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The cleavage of C�C bonds is an attracting and challenging
field in modern organic chemistry, and has attracted consid-
erable interest in the past decade.[1] Recently, numerous
unique and useful carbon–carbon bond cleavage procedures
have been developed,[2] most of which are catalyzed by
transition metals.[3] Despite great achievements having been
made in the oxidative cleavage of C�C bonds, the use of
expensive and toxic metals in combination with oxidants,
which may produce a large amount of byproduct, limits its
applications greatly. Therefore, the discovery of a transition-
metal-free method to achieve carbon–carbon bond cleavage is
still desirable for these synthetic transformations, especially
for acyclic structures. Herein, we demonstrate a transition-
metal-free aerobic oxidative C�C bond cleavage and esterifi-
cation of acyclic a-hydroxy ketones (Scheme 1).

Our research commenced with the reactions of 1-(furan-2-
yl)-2-hydroxyethanone (1a) and BnBr in the presence of
K2CO3 refluxed in acetone in air (Table 1, entry 1). An
unpredicted product, benzyl-furan-2-carboxylate (2a) was
obtained in 35 % yield. The extensive screening of conditions
was carried out subsequently. For the initial screening, we
examined the reaction between 1-(furan-2-yl)-2-hydroxy-
ethanone (1a) and BnBr with the addition of H2O
(1.0 equiv), which improved the yield to 42% (Table 1,
entry 2). By increasing the amount of H2O to 20 equiv, the
yield was elevated to 55 %. [18]-Crown-6 ([18]-C-6) proved to
be effective for this transformation, and 61% yield was
obtained (Table 1, entry 6). To our delight, THF was found to
be the best choice for this reaction after solvent screening and
afforded 78% yield (Table 1, entries 7–13). When the quan-

tity of BnBr was reduced to 2.0 equiv, the yield was decreased
to 62 % (Table 1, entry 14). There was no improvement after
the addition of TBAB, TBAI, and TBAC (Table 1, entries 15–
17). When the reaction was carried out in O2 atmosphere, the
yield of isolated 2a increased to 80 % (Table 1, entry 18).
Foreseeably, when nitrogen replaced oxygen, only trace
amount of product could be observed by GC/MS (Table 1,
entry 19). These results implied that O2 played a key role in
this transformation, therby helping us to gain insight into the
mechanism. Several bases were also screened, and the results
showed that K2CO3 was still the best base (Table 1, entries 20–
24). In the absence of base, no products were delivered and
the starting material 1a was recovered almost quantitatively
(Table 1, entry 25). Finally, K2CO3 (2.0 equiv) and [18]-C-6

Scheme 1. Oxidative cleavage and esterification of C�C bonds.

Table 1: Optimization of reaction conditions.[a]

Entry Base Solvent Additive (equiv) Yield [%][b]

1 K2CO3 acetone none 35
2 K2CO3 acetone H2O (1.0) 42
3 K2CO3 acetone H2O (10) 48
4 K2CO3 acetone H2O (20) 55
5 K2CO3 acetone H2O (50) 47
6 K2CO3 acetone –[c] 61
7 K2CO3 butan-2-one –[c] 51
8 K2CO3 toluene –[c] NR[d,e]

9 K2CO3 DMF –[c] ND[d,e]

10 K2CO3 DCE –[c] 64[d]

11 K2CO3 MeCN –[c] trace[d]

12 K2CO3 dioxane –[c] 35[d]

13 K2CO3 THF –[c] 78
14 K2CO3 THF –[c] 62[f ]

15 K2CO3 THF H2O (20)/TBAB (0.2) 48
16 K2CO3 THF H2O (20)/TBAI (0.2) 36
17 K2CO3 THF H2O (20)/TBAC (0.2) 48
18 K2CO3 THF –[c]/O2 (1 atm) 80
19 K2CO3 THF –[c]/N2 (1 atm) trace
20 K3PO4 THF –[c]/O2 (1 atm) 46
21 Cs2CO3 THF –[c]/O2 (1 atm) 52
22 Na2CO3 THF –[c]/O2 (1 atm) 32
23 KHCO3 THF –[c]/O2 (1 atm) 51
24 Et3N THF –[c]/O2 (1 atm) trace
25 none THF –[c]/O2 (1 atm) NR

[a] Reaction Conditions: 1a (0.5 mmol), BnBr (4.0 equiv), and base
(2.0 equiv) were heated to reflux in solvent (5 mL) in air for 24 h;
DCE = 1,2-dichloroethane, DMF= N,N-dimethylformamide,
TBAB = tetrabutylammonium bromide, TBAI = tetrabutylammonium
iodide, TBAC= tetrabutylammonium chloride. [b] Yield of isolated
product; [c] H2O (20 equiv) and [18]-crown-6 (0.2 equiv) were added;
[d] 70 8C; [e] ND = No detection, NR = no reaction; [f ] BnBr (2.0 equiv).
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(20 mol %) in THF with H2O (20 equiv) under O2 (1.0 atm)
were chosen as the optimized conditions A.

With the optimized conditions A in hand, a series of a-
hydroxy ketones and halides were investigated (Scheme 2).
On the basis of 1-(furan-2-yl)-2-hydroxyethanone (1a),

benzyl halides substituted with both electron-donating and
electron-withdrawing groups could be successfully converted
to the corresponding esters in moderate to good yields
(Scheme 2, 2a–2g). It is noteworthy that the secondary
bromides could also afford the desired ester 2g in good
yield. a-Hydroxy ketones bearing electron-withdrawing
groups on phenyl groups exhibited higher reactivity, affording
products in better yields (Scheme 2, 2h–2 l). When 1-(4-
chlorophenyl)-2-hydroxyethanone was employed, 2m and 2n
were obtained in good yields. 2-(Bromomethyl)naphthalene
was also an effective halide and gave the desired product 2o
in 54% yield.

Notably, when DCE was used as solvent in this trans-
formation (Table 1, entry 10), next to 64% of 2a, 2-chloro-
ethyl-furan-2-carboxylate (3a) was obtained as byproduct in
5% yield (Scheme 3). This result inspired us to test the
reaction in the absence of activated halides. As expected, 2-
chloroethyl-furan-2-carboxylate (3a) was directly produced
in 83% yield at 80 8C (Scheme 4, 3a).The scope of this
reaction with unactivated halides was further investigated
(Scheme 4). Notably, both electron-rich- and electron-defi-

cient- substituted phenyl groups on a-hydroxy ketones could
be transformed into the desired products in moderate to
excellent yields (Scheme 4, 3b–3g). Both 2-(chloromethyl)-
oxirane and 1,2-dibromoethane (DBE) proved to be effective
in this transformation (Scheme 4, 3 h–3 j). It was worth
mentioning that nBuCl could also afford desired products in
moderate yields (Scheme 4, 3 k and 3 l).

With these results in hand, we tried to explore the
mechanism of this reaction system. On the basis of the
reaction condition, we envisioned that this transformation
involved an oxidative cleavage process promoted by O2. As
mentioned in the optimization section, the desired 2a was
formed in 80% yield in an O2 atmosphere (Table 1, entry 18).
But when the reaction was protected with N2, a trace of 2a
(4.5%) was isolated (Table 1, entry 19). These results strongly
indicate that O2 is a key factor to this transformation.

Notably, we detected an intermediate 4a that formed
during the process and disappeared at the end of this
transformation and that was isolated in 19 % yield at 11 h
[Eq. (1) in Scheme 5]; 4a was unambiguously established to
be the dimer of 1a by X-ray crystal structure analysis
(Scheme 5). Then the isolated dimer 4a was subjected to
the standard conditions A (Scheme 5, I). To our delight, 4a
was converted to 2a in 75 % yield, thereby demonstrating that

Scheme 2. Scope of the oxidative cleavage and esterification of a-
hydroxy ketones with halides. Standard reaction conditions A:
1 (0.5 mmol), R1Br (2.0 mmol), K2CO3 (1.0 mmol), [18]-C-6 (0.1 mmol,
0.2 equiv), THF (5 mL), H2O (10 mmol, 20 equiv), O2 (1.0 atm), reflux,
24 h. [a] Reaction time: 36 h.

Scheme 3. Reaction in unactivated halide solvent.

Scheme 4. Scope of the oxidative cleavage and esterification of a-
hydroxy ketones with unactivated halides. Standard reaction conditions
B: 1 (0.5 mmol), R2Cl (5.0 mL), K2CO3 (1.0 mmol), [18]-C-6 (0.1 mmol,
0.2 equiv), H2O (10 mmol, 20 equiv), O2 (1.0 atm), reflux, 10 h.
[a] DBE was used as solvent.
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4a was a key intermediate in this transformation (Scheme 5,
I). Two control experiments without either K2CO3 or O2 were
performed. However, no product 2 a was detected (Scheme 5,
II and III), and 4a was recovered totally. These results
strongly indicated that both K2CO3 and O2 are necessary for
the conversion of dimer intermediate 4a to the final product
2a.

Since the dimer 4a was a key intermediate, we presumed
that 1a should be converted to 4a without BnBr. To our
surprise, no desired product 4 a was detected without BnBr,
and substrate 1 a was decomposed completely (Table 2,
entry 1). Obviously, BnBr is essential to form dimer 4a.

Subsequently, KI and KBr also proved to be ineffective to this
transformation (Table 2, entries 2 and 3). However, when
BnCl was used, 4a could be observed by GC/MS, and 2a
could be isolated in 65 % yield (Table 2, entry 4). Hence, we
conclude that not only K2CO3 and O2, but also organic halides
are necessary for this transformation to dimer intermediate
4a. By using the radical scavenger TEMPO (2.0 equiv), the
yield of 2 a was sharply decreased from 80 % to 47 %, thus
indicating that this transformation may involve a radical
process.

The origination of the two oxygen atoms in ester 2a is
a crucial question for understanding the mechanism of C�C
bond cleavage. First of all, a C�C bond cleavage that occurs
through intramolecular oxygen atom rearrangement is sug-
gested in Scheme 6. Both atoms Oa and Ob are from substrate
1a, and MeBr is considered to be the byproduct. However,

MeBr could not be found by GC/MS. To examine this
hypothesis, the reaction was further investigated in 18O2

atmosphere. 18O-labeled products [18O]-2 aa or [18O]-2ab
were detected, thereby indicating that one of the oxygen
atoms of the ester originated from molecular dioxygen
(Scheme 7). At the same time, the suggested pathway
shown in Scheme 6 is excluded.

Subsequently, a plausible pathway through [4+2] and
[2+2] cycloaddition of O2 was taken into consideration (see
the Supporting Information, Part V). Since singlet oxygen
could perform the [4+2] and [2+2] cycloaddition,[4] reaction
of 1a with singlet oxygen (generated from triplet oxygen and
light in the presence of TPP (tetraphenylporphyrin) as
a sensitizer) was carried out (see the Supporting Information,
Part V).[4d] The reaction performed with singlet oxygen
showed no improvement in both yield and reaction time
compared to that performed in triplet oxygen, thus inspiring
us to consider another pathway.

On the basis of the above results, a superoxide radical
mechanism for this transformation is illustrated in
Scheme 8.[5] In this transformation, substrate 1a could form
the dimeric intermediate 4a in the presence of halide and
base in an aerobic atmosphere via radicals B and C.[6] Also
a peroxyl radical of THF as a radical initiator has been
thought over (see the Supporting Information, Part VI), but it
was excluded, because the formation of 4a in this route must
be involved with BnBr according to entry 1 in Table 2. The
conjugated diene intermediate D was easily formed under
basic conditions and O2. Then auto-oxidation through reac-
tion of radical D with O2 could generate superoxide radical
E.[5] Further intramolecular cycloaddition to the ketone
would form the corresponding oxygenic radical F. Intermedi-
ate F would then capture a benzyl radical to give intermediate
G, and subsequent fragmentation of G would produce the
desired ester 2 a and byproduct 5, which resulted in benzyl
formate 6.[7] To our delight, when the reaction was monitored
by GC/MS, the byproduct benzyl formate was unambiguously
detected, thus solidly indicating 6 was the byproduct of
oxidative cleavage of a-hydroxy ketone (Figure 1). Though

Scheme 5. Isolation, transformation, and X-ray crystal structure of the
key intermediate 4a. Thermal ellipsoids are set at 50% probability.[8]

Table 2: Effects of halides in the transformation of 1a to 4a.[a]

Entry Change from the “standard conditions”[a] Results[b]

1 without BnBr decomposed
2 KI (4.0 equiv) instead of BnBr decomposed
3 KBr (4.0 equiv) instead of BnBr decomposed
4 BnCl (4.0 equiv) instead of BnBr 2a : 65%
4 with TEMPO (2.0 equiv) 2a : 47%

[a] For the reaction conditions: Table 1, entry 18. TEMPO =2,2,6,6-
tetramethylpiperidine-N-oxyl. [b] Yields of isolated products.

Scheme 6. Suggested C�C bond cleavage through intramolecular
oxygen atom rearrangement.

Scheme 7. Isotopic labeling experiment with 18O.
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most of the intermediates were not isolated, the proposed
mechanism could explain the experimental results appropri-
ately.

In conclusion, we have developed a transition-metal-free
aerobic oxidative C�C bond cleavage method. The use of
molecular oxygen (1 atm) as the oxidant under mild con-
ditions makes this chemistry relatively environmentally
friendly and practical. The dimer of an a-hydroxy ketone
was proved to be a key intermediate for this transformation.
Labeling experiments with 18O indicated that one of the
oxygen atoms of the ester is derived from molecular dioxygen.
We also found that halides were not only the source of the
organic substrate, but also an initiator of this transformation.
Further studies to clearly understand the reaction mechanism
of C�C bond cleavage and esterification and the synthetic
applications are ongoing.

Received: September 5, 2012
Published online: November 5, 2012

.Keywords: C�C bond cleavage · esterification ·
a-hydroxy ketones · oxidation ·
synthetic methods

[1] For some reviews, see: a) R. H. Crabtree,
Chem. Rev. 1985, 85, 245; b) B. Rybtchinski,
D. Milstein, Angew. Chem. 1999, 111, 918;
Angew. Chem. Int. Ed. 1999, 38, 870; c) M.
Murakami, Y. Ito, Activation of Unreactive
Bonds and Organic Synthesis Topics in Organ-
ometallic Chemistry, Vol. 3 (Eds.: S. Murai, H.
Alper, R. A. Gossage), Springer, Berlin, 1999,
p. 97.

[2] a) C.-H. Jun, Chem. Soc. Rev. 2004, 33, 610;
b) M. Tobisu, N. Chatani, Chem. Soc. Rev. 2008,
37, 300; c) C.-H. Jun, J.-W. Park, Top. Organo-
met. Chem. 2007, 24, 117.

[3] a) F. E. Kuhn, R. W. Fischer, W. A. Herrmann,
T. Weskamp in Transition Metals for Organic
Synthesis, Vol. 2 (Eds.: M. Beller, C. Bolm),
Wiley-VCH, Weinheim, 2004, p. 427; b) A.
Sattler, G. Parkin, Nature 2010, 463, 523; c) C.
He, S. Gou, L. Huang, A. Lei, J. Am. Chem.
Soc. 2010, 132, 8273; d) A. Wang, H. Jiang, J.

Am. Chem. Soc. 2008, 130, 5030; e) J. W. de Boer, J. Brinksma,
W. R. Browne, A. Meetsma, P. L. Alsters, R. Hage, B. L. Feringa,
J. Am. Chem. Soc. 2005, 127, 7990; f) A. P. Dieskau, M. S.
Holzwarth, B. Plietker, J. Am. Chem. Soc. 2012, 134, 5048;
g) B. M. Trost, P. J. Morris, Angew. Chem. 2011, 123, 6291; Angew.
Chem. Int. Ed. 2011, 50, 6167; h) A. F. G. Goldberg, B. M. Stoltz,
Org. Lett. 2011, 13, 4474; i) R. Lin, F. Chen, N. Jiao, Org. Lett.
2012, 14, 4158; j) C. Qin, W. Zhou, F. Chen, Y. Ou, N. Jiao, Angew.
Chem. 2011, 123, 12803; Angew. Chem. Int. Ed. 2011, 50, 12595;
k) B. R. Travis, R. S. Narayan, B. J. Borhan, J. Am. Chem. Soc.
2002, 124, 3824; l) D. Xing, B. Guan, G. Cai, Z. Fang, L. Yang, Z.
Shi, Org. Lett. 2006, 8, 693; m) C. Zhang, Z. Xu, T. Shen, G. Wu, L.
Zhang, N. Jiao, Org. Lett. 2012, 14, 2362; n) A. Dhakshinamoor-
thy, M. Alvaro, H. Garcia, ACS Catal. 2011, 1, 836.

[4] a) M. Bobrowski, A. Liwo, S. Oldziej, D. Jeziorek, T. Ossowski, J.
Am. Chem. Soc. 2000, 122, 8112; b) C. Fattorusso, M. Persico, N.
Basilico, D. Taramelli, E. Fattorusso, F. Scala, O. Taglialatela-
Scafati, Bioorg. Med. Chem. 2011, 19, 312; c) A. G. Griesbeck,
T. T. El-Idreesy, A. Bartoschek, Adv. Synth. Catal. 2004, 346, 245;
d) M. Balci, Chem. Rev. 1981, 81, 91; e) X. Zhang, F. Lin, C. S.
Foote, J. Org. Chem. 1995, 60, 1333; f) M. Matsumoto, M.
Yamada, N. Watanabe, Chem. Commun. 2005, 483.

[5] a) Z. Shi, C. Zhang, C. Tang, N. Jiao, Chem. Soc. Rev. 2012, 41,
3381; b) C. Zhang, C. Tang, N. Jiao, Chem. Soc. Rev. 2012, 41,
13464; c) K. U. Ingold, Acc. Chem. Res. 1962, 2, 1; d) L.-Z. Liu, J.-
C. Han, G.-Z. Yue, C.-C. Li, Z. Yang, J. Am. Chem. Soc. 2010, 132,
13608; e) C. Li, L. Dian, W. Zhang, X. Lei, J. Am. Chem. Soc.
2012, 134, 12414; f) R. Nakajima, T. Ogino, S. Yokoshima, T.
Fukuyama, J. Am. Chem. Soc. 2010, 132, 1236; g) C. Zhang, N.
Jiao, J. Am. Chem. Soc. 2010, 132, 28; h) See reference [3i]; i) Z.-
Q. Liu, L. Zhao, X. Shang, Z. Cui, Org. Lett. 2012, 14, 3218;
j) A. S. K. Hashmi, M. C. B. Jaimes, A. M. Schuster, F. Rominger,
J. Org. Chem. 2012, 77, 6394.

[6] a) G. A. Russell, C. L. Myers, P. Bruni, F. A. Neugebauer, R.
Blankespoor, J. Am. Chem. Soc. 1970, 92, 2762; b) R. W. Bennett,
D. L. Wharry, T. H. Koch, J. Am. Chem. Soc. 1980, 102, 2345; c) G.
Bergonzini, P. Melchiorre, Angew. Chem. 2012, 124, 995; Angew.

Scheme 8. Proposed reaction mechanism for oxidative cleavage and esterification of a-
hydroxy ketones.

Figure 1. GC/MS spectra at 24 h. The top trace shows the total ion
current (TIC), and the lower traces show the traces corresponding to
the individual masses (see labels).

Angewandte
Chemie

12573Angew. Chem. Int. Ed. 2012, 51, 12570 –12574 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/cr00068a002
http://dx.doi.org/10.1002/(SICI)1521-3757(19990401)111:7%3C918::AID-ANGE918%3E3.0.CO;2-X
http://dx.doi.org/10.1002/(SICI)1521-3773(19990401)38:7%3C870::AID-ANIE870%3E3.0.CO;2-3
http://dx.doi.org/10.1039/b308864m
http://dx.doi.org/10.1039/b702940n
http://dx.doi.org/10.1039/b702940n
http://dx.doi.org/10.1007/3418_2007_065
http://dx.doi.org/10.1007/3418_2007_065
http://dx.doi.org/10.1038/nature08730
http://dx.doi.org/10.1021/ja1033777
http://dx.doi.org/10.1021/ja1033777
http://dx.doi.org/10.1021/ja8002217
http://dx.doi.org/10.1021/ja8002217
http://dx.doi.org/10.1021/ja050990u
http://dx.doi.org/10.1021/ja300294a
http://dx.doi.org/10.1002/ange.201101684
http://dx.doi.org/10.1002/anie.201101684
http://dx.doi.org/10.1002/anie.201101684
http://dx.doi.org/10.1021/ol2017615
http://dx.doi.org/10.1021/ol3018215
http://dx.doi.org/10.1021/ol3018215
http://dx.doi.org/10.1002/ange.201106112
http://dx.doi.org/10.1002/ange.201106112
http://dx.doi.org/10.1002/anie.201106112
http://dx.doi.org/10.1021/ja017295g
http://dx.doi.org/10.1021/ja017295g
http://dx.doi.org/10.1021/ol052830t
http://dx.doi.org/10.1021/ol300781s
http://dx.doi.org/10.1021/cs200128t
http://dx.doi.org/10.1021/ja001185c
http://dx.doi.org/10.1021/ja001185c
http://dx.doi.org/10.1016/j.bmc.2010.11.014
http://dx.doi.org/10.1002/adsc.200303181
http://dx.doi.org/10.1021/cr00041a005
http://dx.doi.org/10.1021/jo00110a043
http://dx.doi.org/10.1039/b414845b
http://dx.doi.org/10.1039/c2cs15224j
http://dx.doi.org/10.1039/c2cs15224j
http://dx.doi.org/10.1021/ja106585n
http://dx.doi.org/10.1021/ja106585n
http://dx.doi.org/10.1021/ja305464s
http://dx.doi.org/10.1021/ja305464s
http://dx.doi.org/10.1021/ja9103233
http://dx.doi.org/10.1021/ja908911n
http://dx.doi.org/10.1021/ol301220s
http://dx.doi.org/10.1021/jo301288w
http://dx.doi.org/10.1021/ja00712a029
http://dx.doi.org/10.1021/ja00527a036
http://dx.doi.org/10.1002/ange.201107443
http://dx.doi.org/10.1002/anie.201107443
http://www.angewandte.org


Chem. Int. Ed. 2012, 51, 971; d) M. Retini, G. Bergonzinia, P.
Melchiorre, Chem. Commun. 2012, 48, 3336.

[7] a) R. Wolfenden, C. A. Lewis, Jr., Y. Yuan, J. Am. Chem. Soc.
2011, 133, 5683; b) R. J. Field, P. M. Boyd, J. Phys. Chem. 1985, 89,
3707.

[8] CCDC-896120 (4a) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif

.Angewandte
Communications

12574 www.angewandte.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 12570 –12574

http://dx.doi.org/10.1002/anie.201107443
http://dx.doi.org/10.1039/c2cc30198a
http://dx.doi.org/10.1021/ja111457h
http://dx.doi.org/10.1021/ja111457h
http://dx.doi.org/10.1021/j100263a026
http://dx.doi.org/10.1021/j100263a026
http://dx.doi.org/10.1021/j100263a026
http://dx.doi.org/10.1021/j100263a026
http://www.angewandte.org

