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ABSTRACT

A novel Mn-promoted aerobic oxidative C�C bond cleavage of aldehydes with dioxygen activation has been developed. The usage of molecular
oxygen (1 atm) as oxidant, reactant, and an initiator to trigger this transformation makes this transformation very green and practical. A plausible
radical process is proposed on the basis of mechanistic studies. Furthermore, this method provides a practical, neutral, and mild synthetic
approach to formamides, which are important units in biologically active molecules.

The cleavage of the carbon�carbon bond has attracted
much attention and emerged as a tremendous challenge
in past years.1 Recently, numerous unique and useful

carbon�carbonbond cleavageprocedures have beendeve-
loped.2�7Among these procedures, three general strategies
have been extensively studied: (1) chelation assistance;2 (2)
the release of strain energy;3 and (3) cleavage of func-
tionalized substrates with the functional fragment as the
leaving group such as carbonyls,4 nitriles,5 carboxylic
acids,1c,6 or others.7 Therefore, the discovery of new
processes to achieve carbon�carbon bond cleavage with
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unactivated fragments as the leaving group still remains a
big challenge. Herein, we disclose a novel Mn-promoted
aerobic oxidative C�C bond cleavage of value for forma-
mide synthesis (Figure 1). The significance of this present
finding is 3-fold: (1) the method realizes C�C σ-bond
cleavage with an unactivated alkyl chain fragment as
the leaving group; (2) environmentally friendly molecular
oxygen is used as the primary oxidant8,9 and theC�Cbond
cleavage proceeds via a superoxide radical pathway; (3) the
chemistry provides a practical, neutral, and mild synthetic
approach to formamides, which are important units in
biologically active molecules of wide substrate scope.10

Our studies commenced with the reactions of 4-amino-
benzonitrile (1a) and hexanal (2a) using toluene as solvent
at 90 �C under O2 (1 atm). Interestingly, N-(4-cyano-
phenyl)formamide was produced in 69% yield (entry 1,
Table S1 Supporting Information). Further studies in-
dicated that transition metals could benefit this transfor-
mation. Among these metal salts, Mn(OAc)3 3 2H2O was
the most effective, promoting the yield of 3aa to 84%
(entry 5, Table S1, Supporting Information).
Under these optimized conditions, the scope of substi-

tuted amine (1) was investigated (Scheme 1). Our results
indicate that anilines with both electron-donating and
electron-withdrawing groups operate well in this reaction,
giving moderate to excellent yields. Furthermore, substi-
tuents at different positions of the arene group (para-,
meta-, and ortho-position) do not affect its efficiency.
Notably, evenwhen chloro-, bromo-, and iodo-substituted
aniline were employed as substrates, the desired forma-
mides 3pa, 3qa, and 3ra were formed in 72%, 72%, and

57% yield, respectively. The structure of 3qa was further
confirmed by single-crystal X-ray analysis (see Figure S1,
Supporting Information). It is noteworthy that N-substi-
tuted anilines such asN-methyl- andN-ethylanilines could
be smoothly transformed into the desired products (3sa
and 3ta, Scheme 1). Under metal-free conditions, indoline
could be converted into the desired product in moderate
yield (3ua, Scheme 1). Interestingly, alkylamines also
worked well under the standard reaction conditions (3va,
3wa, and 3xa, Scheme 1). Furthermore, the conversions of
all the substituted amines are 100%.

The scope of the aerobic C�C bond oxidative cleavage
to obtain formamides was further expanded to a variety of
substituted aldehydes (2) (Scheme 2). Our results indicated
that the aldehydeswith longer alkyl chains tended toafford
higher yields of product (2a�2g, Scheme 2). Interestingly,
substrateswith steric hindrancedid not lower the efficiency
of this transformation (2f, Scheme 2). Furthermore, when
the leaving group was an aryl these substrates also worked
well (2h and 2i, Scheme 2).
As formamides are ubiquitous structural motifs that can

be found in many bioactive componds,10 the present
method provides a simple and easy practical protocol for
the construction of some bioactive compounds under neutral

Figure 1. Simple synthetic approach to formamides.

Scheme 2. Aerobic Oxidation of 1awith Different Aldehydes (2)a

a Standard reaction conditions; see entry 5, Scheme 1. b Isolated
yields.

Scheme 1. Aerobic Oxidation of Different Amines (1) with 2aa

a Standard reaction conditions; see entry 5, Table S1. b Isolated
yields; the conversions are nearly 100%. cThe standard reaction
conditions without Mn(OAc)3 3 2H2O.
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conditions fromsimple and readily available startingmaterials
(Figure 2andSupporting Information).For example, I10a and
II10b are reported asmutagenic activemolecules, which can be
easily synthesized from the corresponding simple starting
materials. Furthermore, III10c is reported as an antimalarial
active molecule, which can be constructed in one step by the
present protocol (Figure 2 and Supporting Information).

To analyze the aldehyde fragmentation products, 1awas
reacted with 2-(naphthalen-2-yl)acetaldehyde (2k) under
standard reaction conditions (1, Figure 3). From the
reaction system, the desired product 3aa and 2-naphthal-
dehyde (4) were obtained in 70% and 4% yields, respec-
tively.Other conceivable byproducts such as naphthalen-2-
ylmethanol (5) and 2-naphthoic acid (6) were not detected
by GC�MS (1, Figure 3). Many unknown byproducts
were isolated that might be polymers of the fragments.
When 5 equiv of 1a was employed in the reaction with

2a, the desired product 3aawas obtained in 116% yield (2,
Figure 3). The isolated yield was calculated on the basis of
substrate 2a. This fact provides additional evidence that
other additional aldehydes could be formed in this trans-
formation. It is also concluded that the aldehyde is not
the sole byproduct; otherwise, the higher yield could be
achieved in this control reaction.
To further probe the reaction mechanism, the reaction

of 1awith carbonmonoxide under the standard conditions
was investigated (1, Figure 4). However, the desired pro-
duct 3aa was not obtained. This result might exclude
carbon monoxide as the intermediate of this aerobic
oxidative C�C bond cleavage transformation. The reac-
tion of 1a and 2a in the presence of 18O2 (1 atm) generated
18O labeling product 18O-3aa in 80% yield (2, Figure 4,
determined by HRMS, see the Supporting Information),
which indicates that the oxygen atom of the formamide
product originated from molecular oxygen.
On the basis of the above results, a plausible mechanism

for this aerobic oxidative C�C bond cleavage is illustrated

in Scheme 3. 4-Aminobenzonitrile (1a) and hexanal (2a)
initially dehydrate to form imine (7).11 Imine (7) could be
oxidized to superoxide radical (8) by a radical pathway

under O2.
12 Further intramolecular radical addition to the

imine generates the radical intermediate (9).13Mn(III) salt
may assist the above two steps via a single electron-transfer
process.14 Under O2 conditions, 9 could react with the
imine (7) to form intermediates 10 and 8.12 Then 8 could
produce the intermediate 9 to realize the propagation.
Finally, the fragmentation of 10would produce the desired

Figure 3. Control experiments to detect the byproducts.

Scheme 3. Proposed Mechanism

Figure 2. Biologically active molecules.

Figure 4. Origination of oxygen atom.
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formamide (3aa), aldehyde (11), and some unknown poly-
mer byproduct.
To prove that imines play a role as key intermediates in

this transformation, imine intermediate 12 was employed
under the standard reaction conditions (Figure 5 and
Supporting Information). After 12 h, the desired product
3aa was obtained in 70% yield (Figure 5 and Supporting
Information). These results illustrate that imines can serve
as the key intermediates in this transformation.

The presence of imine (1654 cm�1: CdN stretching
vibration) was also supported by the data of in situ FT-
IR analysis (Figure 6; for more details, see the Supporting
Information). As shown in Figure 2, the concentration of
imine increased quickly at the initial stage of this transfor-
mation. After that, the signal of imine decreased slowly
under the same reaction conditions. These facts not only
prove the presence of imine (7) but also indicate that the
dehydration to form imines (7) is not the rate-determining
step. Furthermore, from the in situ FT-IR data, we could
also detect the presence of the byproduct which may be the
polymer (Figure 6).
To probe the mechanism of this transformation, we

tried to catch some intermediates by EPR. In the EPR
spectra monitored with the addition of the radical trap
5,5-dimethyl-1-pyrroline N-oxide (DMPO), the signal

corresponding to (DMPO�OO(H) has been identified.12i

(See the “a” peaks in (1), Figure 7. There are 12 classical
peaks. The calculated hyperfine splittings are g0 (2.050), RN

(14.3 G), Rβ
H (15.2 G), and Rγ

H (2.6 G).) The above signal
disappeared with the addition of the superoxide dismutase
(SOD) ((2), Figure 7). These data (for more details, see the
Supporting Information) indicate that the superoxide radical
8may play a role as a key intermediate in this transformation
(Scheme 3 and Figure 7). Furthermore, there were no radical
signals detected when the reaction was carried out under Ar
(1 atm) (see the Supporting Information). This result proves
that molecular oxygen is not only the oxidant but also the
initiator to trigger this radical process.
In conclusion, we have demonstrated a novel Mn-pro-

moted aerobic oxidative C�C bond cleavage of aldehydes
with dioxygen activation. This chemistry realizes the aero-
bic oxidative cleavage of a carbon�carbon σ-bondwith an
inert alkyl chain fragment as the leaving group. The use
of molecular oxygen (1 atm) as the oxidant, reactant, and
initiator to trigger this radical process under mild conditions
makes this transformation green and practical. This method
provides a practical, neutral, andmild synthetic approach to
formamides of wide structural variety. A plausible radical
process is proposed on the basis of mechanistic studies.
Further studies to clearlyunderstand the reactionmechanism
and the synthetic applications are ongoing in our laboratory.
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Figure 5. Reaction of imine intermediate.

Figure 6. Data of in situ FT-IR analysis during the reaction of
1a and 2a.

Figure 7. Electron paramagnetic resonance (EPR) spectra: (1)
reaction mixture in the presence of the radical trap DMPO
(2.5� 10�2 M); (2) reaction mixture in the presence of the SOD
(2.5 � 10�3 M) and the radical trap DMPO (1.25 � 10�2 M).
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