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ABSTRACT: The carbon−carbon bond formation via autoxidation of organoboronic acid using 1 atm of O2 is achieved in a
simple, clean, and green fashion. The approach allows a technically facile and environmentally benign access to structurally
diverse heteroaromatics with medicinally privileged scaffolds. The strategy also displays its practicality and sustainability in the
resynthesis of marketed drugs Crestor and pyrimethamine.

Synthesis of functional compounds such as drugs benefits
human life worldwide but inevitably leads to a fast

accumulation of pollutants in the environment. The develop-
ment of greener or sustainable synthetic technology has
historically been and remains a central topic of research in
chemistry.1 Organic transformations using molecular oxygen as
the sole oxidant represent the most meaningful explorations
since O2 is the ideal oxidant. Considerable advances in aerobic
oxidation of alcohol, aldehydes, amine, hydrocarbon, and
organometallics, etc. have been made in the past decades.2

However, transition-metal and/or organocatalysts along with
electron-transfer mediators are usually required in most of these
systems. In contrast, although it would be much simpler, cleaner
and waste-minimizing developments on establishing efficient
synthetic methods based upon autoxidation of organic molecules
without any catalysts have remained stagnant.3 Very few
successful organic transformations, for instance, carbon−carbon
bond formation using only O2, have been explored in the past
years.4 Nevertheless, most processes in these cases are very slow
because direct oxidation by molecular oxygen is usually
kinetically unfavored. It seems that the sustainability is
contradictory to the efficiency in these reactions. Hence,
exploration of more efficient and highly chemoselective synthetic
methods on account of autoxidation to solve this contradiction
remains a great challenge.
A historical report on autoxidation of organoboranes by

Frankland can be traced back to 1860.5 One century later,
organoboranes were introduced to studies of free-radical
reactions.6 Since then, together with organotin hydride and/or
AIBN, R3B/O2 has become a powerful initiator system for radical
reactions.7 In comparison with trialkylboranes8 and organo-
trifluoroborates,9 however, organoboronic acids are rarely
utilized as radical precursors to construct C−C bonds.10 In
2010, Baran and co-workers developed an efficient Ag(I)/
S2O8

2−-promoted arylation/alkylation of heteroaromatics and

quinones with Ar(R)B(OH)2.
11 Subsequently, a convenient

access to phenanthridines via aMn(III)-mediated radical cascade
reaction of diaryl isonitriles with boronic acids was reported by
Tobisu andChatani in 2012.12 One year later, Lei and co-workers
described a Ni(II)/DTBP-promoted effective arylation of
(sp3)C−H using arylboronic acids.13 Recently, Antonchick
developed a facile metal-free arylation of quinoline N-oxides
with aryl boronic acids under hot DMSO.14 In 2016, a
convenient Mn(III)-mediated alkylation of arenes with alkylbor-
onic acids was discovered by Rodriǵuez et al.15 Very recently,
Chen explored an elegant Minisci C−H alkylation of N-
heteroarenes with boronic acids via a Ru(II)/hypervalent
iodine-promoted photoredox process.16 Although these proto-
cols allow facile access to diverse C−C bonds using boronic acids
as the radical sources, they suffered from usage of excess metal
and/or nonmetal chemical oxidants. Herein, we report a catalyst
and metal-free C−H alkylation of heteroarenes with boronic
acids using only 1 atm of O2. To the best of our knowledge, this
work represents the first applicable use of autoxidation of
organoboronic acids to form C−C bonds (Scheme 1).
In order to clarify the mechanisms for autoxidation of

organometallic compounds, Davies and Roberts investigated
the reaction of boronic acid with O2 for the first time in 1966.17

Through extensive studies on oxidation of optically pure 1-
phenylethylboronic acid by oxygen leading to racemic peroxides,
they postulated a radical-chainmechanism for the autoxidation of
organoboranes. Fifty years have passed by since the discovery of
autoxidation of organoboronic acid; however, not a single
applicable use of the autoxidation in organic synthesis has been
reported. Of particular interest is the exploration green radical
systems;18 therefore, we began to envision whether the
autoxidation of boronic acids could be utilized to develop
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efficient synthetic methods, for instance, forming C−C bonds.
Initially, a Minisci-type reaction19,20 of 4-methylquinoline with
butylboronic acid under oxygen atmosphere was designed to test
our hypothesis (Table 1). Table 1 shows that addition of acid,

solvent, and temperature critically affected the efficiency of this
reaction. No reaction occurred at 90 °C or lower (entry 1). By
increasing the temperature to 110 °C, the desired product was
obtained in 25% (entry 2). Acetonitrile as solvent gave lower
yield than dichloroethane (DCE) (entry 3). To our delight, a
58% yield of the expected products was isolated by extension of
reaction time to 12 h (entry 4). H2SO4 as an alternative to TFA
afforded only 10% yield of the product (entry 5). Furthermore,
we evaluated the cage effect of this system (entries 6 and 7, see
also the Supporting Information). We found it is critical for this
process. Finally, this oxygen-promoted alkylation of hetero-
aromatics with boronic acid produced the corresponding product
in good yields under the following conditions: 1 equiv of
heterocycle, 5 equiv of alkylboronic acid, 2 equiv of TFA, 1 atm
O2, 0.5 mL of DCE, 110 °C, refluxing for 12 h.
With the modified conditions in hand, we began to evaluate

the generality of this reaction. As demonstrated in Scheme 2, an
array of alkylboronic acids are compatible with this system.
Acyclic substrates including primary and secondary boronic acids
afforded the desired alkylated heteroarenes in 35%−87% yields
(1−7). It was found that 2° boronic acids gave higher yields than
1°. In addition, cyclic aliphatic boronic acids are also effective
substrates, and led to the products in 50−90% yields (8−10).
Next we turned our attention to a variety of heterocycles that

are extremely valuable for library design and drug discovery.21 As
illustrated in Scheme 3, we discovered that this new autoxidation
method allows facile alkylation of a broad range of hetero-
aromatics by using boronic acids with 1 atm of O2 only. A series

of quinoline and its derivatives were examined first. The expected
alkylated heteroarenes were successfully obtained in moderate to
excellent yields (11−18). It is noteworthy that various sensitive
functional groups can be tolerated in this protocol. For example,
cinchonine gave the corresponding product in 44% isolated
yields with recovery of 50% of starting material (18).
Subsequently, other N-heteroaromatics such as isoquinoline,
pyridine, phenanthridine, and phthalazine were screened (19−
24). Gratifyingly, the alkylated heterocycles were synthesized in
good to nearly quantitative yields. Furthermore, monoalkylation
compounds were isolated as the major products. More
interestingly, 4-tert-butylpyridine and pyridin-4-ylmethanol
afforded the unique monoalkylated pyridines in 91% and 72%
yield, respectively, and no difunctionalized products were
observed (21 and 22). Both benzo[d]imidazole and benzo[d]-
thiazole were also proven to be effective substrates (25−27).
Finally, an array of DNA base analogues were subjected to this
autoxidative alkylation (28−32). To our delight, these bioactive
compounds were found to be amenable to this system. Notably,
pentoxifylline, a medicine primarily used to reduce pain, led to its
alkylated analogue in 40% yield (32). Pyridine 1-oxide was found
to be an effective substrate in this reaction (33). These results
show that this unique alkylation protocol has broad substrate
scope, which could be potentially applied in the synthesis of
pharmaceuticals.
To verify its application in drug synthesis, we synthesized

several drugs using this autoxidative alkylation strategy. Scheme 4
shows a valuable alternative access to a worldwide best-selling
drug, rosuvastatin, commercially namedCrestor. Starting from 1-
(4-fluorophenyl)ethan-1-one, the heterocycle ethyl 2-amino-4-
(4-fluorophenyl)pyrimidine-5-carboxylate was obtained by
known processes.22 Subsequently, the unprotected amino-
pyrimidine was directly subjected to our oxygen-mediated
alkylation with isopropyl boronic acid. The core skeleton 34
was smoothly isolated in 62% yield. Followed by known steps,22

the target drug could then be prepared. Compared with previous
approaches to 34, this method would be more sustainable and
represents a valuable alternative route.

Scheme 1. Radical C−C Bond Formation Using Alkylboronic
Acid as Precursor

Table 1. Optimization of the Reaction Conditionsa

entry additive (equiv) solvent (mL) temp (°C) yieldb (%)

1c TFA (2) DCE (2) 90
2c TFA (2) DCE (2) 110 25
3c TFA (2) CH3CN (2) 110 14
4 TFA (2) DCE (2) 110 58
5 H2SO4 (1)

d DCE (2) 110 10
6 TFA (2) DCE (5) 110
7 TFA (2) DCE (0.5) 110 77

aReaction conditions: 4-methylquinoline (0.2 mmol, 1 equiv), n-
BuB(OH)2 (1 mmol, 5 equiv), 1 atm of O2 (air bag); 12 h, unless
otherwise noted. bIsolated yields. c6 h. d2 M of H2SO4 used.

Scheme 2. Molecular Oxygen-Mediated Alkylation of
Lepidine with Boronic Acidsa

aReaction conditions: 4-methylquinoline (1 equiv, 0.2 mmol), alkyl
boronic acid (5 equiv, 1 mmol), TFA (2 equiv, 0.4 mmol), DCE (0.5
mL), 1 atm of O2 (air bag), 110 °C, 12 h, unless otherwise noted.
bIsolated yields. cHOAc/CH3CN (1:1, 0.5 mL) as alternative solvent.
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Another application in the synthesis of pyrimethamine, an
antimalarial drug, further elucidates the reliability and predict-
ability of this method. Direct ethylation of 5-(4-chlorophenyl)-
pyrimidine-2,4-diamine with ethylboronic acid under 1 atm of O2
afforded the desired medicine in 70% yield (Scheme 5). In
contrast to previous methods,23 the present protocol is more
concise and environmentally friendly. Overall, although
arylboronic acids are not compatible with the current conditions,
the features of metal-free, broad substrate scope, and

sustainability make this method very attractive to synthetic
organic chemists.
Ultimately, experiments were carried out to investigate the

mechanism for this reaction. No alkylated heterocycle was
detected by addition of TEMPO as a radical scavenger into the
reaction of 4-methylquinoline with cyclohexylboronic acid under
the typical conditions. A radical trapping adduct 1-(cyclo-
hexyloxy)-2,2,6,6-tetramethylpiperidine was obtained in 75%
yield, which indicates that an alkyl radical should be formed in
this process. Furthermore, a large amount of cyclohexanol was
produced that would be due to autoxidation of cyclohexyl radical
by molecular oxygen. In accordance with the widely accepted
mechanism, this autoxidative alkylation of heterocycles by
boronic acids would conduct a radical-chain process.6,17,24

In summary, a catalyst-free facile carbon−carbon bond
formation via autoxidation of organoboronic acid was developed.
It allows efficient alkylation of diverse heterocycles by using
aliphatic boronic acids and 1 atm of oxygen only. In contrast to
the previousMinisci alkylation reactions requiring stoichiometric
chemical oxidants and/or transition-metal salts, the present
method is metal-free, environmentally benign, and tolerates
sensitive functional groups. Additionally, compared with
unstable and potentially explosive trialkylboron, alkylboronic
acid used as radical precursor is far more stable and safe. Finally,
this discovery might open the door to long-desired revolutions in
green and sustainable chemistry by incorporation of organo-
boronic acid autoxidation into synthetic organic chemistry.
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Chaput, B.; Sud, A.; Pinteŕ, Á.; Dehn, S.; Schulze, P.; Klussmann, M.
Angew. Chem., Int. Ed. 2013, 52, 13228. (c) Huo, C.; Yuan, Y.; Wu, M.;
Jia, X.; Wang, X.; Chen, F.; Tang, J. Angew. Chem., Int. Ed. 2014, 53,
13544. (d) Paul, S.; Guin, J. Chem. - Eur. J. 2015, 21, 17618. (e) Biswas,
P.; Paul, S.; Guin, J. Angew. Chem., Int. Ed. 2016, 55, 7756. For selected
examples for C−S construction based on autoxidation, see: (f) Lu, Q.;
Zhang, J.; Wei, F.; Qi, Y.; Wang, H.; Liu, Z.; Lei, A. Angew. Chem., Int. Ed.
2013, 52, 7156. (g) Lu, Q.; Zhang, J.; Zhao, G.; Qi, Y.; Wang, H.; Lei, A.
J. Am. Chem. Soc. 2013, 135, 11481. (h) Wang, H.; Lu, Q.; Qian, C.; Liu,
C.; Liu, W.; Chen, K.; Lei, A. Angew. Chem., Int. Ed. 2016, 55, 1094.
(5) (a) Frankland, E.; Duppa, B. F. Liebigs Ann. Chem. 1860, 115, 319.
(b) Frankland, E. J. Chem. Soc. 1862, 15, 363.
(6) For a review on organoborane-based radical reactions, see:
(a) Ollivier, C.; Renaud, P. Chem. Rev. 2001, 101, 3415. For selected
recent examples of R3B/O2-nitiated radical transformations, see:
(b) Zimmerman, J. R.; Manpadi, M.; Spatney, R. Green Chem. 2011,
13, 3103. (c) Brucelle, F.; Renaud, P. Org. Lett. 2012, 14, 3048.
(d) Povie, G.; Ford, L.; Pozzi, D.; Soulard, V.; Villa, G.; Renaud, P.
Angew. Chem., Int. Ed. 2016, 55, 11221. (e) Song, L.; Fang, X.; Wang, Z.;
Liu, K.; Li, C. J. Org. Chem. 2016, 81, 2442. (f) Wyler, B.; Brucelle, F.;
Renaud, P. Org. Lett. 2016, 18, 1370.
(7) (a) Denisov, E. T.; Denisova, T. G.; Pokidova, T. S. Handbook of
Free Radical Initiators; Wiley: New York, 2003. (b) Renaud, P.; Sibi, M.
Radicals in Organic Synthesis; Wiley-VCH: Weinheim, 2001. (c) Chatgi-
lialoglu, C.; Studer, A. Encyclopedia of Radicals in Chemistry, Biology and
Materials; Wiley: New York, 2012.
(8) For selected examples for using trialkylborane as a radical
precursor, see: (a) Brown, H. C.; Kabalka, G. W. J. Am. Chem. Soc. 1970,
92, 712. (b) Brown, H. C.; Midland, M. M. Angew. Chem., Int. Ed. Engl.
1972, 11, 692. (c) Miyabe, H.; Ueda, M.; Naito, T. J. Org. Chem. 2000,
65, 5043.
(9) For reviews on utilization of trifluoroborane as a radical precursor,
see: (a) Molander, G. A.; Ellis, N. Acc. Chem. Res. 2007, 40, 275.
(b) Darses, S.; Genet̂, J. P. Chem. Rev. 2008, 108, 288. (c) Tellis, J. C.;
Kelly, C. B.; Primer, D. N.; Jouffroy, M.; Patel, N. R.; Molander, G. A.
Acc. Chem. Res. 2016, 49, 1429. For selected examples, see: (d) Sorin,
G.; Mallorquin, R. M.; Contie, Y.; Baralle, A.; Malacria, M.; Goddard, J.
P.; Fensterbank, L. Angew. Chem., Int. Ed. 2010, 49, 8721. (e) Molander,
G. A.; Colombel, V.; Braz, V. A.Org. Lett. 2011, 13, 1852. (f) Huang, H.;
Zhang, G.; Gong, L.; Zhang, S.; Chen, Y. J. Am. Chem. Soc. 2014, 136,
2280. (g) Tellis, J. C.; Primer, D. N.; Molander, G. A. Science 2014, 345,
433. (h) Huang, H.; Jia, K.; Chen, Y. Angew. Chem., Int. Ed. 2015, 54,

1881. (i) Primer, D. N.; Karakaya, I.; Tellis, J. C.; Molander, G. A. J. Am.
Chem. Soc. 2015, 137, 2195. (j) Yamashita, Y.; Tellis, J. C.; Molander, G.
A. Proc. Natl. Acad. Sci. U. S. A. 2015, 112, 12026. (k) Matsui, J. K.;
Primer, D. N.; Molander, G. A. Chem. Sci. 2017, 8, 3512.
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