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The direct arylation of benzoquinones with arylboronic acid promoted by

iron(ll) oxalate
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Arylations of various quinones with several arylboronic acids have been developed. The reactions proceed readily at ambient
temperature using iron(ll) oxalate as a catalyst and potassium persulfate as a co-oxidant. The mechanism is presumed to
proceed through a nucleophilic radical addition to the quinone with in situ reoxidation of the resulting dihydroquinone.
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The quinone moiety is an important structural feature of
compounds involved in chemistry, material science, and
medicine.' The structures of quinones are embedded in a series
of natural products and drugs.>* The visual and electronic
properties of the arylated quinones make them useful in
photosynthesis and in the dye industry. However, methods of
the direct arylation of quinones are sparse.

Among them, some carbon—carbon bond formation reactions
between organohalides and organometallic species can be
applied to afford the direct arylation of quinones.>® A popular
protocol is the transition metal-catalysed coupling reaction
via C—H activation. Several groups such as those of Molina,’
Demchuk® and Renaud’ have made notable advances in
this research field. The Baran group has made an important
contribution using an AgNO,/K,S O, system involving a
radical pathway.!*!! However, most protocols of them require
rare metals under high temperature conditions. Therefore, the
development of a more practical method for the direct arylation
of benzoquinones is desirable.

Iron-based catalysts have drawn much attention as cheap,
non-toxic and environmentally friendly materials in recent
years.””* Many transformations, however, are concerned
with complex ligands. Recently, some ligand-free iron salts
have'3'¢ also been reported to promote the direct arylation of
quinones as green catalysts. Here we report the direct arylation
of benzoquinones promoted by iron(II) oxalate (Scheme 1), and
suggest a radical reaction mechanism.
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Scheme 1 The direct arylation of benzoquinones.

Results and discussion

First of all, we selected the reaction of 1,4-benzoquinone
and phenylboronic acid as the model reaction to optimise the
conditions, as shown in Table 1. The reaction cannot take
place without the iron catalyst (Table 1, entry 1). With the
catalysts, Fe,(SO,), and FeCl,:6H,O containing Fe(IIl) only
trace amounts of products could be obtained (entries 2 and 3).
FeSO,-7H,0, FeCl,-4H,0 and FeC,0,-2H,0, however, afforded
the products with moderate or good yields (entries 5-7). If the
oxidant loading amounts varied from 3.0 equiv. to 1.0 equiv.,
the yield decreased gradually (entries 7-9). The solvent system
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Table 1 The optimisation of reaction conditions for the direct arylation of
1,4-benzoquinones?

Entry  Ironsalt/equiv.  Oxidant/equiv. Solvent Yield/%"
1 None K,S,0,3.0 DCM/H,0 ND¢
2° Fe,(80,), (1.0)  K,S,0, (3.0) DCM/H,0 5
3 FeCl,-6H,0 1.0 K,S,0,3.0 DCM/H,0 5
4 Fe(OAc), 1.0 K,S,0,3.0 DCM/H,0 35
5 FeS0,-7H,0 1.0 K,S,0,3.0 DCM/H,0 63
6 FeCl,-4H,0 1.0 K,S,0,3.0 DCM/H,0 53
7 FeC,0,-2H,01.0  K,5,0,3.0 DCM/H,0 77
8 FeC,0,-2H,01.0  K,5,0,2.0 DCM/H,0 65
9 FeC,0,-2H,01.0  K,S,0,1.0 DCM/H,0 57

10 FeC,0,-2H,01.0  K,5,0,3.0 PhCI/H,0 70
1 FeC,0,-2H,01.0  K,5,0,3.0 4-CF,Ph/H,0 73
12 FeC,0,-2H,00.5  K,5,0,3.0 DCM/H,0 64
13 FeC,0,-2H,02.0  K,5,0,3.0 DCM/H,0 78
14 FeC,0,-2H,01.0  Na,S,0,3.0 DCM/H,0 ND¢
15 FeC,0,-2H,0 1.0 TBHP 3.0 DCM/H,0 ND¢

aReaction condition: 1,4-benzoquinone 0.5 mmol; phenylboronic acid
1.5 mmol; 4 mL solvent (1:1, V/V); 25 °C, 24 h.

®|solated yield.

°GC yield.

IND, Not detected.

of chlorobenzene/H,0 and o,a,0-trifluorotoluene/H,0 were
as effective as DCM/H,O (entries 7, 10 and 11). If the loading
amounts of FeC,0,-2H,0 varied from 0.5, 1.0 to 2.0 equiv., the
corresponding yields were 64%, 77%, 78% (entries 12, 7, 13).
When potassium persulfate was replaced by other oxidants such
as sodium persulfate and TBHP, the reaction did not proceed at
all (entries 14 and 15).

Next, we investigated the scope of the reaction of 1,
4-benzoquionone with various arylboronic acids under the
optimised conditions. The results are summarised in Table 2.
Most reactions proceeded smoothly to afford the expected
products in moderate or good yields except for entry 10. The
effects of changing the substituents in the benzenoid ring of the
arylboronic acid was quite small (yields 68—82%, entries 1-9).
In addition, the arylboronic acid containing a heterocyclic ring
also formed the product with a moderate yield (entry 11).

Subsequently, we studied the scope of the reaction of
phenylboronic acid with different benzoquinones. The
corresponding results were listed in Table 3. As seen the
desired products could be obtained in moderate yields
using symmetrically substituted benzoquinones containing
fluorochloro, trifluoromethyl or methoxyl groups.

Finally, we examined the mechanistic pathway using
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) as a radical
scavenger. When 2.0 equiv. of TEMPO was added to the model
reaction, only a 20.5% yield of product 3a was obtained. A
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Table 2 Thearylation of 1,4-benzoquinone with various arylboronic acids?

0 iron(II) oxalate 1.0 eq. 0]
K,S,05 3.0 eq.
+  Ar-B(OH), >
DCM / H;0 . t. Ar
(6] O
M.p./°C -
Entry Ar Product Observed Reported Yield/%?®
1 CeH,- 3a 113-115 113-114" 77
2 4-CH,C.H,- 3b 138-140 138139 82
3 3-CHCH, 3c 78-80 76-80" 78
4  2-CHCH,-  3d - o0 72
5 4--CHOCH,-  3e 120-122 12012 68
6 4-FCH,- 3f 157-160 158-160" 70
7 4-CICH,- 39 128-130 129-130" 73
8 3-CIC,H,- 3h 142-144 142-143" 74
9 4-CF,C.H,- 3i 106-108 105-108" 68
10 Naphthyl 3j 173-175 17317420 40

11 Thienyl 3k - —19 70
,4-benzoquinone 0.5 mmol, arylboronic acid 1.5 mmol; iron(ll) oxalate
0.5 mmol; potassium persulfate (1.5 mmol); 4 mL solvent of DCM:H,0 (1:1,
V/V); 25 °C, 24 h.
b|solated yield.

plausible mechanistic pathway is demonstrated in Scheme 2,
which is analogous to the initial reports.'®'® The single electron
transfer of Fe** to S,0.*" could produce sulfate radical, which
initiates the transformation with the liberation of SO,* and
Fe*'. The sulfate radical could react with aryl boronic acids to
give an aryl radical species, which could attack benzoquinones
to afford the intermediate. Then, the target products could
be obtained by overall oxidation and deprotonation of the
intermediate.

Fe?* Fe3*

ArB(OH),
S,0g7 ————— > SO, ———> Ar

Y ey U
w w S o

S04 “03SOB(0H),

Scheme 2 Proposed catalytic cycle.

Conclusions

We have described a practical method for the direct mono-
arylation of benzoquinones using the cheap and environmentally
friendly catalytic system of FeC,0,-2H,0 and K,S,O,. A broad
range of substrates have been explored to afford the coupling
products. A plausible radical mechanism was also proposed.
Studies of other applications of the catalytic system are in
progress.

Experimental

All chemicals and solvents were obtained from commercial sources.
"H NMR (300 MHz) and “C NMR (75 MHz) spectra were recorded
on a Varian NMR spectrometer using TMS as an internal standard;
chemical shift values were given in ppm. Mass spectra were obtained
on a Sectorfield-MS instrument. All products were known compounds
and were identified by comparing their physical and spectroscopic data
with those reported in the literature. Flash chromatography separations
were performed on a YAMAZEN AI-580 system with silica gel (12 g,
230—400 pm mesh) cartridges.

Arylation of benzoquinones; general procedure

The mixture of 1,4-benzoquionone (0.5mmol), phenylboronic
acid (1.5 mmol), iron salt as a catalyst (0.5 mmol) and persulfate as
a oxidant (1.5mmol) was added to DCM/H,O (1:1, 4mL V/V) at
room temperature. The resulting mixture was stirred vigorously for

Table 3 The arylation of various 1,4-benzoquinones with phenylboronic acid?

) M.p./°C e
Entry Benzoquinone Product Observed _ Reported Yield/%
o) O
1 \¢/ ‘ 3 94-96 —ots 66
o] 0 O
0 0
H;CO OCH; H3CO OCH;3
2 ‘ 3m 108-110  109-110° 62
0 O O
0 o
Cl Cl Cl Cl
3 ‘ 3n  120-122 —o15 72
0 0 O
0 0
Cl Cl ‘
4 ‘ 30 126-128  127-128% 66
Cl Cl
0 0
0 (0]
3p 108-110  108-110% 50

1,4-benzoquinone derivatives 0.5 mmol, phenylboronic acid 1.5 mmol; iron(ll) oxalate 0.5 mmol; potassium persulfate (1.5 mmol);

4 mL solvent of DCM:H,0 (1:1, V/V); 25 °C, 24 h.
®|solated yield.
°M.p.s not reported
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24 h. After the finish of the reaction, the crude product was directly
filtered through a pad of celite and washed with DCM (2 mL). The
filtrate was washed with a saturated solution of NaHCO, (3x2mL)
and the aqueous layer was extracted again with DCM (3 x2 mL). The
combined organic layer was concentrated under reduced pressure. The
corresponding crude product was purified on a flash column using
ethyl acetate and hexane as eluate to afford the pure compounds. All
the products were characterised by MS, 'H NMR and *C NMR, and
were compared with authentic samples.>!%!>7-22 The spectroscopic data
of typical compounds are as follows.

2-Phenyl-1,4-benzoquionone (3a): Yellow solid, m.p. 113-115°C (lit.”
113-114 °C); '"H NMR (300 MHz, CDCl,) & 7.47 (br 5 H), 6.89-6.83 (m,
3 H); "*CNMR (75 MHz, CDCl,) § 187.5, 186.6, 145.9, 137.1, 136.3, 132.7,
130.1,129.2, 128.6; MS (ESI) m/z: 184.

2-(4-Chlorophenyl)-1,4-benzoquinone (3g): Yellow solid, m.p. 128—
130°C (lit."” 129130 °C). 'H NMR (300 MHz, CDCl,) & 7.44 (brs, 4 H),
6.90-6.83 (m, 3 H); "C NMR (75 MHz, CDCI,) & 1874, 186.4, 144.8,
137.0, 136.6, 136.4, 132.7,131.0, 130.6, 128.9; MS (EI) m/z 218 (for *Cl).

2,6-Dimethyl-3-phenyl-1,4-benzoquinone (31):* Yellow solid, m.p.
94-96°C. 'H NMR (300 MHz, CDCl,) § 7.45-7.39 (m, 3H), 7.16 (d,
J=2.0Hz, 1 H), 7.14 (d, J=1.2Hz, 1H), 6.66 (d, J/=1.0Hz, 1 H), 2.11 (d,
J=14Hz,3 H), 1.97 (s, 3 H); "C NMR (75 MHz, CDCI,) § 188.6, 186.8,
145.6, 143.7, 141.6, 133.2, 132.9, 129.5, 128.5, 128.1, 16.0, 14.1; MS (EI)
m/z212.

Y.-B. Huang is thankful for the funding support of the “Jiangsu
Overseas Research & Training Program for University
Prominent Young & Middle-aged Teachers” and the “Qing-Lang
Project in the Jiangsu Provincial Department of Education”.

Received 4 July 2013, accepted 3 September 2013
Paper 1302042 doi:10.3184/174751913X13794472538144
Published online: 11 November 2013

JCR1302042_FINAL.indd 651

JOURNAL OF CHEMICAL RESEARCH 2013 651

References

1 B. Nowicka and J. Kruk. Biochim. Biophys. Acta, 2010, 1797, 1587.
2 ILC.FR. Ferreira, J.LA. Vaz, M.H. Vasconcelos and A. Martins, Mini-
reviews Med. Chem., 2010, 10, 424.
3 P.R. Dandawate, A.C. Vyas, S.B. Padhye, M.W. Singh and J.B. Baruah,
Mini-Reviews Med. Chem., 2010, 10, 436.
4 K.J.M. Bishop, R. Klajin and B.A. Grzybowski, Angew. Chem. Int. Ed.,
2006, 45, 5348.
5 E.JL. Lana, F. Carazza and R.A.de Oliveira, Helv. Chim. Acta, 2004, 87,
1825.
6 X.Gan, W. Jiang, W. Wang and L. Hu, Org. Lett., 2009, 11, 589.
7 M.T. Molina, C. Navarro, A. Moreno and A.G. Csaky. Org. Lett., 2009, 11,
4938.
8 O.M. Demchuk and K.M. Pietrusiewicz, Synlett, 2009, 7, 1149.
M. Luthy, V. Darmency and P. Renaud, Eur. J. Org. Chem., 2011, 547.
10 Y. Fujiwara, V. Domingo, I.B. Seiple, R. Giantassio, M.D. Bel and P.S.
Baran, J. Am. Chem. Soc., 2011, 133, 3292.
11 LB. Seiple, S. Su, R.A. Rodriguez, R. Giantassio, Y. Fujiwara, A.L. Sobel
and P.S. Baran, J. Am. Chem. Soc., 2010, 132, 13194.
12 C.-L. Sun, B.-J. Li and Z.-J. Shi, Chem. Rev., 2011, 111, 1293.
13 A. Correa, O.G. Mancheno and C. Bolm, Chem. Soc. Rev., 2008, 37, 1108.
14 N. Yoshikai, A. Mieczkowski, A. Matsumoto, L. Ilies and E. Nakamura, J.
Am. Chem. Soc., 2010, 132, 5568.
15 J. Wang, S. Wang, G. Wang, J. Zhang and X.-Q. Yu, Chem. Commun.,
2012, 48, 11769.
16 K. Komeyama, T. Kashihara and K. Takaki, Tetrahedron Lett., 2013, 54,
1084.
17 S.I. Murahashi, N. Miyaguchi, S. Noda, T. Naota, A. Fujii, Y. Inubushi and
N. Komiya, Eur. J. Org. Chem., 2011, 5355.
18 Y. Yamamoto, Adv. Synth. Catal., 2010, 352, 478.
19 S.Zhao, A. Narang, X. Ding and G. Eadon, Chem. Res. Toxicol., 2004, 17,
502.
20 D.E. Kvalnes, J. Am. Chem. Soc., 1934, 56, 2478.
21 B.F. Cain, J. Chem. Soc., 1961, 936.
22 S. Irvine, W.J. Kerr, A.R. McPherson and C.M. Pearson, Tetrahedron,
2008, 64, 926.

Nl

04/11/2013 16:52:10



Copyright of Journal of Chemical Research isthe property of Science Reviews 2000 Ltd. and
its content may not be copied or emailed to multiple sites or posted to a listserv without the
copyright holder's express written permission. However, users may print, download, or email
articlesfor individual use.



