. Nevertheless, the
reaction became sluggish by using arylboronic acid with
electron-withdrawing groups such as a trifluoromethyl
substituent at the para-position (2j) (Table 2, entry 10). It
is noteworthy that 3aj is difficult to prepare from the
corresponding aryl halides and phenols via an Ullmann
coupling reaction since the electron-withdrawing groups on
the aryl will decrease its migratory rate. Moreover, naphtha-
len-2-ylboronic acid (2k) was found to couple with 1a
efficiently and afforded the desired product in 61% yield
(Table 2, entry 11).

On the other hand, different electron-deficient groups on
the phenyl ring in the nitroarenes was also examined. Not
only a formyl group but also other electron-withdrawing
groups such as acetyl, phenyl sulpho, and cyano groups
deliver the desired product in poor to good yields under the
standard reaction conditions (Table 2, entries 1, 19, 26, and
28). However, the reaction of (4-nitrophenyl)(phenyl)-
methanone (1d) and methyl 4-nitrobenzoate (1f) with 2a
failed to afford the corresponding product (Table 2, entries
25 and 27). Nitrobenzene itself and 3-nitrobenzaldehyde
(1h) resisted the coupling etherification under the same
conditions (Table 2, entry 29).

According to relevant reports in the literature,® we
suggest that the oxygen atom of 3ca might be derived from
water present in the solvent and in the ambient environ-
ment. To clarify the source of the oxygen in this reaction,
we carried out the Rh-catalyzed reaction of 1-(4-
nitrophenyl)ethanone (1¢) with phenylboronic acid (2a)
in the presence of '*OH, in dry DMF (Scheme 2).° As a
result, we found that 3ca-'*0 was formed in 56% yield,10
ts %0 content being 40% "' (see Supporting Information).
From this result we can conclude that the oxygen atom is
derived from the ambient water during the reaction.

Scheme 2. Isotope Labeling Studies
C (OH), ©/
©/ Cs,CO3, DMF(dry), 24 h
10 equiv "®OH,,

1c 3ca-"%0, 56% yleld

__RCI(PPh); (1 mol %) _

The mechanism of this coupling reaction remains un-
certain at this time. Nevertheless, given this isotope label-
ing result, two possible pathways can be considered
(Scheme 3). In pathway A, nucleophilic attack of nitroar-
ene 1 by a water molecule would generate the phenoxide
intermediate 4.'* This intermediate could be further
coupled with arylboronic acid 2 to produce product 3.
Alternatively in pathway B, oxidative hydroxylation of

Org. Lett,, Vol. 13, No. 7, 2011



Scheme 3. Plausible Mechanism
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arylboronic acid 2 in water would generate the phenoxide
intermediate 5,° which could be converted to product 3 by
nucleophile displacement of a nitro group.
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In summary, an unprecedented rhodium-catalyzed cou-
pling of arylboronic acids with electron-deficient nitroarenes
was developed. This new method provides a simple way to
synthesize unsymmetrical diaryl ethers with yields ranging
from poor to good. Ongoing work seeks to gain further
insights into the mechanism of this reaction and to expand
the scope of the coupling of unactivated nitroarenes.
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