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ABSTRACT

β-1,3-Dicarbonyl aldehydes were synthesized by iron-catalyzed oxidative reactions between 1,3-dicarbonyl compounds and two molecules of
tertiary amines in the presence of tert-butyl hydroperoxide (TBHP).R,β-Unsaturated aldehydes generated by tertiary amine oxidation in situ act as
key intermediates under mild reaction conditions.

Catalytic dehydrogenative oxidation of a C�H bond
presents one of themost important anduseful strategies for
achieving a variety of C�H functionalizations.1,2 The
oxidation of tertiary amines has attracted much interest
fromthe viewpoints of bothbiochemistryand chemistry.3,4

Imines or iminium ions, selectively generated by oxidation
of the C�H bond adjacent to a nitrogen atom, are key
intermediates toward various nucleophiles,5 leading to
oxidatively coupled products, which presents an excellent

alternative protocol for the Mannich-type reactions
(Scheme 1, path a).6,7 Recently, we8 have developed an
efficient double alkylation of N-methyl amines, in which
two molecules of nucleophiles were involved in the final
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product via a C�N bond cleavage.9 We were curious to
know whether N-ethyl amines can also give the same type
of products. But we found that β-substituted aldehydes
were obtained through the dimerization of two alkyl-
substituted amines (path b). Herein, we report this novel
reaction route, which provides an efficient and easy way to
synthesize useful β-substituted aldehydes using a cheap
iron catalyst10 and the widely found tertiary amines.11

The reaction of ethyl 3-oxo-3-phenylpropanoate (1a)
and triethylamine (2a) was chosen as a model reaction to
investigate the suitable reaction conditions (Table 1). Ethyl
2-benzoyl-3-methyl-5-oxopentanoate (3a) were obtained

in 45% and 40% yields, respectively, when Fe2(CO)9 and
FeBr2 were used as the catalyst (entries 1 and 2). FeCl2 and
Fe(OAc)2 led to a trace amount of 3a at room temperature
in 10 min (entries 3 and 4). Other examined metal salts,
including FeCl3, Fe(acac)2, CoCl2, CuCl, CuBr2, and Mn-
(OAc)2, were ineffective for the generation of 3a (entries
5�10). The yield of the desired product 3a was improved to
69%when 3 equiv of tert-butyl hydroperoxide (TBHP) were
applied (entry 11).Gratifyingly, the yield of 3awas improved
up to 76% when the loading of Fe2(CO)9 was reduced to
2.5mol% (entry 12). Comparable yields were obtained even
in the cases of reducing the amount of 2a (entries 13 and 14).
Surprisingly, only a trace amount of 3awas generated under
the present conditions when FeBr2 was used (entry 15),
indicating that FeBr2 is a less effective catalyst compared to
Fe2(CO)9. Importantly, 3a was not observed in the absence
of the iron catalyst (entry 16). Although the exact roles of
Fe2(CO)9 are still not clear, we have previously reported that
the binuclear iron complex shows great versatility for the
oxidation of a C�H bond adjacent to a heteroatom.9

Subsequently, a scope of the present transformation was
examined using triethylamine (2a) as a model substrate
to react with various β-keto esters 1 under the optimized
reaction conditions (Scheme 2). In all cases, the desired
β-1,3-dicarbonyl aldehydes 3 were obtained with two dia-
stereomers in a ratio of 1:1. Although the aryl groups with
electron-donating substituents gave the corresponding pro-
ducts in moderate yields, an electron-withdrawing substitu-
ent, such as NO2, led to a lower yield of the desired product
3f. Importantly, the alkyl substituents can be tolerated in the
reactions, as demonstrated by the formation of the desired
aldehydes 3j�3m.
When 1,3-diphenylpropane-1,3-dione (4) was applied,

3-methyl-5-oxo-5-phenylpentanal (6) was obtained via dec-
arbonylation of the expected product 5 (eq 1). In contrast,
the reaction of dimethyl malonate (7) with 2a afforded
tetramethyl 2-methylpropane-1,1,3,3-tetracarboxylate (8)
instead of the expected aldehyde under the standard reac-
tion conditions (eq 2). It is worthy to note that ethyl
2-methyl-3-oxobutanoate and 1H-indene-1,3(2H)-dione
did not react with 2a. We postulated that this is attributed
to a steric bulkiness of the substrate, which weakens the
coordination of the substrate to the catalyst.

Scheme 1. Applications of Amine Oxidation in Synthetic Or-
ganic Chemistry

Table 1. Optimization of the Reaction Conditionsa

entry

2a

(equiv)

cat.

(mol %)

t-BuOOH

(equiv)

3a

(%)b

1 20 Fe2(CO)9 (10) 2 45

2 20 FeBr2 (10) 2 40

3 20 FeCl2 (10) 2 trace

4 20 Fe(OAc)2 (10) 2 trace

5 20 FeCl3 (10) 2 N.D.

6 20 Fe(acac)2 (10) 2 N.D.

7 20 CoCl2 (10) 2 N.D.

8 20 CuCl (10) 2 N.D.

9 20 CuBr2 (10) 2 N.D.

10 20 Mn(OAc)2 (10) 2 N.D.

11 20 Fe2(CO)9 (10) 3 69

12 20 Fe2(CO)9 (2.5) 3 76

13 10 Fe2(CO)9 (2.5) 3 73

14 8 Fe2(CO)9 (2.5) 3 70

15 8 FeBr2 (2.5) 3 trace

16 8 � 3 N.D.

aConditions: 1a (0.5mmol); t-BuOOHwas added over 30 s underN2

at 25 �C. b Isolated yields based on 1a; N.D. = not detected by TLC.
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Other tertiary amineswere also investigated, as shown in
Table 2. Tripropylamine (2b) led to the desired product 3n,
albeit in a low yield due to the steric effect (entry 1). In the
case of N-ethyl-N-methylethanamine (2c), methylene-
bridged bis-1,3-dicarbonyl product 9 was obtained as a
major product,8 along with a 12% yield of 3a (entry 2).
This result indicated that the oxidation of a N-methyl
group is faster than that of an N-ethyl group, consistent
with the steric effect of oxidation.13 Moderate yields of 3a
were selectively obtainedwhen 2d and 2ewere used (entries
3 and 4). Interestingly, the reaction of 1-(diethylamino)
propan-2-one (2f) with 1a gave 3a and 10, which was

derived via a C�N bond cleavage (entry 5). Importantly,
N-ethyl-N-isopropylpropan-2-amine (2g) reacted with 1a

to give3a (entry 6).This result suggests that intramolecular
migration is unlikely to be involved in this transformation.
In order to investigate the reactionmechanism, the iron-

catalyzed reaction of 1a, acetaldehyde (11), and diethyla-
mine (12) was carried out in the absence of peroxide (eq 3).
To our delight, a comparable yield of desired product 3a
was obtained. We speculated that this reaction starts with
the condensation reaction of two molecules of 11 in the
presence of 12 to generate but-2-enal (13),14 which then
undergoes Michael addition to give 3a.15 This mechanism
was further supported by the control experiment: when (E/
Z)-ethyl 2-benzoylbut-2-enoate (14) was subjected to the
iron catalysis with 11 and 12. In this reaction, the expected
product 3awas generated. Interestingly, a new product 15
was also generated as a byproduct in this reaction. The
formation of 15 indicated that 1a had to be generated from
14. Accordingly, we rationalized that 1a was generated
through theC�Cbond cleavage of 16, whichwas obtained
by the addition of 12 to 14 (Scheme 3). These results

Table 2. Reactions of Amines 2 with 1aa

aConditions: 1a (0.5 mmol), 2 (4.0 mmol). b Isolated yields based on
1a. cDiethyl 2,4-dibenzoylpentanedioate (9) was obtained in 30% yield.
dEthyl 2-benzoyl-4-oxopentanoate (10) was obtained in 14% yield. e 2g
(7.5 mmol), t-BuOOH (5.0 equiv), and MeCN (1.0 mL).

Scheme 2. Reaction of β-Keto Esters with Triethylamine (2a)a

aConditions: 1 (0.5 mmol), 2a (4.0 mmol); 25 �C, 10 min; t-BuOOH
was added over 30 s under N2. Isolated yields based on 1; two
diastereomers were obtained in a ratio of 1:1.
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indicate that 13 rather than 14 or 16 acts as a key inter-
mediate for the formation of 3a.

Based on our results and the commonly accepted me-
chanism from the literature, a plausible mechanism for the
present transformation is depicted by the reaction of 1a
and 2a as an illustrative case (Scheme 4). Iminium ion A is
first generated in this reaction system via the general
accepted mechanism: one-electron oxidation of nitrogen,
deprotonation of C�H adjacent to a nitrogen atom, and
second one-electron oxidation.16 Then hydrolysis of A

leads to acetaldehyde (11), which further undergoes aldol
condensation to give unsaturated aldehyde. FinallyMichael
addition of nucleophile 1a to 13 assisted by an iron catalyst
gives the target product (path c).17However, an alternative
pathway, which involves a direct aldol-type condensa-
tion of A and B, followed by Michael addition with iron
catalysis, could also explain the formation of the final
product 3 (path d).18

In summary,we reported three-componentC�Ccoupling
reactions of 1,3-dicarbonyl compounds and two molecules
of tertiary amines using a cheap and commercially available
iron catalyst to give β-1,3-dicarbonyl aldehydes. This reac-
tion could start from amine oxidation to give aldehyde,
which undergoes condensation to generate unsaturated al-
dehyde. Then Micheal addition of the nuceophile to the in
situ generated unsaturated aldehyde gave the final product.
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