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Abstract

With respect to economical and ecological considerations, molecular oxygen is the oxidant of choice for functionalization of organic substrates.
On the basis of our cerium-catalyzed o-hydroxylation of B-dicarbonyl compounds, we have developed an oxidative process for C—C bond
formation in the presence of simple olefins like styrene. Products of these reactions, which are isolated as endoperoxidic 1,2-dioxane derivatives
with potential anti-malaria activity, are hydroperoxides. These peroxides are disproportionated to 1,4-dicarbonyl compounds in a Kornblum—
DeLaMare fragmentation. Actually, -dicarbonyl compounds can be directly converted in a two-step one-pot procedure to give the 1,4-diketones
in high yield. Compounds with 1,4-dicarbonyl structural motif are important intermediates for the synthesis of heterocyclic compounds and

commonly only accessible by an Umpolung strategy.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In 1951, Kornblum and DeLL.aMare reported on base-induced
fragmentations of dialkyl peroxides into ketones and alcohols
[1]. Since then, this process has received much attention from
synthetic organic chemists. Of particular interest is the selective
conversion of endoperoxides to hydroxyketones [2]. According
to this fragmentation, 1,4-dicarbonyl compounds 2 are obtained
after activation of the OH-group by acetylation [3] of 3-
hydroxy-1,2-dioxane derivatives 1. The latter can be regarded
as the cyclotautomers of y-hydroperoxyketones 3. Therefore, a
simple access to these peroxides could be the basis for a
valuable synthetic route to 1,4-diketones, [4] an important
structural motif for the preparation of heterocyclic compounds
[5] (Scheme 1).

In contrast to 1,3- and 1,5-dicarbonyl compounds being
accessible by Claisen or Michael reactions, [6] the synthesis of
1,4-dicarbonyl functionalized carbon skeletons requires an
Umpolung strategy, carried out by either the classic utilization
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of a-halogen ketones [7] or more modern strategies involving
1,3-dithian derivatives [8]. Both methodologies are multistep
sequences and require stoichiometric amounts of reagents, such
as halogen sources or bases. For this reason, they are not very
attractive with regard to economical and ecological considera-
tions. An atom-economic Umpolung strategy, however, is the
use of the Stetter reagent or other organocatalytic systems [9].

2. Results and discussion

In order to contribute to the field of 1,4-dicarbonyl compounds
2, we have developed a process leading to y-hydroperoxyketones
3 by attack of an a-radical 4 to styrene 5 and trapping of the
intermediate radical by molecular oxygen [10]. This develop-
ment is clearly a result of our earlier observation that [3-
dicarbonyl compounds 6 are cleanly a-hydroxylated in the
presence of molecular oxygen and catalytic amounts of cerium-
salts (Scheme 2) [11]. Key feature of this reaction is the
utilization of dioxygen as the oxidant, which can be regarded as
optimal in terms of economical and ecological considerations.
Moreover, the solvent isopropanol and the catalyst CeCl;-7H,0O
are inexpensive and non-toxic. Cyclic B-oxo esters oxidize most
rapidly under these conditions. Respective products 7a and 7b
are obtained in almost quantitative yields with 1 mol% of the
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Scheme 1. Transformation of 3-hydroxy-1,2-dioxane derivatives 1 into 1,4-
dicarbonyl compounds 2 by Kornblum-DeLaMare fragmentation; R, R’: alkyl,
cycloalkyl; X: ester, ketone.

catalyst. Since no byproducts are formed in these cases, the
workup and purification is a simple filtration through some SiO,
or distillation. Lactams 7¢ and 7d and lactones 7e and 7f require
5 mol% of the catalyst. As small amounts of a-chlorinated
byproducts are formed and some decomposition under reaction
conditions occurs, purification is accomplished by chromato-
graphy and yields are in the range of 70-90%. The use of acyclic
starting materials is to date somewhat problematic. A
representative example is product 7g which can be isolated
with 44% yield.

The exact stoichiometry of this hydroxylation could be
established from oxygen uptake measurements being half an
equivalent of O, per equivalent of formed products 7. In some
cases, the formation of a-chlorinated byproducts is observed,
presumably resulting from a nucleophilic attack of the chloride
counterion of the catalyst to an electrophilic reaction
intermediate. Regarding the mechanism of the catalysis, we
have made the following proposal: the role of dioxygen might
only be to oxidize Ce(Ill)-species to Ce(IV) under reaction
conditions according to the following equation:

2H" + 2Ce(III) 4 10, — H,0 + 2Ce(IV)
This oxidation is of course not commonly observed. In our

case, the redox potential of Ce(IIl)/Ce(IV) is shifted by
coordination to the P-dicarbonyl compound under the
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Scheme 3. Proposed mechanism for the cerium-catalyzed a-hydroxylation of
B-dicarbonyl compounds 6. Coligands L,, at Ce(II) or Ce(IV) in structures 4a
and 4b are omitted for clarity and simplicity.

formation of a diketonate complex 4a. The hydroxy group in
product 7 could result from a nucleophilic attack of water to an
electrophilic reaction intermediate. Ce(IV)-ions, e.g. as hydrate
or chloro complexes in solution, readily form Ce(IV)-
diketonate species 4a (Scheme 3) under reaction conditions.
As known of the stoichiometric use of Ce(IV) reagents, e.g.
CAN, for the formation of a-radicals, [12] we propose ligand-
to-metal electron transfer generating species 4b. In this
complex, the center metal formally has the oxidation state
+I1II and a neutral B-diketone ligand with an unpaired electron
localized in the a-position. This radical species might then be
the electrophilic reaction intermediate [13] which forms the
hydroxylation products 7 or the chlorinated byproducts upon
reaction with water or chloride as nucleophiles.

In order to utilize the cerium-catalyzed a-radical formation
for C—C coupling reactions, we carried out the conversion in the
presence of olefins (Scheme 4). Actually, the partial pressure of
oxygen must be reduced from 1 atm (pure O,) to 0.2 atm (air) in
order to prevent a-hydroxylation as the dominating process.
Moreover, an excess of the alkene needs to be applied because
some olefin polymerization occurs. The hydroperoxide
products 3 are isolated as cyclotautomeric 1,2-dioxane
derivatives 1. These compounds have three stereogenic centers,
which are for this reason obtained as mixtures of at least two

1atm O,
R X 0 > R X
R 1-5 mol% CeCl; - 7 H,O RY OH
i-PrOH, 23°C
6 7
0 O 0 O 0
COEt o~y COMe 5 COMe Meb(lrwe
n n n

7a,n=1,99% 7c,n=1,72% 7e,n=1, 83% 79, 44%
7b, n =3, 96% 7d, n =2, 85% 7f, n=3,83%

Scheme 2. Cerium-catalyzed a-hydroxylation of B-dicarbonyl compounds 6.
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Scheme 4. Insertion of styrene (5a) or a-methylstyrene (Sb).

Table 1

Substituents, yields, and diastereomeric ratios in the olefin insertion reaction
Product R n R’ Yield (%) dr

la Et 1 H 68 60:40
1b Et 2 H 50 50:50
1c Me 1 Me 55 40:30:30
1d Et 1 Me 87 65:35
le Et 2 Me 72 60:40
1f Me 3 Me 53 80:20

diastereoisomers without any significant stereoselectivity.
Yields and drs of some representative examples are presented
in Table 1.

After separation by column chromatography, the relative
configuration of some isomers was assigned by single crystal X-
ray crystallography. In Fig. 1, one of the isomers of compound 1a
is depicted as an ORTEP-representation. Actually, the 1,2-
dioxane ring is in an ideal chair-conformation with the equatorial
phenyl group as a conformational anchor at C11. The two six-
membered rings are in a cis-decalin-like conformation.
Additional stabilization of the overall structure is gained by
H-bonding between the hemiacetal-hydroxy-function O3 and

Fig. 1. ORTEP-representation of one isomer of 1,2-dioxane derivative 1b.

the ester carbonyl group O4. The compound has a melting point
of 118 °C without decomposition.

Although the endoperoxides 1 are stable and well-behaved
compounds, their synthetic application is of course limited due
to the fact that they are obtained as mixtures of diastereoi-
somers. We aimed to convert these mixtures to unique materials
and experimented with a number of transition metal-mediated
transformations of the peroxide moiety. However, most
successful turned out to be the treatment of the 3-hydroxy-
1,2-dioxanes 1 with a mixture of acetyl chloride and pyridine,
which initiated a fragmentation giving the 1,4-dicarbonyl
structural motif already mentioned in Section 1 of this article
(Scheme 5).

From a mechanistic point of view, this fragmentation is
initiated by activation of the hydroxy group by acetylation
(structure 8). Deprotonation in a-position to the phenyl group
leads to elimination of an acetate ion under breaking of the O-O
bond generating two carbonyl groups. This step can formally be
rationalized from a zwitterionic structure 9.

In order to avoid the rather tedious isolation and purification
of the endoperoxides 1, we were looking to develop a one-pot
procedure for the preparation of 1,4-diketones 2 from 1,3-
dicarbonyl compounds 6. An optimized protocol is summarized
in Scheme 6. In the first step, the starting materials are
converted with catalytic amounts of CeCl;-7H,O at ambient
temperature for a couple of hours in isopropanol. The solvent
and all other volatile materials are removed in vacuum

_0._Ph Os_Ph
HO + AcCl o
CO.Et + base CO,Et
1b 2b
+ AcCl

_O__Ph .0 _Ph
0 SNA
Aca H ’\_ B
Cof£t Pase CO,Et
8 9

Scheme 5. Kornblum-DeLaMare fragmentation of 3-hydroxy-1,2-dioxane
derivatives 1 leading to 1,4-diketones 2.
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Scheme 6. Formation of 1,4-dicarbonyl compounds 2 by a two-step one-pot reaction consisting of cerium-catalyzed C—C coupling with styrene (5a) and subsequent

Kornblum-DeLaMare fragmentation.

afterwards and the residue containing the peroxide, some
polystyrene and the cerium species are treated with AcCl-
pyridine. After stirring again at ambient temperature, the
mixture is separated by column chromatography to give the
tricarbonyl compounds 2.

In Table 2, products 2 are listed together with their yields
over two steps in the one-flask procedure. Acyclic (right
column) and cyclic starting materials (left) have been
investigated; yields for the latter are generally higher than
for the acyclic compounds. For cyclic B-ketoesters 6a—6c¢ as
well as for a-acetylbutyrolactone (6d), -lactam (6e), and -
cyclopentanone (6f), the yield of the diketone 2 was generally
good and independent of the ring size. Yields of 61-87% over
two steps indicate a range of 78-93% for each step. For the
seven-membered ring diketone 2g, the yield drops dramatically
to 14%.

The best yield achieved for an acyclic product was 72% for
[B-ketoester 2h. Yields for these classes of substrates seem to be
dependent on the steric demand of the a-alkyl substituent. This
is illustrated by the decrease in the order H (2h), Me (2i), Bn

Table 2
List of products 2a-2n and yields
Product Yield (%)* Product Yield (%)*
2. O 69 2h ¢} 72
&CHZCOPh Me)SACOPh
CO,Et CO,Me
2b O 61 2i ¢} 68
CH,COPh )Y
CO.Et Me COPh
2 Mé CO,Et
2¢O 71 2j 0 42
CH,COPh
CO,Me Me COPh
Et CO,Et
2d O 87 2k o) 53
0 CH,COPh Meb(\COPh
COMe Ph CO,Et
2e 0} 72 21 0O 56
BHN& ~CH;COPh Ph /[HACOPh
COMe CO,Et
2f (|) 61 2m (0] 28
COMe COMe
28 O 14 2n 0 10
CH,COPh
COMe Me COPh
Me COMe

 Total yield over two steps.

(2k), Et (2j) from 72% to 42% yield. Replacement of the acetyl
group in 2h by a benzoyl residue in 2l lowered the yield from
72% to 56%. The a-isopropyl derivative did not give any
product under these reaction conditions. The effect was even
more extreme for the acetylacetone derivatives 2m and 2n.
Introduction of the Me group resulted in a decrease from 28% to
10%. For the a-benzyl substituted (3-diketone, no conversion
was observed. In these cases, however, the low yields might
also be due to the instability of the starting materials 6 under
basic reaction conditions. It is well known that aliphatic 1,3-
diketones tend to decompose according to a retro-Claisen
reaction.

The 1,4-dicarbonyl moiety in compounds 2 is the most
important starting point for the preparation of pyrrole and
thiophene derivatives (Paal-Knorr and Paal synthesis) [14]. In
order to prove the utility of these products, we aimed to convert
them into highly substituted dihydropyrrole derivatives bearing
at least one quaternary carbon atom within the five-membered
ring. An unusual result during these investigations was the
formation of new eight-membered ring lactams 11 (Scheme 7)
[15]. After experimentation with several acidic catalysts, we
were able to identify an optimized protocol using catalytic
amounts of Bi(NO3)3;-5H,O [16]. Benzyl-, allyl- and n-
butylamine were used as nucleophilic components. A
mechanistic rationale for the C—C bond cleavage might involve

o Os_Ph HO
NH; (1) N
> Ph
CO,Et molecular sieves
_75°C, 7 h COEt
2a 10, 63%
5 eq. R-NH>
0.05 eq. Bi(NOg3)3 - 5 H,0
THF, 100°C, 2d
0. r\R‘ Ph
N
RN — ~CO.Et HeS
Ph CO,Et
11a, R = allyl, 63% 12

11b, R = benzyl, 49%
11c¢, R = butyl, 61%

Scheme 7. Unexpected formation of new 1,4,5,6,7,8-hexahydroazocin-8-one-
4-carboxylates 11.
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a retro-Claisen reaction of an azabicyclo [3.3.0] intermediate
12, which moreover makes a Z-configuration of the C—C double
bond reasonable. This intermediate 12 is evidenced by the
following result: if diketone 2a is converted with NH; under
again optimized conditions, the bicyclic compound 10 is
obtained as the only isolable product. This compound is stable
under reaction conditions and does not decompose further to
give an eight-membered ring.

3. Conclusion

The most important basis for the synthesis of heterocyclic
compounds such as pyrrole, furan and thiophene derivatives are
1,4-diketones like 2. In contrast to 1,3- and 1,5-dicarbonyl
compounds, which are accessible by Claisen or Michael
reactions, the direct synthesis of 1,4-dicarbonyl compounds is
still a challenging task and commonly requires a-halogenation
of ketones or other Umpolung strategies. With regard to atom
economy, however, both methods are not optimal.

We have introduced a cerium-catalyzed C-C coupling of
1,3-dicarbonyl compounds 6 with styrene derivatives 5 and
oxygen yielding 4-hydroperoxyketones 3, which exist as 3-
hydroxy-1,2-dioxane derivatives 1. Base-induced Kornblum—
DeLaMare fragmentation of these intermediate products
affords compounds 2 with a 1,4-dicarbonyl moiety. This
cerium-catalyzed reaction sequence can be operated as a high
yielding one-pot procedure. Starting from simple starting
materials and utilizing atmospheric oxygen as oxidant, these
results can — in terms of economical and ecological
considerations — be regarded as a challenging starting point
for further developments.

As an example of heterocyclic synthesis, we further
converted these 1,4-diketones 2 with primary amines to
eight-membered ring lactams 11, being a new and promising
molecular scaffold for medicinal chemistry. This rather
unexpected Paal-Knorr like transformation proceeds with
optimal results when catalyzed by bismuth salts.
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